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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 behaviors. To test this, we
performed feeding trials in laboratory microcosms with size-fractionated freshwater phytoplankton
(3 size classes, >30 µm; 5–30 µm and <5 µm) 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.

Keywords: food web interactions; selectivity; freshwater zooplankton; phytoplankton; size fractionation;
traits; geometrical shapes; community structure

1. Introduction

Phytoplankton forms the base of aquatic food webs and is extremely diverse. It is com-
prised of multiple photosynthetic organisms that vary vastly in size, shape, morphology,
physiology, behavior, functionality, and life history traits [1,2]. Through photosynthesis,
phytoplankton is responsible for producing up to half of the oxygen in Earth and is critical
in supporting marine and freshwater food webs [3]. 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 [4–8], 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,
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concentration, nutritional content and toxicity are decisive traits determining the strength
and selectivity of zooplankton grazing [9–13].

The main representatives of crustacean herbivorous zooplankton in freshwater envi-
ronments are Cladocera and calanoid Copepoda. They show distinct feeding modes and
food size spectra for selectivity of their prey [14]. Cladocera are unselective filter feed-
ers: they use their sieve-like appendages to generate water currents from which particles
exceeding the mesh size of the filter are retained for feeding [15]. In contrast, calanoid Cope-
poda feed selectively and can use their “taste” and food quality as selection criteria [16].
They have mechanical and chemical sensors in their antennae and can detect chemical
composition [17,18] and movements of the prey and actively capture it [19–24].

As a defense 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 [25–27]. Between all these complex possible
strategies that phytoplankton evolved in the arms race with the zooplankton [28], size and
form selection are the strongest driving forces shaping phytoplankton assemblages [29]
and can influence and as well be influenced by zooplankton grazing. Natural phyto-
plankton can be divided into several size classes: picoplankton (<2 µm), nanoplankton
(2–20 µm), microplankton (20–200 µm), macroplankton (>2000 µm) with different ecological
functions [30,31].

Smaller cells have a much larger surface area/volume ratio [32], can assimilate nu-
trients more efficiently [33], grow faster [34,35] and have lower sinking rates [36,37] 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 ap-
pendages: 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 µm, while the upper size limit is
determined by the width of frontal carapax gape of 20–30 µm [38]. 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 µm to >100 µm, depending on the specific copepod species. Thus,
in freshwaters, cladocerans and copepods have contrasting effects: usually, consumption
of small phytoplankton cells by Cladocera [39] 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 [40]. However, studies of
morphological changes induced by the grazing pressure from natural environments are
still very scarce [41,42] 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 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 ex-
periment, combining a classical taxonomic approach with a trait-based approach using
morpho-functional groups [43]. More specifically, we aimed to assess how grazing of herbi-
vores with contrasting particle size preferences and feeding behavior 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 Eudiapto-
mus sp. are the dominant herbivorous zooplankters in the studied area. We selected them
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for our experiment due to their contrasting feeding modes, preferences and phytoplankton
selectivity. The phytoplankton assemblage was derived from a natural freshwater commu-
nity and fractionated into three size classes “small” (<5 µm), “intermediate” (5–30 µm) and
”large”(>30 µm).

Assuming that D. longispina and Eudiaptomus sp. usually contribute to the reduc-
tion 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, [43]), based on relevant
differences in relation to grazing behavior and selectivity of the two grazers and on previous
findings by Colina et al. [44] we expected (3) D. longispina to eat more organisms of medium
size lacking specialized traits and medium size flagellates (MBFGs IV-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 III) that could clog their
filtration apparatus [45]; (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 [5,46–48].

2. Materials and Methods
2.1. Sampling and Incubation Experiment

Seston samples were collected at the surface (0.5 m depth) of lake Fühlinger 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 µm mesh size to remove larger zooplankton. Subsequently,
phytoplankton size fractionation was carried out by two consecutive filtrations through a
30 µm and 5 µm nylon mesh filters in order to obtain three phytoplankton size classes: larger
than 30 µm, from 5 to 30 µm and smaller than 5 µm. Back in the laboratory, all fractions
were placed in a climate chamber at 18 ◦C and a photon flux density of 100 µE s−1 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 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 [49].
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 individ-
ual cells of each taxon and then multiplying by their respective cell counts [50]. Where
this was not possible, dimensions were taken from the literature in order to determine
mean dimensions and calculate a corresponding mean cell biovolume. The taxon richness,
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Shannon–Wiener diversity index [51] 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 the
three distinct phytoplankton size classes [52] according to the equation:

G = (ln Cc − ln Cg)× V
t
× N (1)

where G is the grazing rate [mL individual−1 h−1], Cc is the algal concentration in the
control treatment, Cg 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.

2.2. Trait Analyses

In order to have a trait-based clustering of phytoplankton taxa, we classified the phy-
toplankton taxa according to their morpho-functional characteristics in seven morphology-
based functional groups (MBFG) as described by Kruk et al. [43]. Group I includes all small
organisms with a high surface to volume ratio, group II small flagellated organisms with a
siliceous exoskeletal structure, group III is represented by large filaments (with aerotopes),
group IV by organisms of medium size lacking specialized traits, group V is formed by uni-
cellular flagellates of medium to large size, group VI consists of non-flagellated organisms
with siliceous exoskeletons, and group VII 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) in order 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 [40,53]. All these morpho-functional characteristics were mainly extracted
from the literature. Each taxon was assigned a value for each trait category: 1 for presence
and 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 [54]. 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. 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 III 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 [55]. 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
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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 [56] package, version 3.3.5 in R. All statistical analyses were performed
using R version 3.3.3.

3. Results
3.1. Phytoplankton Abundance, Diversity and Grazing Rates

Phytoplankton abundance ranged from 1.36 × 105 to 5.04 × 106 cells L−1 with no sig-
nificant 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).

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 µm,
5–30 µm and >30 µm in the control (light purple, n = 5 except in >30 µm 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 µm 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.

However, size fractions showed significant differences with the smallest fraction
(<5 µm) showing a significantly higher abundance in all treatments with respect to the
intermediate (5–30 µm) and large (>30 µm) size fractions (ANOVA, df = 2, F = 21.273,
p < 0.001, for more details see Supplementary Tables S1–S3, Figure 1a). In terms of bio-
volume, the opposite trend was observed, with the large phytoplankton size fraction
having a significantly higher average biovolume than the 5–30 µm fraction (ANOVA, df = 2,
F = 5.194, p < 0.05, see Supplementary Tables S1–S3). Grazing did not significantly affect
total biovolume (ANOVA, df = 3, F = 2.417, p = 0.0828).
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No significant differences in terms of 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 experi-
ment (Figure 1b). The size fraction >30 µm exhibited a significantly higher abundance-based
diversity than the other two size fractions, but a significantly lower diversity in terms of
biovolume (see Supplementary Tables S1–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.

3.2. 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), Chrys-
ophyceae (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 µm), contributing between 65.06–92.48 % to the total phytoplankton abun-
dance 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 redekei.

Chlorophyceae were mostly co-dominant with cyanobacteria, contributing 38.29 to
54.48 % to the total abundance in both the intermediate (5–30 µm) and large (>30 µm) 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 dif-
ferences were detected between grazed and control treatment. 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
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 [43], most cyanobacterial taxa found
in the experiment belonged to group III (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).
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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 (II)
small flagellated organisms with siliceous exoskeletal structure (III) large filaments (with aerotopes),
(IV) organisms of medium size lacking specialized traits (V) unicellular flagellates of medium to
large size (VI) non-flagellated organisms with siliceous exoskeletons and (VII) large mucilaginous
colonies. In 2c, the eight dominant shapes are: spheres (light green), prolate spheroids (brown),
cylinders (pink), ellipsoids (red), double cons (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.

All seven MBFG were detected in all samples but in different proportions (Figure 2b).
Group III, followed by group I were dominant in the small size (<5 µm) phytoplankton com-
munities. In the intermediate size communities group V was the most abundant, followed
by group I and VII. Group V was also highly represented in the large fraction, followed by
groups III, I and VII in similar proportions. At the start of the experiment, the phytoplank-
ton 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 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).
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All the 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 interme-
diate 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).

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 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.

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.
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Moreover, a taxonomic, functional and shape variation was recorded according to phy-
toplankton 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 intermediate and large size fractions. In this case, siliceous organisms (groups VI-II) be-
longing 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 III) with cylindrical shapes.

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 traits
abundance, the intermediate size fraction showed a 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 µm, 5–30 µm and >30 µm). Asterisks indicate
statistically significant effects.

Mucilage Presence/Absence Df Sum of Squares Mean Square F Value R2 p-Value

Treatment 3 0.363 0.121 1.436 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 6.580 1

Flagella Presence/Absence Df Sum of Squares Mean Square F Value R2 p-Value

Treatment 3 0.382 0.127 1.420 0.048 0.199
Fraction 2 3.880 1.940 21.61 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 Presence/Absence Df Sum of Squares Mean Square F Value R2 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 0.070 0.824 0.059 0.624
Residuals 35 2.981 0.085 0.424

Total 46 7.022 1

Unicellularity/Coloniality Df Sum of Squares Mean Square F Value R2 p-Value

Treatment 3 0.331 0.110 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 0.710 0.052 0.749
Residuals 35 2.887 0.082 0.428

Total 46 6.736 1
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4. Discussion
4.1. Grazing Phase and Food Selectivity

While we had expected grazing by cladocerans and calanoid to be very different in
terms of selectivity, feeding behavior 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 [57]. While it has been generally accepted that cladocerans, including
D. longispina, prefer smaller algal cells over larger ones [14,38], copepods tend to feed on
medium-sized to larger food particles [57]. 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 µm and <5 µm) 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 abundances and morpho-functional traits.

In terms of groups based on morpho-functional traits, we observed a particular de-
crease of 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 find-
ings [58]. Mucilage-producing taxa (MBFG VII) were also reduced in the small size fraction
when grazed by the cladoceran. Eudiaptomus sp. diminished, in particular, MBFG IV,
accompanied by a reduction of MBFGs III and VII in the intermediate and small fractions.
The decrease of organisms belonging to the MBFG III and VII in the small fractions from
both grazers highlighted the possibility that even though these groups are generally consid-
ered 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 believed that some form of competition among phytoplankton
could have occurred during the experiment. In particular, some organisms or taxa could
have been favored 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 behavior.

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.

4.2. Phytoplankton Size-Fractionated Composition and Structure

The taxonomy-based approach identified patterns explaining the changes in size dis-
tribution: 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 [59]. Thus,
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it does not always separate properly based on cell size. Indeed, many larger and thin
filamentous organisms passed through small filters (<5 µm) 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 account in small size classes organisms [60]. Although size fractionation techniques
are frequently used in phytoplankton research [34,61–66], the accuracy and validity of
portioning phytoplankton assemblages through filtration still remain debated [67]. We
thus confirmed that fractionation by filtration has a rather low level of absolute cell size
resolution [67], and hence recommend that it should be used with care, especially in
grazing experiments where natural phytoplankton communities are dominated by thin
filaments [61].

In terms of taxon richness, no differences were found across size fractions. How-
ever, the fraction <5 µm 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 that 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 manipulation of natural assemblages.

By contrast, differences in size community structure were expressed more in detail
using morpho-functional traits [43]. 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 flagellae 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 with respect to the occurrence of spherical and cylindrical forms in each size
class. Nevertheless, including the geometric shapes analysis 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 behavioral 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 taxonomical details of a specimen is fundamental for studying biodiversity,
changes and conservation of the ecosystems. Knowing 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 [5]. 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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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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grazing rates (ml ind−1 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. 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 (<5 µm, 5–30 µm and >30 µm)
and their interactions. Bold values represent statistically significant results. 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. Table S4: Traits abundance composition (cell L-1). 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 µm where n = 4.
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