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Introduction

Mean trait and functional changes in biological communi-
ties are due to diversity shifts that are driven by different
underlying processes involving ecological, evolutionary, and
physiological dynamics and occur among and within species.
Interspecific trait changes are driven by species compositional
shifts and intraspecific changes by evolutionary dynamics and
phenotypic plasticity. Trait variability on the different organ-
isational levels can be of similar magnitude (Schaum et al.
2013, Siefert et al. 2015) and changes, e.g. evolutionary
changes and species turnover, can occur on similar time scales
(Hairston Jr et al. 2005, Fussmann et al. 2007, Govaert et al.
2016, Des Roches et al. 2018, Raffard et al. 2019). Therefore,
both inter- and intraspecific trait diversity shifts are poten-
tially important for community-level changes (Govaert et al.
2016, Des Roches et al. 2018, Raffard et al. 2019).

The consequences of species diversity for ecosystem func-
tioning and services, mediated by community mean trait
changes, have been comprehensively demonstrated (reviewed
by Cardinale et al. 2012). Species diversity effects were
explained by niche partitioning among the species that form
a community and sequester the available resources into bio-
mass (i.e. realised productivity) as one important measure of
ecosystem functioning (Cardinale et al. 2007, 2009, Gross
and Cardinale 2007). The potential role of intraspecific
diversity for community functioning gained attention only
recently. Similarly shaped saturated relationships between
diversity and ecosystem functioning have been shown for
both species (reviewed by Cardinale et al. 2012) and intra-
specific (Raffard et al. 2019) diversity. Moreover, intraspecific
diversity can affect ecological dynamics with a similar effect
size to species diversity (Raffard et al. 2019). This can likely
be related to the fact that intraspecific trait variability can
be of similar magnitude as interspecific variability as shown
by a global meta-analysis covering 36 functional traits in
several hundreds of plant communities (Siefert et al. 2015).
Particularly the role of evolutionary changes due to genotype
sorting from standing genetic variability was suggested to
alter community-level changes (Ellers 2009, Litchman et al.
2012, Lohbeck et al. 2012, Listmann et al. 2020) but so far
has rarely been demonstrated to affect community function-
ing via shifts in community-level trait values (Hattich et al.
2023). Additionally, the ecophysiology of individual geno-
types, i.e. their phenotypic plasticity as another compo-
nent of intraspecific variability, can be significant (Jacob
and Legrand 2021, Valladares et al. 2000). Its potential role
in affecting community mean trait values and function-
ing, however, is still subject to investigation. For example,
Hattich et al. (2017) demonstrated that in order to measure
a realistic mean response variability to environmental change
of a phytoplankton species, it is necessary to take both the
phenotypic plasticity of particular genotypes and the variabil-
ity among them into account. It was shown that predictions
on community assembly and coexistence can change signifi-
cantly when considering intraspecific trait variability instead
of using fixed species mean trait values (Violle et al. 2012),
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which in turn can have significant consequences for commu-
nity functioning. Furthermore, interactions among simul-
taneously changing trait diversity on the different levels of
biological organisation can be important. Eco-evolutionary
dynamics are a prominent example of such interactions that
were shown to translate to altered community dynamics
(Fussmann et al. 2007, Koch et al. 2014). Another example is
the evolution of plasticity in multiple morphological, life his-
tory, and behavioural traits of Daphnia magna in response to
changes in fish predation (Stoks et al. 2016). Taken together,
these aspects point to the necessity to better understand the
simultaneous and potentially interacting underlying inter-
and intraspecific dynamics that drive community-level trait
changes and importantly their functional consequences in
response to changing environmental conditions.
Understanding the causes and predicting the functional
consequences of community change by using phytoplankton
as a model system has been a cornerstone in community ecol-
ogy (Hutchinson 1961, Sommer 1984, Sommer and Worm
2002). Due to their vast population sizes and fast generation
times, and their well-understood community ecology, phy-
toplankton lend themselves as an ideal model system to
add another layer of complexity to study the community-
level consequences of simultaneous inter- and intraspecifi-
cally driven trait changes. One major recent advance was to
use trait-based approaches to simplify the taxonomic com-
plexity and by that to identify important tradeoffs among
phytoplankton traits that ultimately explain community
changes (Litchman 2007, Litchman and Klausmeier 2008,
Litchman etal. 2015). In particular, traits affecting the acqui-
sition and utilisation of primary resources such as nutrients
and light, along with traits modulating losses due to graz-
ing and sinking were useful in this respect. Cell size is an
important ‘master’ trait that directly or indirectly influences
these four aspects that make up the phytoplankton ecologi-
cal niches (reviewed by Maranon 2015, Sommer et al. 2016,
Hillebrand et al. 2022) and as such can help to predict the
configuration and functioning of plankton communities
(Sommer et al. 2002, Lewandowska et al. 2014, Acevedo-
Trejos et al. 2018, Paul et al. 2021). Major phytoplankton
groups span up to 4 orders of magnitude in linear cell dimen-
sion (Finkel et al. 2010). Small phytoplankton show higher
affinity for nutrients and lower diffusion limitation due to
their higher surface-to-volume ratios (Aksnes and Egge 1991,
Hein et al. 1995, Edwards et al. 2012). Thus, in nutrient-
limited conditions small cells are competitively superior over
larger cells and nutrient-poor regions or seasons are domi-
nated by small phytoplankton, for example by picoplankton,
small flagellates, or coccolithophores (Lewandowska et al.
2014, Litchman et al. 2015). Larger cells, for example dia-
toms, are better competitors in nutrient replete and/or pulsed
conditions because they are characterised by high uptake and
growth rates and/or storage capacities while showing lower
affinity for nutrients (Sommer 1984, Edwards et al. 2012,
Maranon 2015, Sommer et al. 2016). Cell size in phyto-
plankton, however, does not only vary interspecifically but
also among and within clonal cultures of species and was
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shown to affect nutrient uptake and utilisation-related traits
(Malerba et al. 2016). In fact, it has been shown for a natural
phytoplankton community that cell size changes in response
to sea surface warming occur both inter- and intraspecifically
(Peter and Sommer 2012, 2013). Their role for community-
level size shifts, however, remained unexplained.

To understand community-level trait shifts that are poten-
tially driven by simultaneous inter- and intraspecific diversity
changes in phytoplankton, we conducted two experiments:
one long-term community experiment and one short-term
plasticity experiment, both treated with different nutrient
regimes. The two species in the model community, a diatom
and a coccolithophore, and their genotypes significantly dif-
fered in cell size, with the diatom genotypes showing greater
variability. Considering that size variability was present
between and within the species, we expected both inter- and
intraspecific selection on this standing trait diversity in the
long-term experiment. According to the relationship between
cell size and competitive ability in different nutrient regimes,
we expected that low nutrient concentrations select for the
smaller species and genotypes and vice versa that higher nutri-
ent concentrations select for larger species and genotypes. We
assumed the degree of intraspecific cell size changes due to
phenotypic plasticity for the diatom to be minor because it
should be limited to the alteration in the diatom’s cell height
(i.e. the pervalvar axis of the cylindric cell) during asexual
cell growth, while the diameter (i.e. the girdle band length)
can only be altered through auxosporulation which usu-
ally involves sexual reproduction (Kaczmarska et al. 2013).
Therefore, we expected that a change in mean cell size, total
abundance and biomass can be mainly explained by both spe-
cies and genotype diversity shifts.

Material and methods
Model system and general experimental set-ups

The model system consisted of two phytoplankton species, the
diatom Chaeroceros affinis and the coccolithophore Emiliania
huxleyi, comprising nine genotypes each. The genotypes were
originally collected and isolated from coastal waters off Gran
Canaria, Spain, in 2014 and 2015 (27°59'N, 15°22"W). For
detailed information on genotypes and dates of collection,
see Hattich et al. (2017).

Both the community and the plasticity experiment were
conducted in 0.5 litre polycarbonate bottles filled with 540
ml sterile filtered (0.2 um) artificial seawater with full marine
salinity of 35 prepared after (Kester et al. 1967). Whereas
micronutrients, vitamins and trace metals were added accord-
ing to f/8 concentration (Guillard 1975) in both experiments,
the addition of macronutrients varied because of the experi-
mental nutrient treatments. To prevent phytoplankton sedi-
mentation, the bottles were fixated on a plankton wheel that
constantly rotated at a speed of 0.75 min™'. The plankton
wheel with bottles was located in a temperature-controlled
(21.9 % 0.6°C) climate chamber underneath an LED light

facility that provided the phytoplankton with a 17:7 light/
dark cycle (3 h sunrise and sunset) and a maximum light
1

intensity of 300 + 21.0 pmol photons m=s7".

Community experiment

In order to simultaneously follow species and genotype diver-
sity shifts that potentially explain community mean trait and
functional changes, we conducted a long-term community
experiment. The two species grew in semi-continuous batch
cycles of seven days each, which allowed for stable coexistence.
Over each weekly culture cycle, the initially replete nutrients
were favourable to the diatom, while the coccolithophore
gained when nutrients were low at the end (Hamer et al.
2022). Standing genotype variability in both species was
introduced by initiating the experiment with the nine geno-
types each. The model community was treated with three dif-
ferent nutrient regimes. While ortho-phosphate was added
in constant concentrations of 0.9 + 0.1 pmol 17!, nitrate
was manipulated in three different concentrations of 9.0 +
0.7, 19.6 + 0.8, or 29.9 =+ 0.9 pmol 1! and thus reflected
N:P ratios of approximately 10, 20 and 30, respectively. We
hereafter refer to the three nutrient regimes as 10, 20 and 30
N. Silicate was added in concentrations to reflect a 4:1 N:Si
ratio. The three different growth media (i.e. nutrient regimes)
were prepared prior to filling the experimental bottles. Each
of the three nutrient regimes was five-fold replicated.

Prior to the experimental start, genotypes were separately
acclimated to experimental conditions with 20 pmol 1™
nitrate for seven days. Mean cell size of 15 cells of each geno-
type during acclimation was measured as described below. To
compensate for the species’ significant different cell sizes both
species were initially inoculated in equal biovolumes, which
equalled 25 cells ml™ for C. affinis and 500 cells ml™" for E.
huxleyi. The nine genotypes of each species initially contrib-
uted with equal cell abundances. The experimental duration
was 182 days which summed up to 26 batch cycles and cor-
responded to approximately 130 phytoplankton generations.

To weekly measure community composition and species
and community biomass, abundance and mean cell size, the
experimental bottles were sampled under a clean bench at the
end of each batch cycle (NuAire, model: NU-480-400F). At
the same time, a defined proportion (biovolume of 2.88 X 107
+ 1.57 X 107 um?) of the community was transferred to the
next batch cycle with fresh medium. To measure the abundance
of E. huxleyi, 3 ml were sampled over a sieve with 20 pm mesh
size, separating the small E. huxleyi from the larger C. affinis
cells. Subsequently, the separated E. huxleyi cells were counted
with a flow cytometer (Gallios, Beckmann Coulter). To deter-
mine the abundance of C. affinis, 5 ml samples were fixed with
Lugol’s iodine solution and counted using an inverted light
microscope. Cell size measurements of both species were like-
wise conducted microscopically after Hillebrand et al. (1999).
Originally, the cell size of five randomly picked cells of each
species was measured at the end of batch cycles 1, 2, 3, 6, 7,
8,9,10, 11, 12, 13, 17, 22, 23 and 26. Due to observed high
size variability of C. affinis cells, the protocol was adjusted for
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the at that time not yet measured batch cycles to reach a higher
precision in size measurements. In the adjusted protocol C.
affinis cells were classified into three morphotypes based on
their diameter (girdle band length; small: < 6 um, medium:
6-12 pm, large: > 12 pm) from which five randomly picked
cells were measured at the end of batch cycles 4, 5, 14, 15, 16,
18, 19, 20, 21, 24 and 25. In the adjusted protocol the mor-
photype’s abundances were counted separately which allowed
us to quantify the morphotype’s distribution and calculate
mean cell size standardised to their distribution. Biovolume
per ml was calculated from the size and abundance measure-
ments and used as a proxy for biomass. Evenness was expressed
as the relative contribution of E. huxleyi biomass to total bio-
mass. Temporal dynamics of response variables’ variability in
the system were shown as coefficients of variation (CV). At
the end of batch cycle 1, 7, 13 and 26 samples were taken for
analyses of dissolved inorganic nutrients.

To analyse genotype composition over time, samples were
taken after 7, 13 and 26 batch cycles. From each experimen-
tal bottle ten cells of E. huxleyi and C. affinis, respectively,
were re-isolated for assessment of genotype composition
using microsatellite fragment analysis (for detailed informa-
tion see the Supporting information). Allele binning was
performed using GeneMarker software and identification of
multi-locus genotypes was done by comparing the primer
peaks of the reisolates with the primer peaks of the original
genotypes. For analysis of genotype sorting over time, experi-
mental units with less than five isolates of one species identi-
fied were excluded. To link the remaining C. affinis genotypes
at the end of the experiment (batch cycle 26) to their emerg-
ing plasticity and morphotype distribution, we also included
experimental units with less than five isolates. The reason
was, that at this time point only one genotype was found per
experimental unit in all cases, to which we hereafter refer to
as monodominance.

Plasticity experiment

In order to test, whether the observed size variability of C.
affinis genotypes at the end of the community experiment
was due to selection from standing short-term genotype size
plasticity or not, we determined the size reaction norm of
each C. affinis genotype over a gradient of seven nitrate con-
centrations (Table 1) over one batch cycle (n=3). Prior to the
plasticity experiment, each genotype was acclimated over two

weeks at initial nutrient concentrations of 1.8 pmol I"! B, 30
pmol 1! N and 40 pmol 17" Si. Nutrient concentrations in
both experiments were measured with an autoanalyzer (Seal
Analytical QuAAtro). At the end of the experiment the size
of five randomly picked cells of each morphotype (diameter:
small: <5 pm, medium: 5-10 pm, large: >10 pm) present
in each bottle were measured microscopically as explained
above. From these measurements, standardised to the mor-
photype’s distribution, the mean cell size of each genotype
was determined. For unknown reasons C. affinis genotype
B68 showed much lower cell numbers in the 20 N, 30 N
and 40 N nutrient regimes in comparison to the other C.
affinis genotypes, while nitrate (4.6-16 pmol 1), silicate
(15.4-21.4 pmol I™!), and phosphate (0.5-0.9 pmol I"!) were
still present, suggesting that stationary phase has not been
reached. In consequence, we excluded this genotype from
further comparative analyses.

In both experiments cell size variability was expressed as
each genotype’s size range of mean values measured at the
different nutrient levels. Among genotype variability in the
plasticity experiment was expressed as the size range of mean
sizes of each genotype across nutrient levels.

Statistical analyses

Total biomass (measured as biovolume ml™') and cell abun-
dance, C. affinis biomass and cell size, E. huxleyi biomass
and cell size, evenness, and mean community cell size were
analysed using generalized additive mixed-effects models
(GAMM) with the categorical factor Nutrient regime, the
smooth term Time, and their interaction. Bottle identity was
incorporated as a random factor to account for repeated mea-
sures. Coeflicients of variation for total biomass, mean cell
size of the community and of C. affinis and E. huxleyi were
analysed using linear mixed-effects models (LMM) with the
fixed effect Time and the random effect Nutrient regime. Cell
sizes of the two species prior to the community experiment
were compared using Welch’s t-test and those of the geno-
types by using analyses of variance (ANOVA) for each species.

The assumptions for robust model testing were validated
graphically, and the significance level a for all analyses was
set to 5%. All statistical analyses were done using R software
and additional packages Ime4’ (Bates et al. 2015), ‘ImerTest’
(Kuznetsova et al. 2017), ‘mgev’ (Wood 2011), and ‘itsadug’
(van Rij et al. 2022).

Table 1. Nominal and actual starting nutrient concentrations and resulting N:P ratios at the onset of the plasticity experiment

with C. affinis.
Nitrate (pmol [-") Phosphate (umol 1) Silicate (pmol I-") N:P

nominal actual nominal actual nominal actual nominal actual
2.5 2.4 2 1.9 3.75 2.9 1.25 1.30
5 4.8 2 1.9 7.5 7.1 2.5 2.56
7.5 7.3 2 1.9 11.25 10.9 3.75 3.86
12.5 12.1 2 1.9 18.75 18.0 6.75 6.51
20 19.5 2 1.9 30 29.0 10 10.40
30 29.2 2 1.9 45 43,7 15 15.48
40 38.6 2 1.9 60 47.7 20 20.60
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Results

Community and species-level responses of biomass,
composition, abundance and cell size

Both species coexisted in all nutrient regimes throughout
the experiment. Total biomass significantly increased with
nitrate availability (Fig. 1, Table 2). In particular, comparing
the 10 to 20 N treatment, total biomass increased on aver-
age by 122%, driven by increases in the absolute biomass
of both species (Fig. 1, Table 2). The even biomass distribu-
tion between the two species thus did change only marginally
from the 10 to 20 N nutrient regime (Fig. 1, Table 2). With
further increasing nitrate concentration, C. affinis became
dominant and evenness sharply declined as a consequence
(Fig. 1, Table 2). Total cell abundance was highest in the
10 and 20 N due to the relatively high contribution of the
smaller E. huxleyi cells and more than halved in the 30 N
nutrient regime (Fig. 1, Table 2).

Mean community cell size significantly increased with
nitrate concentration and showed the largest cells in the
30 N nutrient regime (Fig. 1, Table 2). Specifically, mean
cell size increased on average by 60% (136-216 pm?) from
the 10 to 20 N and by another 372% (216-1021 pm?)
from the 20 to 30 N nutrient regime. Intraspecifically,
cell size of both species increased in response to nutrients.
Emiliania huxleyi cell size increased by on average 20%
from one increasing N regime to the other (10 N: 43 pm?;
20 N: 51 pm?; 30 N: 61 um?; Fig. 2, Table 2). Cell size
of C. affinis increased by 20% (995-1207 pm?®) compar-
ing the 10 N to the 20 N nutrient regime, and by an addi-
tional 30% (1207-1569 pm?) comparing the 20 and 30 N
treatments. (Fig. 2, Table 2).

Towards the end of the long-term experiment, mean com-
munity and C. affinis cell size more than doubled from day
120 onwards in the 20 and 30 N treatments. At the same time,
in the 30 N and to a lesser degree also in the 20 N treatment,
total and C. affinis biomass and dominance further increased,
while total abundance declined with time (Fig. 1, 2, Table
2, Supporting information). Variability of mean community
and C. affinis cell size and total biomass increased with time
in all treatments, whereas E. huxleyi cell size variability was
not affected (Fig. 1, 2, Supporting information).

Genotype composition

The temporal dynamics of genotype composition in response
to nutrient regimes showed a clear direction towards geno-
type competitive exclusion. Whereas for E. huxleyi from
approximately 100 days onwards the same genotype (C91)
dominated in all treatments (Fig. 3A), for C. affinis three dif-
ferent genotypes (B13, B67, B82) remained present in the
different nutrient regimes until the end of the experiment
(Fig. 3B). These genotypes, however, never co-occurred in
one bottle, regardless of whether experimental units wich less
than five isolates of one species identified were excluded or
not (Fig. 3B, Supporting information). Instead, they exclu-
sively dominated different replicates of the same nutrient
treatment, i.e. were monodominant. In more detail, from
approximately 100 days onwards C. affinis genotype B67
was most abundant. It monodominated all replicates in the
20 N but also individual replicates of the 10 N and 30 N
nutrient regimes. Genotype B82 monodominated one repli-
cate of the 10 N and one of the 30 N nutrient regimes and
B13 monodominated only one replicate of the 30 N nutrient
regime. The monodominance of genotypes at the end of the
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Figure 1. Species contributions (£. huxleyi in orange and C. affinis in green) (as mean total biovolume + SD), total cell abundance and mean
community cell size in the three different nutrient regimes 10, 20 and 30 umol I"' N.
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Table 2. Outcome of generalized additive mixed-effects models (GAMM) testing the effects of the categorical factor Nutrient regime, the
smooth term Time, and their interaction on the response variables total biomass, total cell abundance, mean cell size, evenness, C. affinis
biovolume and cell size, E. huxleyi biovolume and cell size. Significance levels for p-value: 0 “*** 0.001 “**” 0.01 “*" 0.05 * 0.1 * * 1.

Total biomass, n=373

Expl deviance=66.7% Estimate Standard error t-value p-value
Intercept 7.01405 0.01750 400.86 <2 X 10710 ***
10N —0.33451 0.02475 -13.52 <2 X 10716 Fxx
30N 0.09130 0.02495 3.66 0.000292 ***
Smooth terms Estimated df Reference df F-value p-value
s(Time) 16.775 20.158 3.998 <2 X 10716 Fxx
s(Time:20 N) 1.001 1.001 1.976 0.1608
s(Time:10 N) 2.613 3.249 3.117 0.0262 *
s(Time:30 N) 3.859 4.927 7.573 1.95 X 107° ***
s(Bottle ID) 3.722 12.000 0.447 0.1448
E. huxleyi biomass, =375 Estimate Standard error t-value p-value
Expl deviance=75.9%.
Intercept 6.39323 0.07604 84.077 <2 X 10710
10N —0.20006 0.10751 —-1.861 0.0637.
30N -0.83774 0.10766 -7.781 9.11 x 10714 ***
Smooth terms Estimated df Reference df F-value p-value
s(Time) 20.60 23.41 8.767 <2 X 10776 ***
s(Time:20 N) 1.000 1.000 0.108 0.743
s(Time:10 N) 4.588 x 10 9.159 x 10~ 0.014 0.999
s(Time:30 N) 6.661 7.778 11.897 <2 X 1071eHE*
s(Bottle ID) 10.70 12.00 8.013 <2 X 10710k**
C. affinis biomass, n=381 Expl. deviance=61.4% Estimate Standard error t-value p-value
Intercept 6.82217 0.03565 191.383 <2 x 10710k
10N —0.40549 0.05041 -8.043 1.25 x 10714+
30N 0.25566 0.05041 5.071 6.31 x 10707***
Smooth terms Estimated df Reference df F-value p-value
s(Time) 1.0001 1.0002 6.166 0.013472 *
s(Time:20 N) 0.1005 0.1939 0.037 0.932648
s(Time:10 N) 2.3491 2.9256 2.350 0.064295 .
s(Time:30 N) 3.9674 4.8981 5.424 0.0001712 ***
s(Bottle ID) 7.6051 12.0000 1.726 0.001480 **
Evenness, n=373 Estimate Standard error t-value p-value
Expl. deviance: 71.5%
Intercept 5.2153 0.3053 17.080 <2 X 10710 ***
10N 0.8199 0.4318 1.899 0.0585 .
30N -3.2589 0.4327 —-7.532 4.44 x 10713%**
Smooth terms Estimated df Reference df F-value p-value
s(Time) 7.766 9.455 6.065 <2 X 10716 xxx
s(Time:20 N) 1.002 1.003 3.039 0.08190 .
s(Time:10 N) 4.378 5.355 2.833 0.01746 *
s(Time:30 N) 2.911 3.815 4.580 0.00246 **
s(Bottle ID) 10.209 12.000 5.790 <2 X 10710 ***
Tot abundance, n=385 Estimate Standard error t-value p-value
Expl. deviance: 76.7%
Intercept 4.79888 0.05458 87.929 <2 X 10710 ***
10N —0.15440 0.07718 —-2.000 0.0462 *
30N —0.55357 0.07717 -7.173 4.45 x 10712 ***
Smooth terms Estimated df Reference df F-value p-value
s(Time) 13.837 16.102 5.312 <2 X 107TexE*
s(Time:20 N) 1.000 1.000 5.652 0.0180 *
s(Time:10 N) 3.663 4.525 2.697 0.0218 *
s(Time:30 N) 5.502 6.623 10.700 <2 X 10776 *xx
s(Bottle ID) 11.001 12.000 11.018 <2 X 10716 *x*
Mean comm cell size, n=373 Expl. deviance: 78%. Estimate Standard error t-value p-value
Intercept 2.21134 0.05441 40.643 <2 X 10710 ***
10N -0.17957 0.07695 -2.334 0.0202 *
30N 0.63774 0.07707 8.275 2.84 x 10715 ***
(Continued)
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Table 2. Continued.

Total biomass, n=373

Expl deviance=66.7% Estimate Standard error t-value p-value
Smooth terms Estimated df Reference df F-value p-value
s(Time) 6.452 7.481 3.335 0.00133 **
s(Time:20 N) 2.767 3.325 1.759 0.24596
s(Time:10 N) 3.501 4.254 2.794 0.02752 *
s(Time:30 N) 1.856 2.443 0.542 0.58688
s(Bottle ID) 10.523 12.000 7.066 <2 X 10716
E. huxleyi cell size, n=375 Expl. deviance: 51.9%. Estimate Standard error t-value p-value
Intercept 1.65278 0.01782 92.748 <2 X 10776 ***
10N —0.06499 0.02517 —2.582 0.0102 *
30N 0.06373 0.02536 2.513 0.0124 *
Smooth terms Estimated df Reference df F-value p-value
s(Time) 20.84 23.57 11.732 <2 X 107716 *x*
s(Time:20 N) 1.686 2.086 0.606 0.532
s(Time:10 N) 1.744 2.161 2.170 0.127
s(Time:30 N) 1.411 x 107 2.394x 10 0.160 0.995
s(Bottle ID) 4.104 12.00 0.521 0.113
C. affinis cell size, n=381 Expl. deviance: 49.6%
Intercept 3.01580 0.03729 80.864 <2 X 10716 **x
10N —0.07048 0.05274 -1.336 0.1823
30N 0.09827 0.05274 1.863 0.0633 .
Smooth terms Estimated df Reference df F-value p-value
s(Time) 1.000 1.000 1.796 0.1811
s(Time:20 N) 5.387 6.520 10.700 <2 X 10716 ***
s(Time:10 N) 3.022 3.962 2.397 0.0427 *
s(Time:30 N) 3.854 4.763 11.555 <2 X 10716 ***
s(Bottle ID) 9.674 12.000 4.145 <2 x 10716 *#x
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Figure 2. Mean cell size (+ SD) of E. huxleyi (orange line) and C. affinis (green line) in response to nutrient regimes.
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Figure 3. Temporal dynamics of the relative abundances of (A) E. huxleyi and (B) C. affinis genotypes in response to nutrient regimes.
Experimental units for each nutrient regime at the different time points are displayed next to each other. Experimental units with less than

five identified isolates were excluded.

experiment allowed us to measure the remaining genotype’s
cell size variability in response to nutrients.

Initial cell size

Prior to the long-term community experiment, the two
species differed in cell size with E. huxleyi genotypes
being significantly smaller (135 + 43 pm3 SD) than C. affinis
(1361 + 868 um? SD; Supporting information; Welch’s t-test:
t=15.448, df=119.52, p-value < 2.2 X 107'¢). While geno-
type identity of E. huxleyi explained only 23% of the total
variation in the species’ size (n?>=0.23, Supporting informa-
tion; ANOVA: F |, =[4.6246], p=5.693 X 107%), mean
cell size of C. affinis genotypes differed markedly (n?>=0.86;
Supporting information; ANOVA: F,|,,=[98.879], p-value
< 2.2 X 107'). Here, genotype identity explained 86% of
the variation in the species’ size. C. affinis genotypes formed
two size clusters of four small (B63, B67, B74, B81) and four
larger genotypes (B13, B57, B64, B82), respectively, span-
ning a range of 1480 um? between the small (620 pm?) and
the large (2100 um?) genotypes (Supporting information).

Observed cell size variability, distribution of
morphotypes, and short-term reaction norms
of C. affinis

The three remaining C. affinis genotypes at the end of the
community experiment (B13, B67, B82) exhibited variation
in mean cell size after approximately 130 generations of nutri-
ent selection that ranged from on average 955 to 4223 pm?
across nutrient treatments (Fig. 4). This significant variation
in cell size was driven by the most abundant (B67) among the
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remaining monodominant genotypes (Fig. 3B). The pheno-
typic size variation of genotype B67 ranged from on average
1501 and 2888 pum? in the 10 and 20 N treatments, respec-
tively, up to 4223 pum? in the 30 N nutrient regime (means
with standard deviations in Fig. 4), spanning a size range of
2722 pum?. In fact, the cell size range of genotype B67 across
nutrient regimes at the end of the long-term community
experiment exceeded the genotype’s short-term reaction norm
in cell size by almost 7-fold (673%) (compare short-term plas-
ticity vs. observed long-term variability in cell size of B67 in
Fig. 5), and that of all other C. affinis genotypes by on average
522% (compare short-term plasticity of all genotypes except
for B67 with observed long-term variability in cell size of B67
in Fig. 5). The exceedance of the observed size variability in
the long-term experiment compared to short-term size plas-
ticity is noteworthy, because long-term responses were mea-
sured over a smaller nutrient gradient (9—30 pmol nitrate 17')
compared to the gradient applied in the short-term plasticity
experiment (2.5-40 pmol nitrate 17').

The unexpectedly high variability in mean cell size across
the three nutrient regimes, particularly exhibited by genotype
B67, resulted from the underlying morphotypes’ distribu-
tion (Fig. 4). For genotype B67 only the large morphotype
contributed to the genotype’s absolute biomass in the 30 N
nutrient regime. In the 10 and 20 N nutrient regimes, besides
the large, the small and the medium size classes contributed,
respectively. For C. affinis genotype B82 that remained in
individual replicates of the 10 and 30 N nutrient regimes,
only the medium-sized morphotype contributed to its abso-
lute biomass in the 30 N and both the large and small mor-
photypes contributed in the 10 N nutrient regime. Average
cell size due to this morphotype distribution equalled out to
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Figure 4. Biomass of the three C. affinis genotypes (B13, B67, B82) persisting in the different nutrient regimes until the end of the long-
term community experiment (175 days). The colours indicate the contributions of morphotypes to the absolute genotype’s biomass and the
point and whisker plots the resulting mean cell size (+ SD) of the genotype.

cells of on average 1370 pm? in both nutrient regimes. Only
the medium sized morphotype contributed to the absolute
biomass of C. affinis genotype B13 that remained to the end
of the community experiment in only one replicate of the 30
N treatment.

Discussion

According to our expectations, species compositional shifts
with increasing nutrient concentration towards the larger dia-
tom were reflected in changes in mean community cell size,
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Figure 5. Short-term reaction norms of cell size for each C. affinis genotype are shown as the solid line ranges of mean size values measured
in the different nutrient levels (coloured dots). Among genotype variability (left side) in the short-term plasticity experiment is shown as the
solid line range of mean cell sizes of each genotype averaged across nutrient level. Observed phenotypic variability of genotypes B82 and
B67 that remained in more than one replicate to the end (175 days) of the long-term community experiment is visualised by the dashed
line ranges of average size values in the different nutrient regimes. The coloured dots associated to the dashed lines showing the mean cell

size in each of the three applied nutrient regimes in the long-term community experiment.
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total abundance and biomass. Intraspecifically, the observed
increase in size and biomass and decline in abundance towards
higher nutrient concentrations, contrary to our expecta-
tion, could not be connected to directional genotype sorting
according to their initially measured mean cell size. Instead,
vast size variability of one remaining C. affinis genotype
emerged towards the end of the community experiment and
explained the observed species’ size response to nutrients. In
fact, this genotype’s emerged size variability reflected the trait
flexibility that allowed for morphotype sorting in response to
nutrient regimes and ultimately explained intraspecific shifts
in cell size. These intraspecific shifts with time not only added
and thus translated to the observed increase in mean com-
munity size with nutrients, but also contributed to a rise in
total biomass in replete nutrient conditions (reflected in the
interaction between nutrients and time in Table 2 and the
Supporting information). The fact that the size variability of
one remaining C. affinis genotype at the end of the commu-
nity experiment exceeded the genotype’s short-term reaction
norm in cell size towards nutrients excludes the possibility for
selection of genotypes exhibiting substantial short-term plas-
ticity. Instead, the data suggest selection for a highly plastic
genotype only in the longer term, which was likely possible
through increased intragenotypic variability by the formation
of asexual auxospore-resembling cells.

Responses and consequences of species
compositional shifts

The responses of mean community cell size, total abundance
and biomass to nutrient regimes met our expectations and
can be related to the observed species’ compositional shifts
and their resource use. The dominance of the larger C. affi-
nis under the highest nutrient concentration was as projected
since diatoms are known to rapidly grow (Maranon 2015)
and as velocity-adapted species outcompete smaller species
in pulsed and nutrient-replete conditions (Sommer 1984,
Litchman 2007). The nitrate concentrations in the 10 and 20
N regimes apparently were low enough to allow the affinity-
adapted E. huxleyi to thrive and successfully compete which
resulted in an even biomass composition of the two species.
While mean community cell size increase and subsequent
total abundance decline was most pronounced between
the 20 and 30 N treatments and can be explained by the
nutrient-driven increase in dominance of the larger C. affinis,
the major increase in total biomass occurred from the 10 to
20 N nutrient regimes. Here, the even distribution of both
species remained constant because both species gained from
the increased resource availability. This likely led to comple-
mentary resource use between the two species and translated
to the significant increase in total biomass with nutrients.
Two possible and likely non-exclusive interpretations can
explain the lesser increase in total biomass from the 20 to
30 N treatment. First, non-complementary nutrient use due
to the dominance of C. affinis. Second, P-limitation accord-
ing to the manipulated N:P ratio has led to unused nitrate
(Supporting information ).
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Intraspecific dynamics: genotype sorting, possible
plasticity, morphotype distribution

We did not observe selection on standing genotypic varia-
tion in cell size in the different nutrient treatments, which
we expected to happen in particular for genotypes of C.
affinis due to their pronounced variation in mean cell size
before the onset of the community experiment (Supporting
information). Instead, the most probable explanation is that
genotype selection took place for the most plastic genotype
(B67) in the long-term. For this genotype (B67), in paral-
lel to genotype competitive exclusion, the emerged size vari-
ability was reflected in the occurrence of differentially sized
morphotypes at the end of the community experiment. The
different morphotypes in turn allowed for size-related sorting
towards nutrients which likely reflected the genotype’s plas-
ticity. According to our expectations, the highest nitrate con-
centration mainly selected for the large morphotype, whereas
also smaller-sized morphotypes contributed to the genotype’s
biomass at lower nitrate concentrations (Fig 4). At the same
time the observed size variability of this one genotype trans-
lated to an increase in variability of all C. affinis size-related
variables (Supporting information). The size selection again
can be explained by the fact that smaller cells due to higher
surface-to-volume ratio are better adapted to use, and thus
compete for, the available resources in low nutrient concen-
trations (Aksnes and Egge 1991, Sommer et al. 2016). In
contrast, while showing lower affinity, larger cells are often
better suited to rapidly take up pulses of highly concentrated
nutrients as simulated in the 30 N nutrient regime (Sommer
1984). Different morphotypes also occurred for genotype
B82. Here, only medium-sized cells were present in the high-
est nutrient regime while large and small cells coexisted in
the lowest. This distribution, however, did not lead to differ-
ences in mean size among the two nutrient treatments (only
one and two replicates were available for the 30 N and 10
N nutrient treatments, respectively) in which this genotype
remained as monodominant. For the third genotype (B13)
we could not evaluate for size variability as it only mono-
dominated one single replicate in the 30 N regime.

In our study genotyping involved some constraints due to
limited data. For the analysis of genotype sorting over time,
we excluded replicates in which less than five cells could be
genotyped for a species. To the extreme, this led to the exclu-
sion of seven out of 15 replicates across nutrient regimes for
C. affinis at the end of the community experiment. The anal-
ysis of size variability of the two less abundant C. affinis geno-
types (B82, B13) at the end of the experiment was largely
limited as they monodominated very few replicates.

The evolution of cell size variability and the specific
role of the diatom life cycle for plasticity

The observed phenotypic variability in cell size of one C.
affinis genotype (B67) that monodominated replicates in
all nutrient regimes at the end of the long-term community
experiment clearly exceeded the measured reaction norms
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of the corresponding but also of all other genotypes in the
short-term plasticity experiment. From this, we exclude the
possibility that the observed size variability originated from
evolution through selection of genotypes being highly plastic
from the beginning. We exclude evolution of size plasticity
caused by sexual recombination as the applied microsatel-
lite markers were able to identify the original nine C. affi-
nis genotypes throughout the entire experiment. We further
assume adaptive evolution due to undirected mutations over
the 130 generations covered in our experiment is unlikely to
explain our results of significant size variability. For exam-
ple, Lohbeck et al. (2012) found changes in growth rate and
cell size caused by mutations of the faster-growing species
Emiliania huxleyi in our system after 500 generations. They
calculated that after the occurrence of mutations, the sweep
time to increase mean population fitness by 2.5 to 5% alone
took about 110 to 205 generations. In our community exper-
iment, such a sweep period basically would have left no time
for mutations to play an ecological role. They are therefore
unlikely to explain the observed doubling in intraspecific size
from the point intra-genotypic variability emerged. Others
likewise show that nutrient-dependent thermal adaptation of
diatoms did not occur before 200 generations (Aranguren-
Gassis et al. 2019). Therefore, we consider the most probable
explanation for our findings to be evolution of size plasticity
through selection of the most plastic genotype (B67) in the
long term. Unfortunately, we cannot ultimately prove evolu-
tion of plasticity as we did not conduct a second plasticity
experiment with the three remaining genotypes since we were
not aware of these findings at the termination of the com-
munity experiment. Our data suggest, however, that the pos-
sible evolution of size plasticity towards nutrient availability
in the community experiment did not occur before 120 days
because from this point cell size and variability of all C. affinis
size-related responses started to increase in all nutrient treat-
ments (Fig. 2, Supporting information). We assume, that
from this point on the most plastic genotype (B67) showed
long-term life cycle-related cell size shifts pointing to possible
developmental plasticity of cell size. A closer look revealed
that the observed C. affinis cell size increase was driven by the
increase in radius, i.c. the increasing diameter, of the cylindric
cells (Supporting information). In contrast to the height, the
radius affects the volume of a cylinder in a quadratic manner
(volume cylinder=pi r* h, where r describes the radius and h
the height of the cylinder). Thus, small changes can cause sig-
nificant size shifts. Particularly, at the end of the community
experiment in the 30 N nutrient regime, the radius increased
by approximately 3 pm over 28 days and led to the unexpect-
edly strong increase in diatom size (Supporting information).
However, according to common literature, diatoms cannot
increase their diameter through clonal cell reproduction, dur-
ing which normally each half of a divided cell turns into an
epitheca and generates a new naturally smaller hypotheca,
respectively. This process leads to a gradual decline of cell
size in clonal populations until auxosporulation takes place,
which usually involves sexual reproduction. Auxosporulation
results in the formation of a larger initial cell of original size

from which the vegetative cycle starts from the beginning
(Kaczmarska et al. 2013). Therefore, it should not be pos-
sible for a clonal diatom cell to show a purely physiologi-
cal response in size via increasing the diameter. However,
Kaczmarska et al. (2013) also reported the exception from
the rule, namely the formation of an auxospore-resembling
cell without sexual recombination allowing for cell size recov-
ery of a clonal population by increasing the diameter after
becoming gradually small. In our long-term experiment,
the gradual decline in diameter and hence cell size until 125
to 160 days depending on the nutrient regime (Supporting
information) points to clonal reproduction via cell divisions.
This phase was followed by a pronounced increase in diam-
eter (Supporting information), which suggests cell size recov-
ery through vegetative formation of an auxospore-resembling
cell. A similar pronounced increase (doubling) in cell size of a
different centric diatom species due to the suggested asexual
formation of auxospore-resembling cells has been reported
(Godhe et al. 2014). Godhe and Rynearson (2017) pointed
out that diatom life cycle traits such as the formation of rest-
ing and auxospores can potentially affect the phenotypic vari-
ability of a particular population which would be confirmed
by our finding. However, we have not actively monitored the
samples for auxospore-resembling cells and thus can neither
ultimately confirm nor exclude the occurrence of the pro-
posed asexual cell size recovery. Independent of the exact
mechanism that has led to the possibly emerged high plas-
ticity, we suggest that intragenotypic variability, which was
likely provided by asexual auxosporulation, enabled selection
of cells with a wider diameter. This allowed for the resulting
morphotype distribution with on average significantly larger
cells under higher nutrient availability at the end of the long-
term community experiment.

The potential causes and consequences of plasticity
in a community context

Understanding intraspecific trait variability and in particular
the causes and consequences of plasticity in of the light of
community diversity is a fascinating and highly integrative
area of ecology which so far remains rarely addressed. The
suggested evolved size plasticity through selection of C. affi-
nis genotype B67 covered a cell size range that was similar
to both the interspecific cell size variation between C. affi-
nis and E. huxleyi at the onset of the community experiment
(Supporting information) and the intraspecific variation
measured among all C. affinis genotypes during the plastic-
ity experiment (Fig. 5). In other words, the possibly evolved
plasticity covered trait variability of a similar magnitude at the
end of the community experiment as across species and geno-
types at the onset. In communities, interspecific diversity can
act as a self-stabilizing force, constraining intraspecific vari-
ability by limiting a species’ niche occupancy (Ellers 2009).
Obur results can be used to extend this idea to the interaction
between genotype diversity and plasticity, suggesting that a
decrease in genotype diversity could weaken the stabilizing
effect, potentially resulting in significant plastic responses
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in cell size of a single genotype across various nutrient treat-
ments. While we cannot say whether the suggested evolution
of plasticity in our experiment was only possible because of
low genotype richness, or whether it was possible due to eco-
logically uncorrelated diatom auxospore formation, the data
suggest that rapid evolution of plasticity could be a mecha-
nism to maintain trait diversity during bottleneck situations
of low species and/or genotype richness.

The major consequence of the possibly emerged plas-
ticity in our study was that the resulting intraspecific cell
size increase of C. affinis not only added to the increase in
mean community cell size but also to a rise in total biomass
in replete nutrient conditions. In other words, plastic trait
changes of one genotype translated to the functional commu-
nity level. There are only very few examples in the literature
on the functional community ecological role of phenotypic
plasticity. For example, Lajoie and Vellend (2018) suggested
that community-level trait responses in herbaceous plants to
ongoing climate change were predominantly mediated by
species turnover, similar to our findings. Those trait changes
that could be attributed to intraspecific dynamics, however,
were mainly driven by plasticity and not genetic differentia-
tion among populations, i.e. evolutionary change. In a field
experiment testing the effects of diversity on productiv-
ity through crown light use of young trees, Williams et al.
(2017) demonstrated that neighbourhood-driven plasticity
in crown morphology contributed equally to complementar-
ity-driven overyielding than interspecific differences. These
few studies including our findings presented here, however,
do not allow to generalise the importance of plasticity driv-
ing community-level trait changes. The role of trait plastic-
ity is likely context-dependent and might come into play
when other sources of trait variability in a community are
rare as we have discussed above. For phytoplankton, such
an integrated demonstration of the importance of different
trait change drivers has not been conducted so far. However,
Malerba et al. (2016) underpin that considering mean trait
values of phytoplankton species only, while disregarding
plastic intraspecific variability, can lead to an underestima-
tion of the physiological performance of a species by an
order of magnitude. The authors showed that in chlorophyte
phytoplankton intraspecific cell size plasticity significantly
affected nutrient utilization-related traits, which are known
to be important for phytoplankton competitive success and
thus community structure and functioning (Litchman et al.
2007). In line with our findings, these insights call for the
recognition of plasticity as a source of trait variability when
predicting future phytoplankton changes using mathematical
models as stated in Acevedo-Trejos et al. (2022). In particu-
lar, the plasticity of size is important, because it was shown
that phytoplankton diversity is largely regulated via two size-
mediated tradeofls, i.e. the competition-vulnerability and the
affinity-growth tradeoff (Vallina et al. 2014).

While the overall finding that replete nutrient concentra-
tions select for larger cells is not new, the novelty of our study
is that we not only demonstrate the occurrence of selection
on the species, genotype and plastic level in a community
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context but also their ecological relevance. The generality
of our finding might be limited by studying a community
with two species and 18 genotypes only. Applying such a
simplified system, however, demonstrates the classic trad-
eoff between a controlled model community to understand
each of the ongoing processes and natural ecosystems which
exhibit many more simultaneously occurring dynamics and
thus variability. A next step of major interest in the future that
could build upon this study is to experimentally quantify the
contributions to community-level changes not only of inter-
and intraspecific trait changes (Hattich et al. 2022) but intra-
specifically to partition also those of genotype sorting and
plasticity. For this purpose, one could apply the partitioning
approach after Stoks et al. (2016), which requires isolation,
cultivation and reaction norm measurements of potentially
evolved genotypes. Another potential way to tackle this com-
plex task could be flexible model-based hypothesis testing
(Pantel and Becks 2023) which can compare and predict the
outcome among alternative eco-evo-physiological hypotheses
including their interactions. Such an approach would require
new data acquirements, particularly the measure of original
and potentially evolved plasticity.

Conclusions

In this study, we show that implying all three levels on which
trait diversity in a community can be exhibited are potentially
important to explain community-level trait and functional
changes. In an experimental phytoplankton model commu-
nity, changes in mean cell size and total biomass in response
to different nutrient regimes could likely be explained by the
expected composition of the two species. Genotype sorting
according to their mean cell size did not add to the expla-
nation in the first place. Intraspecifically, however, possible
evolution of size plasticity of one of the genotypes allowed for
size-related selection and distribution of morphotypes, which
ultimately provided the intraspecific response diversity in the
different nutrient regimes. Importantly, the fact that size vari-
ability in this community was of similar magnitude, no mat-
ter if exhibited through species and genotype variability or
phenotypic plasticity, allowed the possibly evolved plasticity
in cell size to translate to community-level trait and func-
tional shifts. Our results demonstrate that predicting the fate
of (phytoplankton) communities heavily relies on consider-
ing the multiple and interchangeable ways by which com-
munities can maintain trait variability and hence respond to
changing environmental conditions.
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