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Ecological research in recent decades revealed that species loss has a predominantly

negative effect on ecosystem functioning and stability. Most of these studies were based

on random species loss scenarios, but extinctions in nature are not random. Recent

experimental studies using macroscopic communities largely advanced knowledge

about the effects of non-random species loss. However, in microscopic communities

like the phytoplankton, implementing realistic species loss scenarios is challenging and

experimental data are scarce. Creating more realistic experiments to study the role

of phytoplankton diversity for ecosystem functioning is particularly important, as they

provide up to 50% of global primary productivity, form the basis of all pelagic food webs,

and are important for biogeochemical cycling. In this study, we experimentally tested and

evaluated three methods for non-random species loss in a natural marine phytoplankton

community. Dilution, filtration, and heat stress removed the targeted rare, large, and

sensitive species, respectively. All these species groups are extremely vulnerable to

extinction in future climate scenarios and play important roles in the communities. Dilution

and filtration with a fine mesh additionally decreased initial biomass, which increased the

variability of species left in the respective replicates. The methods tested in this study

can be used to non-randomly manipulate phytoplankton species diversity in communities

used for experiments. However, in studies where species identities are more important

than species richness, the dilution and filtration methods should be modified to eliminate

the effect of decreasing initial biomass.

Keywords: phytoplankton, non-random species loss, realistic species loss, species loss manipulation, extinction

INTRODUCTION

Over the last centuries, humans have increasingly influenced and modified all ecosystems on planet
Earth. Habitat destruction, the emission of greenhouse gases, and the introduction of non-native
species led to species loss rates comparable to historicmass extinction events (Barnosky et al., 2011).
A large number of experimental studies tested the effects of species loss on different ecosystem
processes. They uncovered a generally negative effect of species loss on ecosystem functioning
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and stability (Hooper et al., 2005; Cardinale et al., 2012).
Depending on the magnitude of species loss, its effect size
on ecosystem functioning is comparable to those arising from
direct effects of environmental factors, such as acidification
or nutrient pollution (Hooper et al., 2012). To date, in most
diversity manipulation experiments, researchers altered species
richness by randomly adding species to or excluding them
from communities (Bracken and Low, 2012; Mensens et al.,
2015; Radchuk et al., 2015). However, loss of species in natural
communities is not random, but depends on a multitude
of factors including population size (i.e., rarity), body size,
and sensitivity to environmental stress (Gross and Cardinale,
2005). Previous research showed that the effects of biodiversity
loss on ecosystem functioning can largely differ in randomly
assembled communities compared to communities experiencing
non-random species loss (Solan et al., 2004; Bracken et al., 2008;
Mensens et al., 2015).

Manually removing or adding target species is feasible in
communities with larger and substrate-bounded organisms,
such as in grasslands (Zavaleta and Hulvey, 2004; Selmants
et al., 2012, 2014) or the marine benthos (Bracken et al.,
2008; Stachowicz et al., 2008; Bracken and Low, 2012).
However, in microbial communities, such as phytoplankton,
the manipulation of non-random species loss from natural
communities is particularly challenging. A recent laboratory
experiment with freshwater phytoplankton showed that it is
possible to create communities with distinct species richness
gradients using different levels of dilution and disturbance
(Hammerstein et al., 2017). Nevertheless, technically it is
nearly impossible to remove certain target species or groups
from a natural microbial community without significantly
altering the overall organism density. Hence, such diversity
manipulations are prone to be confounded with a hidden density
treatment, which can have two major consequences. First, it
can directly affect the total biomass which is often used as
a measure for ecosystem functioning. Second, it can enhance
the variability of which species are remaining in a treated
community and thus indirectly affect ecosystem functioning.
To date the latter problem remains largely unquantified, so
that the effects of realistic changes in phytoplankton diversity
on ecosystem functioning in experiments remain essentially
unknown (Gamfeldt et al., 2015).

Even though extinctions in the oceans are not as common
as on land, and direct extinctions caused by humans were less
often recorded for marine organisms, the influence humans
have on aquatic ecosystems is immense and will likely continue
to increase (McCauley et al., 2015). In particular for marine
phytoplankton, that contribute almost 50% to global primary
production (Field et al., 1998) and play an important role in
biogeochemical cycling (Falkowski et al., 1998), future changes
in biodiversity remain speculative.

In the present study, we tested different methods to non-
randomly remove rare, large and sensitive species from natural
phytoplankton communities. These methods can be employed
to manipulate community composition before the onset of an
experiment or they can be used as factors in the experiment to
create different levels of species composition. In the following

section we elaborate on the rationale behind focusing on these
particular groups.

Loss of Rare Species
Rare species are often characterized by small population sizes,
narrow geographical ranges and little genetic variation within
populations (Rabinowitz, 1981; Frankham, 2005; Harnik et al.,
2012). These characteristics in combination with stochastic
processes make rare species more likely to go extinct than
common species (Lande, 1993; Frankham, 2005; O’Grady et al.,
2006; Leitão et al., 2016). Due to numerical disadvantages, rarity
is often accompanied by competitive inferiority which can lead to
extinction by competitive exclusion. An example of competitive
inferiority can be seen in the context of priority effects, where the
first colonizers exhibit a numerical advantage such that they can
exclude later arriving species by monopolizing shared resources
(Urban and De Meester, 2009; de Meester et al., 2016). Priority
effects can also happen at the onset of a phytoplankton bloom.
Eggers and Matthiessen (2013) showed experimentally that the
initial structure of a phytoplankton community influenced the
identity of the respective dominant species at bloom peak.

Despite their increased risk of extinction, rare species are
important in communities because they can maintain ecosystem
functions under changing environmental conditions when they
substitute for dominant species that are lost or decline in
numbers (Walker et al., 1999; Norberg et al., 2001; Elmqvist et al.,
2003; Lyons et al., 2005; Mouillot et al., 2013; Jain et al., 2014;
Leitão et al., 2016; Jousset et al., 2017). Hence, manipulating the
loss of rare species in bloom building phytoplankton can provide
important information about possible future scenarios, in which
these species might be lost at disproportionally high rates.

Loss of Large Species
Experiments and observations have shown that rising seawater
temperatures lead to the reduction of average cell size in
phytoplankton communities (Morán et al., 2010; Peter and
Sommer, 2012; Sommer et al., 2012). Though the underlying
reasons are not completely understood yet, current research
suggests that it is partly driven by decreased nutrient availability
in the euphotic layer of the oceans due to stronger stratification
under warmer conditions (Hofmann et al., 2011; Winder and
Sommer, 2012; Acevedo-Trejos et al., 2014; Lewandowska et al.,
2014). This situation benefits smaller-sized cells. Small cells
have more efficient nutrient uptake rates because they have
more favorable surface area to volume ratios (Aksnes and Egge,
1991; Raven, 1998; Mara-ón, 2014). Additionally, experiments
have attributed the increase in smaller phytoplankton cell
sizes with warming to trophic interactions. Depending on the
preferred size spectrum of the prey, more intense grazing by
zooplankton under higher temperatures can lead to the reduction
in average phytoplankton cell size in a community (Sommer and
Lewandowska, 2011). Since smaller cell size has been proposed to
be one of the universal responses to global warming for aquatic
organisms (Daufresne et al., 2009), testing the effect of losing
larger species from phytoplankton communities can be very
important for future phytoplankton diversity experiments.
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Loss of Sensitive Species and Potential
Interaction with Rarity
Species are considered sensitive when they have a narrow
environmental optimum and therefore steep reaction norms.
They are generally very susceptible to changes in the environment
including a variety of biotic and abiotic factors, such as salinity,
pH, and temperature. In this study, we tested the effect of losing
heat sensitive species, because one of the major changes in
the future ocean is predicted to be an increase in the average
surface ocean temperature (IPCC, 2014). Many species that are
sensitive to environmental change are at the same time low
in their abundance, because they have very specialized habitat
requirements (Davies et al., 2004). Therefore, we additionally
combined the loss of sensitive and rare species as one of the
treatments, a valuable addition to the experimental design as it
can improve our understanding of the mechanisms underlying
sensitive species loss.

The aim of this study was to test the immediate effects of
the above described non-random species loss scenarios on a
natural phytoplankton community and to evaluate their impact
on diversity change at bloom peak. Additionally, we aimed to
qualitatively analyze how far the manipulations led to increased
variability in species identities present in the communities (i.e.,
whether the methods manipulated the loss of the same species
among replicates).

MATERIALS AND METHODS

Experimental Set-Up
The experimental units consisted of white polypropylene buckets
filled with 25 L of sterile filtered (0.2µm) seawater that we
collected from the Kiel Fjord (Kiel, Germany) in March 2013.
At that time it was possible to obtain nutrient-rich winter water
with dissolved inorganic nutrient concentrations of 30.73 µmol
L−1 nitrate and nitrite (NO3 + NO2), 0.77 µmol L−1 phosphate
(PO4), and 34.77 µmol L−1 silicate (SiO4).

We distributed the experimental units randomly in two
temperature controlled rooms (10◦C) that were equipped with
computer-programmed ceiling light units (Econlux, Hibay LED
100W, full sun-light spectrum) providing light from above and
creating an underwater light intensity of 130 µmol m−2 s−1 and

a light-dark cycle of 16:8 h. This corresponded to the local
irradiance levels in Kiel Fjord at the time of the year the
experiment was conducted (Brock, 1981).

Depending on the treatment, we inoculated the experimental
units with different volumes of a natural phytoplankton stock
community that was collected shortly before the experimental
start from surface waters of the Kiel Fjord, Germany in April 2013
at the onset of spring bloom. To excludemeso-grazers (copepods)
from the experiment, we pre-filtered the stock community with a
200µm sieve. For a detailed description of treatment application
see section Manipulation of Different Species Loss Scenarios and
Table 1.

We stirred the water body of each experimental unit carefully
once per day to ensure a homogenous distribution of the
phytoplankton in the experimental units. To prevent airborne
particle transport into the experimental units, but still allowing
for oxygen exchange and light penetration, we loosely covered
the buckets with transparent polyethylene foil.

Manipulation of Different Species Loss
Scenarios
We applied three methods (dilution, filtration, and heat
stress), resulting in five treatments (Table 1): control (Co–no
manipulation), dilution to remove rare species (two levels: D1–
weak dilution, D2–strong dilution), filtration to remove large
species (two levels: F1–coarse filtration, F2–fine filtration), heat
stressed (S) to remove heat sensitive species, and dilution of

heat stressed to simultaneously remove sensitive and rare species
(two levels: SxD1–weak dilution of heat stressed, SxD2–strong
dilution of heat stressed). Each treatment level and combination
was 4-fold replicated which resulted in 32 experimental units in
total.

In order to lose temperature sensitive species prior to the
experimental onset, we separated the collected and pre-filtered
stock community into two temperature treatments (control
(10◦C) = non-heated stock community; heat stress (22◦C) =

heated stock community). We chose 22◦C, because it represents
a critical temperature for many Baltic Sea auto- and heterotrophs
(Reusch et al., 2005; Eggers et al., 2012; Werner et al., 2016). The
stock communities were stored in closed glass bottles (Duran,
2,500mL) in climate cabinets for 24 h. After 24 h, we inoculated

TABLE 1 | Overview of the experimental design with treatment names and levels, abbreviations, and how the treatments were realized.

Treatment name Treatment level Abbrev. Treatment description Added inoculum Target species

Control (Co) No manipulation 10mL of non-heated stock community none

Dilution weak (D1) 10% concentration of control inoculum 1mL of non-heated stock community rare

strong (D2) 1% concentration of control inoculum 0.1mL of non-heated stock community rare

Filtration coarse (F1) Filtration through 100µm sieve 10mL of filtered non-heated stock community large

fine (F2) Filtration through 20µm sieve 10mL of filtered non-heated stock community large

Heat stressed (S) Heat stressed with 22◦C for 24 h 10mL of heat stressed stock community sensitive

Dilution of heat stressed weak (SxD1) 10% concentration of heat stressed inoculum 1mL of heat stressed stock community rare and sensitive

strong (SxD2) 1% concentration of heat stressed inoculum 0.1mL of heat stressed stock community rare and sensitive

The last column shows which species groups were targeted for removal.
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the experimental units according to the different treatments
(Table 1). For the control (Co), we added 10mL of the non-
heated stock community. We applied the two levels of the
dilution treatment by adding inocula of 1 and 0.1mL of the
non-heated stock community, resulting in 10% (D1) and 1%
(D2) of the control concentrations, respectively. For the two
levels of the filtration treatment, we filtered the non-heated
stock community with 100µm (F1) and 20µm (F2) sieves,
respectively. 10mL of the respective filtrates were added to the
experimental units. For the heat stressed treatment (S), we added
10mL of the heated stock community to the experimental units.
To prepare the combined treatment of heat stress and dilution,
we added inocula of 1 and 0.1mL of the heated stock community
to achieve 10% (SxD1) and 1% (SxD2) concentrations of the
heat stressed treatment, respectively. For an overview of all
treatments, treatment levels and combinations as well as their
respective inocula volumes see Table 1.

To assess if the targeted species were actually lost due to the
specific diversity manipulations, we classified each species as at
least one of the following four categories: common, rare, large,
and sensitive (Table 2, Figure 1). We based these categorizations
on species abundances (common or rare species) and cell
sizes (large species) obtained microscopically from a 100mL
sample of the non-heated stock community. Additionally, we
microscopically determined species abundances in a 100mL
sample of the heated stock community to define sensitive species.
For a detailed overview of the categorizations see Table 2.

Because phytoplankton species often belong to more than one
of the above defined four categories, overlapping species were
placed as shown in Figure 1. Since the sample that we initially
analyzed for the control treatment already represented a dilution
of the total species pool present in the stock community, it did
not contain the full set of phytoplankton species at the onset of
the experiment. More precisely, we found single individuals of
some species in initial samples of specific treatments but not in
the control. We defined these species as rare (Figure 1). Resulting
from this, we based the qualitative assessment of the initial loss of
target species caused by the treatments on the total species pool
of 30 species. In addition, we related the quantitative assessment
of how many species were effectively lost in the treatments to the
control.

TABLE 2 | Categorization of species into separate groups based on 100mL

samples analyzed of the control (non-heated stock community) and heat stressed

treatment (heated stock community).

Category Abbrev. Criteria for grouping Reference sample

Common C >1% contribution to total

community biomass and >100 cells

control

Rare R <1% contribution to total

community biomass and <100 cells

control

Large L average of largest cell dimension

exceeds 20µm (corresponding to

the mesh size of the fine filtration

sieve)

control

Sensitive Se At least 75% decrease in species

biomass compared to the control

heat stressed

Sampling and Analysis
We sampled phytoplankton twice over the course of the
experiment: at the onset of the experiment (initial), and
after the community had reached stationary phase (bloom
peak). To determine when each community had reached the
stationary phase, we took daily fluorescence measurements with
a fluorometer (Turner Designs 10AUTM Field Fluorometer). We
applied a sigmoidal growth model (Equation 1) to confirm the
exact developmental stage of the bloom:

ft =
a

1+
[

a−b
b

]

e−µt
(1)

where ft is the relative fluorescence after t days, a is the maximum
relative fluorescence (carrying capacity), b is the starting relative
fluorescence, and µ is the growth rate. The treatments reached
their termination point when the growth curve of at least
one replicate of that treatment significantly fit the model for
three consecutive days. At this time, the other replicates of
the treatment had reached stationary phase and we sampled all
replicates of the same treatment.We took the last samples 18 days
after starting the experiment, corresponding to approximately
9–18 microalgae generations. We preserved the phytoplankton
samples in Lugol’s iodine solution and stored them in the
dark until further processing. To determine phytoplankton
cell numbers and biovolume, we counted the samples using
an inverted microscope after Utermöhl (1958). For the initial
samples (i.e., at the onset of the experiment), we examined
a 100mL sample of each treatment. This corresponded to
cell abundances ranging from approximately 200 (D2, SxD2)
to over 14,000 (Co, S) cells counted (see Supplementary
Table 1). Identifications were made to the species level when

FIGURE 1 | Categorization of common, rare, sensitive, and large species

initially present in the total species pool. Combinations of more than one

category are displayed as overlapping areas in the Venn diagram. For

abbreviations of species names and their initial relative biomass in each

treatment see Supplementary Table 2. The black letters show species that

were initially present in the control. The gray italic letters show species that

were initially not present in the control but found in other treatments.
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possible, otherwise genera were determined. Based on procedures
described in Hillebrand et al. (1999), we calculated species-
specific cell biovolume by approximating cell shapes to simple
geometric bodies. By summing up species specific biovolumes,
we calculated the total biovolume of a sample, which is used as a
proxy for total biomass hereafter.

To compare phytoplankton communities, we calculated
species richness, Pielou’s evenness (Pielou, 1966) and Bray-
Curtis dissimilarity (Bray and Curtis, 1957; Clarke et al., 2006)
using the vegan package in R version 3.2.3 (Oksanen et al.,
2017; R Core Team, 2017). The latter two were calculated
based on species-specific biomass data. For the bloom peak
samples, we computed Bray-Curtis dissimilarity both as average
within (B-Cintra) and between (B-Cinter) treatments. For the
initial samples, we could only calculate B-Cinter, because we
did not have any replication of the inocula. Therefore, the
initial samples could only be compared quantitatively. Taking
multiple sub-samples at this point would have led to pseudo-
replication. To compare treatments at bloom peak, we performed

a multi-factorial ANOVA in R 3.2.3 (R Core Team, 2017).
We tested the main effects of the categorical factors dilution,
filtration and heat stress as well as the interaction of dilution
and heat stress on species richness, Pielou’s evenness (J’), and
within-treatment variation (B-Cintra). Evenness and dissimilarity
data were log-transformed to increase normality and account
for non-homogenous variance distribution, respectively. We
performed post-hoc tests (Tukey HSD) to specify which
treatments significantly differed from one another. Finally, we
created multi-dimensional scaling (MDS) plots based on the
Bray-Curtis dissimilarity matrix in Primer 6 (Clarke and Gorley,
2006).

RESULTS

Initial Treatment Effects
All diversity manipulations initially decreased species richness by
at least two species compared to the control (Figure 2A). We
found the strongest declines in initial richness in the dilution

FIGURE 2 | Initial species richness (A), total biomass (shown as biovolume; B), and Pielou’s evenness (J’; C); bloom peak species richness (D); within treatment

variation (as Bray-Curtis dissimilarity (B-Cintra); E), and Pielou’s evenness (J′, F). Filled gray dots represent treatment means (±95% CI), while open dots show the

single replicates of the bloom peak samples. Asterisks denote statistically significant differences from the control detected with Tukey HSD tests (*p < 0.05, **p <

0.01, ***p < 0.001).
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treatment (D1 and D2) and in the strong dilution of stressed
treatment (SxD2). Compared to the control, the decreases were
six and nine species, respectively (Figure 2A). Both filtration
treatment levels, as well as the heat stressed treatment (S),
reduced initial richness by two species compared to the control
(Figure 2A).

The total species pool in the initial samples consisted of 30
species, of which 22 were present in the control treatment (Co)
(Figures 1, 2A, 3). Generally, the vast majority (i.e., 22) of the
species in the total pool was rare, including 12 species that were
additionally large and/or sensitive (Figures 1, 3).

Dilution successfully implemented the loss of rare species. In
both levels of the dilution treatment (D1 and D2), 14 species
were absent from the total species pool, of which 13 were initially
defined as rare (Figure 3). Likewise, in the two levels of the
dilution of stressed treatment (SxD1 and SxD2) almost only
rare species were absent from the total species pool. That is, in
the weak dilution of stressed treatment (SxD1), 11 species were
missing from the total species pool, of which 10 were rare. In the
strong dilution of stressed treatment (SxD2), 15 of the 17 missing
species were rare (Figure 3).

Filtration only partially removed large species. In both levels
(F1 and F2), five of the ten species that were missing from the
total species pool were large (Figure 3). However, six species that
we initially categorized as large species were still found in both
levels of the filtration treatment (Figure 3). All of them appeared
in low abundances in the fine filtration (F2), but some of them
were frequent in the coarse filtration (F1). As a side effect, both
filtration treatment levels also removed five small rare species
(Figure 3). This is comparable to the absence of rare species in
the control treatment and can be attributed to detection limits
(i.e., not all species were found in the sub-sample of the initial
communities).

Heat stress successfully removed sensitive species. Ten species
from the total species pool were missing in the heat stressed
treatment (S), of which four were sensitive (Se; Figure 3).
Considering the fact that we initially defined five species as
sensitive (Figure 1), a high proportion of sensitive species were
effectively lost with heat stress. Similarly, in the two levels of

FIGURE 3 | Initial number of species belonging to the different categories.

Species were defined as common (C), rare (R), large (L), rare large (RL), rare

sensitive (RSe), large sensitive (LSe) or rare large sensitive (RLSe) as seen in

Figure 1 and abbreviated as in Table 2. Opaque bars framed by black lines

depict the number of species present in each category while transparent bars

show categories of species missing from the total species pool of 30 species.

the dilution of heat stressed treatment, three out of five sensitive
species were missing (Figure 3). All but one of the remaining
missing species in the heat stressed treatment (S) were rare
(Figure 3).

The treatments differentially affected initial total biomass.
Reduction of total biomass in the strong dilutions (D2 and SxD2)
was highest (99% compared to the control; Figure 2B). The heat
stressed treatment (S) and the coarse filtration (F1) reduced total
initial biomass by 15% compared to the control (Figure 2B).
Reduction in the fine filtration (F2) and weak dilutions
(D1 and SxD1) was intermediate ranging from 68 to 88%
(Figure 2B).

Those treatments that substantially reduced the initial total
biomass (i.e., F2, D1 SxD1, D2, SxD2; Figure 2B) had the
biggest influence on community composition which is reflected
in the alignment of the community similarities along the initial
biomass dilution gradient (Figure 4A). Whereas, the community
composition of the heat stressed treatment (S) and the coarse
filtration (F1) remained very close to the control (60% similarity
in community structure, Figure 4A), the strong dilutions (D2
and SxD2) were least similar in their community structures to all
other treatments (<20% similarity, Figure 4A).

Initially, Thalassiosira sp. (THA) was the dominant species
in most treatments according to biomass data, followed by
Skeletonema costatum (SKE) and Detonula confervaceae (DET).
These three species together contributed over 70% to total
biomass in nearly all treatments. Only the strongly diluted
treatments (D2 and SxD2) were dominated by other species.
In the strong dilution (D2), Ceratium fusus (CER) was the
dominant species (41% contribution to total biomass) and in
the strong dilution of stressed treatment (SxD2), the primarily
benthic diatom Licmophora sp. (LIC) was the most dominant
species (45% biomass; Figure 4A, Supplementary Table 2). This
was caused by the extremely large cell-size of individual CER
and LIC in relation to the here concurrently diluted contribution
to biomass of smaller-sized THA and DET. Though community
compositions largely differed between the treatments, initial
Pielou’s evenness remained similar in all species loss scenarios
(between 0.5 and 0.6; Figure 2C).

Treatment Effects at Bloom Peak
Compared to the initial values, species richness, evenness,
community composition, and hence similarity between the
communities changed in all treatments, including the control.
In the control, the average species richness at bloom peak
was 13 (Figure 2D), a decrease by nine species compared to
experimental onset (Figure 2A). Likewise, evenness at bloom
peak decreased by 0.11 in the control compared to the
initial value (Figure 2C), resulting in an average value of 0.45
(Figure 2F). Since a decrease in species richness and Pielou’s
evenness was apparent in all treatments, the control remained the
most species rich and evenly distributed treatment at bloom peak
(Figures 2D,F).

The strongly diluted treatments (D2 and SxD2), that initially
led to the strongest species loss, still showed a significantly
lower species richness at bloom peak compared to the control
(Figure 2D). In the strong dilution (D2), richness declined by
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FIGURE 4 | Schematic representation of community similarities between the different treatments. The distances are based on MDS plots that were obtained by

calculating a Bray-Curtis dissimilarity matrix (B-Cinter) between the replicates of each treatment. The overlain pie charts show initial (A) and bloom peak (B) species

composition in the different treatments. The dashed lines depict percentages of community composition similarities between different treatments. Pie diagrams

represent average species composition based on biomass data. In (A), the pie charts for S, F1, and Co correspond to highly similar data points overlapping in

between these three pie charts. F1 and Co of the initial samples had a similarity of more than 80%, but this could not be represented graphically. Legend with

color-coded species abbreviations is valid for both, a and b. 2D stress for (A,B): 0.01.

four species and in the combination of heat stress and strong
dilution (SxD2) it declined by six species (Figure 2D; Tukey
HSD: p = 0.002 and < 0.001, respectively; for ANOVA results
see Table 3). The latter effect seemed largely driven by the strong
dilution because heat stress alone did not result in a significant

species loss at bloom peak compared to the control (Figure 2D;
Tukey HSD: p = 0.99; ANOVA results in Table 3). Filtration did
not have a lasting significant effect on species richness at bloom
peak [Figure 2D, Tukey HSD: p = 0.95 (F1) and p = 0.55 (F2);
ANOVA results in Table 3].
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TABLE 3 | ANOVA results showing the effects of the factors dilution, filtration, heat

stress and the interaction between dilution and heat stress on species richness,

Pielou’s Evenness (J’), and within-treatment variation (B-Cintra) at bloom peak.

Response Factor df Sums of

squares

Mean

squares

F p-value

Richness whole model 7,24 106.40 15.20 9.23 <0.001

dilution 2 91.13 45.56 27.68 <0.001

filtration 2 5.13 2.56 1.56 0.231

stress 1 9.37 9.37 5.70 0.025

dilution:stress 2 0.75 0.38 0.23 0.798

J′ whole model 7,24 3.44 0.49 2.56 0.040

dilution 2 0.01 <0.01 0.02 0.986

filtration 2 0.68 0.34 1.76 0.194

stress 1 1.97 1.97 10.26 0.004

dilution:stress 2 0.79 0.40 2.07 0.149

B-Cintra whole model 7,24 6.78 0.97 28.63 <0.001

dilution 2 4.10 2.05 60.65 <0.001

filtration 2 0.97 0.49 14.38 <0.001

stress 1 0.89 0.89 26.16 <0.001

dilution:stress 2 0.82 0.41 12.10 <0.001

Statistically significant results (p < 0.05) are displayed in bold letters.

At bloom peak, the treatments were more equal in their
species composition compared to the initial samples. Whereas,
similarity of the community structure of some treatments were
initially <20% (Figure 4A), similarity at bloom peak was more
than 60% between all treatments (Figure 4B). This was mainly
caused by the dominance of SKE that contributed at least 52%
to total biomass in all treatments at bloom peak (Figure 4B,
Supplementary Table 3).

Generally, community composition of the treatments at
bloom peak was no longer mainly influenced by the dilution
gradient; instead the level of heat stress had the most pronounced
effect on community composition and similarity between
treatments (Figure 4B). This effect was driven by even stronger
dominance (90%) of SKE in the heat stressed treatment compared
to the control (65%), and by the strong joined dominance of SKE
and CHA in the dilution of stressed communities (Figure 4B,
Supplementary Table 3). Even though heat stress did not affect
Pielou’s evenness initially (Figure 2C), the strong dominance
of SKE in the heat stressed community significantly decreased
evenness at bloom peak (J’ = 0.16) compared to the control
(J’ = 0.45; Figure 2F; Tukey HSD: p = 0.038; ANOVA results
in Table 3). SKE is a species that has been observed to have
higher growth rates under warmer conditions and performs best
in temperatures between 20 and 24◦C (Sanchez et al., 1995). The
initial effects of filtration (F1 and F2) and weak dilution (D1)
on community composition (Figure 4A) were not mirrored at
bloom peak. Thus, community compositions in these treatments
were similar to the control (Figure 4B).

Within-Treatment Variation
As an important side-effect, we observed high within-treatment
variation (dissimilarity between replicates of a treatment, B-
Cintra) in most dilutions (D1, D2, and SxD2) and in the fine

filtration (F2) treatment (Figure 2E). Random effects, such as
differing species-specific relative contribution to total biomass,
or the absence and presence of certain species in replicates of
the same treatment (Supplementary Figure 1), could manifest
themselves in the treatments that initially decreased total biomass
(Figure 2B). More precisely, the weak dilution (D1) had two
pairs of replicates that were alike but differed from the other two
replicates (Supplementary Figure 1). The strong dilution (D2)
had one replicate that contained a large biomass of Thalassiosira
rotula (THAR), contributing 40% to total biomass, while the
other three replicates did not contain any THAR at all. In
the strong dilution of stressed treatment (SxD2), two replicates
had very high proportions (47 and 61%) of Chaetoceros spp.
(CHA), while the other two replicates had minimal amounts
of CHA (0.8 and 3.2%). In the strong filtration treatment (F2),
one replicate differed from the rest in that it contained a larger
proportion of THA and DET compared to the other three
replicates (Supplementary Figure 1). Consequently, as stated
above, B-Cintra clearly coincided with the amount of initially
removed biomass in the different treatments. The only exception
to this pattern was the weak dilution of stressed treatment (SxD1),
in which the replicates were very homogenous at bloom peak
(Supplementary Figure 1), resulting in a significantly lower B-
Cintra value than in the control (Figure 2E).

DISCUSSION

Using non-random species loss scenarios for experiments in
community ecology is becoming increasingly important, because
it allows for a more realistic approach to predict phytoplankton
communities’ functional reaction to changing environmental
conditions. The here tested methods advance the marine sciences
in two ways: first, they give the opportunity for more realistic
experiments in phytoplankton community ecology and second,
they allow a quantification of the hidden treatment effect
due to initial variation of phytoplankton density. Certainly,
these two factors are linked—in that the dilutive manipulations
always alter both species richness and species identities
simultaneously.

Essentially, all three treatments (dilution, heat stress, and
filtration) reduced richness of the targeted species groups. That is,
dilution effectively removed rare (decrease by 93% compared to
the total species pool) and heat stress sensitive species (decrease
by 80% compared to the total species pool). Filtration removed
some of the large species, but the success rate was only 50%
removal compared to the total species pool.

Effects of Dilution
Successful decrease of species richness due to dilution at the
onset of the bloom (Figure 2A) translated into lower species
richness at bloom peak (Figure 2D), but did not significantly
influence Pielou’s evenness at bloom peak (Figure 2F). Since
rare species are statistically more likely to be excluded from
a smaller inoculum, we expected an initial decrease in species
richness. Problematic is that even though dilution lead to
the effective loss of rare species, it was not possible to
control which species were lost in replicates of the same
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treatment. This lead to a high variability of species present
at bloom peak, causing more heterogeneous responses in
species composition and evenness between replicates of the
same treatment (Figure 2F, Supplementary Figure 1). In
experiments studying the effect of species loss on ecosystem
processes, the high variability of species causes problems,
because the effects observed in these experiments cannot
clearly be attributed to the decrease in richness. It could
just as likely be an effect of species identity carrying certain
functional traits. Furthermore, in many experiments—especially
those focusing on species traits—species identity is of great
importance. For example, in grazing experiments it is essential
to distinguish whether edible or inedible species are lost. In
certain climate change studies, it is of great interest if calcifying
coccolithophores or silicifying diatoms are lost. In these cases,
our methods of non-random species loss should be modified
(e.g., by using other stress factors) or might not be suited at
all.

To eliminate the problem of not only decreasing species
numbers, but also losing random species traits in different
replicates of the same treatment, the inoculum size could be
adjusted so that starting densities between treatments would be
more comparable. In culture experiments with bacteria, this is
already practiced (Franklin et al., 2001; Hol et al., 2015). For
this, the diluted community is allowed to grow for several days
such that an increase in biomass can be achieved before the
start of the experiment. However, to the best of our knowledge,
this method has not been used for phytoplankton and therefore
should be tested experimentally. It has to be confirmed that rare
phytoplankton species are actually removed from the culture in
the long run and cannot grow back to original numbers if the
inoculum is re-grown.

Nevertheless, for experiments that only focus on species
richness, dilution is a good method to create non-randomly
assembled communities. With dilution, distinct gradients of
species richness can be created (Roger et al., 2016; Hammerstein
et al., 2017), which is a large improvement over traditional
culture experiments with randomly assembled communities.
Furthermore, some experimental ecologists have used this
side effect of dilution to their advantage. Trommer et al.
(2012) for example, aimed at reaching high variation within
treatments to increase ecological noise and make the community
response broader. In addition to being an experimental
manipulation method, the dilution treatment can be useful for
other applications, such as long-term phytoplankton evolution
experiments. In these experiments, researchers use semi-
continuous culturing approaches where each new culture is
established as a (diluted) inoculum of the former (Lohbeck et al.,
2012; Schlüter et al., 2014). For these types of experiments, the
tested levels of dilution allow to estimate the potential loss of
genotypes at each step.

In general, dilution can be used as a standard method to lose
rare species or genotypes in natural phytoplankton communities,
for experiments that only manipulate richness. For experiments
with an additional focus on species identities, some adjustments
should be made to the dilution method and within-treatment
variation should be considered.

Effects of Heat Stress
Heat stress successfully decreased species richness of sensitive
species (Figure 2A). This did not have an immediate effect
on community composition (Figure 4A), but was reflected at
bloom peak by the extreme dominance of a warm-adapted
species (Figure 4B). For this manipulation it is helpful to have
a good knowledge of the community present at the onset of the
experiment, because that allows for fine-tuning of the heat stress
treatment (e.g., setting a specific target temperature or exposing
species to a certain temperature for a specific time frame).
Other methods to target different types of sensitive species
are also feasible. Hammerstein et al. (2017) used a mechanical
disturbance by shaking the cultures to create communities with
distinct gradients of species richness with the goal to lose sensitive
species. Summarizing, heat stress can be one successful method to
lose sensitive species in natural phytoplankton communities.

Effects of Filtration
In this study, fine filtration (20µm) successfully decreased initial
richness (Figure 2A), and similarly to the dilution treatment,
reduced initial biomass (Figure 2B). The observed effects on
within-treatment variability at bloom peak were also comparable
to dilution (Figure 2E). This problem can easily be mitigated
by adjusting the inoculum volume of the filtration treatment
so that it contains comparable phytoplankton densities to the
control.

A disadvantage of the filtration method was that it did not
completely remove all large species. Many large species are
long and thin, which means that individuals could still pass
through the sieve if they reach it in the right angle. This can
create a bias in size class categorization (Graham and Jones,
2007). Sieving the samples multiple times could minimize this
problem. In contrast to this, cells of some species that were
not defined as large were filtered out in this treatment. This
included genera like Skeletonema, Chaetoceros, and Detonula,
which are chain-forming and therefore accumulate to a greater
size (Round et al., 1990). The individual cell size, however, can be
smaller than the colony size. In this case, it has to be clarified
whether an individual cell or the entire colony is categorized
in a specific size class. Related to this, the special morphology
of some genera, including Chaetoceros, can also lead to a size
class bias. Chaetoceros cells themselves may not have an average
dimension exceeding 20µm, but many species of this genus
are conspicuous due to long spines protruding from the valves
(Round et al., 1990). We also observed this in the present study:
the overall largest cell dimension including spines often exceeded
20µm and therefore fewer cells of this genus were found in
the filtration treatment. The morphology and life history of
species has to be considered when targeting specific species for
removal.

Another challenge to the accuracy of the filtration treatment
in our experiment is based on the definition for large species
that we employed (i.e., the largest cell dimension exceeds
20µm). We chose this definition due to the scarcity of species
exceeding 100µm in size. We still found several species
initially categorized as large in the coarse filtration treatment
(F1), for which we had used the 100µm sieve (Figure 2). In
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other studies, the definition of large species might be chosen
differently as there may be predominantly species in larger
size classes, depending on the sampling location and time of
the year.

If all these complications are considered, filtration can
be a successful method to test the ecosystem consequences
of manipulating the “master trait” cell size in experimental
phytoplankton communities.

CONCLUSION

In general, the tested manipulations of non-random species loss
allow to assess the effects of realistic phytoplankton diversity
change. These methods can be used to manipulate species
composition for a wide variety of biodiversity experiments
independent of their scale (i.e., micro- and mesocosm) or
location (i.e., outdoor and indoor). However, researchers should
take special care to avoid the pitfalls of the dilution and filtration
methods, especially when species identities are important
for the experimental outcome. All in all, these methods are
a valuable improvement for hitherto artificially assembled
phytoplankton communities in biodiversity—ecosystem
functioning experiments, simply because non-random species
loss is more realistic (Gamfeldt et al., 2015).
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