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Abstract

Freshwater biodiversity is increasingly threatened by human activities and environmental changes,
which have already caused severe declines in the range and abundance of many freshwater
organisms. Since ecosystem functioning is highly dependent on biodiversity, both in terms of the
distribution and abundance of organisms present in the ecosystem and, even more so, in terms of
their functional characteristics, it has become increasingly urgent and necessary to investigate the
impact that changes in biodiversity can have on the ecological functioning of aquatic systems.
Although a large number of studies have already investigated and described the role of diversity
and the consequences of diversity loss using taxonomic-based biodiversity metrics, this has
resulted in an insufficient explanatory power, and the implementation of realistic loss scenarios
and the identification of mechanisms underlying the relationship between biodiversity and
ecosystem functioning remain challenging. In this context, the field of biodiversity-ecosystem
functioning (BEF) studies is increasingly adopting a trait-based perspective. Monitoring functional
traits and trait variability allows to determine the nature and strength of species interactions and
the community responses and organisation to changes. By looking at their underlying mechanisms,
we can better understand the role of biodiversity in maintaining multiple ecosystem functions and
processes. Because phytoplankton are at the base of aquatic food webs and are of immense
importance for global-scale processes such as oxygen and primary production, biodiversity loss at
the level of primary producers has attracted particular interest among researchers, who aim to gain
a better understanding of how phytoplankton species loss and functions are likely to affect trophic
structure, community trait dynamics and ecosystem processes under future loss scenarios. By
feeding on phytoplankton, herbivorous zooplankton is an important link in the transfer of energy,
from basal resources to consumers higher in the food web. In these predator-prey interactions,
effects go both ways, with phytoplankton taxonomic and functional diversity influencing and being
influenced by zooplankton grazing. Thus, species and trait losses at the producer level may lead to
shifts in phytoplankton composition and nutrient availability, which are thought to have cascading
effects on herbivorous zooplankton abundances, composition and population dynamics, but it is
not yet possible to predict the impact and direction of these changes, nor the consequences. By
combining taxonomic and trait-based approaches with experimental manipulations of

phytoplankton diversity, my goal was to examine how the loss of phytoplankton species and trait



diversity could affect phytoplankton-zooplankton interactions and their trait-related dynamics.
Firstly, I investigated the role of phytoplankton trait diversity, examined in terms of biochemical
characteristics (fatty acids) of algal food on the functional responses of the calanoid copepod
Eudiaptomus sp., demonstrating how phytoplankton trait diversity is an important regulatory
mechanism for the fitness, growth, reproduction, and survival of zooplankton and that key dietary
contrasts, can shape adaptive evolution in consumers that seek to convert some missing dietary
fatty acids through metabolic bioaccumulation and bioconversion mechanisms to maximize fitness
and individual survival and growth. Secondly, | performed diversity manipulation experiments
using size-fractionation and disturbance methods on natural phytoplankton assemblages to provide
reliable simulations of phytoplankton-zooplankton trophic interactions and their consequences
under changes or loss of phytoplankton trait-diversity. Specifically, | investigated how changes in
phytoplankton morphological and biochemical trait diversity might affect different herbivorous
zooplankton functional groups, cladocerans and calanoid copepods, represented by Daphnia
longispina and Eudiaptomus graciloides, respectively. Alterations in phytoplankton
morphological diversity revealed differences in phytoplankton morpho-functional traits and
taxonomic composition in size-fractionated communities but did not significantly affect grazing
of generalist unselective filter-feeders Daphnia longispina and selective feeders Eudiaptomus
graciloides, in terms of grazing rates and size selectivity. On the contrary, alteration of
phytoplankton functional diversity induced by the disturbance method allowed species losses and
taxonomic shifts, resulting in the formation of distinct communities with different taxonomic and
biochemical characteristics, which differentially affected the fitness, life history traits and lipid
composition of both grazers, mainly depending on the differences in the grazers' feeding habits

and their nutritional requirements.

Overall, combining taxonomy and trait-based approaches have provided a more comprehensive
evaluation and understanding of ecological dynamics in phytoplankton-zooplankton interactions.
Furthermore, the results obtained from the manipulation of the diversity of natural phytoplankton
communities highlighted the importance of conducting similar experimental studies to deeply
understand the mechanistic background as well as the potential impacts of biodiversity loss
between phytoplankton and zooplankton, and thus more generally, in food web dynamics in

aquatic ecosystems.



General introduction and aim of the study




Biodiversity

“The diversity of life forms, so numerous that we have yet to identify most of them, is the

greatest wonder of this planet. The biosphere is an intricate tapestry of interwoven life forms”
(Wilson, 1988)

With these simple words, the famous entomologist Oscar Wilson, to whom we owe the rise of the
term "biodiversity", praised and highlighted for the first time the immense role and potential of
biological diversity on our planet. Surprisingly, the term was introduced more than 30 years ago
for the necessity to qualify the impact of uncontrolled human activities on the natural environments
and on the species that inhabit them, and thus, to describe the biodiversity crisis existing in the
1980s and to promote possible conservation measures. In a sense, biodiversity emerged from its
own crisis as a valuable resource to be protected. Today, biodiversity has entered our lexicon and
it is a central issue of scientific and political concern worldwide. Biodiversity is the foundation of
our society, and its role is inestimable, although the idea of biodiversity has often changed over
time and there is still a general lack of biodiversity awareness in public perception. Very often
biodiversity is defined as the number of species present in a given environment, but this is
extremely reductive (Cadotte et al., 2011; Cernansky, 2017). Biodiversity is much more than just
the number of species; it encompasses the compositional, structural, and functional diversity found
at all levels of life organisation, from genes to ecosystems (Noss, 1990). On top of this, there is the
array of intricate interactions occurring between organisms and the environment that strongly
influence their presence or absence in ecological communities and thus determine the overall
composition, functioning, and stability of ecosystems. Hence, biodiversity is "the complexity of
living systems at all organization levels”. It can be seen as a multi-dimensional concept
encompassing genetic diversity, species diversity, ecosystem diversity and also functional
diversity, with multi-faceted roles and values to maintain variability within and between them, and
to support ecosystems functioning and services. The diversity of environments and living beings
provides an incredible variety of resources that are fundamental to our survival. Perceiving and
valuing biodiversity is essential to understand how humans interact with their surroundings and to
develop meaningful policies and effective conservation management. Various evaluation

techniques have been proposed and used to measure the value of biodiversity in terms of its
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ecological, economic, and social aspects (Laurila-Pant et al., 2015), although it remains complex

and arbitrary to determine how people perceive and assign a value to biodiversity.

Biodiversity can be considered for its extrinsic value, defined in terms of human well-being, and
related to the variety of products (wood, food, water, chemical organic products, genes, etc.) and
ecosystem services provided through the maintenance of natural ecological processes (air quality
maintenance, climate regulation, water quality, nutrient recycling, etc.), with their associated
economic values. In addition, biodiversity can also be considered for its fully intrinsic value,
regardless of its economic and instrumental value and other anthropogenic benefits (Nunes and
van den Bergh, 2001; Justus et al., 2009; Salles, 2011).

Regardless of the nature of its value, biodiversity is our wealth and immense heritage, and therefore
monitoring, investigating, understanding, and preserving all aspects of biodiversity must be our
primary goal (UN, 1992).

Linking biodiversity to ecosystem functioning toward trait-based approaches

One of the issues in biodiversity conservation concerns the approaches to measuring biodiversity.
Efficient and reliable measurement methods for monitoring biodiversity changes and biodiversity
loss are essential to track and to anticipate abrupt changes in ecosystem structure and functioning.
However, due to its complexity, it can be extremely difficult to accurately quantify changes in the
entirety of biodiversity and its inherent characteristics in response to different drivers of change
(Navarro et al., 2017). Traditionally, the species richness (number of species) and the species
evenness, i.e. distribution of individuals among species (including evenness, equitability, and
abundance) have served as the basis for quantifying biodiversity (Cadotte et al., 2011). These
biodiversity metrics provide valuable information about the structure of groups of organisms
within ecosystems, however, they do not take into account the different functions that each species
play in the ecosystem (Cardoso et al., 2014). Taxonomic diversity metrics are widely used to assess
the response of biological communities to environmental and anthropogenic changes, but they
have a crucial limitation: they consider all species and individuals as equivalent (Magurran and
McGill, 2010; Laureto et al., 2015), ignoring their functional roles and how they affect ecosystem

functioning (Naeem and Wright, 2003). Thus, conserving species richness alone is no longer
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sufficient because the contributions of different species to ecosystem functions vary so much. It
follows that the loss of some species may have far-reaching functional consequences and affect
community structure and interactions differently than others and, therefore, taxonomic diversity
alone may not capture all the key elements of biodiversity change in changing environments
(Hillebrand et al., 2018), providing an overly simplistic and reductive assessment. Furthermore,
multiple species may perform similar, if not identical, functions in an ecosystem. This means that
the removal of redundant species may not affect the functioning of an ecosystem, whereas if the
removed species have unique functions, their loss may be very dramatic for ecosystem processes
(Fetzer et al., 2015). It must be considered, however, that some species can be functionally
redundant in one environment and become pivotal in another. For all such reasons, ecologists have
begun to focus on and emphasize the study of functional characteristics, or the “traits" of species.
This has completely revolutionised the study of biodiversity, providing a more mechanistic link
between species, communities, and multiple ecosystem functions. Traits are well-defined,
measurable characteristics of organisms, usually measured at the individual level and used
comparatively across species. They include morphological, physiological, or phenological
characteristics, as well as functional features that strongly influence the growth, reproduction and
survival of organisms, thus affecting their fitness and performance (McGill et al., 2006; Violle et
al., 2007; Cadotte et al., 2015). Functional traits have proven to be a highly versatile and sensitive
approach to assess biological diversity, accounting for functional differences, and to better
understand, and possibly generalise ecosystems functioning. In this context, the use of trait-based
measures has become a powerful tool that allows a shift in perspective from a traditional
taxonomy-oriented approach to an innovative function-focused approach (de Bello et al., 2021).
By moving away from the sole consideration of species identity, functional traits, and trait-based
approaches have been increasingly used to understand ecosystem structure and functions and to
track biodiversity loss and ecosystem re-assembly intensified by the global climate change
(Kissling et al., 2018). Functional diversity metrics, combined with taxonomic information, are
useful indicators of the mechanisms driving community change and can be used as predictors of
ecosystem functioning (Petchey and Gaston, 2006). In an effort to gain a clearer mechanistic
understanding of the relationship between biodiversity and ecosystem functioning (BEF), trait-
based approaches have been applied and are now firmly established in the empirical and theoretical

ecological research (Flynn et al., 2011; Cardinale et al., 2012; Krause et al., 2014). The shift in



perspective and the rise of functional trait approaches provided the scientists with the opportunity
to move from “description to prediction” (Green et al., 2022) and to completely rebuild community
ecology (McGill et al., 2006).

Biodiversity loss in freshwater ecosystems

Freshwater ecosystems are among the most diverse environments in the world (Strayer and
Dudgeon, 2010). They cover a wide range of habitats, including ponds, lakes, reservoirs, streams
and rivers, springs, wetlands, and estuaries. Freshwaters host a huge variety of microbial, plant,
and animal communities that strongly interact with each other and with the environment,
determining and influencing the composition, structure, diversity, and functioning of freshwater
ecosystems. Thanks to their remarkable biodiversity, freshwater ecosystems play fundamental
ecological roles and provide a wide range of valuable goods and economically important products
and services for human societies (Covich et al., 2004). They are central to our daily lives, providing
water supply for all our livelihood activities. They are critical to the creation of employment,
wealth, and livelihoods for many communities, supporting domestic, fishing, agricultural, and
industrial activities, as well as being used for human recreation and tourism. They act as biological
filters, facilitating the recycling of nutrients and water purification by breaking down pollutants.
They recharge groundwater levels and store large amounts of rainwater and floodwater, increasing
surface water reuse. They also play an important role in mitigating climate change, preventing and

attenuating floods, and stabilizing and sequestering carbon dioxide.

When we consider that they cover only less than 1% of the whole Earth's surface, and when we
examine all the provision of ecosystem services they support, we truly understand how

fundamental and precious freshwater ecosystems are, and how important it is to manage them

properly.

In recent times, these ecosystems have experienced the most dramatic biodiversity crisis mainly
due to climate change and anthropogenic pressure such as overexploitation, water pollution,
habitat destruction or degradation and invasion by exotic species (Dudgeon et al., 2006). Such



anthropogenic threats make them extremely vulnerable to the loss of sensitive species and to an
overall reduction in biological diversity.

“Bend the curve of freshwater biodiversity loss!” is the unanimous and urgent call of all scientists
for the near future (Mace et al., 2018; Tickner et al., 2020), to protect freshwater ecosystems and
all their associated ecosystem functions and services. While it is well known that ecosystem
functioning can be strongly affected by changes in biodiversity (Covich et al., 2004; Tilman et al.,
2014), the consequences of biodiversity loss are still largely unknown and there is still insufficient
information available to make predictions about how different anthropogenic stresses will affect
ecosystem functioning. Despite the multiple attempts to conserve and restore biodiversity, we still
know too little about freshwater biodiversity, and current levels are far from adequate to conserve
and sustainably manage it (Walpole et al., 2009). Therefore, there is a growing need to better
understand and investigate freshwater biodiversity and the relationship between biodiversity and
ecosystem functioning in order to conserve their natural biodiversity and establish appropriate

conservation measures for these ecosystems.

Phytoplankton and zooplankton: the base of freshwater food webs

Understanding the relationship between freshwater biodiversity and ecosystem functioning has
been a core topic of ecological research in recent decades, with increasing attention paid to primary
producers (Tilman et al., 1997) and planktonic food webs dynamics (Litchman and Klausmeier,
2008; Litchman et al., 2013). Some of the most important players in freshwater food web dynamics
are phytoplankton and zooplankton organisms.

Phytoplankton includes more than 20 taxonomic classes of microalgae and protists, most of which
are photosynthetic. By converting carbon dioxide and sunlight into energy through photosynthesis
they produce organic matter that serves as a primary food source for other organisms, providing
the fuel for the entire ecosystem to function. They are the first step in the system of energy transfer
through aquatic food webs and represent the basis of all aquatic life webs. They play a crucial role
in oxygen production and carbon sequestration, which determine the chemical composition of the
global atmosphere and thus contribute to climatic modulation. The key role of phytoplankton in
the functioning of aquatic ecosystems lies in their diversity. They come in a myriad of shapes,

sizes, forms, and adaptations and express different biochemical functions, elemental requirements,



and trophic strategies, with which they determine the productivity of the entire aquatic food web

and underpin the functioning of aquatic ecosystems (Falkowski et al., 1998; Field et al., 1998).

By feeding on phytoplankton, herbivorous zooplankton, in turn, constitute the crucial link in the
energy transfer between the primary producers and higher trophic levels. The grazing behaviour
of herbivorous zooplankton is one of the critical factors responsible for the variation in
phytoplankton community composition (Kigrboe et al., 2018) affecting phytoplankton survival
and growth (Roelke and Spatharis, 2015) and thus, structuring planktonic food webs and
maintaining a healthy balance in the ecosystem. In terms of biomass and productivity, the top-
down control of phytoplankton in freshwater ecosystems is mainly regulated by representatives of
the crustacean zooplankton, Cladocera and Copepoda.

In particular, cladocerans of the genus Daphnia are the dominant planktonic herbivores in most
types of standing freshwater habitats such as lakes and reservoirs. They have simple life cycles
and reproduce by cyclic parthenogenesis under normal conditions. However, they can switch their
reproductive mode from parthenogenesis to sexual reproduction in response to certain
unfavourable environmental and biological factors. They are non-selective filter feeders, able to

feed on small, suspended particles in the water, that match the mesh size of their filtering apparatus.

Similar to cladocerans in freshwater environments, copepods are considered the prototype of
zooplankton in the marine environment, where their diversity and contribution are the greatest.
Nevertheless, copepods, and in particular, calanoid copepods also dominate freshwater habitats
with the Diaptomidae family being the most species-rich and widespread calanoid family in inland
waters (Boxshall and Defaye, 2008; Marrone et al., 2017). They also play a major role in
planktonic food webs, both as primary and secondary consumers or as food source for larval,

juvenile, and adult fish of many species.

In freshwater environments, most studies have been carried out on cladocerans, rather than
freshwater copepods. This bias reflects the ease of culturing and studying cladocerans, and
especially Daphnia species, due to their feeding behaviour and nutritional requirements (Barnett
etal., 2007). Indeed, copepods differ from cladocerans in that they are able to actively capture and
ingest individual suspended food particles (DeMott, 1986). They also have more complex life
cycles (obligate sexuality, naupliar stages, copepodid stages, adult stage), slower somatic growth

rates, and longer developmental and generational times, leading to difficulties in culturing and less
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research on freshwater copepod species. Cladocerans and copepods also differ in the acquisition
and regeneration of nutrients. Indeed zooplankton assemblages dominated by Daphnia have a
differential retention of phosphorous in the biomass and a relatively high recycled of nitrogen
(Sterner and Schulz, 1998), whereas calanoid copepods show the opposite trend, with a

predominant retention of nitrogen in their body and differential recycling of phosphorous.

As a result of the differences in feeding modes, prey size range, nutrient acquisition and recycling,
and life cycles, copepods and cladocerans affect the phytoplankton community to different extents

(Sommer et al., 2001) and, may therefore cause different effects on the food web.

Therefore, phytoplankton-zooplankton interactions are complex and dynamic, with both groups
exerting important influences on each other. On the one hand, herbivory by generalist (ie.
daphnids) or specialist (i.e. copepods) zooplankton grazers is an important factor influencing the
abundance, structure, and composition of phytoplankton communities (Lampert et al., 1986; Cyr
and Pace, 1992). On the other hand, phytoplankton have evolved a variety of defence strategies,
such as morphological, physiological, and behavioural strategies (i.e the production of spines,
formation of cell clusters, colonial aggregates, production of mucilage and/or toxins) which in turn
regulate the growth and survival, of zooplankton and influence the composition and dominance of
the zooplankton (Panci¢ and Kierboe, 2018; Liirling, 2021). Thus, the phytoplankton-zooplankton
interface is the critical point where alterations, due to anthropogenic stressors and a decline in
biodiversity, can potentially translate into changes in the entire food web and the health of the

ecosystem as a whole.
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Biodiversity loss and implications on phytoplankton-zooplankton trophic

interactions

The study of phytoplankton diversity, and in particular the effects and consequences of changes
and alterations in phytoplankton trait diversity, is therefore crucial for understanding the interplay
between phytoplankton-zooplankton interactions for the functioning of aquatic ecosystems.
Functional traits are promising eco-physiological traits for investigating and understanding these
changes in phytoplankton community structure and how they are reflected in zooplankton grazing

in response to climate change and biodiversity loss.

Despite the amount of knowledge gained to date, we are still in the early stages of understanding
the interactions in freshwater planktonic food webs that take place under changing environmental
conditions. The dynamics of food webs are strongly dependent on such functional traits of the
organisms involved. Biodiversity loss can lead to pronounced changes in phytoplankton biomass
(Boyce et al., 2010; Lotze et al., 2019) and taxonomic and functional composition (Graco-Roza et
al., 2021), altering the quantity and quality of phytoplankton as a food for consumers. However,
there is still insufficient evidence on how biodiversity loss, and particularly the loss of functional
trait diversity in primary producers, scales-up to whole ecosystems (Cardinale et al., 2011).

To date, the majority of trait-based studies have focused on specific organisms within a single
trophic level, or the ecosystem effects of a single trait (e.g. size, shape, body mass) and the
relationships between traits and the environment despite the fact that in the context of biodiversity
loss and global change, individuals may simultaneously vary in multiple traits and within different
trophic levels. In particular, changes in phytoplankton-zooplankton species interactions in
response to biodiversity loss remain understudied and experimental data are still scarce (Barnes et
al., 2018). A large number of experimental diversity manipulation studies have begun to test the
effects of altered species richness and composition on ecosystem processes, particularly in
grasslands (Zavaleta and Hulvey, 2004; Selmants et al., 2012) and in marine benthos, where
species manipulation is more feasible, by manually adding or removing species from communities
(Bracken et al., 2008; Bracken and Low, 2012). Studying the consequences of phytoplankton
diversity loss for ecosystem functioning is also particularly important, however, manipulating
phytoplankton communities is more complex. The main difficulty lies in the microscopic nature

of phytoplankton, which makes the manipulation of phytoplankton richness and diversity in
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laboratory or field experiments dealing with natural phytoplankton assemblages, particularly
challenging. According to Hammerstein et al. (2017), dilution and disturbance methods can
circumvent these difficulties, as they are two easily manageable tools for altering the diversity of
natural algal communities. Gradual dilution of a natural community affects rare species, which are
expected to be lost (Franklin et al., 2001; Giller et al., 2004) while experimental disturbance,
intended as mechanical disturbance by mixing/shaking affects stress-sensitive species (EImqvist
et al., 2003; Gallagher et al., 2015). In addition to dilution and disturbance, other approaches have
been already tested. For example, the filtration method can be used to remove large species while
applying different environmental stressors i.e. heating can be used to affect sensitive species
(Engel et al., 2017). All these methods can be used alone or in combination to simulate biodiversity
loss, which is often associated with trait loss, and favour the creation of altered phytoplankton
communities with distinct gradients in composition, richness, and diversity of species and

associated functional traits.

One of the most interesting aspects of using such methods is to investigate how
alterations/manipulations in phytoplankton diversity can lead to changes in phytoplankton
nutritional quality, which in turn can influence the behaviour of herbivorous grazers, with
significant effects on their feeding selectivity, reproduction, growth and survival, and ultimately
result in directed and predictable shifts in the composition, biomass, abundance, and diversity of
consumer communities. Thus, experimental manipulation of phytoplankton diversity can result in
the loss of functional traits that directly determine changes in phytoplankton performance and feed
back to zooplankton fitness. However, identifying and quantifying the traits that are relevant to
phytoplankton-zooplankton interactions is not straightforward. Nevertheless, morphological and
biochemical characteristics of phytoplankton are among the strongest driving forces shaping
phytoplankton assemblages and influencing food quality and grazing susceptibility (Lehman,
1988). Traditionally, indeed, studies on phytoplankton food quality have focused on the relevance
of morphological features of phytoplankton, specifically on the size and shape and their role in
modulating zooplankton grazing. Phytoplankton cell size, for example, is considered a “master
trait” (Litchman and Klausmeier, 2008) because of its well-known correlations with a wide range
of physiological, demographic, behavioural, and predation-related traits (Brown et al., 2004;
Acevedo-Trejos et al., 2016; Naselli-Flores et al., 2007). It can strongly influence the strength and
selectivity of grazing which is strictly dependent on the respective feeding mode, feeding
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appendages, mode of ingestion, or food preferences of the herbivorous zooplankton grazers
(Hansen et al., 1994; Brose et al., 2006; Kigrboe, 2011). Algae size classes also differ in their
nutrient requirements and uptake kinetics (Litchman et al., 2007). Therefore, alterations or shifts
in phytoplankton size structure may determine the response of the phytoplankton community to
nutrient availability, and feed back to the herbivorous zooplankton community. In addition to size,
although less studied, the morphological trait “shape” is also an important morphological feature
to consider when analysing phytoplankton assemblages, and their relationships with zooplankton
(Naselli-Flores et al., 2007; Ryabov et al., 2021). Indeed, cell shape and geometry may determine
the susceptibility of phytoplankton to certain grazers and, in some cases, represent an escape from
predation (Lurling, 2021). Being size and shape the major determinants of phytoplankton edibility
to herbivores, alteration of the morphological structure of the phytoplankton community can
strongly affect zooplankton grazing, fitness, and population dynamics.

The quality of phytoplankton is also primarily determined by the taxon-specific biochemical
composition they provide to consumers and zooplankton requirements (Mduller-Navarra, 2008).
These include fatty acids, amino acids, sterols, and vitamins, which can vary considerably between
algal species and their physiology (Von Elert et al., 2003; Lang et al., 2011). Among them, fatty
acids have received particular interest due to their key role in metabolism, representing the main
metabolic fuel, storage, and transport of energy, essential components of all cell membranes
(Muller-Navarra et al., 2004; Ruess and Muller-Navarra, 2019). Their chemical structure is
represented by a long hydrocarbon chain with a terminal carboxylic acid group. They vary in the
number of carbons and the number and position of double bonds present in the fatty acid chain and
can be classified into saturated (SAFAS), monounsaturated (MUFAS), and polyunsaturated fatty
acids (PUFAs). Within the fatty acids, particular attention in nutritional ecology has focused on
the class of PUFAs, where it is possible to distinguish polyunsaturated omega-3 and omega-6 fatty
acids in terms of where the double bond is located. Omega-3 and omega-6-polyunsaturated FAS
such as eicosapentaenoic acid (C20:5n-3; EPA) and docosahexaenoic acid (C22:6n-3; DHA),
linolenic acid (C18:2n-6; LA), a-linolenic acid (C18:3n-3; ALA) and arachidonic acid (C20:4n-6;
ARA) have been recognised as “essential fatty acids” (EFAs) due to their many physiological
functions and large role in determining dietary adequacy as food for zooplankton physiology,
growth, health, and reproduction (Mller-Navarra, 2008; Parrish, 2009; Taipale et al., 2011; Ili¢
et al., 2019). Their role is even more crucial because animals apparently lack the ability to
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synthesise them de novo and must obtain them through diet (Kainz et al., 2004; Brett, Muller-
Navarra D.C., et al., 2009). Thus, essential PUFAs are assumed to be a functional phytoplankton
trait that may strongly affect the trophic transfer efficiency and dynamics between the primary
producers and consumers. It is, therefore, necessary to investigate how biodiversity loss at the
producer level, may alter phytoplankton biochemical traits, and in particular EFAs content to
understand the larger framework of energy transfers between trophic levels in aquatic food webs,

and predict possible effects under future scenarios.
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Thesis objectives, approach and outline

Changes in phytoplankton functional diversity can lead to changes in phytoplankton structural and
chemical composition, which may alter the trophic and energy transfer efficiency from
phytoplankton to zooplankton, thereby influencing zooplankton fitness and affecting their growth,
reproduction and secondary production, and ultimately changing the structure and function of
aquatic food webs. My aim was therefore to investigate the potential impact of biodiversity loss

on the dynamics of functional traits in phytoplankton-zooplankton trophic interactions.

In an attempt to better elucidate the mechanisms and forces that structure phytoplankton diversity,
and to explain the “trait-trait” dynamics that occur in primary producer-herbivorous grazer
interactions, | combined a trait-based approach with experimental manipulations of phytoplankton

diversity.

The thesis consists of three chapters reporting the main results of laboratory grazing experiments

of increasing complexity.

In Chapter 1, | investigated how phytoplankton diversity and changing biochemical
characteristics of algal food can influence the reproductive responses and fitness of calanoid
copepods. Specifically, | tested the role of phytoplankton food quality on the survival,
development, growth, and reproduction of the freshwater calanoid copepod Eudiaptomus sp. by
providing different monospecific and mixed diets of phytoplankton species that differed in fatty
acid, and especially PUFAs content and composition, and following the functional responses
throughout the life cycle of Eudiaptomus sp. Finally, I conducted a comparative study and
estimated the fatty acids composition and content between Eudiaptomus sp. and their diets to test
the extent to which copepods can modulate their own fatty acid profiles and contribute to the
accumulation and regulation of their fatty acids composition depending on their respective diets.
While the diet of cladocerans, especially daphnids, is well studied, less is known about freshwater
calanoid copepods. This experiment, therefore, improved our understanding of the mechanisms
involved in the feeding behaviour of Eudiaptomus sp. and, more generally, the feeding ecology of
calanoid copepods and the tropho-dynamics between phytoplankton and calanoid copepods in
aquatic ecosystems. In addition, it provided some interpretations of how possible adaptation
strategies may be adopted by calanoid copepods under possible future scenarios of nutritional
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deficits in food quality and changes in resource availability due to biodiversity loss in freshwater

ecosystems.

In Chapters 2 and 3 | investigated how changes in phytoplankton trait diversity might affect
herbivorous zooplankton. To this end, | (i) carried out phytoplankton diversity manipulation
experiments on natural phytoplankton assemblages and (ii) further investigated whether and how
such diversity manipulations, designed to alter the diversity of phytoplankton functional groups,
size classes, and nutritional value of diets (i.e. fatty acid composition) and food selection, affected
Eudiaptomus graciloides and Daphnia longispina, representatives of specialist and generalist
herbivorous crustacean zooplankton in lakes. By correlating several morphological and
biochemical traits with the feeding behaviour, growth, and reproduction of the zooplankton
organisms, | aimed to identify the parameters of the food that play a role in this interaction, and
how the loss or modification of a particular trait or functional group from the phytoplankton
community might mechanistically link and affect the morphological, physiological and life-history

traits of the herbivorous zooplankton that feed on them.

Specifically, in Chapter 2 | first simulated a loss of phytoplankton community traits using the
filtration method to alter the size structure of a natural phytoplankton community, and second |
studied phytoplankton dynamics and community reassembly after grazing by Eudiaptomus sp. and
D. longispina. Knowing that cladocerans and copepods differ in feeding mode and have
contrasting particle size preferences and feeding behaviour, | analysed how they grazed on
phytoplankton communities of different size structures and the feedback response of the algal
community in terms of functional diversity, composition, size, and shape distribution.

In Chapter 3 | used the disturbance method as a tool to create diversity gradients within natural
phytoplankton communities. By applying different intensities of mechanical disturbance to a
natural phytoplankton community | induced shifts and alterations in the natural composition and
structure of the primary producers, which mainly reflected in a loss of stress-sensitive species,
accompanied by a loss of traits, and with the generation of “altered communities” with different
composition, richness, taxonomic and trait diversity. I then provided the “altered and disturbed
communities” as food sources for Eudiaptomus graciloides and Daphnia longispina and tested
and evaluated the potential repercussions of these functional changes for herbivorous zooplankton

grazers focusing mainly on monitoring morphological, physiological, and life-history responses.
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As understanding biodiversity loss scenarios is challenging, | hope that this thesis will provide
some new insights into the role of phytoplankton functional diversity and some evidence on how
biodiversity loss and loss/change of specific traits may induce variation, adaptation, and
reorganisation of communities and impact on consumer communities, food web dynamics, and

ecosystem processes.

All chapters are based on individual research manuscripts. The first and the second chapters have
been published in the Journal of Plankton Research and Microorganisms, respectively, while the

third chapter is under review in the Hydrobiologia Journal.
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Chapter 1

Food quality impacts on reproductive traits,
development and fatty acid composition of the
freshwater calanoid copepod Eudiaptomus sp.
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1.1 Abstract

The nutritional quality of phytoplankton is essential for the fitness of herbivorous zooplankton and
efficient carbon fluxes in pelagic ecosystems. In freshwater lakes, cladocerans and calanoid
copepods are the main pelagic herbivores in terms of both numbers and grazing impact. However,
most studies focused on the easily cultivable cladocerans, while only a few studies addressed the
impact of the diet on freshwater calanoid copepods due to their more complex life cycle. We here
supplied five different phytoplankton diets to the freshwater calanoid copepod Eudiaptomus sp. to
investigate their dietary quality for the copepods’ fitness traits over the copepod’s entire life cycle.
While all tested diets supported comparable reproductive success in adults, egg production,
hatching success and survival rate differed markedly between diets. In the offspring generation,
diet affected developmental and reproductive periods, size at first reproduction and clutch size.
Eudiaptomus body fatty acid composition only partially reflected their diet, indicating that the
copepods are able to selectively accumulate and interconvert certain essential fatty acids. This
capability may allow them to cope with nutritional deficiencies and may thus be interpreted as an
ecological adaptation strategy to the fluctuating environmental conditions and resource

availabilities in freshwater plankton.

20



1.2 Introduction

Herbivorous copepods play a major role in pelagic systems as grazers of phytoplankton and as a
food source for higher trophic levels. Therefore, they are a key link in transferring essential dietary
nutrients between primary producers and higher-level consumers. Most herbivorous copepods feed
selectively (DeMott, 1986) and, based on their mechanical and chemical perception, they can use
their “taste” and food quality as selection criteria to detect and ingest or reject prey. In this sense,
the type of algal food, its size, concentration, biochemical composition and nutritional value are
decisive phytoplankton traits determining the strength and selectivity of copepod grazing.
Although is it true that a large body of knowledge on the impact of food availability and dietary
quality for freshwater zooplankton has been already generated over the past two decades
(Twombly et al., 1998; Miller-Navarra et al., 2000; Koussoroplis et al., 2014) the role and impact
of the biochemical composition of prey in determining feeding patterns and fitness of freshwater
copepods remains much less investigated. The main reason is largely attributed to difficulties in
copepod cultivation and laboratory handling, their obligate sexual reproduction and longer
generation times compared to e.g. cladocerans. Zooplankton growth, reproduction and fitness
strongly depend on the nutritional quality of their diet (Muller-Navarra et al., 2000; Brett, Mller-
Navarra D.C., et al., 2009). Phytoplankton provides many important biochemical constituents to
consumers, including fatty acids, amino acids, sterols, and vitamins, which can vary considerably
according to the different algal species and their physiology (Von Elert et al., 2003; Fink et al.,
2011; Lang et al., 2011). Lipids, and in particular fatty acids play a big role in determining the
adequacy of food for copepods’ physiology, growth, health and reproduction (Ahlgren et al., 1990;
Koski et al., 1998; Lacoste et al., 2001). Within the fatty acids, particular attention has focused on
the class of polyunsaturated fatty acids (PUFASs). Within PUFAs, the omega-3 and omega-6
PUFAs alpha-linolenic acid (C18:3n3, ALA), linoleic acid (C18:2n6, LIN), arachidonic acid
(C20:4n6, ARA), eicosapentaenoic acid (C20:5n3, EPA), and docosahexaenoic acid (C22:6n3,
DHA) are considered essential components for crustaceans’ nutrition (Von Elert and Stampfl,
2000; 1li¢ et al., 2019). They are required for the maintenance and integrity of cellular membranes
and serve as precursors of hormones (Harrison, 1990; Fink and Windisch, 2019).

Generally, cryptophytes and diatoms are PUFA-rich (Ackman et al., 1968; Volkman et al., 1989),
whereas green algae are typically characterized by their lack of long-chain PUFAs (Volkman et

al., 1989; Payne and Rippingale, 2000; Lacoste et al., 2001). In cyanobacteria, PUFAs are typically
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absent (Ahlgren et al., 1990; Von Elert and Wolffrom, 2001). Moreover, omega-3 and omega-6
PUFAs cannot be synthesised de novo by many animals and are therefore considered essential
components that must be derived from the diet (Pond et al., 1996) or bioconverted from precursor
fatty acids of the same omega-class (De Troch et al., 2012; Boyen et al., 2020). Even though
copepods dominate the water column in marine environments, they are also present in all
freshwater ecosystems, lakes and ponds where sometimes only one or few single species can
represent large portions of the zooplankton biomass, dominating the whole zooplankton
community (Pace, 1986). Moreover, copepods are also important food items in freshwater
aquaculture, for larval, juvenile and adult fish of many species and play important roles in the food
web and nutrient cycles (Frangoulis et al., 2005). Investigations into how the diets’ nutritional and
biochemical composition of prey affects the survival, growth and reproduction of freshwater
copepods are highly relevant and will promote a greater understanding of energy fluxes in
freshwater aquatic ecosystems. To date, several comparative studies in FAs composition and
content between zooplankton consumers and their diets have yielded contrasting results with
respect to the diet dependence on copepod fatty acid content and composition (Hessen and Leu,
2006; Persson and Vrede, 2006). Calanoid copepods do not seem to have the necessary enzymes
to produce high levels of PUFA, regardless of their levels in the diet (Sargent and Falk-Petersen,
1988; Bell et al., 2007; Bell and Tocher, 2009). However, the view that all animals lack the ability
to biosynthesize PUFA de novo has recently been challenged (Kabeya, Fonseca, David E.K.
Ferrier, et al., 2018; Boyen et al., 2020; Kabeya et al., 2021).

The aim of the present study was therefore to investigate the role of PUFAs in the dietary quality
of phytoplankton for freshwater copepods and their fatty acid composition. Considering their key
position in the pelagic food web and since investigations on obligately sexual freshwater copepods
are still rare (De Meester et al., 2002), we selected Eudiaptomus sp., one of the most abundant
genera of freshwater calanoid copepods in Central European lakes, to investigate the nutritional
value and dietary quality impact of four different phytoplankton species and their combination on
the copepods. We conducted a laboratory feeding experiment to determine the effect of food
quality on the fitness, reproduction, development, growth and survival of Eudiaptomus sp. using
monospecific diets of two green algae (Acutodesmus obliquus, and Chlamydomonas klinobasis), a
cryptophyte (Cryptomonas sp.), and a non-toxic cyanobacterium (Synechococcus elongatus), that

differ in their PUFASs contents, as well as a mixed diet that combined the four taxa. We further
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analyzed and compared the fatty acids profiles of the diets and consumers to test to what extent
copepods can modulate their own fatty acid profiles and contribute to the accumulation and
regulation of their fatty acid composition depending on each diet. This analysis of the importance
and dependence of the nutritional quality of diet for copepods’ survival, growth, reproduction and
fitness will improve our understanding of the feeding ecology of freshwater calanoid copepods in
particular, and contribute to the growing knowledge of trophic interactions and energy transfer

between phytoplankton and zooplankton more generally.

1.3 Methods

1.3.1 Phytoplankton cultures
Three cultures of eukaryotic algae, one culture of a prokaryotic cyanobacterium and a mixture of
those four phytoplankton taxa were used as diet sources for Eudiaptomus sp. The chlorophytes
Chlamydomonas klinobasis (strain 56, culture collection of the Limnological Institute of the
University of Konstanz) and Acutodesmus obliquus (strain SAG 276-3a, culture collection of
Algae at Gottingen University, SAG) and the cryptophyte Cryptomonas sp. (strain SAG 26.80)
were all grown in semi-continuous 5 L batch cultures in either Cyano medium (Von Elert and
Juttner, 1997) for C. klinobasis and Cryptomonas sp., or Z/4 medium (Zehnder and Gorham, 1960)
for A. obliquus by replacing 20 % of the medium every other day. Cultures were kept in a climate-
controlled chamber at 20 °C with a PAR intensity of 120 pmol photons m2 s™%. The non-toxic
cyanobacterium Synechococcus elongatus (strain SAG 89.79) was grown in a chemostat in Cyano
2

medium at a dilution rate of 0.1 day* at 20 °C with a PAR intensity of 50 pmol photons m 2 s 2.

This ensured that all cultures were in the exponential growth phase when fed to the copepods.

1.3.2 Copepod cultures

Eudiaptomus sp. were isolated from lake Klostersee (Upper Bavaria, Germany) in July 2018 and
then acclimated and cultured continuously under standardized conditions in the laboratory at the
University of Cologne. Copepod cultures were maintained in aged (> 3 days) and aerated tap water
in 0.5 L glass beakers in a climate chamber at 20 °C and 16:8 h light:dark cycle and fed
Cryptomonas sp. ad libitum. Before starting the experiment, adult Eudiaptomus sp. were sexed

using a dissecting microscope and placed individually into 100 mL aged tap water. All individuals
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of each food treatment were fed every other day for two weeks with the designated diets to
acclimatize them to the respective diet and to remove potential residual effects of previous diets
under the conditions described above. In the acclimation phase and during the experiment,
Eudiaptomus sp. were fed with the four different pure cultures, as well as a mixed diet (hereafter
referred to as “Mix”) that combined the four phytoplankton taxa in equal biomass (based on
particulate organic carbon (POC L), estimated based on the photometric light extinctions and
culture-specific POC: extinction regressions. Given that light scatter in an algal suspension is
proportional to the cell density over a certain range, we determined the light scatter (extinction) at
470 nm of a dilution series of each algal culture through a photometer. Moreover, for each of these
dilutions, we determined the particulate organic carbon content per ml of algal suspension, yielding
a linear calibration function that allowed a rapid estimate of the POC content of the respective
algal cultures during the experiment.

1.3.3 Reproduction experiment (parental generation, F0)

After two weeks of pre-cultivation, 100 healthy females that had produced eggs during the
acclimation period and 60 adult males were used for the experiment. Females and males (ratio 2:1)
were placed together in glass beakers filled with 250 mL aged tap water in 5 replicates per food
treatment (Figure 1). Each Eudiaptomus treatment received 1.5 mg POC L™ of the respective diet,
which is known to saturate copepod feeding (Kigrboe et al., 1985). Size dimensions of at least 20
cells of all the used phytoplankton species were measured using an inverted microscope (Zeiss,
400x magnification, see Supplementary Table SI). Twice per day, all animals were checked
visually and, if present, females with eggs were collected gently and incubated in separate jars
until hatching. All eggs and hatched nauplii were counted under a dissecting microscope.
Examination for eggs continued until no further hatching occurred. Several life history parameters
were recorded. Reproductive success was calculated as the percentage of egg-carrying females
per food treatment. Time for reproduction was determined as the time (in days) until eggs had
formed in 100% of the reproducing females. Egg production was measured as the total number of
eggs produced in every food treatment, as clutch size (CS), and the number of eggs produced per
female per food treatment. Hatching success (HS) was determined after 24-48 h of incubation by

counting the number of nauplii hatched from all eggs obtained.
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Figurel. Experimental design and phases. The design consisted of a first acclimation phase where a pool
of adult copepods was fed with the respective diets for at least 2 weeks. In this case, after the first mating
phase occurred, females were separated in different jars from males. The first mating phase served as
indicator of healthy animals. After the hatching phase, 100 healthy females that had produced eggs during
the acclimation period and 60 adult males were used for the reproduction experiment. In the second phase,
the survival, growth and development of the nauplii were monitored until the completion of the lifecycle
and the reproduction phase occurred again. At the end of the experiment adults were used for morphometric
and fatty acids analyses.

1.3.4 Growth and developmental experiment (offspring generation, F1)

Twelve freshly hatched nauplii were carefully pipetted into 400 mL glass beakers containing the
respective food suspension in five replicates per food treatment. In this sensitive phase, we avoided
transferring the nauplii into fresh food medium every second day. Rather, we renewed 50% of the
water every other day to minimize oxygen depletion (Uye and Fleminger, 1976). Once the first
copepodite stage was reached (C1), the animals were transferred into fresh water with food
suspension every second day. The developmental stage of individual copepods was checked by
transferring carefully all experimental animals in Petri dishes and observing them under the
stereomicroscope. Observations were made every second day until copepods reached maturity,
during the regular transfer of the animals in new experimental jars, for the renewal of food and
water. Development time was measured as the time (in days) occurring between the first naupliar
stage N1 and the time when all living animals reached the adult and mature stages (C6). The time
for completion of the life cycle was estimated as the time until the first reproduction occurred and
females carrying eggs were visible. The prosome length of all egg-carrying females found in each
food treatment was measured under a stereo microscope at 25x magnification for the estimation of
size at first reproduction (SFR). At the end of the experiment, all surviving individuals were stored

in pre-weighed aluminium boats and weighed on a Sartorius microbalance type CP2 P (accuracy
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1 ng) for body mass determination. Clutch size was estimated as the number of eggs produced per
egg-carrying female.

The net reproductive rate (Ro) was obtained by multiplying the proportion of females surviving to
each age (lx) by the average number of offspring produced at each age per female (my) and then

adding the products from all the age groups according to the formula:

RO = lemx

The mean generation time (T) represents the rate at which the population can grow and is calculated
as the average interval between the birth of an individual and the birth of its offspring according
to the formula:

T= XZxIxmx/Ro

The intrinsic rate of population growth (rm) was estimated according to

rm=In Ro/T

1.3.5 Fatty acid analyses

Samples of all four phytoplankton species (approximately 1mg POC per sample) were filtered onto
pre-combusted GF/F filters and stored in dichloromethane : methanol (2:1 v/v) at -20 °C until
extraction. Adult Eudiaptomus sp. were collected at the end of the experiment and freeze-dried in
pre-weighed aluminium boats. After drying and dry mass determination on the microbalance, they
were transferred into glass tubes with 5 mL dichloromethane : methanol (2:1, v/v) each and
extracted according to Windisch and Fink (Windisch and Fink, 2018). Fatty acid content and
composition from algal and calanoid samples were analyzed via gas chromatography (GC). 1 pl
of each sample was injected (splitless) into a 6890-N GC System (Agilent Technologies,
Waldbronn, Germany) equipped with a flame ionization detector and a DB-225 (J&W Scientific)
capillary column (length 30 m, internal diameter 0.25 mm, film thickness 0.25 pum). The GC
conditions were as follows: injector and FID temperatures 220°C; initial oven temperature 60°C
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for 1 min, followed by a 120°C /min temperature ramp to 180°C, then a ramp of 50°C/min to
200°C followed by 10.5 min at 200°C, followed by a ramp of 120°C /min to 220°C, which were
held for 7.5 min. Helium gas was used as a carrier gas with a flow rate of 1.5 mL/min. FAMEs
were identified by comparison of retention times and previously established calibration curves
with reference compounds from a standard mixture and quantified via the internal standard. All
analyses were done on triplicate samples for phytoplankton and five replicates for copepod

samples.

1.3.6 Data analyses

All reproductive traits and life history parameters measured over the reproduction and growth
experiment were checked for normal distribution with a Shapiro-Wilk’s test and for homogeneity
of variances with a Levene’s test. Where these assumptions were met, one-way analyses of
variance (ANOVA) followed by Tukey's post-hoc tests were performed. In cases of unequal
sample sizes, a type 111 one-way ANOVA followed by Tukey’s HSD was run instead. Multivariate
permutation analysis (permANOVA) was used to analyze the fatty acids composition and content
of the different algal diets and the calanoid copepod fed on them. A non-metric multidimensional
scaling method (NMDS) based on Bray—Curtis similarity matrices was conducted with all fatty
acids as variables using the vegan package in R. To assess the dissimilarity and to determine the
main fatty acids contributing to differences between samples, similarity percentage analysis
(SIMPER) was calculated. Differences in fatty acid classes and individual fatty acids detected with
the multivariate analyses were tested with a one-way analysis of variance (ANOVA) with algal
diets or calanoid copepods as independent variables. Further, we performed cluster analysis of
individual fatty acids found in the experimental animals fed the different diets. For this, principal
component analyses (PCA) of individual fatty acids were conducted using the factoextra package
and nonsquared Euclidian distances. All the analyses were carried out using R (version 3.3.3).
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1.4 Results

1.4.1 Reproduction experiment (parental generation, F0)

We observed no significant differences in the reproductive success expressed as percentage of egg-
carrying females of Eudiaptomus sp. when fed with the different phytoplankton or the mix diet
(ANOVA, p > 0.05, Table I). The percentage of females with eggs was higher than 85 % in all
diets over the whole reproductive experiment, with the exception of S. elongatus, where the
reproductive success was slightly below 80 %. The time needed for reproduction was quite
consistent in all food treatments, with mean values (x S.D. of n = 5) ranging between 5.20 + 1.64
(mix diet) and 6.00 £ 2.12 days (Cryptomonas sp.). High and significant variations were instead
registered in the reproductive traits: egg production (cumulative and per female) and hatching
success under the different algal diets (ANOVA, p <0.001 and p < 0.05). Indeed, the highest egg
production was observed in Eudiaptomus sp. females fed the mix diet (63.80 + 13.22 eggs) with
females carrying in average 13.23 £ 2.04 eggs. In contrast, Eudiaptomus fed with S. elongatus
showed nearly three times lower egg production than on the mix diet (22.60 £ 8.17, Table I). The
highest hatching success (HS) was measured in copepods fed with Cryptomonas sp. (95.22 + 6.66
%) followed by the ones fed the mix diet (83.50 + 23.38 %). Conversely, Eudiaptomus sp. fed with
green algae showed the lowest HS, with values below 50 % on C. klinobasis. Despite the initial
number of eggs produced, most of the eggs in this treatment were found either unhatched, empty
or partially disintegrated (possibly unfertilized) after 24-48 h, and no further hatching was

observed in these.
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Table I. Reproductive traits of individuals of the parental generation (FO) of Eudiaptomus sp. (mean + SD, n=5) fed with Cryptomonas sp., C.

klinobasis, A. obliquus, S. elongatus and the mix diet (in equal amounts). The different letters indicate significant differences between the diets,

(one-way ANOVA, followed by Tukey’s HSD test, *p< 0.05, **p< 0.01,***p< 0.001).

Reproductive traits Cryptomonas sp. C. klinobasis A. obliquus S. elongatus Mix P-value
Egg-carrying females (%) 86 £21.91 92 £17.89 88 +£17.89 79 £ 24.60 96 £ 8.94 0.687

Time for reproduction (days) 6 *2.12 58+ 1.64 54+1.82 5.4 +3.05 52+ 1.64 0.974

Total egg production 51+17.31% 37+9.14 "¢ 31.40 £ 9.76 ¢ 22.60+8.17° 63.80 £ 13.22 0.0002 ***
Clutch size (eggs/ind) 12.73+1.22¢% 8.01+0.96" 7.35+0.96°" 6.54 £2.19° 13.23+2.042 8.02e-07 ***
Hatching success (%) 95.22 +£6.66 @ 45.64 +37.60° 56.03 +22.63 2 63 +£17.69 % 83.50 +23.38 2 0.022*




1.4.2 Growth and developmental experiment (offspring generation, F1)

The survival rates of Eudiaptomus sp. depended strongly on their diet (Figure 2a, b). Complete
development of nauplii to adult copepods occurred on the Mix diet and on Cryptomonas sp., with
survival rates above 80 %. In contrast, Eudiaptomus sp. fed with pure cultures of the
chlorophyceans exhibited low survival rates with a pronounced drop in the survival curves during
the naupliar stage (10-15 days). Naupliar mortality reached the maximum level with A. obliquus
as food, where all individuals were found dead by day 17. Eudiatptomus fed S. elongatus exhibited
only low (5 %) mortality, it increased to 45 % after 15 days when the animals were in their initial
copepodite stage. Both Cryptomonas sp. and the Mix diet promoted a significantly faster
development and growth towards maturity (ANOVA, p < 0.001, Figure 3 a and Supplementary
Figure SI, for the time until reproduction). The development time in these cases was estimated in
less than 20 days (Mix diet 17.8 + 1.10 and Cryptomonas sp. 19.4 + 0.89 days). All copepods were
able to mate and reproduce a few days after they had reached the adult stage in these treatments
(19.73 £ 0.71 days in Mix diet, and 21 + 1.96 days for Cryptomonas sp., respectively, see
Supplementary Figure SI). Moreover, egg production was significantly higher in these two diets
compared to the chlorophyte diets (Table 11). Egg numbers were significantly lower in copepods
fed S. elongatus, or C. klinobasis, respectively (mean clutch size: 6.1+0.34 and 6.75+£1.05 eggs
respectively; Table II). This indicates healthy and fast developing individuals from the new
generation under Cryptomonas sp. and the Mix diet. The suitability of the aforementioned diets
was further confirmed by the animals’ biomass and size at first reproduction (Table I1). The
prosome length and body mass were significantly larger in the females fed Cryptomonas sp. and
the Mix diet (ANOVA, p < 0.001). Prolonged development was instead measured in copepods fed
either C. klinobasis or S. elongatus. The copepod developmental time was 29 + 0 days with the
green algal diet and 30.5 + 1.91 days with the cyanobacterial diet (Figure 3b). Moreover, the
copepods’ reproductive periods were extended on C. klinobasis and S. elongatus (averaging 35
and 37.5 days, respectively, see Supplementary Figure Sl). Due to the high mortality rates under
C. klinobasis and S. elongatus food treatments, only a few individuals were able to reach the
reproductive maturity stage and mate. In this case, we were only able to check for egg-carrying
females in two of the three replicates for C. klinobasis and four of five replicates in S. elongatus.

The same applies to the estimates of biomass, size at first reproduction and clutch size of the adult
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females (Table I1), which were all significantly smaller compared to copepods fed Cryptomonas
sp. and the Mix diet (ANOVA, p <0.001, Table II).
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Figure 2 a) Survival curve of the offspring generation (F1) for the entire life cycle of Eudiaptomus sp. fed
different diets: green C.klinobasis; grey A.obliquus; red Cryptomonas sp.; blue S. elongatus; yellow mix
diet. Open and filled dots correspond to the naupliar and copepodite stages, respectively. b) Development
time (in days) of the offspring generation (F1) in Eudiaptomus sp. needed to reach the adult stage (C6).
Different letters indicate significant differences between treatments (one-way ANOVA, followed by
Tukey’s HSD test).

The sex ratio (9/3) of the Eudiaptomus sp. did not differ significantly between food treatments
(ANOVA, p=0.383) and ranged from 0.81 + 0.38 on the mix diet to 2.71 + 2.33 in S. elongatus
(data not shown). Eudiaptomus sp. fed Cryptomonas sp. had the highest net reproductive rate
(31.57, Supplementary Table SlII) followed by copepods fed the mix diet and S. elongatus. In
contrast, Eudiaptomus sp. fed C. klinobasis showed the lowest net reproductive rates (5.66) and
also a negative intrinsic growth rate (-1.60) indicating a population decline. Negative values in
intrinsic growth rate were registered also on S. elongatus treatment (-0.40) as food source. For the
generation time index, the minimum average interval between the birth of an individual and the
birth of its offspring was found in the mix diet treatment (18.96 days, see Supplementary Table
SII).
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Table I1. Life-history parameters in the offspring generation (F1) of Eudiaptomus sp. fed the different phytoplankton diets. Different letters indicate
significant differences between treatments (one-way ANOVA, followed by Tukey’s HSD test). N = 5 replicates were used in all treatments except
for C. klinobasis n = 3 and S. elongatus n = 4. For calanoids fed with A. obliquus it was not possible to collect data about life-history parameters due
to high mortality occurred in the first stages of the F1 generation and no occurrence of reproduction, therefore this treatment was omitted.

Life-history parameter Cryptomonas sp. C. klinobasis S. elongatus Mix P-value

Size at First reproduction (um) 973.28 +16.582  987.68+35.14% 92574 +5471° 881.95+9.462 p<0.001 ***
Body weight (ug/ind) 1878 £2.112 11.63+£1.64° 9.65+1.64°P 1759+1.242  p<0.001 ***

Clutch size (eggs/ind) 11.86 +1.032 6.75+1.06 ° 6.11+0.34° 12.13+1.132 p<0.001 ***
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1.4.3 Fatty acid analysis

Total fatty acid concentrations in the different diets ranged from 3.43 + 0.29 pg mg POC™ for S.
elongatus to 78.96 + 7.18 ug mg POC™ for A. obliquus (see Supplementary Table SliI). The
cyanobacterium S. elongatus contained predominantly saturated (SAFA) and monounsaturated
(MUFA) fatty acids. The main constituents were palmitoleic acid (1.56 + 0.15 pug mg POC™?) and
palmitic acid (1.23 + 0.09 ug mg POC™). Polyunsaturated fatty acids (PUFA) were almost absent
in S. elongatus, except for C18:3 n-3 (ALA), which was detected in trace amounts (0.21 + 0.06 g
mg POC™?). The two green algae investigated had similar fatty acid compositions but great
differences in terms of absolute contents. All fatty acid classes (SAFA, MUFA and PUFA) were
more abundant in A. obliquus than in C. klinobasis, with oleic acid (C18:1n9) being the main fatty
acid in A. obliquus (33.96 + 3.23 ug mg POC™). The major fatty acids of Cryptomonas sp. were
C16:0 and polyunsaturated omega-3 fatty acids such as C18:4n3 and C20:5n3 (EPA) were the
most abundant. Only low levels of monounsaturated fatty acids were identified in this alga. The
Mix diet contained a comparable amount of SAFA, MUFA and PUFA. The concentration of
saturated fatty acids was mainly due to the contents of palmitic (C16:0) and stearic (C18:0) acids,
while the monounsaturated oleic (C18:1n9) and palmitoleic acid (C16:1n9) and polyunsaturated
C18:3n3 (ALA), C18:4n3, and C18:2n6 (LIN) were the dominant unsaturated fatty acids. The fatty
acid composition of Eudiaptomus sp. depended strongly on the animals’ diet (Figure 3a and b, see
also Supplementary Table SIV for detailed fatty acids data). Copepods consuming the green alga
C. klinobasis showed a significantly higher amount of saturated (SAFA) and monounsaturated
(MUFA) fatty acids compared to the other diets (Figure 3a). The amount of polyunsaturated
omega-3 fatty acids was the highest and approximately comparable in all the calanoids. However,
differences in the content and type of individual omega-3 fatty acids were recorded (see
Supplementary Table SIV). Indeed, calanoid fed on Cryptomonas sp., were significantly reacher
in C18:4n3 and EPA while ALA was the main dominant omega-3 PUFA recorded in the calanoid
fed on C.klinobasis (33.05 + 8.61 pug mg DW1), followed by DHA (6.66 + 2.36 pg mg DW™1). The
lowest level of both omega-3 and omega-6 PUFASs were found instead in calanoid copepod fed the
cyanobacteria S. elongatus, due to the insufficient presence of these fatty acids in the algal food
source. At the contrary, the highest PUFA omega-6 content was recorded in calanoid-fed the Mix
diet, due mainly to the high abundance of linoleic acid C18:2n6 recorded (5.46 + 0.79 pg mg DW"
! see Supplementary Table SIV for more details). Also, the PCA of the fatty acids composition of
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Eudiaptomus sp. fed the different algal diets demonstrated a statistically clear distinction between
the four different food treatments (Figure 3b, permANOVA, p < 0.001). Both components
accounted for almost 60 % of the variation with PC1 that clearly separated fatty acids that
predominate in Eudiaptomus sp. fed on Cryptomonas sp. C18:4n3, EPA and Mix diet C20:2n6,
C20:1n9 and 20:3n3 (on the left) from C18:1n9c mostly abundant in calanoid fed on C. klinobasis
and S. elongatus diet (on the right). PC2 accounted for a smaller percentage of variability (24.9%)
with the the fatty acids C18:3n3, C18:2n6c, C:18:1n9t and C16:0 and showed a separation between
calanoid fed on the Mix and green algal diets and the calanoid that had consumed Cryptomonas

sp. and S. elongatus.
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Figure 3 a) Mean (+ SD) Eudiaptomus sp. biomass-specific content of SAFA, MUFA and PUFAs on the
different diets and b) bi-plot of the principal component analysis based on the calanoids’ biomass-specific
fatty acid contents after consuming either pure phytoplankton (Cryptomonas sp. in red, n = 4, C. klinobasis
in green, n=3, and S. elongatus in blue, n=4) or mixed diets (yellow, n = 4) in the experiment. For
calanoid fed A. obliquus it was not possible to collect data about life-history parameters due to high
mortality occurred in the first stages of the F1 generation, therefore this treatment was omitted. Asterisks
indicate statistically different treatments. Ellipses represent different clusters according to permANOVA
results.

The differences observed in the fatty acids from calanoids are clearly associated with divergence
in the diets consumed (Figure 4). Copepods had a general relative decrease in SAFA and MUFA
(all treatments) with respect to their diets and a relative increase in essential fatty acids (EFAs) (all

treatments) except for LIN where the relative proportion was not significantly different between
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the food source and the calanoid in Cryptomonas sp. (ANOVA, p =0.413) and Mix diet treatments
(ANOVA, p = 0.237) and significantly lower in calanoid fed on C.klinobasis (ANOVA, p < 0.01).
On the contrary in the Synechococcus treatment, calanoid showed significantly higher proportion
and accumulation of all EFAs in their body content. In addition, in all treatments, the relative
abundance of DHA was significantly much higher in the calanoid concerning their diets (p<0.001
in Cryptomonas sp. and Mix diet and p < 0.01 in C.klinobasis and S.elongatus ). Concomitantly,
a generally lower relative amount in DHA with respect to EPA was observed in calanoid fed on
Cryptomonas sp. and the Mix diet, while an opposite trend in the relative abundance of EPA and
DHA was instead registered in Eudiaptomus fed the other two monoalgal diets. Finally, despite

ARA was not detected in any diets, it was found, albeit in very low amounts, in all the calanoid

treatments.
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Figure 4. Mean relative fatty acid composition (%, £ SD) of Eudiaptomus sp. (white bars) versus their
respective diets (light blue bars). Asterisks indicate statistically significant differences after permANOVA
and SIMPER analysis (*p < 0.5; **p < 0.01; *** p < 0.001).
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1.5 Discussion
1.5.1 Dietary impact on reproductive traits: egg production and hatching success

(parental generation, F0)

We found clear differences in all the investigated reproductive and life history parameters of
Eudiaptomus sp. when fed with different phytoplankton species. In particular, the cryptophyte
Cryptomonas sp. and the Mix diet allowed for the highest egg production and naupliar hatching
success over the reproductive phase of the experiment. This observation is similar to the known
high food quality of Cryptomonas sp. for daphnids (Martin-Creuzburg, Von Elert, et al., 2008;
Windisch and Fink, 2018). The high quality of the Mix diet indicates that a higher dietary diversity
can compensate for nutritional deficiencies of monospecific diets, as demonstrated previously in
various consumer taxa (Milione and Zeng, 2007; Puello-Cruz et al., 2009; Groendahl and Fink,
2016).

However, although demonstrated in several previous experimental (Jones and Flynn, 2005;
Groendahl and Fink, 2016) and theoretical studies (Anderson and Pond, 2000), food mixtures do
not always provide higher quality and better performances than monoculture diets. In our study,
the fecundity and time needed for reproduction, as well as the egg production, the survival and
development of Eudiaptomus sp. fed the Mix diet were comparably high as those of Cryptomonas
sp. as a sole diet item. Our results thus indicate that a good monoalgal diet such as Cryptomonas
sp. can be equivalent to a Mix diet and allow for multiple generations Eudiaptomus sp. with high
survival and growth rates.

In contrast, we observed very low egg production and hatching success when Eudiaptomus sp.
were fed with either the green algae C. klinobasis, A. obliquus, or the cyanobacterium S. elongatus.
This could be related to biochemical deficiencies in these diets. In particular, many studies have
shown that PUFAs and long-chain fatty acids are fundamental in oogenesis in crustaceans
(Harrison, 1990; Ederington et al., 1995; Payne and Rippingale, 2000; Broglio et al., 2003).
Specifically, DHA and EPA are both considered to be essential fatty acids for copepod
reproduction (Stattrup and Jensen, 1990; Jonasdottir, 1994). Our results corroborate this view, as
the phytoplankton species used in our experiment differed markedly in their content and
composition of specific fatty acids, especially long-chain PUFAs such as EPA and DHA which
were present in very low amounts or not detectable in both green algae and S. elongatus
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(Supplementary Table SlII). Therefore, our results are in agreement also with the findings by
Jonasdottir and Kigrboe (Jonasdéttir and Kigrboe, 1996) and Tang and Dam (Tang and Dam,

2001), where in most cases high egg production rates correspond to higher quality and more viable

eggs.

1.5.2. Dietary impact on development and growth (offspring generation, F1)

Egg production per se is not a sufficient parameter to quantify fitness. It is important to also
consider the viability of the produced eggs and the subsequent development and growth of the
offspring (lanora et al., 1995; Miralto et al., 1999). In this sense, both species of green algae were
inadequate for the development of nauplii and copepodites, as these diets resulted in high mortality
rates, in particular on A. obliquus. This might be explained by the morphological characteristics of
the alga together with some biochemical deficiencies, as A. obliquus forms multi-celled coenobia
that could adhere to swimming appendages and reduce the motility and feeding activities of the
juvenile calanoids (Puello-Cruz et al., 2009). Furthermore, A. obliquus can develop thick cell walls
as a defense mechanism against grazing, which may result in a poor digestibility of this species
and preclude its ingestion and utilization as a sole food source, especially for nauplii (Payne and
Rippingale, 2000). Moreover, during the acclimation phase, any significant adult mortality in the
copepods that were used as the parental generation to start the reproduction phase of the
experiment was observed. This may indicate that the lack of long-chain PUFAs (such as EPA and
DHA) in A. obliquus played a role in copepod reproduction and oogenesis while other prey
characteristics such as size, shape, morphology and elemental composition (e.g., C:N:P
stoichiometry) may pose issues for the development of early life stages of copepods.

Although the flagellated chlorophyte genus Chlamydomonas is frequently considered an adequate
food source in cultures of freshwater zooplankton including calanoid and cyclopoid copepods
(Hamburger and Boétius, 1987; Soto and Hurlbert, 1991), our results do not support this. Already
in the first reproductive phase of the experiment, Eudiaptomus hatching success was extremely
low (<50%) in the C. klinobasis treatment, and post-hatching mortality in nauplii was high. This
corresponds with the findings of Santer (Santer, 1994) and von Elert and Stampfl (Von Elert and
Stampfl, 2000), who had demonstrated the nutritional inadequacy of the closely related species C.
reinhardii for the development of E. gracilis nauplii. Despite this initial loss of experimental

individuals, the few that managed to survive to the naupliar stage successfully moulted and reached
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the adult stage, and were even observed to reproduce. However, the time needed to develop to
the adult and mature stage needs to be considered. Very slow development was observed in
copepods fed C. klinobasis with a naupliar stage that lasted almost 20 days on average. This
suggests the low food quality of this species for nauplii. The ultimate reasons for the poor
performance of C. klinobasis as a diet for Eudiaptomus sp. are still unclear.

When Eudiaptomus sp. were fed the cyanobacterium S. elongatus, they were able to complete
ontogenesis and naupliar development, albeit at strongly increased mortality rates in the
copepodite stages. This could be attributed to the cyanobacterium’s small cell size. It is well known
that different developmental stages have different food sizes and quality demands, with nauplii
ingesting much smaller particles (Zankai, 1991). On both the green algae and cyanobacterial diets,
we observed high mortality rates, although with distinct nonlinear patterns over time. Mortality
with A. obliquus as a dietary item was complete and occurred during the naupliar phase, likely
related to an inability of juveniles to ingest this prey species. Not all nauplii died when fed C.
klinobasis, and the surviving individuals even recovered after a few days. A S. elongatus diet led
to a higher mortality rate during the early copepodite stages, instead young copepodites seemed
unable to complete their life cycle. In this stage, many transformations of the body aspect and
moults occur and the small size of the food items may have required extra energy investment in
food uptake efforts to reach their nutritional demand. This indicates a strong relationship between
the nutritional composition of the food and the specific nutritional and physiological needs of the
copepods during their ontogeny and in different life stages. In addition, calanoids fed on a pure
diet of S. elongatus exhibited much longer naupliar phases (approximately 15 days) with a longer
time needed to reach adulthood and reproduction. Moreover, the mature females also showed the
lowest body size and mass. This reflects a general poor nutritional value of cyanobacteria in terms
of lipids (fatty acids and sterols) impacting on growth, fecundity and fitness of the consumers (Von
Elert and Wolffrom, 2001; Von Elert et al., 2003; Martin-Creuzburg, Von Elert, et al., 2008) (see
also Supplementary Table SIII).

We were further able to demonstrate that the different diets also impacted morphological traits
such as body size and weight of the copepods, which also reflected in fecundity and clutch size.
Eudiaptomus sp. females fed on Cryptomonas sp. or the Mix diet showed higher body mass and
size at first reproduction, as well as significantly higher production of eggs than the individuals
fed on Chlamydomonas and Synechococcus. This can be interpreted as a sign of good health and
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physiological status and possibly be used as a proxy to reproduction success and fecundity.
However, as demonstrated by Ali and colleagues (Ali et al., 2009), small females may also be

easier for a male to coerce and mate, even though large females may be the most attractive.

1.5.3. Comparison between dietary and consumer fatty acids and evidence of

consumer modification of dietary fatty acids

In the case of Cryptomonas sp. and the Mix diet, the assimilation of fatty acids largely mirrored
the composition of the respective diets. This suggests that diets rich in EPA, DHA, ALA and SDA
are optimal for reproduction and growth in calanoids. However, in the Mix diet treatment, DHA
was not detected in the diet, but a low relative amount (< 4 %) was found in the consumers. This
can be explained by the fact that Eudiaptomus sp. is a selective filter feeder and a preferential
grazing focus on the ingestion, assimilation and retention of a higher amount of cells of
Cryptomonas sp. with respect to the other phytoplankton species may have occurred. An
alternative but less likely option is that in this case, DHA may also have originated from
bioconversion from dietary EPA (Hashimoto et al., 2008; Boyen et al., 2020).

In contrast to this, the fatty acids profiles of calanoid copepods fed C. klinobasis or S. elongatus
showed marked differences between resource and consumers that exhibited an accumulation of
EPA and DHA despite the lack or low presence of these essential fatty acids in the algal prey. This
suggests that metabolic mechanisms of bioconversion and bioaccumulation and possible de novo
synthesis of long-chain PUFAs were implemented from the animals and may have occurred in our
experiment (De Troch et al., 2012; Monroig et al., 2013; Werbrouck et al., 2017; Monroig and
Kabeya, 2018; Boyen et al., 2020). Although the general view is that crustacean zooplankton have
limited capacity for the bioconversion of short-chain PUFA into long-chain PUFA (Castell et al.,
1972; Langdon and Waldock, 1981; Sargent et al., 1999; Taipale et al., 2011) and that the
availability of essential fatty acids has to be derived from the diet (Ahlgren et al., 1990), recent
advances in genomic analyses indicated that the capability for de novo synthesis of PUFAs may
be more widespread in the animal kingdom than previously assumed (Kabeya, Fonseca, David
E.K. Ferrier, et al., 2018; Kabeya et al., 2021).

The presence of considerable amounts of DHA and EPA in calanoids fed diets devoid of these

PUFAs support this view and highlight the hypothesis that the copepods’ fatty acid composition
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is strongly affected by the enzymatic reactions and transformations involved in the fatty acid
metabolisms (Monroig and Kabeya, 2018; Nielsen et al., 2019; Boyen et al., 2020; Kabeya et al.,
2021). Moreover, the highly selective accumulation and retention of DHA and EPA in the calanoid
body in all food treatments can be explained by the high eco-physiological role of those lipids for
copepods life. DHA has been shown to be of particular importance for copepods’ nervous system
development (Brett, Miller-Navarra D.C., et al., 2009) and for maintaining membrane
homeoviscosity and fluidity (Farkas, 1979). Both DHA and EPA play crucial roles in determining
reproductive success, somatic growth and development of copepods (Shields et al., 1999; Arendt
et al., 2005; Persson and Vrede, 2006; Evjemo et al., 2008; Jonasdottir et al., 2009; Taipale et al.,
2013). However, even though the general pattern was consistent across all treatments, is still
interesting to note that in our experiment calanoids fed on C. klinobasis and S. elongatus showed
a preferential accumulation of DHA relative to EPA and a higher ratio of DHA/EPA than calanoid
fed on Cryptomonas sp. and the Mix diet where EPA was largely more present than DHA. This
important difference in the DHA/EPA ratio between the calanoid fed with the “good” and “poor”
dietary items may be linked to the higher proportion of EPA already occurring in the “good
quality” diets. On the contrary, for the calanoid fed the “poor quality” food treatments, DHA may
instead have originated and later on accumulated from bioconversion from EPA or ALA or through
biosynthesis processes via fatty acid desaturation and elongation (Monroig et al., 2013; Nielsen et
al., 2019; Lee et al., 2020).
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1.6 Conclusions

All tested phytoplankton diets supported comparable reproductive success in adult Eudiaptomus
sp. However, several other reproductive traits such as egg production, hatching success as well as
survival rate were strictly influenced by the diet organism in the FO generation. In the offspring
(F1) generation, even clearer impacts of dietary quality were observed, with substantial changes
in naupliar survival, time for development and maturation effects. Thus, the dietary fatty acid
composition plays overall an important role in regulating the reproductive traits, life cycle and
strategy of Eudiaptomus sp. notwithstanding this, we found the copepods to be able to actively
regulate long chain PUFAs composition independent of the diet’s composition. Therefore, the
commonly paraphrased principle “you are what you eat” applies only in part, as Eudiaptomus sp.
was able to convert some missing dietary fatty acids to maximize fitness, as well as individual
survival and growth. Because the ability of various species of freshwater copepods to synthesize
and/or biochemically convert essential fatty acids is still unresolved and very controversial, we
suggest further genomic investigations and more specific experiments to clarify the mechanisms
involved, help to draw conclusions about the feeding ecology of calanoid copepods and improve
our understanding on trophic interactions and dynamics between phytoplankton and calanoid

copepods in aquatic ecosystems.
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1.7 Supplementary Material

Table SI. Major features and total fatty acids composition of the five phytoplankton diets used for
Eudiaptomus sp. in the present study.

Species hame Class of Algae Cell Size (um) Total fatty acids (ug/mg POC)

Cryptomonas sp. Cryptophyceae 19.3+£3.1 30.42 £ 20.78

Chlamydomonas

Klinobasis Chlorophyceae 94+24 78.98 +7.18

Acutodesmus obliquus Chlorophyceae 127+£19 13.82+2.01

Synechococcus Cyanophyceae 27410 3.43+0.29
elongatus

Mix diet 26.53+0.99
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Table SlI. Population growth indices for Eudiaptomus sp. after consuming the different algal diets.

Population growth

index Cryptomonas sp. C. klinobasis S. elongatus Mix
Ro 31.57 5.66 19.48 28.84
T 23.69 28.03 28.95 18.96
rm 0.29 -1.6 -0.4 0.42

Note: Ro represents net reproduction rate, T represents the generation time and rm is the intrinsic
population growth rate.
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Table SI1I. Fatty acids composition (as ug FA mg POC-1) of the food sources used for Eudiaptomus sp.
in the experiment.

Fatty acid Cryptomonas sp.  A. obliquus C. klinobasis S. elongatus Mix
C16:0 14.29 £ 19.90 22.34 +£1.98 3.05+£0.22 1.23+0.09 6.72 £ 0.16
C17:0 nd 0.84£0.18 1.38+0.84 nd 0.83+£0.25
C18:0 1.30+0.64° 2.75+£0.21¢2 1.37+0.05° 0.07+0.00° 1.99+0.26 ®
C21:0 nd nd nd 0.18 £ 0.09 nd
C22:0 nd 0.19+£0.03 nd nd nd
2 SAFA 15.59 + 20.54 26.12 £ 2.23 5.81+£0.84 1.49+0.14 9.54 + 0.57
C16:1n7 0.39+0.06° 1.70+£0.292 0.30+0.01° 1.56+0.15° 1.29+0.05°
C17:1n9 0.46 £ 0.04 0.47 +£0.08 0.56 £ 0.04 nd 0.43+0.13
C18:1n9t 0.45+0.28° nd 1.33+£0.03° 0.01+0.00¢ 5.24+0.092
C18:1n9c 1.44+0.13° 33.96 +3.23° 0.99+0.05° 0.07+0.00° 1.04+0.07°
C 20:1n9 nd 0.68 £0.13 nd nd nd
C20:1n7 0.02+0.01 nd nd nd nd
C22:1n9 0.06 £0.01 nd 0.30+0.25 0.08 £0.01 nd
Z MUFA 2.81+0.36° 36.80£3.48%  3.49+0.37° 173+015°  8.00+0.08°
C18:2n6¢c (LIN) 0.69+0.04° 7.87+£0.77°2 0.83+£0.03°¢ nd 2.01+0.05°
C18:3n6 nd 0.46 £ 0.01 0.34 £0.08 nd nd
C18:3n3 (ALA) 1.75+057°¢ 5.63+0.48°2 2.87 +0.68 ™ 0.21+0.06 ¢ 3.95+0.62°
C18:4n3 6.48+0.30? 1.95+0.27° nd nd 212+0.12°
C20:3n3 nd nd 0.32+0.28 nd nd
C20:5n3 (EPA) 261+£0.22°2 0.16 £0.00 ¢ 0.16 £0.01¢ nd 0.92+0.05°
C22:2n6 nd nd nd 0.01+0.01 nd
C22:6n3 (DHA)  0.49+0.20 nd nd nd nd
2 PUFA 12.02+0.82° 16.06 +1.482 452+1.05¢ 0.21+£0.06 ¢ 9.00+£0.81°¢
2 n3 11.33+0.78 2 7.73+0.70° 3.35+£096° 0.21+0.06 9 6.99+0.77 P
2 né6 0.69 + 0.04 8.33+£0.782 1.17+£0.11 ¢ 0.01+0.0149 2.01+0.05°
Total lipids 30.42+20.78° 78.98+7.182 13.82 +£2.01 ¢ 343+£0.29° 26.53 +0.99 b

SAFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, n3 =
polyunsaturated omega 3 fatty acids, né = poliunsaturated omega 6 fatty acids, nd = not detected. Different letters
within a row represent a significant differencr among algal groups. The data represent the mean * standard deviation

44



of three replicates. Different letters indicate significant differences between algal treatments (one-way ANOVA,
followed by Tukey’s post hoc test, p < 0.05).

Table SIV. Fatty acids composition as pg per mg DW of Eudiaptomus sp. fed the respective
phytoplankton culture.

Fatty acid Cryptomonas sp. C. klinobasis S. elongatus Mix

C16:0 847 +274° 17.66+£222°2 9.78 +1.38 ¢ 12.80+1.74°
C17:0 1.36+0.35° 240+0.38¢2 1.87+0.62 % 1.73+0.16 %
C18:0 3.34 £ 0.57 454 +0.21 471+£1.73 3.88 + 0.68
C 20:0 0.80+0.442 nd 0.21 £0.13° 0.04 £0.03°
C21:0 0.18+0.18° 0.72+0.06 2 0.21+0.03° 0.03+0.04°
C22:0 0.32+£0.13 0.58 +0.04 0.44 +0.20 0.35+0.08
2 SAFA 14.48 +3.03° 25.89+£2.002 17.21+250°" 18.83+2.06°
C16:1n7 1.11+0.37°" 1.26 +£0.03 193+0.502 0.97+0.10°
C17:1n9 0.36 +£0.06 ° 6.54+431¢% 2.96+1.93% 241+142%
C18:1n9t 0.51+0.09¢ 482+1.01° 0.88+0.19° 7.66+1.04¢2
C18:1n9c 176 £0.29° 492+0942 3.77+0.89 % 2.72+0.35 "
C18:1n7 0.23 £0.05 0.35+0.06 0.27 £ 0.20 0.36 £ 0.07

C 20:1n9 0.26 £0.082 0.08 £0.13 ™ 0.03£0.06 ¢ 0.24 £0.03 %
C20:1n7 nd nd 0.07+£0.10 0.07+£0.04
C22:1n9 0.19+£0.03 0.24 £0.42 0.08 £ 0.09 0.09 £0.01
C24:1n9 nd nd nd 0.28 + 0.06

2 MUFA 442 +042° 18.20+£6.012 9.99 +1.76 b¢ 14.80 +2.74 %
C18:2n6¢ (LIN) 2.13+0.39° 2.99+0.78° 0.87+0.20° 546+0.79%
C18:3n6 0.42 +£0.13° 0.07+0.13°¢ 0.83+0.182 0.51+0.11°
C18:3n3 (ALA) 7.10+4.07°¢ 33.05+8.61¢2 286+1.95° 17.88+1.39°
C18:4n3 16.31 £2.532 0.71+057°¢ 2.79x0.65° 11.70+1.97°
C20:2n6 0.23+0.032 0.05+0.08° nd 0.18+0.022
C20:3n6 nd nd 0.12+0.102 0.02 +0.03°
C20:4n6 0.21 £0.02 ¢ 0.09+0.15°¢ 0.87+0.122 0.29+0.04°
C20:3n3 0.23+£0.15 nd nd 0.26 £ 0.09
C20:5n3 (EPA) 10.35+1.112 235+062° 2.89+0.96° 6.74+117°
C22:2n6 nd nd 0.17+£0.12 nd
C22:6n3 (DHA) 417+0.74% 6.66 +2.36 @ 5.45 + 2,55 ® 2.94 +0.52°
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2 PUFA 41.24+7.12% 4597 +9.64 2 16.95 +2.54 P 4598 +4.58 @

2n3 38.17+7.33% 42.77+8.59°2 14.00 £2.14° 39.53+4573
2né 3.07+0.49° 320+1.12° 2.95+0.46° 6.45+0.892
Total lipids 60.14 £ 8.75° 90.07 + 13.67 @ 44.15+6.08 79.62+ 4912

SAFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, n3 =
polyunsaturated omega 3 fatty acids, né = poliunsaturated omega 6 fatty acids, nd = not detected. Different letters
within a row represent a significant differencr among algal groups. The data represent the mean * standard deviation
of five replicates. Different letters indicate significant differences among groups (one-way ANOVA, followed by
Tukey’s post hoc test, p < 0.05).
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Figure SI. Time for completion life cycle (days) in the offspring generation (F1) of Eudiaptomus sp. fed
the different phytoplankton diets.
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Chapter 2

Morpho-functional traits reveal differences in
size-fractionated phytoplankton communities but
do not significantly affect zooplankton grazing.
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This is the peer-reviewed version of the following article: Titocci J, Bon M, Fink P. Morpho-
Functional Traits Reveal Differences in Size Fractionated Phytoplankton Communities but Do Not
Significantly Affect Zooplankton Grazing. Microorganisms. 2022; 10(1):182 which has been
published in final form at https://doi.org/10.3390/microorganisms10010182
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2.1 Abstract

The recent emergence of approaches based on functional traits allows a more comprehensive
evaluation of the role of functions and interactions within communities. As phytoplankton size and
shape are the major determinants of its edibility to herbivores, alteration or loss of some morpho-
functional phytoplankton traits should affect zooplankton grazing, fitness and population
dynamics. Here, we investigated the response of altered phytoplankton morpho-functional trait
distribution to grazing by zooplankton with contrasting food size preferences and feeding
behaviours. To test this, we performed feeding trials in laboratory microcosms with size-
fractionated freshwater phytoplankton (3 size classes, >30 pum; 5 - 30 um and < 5 um, obtained by
filtration through a 5 um and 30 um mesh gauze, respectively) and two different consumer types:
the cladoceran Daphnia longispina, (generalist unselective filter feeder) and the calanoid copepod
Eudiaptomus sp. (selective feeder). We observed no significant changes in traits and composition
between the controls and grazed phytoplankton communities. However, community composition
and structure varied widely between the small and large size fractions, demonstrating the key role
of size in structuring natural phytoplankton communities. Our findings also highlight the necessity
to combine taxonomy and trait-based morpho-functional approaches when studying ecological
dynamics in phytoplankton-zooplankton interactions.
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2.2. Introduction

Phytoplankton forms the base of aquatic food webs and is extremely diverse. It is comprised of
multiple photosynthetic organisms that vary vastly in size, shape, morphology, physiology,
behaviour, functionality, and life history traits (Salmaso et al., 2015; Martini et al., 2021). Through
photosynthesis, phytoplankton is responsible for producing up to half of the oxygen on Earth and
is critical in supporting marine and freshwater food webs (Falkowski and Raven, 2007). Given its
importance, phytoplankton has been studied for a very long time, mainly focusing on the
identification and description of new species and their ecological role using a phenotype-based
taxonomic approach. However, in recent years, trait-based approaches have gained popularity in
ecological research (Weithoff, 2003; Litchman and Klausmeier, 2008; Borics et al., 2012; Vallina
et al.,, 2017; Ye et al., 2019), resulting in a more complete understanding of phytoplankton
community structure and dynamics. Herbivorous crustacean zooplankton feeds on phytoplankton
and thereby plays a key role in transferring energy from primary producers to the upper consumers
in freshwater ecosystems. In this sense, the type of algal food, its size, shape, concentration,
nutritional content and toxicity are decisive traits determining the strength and selectivity of
zooplankton grazing (C.S. Reynolds, 1984; Helena Sipauba-Tavares et al., 2001; Zeng et al., 2006;
Ger et al., 2016; Liu et al., 2016).

The main representatives of crustacean herbivorous zooplankton in freshwater environments are
Cladocera and calanoid Copepoda. They show distinct feeding modes and food size spectra for the
selectivity of their prey (DeMott, 1986). Cladocera are unselective filter feeders: they use their
sieve-like appendages to generate water currents from which particles exceeding the mesh size of
the filter are retained for feeding (Brendelberger et al., 1986). In contrast, calanoid Copepoda feed
selectively and can use their “taste” and food quality as selection criteria (Bundy et al., 1998).
They have mechanical and chemical sensors in their antennae and can detect chemical composition
(Huys, R., 1992; Venteld et al., 2002) and movements of the prey and actively capture it
(Paffenhofer et al., 1982; Price et al., 1983; Légier-Visser et al., 1986; Paffenhofer A., 1998;
Alcaraz et al., 1980; Landry, 1980).

As a defence mechanism against predation (grazing), phytoplankton can adopt several strategies
like toxin production, chain formation, mucilage production, presence of spines, ability to survive

gut passage and digestion (Naselli-Flores and Barone, 2011; Panci¢ and Kierboe, 2018; Liirling,
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2021). Between all these complex possible strategies that phytoplankton evolved in the arms race
with the zooplankton (Smetacek, 2001), size and form selection are the strongest driving forces
shaping phytoplankton assemblages (Morabito et al., 2007) and can influence and as well be
influenced by zooplankton grazing. Natural phytoplankton can be divided into several size classes:
picoplankton (<2 um), nanoplankton (2-20 pm), microplankton (20-200 um), macroplankton
(>2000 um) with different ecological functions (Sieburth et al., 1978; Beardall et al., 2009).
Smaller cells have a much larger surface area/volume ratio (Lewis, 1976), can assimilate nutrients
more efficiently (Lafond et al., 1990), grow faster (Bruno et al., 1983; Zafar, 1986) and have lower
sinking rates (Waite et al., 1992; Tremblay et al., 1997) than larger cells. Grazers often consume
small cells more readily than large cells which are often able to escape predation and dominate
blooms. In particular, the food size selectivity of Cladocera and Copepoda strictly depends on their
respective feeding modes and appendages: the lower limit for filterable cell size in Cladocera is
determined by the mesh size of the filtration apparatus and ranges from 0.2—4.2 um, while the
upper size limit is determined by the width of frontal carapax gape of 20-30 um (Lampert and
Sommer, 2007). In calanoid copepods, the limiting factor is the opening width of the mandibles.
In this case, the upper algal size limit can vary from 20 pm to >100 pum, depending on the specific
copepod species. Thus, in freshwaters, cladocerans and copepods have contrasting effects: usually,
the consumption of small phytoplankton cells by Cladocera (Von Riickert and Giani, 2008) and
feeding of medium-size and large phytoplankton by copepods is observed.

However, not only the size of phytoplankton cells determines their susceptibility to particular
grazers. Even though little is known, also the effect of the cell shape and geometry may regulate
and affect the efficiency of the grazing with some shapes preferably eaten by herbivorous
zooplankton. The complexity of phytoplankton forms and the coexistence of differently shaped
organisms reflect the plasticity of phytoplankton populations in natural environments. It has been
observed that the phytoplankton of intermediate volume display a wide variety of shapes, from
oblate to extremely elongated forms, while cells of both large and small volumes are more compact
and mostly spherical (Ryabov et al., 2021). However, studies of morphological changes induced
by the grazing pressure from natural environments are still very scarce (Bding et al., 1998; Van
Donk, 1997) and since natural communities are composed of different taxonomic groups with

multiple cellular sizes and shapes, it is necessary to ascertain their role in the control of grazing

51



pressure to gain insight into the general trophic patterns at the basis of food webs observed in
nature.

The main objective of this study was to investigate phytoplankton dynamics and community
assembly after grazing of two different zooplankton taxa in a laboratory experiment, combining a
classical taxonomic approach with a trait-based approach using morpho-functional groups (Kruk
et al., 2010). More specifically, we aimed to assess how grazing of herbivores with contrasting
particle size preferences and feeding behaviour alters phytoplankton communities of different size
structures and the response of the algal community in terms of composition, size and shape
distribution.

The filter-feeding cladoceran Daphnia longispina and the calanoid copepods Eudiaptomus sp. are
the dominant herbivorous zooplankters in the studied area. We selected them for our experiment
due to their contrasting feeding modes, preferences and phytoplankton selectivity. The
phytoplankton assemblage was derived from a natural freshwater community and fractionated into
three size classes “small” (<5 um), “intermediate” (5—30 um) and “large” (>30 pum).

Assuming that D. longispina and Eudiaptomus sp. usually contribute to the reduction of
phytoplankton abundance and biomass in a different way due to grazer-specific differences in
feeding preference and selectivity, the following hypotheses were tested: (1) D. longispina will
reduce mostly the small and intermediate phytoplankton size fractions (2) Eudiaptomus sp. will
primarily reduce the intermediate to large size fractions.

Moreover, in terms of morpho-functional groups (MBFGs, (Kruk et al., 2010)), based on relevant
differences in relation to grazing behavior and selectivity of the two grazers and on previous
findings by Colina et al. (Colina et al., 2016) we expected (3) D. longispina to eat more organisms
of medium size lacking specialized traits and medium size flagellates (MBFGs 1V-V) because of
the optimal size range and the absence of particular structures of the taxa belonging in these groups
which might hinder manipulation (i.e., mucilage, spines, silica walls) and result easily to be
filtered, ingested and cleared by cladocerans, but fewer organisms that produce mucilage (MBFG
VII), or form long chains or filaments (MBFG 1l1) that could clog their filtration apparatus
(Sarnelle et al., 2010) ; (4) Eudiaptomus sp. to be less affected and more able to feed on a greater
diversity of phytoplankton morpho-functional groups, due to its feeding modes and its capability
to select and manipulate the food (Blaxter et al., 1998; Barnett and Beisner, 2007; Mauchline,
1998).
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2.3. Materials and Methods

2.3.1. Sampling and Incubation Experiment

Seston samples were collected at the surface (0.5 m depth) of lake Fihlinger See, a complex of
seven connected meso-eutrophic gravel pit lakes (total area 84-ha) close to the river Rhine in
Cologne, Germany, in December 2018. Water samples were initially collected and filtered through
a 100 um mesh size to remove larger zooplankton. Subsequently, phytoplankton size fractionation
was carried out by two consecutive filtrations through a 30 pm and 5 um nylon mesh filters in
order to obtain three phytoplankton size classes: larger than 30 um, from 5 to 30 um and smaller
than 5 um. Back in the laboratory, all fractions were placed in a climate chamber at 18 °C and a
photon flux density of 100 HE s”! m™2 PAR for 1 day for acclimation and then distributed evenly
into 1 L polystyrene flasks.

Each of the experimental flasks with the respective size-fractionated phytoplankton community
was populated with two different consumer types (in equal biomass) consisting of either 10 adult
female calanoid copepod (Eudiaptomus sp.) or 10 four days old juvenile females of the cladoceran
Daphnia longispina, the remaining flasks without grazers served as controls. We selected different
life stages for each type of grazer to normalize their grazing pressure on the base of their biomass
and to avoid the occurrence of reproductive events in D. longispina during the experiment. Every
treatment consisted of five replicates and three size fractions. All the experimental flasks (feeding
trials and controls) were incubated in dark conditions for 72 h. To quantify changes in
phytoplankton due to the feeding of Eudiaptomus sp. and D. longispina, we estimated the
abundances and biovolumes of the different size-fractionated phytoplankton communities in the
control and grazed treatments at the end of each experiment. In addition, phytoplankton density
and biovolume at the start of the experiment were estimated from the size-fractionated seston at
the beginning of the experiment. This was used as a reference to show changes and temporal
dynamics in control versus grazed treatments. At the end of the experiment, 100 mL of each sample
were fixed with Lugol’s iodine solution and counted with an inverted microscope (Utermohl,
1958). A minimum of 400 cells were counted in two perpendicular transects at 400x magnification.
Cell-specific volumes were calculated by determining an average cell size from 30 individual cells
of each taxon and then multiplying by their respective cell counts (Rott, 1981). Where this was not

possible, dimensions were taken from the literature in order to determine mean dimensions and
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calculate a corresponding mean cell biovolume. The taxon richness, Shannon—Wiener diversity
index (Shannon and Weaver, 1963) and Pielou’s evenness index were calculated for each sample
using phytoplankton abundance and biovolume values.

The specific grazing rates of D. longispina and Eudiaptomus sp. were calculated from algal
concentrations in control and grazed flasks at the end of the incubation for all three distinct

phytoplankton size classes (Bamstedt et al., 2000) according to the equation:
\Y
G=(lnCc—lan)><?><N (1)

where G is the grazing rate [mL individual™' h™'], Ccis the algal concentration in the control
treatment, Cq is the algal concentration in the grazed treatments at the end of the experiment, V is
the bottle volume [mL], t is the experimental duration [h] and N is the number of grazers.

2.3.2. Trait Analyses

In order to have a trait-based clustering of phytoplankton taxa, we classified the phytoplankton
taxa according to their morpho-functional characteristics in seven morphology-based functional
groups (MBFG) as described by Kruk et al. (2010). Group I includes all small organisms with a
high surface-to-volume ratio, group Il small flagellated organisms with a siliceous exoskeletal
structure, group I11 is represented by large filaments (with aerotopes), group IV by organisms of
medium size lacking specialized traits, group V is formed by unicellular flagellates of medium to
large size, group VI consists of non-flagellated organisms with siliceous exoskeletons, and group
VI is represented by organisms that form large mucilaginous colonies.

Information about morphological traits like biological form (unicellular, colonial/filaments,
chains) and mucilage production as well as physiological traits like silica demand and N2 fixation
processes and behavioral traits like the presence of flagella (motility) or aerotypes (buoyancy)
were also investigated and included as binary traits (1-presence; 0-absence) to perform a trait-
based cluster analysis.

We also determined the cell and individual form for each taxon as a morphological trait using eight
simple geometric shapes: sphere, prolate spheroid, cylinder, ellipsoid, double cone, prism (on
parallelogram base and on triangular base) and cone with half sphere according to (Ryabov et al.,
2021; Hillebrand et al., 1999). All these morpho-functional characteristics were mainly extracted

from the literature. Each taxon was assigned a value for each trait category: 1 for the presence and
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0 for the absence of this characteristic. If no information was found for a taxon, 0 was assigned to
all categories for this trait so that the taxon in question does not contribute to the analysis for this
trait (Chevene et al., 1994). The obtained taxa/trait matrix was multiplied by the taxa abundance
matrix to obtain a matrix representing the abundance of each trait category for each sample.

2.3.3. Statistical Analysis

Differences in abundances, biovolumes, grazing rates and diversity indices measured over the
grazing experiment were checked for normal distribution with a Shapiro—Wilk’s test and for
homogeneity of variances with a Levene’s test. Where these assumptions were met, two-way
analyses of variance (ANOVA) followed by Tukey’s post-hoc tests were performed to determine
the effect of treatments, size fractions and their combined effect. In cases of unequal sample sizes,
a type 11l two-way ANOVA followed by Tukey’s HSD was run instead. Multivariate permutation
analysis (permANOVA) was used to analyze variations in the taxonomic and trait compositions
and content of the different size fractionated algal communities at the initial condition and in the
control and grazed treatments. Non-metric multidimensional scaling (NMDS) based on Bray—
Curtis similarity matrices were conducted with all phytoplankton traits as variables using the vegan
package in R (Oksanen et al., 2014). To assess the dissimilarity and to determine the main
taxonomic group and traits contributing to differences between samples, a similarity percentage
analysis (SIMPER) was conducted. Differences detected with the multivariate analyses were
subsequently tested with a one-way analysis of variance (ANOVA) with algal traits used as
independent variables. Further, a Correspondence Analysis (CA) was used to evaluate the
differences in the abundance of the taxonomic, morpho-functional groups and geometrical shapes
in the different treatments and size fractions. CA was also used to visually identify the contribution
of each trait category to the differences among the phytoplankton communities using the ggplot2
(Wickham, 2009) package, version 3.3.5 in R. All statistical analyses were performed using R
version 3.3.3.
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2.4. Results
2.4.1. Phytoplankton Abundance, Diversity and Grazing Rates

Phytoplankton abundance ranged from 1.36 x 10° to 5.04 x 10° cells L' with no significant
differences between treatments in the three size-fractionated communities (ANOVA, df = 3, F =
2.043, p = 0.126, Figure 1a, for statistics, see Supplementary Tables S1 and S2).

However, size fractions showed significant differences with the smallest fraction (<5 um) showing
a significantly higher abundance in all treatments with respect to the intermediate (5-30 um) and
large (>30 pum) size fractions (ANOVA, df = 2, F = 21.273, p < 0.001, for more details, see
Supplementary Tables S1, S2, S3, Figure 1a). In terms of biovolume, the opposite trend was
observed, with the large phytoplankton size fraction having a significantly higher average
biovolume than the 5-30 um fraction (ANOVA, df = 2, F = 5.194, p < 0.05, see Supplementary
Tables S1 and S2, S3). Grazing did not significantly affect total biovolume (ANOVA, df =3, F =
2.417, p = 0.0828).

No significant differences in terms of the richness of taxa were found in the experiment between
grazer type and phytoplankton size fractions (Supplementary Tables S1 and S2). However,
Shannon—Wiener diversity changed throughout the experiment: abundance-based diversity (but
not biovolume-based diversity) was highest at the start of the experiment (Figure 1b). The size
fraction >30 pm exhibited a significantly higher abundance-based diversity than the other two size
fractions, but a significantly lower diversity in terms of biovolume (see Supplementary Table S1
and S2, S3). The same results were observed also for Pielou’s evenness index.

In general, grazing rates were always higher in D. longispina than in Eudiaptomus sp. (see
Supplementary Table S1), and both grazers fed preferentially on the large and small phytoplankton
size fractions. However, no statistical effect was observed in the size selectivity form D. longispina
and Eudiaptomus sp. (ANOVA, df =2, F = 0.083, p = 0.921). In a few cases, a positive response
of total phytoplankton abundance to zooplankton grazing, and thus, negative grazing rates were
observed, resulting in higher phytoplankton abundances in grazed versus control treatments.
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Figure 1. Box-plot showing (a) median absolute abundance of phytoplankton, (b) Shannon diversity index
calculated on abundances (c) median grazing rates. In the first two plots values are shown at the starting
point of the experiment (purple, start, n = 1) and in the three size-fractions <5 pum, 5-30 pm and >30 um in
the control (light purple, n = 5 except in >30 um where n = 4) and grazed treatments (orange for
Eudiaptomus sp. and green for D. longispina, n = 5). In the last plot, grazing rates are shown only between
the two grazers type (n =5 in all treatments, except in >30 pum size fraction where n = 4). Horizontal bars
indicate the median, and the upper and lower edges of the box denote the 25 and 75 percentile, respectively.
Points indicate outliers.

2.4.2. Phytoplankton Trait Analyses

A total of 60 algal taxa were identified in the samples. These belonged to seven major taxonomical
groups: Bacillariophyceae (13), Chlorophyceae (23), Cryptophyceae (2), Chrysophyceae (5),
Cyanophyceae/cyanobacteria (9), Dinophyceae (4), and Zygnematophyceae (4). Significant
differences were found in taxonomic composition in all the size fractions (permANOVA, df = 2,
F = 19.89, p < 0.001) and between treatments (permANOVA, df = 3, F = 2.37, p < 0.05).
Cyanobacteria were the dominant taxonomic group in the small size fraction (<5 pum), contributing
between 65.06-92.48 % to the total phytoplankton abundance in all the treatments (Figure 2a).
They were mainly represented by colonial forms like Aphanocapsa sp., Microcystis,

Synechococcus and filamentous ones like Anabaenopsis sp., Planktothrix agardhii and Limnothrix
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redekei. Chlorophyceae were mostly co-dominant with cyanobacteria, contributing 38.29 to 54.48
% to the total abundance in both the intermediate (5-30 um) and large (>30 um) size fractions.
The most abundant genera were Chlamydomonas, Chlorella, Chloroccocales and groups of
flagellate algae. In the intermediate size fraction, the phytoplankton community grazed by
Eudiaptomus sp. showed a significantly higher content of Chlorophyceae (mainly due to groups
of flagellate green algae) compared to the D. longispina treatment and a significantly lower
abundance in respect to the control treatment (permANOVA, p <0.05). In contrast, Chrysophyceae
were significantly more abundant in D. longispina in the large size fraction than in the calanoid
treatment (permANOVA, p < 0.05) but no significant differences were detected between grazed
and control treatments. The starting phytoplankton community composition varied widely within
size classes and in comparison, with the other treatments showing a more heterogeneous
taxonomic composition. In the starting treatment, a higher proportion of Bacillariophyceae (mainly
represented by the genera Asterionella, Navicula, Fragilaria, Eunotia, Cyclotella), Chrysophyceae
(with Dynobrion sp. as the most abundant taxon) and Zygnematophyceae (mainly represented by
Closterium sp.) were observed. Other taxonomic groups like Cryptophyceae and Dinophyceae
made little or no contribution to the total phytoplankton abundance in all the samples.

When focusing on morpho-functional groups (Kruk et al., 2010), most cyanobacterial taxa found
in the experiment belonged to group Ill (large filaments with aerotopes) and VII (large
mucilaginous colonies), most of the taxa of Chlorophyceae clustered in groups IV(medium-sized
organisms lacking specialized traits as Monoraphidium, Coelastrum, Scenedesmus, etc.) and V
(unicellular flagellates of medium to large size as Carteria, Chlamydomonas, etc.) and all
Bacillariophyceae belonged to group VI (non-flagellated organisms with siliceous exoskeletons).
All seven MBFG were detected in all samples but in different proportions (Figure 2b). Group I,
followed by group I were dominant in the small size (<5 pm) phytoplankton communities. In the
intermediate-size communities group V was the most abundant, followed by groups | and VII.
Group V was also highly represented in the large fraction, followed by groups IlI, 1 and VII in
similar proportions. At the start of the experiment, the phytoplankton community showed more
diverse morpho-functional traits in all size fractions, with a high abundance of group VI in the
intermediate and large fractions. There were significant differences in phytoplankton morpho-
functional-based assemblages among the different size fractions (permANOVA, df = 2, F = 2.62
p <0.001), however, no significant differences were found between the different grazed treatments
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and the control (permANOVA, df = 3, F = 1.65, p = 0.103) while the starting conditions were
significantly different respect to the experimental ones (permANOVA, p < 0.05 for the pairwise
comparisons start vs control, start vs D. longispina and start vs Eudiaptomus sp. treatments).

All eight shapes were present in all the size fractions and in each treatment but in different
proportions (Figure 2c). In the small-sized fraction cylinder (65-68 %) and sphere (30—32 %) were
the most abundant shapes in all the treatments and a significantly higher abundance of organisms
with a double conical shape were detected at the starting conditions (permANOVA, p < 0.05).
Intermediate-size organisms were highly dominated by spherical shapes (90—95 %) in the control
and grazed treatments while the initial intermediate-size phytoplankton community showed a
significantly lower abundance of spherical organisms and a significantly higher proportion of
organisms belonging to cylindrical, prismatic and conical shapes than the rest of the samples
(permANOVA, p < 0.05). Sphere (38%) and cylinder (29%) resulted in the most representative
forms also in large-sized organisms. However, in the large fraction, the form ellipsoid was
recorded as significantly more abundant in control than in grazed treatments (permANOVA, p <
0.05).
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Figure 2. Mean relative abundance (%) of phytoplankton (a) taxonomic groups (b) morpho-functional
groups and (c) shapes for each of the three size fractions and the starting condition, the control and grazed
treatments. Morpho-functional groups are: (I) small organisms with high surface/volume (1) small
flagellated organisms with siliceous exoskeletal structure (Il1) large filaments (with aerotopes), (V)
organisms of medium size lacking specialized traits (V) unicellular flagellates of medium to large size (V1)
non-flagellated organisms with siliceous exoskeletons and (VI1) large mucilaginous colonies. In 2c, the
eight dominant shapes are: spheres (light green), prolate spheroids (brown), cylinders (pink), ellipsoids
(red), double cones (black), prisms (blue), cones with half sphere (yellow) and others (green) among the
three size classes and between the starting conditions and the control and grazed treatments.

The correspondence analysis (CA) also revealed that phytoplankton composition and structure
variability along the experiment was mainly driven by size (Figure 3a). Axis 1 discriminated small
size fraction communities from large and intermediate ones, while axis 2 separated mostly the

starting phytoplankton communities from the experimental ones. Grazing by either Eudiaptomus
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sp. or D. longispina did not appear as a key factor structuring the phytoplankton community, as all
the size clusters overlapped in most experimental units.

Moreover, a taxonomic, functional and shape variation was recorded according to phytoplankton
size structure (Figure 3b). Part of the intermediate size fractions of the control and Eudiaptomus
treatments were clearly represented by Chlorophyceae and Dinophyceae that comprised
unicellular flagellates organisms of medium to large size as morpho-type V organized in spherical
and ellipsoidal shapes. A more heterogeneous composition in terms of taxonomic, morpho-
functional and shape groups was instead detected in the rest of the intermediate and large-size
fractions. In this case, siliceous organisms (groups VI-II) belonging to the classes of
Bacillariophyceae and Chrysophyceae, organisms of medium size lacking specialized traits (group
IV) and large mucilaginous colonies-forming organisms (group VII) were the main
representatives, showing high variability in forms with flattened, conical and prismatic shapes. In
contrast, small-size fractions were mainly dominated by filamentous cyanobacteria (group I11)

with cylindrical shapes.
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Figure 3. Ordination plot resulting from a correspondence analysis (CA), (a) main biplot with the mean
phytoplankton trait abundance composition according to treatments and size fractions represented by
different symbols and colors respectively, (b) plots for taxonomic, morpho-functional and geometrical
shape based groups with relative vectors.

Further analyses of the phytoplankton traits confirmed that the largest differences between
communities were based on sizes. Indeed, all statistical differences were observed among
phytoplankton size fractions and not between the grazed treatments and the control (Table 1). The
small fraction significantly differed from the large and intermediate fractions, showing a
community structure mainly characterized by organisms without flagella, mainly forming chains
or long filaments with low sinking properties and without displaying a large amount of mucilage
production (Supplementary Table S4). In contrast to this, the intermediate and large fractions were
mostly dominated by unicellular organisms, most often motile cells that may be able to produce

mucilage. However, in terms of trait abundance, the intermediate size fraction showed a
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significantly higher proportion of the previously mentioned traits than the large size fraction

(Supplementary Table S4).

Table 1. Results of permANOVA analysis conducted on phytoplankton traits abundance. Variances among
traits were analyzed in the different treatments (starting condition, control and grazing treatments), in all
phytoplankton size fractions (<5 um, 5-30 um and >30 um). Asterisks indicate statistically significant
effects.

Sum of Mean F

Mucilage Presence/Absence Df R? p-value
Squares Square value
Treatment 3 0.363 0.121 1436  0.055 0.219
Fraction 2 2.889 1.444 17.115 0.439 0.001***
Treatment x Fraction 6 0.371 0.061 0.734 0.056 0.752
Residuals 35 2.954 0.084 0.449
Total 46 6.58 1
Flagella Presence/Absence Df Sum of Mean " R? p-value
Squares Square value
Treatment 3 0.382 0.127 1.42 0.048 0.199
Fraction 2 3.88 1.94 2161  0.495 0.001***
Treatment X Fraction 6 0.419 0.069 0.779 0.053 0.716
Residuals 35 3.141 0.089 0.401
Total 46 7.823 1
Aerotopes Sum of Mean F 2
Presence/Absence Df Squares Square value R p-value
Treatment 3 0.328 0.109 1.285 0.046 0.263
Fraction 2 3.291 1.645 19.32  0.468 0.001***
Treatment x Fraction 6 0.421 0.07 0.824 0.059 0.624
Residuals 35 2.981 0.085 0.424
Total 46 7.022 1
Unicellularity/Coloniality Df Sum of Mean F R? p-value
Squares Square value
Treatment 3 0.331 0.11 1.339 0.049 0.229
Fraction 2 3.165 1.582 19.186  0.469  0.001***
Treatment X Fraction 6 0.351 0.058 0.71 0.052 0.749
Residuals 35 2.887 0.082 0.428
Total 46 6.736
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2.5. Discussion and conclusions

2.5.1. Grazing Phase and Food Selectivity

While we had expected grazing by cladocerans and calanoid to be very different in terms of
selectivity, feeding behaviour and quality and quantity of food items ingested, we found no
significant differences in terms of grazing rates and size selectivity between D. longispina and
Eudiaptomus sp. This is in clear contrast with previous studies that had reported Cladocera and
Copepoda differ considerably in their nutritional demands and feeding modes, which should, in
turn, affect phytoplankton community size structure in natural environments (Sommer and
Sommer, 2006). While it has been generally accepted that cladocerans, including D. longispina,
prefer smaller algal cells over larger ones (DeMott, 1986; Lampert and Sommer, 2007), copepods
tend to feed on medium-sized to larger food particles (Sommer and Sommer, 2006). However, our
data did not corroborate this observation. Even though the mean grazing rates of D. longispina
appeared to be higher than those of Eudiaptomus sp. in our study, both reduced the same
phytoplankton size fractions (>30 pum and <5 pm) preferentially, without any significant
differences in their selectivity. Even though we observed a reduction of mean total abundance and
biovolume across all grazed treatment and size fractions, no clear differences between grazed and
ungrazed phytoplankton were observed in terms of abundance and morpho-functional traits.

In terms of groups based on morpho-functional traits, we observed a particular decrease in
organisms of medium size lacking specialized traits and medium-sized flagellates (MBFGs IV-V)
when grazed by D. longispina. This is in accordance with previous findings (Kruk, 2015).
Mucilage-producing taxa (MBFG VII) were also reduced in the small size fraction when grazed
by the cladoceran. Eudiaptomus sp. diminished, in particular, MBFG 1V, accompanied by a
reduction of MBFGs 11 and V11 in the intermediate and small fractions. The decrease of organisms
belonging to the MBFG Il and VII in the small fractions from both grazers highlighted the
possibility that even though these groups are generally considered not palatable because they can
clog the filtration apparatus and they generally reflect poor food quality; they should not be deemed
totally resistant to grazing. Nevertheless, also in this case the differences observed between grazed
and control treatments were not significantly statistically proven.

Knowing that the phytoplankton communities in the experimental flasks showed a lower diversity

and in general a quite different composition than the natural settings (starting condition) we
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believed that some form of competition among phytoplankton could have occurred during the
experiment. In particular, some organisms or taxa could have been favoured over others to adapt
and survive to the laboratory conditions. In this sense, the insignificant difference between control
and grazed treatments might be attributed partially to the composition of the natural phytoplankton
community itself. Indeed, according to our results, we found a high prevalence of Cyanobacteria
in all the size fractions, mainly represented by filamentous organisms and mucilaginous colonies
that might have interfered with the grazing of both grazers, posing difficulties with their filter-type
feeding behaviour.

Finally, variability between replicates of the same treatment was probably another main factor
masking patterns of grazing and size selectivity in our data. This highlights the large intrinsic
variability of natural plankton communities and the need for deep replication in experimental
studies to smooth out the variance between replicates, improve the measurement of variation in

the treatments and provide stronger statistical support.

2.5.2. Phytoplankton Size-Fractionated Composition and Structure

The taxonomy-based approach identified patterns explaining the changes in size distribution:
Cyanobacteria dominated the small fraction with colonial and long filamentous taxa, whereas
Chlorophyceae and Cyanobacteria were present in the intermediate and large size classes in similar
abundance. The unexpected dominance of long filamentous cyanobacteria in the small size fraction
was caused by the chosen gauze filtration method. Size fractionation is made on the linear
dimensions of the algal cells and not on the basis of their volumes (Harbison and McAlister, 1980).
Thus, it does not always separate properly based on cell size. Indeed, many larger and thin
filamentous organisms passed through small filters (<5 pum) not on the basis of their length
dimension, but for instance according to their elongated shapes and their narrow width. Moreover,
cell or colony breakage during the filtration process may result in another source of error, with a
certain portion of large particles passing through small filters and accounting for small size classes
of organisms (Mullin, 1965) Although size fractionation techniques are frequently used in
phytoplankton research (Runge and Ohman, 1982; Cermen~o et al., 2005; Marafién et al., 2012;
Sin et al., 2000; McCarthy et al., 1974; Durbin et al., 1975; Bruno et al., 1983) the accuracy and

validity of portioning phytoplankton assemblages through filtration remain debated (Durbin et al.,
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1975). We thus confirmed that fractionation by filtration has a rather low level of absolute cell size
resolution (Sommer et al., 2017), and hence recommend that it should be used with care, especially
in grazing experiments where natural phytoplankton communities are dominated by thin filaments
(Runge and Ohman, 1982).

In terms of taxon richness, no differences were found across size fractions. However, the fraction
<5 um exhibited the lowest Shannon diversity and evenness due to the high dominance of a few
cyanobacterial taxa. Another interesting aspect was the higher diversity in terms of taxonomic
composition in the phytoplankton community sampled at the beginning of the experiment (start
treatment). This loss of diversity between the start and the experimental samples might be
attributed to the laboratory conditions that selected Cyanophyceae and Chlorophyceae over
Bacillariophyceae, Crysophyceae and Zygnematophyceae which decreased rapidly within the first
few days of the experiment. This rapid change in the community structure should be also taken
into account once performing lab experiments with the manipulation of natural assemblages.

By contrast, differences in size community structure were expressed more in detail using morpho-
functional traits (Kruk et al., 2010). In our experiment, the phytoplankton communities exhibited
a clear differentiation between the small, intermediate and large fractions. Small fractions were
mainly characterized by organisms without flagella that form chains or long filaments with high
sinking velocities and without larger amounts of mucilage production. In contrast to this, the
intermediate and large fractions were dominated by unicellular motile and mucilage-producing
organisms.

Regarding the shape distribution, no clear distinction between size fractions could be observed for
the occurrence of spherical and cylindrical forms in each size class. Nevertheless, including the
analysis of the geometric shapes in phytoplankton-zooplankton studies may be a useful tool to
better understand the grazing dynamics and the forms and structure used as an adaptive strategy to
avoid predation and enhance resistance by phytoplankton taxa.

The concept of ‘functional redundancy’ with species showing similar ecological roles, using a
trait-based approach and grouping taxa based on their morphological, structural and/or
physiological and behavioural features represents a good instrument to summarize the diversity
and ecological roles of the taxa by simplifying the complexity and variability of natural
ecosystems. However, species composition varies a lot between ecosystems and according to

environmental conditions and anthropogenic pressures and knowing the identity and the
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taxonomical details of a specimen is fundamental for studying biodiversity, changes and
conservation of the ecosystems. Knowing the taxonomic details of communities is also the first
step to get an idea of the traits associated and to help in understanding and organizing the diversity
and the structure of the natural communities. Thus, it is of primary importance to not exclude a
taxonomic perspective from phytoplankton and zooplankton studies. Using only one or the other
approach could be reductive and lead to generalizations and misleading interpretations of
ecological processes (Litchman and Klausmeier, 2008). In this sense, we recommend the use of a
combined taxonomic and trait-based approach to improve the understanding of phytoplankton and
zooplankton interactions and to help to describe them with a broader perspective on phytoplankton

community assembly and its changes under grazing pressure by herbivorous zooplankton.
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2.6 Supplementary Material

Supplementary Table S1. Total abundance (cell L2), total biovolume (um? LY), grazing rates (ml ind™* h-
1 and diversity indices: richness (S), Shannon-Wiener (H’) and Pielou’s evenness (J°) for each size fraction.
Values are mean + standard deviation, n = 5 in all treatments except for the start treatment where n = 1.

Fraction <5 um Start Control Eudiaptomus sp. D. longispina
Total Abundance (cell L) 1.36x108 3.59x10%+ 1.46x10°  2.17x10%+9.20 x105  2.47x10° + 2.06 x108
Total Biovolume (cell L) 6.62x108  3.16x108+1.08x10%8  2.15x108+7.34 x107  2.97x108 + 1.55x108
Grazing rate (ml ind* h'1) - - 0.66 + 0.67 0.92 +0.60
Richness (S) 25 25.60 + 2.88 226+1.34 21.8+1.10
Shannon index Abundance (H'a) 2.18 1.21+£031 1.27+0.38 1.33+0.24
Shannon index Biovolume (H'b) 1.54 1.66 £ 0.15 157 +£0.25 1.40+0.16
Evenness index Abundance (J'a) 0.68 0.37£0.08 0.41+0.12 0.43+0.08
Evenness index Biovolume (J'b) 0.48 0.51+£0.04 0.50£0.08 0.46 £ 0.06
Fraction 5-30 um Start Control Eudiaptomus sp. D. longispina
Total Abundance (cell L?) 2.28 x105  1.01x10°+8.85x10°  8.03x10° +6.54x10°  6.07x10°%+ 4.42x10°
Total Biovolume (cell L?) 2.38x108  2.85x10%+1.36x108  1.53x108 #6.99x107  2.15x108 + 1.19x108
Grazing rate (ml ind* h'1) - - 0.23+1.70 0.54 + 2.04
Richness (S) 21 25.80 £ 4.02 23.2+3.27 27.2+2.77
Shannon index Abundance (H'a) 2.73 1.55+0.52 147 +0.36 1.86 +0.29
Shannon index Biovolume (H'b) 1.86 1.37 £ 0.66 1.41+£0.40 1.29+0.37
Evenness index Abundance (J'a) 0.9 0.48 £0.15 0.47+0.11 0.56 £ 0.09
Evenness index Biovolume (J'b) 0.61 0.42£0.20 045+0.12 0.39+£0.12
Fraction >30 um Start Control Eudiaptomus sp. D. longispina
Total Abundance (cell L?) 2.97x10° 7.20x 10°%2.79 x10° 5.18x10°+1.12x10°  4.04x10° +£1.62x10°
Total Biovolume (cell L) 3.61x10% 5.02x108+4.06 x108 2.96x108 +2.32x107  4.31x108 + 1.46x10°8
Grazing rate (ml ind* h'1) . - 0.41+0.48 1.01+0.77
Richness (S) 24 28.50 +3.42 24 £5.29 24 £ 4,995
Shannon index Abundance (H'a) 2.53 1.90+0.11 1.99+0.31 2.17+0.31
Shannon index Biovolume (H'b) 1.99 1.24+£0.71 1.18+0.36 0.72 £ 0.37
Evenness index Abundance (J'a) 0.8 0.57 £0.02 0.63 £ 0.06 0.69 £ 0.09
Evenness index Biovolume (J’b) 0.63 0.37+0.21 0.37 £ 0.09 0.22+0.10
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Supplementary Table S2. Results of the two-way ANOVA of total abundance, biovolume, grazing rates
and diversity indices for the different treatments (Start, Control, D. longispina and Eudiaptomus sp.), and
the phytoplankton size fractions (< 5um, 5-30 um and > 30 um) and their interactions. Bold values represent
statistically significant results.

Sum of F
Total Abundance Df Squares Mean Square value p-value
Treatment 3 6.09E+12 2.03E+12 2.043 0.126
Fraction 2 4.23E+13 2.03E+12 21.273  8.99e-07 ***
Treatment x Fraction 6 3.07E+12 5.12E+11 0.515 0.793
Residuals 35 3.48E+13 9.94E+11
. Sum of F
Total Biovolume Df Squares Mean Square value p-value
Treatment 3 1.86E+17 6.20E+16 2.417 0.0828
Fraction 2 2.66E+17 1.33E+17 5.194 0.0106*
Treatment x Fraction 6 1.19E+17 1.98E+16 0.772 0.597
Residuals 35 8.97E+17 2.56E+16
. Sum of F
Grazing rate Df Squares Mean Square value p-value
Treatment 1 0.75 0.7497 0.486 0.493
Fraction 2 1.17 0.5849 0.379 0.689
Treatment x Fraction 2 0.25 0.1274 0.083 0.921
Residuals 22 33.96 1.5439
. Sum of F
Richness Df Squares Mean Square value p-value
Treatment 3 83.1 27.68 2.261 0.0985
Fraction 2 33.9 16.97 1.386 0.2634
Treatment x Fraction 6 75.9 12.65 1.033 0.4208
Residuals 35 428.6 12.25
Shannon index Sum of F
Abundance Df Squares Mean Square value p-value
Treatment 3 2.575 0.8583 7.646  0.000466***
Fraction 2 4.051 2.0256 18.044  4.12e-06 ***
Treatment x Fraction 6 0.331 0.0551 0.491 0.810545
Residuals 35 3.929 0.1123
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Sha_nnon index Df Sum of Mean Square F p-value
Biovolume Squares value
Treatment 3 1.38 0.4599 2.687 0.0614
Fraction 2 1.544 0.772 451 0.0181*
Treatment x Fraction 6 0.72 0.12 0.701 0.6505
Residuals 35 5.991 0.1712
Evenness index Sum OF F
Abundance Df Squares Mean Square value p-value
Treatment 3 0.2881 0.096 10.211  5.65e-05 ***
Fraction 2 0.3654 0.1827 19.426  2.11e-06 ***
Treatment x Fraction 6 0.0353 0.0059 0.626 0.708
Residuals 35 0.3292 0.0094
Evenness index Sum OF F
Biovolume Df Squares Mean Square value p-value
Treatment 3 0.1391 0.04637 3.157 0.03677*
Fraction 2 0.1782 0.08909 6.066 0.00547**
Treatment x Fraction 6 0.0725 0.01209 0.823 0.55971
Residuals 35 0.5141 0.01469
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Supplementary Table S3. Results of the post hoc comparison tests of total abundance, biovolume,
Shannon and Evenness indices among fractions and treatments, derived from two-way ANOVA analysis.
Bold type indicates significant results.

Post-hoc test

Total Abundance by Fraction p-value
5-30 pm vs <5 um <0.001
>30 pm vs <5 pm <0.001
>30 pm vs 5-30 pm 0.816
Total Biovolume by Fraction p-value
5-30 pm vs <5 um 0.333
>30 pm vs <5 pm 0.183
>30 pm vs 5-30 um <0.05
Shannon index Abundance

p-value
by Treatment
Control vs Start <0.001
D. longispina vs Start <0.05
Eudiaptomus sp. vs Start <0.001
D. longispina vs Control 0.18
Eudiaptomus sp. vs Control 0.981
Eudiaptomus sp. vs D. longispina 0.324
Shannon index Abundance by Fraction
5-30 pm vs <5 um <0.001
>30 pm vs <5 pm <0.001
>30 pm vs 5-30 um <0.05
Shannon index Biovolume by Fraction p-value
5-30 um vs <5 um 0.543
>30 pm vs <5 pum <0.05
>30 pm vs 5-30 um 0.147
Evenness index Abundance by Treatment p-value
Control vs Start <0.001
D. longispina vs Start <0.001
Eudiaptomus sp. vs Start <0.001
D. longispina vs Control 0.057
Eudiaptomus sp. vs Control 0.772
Eudiaptomus sp. vs D. longispina 0.336
Evenness index Abundance by Fraction
5-30 pm vs <5 pm <0.05
>30 pm vs <5 pm <0.001
>30 pm vs 5-30 pm <0.05
Evenness index Biovolume by Treatment p-value
Control vs Start 0.323
D. longispina vs Start <0.05
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Eudiaptomus sp. vs Start

D. longispina vs Control

Eudiaptomus sp. vs Control
Eudiaptomus sp. vs D. longispina
Evenness index Biovolume by Fraction
5-30 pm vs <5 um

>30 pm vs <5 pm

>30 pm vs 5-30 pm

0.327
0.287
0.999
0.259

0.377

<0.001

<0.05
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Supplementary Table S4. Traits abundance composition (cell L?). Values are mean + standard deviation,
n =5 in all treatments except for the start treatment where n = 1 and the control treatment of the fraction >

30 um where n = 4,

Fraction <5 um Start Control Eudiaptomus sp. D. longispina
Mucillage presence 2.70 x10° 2.91 x10°+3.03x10°  8.46 x10*+ 5.46 x10* 1.32 x10° + 6.06 x10*
Mucillage absence 1.09 x10° 3.43 x106+1.32x10®  2.09 x108 + 9.02 x10° 1.93 x10°%+ 1.19 x10°

Flagella presence 8.23 x10* 1.00 x10% + 4.97 x10*  8.99 x10* + 4,08 x10*  7.21 x10* + 2.40 x10*

Flagella absence 1.28 x10° 3.62 x106+1.17 x10®  2.08 x108 + 9.37 x10° 1.99 x10°%+ 1.20 x10°
Aerotopes presence 476 x105  2.60 x10%+1.05x106 1.45x10%+7.71x10°  1.43 x10% 1.09 x10°
Aerotopes absence 8.86 x10° 1.12 x10%+ 453 x10° 7.19 x10°+3.43x10°  6.41 x10° + 1.34 x10°

Unicellular 8.80 x10° 9.76 x10°+4.33 x10°  6.43 x10°+3.17 x10°  5.43 x10%+1.70 x10°
Filaments/colonies 8.91 x10° 3.51x106+1.18 x10°  2.00 x10°+9.42 x10°>  1.90 x10%+ 1.19 x108
Fraction 5-30 um Start Control Eudiaptomus sp. D. longispina
Mucillage presence 1.29 x10* 2.39 x10°+2.92 x10°  1.11 x10%+ 1.00 x10° 7.95 x10%+ 3.44 x10*
Mucillage absence 2.15 x10° 7.72x10°+7.10 x10°  6.92 x10°%6.22 x10°  5.27 x10°+ 4.27 x10°

Flagella presence 9.00 x10° 5.03x10%+ 7.77 x10°  4.16 x10°+ 4.30 x10° 2.25 x10%+ 2.24 x10°

Flagella absence 2.19 x10° 5.08 x10°+5.80 x10°  3.88 x10°%3.41 x10°  3.81 x10°+ 2.30 x10°
Aerotopes presence 3.09 x10*  1.55x10°+1.86 x10°  4.01 x10*+6.79 x10*  2.75 x10*+ 9.73 x10°
Aerotopes absence 1.97 x10° 8.56 x10°+ 7.83 x10°  7.63 x10°+ 6.23 x10° 5.79 x10°+ 4.38 x10°

Unicellular 1.54 x10° 7.33x10°+7.04 x10° 6.70 x10°+6.16 x10°  4.88 x10°+ 4.21 x10°
Filaments/colonies 1.29 x10° 470x10°+5.31 x10°  3.84 x10°+ 3.68 x10°  3.64 x105+ 2.37 x10°

Fraction >30 um Start Control Eudiaptomus sp. D. longispina
Mucillage presence nd 1.00 x10% + 6.14 x10*  1.06 x10° + 6.44 x10*  5.96 x10*+ 4.83 x10*
Mucillage absence 2.97 x10° 6.20 x10°+2.39 x10° 4.12x10°+ 1.36 x10°  3.45x105 + 1.47 x10°

Flagella presence 1.17 x10° 3.13x10°+3.18 x10° 2.22 x10°+8.38 x10*  1.29 x10° + 8.18 x10*

Flagella absence 1.79x10°5  4.07 x10°+7.62 x10*  2.96 x10°+5.00 x10*  2.76 x10° + 1.48 x10°
Aerotopes presence 257 x10* 223 x10°+1.08 x10°  1.37 x10°+1.04 x10°  1.35 x10° + 7.26 x10*
Aerotopes absence 2.71x10°  4.97 x10°+2.58 x10°  3.81 x10°+ 1.47 x10°  2.70 x10° + 9.70 x10*

Unicellular 1.91 x10°5  4.13x10%+2.60 x10°  2.98 x105+ 1.32 x10° 2.11 x10° + 8.74 x10*
Filaments/colonies 1.47x10°  3.44x10°+1.01x10° 2.68 x10°+5.97 x10*  2.47 x105+ 1.43 x10°
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Chapter 3

Disturbance alters phytoplankton functional traits
and consequently drives changes in zooplankton
life history traits and lipid composition.
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This is the version of the following article: Jessica Titocci & Patrick Fink, Disturbance alters
phytoplankton functional traits and consequently drives changes in zooplankton life history traits
and lipid composition., which was submitted in date 29/03/2023 in this form at Hydrobiologia

Journal, for the Topical collection Functional ecology of aquatic organisms.
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3.1 Abstract

In light of the current biodiversity crisis that affects in particular freshwater ecosystems, it becomes
crucial to understand the effects of functional diversity loss on phytoplankton-zooplankton
interactions in freshwater food webs. Here, we simulated the loss of phytoplankton trait diversity
by applying different intensities of mechanical disturbance to a natural phytoplankton community
in a laboratory experiment. Different disturbance regimes clearly affected the trait distribution and
functional diversity of these phytoplankton communities. In the experiment’s second phase, these
altered communities were provided as a food source to the herbivorous zooplankton grazers
Daphnia longispina and Eudiaptomus graciloides and their life history traits and lipid
compositions were investigated. Both zooplankton fitness and reproductive success were affected
differently, depending on the grazers’ feeding modes. Phytoplankton fatty acid composition was
generally reflected in the consumers’ tissue. Nevertheless, some selective PUFAs accumulation
occurred and mismatches in some fatty acids suggested a possible enzymatic modification of
dietary fatty acids adopted to face biochemical deficiencies of the diets. Overall, this study
highlights how a loss of specific traits in the resource community could impact consumer

communities and infer how these altered community traits may affect food web dynamics.
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3.2 Introduction

Freshwater habitats are experiencing and suffering a dramatic biodiversity crisis. Nevertheless, the
consequences of biodiversity loss remain still largely unknown and insufficient information is yet
available to make predictions on the future status and trends of freshwater biodiversity, ecosystem
functioning and services. It is hence crucial to investigate the impact of diversity loss on freshwater
aquatic organisms and all the potential cascading and feedback effects on aquatic food webs.
Phytoplankton, being composed of thousands of species, each with a variety of different functional
traits, represents a treasure trove of biodiversity. It forms the base of aquatic food webs and through
photosynthesis, it is responsible for roughly half of the global primary production (Falkowski,
1994). It also contributes to nutrient cycling and the regulation and maintenance of all higher
trophic levels in aquatic ecosystems. Phytoplankton provides important biochemical constituents
to consumers such as carbohydrates, fatty acids, amino acids, sterols and vitamins (Peltomaa et
al., 2017). Among them, a particular focus has been on essential fatty acids (EFAs) which play an
important role in zooplankton development, health and reproduction. EFA must be obtained from
the zooplankton’s diet because many animals cannot synthesize them de novo (Pond et al., 1996;
Bell et al., 2007), although new findings are questioning this long-standing belief (Kabeya,
Fonseca, David E.K. Ferrier, et al., 2018; Boyen et al., 2022). Phytoplankton biochemical traits
are highly diverse and depend on both the respective algal species and their physiological condition
(Fink et al., 2011; Lang et al., 2011). As a consequence, a loss or change in the nutritional value
of phytoplankton will impact the nutritional quality of zooplankton and consequently the
production and transfer of essential biomolecules through the food web in general (Muller-Navarra
et al., 2004; Lau et al., 2021). Phytoplankton functional trait diversity is, therefore, the key
determinant of the fitness of planktonic consumers, influencing the overall functioning of pelagic
ecosystems (Irwin and Finkel, 2017). In light of biodiversity loss, it should be of primary concern
and importance to understand the relationships and mechanisms between the variability in
phytoplankton functional diversity and its effects on zooplankton communities, food web
dynamics, and ecosystem processes.

To achieve this goal, experimental research needs to directly manipulate the diversity of taxa and
traits as a strategy to identify and interpret the effects that changing biodiversity has on planktonic
communities functioning and aquatic ecosystems (Litchman et al., 2007; Irwin and Finkel, 2017;

Engel et al., 2017; Gerhard et al., 2021). For example, phytoplankton density, biomass,
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composition and diversity can be directly manipulated by the addition or removal of species or
assembling communities with different taxonomic or functional compositions and diversities.
However, as phytoplankton is composed of microscopic organisms, these controlled changes
become particularly challenging in laboratory or field experiments dealing with natural
phytoplankton assemblages.

According to Hammerstein et al. (2017), gradients of hydrodynamic disturbance can be used as an
easily manageable tool to alter the diversity of natural algal communities. There, mechanical
disturbance as mixing or shaking of natural phytoplankton communities affects particularly stress-
sensitive species (EImqvist et al., 2003; Gallagher et al., 2015), generating communities with
different composition, richness, taxonomic and trait diversity.

We here used this disturbance method to simulate the loss of phytoplankton functional trait
diversity by applying different intensities of mechanical disturbance to a natural lake
phytoplankton community. Subsequently, we provided the altered phytoplankton communities as
a food source to Daphnia longispina and Eudiaptomus graciloides, here selected for their distinct
feeding modes and diet selectivity and as representatives of the Cladocera and calanoid Copepoda,
the two main taxonomical and functional widespread zooplankton groups in freshwater
environments.

The aim of the experiment was to investigate how changes in phytoplankton community
composition and trait diversity may affect the development, fitness and reproductive success of
herbivorous zooplankton feeding on them. Moreover, we investigated how D. longispina and E.
graciloides respond to changes in phytoplankton nutritional quality, analyzing and comparing their
fatty acid profiles with the lipid profiles of the altered phytoplankton communities.

Although the two grazers are quite similar in size and occupy the same freshwater habitats, they
exhibit distinct and specific differences in diet preferences, selectivity, reproductive strategies and
life cycles. Daphnia longispina are opportunistic filter feeders that cannot select food particles
individually but only food items that have appropriate size to pass the filtering appendages will be
retained (Geller and Miiller, 1981; Gophen and Geller, 1984). In contrast, Eudiaptomus graciloides
feed selectively via mechanical and chemical sensors in their mouthparts, on the antennae and
body surface that help them to detect the chemical composition and movements of the prey
(DeMott, 1986; Heuschele and Selander, 2014).
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Considering this, we thus expect that, in general, the disturbance method will modify
phytoplankton trait composition and diversity and this will strongly modulate and influence their
palatability and accessibility for zooplankton grazing. Specifically, altered phytoplankton
communities
Q) will impact the nutritional quality of zooplankton in a different way in D. longispina
and E. graciloides due to their different feeding strategies
(i) will result in a variety of life-history trait effects/responses in both grazers, which may
include variation in developmental time, body size and fecundity
(@iii)  will primarily penalize daphnids, which, being unable to perceive phytoplankton
nutritional quality will require extra energy investment and efforts in food uptake
through filtration to satisfy their nutritional and physiological demands
(iv)  will mainly favour copepods, which, being able to select their food particles
individually, will actively choose the food items which most closely match their dietary
needs.
This experiment thus aids our understanding of how the loss of functional traits in the resource
community could impact consumer traits and to clarify to what extent dietary dependency occurs
in D. longispina and E. graciloides. Furthermore, it tests whether consumers may have evolved
adaptation strategies to fulfil their physiological requirements in response to variation or reduction
of resource quality due to biodiversity loss, thereby modifying the energy transfers to higher
trophic levels.
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3.3 Materials and Methods

3.3.1 Phase I: Plankton sampling and disturbance method

Natural seston samples were collected on June 2020 at the surface of lake Flihlinger See, a
recreational lake and former gravel pit located north of the city of Cologne in Western Germany
(51°01'21.0"N 6°55'48.1"E). Plankton was filtered in situ through a 150 pm mesh to remove large
zooplankton. Upon transportation to the laboratory, the samples were placed in a climate chamber
at 20 + 0.5 °C (similar to the June surface water temperature of the lake) and under 100 uE s' m™2
PAR for 1 day for acclimation, before evenly distributing them into fifteen 1 L borosilicate glass
Erlenmeyer flasks.

The first phase of the experiment consisted of the manipulation of the phytoplankton community
by applying three different disturbance intensity levels: no disturbance, intermediate disturbance
and high disturbance (replicated five times each) to create phytoplankton trait diversity loss and
community changes. Experimental flasks were continuously subjected to mixing using a
laboratory stirrer with different intensities. The ‘“undisturbed” treatment was not mixed,
phytoplankton subjected to the “intermediate disturbance” was gently mixed on a horizontal
magnetic laboratory shaker with a speed set on 70 rounds min™, while the shaker for the “high
disturbance” treatment was set to 135 rounds min™. Every 4 days, 25 vol. % of each sample was
removed under a sterile atmosphere and replaced by fresh growth medium (1/5 of WC medium,
Guillard & Lorenzen, 1972, diluted with ultrapure water). Those subsamples were subsequently
analyzed for phytoplankton biomass, pigments, fatty acids and community composition analyses

(see below).

3.3.2 Phase Il: Feeding experiment and zooplankton life history trait analysis

In the second phase of the experiment, the phytoplankton communities altered via different
disturbance treatments were subsequently used as food sources for the calanoid copepod
Eudiaptomus graciloides (25 newly hatched nauplii per replicate) and the cladoceran Daphnia
longispina (15 neonates per replicate, in order to equalize grazer biomass between species). The
animals were placed into fifteen (3 treatments, n = 5) replicate glass jars with 200 mL aged,
membrane-filtered (pore size: 0.45 um) tap water each and fed one of the three differently

disturbed algal communities every second day equivalent to approx. 50.000 phytoplankton cells
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mlt. All the disturbed algal communities were filtered through a 30 pm gauze before being
supplied to zooplankton. During the experiment, individual body mass (pug indt), body size at
first reproduction (SFR, pm), mass-specific somatic growth rates (MSGR, mg day™), size-specific
somatic growth rates (SSGR, mm day™?), time at first reproduction (days) and clutch size (CS, as
the total number of eggs produced in every food treatment and individual number of eggs per
female per food treatment) were recorded as life-history traits for both zooplankton species (for
details see Titocci & Fink, 2022). The carapace length for D. longispina and the prosome length
of all E. graciloides egg carrying females were measured under a stereomicroscope (Axioskop 40,
Carl Zeiss Microscopy, Germany) and analyzed through the image-processing application Image
J for the calculation of the SFR. The SSGR was determined as the increase in body length from

the beginning of the experiment till maturity. The MSGR was calculated according to the formula:
[(In (Wo)—In (Wo))] x t

where Wy is the initial dry weight of neonates/nauplii, W; is the weight of the individuals after
reaching maturity, divided by the time to first reproduction (Lampert and Trubetskova, 1996).

3.3.3 Analytical methods

Biomass determination

Algal samples were filtered and collected on pre-combusted GF/F filters, dried at 60 °C for 24
hours and then weighed on a microbalance (Sartorius CP2 P, accuracy 1 pg) for biomass
determination. All surviving adult individuals of D. longispina and E. graciloides at the end of
phase Il were placed in aluminum boats and then freeze-dried, before determining their weight
with the microbalance. Subsequently, the dried animals were placed in glass tubes with 5 ml
dichloromethane/methanol (2:1, v/v) and stored at -20 °C for subsequent fatty acids extraction.

Fatty acid analysis

Fatty acids were extracted from phytoplankton and zooplankton and converted to fatty acid methyl
esters (FAMES) according to Windisch and Fink (2018). The FAME composition of the samples
was analyzed using a gas chromatograph (6890N GC System, Agilent Technologies, Waldbronn,
Germany) equipped with a DB-225 capillary column (30 m, 0.25 mm i.d., 0.25 pum filmthickness;
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J&W Scientific, Folsom, CA, USA, 1 ul splitless injection), He as carrier gas and a flame
ionization detector. The GC oven temperature program was as follows: initial 60 °C for 1 minute,
then heated at 120 °C/min to 180 °C, held for 2 minutes, then heated at 50 °C/min to 220 °C,
constant for 13 minutes and finally heated at 120 °C/min to 220 °C, where temperature was held
for 10 minutes. Individual sample fatty acids were identified based on the retention times of
FAME standards (Sigma-Aldrich) and their quantification was performed with internal standards
(C19:0, C23:0) and previously established calibration functions for each FAME (Couturier et al.,
2020).

Pigment analysis

Samples for pigment analysis were filtered and collected on pre-combusted GF/F filters and stored
dark in aluminium foil at -20 °C until further analysis. Pigments were extracted using acetone at 4
°C overnight in darkness. 50-100 pL of internal standard (trans-B-apo-8’-carotenal,
Sigma-Aldrich). After extraction, each sample was centrifuged, and 1 mL of the supernatant was
stored at -20 °C prior to injection into the HPLC column within 72 h after the extraction. Pigments
were analyzed using the HPLC System (Prominence HPLC system; Shimadzu Co., Kyoto, Japan)
with a binary pump LC-20AB, auto-sampler SIL-A20C, column oven CTO-10AC set at 40°C,
diode array detector (PDA) SPD-M20A and a reverse phase Spherisorb ODS2 column (stationary
octadecyl-phase C18) with the dimensions 250 mm x 4.6 mm, particle size: 5 um. The pigments
were separated with a method modified after (Garrido and Zapata, 1993). The solvents used were
methanol: 1 M ammonium acetate: acetonitrile (50:20:30, v/v, Solvent A) and acetonitrile: ethyl
acetate (50:50, v/v, Solvent B). The gradient system used was as follows: 0 min: A: 90%, B: 10%;
2 min: A: 90%, B: 10%; 26 min: A: 40%, B: 60%; 28 min: A: 10%, B: 90%; 30 min: A: 10%, B:
90%. The composition of the solvents was returned to initial conditions over a 1 min gradient,
followed by 2 min of system re-equilibration before the next sample was injected. The flow rate
was 1 ml mint. Absorbance was recorded in the PDA from 350 to 700 nm. Pigments were
identified by the retention times and the absorption spectra, which were obtained from previous
measurements of the pure pigment standards. Peak areas were integrated at 436 nm and corrected

for the internal standard.
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Phytoplankton identification

Phytoplankton samples were fixed in Lugol's iodine solution and counted according to Utermohl
(1958). For taxonomic identification, the whole bottom area of the chamber was checked first at
low magnification (100x-200x) for large forms. Small species were next counted on pairs of two
perpendicular diametrical transects at higher magnification (630x). At least 400 cells were
identified and counted to species level (where possible) and 20-50 filaments or colonies per species
were measured and converted to single cell counts. Biovolumes were estimated using geometric
shapes and equations (Hillebrand et al., 1999) and expressed in pm?® L™ as absolute and relative
biomass. The phytoplankton species were classified in major taxonomical groups and according
to their morpho-functional characteristics were arranged in 7 morphology-based functional groups
(MBFG) as described by Kruk et al. (2010). In the MBFG system, Group | includes all small
organisms with a high surface-to-volume ratio, group Il small flagellated organisms with a
siliceous exoskeletal structure, group Il is represented by large filaments (with aerotopes), group
IV by organisms of medium size lacking specialized traits, group V is formed by unicellular
flagellates of medium to large size, group VI consist of non-flagellated organisms with siliceous
exoskeletons, and group VIl is represented by organisms that form large mucilaginous colonies.
Shannon diversity (H”) was calculated from phytoplankton MBFGs, pigments and fatty acids with

n = 3 each.

3.3.4 Data analysis

All data were analyzed using R (version 3.3.3). Biomass data, Shannon indices and the
zooplankton life-history traits were checked for normal distribution with a Shapiro-Wilk’s test and
for homogeneity of variances with a Levene’s test. One-way and two-way ANOVA and Tukey's
post-hoc tests were used to analyze and describe their changes in the different disturbance
treatments and time. Permutational multivariate analysis of variance (PERMANOVA, (Anderson,
2006) was used to test whether differences in phytoplankton community composition, fatty acids
and pigments composition were statistically significant among the disturbed treatments and over

time. Moreover, permutational multivariate analysis of variance was used also to investigate
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variations in the fatty acid profile of D. longispina and E. graciloides raised by feeding the three
disturbed phytoplankton communities. Non-metric multidimensional scaling (NMDS; package
vegan) was used to ordinate zooplankton fatty acids based on Bray-Curtis dissimilarities.
Similarity percentages (SIMPER; package vegan) were used to identify and quantify the
contribution of individual and classes of fatty acids to the overall Bray-Curtis dissimilarities within
treatments and grazers. Finally, correlation analysis between phytoplankton and zooplankton fatty
acids was computed using R stats’s cor.test function. In calculating correlation coefficients, dietary
fatty acids and consumer’s fatty acids were used in absolute values, expressed on a dry weight
basis. Pearson correlation coefficients were used when data were normally-distributed while
correlations were assessed using Spearman's correlation coefficient when variables were non-
normally distributed. For all statistical analyses, p-values below 0.05 were used to indicate the
statistical significance. Graphics ~ were  generated using ggplot2  v3.3.3
(https://ggplot2.tidyverse.org) and dplyr v1.0.3 (https://CRAN.R-project.org/package=dplyr) in R.
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3.4 Results

3.4.1 Phase I: Phytoplankton trait alteration by disturbance

Morpho-functional groups

The natural phytoplankton community was initially dominated by Dinobryon sp., which had the
highest biomass (73%) followed by unicellular flagellates of medium to large size belonging to
morpho-functional group V and mainly represented by dinophytes and chlorophytes, 20% (Figure
1a, Supplementary Table 1a). After one week of disturbance, a significant change in biomass
composition was observed between the starting community and all the experimental treatments,
(Permanova Time, df = 1, F = 41.001, p < 0.001) while no significant differences between
disturbance treatments were observed (Permanova Treatments, df = 2, F = 2.364, p = 0.057). This
was seen in the replacement of Dinobryon sp. by several taxa of diatoms (MBFG VI) and
organisms of medium size lacking of specialized traits (MBFG IV) in all treatments and probably
caused by the transfer of a field community to laboratory conditions (different medium, light,
mixing). After three and five weeks of differential disturbance, a clear shift in phytoplankton
morpho-functional groups and diversity emerged between treatments (Figure 1a). Reduced or
absent turbulent mixing appeared to facilitate the potential of cyanobacteria to dominate the
phytoplankton community in the undisturbed and intermediately disturbed treatments, shifting the
species composition of phytoplankton communities in favour of buoyant cyanobacteria (MBFG
I11, 61% and 47%, respectively, Supplementary Table 1a) such as Anabaenopsis sp., Limnothrix
sp., Oscillatoria sp., Planktothrix agardhii and organisms that form large mucilaginous colonies
(MBFG VII, 12% and 3%, respectively, Supplementary Table 1a). On the contrary, the intense
turbulence in the highly disturbed treatment promoted the rapid decline of filamentous
cyanobacteria and facilitated the increase of organisms of medium size lacking specialized traits,
mainly represented by different taxa of green algae (MBFG IV) and the spread of pennate diatoms
(MBFG V1) which alone, contributes in this treatment to the 75% of the total biomass in week 5
(Supplementary Table 1a). At the end of the experiment, the highest phytoplankton density was
found in the undisturbed community (1.21 x 10° cells L™, Supplementary Table 2), while the highly
disturbed treatment registered the highest biomass (1.48 x 10! um?® L, Supplementary Table 2).
In terms of diversity, a significant reduction in species richness and functional diversity was

observed over time and between treatments (Supplementary Table 2, 3). In particular, the
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phytoplankton community that received no and intermediate levels of disturbance exhibited a
general decrease of 6 - 10% of the taxa richness and the lowest functional diversity, which was

registered in weeks 3 and 5 (Figure 1 a, Supplementary Table 2, 3).

Biochemical traits

The above-mentioned changes in phytoplankton community composition and diversity were also
reflected in changes in their biochemical traits depending on disturbance (Figure 1 b, c). Indeed,
the highest fatty acid diversity was registered after the first week of manipulation, both in the
highly disturbed and undisturbed treatment (H’ = 2.37 and H’ = 2.33 respectively, Supplementary
Table 2, 3). In all treatments, a significant reduction of fatty acid diversity was registered over time
(PermANOVA Time, df = 2, F = 34.063, p < 0.001, Supplementary Table 3). The highest total
content of fatty acids was found in the highly disturbed community (95.7 ug per mg DW in week
3 and 80.47 ug per mg DW in week 5 Supplementary Table 2, 3) followed by the intermediate
treatment which had a peak of 73.59 ug per mg DW in week 3. The undisturbed phytoplankton
community showed a lower total FA content compared to the other treatments throughout the
whole experiment (Supplementary Table 2, 3). Even though significant differences in fatty acid
class composition and content were registered between the starting community and the altered
communities (permANOVA Time, df = 2, F =8.339 p < 0.001), no significant differences in fatty
acid class composition were found between treatments after the first week of manipulation
(permANOVA Treatment, df = 2, F = 2.08, p = 0.106) (Figure 1 b, Supplementary Table 1b).
Nevertheless, changes in fatty acid composition were evident through the later phases of the
experiment. Specifically, a significant decrease of polyunsaturated n-3 fatty acids was recorded in
the undisturbed treatment (from week 1 to week 5, SIMPER analysis, p < 0.001), caused mainly
by a dramatic drop in C20:5 n-3 (EPA), C18:4 n-3, C22:6 n-3 (DHA) and C18 fatty acids. A
constant increase of monounsaturated fatty acids (MUFA) was found in the highly disturbed
treatment (SIMPER analysis, p < 0.01), mainly due to the contribution of single fatty acids such
as C16:1 n-9 and C18:1 n-9.

After excluding Chl a, pheophytin and beta-carotene, which were the most abundant pigments and
most widely occurring in all classes of algae, our pigments analyses demonstrated how the

composition and content of accessory and marker pigments strongly reflected the phytoplankton
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taxonomic composition and subsequent variation during the disturbance experiment (Figure 1c,
Supplementary Table 1c). Significant differences in the concentrations of pigments were found
between treatments and time (permANOVA Treatment, df = 3, F = 7.17, p < 0.001; permANOVA
Time, df = 3, F = 11.36, p < 0.001). Specifically, the starting phytoplankton community showed
the highest pigment diversity (H”> = 2.26) with 15 of 17 pigments detected in quite similar
proportions, reflecting a more diverse and heterogeneous phytoplankton taxonomical composition.
After one week of disturbance, no significant changes were detected in pigment composition
between treatments. However, pigment diversity showed a gradual decrease with the lowest values
reached in week 3 in the intermediate and undisturbed treatments (H> = 0.79, H*> = 0.97,
respectively, see Supplementary Table 2). Alloxanthin (3.2%), a typical cryptomonad pigment,
was initially present but almost disappeared in the later weeks. Moreover, the relative abundance
of Chlorophyll ¢, a marker pigment for chrysophytes, was quite high in the starting phytoplankton
community (5.6%), but gradually decreased over time in the other treatments corresponding to the
replacement chrysophyte taxa detected through microscopic observations. Chlorophyte marker
pigments (Violaxanthin, Neoxanthin, Lutein, Chlorophyll b) showed an increase in their relative
abundances in all the treatments over time, matching the increasing occurrence of green algae in
the later phase of the experiment. Moreover, Zeaxanthin and Echinenone, marker pigments of
cyanobacteria, reached relatively high concentrations in the undisturbed and intermediate
disturbed treatments (4.8% and 4.7%), but extremely low abundances in the high disturbed
treatment (0.3%) at the end of the disturbance experiment. The opposite trend was observed for
Fucoxanthin, the characteristic pigment of diatoms, which contributed almost 10.2% in the highly
disturbed treatment in week 5. Other diagnostic pigments for phytoplankton groups such as
Peridinin, Diadinoxanthin and Diatoxanthin had relatively low concentrations, with mean

contributions < 1% (Supplementary Table 1c).
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Figure 1. Distribution of phytoplankton morpho-functional and biochemical traits before the manipulation
(start) and throughout the course of the disturbance experiment after 1, 3 and 5 weeks of disturbance
application. All the results are mean values (n = 3 for biovolume, n = 5 for fatty acids and pigments). a)
Phytoplankton community structure was expressed as relative biomass (% of total biovolume) of each
morphologically based functional group (MBFG from I to VII, Kruk et al.,2010, top row) followed by b)
relative abundances of fatty acids and c) pigments in the undisturbed, intermediate and highly disturbed
phytoplankton communities. Shannon diversity was calculated from MBFG groups, fatty acids and
pigment at the beginning of the experiment (filled diamonds, start) and for the phytoplankton community
subjected to no (filled circles), intermediate (filled squares) and high (filled triangles) disturbance during
weeks 1, 3 and 5 of the experiment, respectively. H* values are mean + standard deviation (n = 3 for
functional diversity and n = 5 for fatty acid and pigment diversity).
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3.4.2 Phase II: Dietary impact on zooplankton

Life-history traits

The two herbivorous grazers D. longispina and E. graciloides showed a different responses in
growth, development and reproduction once fed the disturbance-altered phytoplankton
communities (Table 1). In D. longispina, only the trait clutch size showed significant variation
between food treatments. The total number of eggs produced per individual at the first brood, and
consequently the potential number of offspring available for the future generations was
significantly reduced when D. longispina was fed with the intermediate and undisturbed
phytoplankton diets compared to those fed with the highly disturbed phytoplankton diet (one-way
ANOVA; df = 2, F = 4.554, p < 0.05). E. graciloides on the other hand was strongly affected by
the disturbance-altered phytoplankton communities. Several life-history traits such as clutch size
(total number of eggs), body mass and age at first reproduction (one-way ANOVA, p <0.05 in all
previously mentioned traits). E. graciloides grown on the highly disturbed phytoplankton
community were bigger in terms of body mass at maturation, showed higher size-specific growth
rates and needed less time to become mature and reproduce for the first time, with respect to the
others. Moreover, E. graciloides fed the highly disturbed phytoplankton community showed the
highest total egg production (one-way ANOVA, df = 2, F = 6.24, p < 0.05) while the animals fed
the intermediate disturbed treatment exhibited high variability in the reproduction phase, with two
out of five replicates without egg-carrying females. At the end of the experiment, the sex ratio
(?/3) was on average more than 1, indicating a predominance of females in favour of males in all

treatments.
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Table 1. Reproductive traits and life history parameters of individuals of D. longispina and E. graciloides (mean = SD, n = 5) fed with undisturbed,
intermediately and highly disturbed phytoplankton diets.

D. longispina E. graciloides
Life-history parameters No disturbance Intermediate High No disturbance Intermediate High
Disturbance Disturbance Disturbance Disturbance
Mass specific growth rate
(mg day™?) 0.22+0.04 0.19+0.05 0.23+0.04 0.035+0.010 0.033 +£0.004 0.045 +0.004
Size-specific growth rate
(mm day?) 0.08 +0.04 0.09 +0.01 0.09 +0.02 0.032 £ 0.005 0.032 £0.001 0.032 +£0.002
Body weight
(ug ind?) 13.32 + 2.40 11.22 +3.29 14.15 +3.74 8.97 +3.30ab 7.76+1.32b 12.10+2.162
Size at first
reproduction (um) 1162.42 £+41.11 1106.18 £92.44 | 1147.53 + 122.98 986.13 +19.23 954.60 + 65.09 963.37 £11.40
Age at first
reproduction (days) 7.60 = 0.55 7.60 +£0.45 7.80 £0.55 30.44 + 3.05 2 28.00 + 3.68 @ 2762 +3.15P
Total egg
production 13.8+4.76 13.80 +2.28 18.80 + 4.67 26.80 + 19.87 b 20.60 +20.88 b 69.2 +29.17 @
Clutch size
(eggs ind™) 1.95 +0.52 @b 1.91+0.19° 2.62 +0.462 7.29+1.35 7.22+0.96 69.2 +29.17 @

Bold font and different letters indicate significant differences between experimental diets as determined by one-way ANOVA with Tukey's comparison test

(p <0.05).
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Fatty acid composition

Twenty-seven fatty acids, from C16:0 to C24:1 n-9 were identified and compared among the two
grazers fed the different food treatments. A peak, always present of uncertain identity found
between C22:6 n-3 and the internal standard C23:0 was omitted from the calculations (Tables 2,
3). Two-dimensional non-metric multidimensional scaling (NMDS) ordination plots revealed a
significant and clear difference in fatty acid profiles between the two grazer taxa and the dietary
treatments (Figure 2). Three distinct and separate clusters could be identified for E. graciloides
fed the different algal diets, showing that the copepods’ fatty acid profiles were different in each
diet treatment, while they overlapped in D. longispina. The permANOVA did not indicate
significant differences in D. longispina fatty acid body content and class composition
(permANOVA, df = 2, F = 0.91 p < 0.46, Table 2). For E. graciloides however, significant
variations in the fatty acid content were observed (permANOVA, df =2, F =6.72 p < 0.001, Figure
2). For example, the total FA content (per dry weight) was significantly higher in the calanoids
fed the highly disturbed community (51.40 + 12.83 ng per pg DW) compared to calanoids from
the other treatments, which showed approx. half of the total lipid content (29.78 + 7.04 ng per pg
DW intermediate and 27.27 + 15.43 ng per pg DW in undisturbed treatments, respectively).
Moreover, except for saturated fatty acids (SAFA) where no differences were observed between
treatments, the calanoids fed the highly disturbed phytoplankton community were significantly
richer in n-3 and n-6 PUFA, as well as in monounsaturated fatty acids (Table 3). Copepods fed
intermediately and undisturbed phytoplankton communities showed high content of SAFA (Figure
2). When we compared the fatty acid contents between the two grazer taxa, we observed significant
differences between them (permANOVA, p < 0.001). In general, the total lipid content was higher
in daphnids than in copepods and a different selective accumulation of certain fatty acids was
observed (Table 2, 3). Specifically, respect to E. graciloides, D. longispina tended to accumulate
the double content of EPA and its precursor stearidonic acid (SDA) once fed with the no and
intermediate disturbed phytoplankton communities, while no significant differences in those fatty
acids content were observed in both grazers fed the high disturbed phytoplankton community.
ARA was significantly more present in daphnids than copepods (all treatments) while an opposite
trend was registered for DHA, which was accumulated in almost four times higher amounts in the
body content of E. graciloides fed the three disturbed phytoplankton communities compared to D.

longispina.

91



In order to identify the FAs that have the most potential to serve as dietary trophic markers for
cladocera and copepods, we compared their fatty acid composition to that of their respective diets
(Figure 3). The fatty acid composition of the highly disturbed phytoplankton community was
strongly correlated with that of both grazers. The correlation between the fatty acid composition
of E. graciloides and their diet was strongest for SDA (C18:4 n-3, p < 0.05, r? = 0.83), EPA (C20:5
n-3, p <0.01, r> = 0.93) and C22:1 n-9 (erucic acid, p < 0.05, r? = 0.80). We found a significantly
positive correlations between D. longispina and their diet for ALA (a-linolenic acid, C18:3 n-3 p
<0.05, r>=0.76) and a significantly negative correlation with erucic acid (p < 0.05, r>=0.80). The
fatty acid composition of E. graciloides matched that of their diets much more closely than for D.
longispina. This was particularly evident in the highly disturbed treatment, where except for
C20:0, all fatty acids from C18:2 n-6 to C22:6 n-3 in E. graciloides showed strong positive
correlations (r2 > 0.5) with the lipid composition of the respective diet, while for D. longispina,
correlation coefficients were on average lower in all treatments. In the undisturbed treatment, D.
longispina showed a high positive correlation with two monounsaturated fatty acids: C22:1 n-9
and C16:1 n-7, and a negative correlation with ALA and DHA, while E. graciloides showed a
significant positive correlation in C18:1 n-9¢ (p < 0.05, r?= 0.80), followed by C20:3 n-3 and DHA
even though the slope of the relationship was not significant. Moreover, in some cases, a mismatch
between the nutritional content of the diets and the biochemical composition of the consumers
were found. In fact, although in low concentration, a general presence of C18:1 n-9t, C20:1 n-7,
C21:0 and C20:4 n-6 has been observed in D. longispina body content despite the absence of those
fatty acids in their diets. For E. graciloides this result was even more pronounced. Indeed, nine
further fatty acids (C18:1 n-9t, C20:0, C21:0, C20:1 n-7, C20:2 n-6, C20:3 n-5, C20:3 n-6, C20:4
n-6 and C24:1) were recorded in E. graciloides despite their absence in their respective
phytoplankton diets.
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Table 2. Fatty acid composition and concentration (ng per ug dry weight) of D. longispina fed the
experimental diets: no, intermediate and highly disturbed phytoplankton communities. Values expressed as
means and standard deviations, with n = 5.

Intermediate

Fatty acid No Disturbance Disturbance High Disturbance
C16:0 9.43 +2.27 9.73+3.32 8.83 +1.83
C17:0 0.89 +0.38 0.90 +0.26 0.78 +0.28
C18:0 3.54 +0.90 3.06 £ 0.80 2.29 +0.50
C 20:0 0.02 +0.05 nd nd
C21:0 0.28 +0.10 0.25 + 0.04 0.17 £ 0.06
C22:0 0.08 + 0.07 0.05 +0.02 0.14 £0.15

Y SAFA 14.24 + 3.36 13.99 +4.23 12.21 +2.24

C16:1n-7 4.85+2.29 4,03 £1.29 4,97 +1.36

Cl17:1n-9 0.41+0.23 0.29£0.10 0.24 +0.17

C18:1 n-9t 3.63+1.37 3.54+1.18 454 +1.30

C18:1n-9¢c 4,67 £1.10 4.85 + 0.93 3.19+1.82

C18:1n-7 0.16 + 0.08 0.16 + 0.05 0.09 +0.02

C20:1n-7 0.01 +0.02 nd 0.01 +0.01

C22:1n-9 0.12 +0.04 0.08 £0.10 0.03 +0.02

Y MUFA 13.85 + 4.65 12.96 + 2.97 13.07 +£3.50

C18:2 n-6¢ (LIN) 1.49 +0.49 1.92 +0.46 1.88 +0.49
C18:3n-6 0.47 £0.22 0.51+0.16 0.47 £0.12
C18:3n-3 (ALA) 4.17 £2.77 5.99 +1.23 5.03+1.19
C18:4n-3 9.03+1.16 11.03 +2.74 7.96+2.11
C20:4 n-6 (ARA) 1.61+0.36% 1.71+0.242 1.15+0.26°
C20:3n-3 0.02 + 0.04 nd nd
C20:5 n-3 (EPA) 5.37 +0.87 6.57 +1.37 6.82 + 1.47
C22:2n-6 0.07 £0.15 0.01+0.02 0.03 +0.06
C22:6 n-3 (DHA) 0.25+0.21 0.17£0.10 0.42 +0.32
X PUFA 22.47 + 4.42 27.92 +4.69 23.75+3.54
X n-3 18.85 + 3.79 23.76 + 4.40 20.23 +3.19
X n-6 3.63+0.86 4.16 + 0.58 3.52 +0.68
Total lipid 50.57 + 10.55 54.86 + 7.39 49.03 + 8.29
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Table 3. Fatty acid composition and concentration (ng per pg dry weight) of E. graciloides fed the
experimental diets: no, intermediate and highly disturbed phytoplankton communities. Values expressed as
means and standard deviations, with n = 5.

Intermediate

Fatty acid No Disturbance Disturbance High Disturbance
C16:0 8.37 £ 7.67 5.73 +1.02 9.64 +2.77
C17:0 0.64 + 0.47 0.74+0.17 0.94 +0.17
C18:0 5.18 + 4.63 2.81 +0.65 1.95 + 1.24
C19:0 0.39+0.55 0.09+0.13 nd
C 20:0 0.12+0.25 0.02 £0.03 0.02 +0.02
C21:0 0.10£0.10 0.08 £ 0.07 0.10 + 0.07
C22:0 0.35+0.30 0.21 +£0.08 0.29 +0.09
C24:0 0.34 + 0.64 0.11 +0.09 0.23 +0.33

¥ SAFA 15.49 + 3.97 9.78 + 1.80 13.17 +3.90

C16:1n-7 1.08 +0.54° 1.28 + 0.46 b 5.30+2.00°

C17:1n-9 0.22 £ 0.04 0.38+0.18 0.76 £ 0.60

C18:1 n-9t nd 0.09 +£0.20 0.43 +0.97

C18:1 n-9c 0.47 £0.97° 0.62 +0.30 P 5.69 + 4.24°2

C18:1n-7 0.87 £0.42 1.12 +0.28 1.34+0.13

C20:1n-9 nd 0.06 + 0.06° 0.24+£0.142

C20:1n-7 0.01 +0.02 0.02 +£0.02 0.03 +0.02

C22:1n-9 0.74+0.72 0.57 +£0.16 0.41+0.11

C 24:1n-9 0.01+0.02° 0.04 +0.04 P 0.29+£0.142

~ MUFA 3.40+1.40° 418+ 077" 14.49 + 6.07 2

C18:22n-6t nd 0.02 +0.04 0.06 +0.05
C18:2 n-6¢ (LIN) 0.44 +0.23° 1.05 + 0.38 P 2.51+0.94°
C18:3n-6 0.13+0.11 0.19 +£0.07 0.26 +0.04
C18:3n-3 (ALA) 2.46 +1.47° 3.67+1.30P 6.98 + 1552
C18:4n-3 1.58 +1.05° 436 +213°2 5.96 + 1.46 2

C 20:2 n-6 0.01 +£0.02° 0.06 + 0.04 2 0.10 £0.02 2
C20:4 n-6 (ARA) 0.17 £0.10 0.30 +0.14 0.20 + 0.05
C20:3n-3 nd 0.03 +0.06 0.02 +0.03
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C20:5n-3 (EPA)  1.78+0.84° 358 + 1.18 @ 490 +1.16°

C22:6 n-3 (DHA) 1.81+1.49 2.56 £ 0.76 2.75+£0.78
X PUFA 8.39+2.02 15.81 £5.37 23.74 £4.32
X n-3 7.63+£164° 1420+ 4.86 P 20.61+3.732
X n-6 0.76 £0.41° 1.62 +0.55°P 3.13+0.982
Total lipid 27.27 +15.43% 2078 + 7.04 b 51.40+12.832

SAFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; n-3,
polyunsaturated fatty acid n-3, n-6, polyunsaturated fatty acid n-6, nd, not detected. The values in bold indicates the
sum of SAFA, MUFA, PUFA, PUFA n-3 and PUFA n-6. a,b, values denote significant differences (p < 0.05) between
different algal diet treatments.
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Figure 2. Non-metric multidimensional scaling (NMDS, top panels) based on Bray-Curtis dissimilarities
for the fatty acid (FA) profile for D. longispina (left) and E. graciloides (right) fed the experimental diets.
Below, absolute abundances (ng FA/ug dry weight, mean + SD in each FA class, n = 5 per treatment) of

95



SAFA, MUFA, n-3 and n-6 PUFA from adult D. longispina and E. graciloides fed the undisturbed (light
blue) and intermediate (green) and highly (light red) disturbed phytoplankton communities. Asterisks
denote significant differences (p < 0.05) between different diets.
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Figure 3. Correlations between phytoplankton and zooplankton fatty acid (FA) content and composition.
Correlogram between fatty acid content of D. longispina and E. graciloides with their respective dietary
FA from the undisturbed, intermediately and highly disturbed phytoplankton communities. The color
intensity and size of the point is proportional to the absolute value of the Pearson/Spearman correlation
coefficient, the stronger the correlation (i.e., the closer to —1 or 1), the darker and larger the points. The
color legend shows a negative correlation (red color) when the two variables varied in opposite directions,
and a positive correlation (blue color) when the two variables varied in the same direction. Significant
correlations (p < 0.05) are indicated by a white asterisk.
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3.5 Discussion

3.5.1 Phase I: Phytoplankton trait alteration by disturbance

In our experiment, alterations in the physical environment, induced by the application of different
disturbance intensities, resulted in profound shifts in the composition and structure of a natural
phytoplankton community. These responses depended on the responses of the single taxa and the
extent to which their tolerances to mixing conditions contributed to subsequent variations in
dominance in their respective populations. Despite receiving the same environmental conditions
in terms of light, temperature and dissolved nutrients, the capacity to accrue biomass varied
significantly across taxa. Phytoplankton trait dynamics differed depending on the hydrodynamic
mixing regime. In particular, diatoms and motile algae of medium size lacking specialized traits
consistently dominated under sustained mixing, while buoyant species and large mucilaginous
colonies built the majority of communities at low disturbance levels. These responses resembled
those that occur in natural freshwater environments, where seasonal phytoplankton succession is
basically controlled by the physical environment and water circulation (movement) represents one
of the main factors in conditioning the availability of light and nutrient resources for planktonic
organisms (Margalef, 1978). Hydrodynamics plays a crucial role in phytoplankton succession,
where stronger hydrodynamic forces typically shift phytoplankton communities towards large
species (cells, colonies or long filaments) and low surface area:volume ratio (Colin S. Reynolds,
1984). In our experiment, high turbulence strongly influenced and re-structured phytoplankton
composition favouring taxa with increased size and cell volume, which resulted in high community
biomass, without a numerical increase. In the highly disturbed treatment, three-quarters of the algal
biomass was represented by medium to large-sized pennate diatoms. This corresponds to previous
findings that turbulent environments typically favour larger phytoplankton species (Arin et al.,
2002; Rokkan Iversen et al., 2010; Lepistd and Rosenstrom, 1998). Under low disturbance
conditions, the strategies of cell division and chain elongation as well as cell adhesion and
mucilage formation appeared to dominate. In the undisturbed and intermediately disturbed
communities, we observed the highest densities and a predominance of colonial and filamentous
cyanobacteria. Indeed, mucilaginous sheaths coupled with the presence of gas vacuoles appear to
be beneficial traits for organisms living in calm or intermediate disturbed water, allowing them to
enhance buoyancy and floating movements for better utilization of light and nutrients (Fogg and

Walsby, 1971; Reynolds and Walsby, 1975). Moreover, the high occurrence of nitrogen-fixing
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cyanobacteria like Pseudoanabaena, Chroococcus, Oscillatoria, more frequently found in the
undisturbed treatment as layers of thin mats attached to flask substrates, confirmed their ecological
adaptation to slow-moving waters (Marcarelli et al., 2008).

On the contrary, other species like Dinobryon sp. declined rapidly within the first week of the
experiment. This was probably not due to mechanical stress induced by the hydrodynamic
disturbance, as this occurred in all treatments irrespective of the disturbance treatment. In this case,
unfavourable laboratory conditions such as light and cultivation medium may have not met the
nutritional requirements of this species. Dinobryon, like many chrysophytes, are mixotrophs, a
characteristic particularly favourable under nutrient-poor conditions. Thus, the enriched nutrient
conditions supplied in our experiment may have put Dinobryon at a competitive disadvantage in
relation to other taxa, disfavoring their growth and survival (Sandgren, 1988).

Overall, in our experiment, hydrodynamic stress strongly influenced changes in species
dominance, composition and traits diversity, with the high disturbed community showing in
general the highest values of richness and functional diversity. A similar pattern emerged for the
biochemical trait of the phytoplankton’s pigments. Specifically, a clear match between the pigment
and the taxonomic composition was particularly evident in the latest phase of the experiment when
Zeaxanthin and Echinenone, marker pigments of cyanobacteria, reached relatively high
concentrations in the undisturbed and intermediate disturbed treatments and Fucoxanthin, the
characteristic pigment of diatoms contributed greatly in the highly disturbed treatment. The similar
changing dynamics observed clearly demonstrated how the classical taxonomic identification
together with the use of pigments as biomarkers are both valid and robust methods for
phytoplankton functional determination and community dynamics investigation (Mackey et al.,
1996; Schluter et al., 2000; Irigoien et al., 2004; 1li¢ et al., 2023).

The highest total content of FA was registered in the highly (week 3 and week 5) and
intermediately (week 3) disturbed communities. Those exhibited more than double the FA content
compared to the starting community and the undisturbed treatment. This suggests that intermediate
and high levels of mixing contributed to enhancing the chemical composition and nutritional
efficient in terms of fatty acids content in these treatments. Although, in our understanding, there
are no pieces of evidence that hydrodynamic disturbance may enhance lipid productivity, from our
result we can suppose that stress conditions, and specifically, mixing may have favoured more

suitable conditions of circulation and exchange of the nutrients in the cultures respect to the
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unmixed treatment, implying a possible acceleration in phytoplankton metabolism with
consequent increase of activation of biochemical pathways for fatty acids synthesis and storage.
This finds some correspondence with several studies which reported the synergistic effect of
several stress conditions on the improvement of lipid productivity in selected algal species (Kwak
et al., 2016; Ho et al., 2014; Singh et al., 2015).

Even though no significant differences in fatty acid class composition were found between
treatments after the first week of manipulation, significant changes in FA classes’ proportion were
registered over time. In particular, a constant relative increase of MUFA was found during the late
phase of the experiment, especially in the highly disturbed treatment. This was mainly due to the
contribution of a few single peaks of monounsaturated fatty acids such as C16:1 n-7, C16:1 n-9
and C18:1 n-9, commonly recognized as diatom and flagellate lipid biomarkers (Reuss and
Poulsen 2002; Taipale et al., 2013). This corresponds to the observed dominance of diatoms (75%
of total biomass at the end of the experiment) and contributed to the lowest fatty acid diversity in
this treatment. In contrast to this, n-3 PUFA decreased significantly in the undisturbed treatment.
This can be explained by the gradual increase of cyanobacteria and chlorophytes in this treatment.
Indeed, these two phytoplankton groups are known to be poor producers of PUFAs and are
commonly classified as non-EPA and non-DHA-synthesizers (Ahlgren et al., 1990; Taipale et al.,
2013; Jonasdottir, 2019).

In general, alteration of species distribution and dominance due to the disturbance levels have been
strongly reflected in variation in phytoplankton traits composition and dynamics along the
experiment highlighting, even more, the importance of investigating not only taxonomic but also
functional diversity of competing species in order to understand the effects of biodiversity and

even more of biodiversity loss across trophic levels (Duffy et al., 2007).
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3.5.2 Phase II: Dietary impact on zooplankton

In the second phase of the experiment, the disturbance-altered phytoplankton communities had
distinct impacts on functional traits and fitness of the two herbivores D. longispina and E.
graciloides, mainly as a consequence of their feeding strategies.

As expected, phytoplankton community changes strongly modulated the algal palatability and
accessibility for E. graciloides. Thanks to mechanical and chemical sensors, E. graciloides is able
to perceive the chemical composition and movements of its prey (DeMott, 1986). They actively
select and choose food items which most closely match their metabolic requirements in the altered
phytoplankton communities. In particular, due to their selective feeding mode, copepods have
resulted exceptionally well adapted to optimize their nutrition in the highly disturbed community,
which provided them with the highest fitness. In fact, under a mainly diatom-dominated diet, the
copepods exhibited higher body mass, and a higher occurrence of ovigerous females in a shorter
period of time that were subsequently able to produce a higher number of eggs compared to
copepods in the other food treatments. Moreover, after analyzing the biochemical composition of
E. graciloides, almost the double total fatty acid content was found in individuals fed the highly
disturbed community than in individuals fed and grown on the undisturbed and intermediate
disturbed communities as their diet.

In particular, the dominance of diatoms accounted for the high amount of PUFA n-3, PUFA n-6
and the elevated amounts of C16:1 n-7, a commonly recognized diatom biomarker, found in the
body of calanoids fed with the highly disturbed treatment. This confirmed the ability of E.
graciloides to select the most nutritional diet item from a mixed phytoplankton community.
Furthermore, this supports the general view that diatom-dominated communities promote high
biomass, growth and reproduction in calanoid copepods (Legendre, 1990; Kleppel, 1993) and that
PUFAs and long-chain fatty acids are fundamental constituents for oogenesis in crustaceans in
general (Payne and Rippingale, 2000; Broglio et al., 2003) and for copepod reproduction in
particular (Stattrup and Jensen, 1990; Jonasdottir, 1994). Moreover, in our experiment, the highly
disturbed community was also the one with the highest functional diversity compared to the other
diets with lower taxonomic richness and biodiversity, supporting the idea that dietary diversity
increases the probability of obtaining a nutritionally complete dietary mixture for herbivores
(Groendahl and Fink, 2016).
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In contrast, calanoids fed the undisturbed and intermediate disturbed community showed lower
body weight, longer time needed for maturation and reproduction and approximately half of the
total lipid content and higher accumulation of saturated fatty acids in their body. Since most
animals cannot (efficiently) synthesize PUFAs de novo, the availability of PUFA is largely
dependent on the phytoplankton community composition (Strandberg et al., 2015). The
undisturbed and intermediate-disturbed diets were mainly composed of green algae and
cyanobacteria. These phytoplankton groups are typically characterized by their lack of long-chain
PUFAs (Ahlgren et al., 1990; Brown et al., 1997; Von Elert and Wolffrom, 2001; Lacoste et al.,
2001). This nutritional deficiency may thus have caused a strongly negative impact on copepod
reproduction (Von Elert and Stampfl, 2000). In these treatments, due to poorer quality and
availability of palatable resources, E. graciloides couldn’t maximize all components of fitness
(growth, development and reproduction) simultaneously. In this trade-off, they apparently invested
more in survival and growth, rather than in reproduction. This was further confirmed by the lowest
total egg production registered in these treatments and with the finding of egg-carrying females in
only two out of five replicates in the intermediate disturbed treatment. Moreover, our results
corroborate those of previous experiments where Eudiaptomus sp. exhibited low egg production,
hatching success and survival rates when fed monoalgal diets of Chlamidomonas klinobasis,
Acutodesmus obliquus and Synechococcus elongatus as representatives of green algae and
cyanobacteria (Titocci and Fink, 2022).

In contrast to E. graciloides, the disturbance-dependent alteration of the phytoplankton community
did neither significantly affect life-history traits, nor FA composition of D. longispina. This can
probably be explained by the different feeding strategies of the two grazers. Although the two
crustacean zooplankton grazers are quite similar in size and therefore they can be quite equivalent
in terms of grazing pressure and biomass, they exhibit completely distinct feeding modes,
selectivity and diet preferences. D. longispina are unselective filter feeders, and thus unable to
exercise a specific impact based on the phytoplankton organisms’ nutritional quality, but only as
a function of numeric cell density (Barnett et al., 2007; Kigrboe, 2011). As a consequence,
unselective filter-feeding may be a disadvantageous feeding strategy in a scenario of
phytoplankton diversity loss.

Consumers’ fatty acid composition generally reflects the FA composition of their diets (Iverson,

2009). However, the fatty acid composition of E. graciloides matched that of their diets much
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more closely than the composition of D. longispina. This was particularly evident in the highly
disturbed treatment, suggesting once more how selective feeding favours a preferential direct
assimilation of more nutritious cells within higher food quality diets. Moreover, our FA analyses
showed that in general, zooplankton had a significantly higher proportion of essential fatty acids
than phytoplankton, suggesting preferential retention of EFAs in both grazers (Kainz et al., 2004;
Brett, Muller-Navarra, et al., 2009), despite some differences in PUFA accumulations between the
two taxa.

D. longispina accumulated twice as much EPA and its precursor SDA when fed with low PUFA
communities. This corroborates the generally acknowledged key role of EPA for cladoceran fitness
(e.g. Von Elert, 2002; Abrusan et al., 2007; Windisch & Fink, 2018) and that FA internal
transformation, mobilization and bioconversion mechanisms when essential fatty acids availability
was limiting (Bell and Tocher, 2009; Twining et al., 2021) have occurred. Moreover, as previously
reported (Persson and Vrede, 2006; Smyntek et al., 2008; Brett, Kainz, et al., 2009), ARA was
significantly more present in D. longispina than E. graciloides (all treatments) while the opposite
trend was registered for DHA, which was accumulated in almost four times higher amount in the
body content of E. graciloides fed the three disturbed phytoplankton communities compared to D.
longispina. This is in agreement with previous findings showing that copepods have the ability to
synthesize or regulate DHA (Ravet et al., 2010; Kabeya et al., 2021) and confirm the eco-
physiological role of docosahexaenoic acid for copepod growth and reproduction (Chen et al.,
2012; Deschutter et al., 2019; Kainz et al., 2004; Brett, Miller-Navarra D.C., et al., 2009). The
consumer-specific PUFA demands may have prompted transformations in consumers’ fatty acids
metabolism to actively regulate and/or convert some missing dietary fatty acids and to compensate
for the low availability and abundance of PUFASs in order to face the altered biochemical
composition of the diets and maximize consumers’ fitness. Even though it is generally believed
that the ability of crustacean zooplankton to bioconvert and modify fatty acids is scarce (Sargent
and Falk-Petersen, 1988; Bell et al., 2007) the presence in our experiment, although in low
concentration, of several fatty acids in both grazers’ tissues despite the absence in their respective
phytoplankton diets, support even more the hypothesis that D. longispina and E. graciloides have
modified fatty acids via internal transformation, such as selective FA retention and bioconversion,
by elongating and/or desaturating shorter chained fatty acid precursors into PUFAs (Bell and

Tocher, 2009; Boyen et al., 2022) during the experiment. Findings in support of this hypothesis

102



are still very controversial, and our understanding of selective PUFAs accumulation, allocation
and retention in freshwater zooplankton is still limited. In general, several studies revealed a
mismatch between FA composition of zooplankton and its food (Desvillettes et al., 1997; Hessen
and Leu, 2006; Persson and Vrede, 2006; Smyntek et al., 2008; Taipale et al., 2011; Brett, Muller-
Navarra D.C., et al., 2009) and recent advances in genomic analyses have proved the occurrence
of some desaturases enzyme in a plethora of invertebrates, which would enable them to
biosynthesize PUFAs de novo (Monroig and Kabeya, 2018), corroborating the idea that PUFAs
synthesis and conversion may be more widespread in the animal kingdom than previously assumed
(Kabeya, Fonseca, David E. K. Ferrier, et al., 2018; Nielsen et al., 2019; Boyen et al., 2020, 2022;
Kabeya et al., 2021; Twining et al., 2021). Thus, phytoplankton fatty acid composition plays
overall an important role in regulating the life-history traits of herbivorous zooplankton, however,
biochemical deficiencies of the food may imply the potential endogenous PUFA synthesis and
bioconversion independently of the diet’s composition, with consumers facing higher metabolic
costs, and potentially associated reduced fitness. Thus, it becomes of primary importance to
understand the ability and the extent of consumers to modify the dietary fatty acids (Galloway and
Budge, 2020; Jardine et al., 2020).

In our experiment, the key nutritional contrasts in the altered phytoplankton communities
generated by the disturbance method have influenced and driven some behavioural and/or
metabolic adaptation in consumers, demonstrating that a very plastic response in lipid transfer
from phytoplankton to zooplankton may occur in freshwater environments. In the prevalent
patterns of biodiversity loss and environmental changes, this may have large-scale implications

for food web dynamics in aquatic environments.
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3.6 Conclusions

Our disturbance method was able to alter for the taxonomic and trait composition of a natural
phytoplankton community. It is thus a useful tool for the simulation of biodiversity loss and in
particular the loss of stress-sensitive species. The profound shifts in phytoplankton composition
and structure subsequently modulated the fitness and lipid composition of higher trophic levels
represented by the two grazers D. longispina and E. graciloides via their distinct feeding modes
and diet selectivities. The fatty acid composition of the phytoplankton diets and zooplankton
consumers matched only partially. This suggests that consumers actively transform dietary fatty
acids to adjust the dietary PUFA composition to their physiological needs under unfavourable
conditions. Overall, this study highlights how a loss of functional traits in the resource community
could impact consumer traits and eventually may lead to community re-organization and

ecological adaptation in trophic dynamics under environmental change and biodiversity loss.
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3.7 Supplementary Material

Supplementary Table 1a) Relative biovolume expressed as percentage of each phytoplankton morpho-functional based group at the beginning of
the experiment and after one, three and five weeks of disturbance manipulation per treatment (no, intermediate and high). Values are mean + standard
deviation, n = 3 in all treatments except for the start treatment where n = 1.

Time Treatment group | group Il group 11 group IV group V group VI group VII
Start Start 1.69 73.49 0.76 1.22 20.04 2.72 1.29

No disturbance 0.32+£0.37 - 4.81+1.32 13.96+5.01 7.51+5.04 71.75+£10.97 1.66+0.71

Week 1 Intermediate disturbance 5.19+1.12 0.18+0.16 4.66+0.75 28.60+14.31 14.83+5.00 44.43+11.73 2.11+1.05

High disturbance 2.26+0.85 0.57+ 0.47 3.09+2.00 34.39+12.92 3.2041.45 50.89+12.33 5.60+3.89

No disturbance 0.16+0.12 - 50.16+22.25 | 14.704£9.52 8.39+2.40 25.69+18.39 0.90+0.57

Week 3 Intermediate disturbance 0.83+0.50 0.17+0.29 | 25.494+29.60 | 54.10+32.06 1.29+1.73 11.70+1.15 6.42+2.21

High disturbance 0.69+0.28 - 1.00+0.62 51.84+18.91 1.57+0.92 44.80+18.24 0.09+0.16

No disturbance 0.04+0.03 - 60.83+28.02 2.74+0.14 11.73+12.40 20.91+34.92 3.75+3.04

Week 5 Intermediate disturbance 0.12+0.05 - 47.56+37.31 | 21.07+17.71 2.29+2.12 25.35+33.66 3.60+5.80

High disturbance 0.87+0.36 0.02+0.04 1.714£2.75 17.71+17.45 2.76+1.97 75.84+22.69 1.09£0.92
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Supplementary Table 1b) Relative fatty acids content expressed in percentage measured at the beginning of the experiment and after one, three
and five weeks of disturbance manipulation per treatment (no, intermediate and high disturbance). Values are mean * standard deviation, n =5 in
all treatments except for the start treatment where n = 1.

Time Treatment SAFA MUFA PUFA n-3 PUFA n-6
Start Start 46.46 + 6.91 26.70 +5.76 20.54 £5.52 6.30+1.25
No disturbance 34.80+4.62 21.66 £ 3.16 37.30 £ 7.65 6.23+1.82
Week 1 Intermediate disturbance 31.48 +11.27 23.58 +8.28 34.54 + 8.56 10.40 + 1.56
High disturbance 31.71+4.16 23.77+17.73 35.24 +2.15 9.28+1.51

No disturbance 38.41+3.14 30.38 £ 4.46 22.39+2.53 8.82 £ 0.65

Week 3 Intermediate disturbance 35.92 +4.95 43.08 + 8.86 12.61 +3.80 8.39+1.93
High disturbance 32.72+1.07 52.28 +1.03 9.75+1.13 5.25+0.93
No disturbance 46.39 £ 9.94 27.70 £ 5.81 15.39 £ 9.02 10.52 +2.25
Week 5 Intermediate disturbance 44,99 £ 13.45 25,53 +8.16 18.31+9.60 11.18 + 4.58
High disturbance 36.05 + 6.87 46.40 £ 4.09 12.70 £ 2.92 4.85+0.48
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Supplementary Table 1c) Relative pigments abundance expressed as percentage of each phytoplankton pigment measured at the beginning of the
experiment and after one, three and five weeks of disturbance manipulation per treatment (no, intermediate and high disturbance). Values are mean
+ standard deviation, n = 5 in all treatments except for the start treatment where n = 1.

Pigments Start Week 1 Week 3 Week 5
Start _ No In_termediate _ High _ No In_termediate _ High _ No In_termediate _ High
disturbance | disturbance | disturbance | disturbance | disturbance | disturbance | disturbance | disturbance | disturbance
Chlorophyll c3 - - - - 0.78+0.39 0.16+0.14 | 1.3740.27 | 2.86+3.15 | 0.66+1.47 0.1240.28
Chlorophyll c2 | 12.43+2.22 | 5.06+1.37 3.16+1.13 2.03+0.52 | 0.17+0.16 | 0.144+0.20 | 2.28+1.57 | 0.60+1.04 | 0.53+0.53 | 10.39+2.47
Peridinin - - - - - 0.48+1.07 - - - -
Fucoxanthin 19.10+4.26 | 7.55+3.03 2.46+0.50 | 5.68+1.43 | 0.82+0.74 | 0.75£0.59 | 9.34+4.75 | 1.14+1.86 1.88+2.12 | 31.58+15.58
Violaxanthin 2.41+1.86 0.93+0.45 | 0.81+0.30 2.38+0.32 | 0.52+0.28 | 0.38+0.44 | 1.33+0.59 | 0.96+1.12 0.43+0.96 1.52+1.51
Neoxanthin 6.07+0.70 0.58+0.30 1.25+0.49 2.87+0.46 | 0.92+0.58 | 0.38+0.10 | 3.57+0.92 | 1.64+1.14 | 0.42+0.94 2.06+2.03
Diadinoxanthin | 12.85+2.84 | 3.95+2.11 0.70+0.33 1.50+1.50 | 0.21+0.16 | 0.34+0.22 | 3.10+1.63 | 0.09+0.19 | 0.62+1.39 9.0345.06
Alloxanthin 7.14+0.83 4.50+1.50 | 4.36+3.06 1.55+0.28 | 0.09+0.09 0.04+0.09 | 0.35+0.34 | 0.56+0.96 | 0.10+0.23 -
Diatoxanthin 0.55+0.75 - 1.30+2.91 | 0.65+1.46 | 0.38+0.16 | 0.07+0.07 | 0.15+0.14 | 0.52+0.82 0.25+0.57 -
Lutein 0.30+0.68 2.69+0.86 7.14+1.05 7.49+1.67 | 2.97+1.62 3.50+1.50 | 10.74+2.75 | 8.33+1.93 | 5.09+3.38 9.67+5.27
Zeaxanthin 12.87+1.61 | 1.38+0.41 7.23+2.66 2.42+1.39 | 5.99+0.40 | 4.68+0.76 | 2.98+1.31 | 16.31+4.95 | 14.06+9.87 | 0.61+1.37
Chlorophyll b 4.25+0.57 | 11.29+3.20 | 14.32+1.67 | 20.73+4.16 | 8.78+4.14 | 4.96+3.08 | 12.71+3.06 | 24.40+8.01 | 25.57+10.68 | 26.43+12.93
Echinenone 0.60+0.25 0.12+0.26 - 0.16+0.18 | 0.20+0.17 0.29+0.17 - 0.06+0.12 0.33+0.60 0.19+0.44
Pheophytin b 2.67+0.65 5.51+1.50 5.55+1.49 2.25+0.36 | 0.24+0.31 - - - - -
Pheophytin a 9.95+0.59 | 53.76+8.93 | 49.28+1.94 | 47.22+5.13 | 75.92+7.18 | 81.89+4.74 | 50.80+8.95 - 3.3945.83 0.1940.42
beta-Carotene 8.7945.13 2.69+1.10 | 2.44+0.63 | 3.07+0.99 | 2.01+0.66 1.94+0.50 1.28+0.21 | 42.54+7.20 | 46.67+11.56 | 8.20+3.44
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Supplementary Table 2. Absolute values of density, biomass, fatty acids and pigments and diversity community indices of phytoplankton
measured at the beginning of the experiment and after one, three and five weeks of disturbance manipulation per treatment (no, intermediate and
high disturbance). Values are mean + standard deviation, n = 5 in all treatments except for the start treatment where n = 1.

. . . Total FA Total
Treatment Species Total Density Total Biomass H' (ug per m H' Fatty Pigments H'
Time Richness (cells LY (um 3L functional | 9P MJ Acids (ng per mg Pigments
DW)
DW)
Start Start 28 1.25x106 1.04x10° 1.6 31.29+6.22 | 1.96+0.11 | 950.55+262.09 | 2.26+0.03
No disturbance | 31.33+2.31 | 1.35x10849.11x107 | 3.70x10%°+2.36x10%° | 1.20+0.21 | 38.22+12.11 | 2.33+0.06 | 286.17+193.05 | 1.66+0.19
Wiek 'gltftﬁ:‘s;:itee 29.33+2.52 | 1.67x10%+1.26x107 | 1.81x10%°+2.62x10° | 1.65+0.05 | 25.50+6.51 | 2.32+0.12 | 225.13+48.27 | 1.73+0.06
dist':r'g;‘nce 28+3.46 | 1.54x10°%+1.17x107 | 2.11x10%°+5.81x10° | 1.43+0.11 | 29.59+6.37 | 2.37+0.07 | 269.99+188.09 | 1.73+0.10
No disturbance | 27.67+4.73 | 5.54x10845.15x107 | 2.52x10%°+1.29x10%° | 0.46+0.25 | 24.56+9.18 | 2.25+0.06 | 208.47+52.39 | 0.97+0.22
Wgek 'g};ﬂsgr‘]if 22.67+0.58 | 1.27x108%+5.64x107 | 1.36x10°+8.22x10° | 0.77+0.37 | 73.59+26.35 | 2.06+0.14 | 203.33+75.29 | 0.79+0.14
dist';'r'g;‘nce 22.33+3.79 | 3.98x10%+1.86x107 | 1.48x101+8.86x10%° | 1.18+0.15 | 95.68+16.52 | 1.88+0.06 | 73.07+44.84 | 1.65+0.18
No disturbance | 23.33+4.16 | 1.21x10%1.07x108 | 3.43x10%°+7.86x10° | 0.50+0.30 | 23.22+14.17 | 2.07+0.07 | 192.63+81.49 | 1.49+0.12
Wgek 'g};ﬂsgr‘]if 22.67+2.08 | 1.96x10%+1.28x10° | 8.58x10°+3.63x10° | 0.58+0.31 | 25.74+19.64 | 2.02+0.24 | 235.79+386.58 | 1.32+0.35
dist';'r'g;‘nce 25+3.00 | 3.29x10%+2.58x108 | 1.16x10M+4.12x10% | 1.30+0.12 | 80.47+33.04 | 1.87+0.16 | 78.017+40.37 | 1.68+0.18
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Supplementary Table 3. Statistical analysis of variance (ANOVA).

Species Richness Df SumSq MeanSgq Fvalue p-value
Treatment 3 40.68 13.56 1.336 0.29386
Time 2 190.3 95.15 9.376 0.00162**
Treatment x Time 4 43.04 10.76 1.06 0.40461
Residuals 18  182.67 10.15

Functional diversity

(Shannon Abundance) Df SumSq MeanSgq Fvalue p-value
Treatment 3 17.34 5.78 118,55  <2e-16 ***
Time 2 16.504 8.252 169.24  <2e-16 ***
Treatment X Time 4 5.144 1.286 26.37 <2e-16 ***
Residuals 200 9.751 0.049

Total Fatty Acids Df SumSq MeanSq Fvalue p-value
Treatment 3 13451 4484 14.956  1.12e-06 ***
Time 2 8642 4321 14414  1.93e-05 ***
Treatment x Time 4 11698 2924 9.755 1.33e-05 ***
Residuals 40 11992 300

Fatty acids diversity Df SumSq MeanSgq Fvalue p-value
Treatment 3 0.3622 0.1207 8.082 0.000251 ***
Time 2 1.0179 0.5089 34.063  2.3e-09 ***
Treatment x Time 4 0.2203 0.0551 3.686 0.012022 *
Residuals 18  0.5977 0.0149

Total Pigments Df SumSq MeanSq Fvalue p-value
Treatment 3 2639341 879780 31.796 1.12e-10 ***
Time 2 97489 48744 1.762 0.185
Treatment x Time 4 54854 13713 0.496 0.739
Residuals 40 1106776 27669
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Pigments diversity Df SumSq MeanSgq Fvalue p-value
Treatment 3 4.342 1.4474 45.19 6.46e-13 ***
Time 2 2.46 1.23 38.402  4.92e-10 ***
Treatment x Time 4 1.045 0.2613 8.157 6.58e-05 ***
Residuals 40 1.281 0.032

Df-Degree of freedom; Sum Sg-Sum of squares; Adj Mean Sq-Mean squares; P-Value-Probability; F-Value-Test statistics
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Concluding remarks and perspectives

111



As the specific results have already been discussed in the previous chapters, | would like to
highlight here the main conclusions that can be drawn from the results of the different experiments
and make some concluding remarks on the challenges and future prospects of using trait-based
approaches and experimental diversity manipulations to study and assess the impact of biodiversity

loss on aquatic ecosystem functions and food web dynamics.

» Phytoplankton trait diversity, examined in terms of PUFAs availability, strictly determined the
quality of the food on which zooplankton organisms are highly dependent and that the dietary
quality constraints may be an important regulatory mechanism for zooplankton fitness, growth,

reproduction and survival (Chapter 1 and 3).

+ Diversity manipulation experiments using the “size fractionation” and “disturbance” methods
resulted to be efficient tools for simulating more realistic species and trait loss scenarios in

phytoplankton diversity studies (Chapters 1 and 2).

+ Changes in phytoplankton morphological diversity induced by the “size fractionation method”
revealed differences in phytoplankton morpho-functional traits and taxonomic composition in
size-fractionated phytoplankton communities, but did not significantly affect zooplankton grazing
by the cladoceran Daphnia longispina (generalist unselective filter feeder) and the calanoid
copepod Eudiaptomus sp. (selective feeder) in terms of grazing rates and size selectivity (Chapter
2).

» The alteration of phytoplankton functional diversity, induced by the disturbance method, led to
species losses and taxonomic shifts, resulting in distinct communities with different taxonomic
and functional characteristics which affected the fitness and lipid composition of Daphnia
longispina and Eudiaptomus graciloides differently, mainly depending on the grazers’ feeding

habits and their nutritional requirements. (Chapter 3).

« Daphnia longispina, unable to perceive the nutritional quality of phytoplankton, did not show
significant changes in either life history trait responses or fatty acid composition under “good” and

“poor” food scenarios (Chapter 3).

» Eudiaptomus graciloides actively selected the most suitable prey based on the nutritional value.

In the “good” food scenario, represented by high total fatty acid content and greater amounts of
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essential fatty acids, the fatty acid composition of calanoid copepods largely reflected the
composition of the respective high-quality prey, which in turn had a positive effect on copepod
fitness. Under food quality constraints, the responses of life history traits in E. graciloides showed
an overall lower performance and some trade-off mechanisms between survival, growth and

reproduction (Chapter 3).

» Nutritional diversity of resources affected the adaptive trait-responses of consumer fatty acid
metabolism, with D. longispina and E. graciloides showing selective and differential accumulation
of essential fatty acids. D. longispina accumulated preferentially EPA and its precursor SDA and

ARA, while E. graciloides preferentially accumulated DHA (Chapter 3).

« Mismatches between the fatty acid composition of zooplankton and its food have occurred,
suggesting that the specific demands for PUFASs in the consumers may have resulted in possible
enzymatic modifications and bioconversion mechanisms in both grazer’s fatty acid metabolisms

to face biochemical deficiencies of the diets (Chapter 3).

Overall, the studies presented in this dissertation contribute to our understanding of the role of
phytoplankton functional diversity and provide some evidence on how biodiversity loss and
loss/change of specific traits in the resource community may induce variation, adaptation and
reorganisation of communities and impact on consumer communities, food web dynamics and
ecosystem processes. However, the interpretation of mechanism results from biodiversity
manipulation experiments can be critically dependent on the experimental design and approaches
used (Allison, 1999). Therefore, addressing these issues in a more rigorous framework is necessary

and highly relevant for substantial progress in future BEF research.

As there is no single concept of diversity and little agreement on the most appropriate measure to
use, my research has mainly applied the recent and innovative functional trait-based approach in
combination with the more descriptive and traditional species-based approach. The use of
functional traits of species currently appears to be one of the most promising ways to study and
understand diversity effects in ecosystems and to predict community responses to change (McGill
et al., 2006; Violle et al., 2007), and there is an emerging trend to use these approaches to

determine phytoplankton and zooplankton responses to environmental perturbations induced by
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intensified anthropogenic activities and global change (Baker et al., 2016; Thomas et al., 2016;
Van de Waal and Litchman, 2020; Bishop et al., 2022). However, differences between species and
their interactions can also be predicted by their evolutionary history as estimated by traditional
taxonomic classification, so the use of functional traits should not exclude the presence and identity
of taxa (Weiss and Ray, 2019). Although the correct naming and identification of species can often
require more research, time and expertise, knowing the taxonomic details of a specimen is crucial
for the study of biodiversity and conservation. In this study, functional traits combined with the
species-based approach have provided a unifying measure to investigate the diversity of natural
phytoplankton assemblages and to assess the consequences of phytoplankton diversity loss for
ecosystem functioning and organisation. Traits for phytoplankton and zooplankton have been
fairly well studied and described (Litchman and Klausmeier, 2008; Litchman et al., 2013), but a
limitation of trait-based approaches is that the traits, and therefore the associated process of interest
to be studied, must be identified a priori. Up until now, the 'a priori' choice of traits has resulted
in phytoplankton and zooplankton research mainly focusing on some specific and easily
measurable characteristics of these organisms, such as morphological traits (e.g. size, shape, body
mass), with less emphasis on behavioural or physiological traits, which may require more analysis
and more specific equipment to obtain accurate and reliable trait data. In addition, researchers tend
to focus on understanding the ecosystem effects of a single trait and thus a single biological
function, even though in the context of biodiversity loss and global change, individuals may
simultaneously vary in multiple traits and thus affect multiple processes, oversimplifying the role
of species and underestimating the impact of species loss (Vaughn, 2010). For example, in
phytoplankton-zooplankton trophic dynamics, several functional traits of both zooplankton (e.g.
food preferences, feeding modes, grazing rates, functional response) and phytoplankton (e.g.
palatability, quality as food, size, shape, fatty acids) are interdependent and alteration of trait
diversity may determine the occurrence of independent or interactive feedback mechanisms in
plankton communities, which can in turn influence ecological processes. Thus, a single-trait
approach may oversimplify the interpretation of these ecological aspects. Therefore, there is a need
to make the multi-trait approach a promising way and to incorporate trophic complexity in order
to understand the effects of biodiversity and biodiversity loss across trophic levels (Duffy et al.,
2007).
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In this dissertation, the role of phytoplankton diversity and the consequences of its loss for
herbivorous zooplankton, and more generally for food web dynamics, was investigated using a
multi-trait approach, focusing on several key phytoplankton and zooplankton traits and clustering
phytoplankton and zooplankton species into functional groups (Hulot et al., 2000; Hubbell, 2006;
Litchman and Klausmeier, 2008; Kruk et al., 2010)Kruk, 2010). Monitoring and measuring
multiple traits (i.e. morphological, behavioural, physiological, and life history traits) helped us to
better describe and capture the complexity of ecological interactions between phytoplankton and
zooplankton.

In my laboratory experiments, | have shown that it is possible to manipulate the diversity of natural
phytoplankton communities using size fractionation and disturbance methods. Both techniques
successfully altered phytoplankton community and trait diversity and established diversity
gradients where the experimental “altered communities” were significantly different to the starting
conditions, due to species losses and taxonomic shifts that have occurred. However, in some cases,
some shifts could have been induced not directly by the manipulation method used but more by
laboratory conditions that might have favoured some taxa over others. This aspect should be taken
into account once performing laboratory experiments with the manipulation of natural
assemblages.

Moreover, it has to be considered that trait analyses and trait-related dynamics investigated in
laboratory conditions may differ from the actual behavior and response of species in nature. Thus,
may well reduce the predictive power of trait-based experiments performed on microcosm
controlled scales and may lead to misleading conclusions. Indeed, taxa cultured for generations in
the laboratory may result in less plastic and be over-adapted to standardised laboratory conditions,
and this aspect may influence their physiological or behavioural responses. In order to get a deeper
understanding into the identification of the mechanisms generating the relationship between
declining diversity and impacts on the functioning of food web dynamics and to avoid possibly
limited interpretations, the best would be to investigate diversity loss by scaling up from small
scale laboratory diversity manipulation experiments to larger mesocosm studies in the field to
ascertain (in a short- and long-term) mechanisms influencing planktonic community trait
distribution and dynamics, in setups that closely resemble natural conditions. Moreover, because
biodiversity may have the capacity to buffer ecosystem responses to perturbations (McCann,

2000), also the longer-term effects of biodiversity need to be studied to avoid reliance on transient
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dynamics (Tsai et al., 2014). However, this is experimentally challenging. In this regard, there is
an immense amount of long-term trait data that have been collected in the last decades that could
help us unveil the ecosystem functioning in response to diverse perturbations. However, currently
it remains extremely challenging for researchers to utilize them for monitoring community
responses to environmental impacts, ecosystem changes and biodiversity loss. The lack of
common guidelines for acquiring, organizing and describing trait data result in profound
inconsistencies in the terminologies used and their meanings, hampering trait data aggregation and
integration. Concerning this matter, the Open Traits Network (OTN) was created as a
“decentralised alliance of international researchers and institutions focused on collaborative
integration and standardisation of the exponentially increasing availability of trait data” and
embracing the use of Open Science (Gallagher et al., 2019). This will largely improve the
findability, accessibility, interoperability and reusability (FAIR) of trait-based data and advance
trait-based approaches in BEF research by promoting further innovation, especially in
mechanistically linking organismal-level traits to ecosystem-level functioning. In the current
scenario of profound global biodiversity loss, information on future and historical trends in
biodiversity is critical to developing meaningful policy and effective conservation management.
The adoption of Open Science and FAIR principles and the ongoing research in a trait-based
context, that combine multiple traits across trophic levels are promising way for a more efficient
and realistic assessment of biodiversity loss impact and consequences in phytoplankton-
zooplankton interface and will surely enable exciting advancements in aquatic community ecology

in the years to come.
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