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Abstract

1. Shifts in microbial communities and their functioning in response to environmental

change result from contemporary interspecific and intraspecific diversity changes.
Interspecific changes are driven by ecological shifts in species composition, while
intraspecific changes are here assumed to be dominated by evolutionary shifts in
genotype frequency. Quantifying the relative contributions of interspecific and in-
traspecific diversity shifts to community change thus addresses the essential, yet
understudied question as to how important ecological and evolutionary contribu-
tions are to total community changes. This debate is to date practically constrained
by (a) a lack of studies integrating across organizational levels and (b) a mismatch
between data requirements of existing partitioning metrics and the feasibility to

collect such data, especially in microscopic organisms like phytoplankton.

. We experimentally assessed the relative ecological and evolutionary contribu-

tions to total phytoplankton community changes using a new design and validated
its functionality by comparisons to established partitioning metrics. We used a
community of coexisting Emiliania huxleyi and Chaetoceros affinis with initially nine
genotypes each. First, we exposed the community to elevated CO, concentration
for 80 days (~50 generations) to induce interspecific and intraspecific diversity
changes and a total abundance change. Second, we independently manipulated
the induced interspecific and intraspecific diversity changes in an assay to quan-
tify the corresponding ecological and evolutionary contributions to the total
change. Third, we applied existing partitioning metrics to our experimental data

and compared the outcomes.

. Total phytoplankton abundance declined to one-fifth in the high CO, exposed

community compared to ambient conditions. Consistently across all applied parti-
tioning metrics, the abundance decline could predominantly be explained by eco-
logical shifts and to a low extent by evolutionary changes.

. We discuss potential consequences of the observed community changes on

ecosystem functioning. Furthermore, we explain that the low evolutionary

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society

120 wileyonlinelibrary.com/journal/fec

Functional Ecology. 2022;36:120-132.

B5URD| T SUOLIWIOD BA RO B|qeolidde au) Ag peueAob ae s3I YO (88N JO s3I o} AIqIT BUIIUO 81/ UO (SUONIPUOD-pUR-SULR}W0D"A3| 1M AR.q U UO//SANY) SUORIPUOD PUe SLUB L 841 89S [£202/T0/80] Uo Aiqr1auiiuo ABjim mn jo AseAN A £26€T SErZ-SOET/TTTT OT/I0p/WO00"A3] 1M Aze.q U1 UO'S FEUIN0 3G/ SdNY WOy papeojumod ‘T ‘2202 ‘SEVZSIET


www.wileyonlinelibrary.com/journal/fec
mailto:﻿
https://orcid.org/0000-0003-4660-7759
https://orcid.org/0000-0002-8517-8427
https://orcid.org/0000-0001-8326-3591
https://orcid.org/0000-0001-8442-4502
https://orcid.org/0000-0002-8961-4337
https://orcid.org/0000-0001-9673-1876
http://creativecommons.org/licenses/by/4.0/
mailto:giannina@hattich.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2435.13923&domain=pdf&date_stamp=2021-11-08

HATTICH ET AL.

Functional Ecology 121

KEYWORDS

1 | INTRODUCTION

While the relevance of interspecific diversity changes to affect
ecosystem functioning was long recognized and explained by se-
lection and niche partitioning (Hooper et al., 2005, 2012; Loreau
& Hector., 2001), the potential importance of intraspecific diver-
sity changes was only recently described (Bolnick et al., 2011;
Prieto et al., 2015). Interspecific diversity shifts are manifested in
altered species composition and thus reflect ecological changes.
Intraspecific diversity shifts can reflect evolutionary changes, if
these shifts are manifested in altered allele frequencies. Allele fre-
quency shifts can be the result of altered genotype composition (i.e.
standing genetic diversity) or new mutations acquired by particular
genotypes. However, interspecific and intraspecific trait changes
are not only the result of diversity changes but may additionally de-
pend on organisms’' phenotypic plasticity. While one could expect
that the scope for diversity effects is far greater between species
than within species, a recent meta-analysis showed that intraspe-
cific diversity effects can be of similar magnitude to those driven
by species diversity shifts across trophic levels, and across a variety
of ecosystems (Des Roches et al., 2017). Analogue to effects of in-
terspecific diversity, significant effects of intraspecific diversity on
stability (Prieto et al., 2015; Reusch et al., 2005) and productivity
(Crutsinger et al., 2006; Sjoqvist & Kremp, 2016; Wolfe, 1985) have
been described. In line with modern coexistence theory based on
niche partitioning, competition among several phenotypes of three-
spine sticklebacks resulted in coexistence by character displacement
(Svanbick & Bolnick, 2007). This example indicates that the same
mechanisms maintaining interspecific diversity and its consequent
effects on community functioning are also at play among individuals
of one species. In communities of organisms in which evolution hap-
pens contemporary to species compositional shifts and which are
subject to environmental change, the study of interspecific and in-
traspecific diversity shifts allows a glimpse into the consequences of
both ecological and evolutionary processes. As ecological and evo-
lutionary processes can occur on similar time-scales and thus may
influence one another (Carroll et al., 2007; Fussmann et al., 2007;

Hairston et al., 2005; Schoener, 2011), it is important considering

contributions likely resulted of intraspecific diversity changes that occurred irre-
spectively of CO,. We discuss how the assay could be upscaled to more realistic
settings, including more species and drivers. Overall, the presented calculations of
eco-evolutionary contributions to phytoplankton community changes constitute
another important step towards understanding future phytoplankton shifts, and

eco-evolutionary dynamics in general.

community change, eco-evolutionary shifts, environmental change, interspecific diversity,

intraspecific diversity, ocean acidification, partitioning metrics, relative contribution

both interspecific and intraspecific diversity shifts in communities
responding to environmental change.

Within the exponentially increasing numbers of studies published
in the field of Eco-Evolution (Bassar et al., 2021), the number of studies
quantifying the relative contributions of both aspects of diversity change
for community properties or mean trait changes are still scarce. Existing
partitioning metrics, which allow quantifying the ecological and evolu-
tionary contributions, could be a valuable tool to assess the relative im-
portance of intraspecific diversity effects for community-level responses.
However, most existing partitioning metrics require trait measurements
at the population level, and this for multiple species within the commu-
nity, often resulting in high data requirements. For example, partitioning
metrics based on the Price equation require information on genotype fre-
guencies and their trait values for each species (Collins & Gardner, 2009;
Govaert et al, 2016; Price, 1970; Table 1). Metrics based on reac-
tion norms such as the reaction norm approach (Govaert et al., 2016;
Stoks et al., 2016) and the Geber method (Ellner et al., 2011; Hairston
et al,, 2005; Pantel et al., 2015; terHorst et al., 2014) require information
on species composition and their trait values collected from common
garden or transplant experiments (Table 1). Last, metrics based on vari-
ance partitioning (VP) after Leps (Leps et al., 2011) require measurements
of species frequencies and trait values (Table 1) and are widely used in
terrestrial plant systems (e.g. Lajoie & Vellend, 2015, 2018; Tusifujiang
et al., 2021). The above-mentioned metrics are often applied on traits
that can be measured for single individuals; however, this is not easily
applicable to microscopic organisms, as for example phytoplankton.

Phytoplankton constitutes the base of most aquatic food webs and
play a key role for global biogeochemical cycles (Cassar et al., 2015;
Field et al., 1998). Biodiversity shifts driven by environmental changes
result in altered phytoplankton mean functional traits and/or commu-
nity properties (Boyce et al., 2010, 2015; Filstrup et al., 2014; Stibor
et al., 2004; Vallina et al., 2017) and thus can influence these major
ecosystem functions. Under persisting increase in seawater CO,, con-
centration for example, significant compositional shifts are described
(Eggers et al., 2014; Schulz et al., 2017; Tortell et al., 2008) that are
likely the result of unique and in parts opposing environmental sen-
sitivities exhibited by major phytoplankton groups. One-third of the

anthropogenically emitted CO, since pre-industrialization has been
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TABLE 1 Comparison of existing eco-evolutionary partitioning metrics applied at the community level, the Price equation, two approaches based on reaction norms (Geber method

following Ellner et al., 2011; Hairston et al., 2005; reaction norm approach following Govaert et al., 2016; Stoks et al., 2016), Variance partitioning (Leps et al., 2011), and the here introduced

Eco-Evo assay, with regard to requirements and the ability to also partition mean trait changes and community properties

Applicable to:

Required data:

Community properties (e.g.
abundance, biomass)

Mean trait
changes

Species

Genotype

composition

composition

Reaction norms

Trait values

No (except biomass as in Fox &

Yes Yes

Yes

No

Yes (genotypes)

Price equation

Kerr, 2012)

Yes (as state variable as in Pantel

Yes Yes

No

Yes

Yes (populations)

Geber method

Based on

etal., 2015 or if measured

experimentally)

reaction
norms

Yes (as state variable as in Geber

Yes Yes

No

Yes

Yes (populations)

Reaction norm approach

Method)

No (except biomass)

Yes Yes
Yes

Yes

No

Yes (populations)

No

Variance partitioning

Yes

No (only a subset of a full reciprocal

Eco-Evo assay

transplant)

absorbed by the ocean (Caldeira & Wickett, 2003), resulting in both
increased concentration of dissolved inorganic carbon and reduced
availability of calcium carbonate, crucial for the ability of organisms to
form calcareous shells and skeletons (Doney et al., 2009). Calcifying
phytoplankton such as coccolithophores are thus adversely affected
by increased seawater CO, compared to other functional groups of
phytoplankton such as diatoms that benefit from the surplus of CO,
facilitating its acquisition (Bach et al., 2017; Collins & Bell, 2004;
Dutkiewicz et al., 2015). Species can, however, potentially keep pace
with fast environmental changes by rapid evolution (Jin et al., 2013;
Lohbeck et al., 2012). Such evolution on an ecologically relevant time-
scale is potentially widespread in phytoplankton due to pronounced
intraspecific diversity (Hattich et al., 2017; Zhang et al., 2018), fast gen-
eration times and enormous population sizes of up to millions cells per
mL (Collins et al., 2014; Rengefors et al., 2017; Reusch & Boyd, 2013).
In the face of climate change, the relevance of intraspecific diversity
changes might be further enhanced as models predict a sharp decline
of tropical phytoplankton diversity in the absence of adaptive evolution
(Thomas et al., 2012).

Whether rapid evolution observed in highly controlled single
species laboratory experiments has the potential to effectively
propagate to altered phytoplankton community functioning in re-
sponse to environmental changes, here CO, concentration, remains
largely unknown. This knowledge gap partly results of the to date
predominating separate assessment of plastic (physiological; e.g.
Meyer & Riebesell, 2015), evolutionary (e.g. Lohbeck et al., 2012)
or ecological (e.g. Sommer et al., 2015) changes (but see Collins &
Gardner, 2009). The uncertainty about the evolutionary contribu-
tion further results from a mismatch between required and avail-
able data to apply the existing metrics to partition and quantify
ecological and evolutionary diversity effects. The aforementioned
methodological constraint to collect genotype/species abundances
and their associated trait values arises in particular in microscopic
communities as phytoplankton, where only a limited number of
morphological traits can be assessed in situ (i.e. size, morphological
defence). Other traits such as characteristics related to nutrient up-
take and toxicity cannot be microscopically observed, and thus their
measurement requires the isolation of single species or genotypes
and subsequent trait measurements in clonal populations in labo-
ratory settings. Such measurements are time and labour-intensive.
Abundance measurements require the identification of species and
genotypes. While species identification and quantification are fea-
sible by microscopy (cell size >5 um) and in parts by flow cytometry
(cell size <5 um), genotype identification relies on molecular tools
such as microsatellite markers with a limited ability to provide quan-
titative data (Lohbeck et al., 2012; Wolf et al., 2019). To overcome
the constrains on required observations on genotype frequency
shifts to assess the relative eco-evolutionary contributions on car-
bon uptake in marine phytoplankton using the Price equation ap-
proach, Collins and Gardner (2009) proposed to assume additivity of
evolutionary, ecological and physiological contributions. Precisely,
they suggested calculating the evolutionary contribution indirectly

by subtracting physiological and ecological contributions from the
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total community change (Collins & Gardner, 2009). The underlying
assumption might, however, not hold true if ecological and evolu-
tionary processes interact (see Govaert et al., 2016).

In this study, we set out to effectively assess the relative ecologi-
cal and evolutionary contributions to total phytoplankton abundance
changes in response to changing environmental conditions, assuming
that intraspecific changes are dominated by genotype frequency shifts.
To this end, we developed and evaluated a novel experimental design
that overcomes the above outlined constraints of current partitioning
methodologies. This experimental design allows to separate and quantify
the effects of the different components of community change on a target
mean trait and/or community property by directly applying a set of inter-
specific and intraspecific diversity manipulations that are based on ob-
served community changes. We validate the successful functioning of the
new experimental design by comparing the outcome with partitioning of
two established metrics and provide first data emphasizing interspecific
over intraspecific diversity shifts as major driver for total phytoplankton

abundance change in response to increased seawater CO,,.

2 | MATERIALS AND METHODS
2.1 | Experimental setup and design

During the experiment, communities are first allowed to respond to
any novel (here high CO,) environment (Sorting phase). This response

Sorting phase

FIGURE 1 Stepwise description of
the experimental design to partition

and quantify the relative importance of
ecological and evolutionary contributions
to total change in a community trait

or property in response to a novel
environment. The sorting phase shows

a model system including a minimum

of two species (triangle and circle) with

comprises both interspecific and intraspecific changes, which we
assume to be predominantly manifested in species and genotype
frequency shifts, respectively (Figure 1; Supporting Information
Section 1). In the second step, the relative ecological and evolution-
ary contributions to the total abundance change in response to high
CO, concentration are tested in an Eco-Evo assay by manipulating
interspecific and intraspecific diversity based on changes observed
in the sorting phase (Figure 1).

2.1.1 | Sorting phase

The experimental model community comprised two phytoplank-
ton species, Chaetoceros affinis and Emiliania huxleyi, with nine
genotypes each (for detailed information on variations among the
different genotypes, see Hattich et al., 2017). These communities
were exposed to ambient and high (novel) seawater CO, environ-
ments in the sorting phase (Figure 1). The growth medium used
throughout the experiment was prepared from artificial seawater
(according to Kester et al., 1967) with a salinity of 35, and con-
tained 19.6 + 0.7 pumol/L nitrate, 1.0 + 0.1 pumol/L phosphate,
3.8 + 0.6 umol/L silicate, f/8 vitamin and trace metal concentra-
tion (Guillard, 1975). Seawater pCO, was manipulated by aerating
the growth medium with CO,-enriched air containing 400 (ambi-
ent) and 1,250 (high) ppm for 24 hr. The applied high CO, concen-
tration of 1,250 ppm and resulting shifts in carbonate chemistry

several genotypes (colour of triangles
and circles). In response to ambient (blue

box) and novel (red boxes) environments

hypothetical species and genotype sorting
(dominating interspecific and intraspecific
changes) are depicted as shifts in absolute
number and proportion of these symbols
and their colouring, respectively. The
Eco-Evo assay gives detailed information
on the different steps that have to be
taken to quantify the relative ecological
and evolutionary contributions to total
community changes observed under any
novel environment at a given point in time
of the sorting phase
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reflected the expected increase in anthropogenically introduced
CO, by the end of the century (IPCC, 2014). After aeration, the
prepared ambient and high CO,-manipulated media were sterile
filtered (0.2 um pore size) into 0.5 L polycarbonate bottles serv-
ing as experimental units. At the onset of the sorting phase, five
replicates for each environment (ambient and high CO,) were inoc-
ulated with a defined total biovolume of 5.5 x 106 pm3 of the phy-
toplankton start community. The species C. affinis and E. huxleyi
that were used in this community belong to different functional
groups of phytoplankton exhibiting different nutrient utilization
strategies (Litchman et al., 2007) and are characterized by signifi-
cantly diverging cell sizes (mean + SD were 462 + 192 pm3 and
22 + 8 pm®, respectively). To account for the substantial differ-
encein species' cell size, the experimental units were initiated with
equal species’ biovolumes (50%) in the start communities, which
resulted in an unequal relative cell abundance at the onset of the
sorting phase (98% for E. huxleyi and 2% for C. daffinis). The nine
genotypes per species were inoculated with equal cell numbers
(11% each). The experimental cultivation was conducted in semi-
continuous batch cycles, under constant rotation of 0.75 min* and
a maximum light intensity of 350 umol m™2 s reached after 3 hr of
dusk (17 L: 7 D cycle) in 20°C. Chaetoceros affinis reached saturated
growth after 5 days and E. huxleyi not before 7 days. Communities
including both species were thus in stationary phase after 8 days
(approximately five generations) at which point an inoculum of
each replicated community, including the underlying interspecific
and intraspecific changes, was transferred to the next batch cycle.
At the end of each batch cycle, 5 ml samples of each replicate were
fixed in Lugol's iodine solution, from which abundance and biovol-
ume (Hillebrand et al., 1999) of both species were assessed with an
inverted light microscope (Zeiss, Axiovert 200 and Observer A1l).
Subsequently, an inoculum with a total biovolume of 5.5 x 10® um?
was transferred to the next batch.

To test whether community changes in response to CO, had oc-
curred, we first assessed total abundance (cells/ml) changes between
ambient and high CO, environment at the end of the sorting phase
(after 80 days) using an ANOVA. The difference in species compo-
sition was calculated as the relative contribution (%) of E. huxleyi to
the total abundance (cells/ml), and the effect of high CO, was tested
at the end of the sorting phase (after 80 days) by means of ANOVA.

2.1.2 | Eco-Evo assay—(1) Assessment of species
composition and separation of species

In the present study, species composition and total biovolume
of the sorting phase communities were determined microscopi-
cally in all replicates at the end of the 10th semi-continuous batch
cycle, which corresponded to 80 days and approximately 50 gen-
erations. The physical separation of the two species, necessary
for the following diversity manipulations, was conducted using a
20 um mesh (Hydro-Bios). Precisely, a defined volume of each rep-

licate was pipetted onto the sieve, and the smaller E. huxleyi cells

were collected in a sterile culture bottle underneath. The sieve
was then turned around and the larger C. affinis cells were gently
washed into another sterile culture bottle, using the same defined
volume of artificial seawater. It is important to note that the physi-
cal separation of species is not restricted to the here chosen size
fractionation, but other methods, such as cell sorting via flow cy-
tometry or picking cells could be used if being more appropriate
for other study systems.

2.1.3 | Eco-Evo assay—(2) Reassembly of assay
communities

Subsequently, using the same experimental units as in the sort-
ing phase, the separated species were reassembled into the
Effect
ogy), Evo (evolution) and EcoEvo (eco-evolutionary interactions;
and Effect
communities reflected all intraspecific and interspecific diversity

following assay communities: Control Eco (ecol-

ambient’ novel’

Figure 1—Eco-Evo assay, step (2). The Control

ambient novel

changes of the communities sorted in response to the ambient and
high CO, environment, respectively, and continued to grow in the
original CO, conditions. The Eco, Evo and EcoEvo communities were
reassembled to include, interspecific, intraspecific or both inter-
specific and intraspecific diversity changes as observed in the high
CO, environment in the sorting phase. Apart from the specific di-
versity manipulations, these communities otherwise displayed am-
bient diversity changes and continued to grow in the ambient CO,
environment. Comparison of these diversity manipulations to the

Control . community allowed to capture the respective effect

ambien
of ecological, evolutionary and eco-evolutionary changes for total
community change in response to the high CO, environment. For a
detailed description for the realization of each treatment combina-
tion, see Supporting Information Section 2. It is important to note
that interspecific changes could be observed microscopically and
were directly manipulated by altering species composition, while
intraspecific diversity changes in genotype frequencies remained
unknown and were indirectly manipulated by using inoculates from
populations that underwent the required intraspecific changes.
Practically, all assay communities were inoculated with a total
biovolume of 5.5 x 10® um®. To calculate the required transfer vol-
umes of each species, the biovolume per ml of each separated spe-
cies from a replicate and the aimed mean species compositions of
the assay communities had to be considered (Table S1). Using mean
species composition ensured that the size of the assay was not in-
flated, which would have resulted from fully crossing each observed
relative species abundance with each intraspecific change. This way,
small differences between replicates in terms of species sorting
were not propagated to the assay (Supporting Information Section
3). The separated species originating from a replicate in the sort-
ing phase were pipetted into one assay community according to the
calculated volume and exposed to the required assay environment
(Figure 1—Eco-Evo assay—step 2; Table S1). This was done to keep

co-evolved populations of both species together. Assay communities
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were then grown for one batch cycle under the same laboratory con-
ditions as in the sorting phase.

2.1.4 | Eco-Evo assay—(3) Measurement and
statistical analyses of assay community responses

Total abundance of each assay community was determined via mi-
croscopy at the end of one assay batch cycle. Similar to the batch
cycles in the sorting phase, in the assay both species of the commu-
nity reached stationary phase at day 8, and a reliable outcome of the
assay could be obtained. The total community change in response to
the high CO, concentration and the effects of the interspecific and
intraspecific diversity manipulations were statistically analysed using
a one-factorial ANOVA with five levels comparing the Effect

novel’

Eco, Evo and EcoEvo communities to the Control  communities

ambien
(setting Control,_,.... as intercept). It is important to test for both
and Effect

the single effects (i.e. differences between Control

the total (i.e. difference between Control and

novel)
and Eco,

ambient

ambient
Evo and EcoEvo, respectively), as effects of diversity shifts on the in-

terspecific and intraspecific level can have opposite effect signs and
potentially compensate one another. This may lead to cryptic eco-
evolutionary dynamics (Kinnison et al., 2015). In such situations, no
total community change would be observed between Effect, ., and

Control but responses measured in Eco, Evo and/or EcoEvo

ambient’
communities would be significantly different to the Control, ...
communities. This information is further needed for the following
calculation of the relative contribution of ecological and evolution-
ary changes, as this calculation is only valid if (a) significant total
community changes in response to the novel environment and/or (b)
significant effects of the inclusion of interspecific and/or intraspe-

cific shifts (in Eco, Evo and EcoEvo communities) were found.

2.1.5 | Eco-Evo assay—(4) Calculation of relative
ecological and evolutionary contribution

The relative contribution of ecological and evolutionary changes
for total abundance (cells/ml) of the community, their interaction
and unexplained variance was calculated by dividing the respec-
Effect Effect and

tive absolute values of Effect volution? coxevo
see respective Equations 5-8 below) by their sum

EffeCtuneprained (
(Equations 1-4):

ecology’

|Effectecoiosy
%Ecology = ,
|EffeCtecology + IEffeCtevolution| + |Eﬁ80tecoxevo| + |EﬁeCtunexplained
()
Effect ;
% Evolution = | evolution] Y
|EffeCtecoI0gy + |Effe(:tevoluti0n| + |EffeCt3coxevo| + |Effectunexplained
(2)
Effect
% Eco x Evo = | ecoxevol ’
|EffeCtecology + |EffECtevolution| + |EffECtecoxev0| + |EffECtunexplained

@)

| EﬁeCtunexplained
% U = )
EﬁeCtecoIogy + |EffeCtevqution| + |EffeCtecoxevo| + |EﬁeCtuneprained
)
where EffectewIogy and Effect,, o, Captured the absolute con-

tributions of ecological and evolutionary changes to total commu-
nity change and were calculated by subtracting the response of the

Control community from the response of Eco and Evo communi-

ambient
ties, respectively (Equations 5-6):

Effect, = Eco — Control,pients (5)

ecology

Effect, = Evo — Control (6)

evolution ambient*

The Effect

ecoxevo

and was calculated as the difference between the measured combined

captured interactions between ecology and evolution

effect of both processes and the sum of the single ecological and evo-

lutionary effects (Equation 7):

Effect (EcoEvo - Control,pient)

ecoxevo —

(7)
— [(Eco—Control,pient) + (Evo—Control, pient)] -

and the unexplained variance (Equation 8), that encompassed diver-
gence from additivity of ecological and evolutionary changes and their
interaction from the total community change between Effect, . and

Control communities:

ambient

EffeCtunexplained = (EffeCtnovel - COntro'ambient) (8)
- (EffeCtecoIogy + EffeCtevqution + EffeCtecoxevo) .

To display relative eco-evolutionary changes visually into perspective
of the total effect sizes, we plotted the relative contributions under-
neath the mean differences between the community responses under
the ambient (Control_,....) and high (Effect

(Borenstein et al., 2009).

novel CO, environments

2.2 | Applying established partitioning metrics
allowing the comparison to the Eco-Evo assay

We compared the contributions of the ecological and evolutionary
changes found in the Eco-Evo assay to those estimated by two ex-
isting eco-evolutionary partitioning metrics based on reaction norms.
Specifically, we applied (a) an extended version of the Geber method
(Ellner et al., 2011) and (b) an extended version of the reaction norm
approach (Govaert et al., 2016). These are the only metrics available
that can be applied to community property shifts and that do not re-
quire genotype frequencies over time (Table 1). In both, the Geber
method and the reaction norm approach, the ecological and evolu-
tionary contributions to total community change are obtained from
a regression model with two state variables that represent ecological
and evolutionary states (Ellner et al., 2011; Govaert, 2018). However,

the ecological state in the original description of both metrics reflects
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the abiotic environment (and thus may include plastic responses). To
allow a comparison to the Eco-Evo assay, we extended both metrics
by adding a third indicator variable representing the species composi-
tion. Regarding data requirements, both metrics need input from a full-
reciprocal manipulation of interspecific and intraspecific changes and
the CO, environment. Hence, to apply the Geber method and reaction
norm approach, we used abundance data of the Eco-Evo assay com-
munities and three additional communities to meet the required fully
reciprocal design. These additional communities were run in parallel to
the main experiment under the same conditions. Here, species compo-
sitional changes and/or intraspecific changes in the novel community
were manipulated to reflect how the respective components changed
in response to the ambient environment representing the reciprocal
manipulation to the Eco-Evo assay (Table S2). Overall, it is important
to note that (a) not all existing metrics (Table 1) could be applied and
(b) that the application of these metrics required more extensive meas-
urements than the introduced assay.

All data analyses were done in R (R Development Core
Team, 2016). All plots were made using the package ccpLOT2
(Wickham, 2009). Statistical models included a priori visual inspec-

tion of normality and homogeneity of variances.

3 | RESULTS
3.1 | Sorting phase

After 80 days, high-CO, seawater conditions (the novel environment)
reduced total phytoplankton abundance by fourfold when compared
to ambient CO, conditions (Figure 2; F, 3 = 167.07, p < 0.001). The
contribution of E. huxleyi to total phytoplankton abundance after
80 days was with 62% significantly lower under high compared to 89%
under ambient CO, concentrations (Figure 2; F1,8 =26.04, p < 0.001).

3.2 | Eco-Evo assay

The Eco-Evo assay partitioned the total change in community abun-
dance into its underlying ecological and evolutionary contributions.

The manipulation of interspecific composition (Eco and EcoEvo

communities) resulted in a threefold to fourfold total abundance

decrease compared to the Control communities (Figure 3a;

ambient
Control, .. vs. Eco and EcoEvo, Eco: F4'20 = 25.38, p < 0.001,
EcoEvo: F4y20 = 25.38, p < 0.001, respectively). In contrast, the ma-
nipulation of the intraspecific changes (Evo communities) did not

affect total abundance compared to the Control (Figure 3a;

ambient

Control vs. Evo; Evo: F4’20 = 25.38, p = 0.92). Consequently,

ambient
the ecological change contributed 79.6% to the observed total phy-
toplankton abundance decline in response to high CO,, while evo-
lutionary change resulted in a negligible relative contribution of
1.3% (Figure 3b). The interaction between ecology and evolution
explained 7.4%, while 11.7% of the total change in community abun-

dance remained unexplained.

3.3 | Eco-evolutionary contributions calculated by
existing partitioning metrics

The change in community abundance in response to high CO, was
predominantly explained by ecological shifts when applying the re-
action norm approach and the Geber method on data collected in
our system (Figure 4). Specifically, ecology contributed 59% and 44%
to the change in community abundance, while evolution had a neg-
ligible contribution of 2% and 0.7%, in the reaction norm approach
and the Geber method, respectively.

4 | DISCUSSION

Here we show that an observed phytoplankton abundance decline
in response to elevated CO, concentration could be predominantly
explained by ecological changes and only to a low extent by contem-
porary intraspecific shifts due to evolution. Decomposition of the
total response into the underlying ecological and evolutionary con-
tributions was possible by means of a newly developed experimental
design, the Eco-Evo assay. We validate this new experimental design
by showing that the resulting relative ecological and evolutionary
contributions to the total abundance decline were comparable to
those calculated by using existing partitioning metrics such as the

reaction norm approach and the Geber method.

Ambi .
60,000 bient High
T 50,000
@
g 40,000
o MC. affinis
S 30,000 E huxleyi FIGURE 2 Total abundancg (ceIIs/n.1I)
K of the community and underlying species
S 20,000 composition of Chaetoceros affinis and
2 BTG Emiliania huxleyi under ambient and under
0, high (novel) CO, concentrations during the
0 = sorting phase of 80 days, corresponding
0 40 ?0 0 40 80 to about 50 generations. Mean values and
Time [day] 95% Cl of n = 5 replicates are shown
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FIGURE 3 (a) Total cell abundance and underlying relative contribution of Chaetoceros affinis and Emiliania huxleyi in the different Eco-
Evo assay communities reassembled from communities sorted for 80 days (approximately 50 generations) under ambient and under high

(novel) CO,. Control

ambient

and Effect, ., reflected compositional changes of communities sorted in ambient and high CO, for 80 days and

remained in their original environmental conditions, respectively. The Eco, Evo and EcoEvo communities encompassed species compositional
changes, intraspecific changes and both species compositional and intraspecific changes in response to high CO,, respectively, while grown
under ambient CO,. Mean values and standard deviations of n = 5 replicates are shown. (b) Mean difference of total cell abundance and its
standard error in communities sorted for 80 days between ambient and high CO,. Underlying bar chart colours show the relative importance
of ecology and evolution and their interaction (Eco x Evo) to the total community changes in response to high CO,, and the unexplained

variance
W Ecology
100 [ Evolution
M Ecox Evo
B Unexplained

Environment
Evo x Environment
B Eco x Environment
B Eco x Evo x Environment

~
1

Relative importance % [abundance]
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FIGURE 4 Comparison of relative ecological and evolutionary
contributions to total change in abundance calculated by the
here introduced Eco-Evo assay, the Geber method (Geber; Ellner
et al., 2011) and the reaction norm approach (RN; Govaert, 2018;
Govaert et al., 2016)

To date, a spectrum of altered phytoplankton functional com-
munity responses is described in response to increasing seawater
CO, concentrations and can be attributed to underlying species
diversity shifts to increasing seawater CO, concentrations (Eggers
etal.,, 2014; Paul et al., 2016; Schulz et al., 2017; Sommer et al., 2015).
In agreement with the observation that calcifying haptophytes often
decline under increased seawater CO, (Eggers et al., 2014; Riebesell
et al., 2017; Schulz et al., 2017), we here observed a one-third lower

contribution of E. huxleyi in the high CO, environment after 80 days.

At the same time, it has been reported that diatoms and small pico-
plankton can profit from a higher supply of inorganic carbon (Bach
et al., 2017; Kroeker et al., 2013). Such enhanced growth of large
diatoms under elevated CO, concentration has the potential to re-
sult in an overall increase of total phytoplankton biomass (Eggers
et al., 2014). We could, however, not observe an enhanced growth
by the diatom C. affinis in response to increasing CO, concentration
(Hattich et al., 2017) that could balance the reduction of E. huxleyi
cells. Consequently, in our model community, the total abundance
declined in response to elevated CO,. Possible reasons for C. affinis
not profiting from the E. huxleyi decline are that the diatom C. affinis
with a low nutrient affinity (Litchman et al., 2007) could not take up
the emerging surplus resources from the reduced E. huxleyi abun-
dance and translate them into enhanced growth, and/or that C affinis
might have run into co-limitation of phosphate by silicate (Figure S4).
Furthermore, C. affinis'large size compared to E. huxleyi likely resulted
in a relatively lower cell abundance on the same amount of resources
(Figure S5). The lower initial population size of C. affinis could have
potentially constrained intraspecific responses due to the early ex-
clusion of rare genotype. This, however, was not the case, reflected
in the presence of more C. affinis genotypes compared to E. hux-
leyi after eight batch cycles (Listmann et al., 2020). The strong total
abundance decline in our model community could additionally be
favoured by the low number of species included which did not allow
for response diversity and hence functional redundancy (Elmqvist
et al., 2003). Functional redundancy is discussed, for instance, to
buffer the negative effect of increased CO, concentration on arctic
phytoplankton communities (Hoppe et al., 2017). Besides the direct
negative CO, effect on total abundance, the reduction of E. huxleyi
could potentially lead to indirect effects on higher trophic levels. An
increase of mean size in communities under high CO, driven by the
reduction of the smaller E. huxleyi cells could, for example, increase

the size of associated grazers (Boyce et al., 2015) and thus the size of
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secondary consumers. Changes in phytoplankton size were shown to
alter food web length in mesocosm experiments (Stibor et al., 2004)
and affect transfer efficiency (Barnes et al., 2010).

Considering the above discussed strong interspecific diversity
changes, it is not surprising that ecological changes were identified
as the major contribution to the observed total abundance decline
under high CO, concentration. Low contributions of evolutionary
changes in this experiment, however, were not an artefact caused
by a too short sorting phase not allowing for evolutionary changes.
Genotype compositional shifts indeed occurred on a comparable
time scale as species sorting (compare shifts over time Figure 2;
Figure S3); however, the selection on genotypes over time was
contrary to selection on species not predominantly driven by CO,
(Supporting Information Section 4, Figure S3). Genotype sorting in
this model system was suggested to result from the general experi-
mental conditions characterized by recurring nutrient pulses which
strongly affected intraspecific competitive interactions (Listmann
etal.,, 2020). In fact modulating or overriding impacts on CO, effects
at the community level by, for example, initial community composi-
tion (Eggers et al., 2014), temperature (Paul et al., 2016) or nutrient
availability (Alvarez-Fernandez et al., 2018) were described else-
where. As the assay quantifies the contributions of ecology and evo-
lution to the total change exclusively driven by the manipulated CO,
concentration, changes over time driven by other factors were not
captured. This explains the observed low evolutionary contribution
to total phytoplankton abundance decline, despite substantial gen-
otype sorting over time. The herein observed low evolutionary con-
tribution does not mean that intraspecific changes are generally of
low ecological significance. Pronounced evolutionary contributions
are, for example, described in soil bacteria (terHorst et al., 2014), in
Daphnia communities over a salinity gradient (Govaert et al., 2016)
and in semi-natural meadows subjected to mowing and fertilization
(Leps et al., 2011). The latter study showed that the contribution of
intraspecific diversity to trait changes differs markedly depending on
the considered trait and the environmental factor (Leps et al., 2011).

Applied to our experimental system, the established partitioning
metrics uniformly showed that ecological contributions dominated
the observed total abundance changes, which largely validated the
here for the first time implemented experimental design of the Eco-
Evo assay. However, the ecological contribution to the total change
calculated by the Eco-Evo assay was up to 35% higher than estimated
by the established metrics. Diverging eco-evolutionary partitioning
results by different metrics using the same data are not unusual (van
Benthem et al., 2016; Govaert et al.,, 2016) and can partly result
of distinct underlying definitions of the included components (van
Benthem et al., 2016). One example is that the Geber method does
in contrast to other approaches not account for the directionality
of changes from an ancestral to an affected community, but instead
defines and calculates relative ecological and evolutionary contribu-
tions to a mean change using both ambient and novel as ancestral
environment. Another potential source of variation is the inclusion
of different numbers of components and interaction terms. The

Geber method and RN approach include three additional interaction

terms compared to the Eco-Evo assay which likely explains the ob-
served divergence of eco-evolutionary contributions. The number of
interaction terms does in contrast not affect the calculated absolute
effect of ecological and evolutionary changes and their interaction
on the abundance decline, which is reflected in identical absolute
effects for the reaction norm approach and the Eco-Evo assay
(Figure Sé6). Altogether, these comparisons underpin that the eco-
logical contribution predominantly drove the observed abundance
decline in response to enhanced CO, across all applied partitioning
metrics. Extrapolating the findings of this single assessment should,
however, be done with care, since relative ecological and evolution-
ary contributions to total community change were in other studies
shown to differ over time (Becks et al., 2012; Govaert et al., 2016). In
the presented study, evolutionary contributions might increase with
time, considering that E. huxleyi, which predominantly drove total
community responses, has the potential to adapt to increasing CO,
concentrations after hundreds of generations (Lohbeck et al., 2012).
In taking advantage of the effect of timing, we strongly recommend
that future studies should assess ecological and evolutionary contri-
butions at different points in time, elucidating when these processes
are most important.

We demonstrated that the Eco-Evo assay eases the quantita-
tive assessment of eco-evolutionary changes on the community
level, providing a more integrative and comprehensive understand-
ing of natural systems compared to single-species assessments (De
Meester et al., 2019; Govaert et al., 2016). Major advantages are that
this direct assessment on the community level (a) allows to quantify
ecological and evolutionary contributions to community property
changes (Table 1) and (b) is possible without prior identification of
genotype traits and compositional shifts. Community properties,
such as total abundance, particulate nutrient concentrations or re-
source use efficiency, relate to community functioning and are the
results of aggregate trait changes within a community. Skipping ge-
notyping clearly represents an advantage in communities where trait
values and genotype frequency shifts cannot be obtained in situ and
widens the potential pool of plankton communities subject to future
investigation. These can comprise more (Figure S7) and other func-
tional groups, for example, diazotrophs, mixotrophs, heterotrophs,
other calcifiers and silicifiers, but also higher trophic-level consumers
as long as the assemblage members can be physically separated and
reassembled into assay communities. An application of the Eco-Evo
assay to other communities than plankton also displaying evolution
on a contemporary timescale is possible, for example, to bacteria and
annual plants. While applying the Eco-Evo assay to bacterial commu-
nities, in which strains can be easily separated by plating them on
agar, could be beneficial, the application to annual plant communi-
ties is likely more labour-intensive than a VP approach. The number
of potentially applicable communities reduces when extending the
Eco-Evo assay to separate plasticity from the evolutionary compo-
nent (Table S3). This extension requires (a) direct assessment and (b)
separation and artificial reassembly of genotypes. However, such an
assessment would more holistically account for the potential inter-

action of plasticity and diversity changes than, for example, metrics
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based on the Price equation (e.g. Govaert et al., 2016), relying on the
assumption that plastic responses of organisms in isolation are the
same as they would occur in a community context. Depending on the
study system of interest, any relevant environmental driver can be
applied (Supporting Information Section 1 and Figure S1), including
multiple environmental drivers. However, the assessment of main
responses to each of the included driver is highly labour-intensive as
it increases the number of communities under selection and inflates
the number of assay units. Alternatively, one could use communities
naturally exposed to environmental gradients or changing environ-
ments within one habitat (e.g. applying dormant stages; Harnstrém
etal., 2011). Such application would also help to understand whether
the relative importance of ecological and evolutionary changes ob-
served in simplified laboratory communities can be extrapolated to
natural communities.

Our study contributes to advance the understanding of the rel-
ative importance and thus functional relevance of rapid evolution
in ecological communities. While we provide a first estimate of
eco-evolutionary contributions to total phytoplankton community
shifts, further quantifications of a suit of community mean trait
and property changes in response to a variety of environmental
drivers at different time points are required to improve our gen-
eral understanding of observed phytoplankton changes. The here
shown community property changes driven by diversity changes
among and within species will help to better predict future phyto-
plankton change and in consequence its propagating effects on key
ecosystem functions. Using interspecific and intraspecific diversity
manipulations to assess contemporary occurring eco-evolutionary
contributions to total community changes moreover brings a central
idea of the field of biodiversity ecosystem functioning into the field
of eco-evolution. So far, the integration of eco-evolutionary aspects
to understand community changes rather than shifts in populations
remains scarce. Thus, a more integrative view of ecological and evo-
lutionary concepts to explain contemporary occurring intraspecific
and interspecific diversity effects would likely be beneficial to un-

derstand the functional consequences of future community change.

ACKNOWLEDGEMENTS

We thank Thomas Hansen, Bente Gardeler, Cordula Meyer, Jens
Wemhoner and Kastriot Qelai for their laboratory assistance, and
our student assistants Nele Rex, Anna Lechtenbérger, Florian
Webers, Julia Raab, Julia Romberg and Dorthe Ozod-Seradj for their
support. We thank KIMOCC for quality management of KICO, at
GEOMAR. We further thank Uli Sommer, the reviewers and edi-
tor for their valuable critique and comments. L.L., G.S.I.H. and this
project were funded by the DFG priority program 1704 Dynatrait:
Thorsten Reusch RE1708/17-1 and Birte Matthiessen MA5058/2-1.
L.G. was funded by the University Research Priority Program on
Global Change and Biodiversity of the University of Zurich. Open
access funding enabled and organized by ProjektDEAL.

CONFLICT OF INTEREST

None of the authors have any conflict of interest.

AUTHORS' CONTRIBUTIONS

Eco-Evo assay was designed by B.M. and G.S.1.H., the following Study
testing the assay was designed by G.S.I.H., L.L., B.M.; Laboratory
work carried out by G.S.I.H., L.L., C.P. and data analysis by G.S.l.H.;
L.G. extended and applied the Reaction norm approach and Geber
method; G.S.1.H. drafted the manuscript and all other authors revis-
ing the manuscript and gave final approval for publication.

DATA AVAILABILITY STATEMENT

Information of the 10 semi-continuous Sorting Phase batch cycles
can be found in https://doi.org/10.1594/PANGAEA.887780. Raw
data from the subsequent Eco-Evo assay and the calculated relative
importance of interspecific and intraspecific diversity changes are
archived in https://doi.org/10.1594/PANGAEA.896220.

ORCID
Giannina S. |. Hattich https://orcid.org/0000-0003-4660-7759
https://orcid.org/0000-0002-8517-8427
https://orcid.org/0000-0001-8326-3591
https://orcid.org/0000-0001-8442-4502
https://orcid.org/0000-0002-8961-4337
https://orcid.org/0000-0001-9673-1876

Luisa Listmann
Lynn Govaert
Christian Pansch
Thorsten B. H. Reusch
Birte Matthiessen

REFERENCES

Alvarez-Fernandez, S., Bach, L. T., Taucher, J., Riebesell, U., Sommer,
U., Aberle, N., Brussaard, C. P. D., & Boersma, M. (2018). Plankton
responses to ocean acidification: The role of nutrient limitation.
Progress in Oceanography, 165, 11-18. https://doi.org/10.1016/j.
pocean.2018.04.006

Bach, L. T., Alvarez-Fernandez, S., Hornick, T., Stuhr, A., & Riebesell,
U. (2017). Simulated ocean acidification reveals winners and los-
ers in coastal phytoplankton. PLoS ONE, 12, 1-22. https://doi.
org/10.1371/journal.pone.0188198

Barnes, C., Maxwell, D., Reuman, D. C., & Jennings, S. (2010). Global
patterns in predator-prey size relationships reveal size dependency
of trophic transfer efficiency. Ecology, 91, 222-232. https://doi.
org/10.1890/08-2061.1

Bassar, R. D., Coulson, T., Travis, J., & Reznick, D. N. (2021). Towards
a more precise - and accurate - view of eco-evolution. Ecology
Letters, 24, 623-625. https://doi.org/10.1111/ele. 13712

Becks, L., Ellner, S. P., Jones, L. E., & Hairston, N. G. (2012). The functional
genomics of an eco-evolutionary feedback loop: Linking gene ex-
pression, trait evolution, and community dynamics. Ecology Letters,
15,492-501. https://doi.org/10.1111/j.1461-0248.2012.01763.x

Bolnick, D. I., Amarasekare, P., Aratjo, M. S., Biirger, R., Levine, J. M,
Novak, M., Rudolf, V. H. W,, Schreiber, S. J., Urban, M. C., & Vasseur,
D. A. (2011). Why intraspecific trait variation matters in commu-
nity ecology. Trends in Ecology & Evolution, 26, 183-192. https://doi.
org/10.1016/j.tree.2011.01.009

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009).
Effect sizes based on correlations. John Wiley & Sons Ltd.

Boyce, D. G., Frank, K. T., & Leggett, W. C. (2015). From mice to elephants:
Overturning the ‘one size fits all' paradigm in marine plankton food
chains. Ecology Letters, 18, 504-515. https:/doi.org/10.1111/ele.12434

Boyce, D. G., Lewis, M. R., & Worm, B. (2010). Global phytoplankton
decline over the past century. Nature, 466, 591-596. https://doi.
org/10.1038/nature09268

Caldeira, K., & Wickett, M. E. (2003). Anthropogenic carbon and ocean
pH. Nature, 425, 365. https://doi.org/10.1038/425365a

85UB0|7 SUOWIWOD 8A1IR81D) 8 edl|dde ays A pauAob afe S8oiLe O 8SNn JO S3|N1 10} Akeid1 73Ul UO AB]1M UO (SUOIPUOD-PUR-SWBI 0D A8 1M AIq U1 [UO//:SANY) SUOTIPUOD pue SWLe | 8U1 35S *[£202/T0/80] Uo ARiqiTauluo A8|iMm ‘NN Jo AisieAlun Aq £Z65T 'SEVZ-GOET/TTTT OT/I0p/L00 A8 |im Areiq1putjuo s feunokaq)/sdny woly pspeojumoq ‘T ‘2202 ‘SEVZS9ET


https://doi.org/10.1594/PANGAEA.887780
https://doi.org/10.1594/PANGAEA.896220
https://orcid.org/0000-0003-4660-7759
https://orcid.org/0000-0003-4660-7759
https://orcid.org/0000-0002-8517-8427
https://orcid.org/0000-0002-8517-8427
https://orcid.org/0000-0001-8326-3591
https://orcid.org/0000-0001-8326-3591
https://orcid.org/0000-0001-8442-4502
https://orcid.org/0000-0001-8442-4502
https://orcid.org/0000-0002-8961-4337
https://orcid.org/0000-0002-8961-4337
https://orcid.org/0000-0001-9673-1876
https://orcid.org/0000-0001-9673-1876
https://doi.org/10.1016/j.pocean.2018.04.006
https://doi.org/10.1016/j.pocean.2018.04.006
https://doi.org/10.1371/journal.pone.0188198
https://doi.org/10.1371/journal.pone.0188198
https://doi.org/10.1890/08-2061.1
https://doi.org/10.1890/08-2061.1
https://doi.org/10.1111/ele.13712
https://doi.org/10.1111/j.1461-0248.2012.01763.x
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1111/ele.12434
https://doi.org/10.1038/nature09268
https://doi.org/10.1038/nature09268
https://doi.org/10.1038/425365a

130 Functional Ecology

HATTICH ET AL.

Carroll, S. P, Hendry, A. P., Reznick, D. N., & Fox, C. W. (2007). Evolution
on ecological time-scales. Functional Ecology, 21, 387-393. https://
doi.org/10.1111/j.1365-2435.2007.01289.x

Cassar, N., Wright, S. W., Thomson, P. G., Trull, T. W., Westwood, K. J.,
de Salas, M., Davidson, A., Pearce, |., Davies, D. M., & Matear, R.
J. (2015). The relation of mixed-layer net community production
to phytoplankton community composition in the Southern Ocean.
Global Biogeochemical Cycles, 1-17. https://doi.org/10.1002/2014G
B004936

Collins, S., & Bell, G. (2004). Phenotypic consequences of 1, 000 gen-
erations of selection at elevated CO, in a green alga. Nature, 431,
566-569.

Collins, S., & Gardner, A. (2009). Integrating physiological, ecological and
evolutionary change: A Price equation approach. Ecology Letters,
12, 744-757. https://doi.org/10.1111/j.1461-0248.2009.01340.x

Collins, S., Rost, B., & Rynearson, T. A. (2014). Evolutionary potential
of marine phytoplankton under ocean acidification. Evolutionary
Applications, 7, 140-155. https://doi.org/10.1111/eva.12120

Crutsinger, G. M., Collins, M. D., Fordyce, J. A., Gompert, Z., Nice, C. C.,
& Sanders, N. J. (2006). Plant genotypic diversity predicts commu-
nity structure and governs an ecosystem process. Science (80-), 313,
966-968. https://doi.org/10.1126/science.1128326

De Meester, L., Brans, K. 1., Govaert, L., Souffreau, C., Mukherjee, S.,
Vanvelk, H., Korzeniowski, K., Kilsdonk, L., Decaestecker, E., Stoks,
R., & Urban, M. C. (2019). Analysing eco-evolutionary dynamics—
The challenging complexity of the real world. Functional Ecology, 33,
43-59. https://doi.org/10.1111/1365-2435.13261

Des Roches, S., Post, D. M., Turley, N. E., Bailey, J. K., Hendry, A. P,
Kinnison, M. T., Schweitzer, J. A., & Palkovacs, E. P. (2017). The
ecological importance of intraspecific variation. Nature Ecology &
Evolution, 2. https://doi.org/10.1038/s41559-017-0402-5

Doney, S. C., Fabry, V. J., Feely, R. A., & Kleypas, J. A. (2009). Ocean acidi-
fication: The other CO, problem. Annual Review of Marine Science, 1,
169-192. https://doi.org/10.1146/annurev.marine.010908.163834

Dutkiewicz, S., Morris, J. J., Follows, M. J.,, Scott, J., Levitan, O., Dyhrman,
S. T., & Berman-Frank, I. (2015). Impact of ocean acidification on
the structure of future phytoplankton communities. Nature Climate
Change, 5, 1002-1006. https://doi.org/10.1038/nclimate2722

Eggers, S. L., Lewandowska, A. M., Barcelos e Ramos, J., Blanco-
Ameijeiras, S., Gallo, F., & Matthiessen, B. (2014). Community
composition has greater impact on the functioning of marine phy-
toplankton communities than ocean acidification. Global Change
Biology, 20, 713-723. https://doi.org/10.1111/gch.12421

Ellner, S. P., Geber, M. A., & Hairston, N. G. (2011). Does rapid evolution
matter? Measuring the rate of contemporary evolution and its im-
pacts on ecological dynamics. Ecology Letters, 14, 603-614. https://
doi.org/10.1111/j.1461-0248.2011.01616.x

Elmqvist, T., Folke, C., Nystrom, M., Peterson, G., Bengtsson, J., Walker,
B., & Norberg, J. (2003). Response diversity, ecosystem change,
and resilience. Frontiers in Ecology and the Environment, 1, 488-
494, https://doi.org/10.1890/1540-9295(2003)001[0488:RDECA
R]2.0.CO;2

Field, C. B., Behrenfeld, M. J., Randerson, J. T., & Falkowski, P. (1998).
Primary production of the biosphere: Integrating terrestrial and
oceanic components. Science (80-), 281, 237-240. https://doi.
org/10.1126/science.281.5374.237

Filstrup, C. T, Hillebrand, H., Heathcote, A. J., Harpole, W. S., & Downing,
J. A. (2014). Cyanobacteria dominance influences resource use
efficiency and community turnover in phytoplankton and zoo-
plankton communities. Ecology Letters, 17, 464-474. https://doi.
org/10.1111/ele.12246

Fox, J. W., & Kerr, B. (2012). Analyzing the effects of species
gain and loss on ecosystem function using the extended
Price equation partition. Oikos, 121, 290-298. https://doi.
org/10.1111/j.1600-0706.2011.19656.x

Fussmann, G. F., Loreau, M., & Abrams, P. A. (2007). Eco-evolutionary
dynamics of communities and ecosystems. Functional Ecology, 21,
465-477. https://doi.org/10.1111/j.1365-2435.2007.01275.x

Govaert, L. (2018). Eco-evolutionary partitioning metrics: A practi-
cal guide for biologists. Belgian Journal of Zoology, 148, 167-202.
https://doi.org/10.26496/bjz.2018.25

Govaert, L., Pantel, J. H., & De Meester, L. (2016). Eco-evolutionary par-
titioning metrics: Assessing the importance of ecological and evolu-
tionary contributions to population and community change. Ecology
Letters, 19, 839-853. https://doi.org/10.1111/ele.12632

Guillard, R. R. L. (1975). Culture of phytoplankton for feeding marine inver-
tebrates (pp. 29-60). Culture of Marine Invertebrate Animals.

Hairston, N. G., Ellner, S. P, Geber, M. A., Yoshida, T., & Fox, J. A.
(2005). Rapid evolution and the convergence of ecological and
evolutionary time. Ecology Letters, 8, 1114-1127. https://doi.
org/10.1111/j.1461-0248.2005.00812.x

Harnstrom, K., Ellegaard, M., Andersen, T. J., & Godhe, A. (2011).
Hundred years of genetic structure in a sediment revived diatom
population. Proceedings of the National Academy of Sciences of the
United States of America, 108, 4252-4257. https://doi.org/10.1073/
pnas.1013528108

Hattich, G. S. I, Listmann, L., Raab, J., Ozod-Seradj, D., Reusch, T.B. H., &
Matthiessen, B.(2017). Inter- and intraspecific phenotypic plasticity
of three phytoplankton species in response to ocean acidification.
Biology Letters, 13, 1-4. https://doi.org/10.1098/rsbl.2016.0774

Hillebrand, H., Dirselen, C.-D., Kirschtel, D., Pollingher, U., & Zohary,
T. (1999). Biovolume calculation for pelagic and benthic microal-
gae. Journal of Phycology, 424, 403-424. https://doi.org/10.1046/
j.1529-8817.1999.3520403.x

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A,
Matulich, K. L., Gonzalez, A., Duffy, J. E., Gamfeldt, L., & O’Connor,
M. I. (2012). A global synthesis reveals biodiversity loss as a major
driver of ecosystem change. Nature, 486, 105-108. https://doi.
org/10.1038/nature11118

Hooper, D. U., Chapin, F. S., Ewel, J. J., Hector, A., Inchausti, P., Lavorel,
S., Lawton, J. H.,, Lodge, D. M., Loreau, M., Naeem, S., Schmid, B.,
Setild, H., Symstad, A. J., Vandermeer, J., & Wardle, D. A. (2005).
Effects of biodyversity on ecosystem functioning: A consensus of
current knowledge. Ecological Applications, 75, 3-35. https://doi.
org/10.1890/04-0922

Hoppe, C. J. M., Schuback, N., Semeniuk, D. M., Maldonado, M. T., & Rost,
B. (2017). Functional redundancy facilitates resilience of subarctic
phytoplankton assemblages toward ocean acidification and high
irradiance. Frontiers in Marine Science, 4. https://doi.org/10.3389/
fmars.2017.00229

IPCC. (2014). Climate Change 2014 synthesis report.

Jin, P, Gao, K., & Beardall, J. (2013). Evolutionary response of a cocco-
lithophorid gephyrocapsa oceanica to ocean acidification. Evolution
(NY), 67, 1869-1878. https://doi.org/10.1111/ev0.12112

Kester, D., Duedall, I. W., Connors, D. N., & Pytkowicz, R. M. (1967).
Preparation of artificial seawater. Limnology and Oceanography:
Methods, 176-179. https://doi.org/10.4319/10.1967.12.1.0176

Kinnison, M. T, Hairston, N. G., & Hendry, A. P. (2015). Cryptic eco-
evolutionary dynamics. Annals of the New York Academy of Sciences,
1360, 120-144. https://doi.org/10.1111/nyas.12974

Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G.
S., Duarte, C. M., & Gattuso, J. P. (2013). Impacts of ocean acidifica-
tion on marine organisms: Quantifying sensitivities and interaction
with warming. Global Change Biology, 19, 1884-1896. https://doi.
org/10.1111/gcb.12179

Lajoie, G., & Vellend, M. (2015). Understanding context dependence in the
contribution of intraspecific variation to community trait - Environment
matching. Ecology, 96,2912-2922. https://doi.org/10.1890/15-0156.1

Lajoie, G., & Vellend, M. (2018). Characterizing the contribution of
plasticity and genetic differentiation to community-level trait

85UB0|7 SUOWIWOD 8A1IR81D) 8 edl|dde ays A pauAob afe S8oiLe O 8SNn JO S3|N1 10} Akeid1 73Ul UO AB]1M UO (SUOIPUOD-PUR-SWBI 0D A8 1M AIq U1 [UO//:SANY) SUOTIPUOD pue SWLe | 8U1 35S *[£202/T0/80] Uo ARiqiTauluo A8|iMm ‘NN Jo AisieAlun Aq £Z65T 'SEVZ-GOET/TTTT OT/I0p/L00 A8 |im Areiq1putjuo s feunokaq)/sdny woly pspeojumoq ‘T ‘2202 ‘SEVZS9ET


https://doi.org/10.1111/j.1365-2435.2007.01289.x
https://doi.org/10.1111/j.1365-2435.2007.01289.x
https://doi.org/10.1002/2014GB004936
https://doi.org/10.1002/2014GB004936
https://doi.org/10.1111/j.1461-0248.2009.01340.x
https://doi.org/10.1111/eva.12120
https://doi.org/10.1126/science.1128326
https://doi.org/10.1111/1365-2435.13261
https://doi.org/10.1038/s41559-017-0402-5
https://doi.org/10.1146/annurev.marine.010908.163834
https://doi.org/10.1038/nclimate2722
https://doi.org/10.1111/gcb.12421
https://doi.org/10.1111/j.1461-0248.2011.01616.x
https://doi.org/10.1111/j.1461-0248.2011.01616.x
https://doi.org/10.1890/1540-9295(2003)001%5B0488:RDECAR%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2003)001%5B0488:RDECAR%5D2.0.CO;2
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1111/ele.12246
https://doi.org/10.1111/ele.12246
https://doi.org/10.1111/j.1600-0706.2011.19656.x
https://doi.org/10.1111/j.1600-0706.2011.19656.x
https://doi.org/10.1111/j.1365-2435.2007.01275.x
https://doi.org/10.26496/bjz.2018.25
https://doi.org/10.1111/ele.12632
https://doi.org/10.1111/j.1461-0248.2005.00812.x
https://doi.org/10.1111/j.1461-0248.2005.00812.x
https://doi.org/10.1073/pnas.1013528108
https://doi.org/10.1073/pnas.1013528108
https://doi.org/10.1098/rsbl.2016.0774
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature11118
https://doi.org/10.1890/04-0922
https://doi.org/10.1890/04-0922
https://doi.org/10.3389/fmars.2017.00229
https://doi.org/10.3389/fmars.2017.00229
https://doi.org/10.1111/evo.12112
https://doi.org/10.4319/lo.1967.12.1.0176
https://doi.org/10.1111/nyas.12974
https://doi.org/10.1111/gcb.12179
https://doi.org/10.1111/gcb.12179
https://doi.org/10.1890/15-0156.1

HATTICH ET AL.

Functional Ecology 131

responses to environmental change. Ecology and Evolution, 8, 3895-
3907. https://doi.org/10.1002/ece3.3947

Leps, J., de Bello, F., Smilauer, P, & Dolezal, J. (2011). Community trait
response to environment: Disentangling species turnover vs in-
traspecific trait variability effects. Ecography (Cop.), 34, 856-863.
https://doi.org/10.1111/j.1600-0587.2010.06904.x

Listmann, L., Hattich, G. S. I., Matthiessen, B., & Reusch, T. B. H. (2020).
Eco-evolutionary interaction in competing phytoplankton: Nutrient
driven genotype sorting likely explains dominance shift and spe-
cies responses to CO,. Frontiers in Marine Science, 7. https://doi.
org/10.3389/fmars.2020.00634

Litchman, E., Klausmeier, C. A., Schofield, O. M., & Falkowski, P. G.
(2007). The role of functional traits and trade-offs in struc-
turing phytoplankton communities: Scaling from cellular to
ecosystem level. Ecology Letters, 10, 1170-1181. https://doi.
org/10.1111/j.1461-0248.2007.01117.x

Lohbeck, K. T., Riebesell, U., & Reusch, T. B. H. (2012). Adaptive evolu-
tion of a key phytoplankton species to ocean acidification. Nature
Geoscience, 5, 346-351. https://doi.org/10.1038/ngeo1441

Loreau, M., & Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature, 412, 72-76. https://doi.
org/10.1038/35083573

Meyer, J., & Riebesell, U. (2015). Reviews and syntheses: Responses
of coccolithophores to ocean acidification: A meta-analysis.
Biogeosciences, 12, 1671-1682. https://doi.org/10.5194/
bg-12-1671-2015

Pantel, J. H., Duvivier, C., & De Meester, L. (2015). Rapid local adaptation
mediates zooplankton community assembly in experimental me-
socosms. Ecology Letters, 18, 992-1000. https://doi.org/10.1111/
ele.12480

Paul, C., Sommer, U., Garzke, J.,, Moustaka-Gouni, M., Paul, A., &
Matthiessen, B. (2016). Effects of increased CO2 concentration
on nutrient limited coastal summer plankton depend on tem-
perature. Limnology and Oceanography, 61, 853-868. https://doi.
org/10.1002/1n0.10256

Price, G. R. (1970). Selection and covariance. Nature, 227, 520-521.
https://doi.org/10.1038/227520a0

Prieto, I., Violle, C., Barre, P., Durand, J. L., Ghesquiere, M., & Litrico,
1. (2015). Complementary effects of species and genetic diversity
on productivity and stability of sown grasslands. Nature Plants, 1,
15033. https://doi.org/10.1038/nplants.2015.33

R Development Core Team. (2016). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Rengefors, K., Kremp, A., Reusch, T. B. H., & Wood, A. M. (2017). Genetic
diversity and evolution in eukaryotic phytoplankton: Revelations
from population genetic studies. Journal of Plankton Research, 39,
165-179. https://doi.org/10.1093/plankt/fow098

Reusch, T. B. H., & Boyd, P. W. (2013). Experimental evolution meets
marine phytoplankton. Evolution (NY), 67, 1849-1859. https://doi.
org/10.1111/ev0.12035

Reusch, T. B. H., Ehlers, A., Hammerli, A., & Worm, B. (2005). Ecosystem
recovery after climatic extremes enhanced by genotypic diversity.
Proceedings of the National Academy of Sciences of the United States of
America, 102, 2826-2831. https:/doi.org/10.1073/pnas.0500008102

Riebesell, U., Bach, L. T., Bellerby, R. G. J., Monsalve, J. R. B., Boxhammer,
T., Czerny, J., Larsen, A. Ludwig, A., & Schulz, K. G. (2017).
Competitive fitness of a predominant pelagic calcifier impaired
by ocean acidification. Nature Geoscience, 10, 19-23. https://doi.
org/10.1038/ngeo02854

Schoener, T. W. (2011). The newest synthesis: Understanding the inter-
play of evolutionary and ecological dynamics. Science (80-), 331,
426-429. https://doi.org/10.1126/science. 1193954

Schulz, K. G., Bach, L. T., Bellerby, R. G. J., Bermudez, R., Buidenbender,
J., Boxhammer, T., Czerny, J., Engel, A., Ludwig, A., Meyerhdofer,
M., Larsen, A., Paul, A. J., Sswat, M., & Riebesell, U. (2017).

Phytoplankton blooms at increasing levels of atmospheric carbon
dioxide: Experimental evidence for negative effects on prymnesi-
ophytes and positive on small picoeukaryotes. Frontiers in Marine
Science, 4, https://doi.org/10.3389/fmars.2017.00064

Sjoqvist, C. O., & Kremp, A. (2016). Genetic diversity affects ecolog-
ical performance and stress response of marine diatom popula-
tions. The ISME Journal, 10, 2755-2766. https://doi.org/10.1038/
ismej.2016.44

Sommer, U., Paul, C., & Moustaka-Gouni, M. (2015). Warming and ocean
acidification effects on phytoplankton - From species shifts to size
shifts within species in a mesocosm experiment. PLoS ONE, 10, 1-
17. https://doi.org/10.1371/journal.pone.0125239

Stibor, H., Vadstein, O., Diehl, S., Gelzleichter, A., Hansen, T., Hantzsche,
F., Katechakis, A., Lippert, B., Lgseth, K., Peters, C., Roederer,
W., Sandow, M., Sundt-Hansen, L., & Olsen, Y. (2004). Copepods
act as a switch between alternative trophic cascades in ma-
rine pelagic food webs. Ecology Letters, 7, 321-328. https://doi.
org/10.1111/j.1461-0248.2004.00580.x

Stoks, R., Govaert, L., Pauwels, K., Jansen, B., & De Meester, L. (2016).
Resurrecting complexity: The interplay of plasticity and rapid evo-
lution in the multiple trait response to strong changes in predation
pressure in the water flea Daphnia magna. Ecology Letters, 19, 180-
190. https://doi.org/10.1111/ele.12551

Svanbick, R., & Bolnick, D. I. (2007). Intraspecific competition drives
increased resource use diversity within a natural population.
Proceedings of the Royal Society B-Biological Sciences, 274, 839-844.
https://doi.org/10.1098/rspb.2006.0198

terHorst, C. P,, Lennon, J. T., & Lau, J. (2014). The relative importance of
rapid evolution for plant-microbe interactions depends on ecolog-
ical context. Proceedings of the Royal Society B-Biological Sciences,
281, 20140028. https://doi.org/10.1098/rspb.2014.0028

Thomas, M. K., Kremer, C. T., Klausmeier, C. A., & Litchman, E. (2012).
A global pattern of thermal adaptation in marine phytoplankton.
Science (80-), 338, 1085-1088. https://doi.org/10.1126/scien
ce. 1224836

Tortell, P. D., Payne, C. D., Li, Y., Trimborn, S., Rost, B., Smith, W. O.,
Riesselman, C., Dunbar, R. B., Sedwick, P., & DiTullio, G. R. (2008).
CO, sensitivity of Southern Ocean phytoplankton. Geophysical
Research Letters, 35, 1-5. https://doi.org/10.1029/2007GL032583

Tusifujiang, Y., Zhang, X., & Gong, L. (2021). The relative contribution of
intraspecific variation and species turnover to the community-level
foliar stoichiometric characteristics in different soil moisture and
salinity habitats. PLoS ONE, 16, 1-16. https://doi.org/10.1371/journ
al.pone.0246672

Vallina, S. M., Cermeno, P., Dutkiewicz, S., Loreau, M., & Montoya, J.
M. (2017). Phytoplankton functional diversity increases ecosys-
tem productivity and stability. Ecological Modelling, 361, 184-196.
https://doi.org/10.1016/j.ecolmodel.2017.06.020

van Benthem, K. J., Bruijning, M., Bonnet, T., Jongejans, E., Postma, E.,
& Ozgul, A. (2016). Disentangling evolutionary, plastic and de-
mographic processes underlying trait dynamics: A review of four
frameworks. Methods in Ecology and Evolution, 8, 75-85. https://doi.
org/10.1111/2041-210X.12627

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis.
Springer-Verlag.

Wolf, K. K. E., Romanelli, E., Rost, B., John, U,, Collins, S., Weigand, H.,
& Hoppe, C. J. M. (2019). Company matters: The presence of other
genotypes alters traits and intraspecific selection in an Arctic dia-
tom under climate change. Global Change Biology, 25, 2869-2884.
https://doi.org/10.1111/gcb.14675

Wolfe, M. S. (1985). The current status and prospects of multiline culti-
vars and variety mixtures for disease resistance. Annual Review of
Phytopathology, 23, 251-273.

Zhang, Y., Bach, L. T., Lohbeck, K. T., Schulz, K. G., Listmann, L.,
Klapper, R., & Riebesell, U. (2018). Population-specific responses

85UB0|7 SUOWIWOD 8A1IR81D) 8 edl|dde ays A pauAob afe S8oiLe O 8SNn JO S3|N1 10} Akeid1 73Ul UO AB]1M UO (SUOIPUOD-PUR-SWBI 0D A8 1M AIq U1 [UO//:SANY) SUOTIPUOD pue SWLe | 8U1 35S *[£202/T0/80] Uo ARiqiTauluo A8|iMm ‘NN Jo AisieAlun Aq £Z65T 'SEVZ-GOET/TTTT OT/I0p/L00 A8 |im Areiq1putjuo s feunokaq)/sdny woly pspeojumoq ‘T ‘2202 ‘SEVZS9ET


https://doi.org/10.1002/ece3.3947
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.3389/fmars.2020.00634
https://doi.org/10.3389/fmars.2020.00634
https://doi.org/10.1111/j.1461-0248.2007.01117.x
https://doi.org/10.1111/j.1461-0248.2007.01117.x
https://doi.org/10.1038/ngeo1441
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.5194/bg-12-1671-2015
https://doi.org/10.5194/bg-12-1671-2015
https://doi.org/10.1111/ele.12480
https://doi.org/10.1111/ele.12480
https://doi.org/10.1002/lno.10256
https://doi.org/10.1002/lno.10256
https://doi.org/10.1038/227520a0
https://doi.org/10.1038/nplants.2015.33
https://doi.org/10.1093/plankt/fbw098
https://doi.org/10.1111/evo.12035
https://doi.org/10.1111/evo.12035
https://doi.org/10.1073/pnas.0500008102
https://doi.org/10.1038/ngeo2854
https://doi.org/10.1038/ngeo2854
https://doi.org/10.1126/science.1193954
https://doi.org/10.3389/fmars.2017.00064
https://doi.org/10.1038/ismej.2016.44
https://doi.org/10.1038/ismej.2016.44
https://doi.org/10.1371/journal.pone.0125239
https://doi.org/10.1111/j.1461-0248.2004.00580.x
https://doi.org/10.1111/j.1461-0248.2004.00580.x
https://doi.org/10.1111/ele.12551
https://doi.org/10.1098/rspb.2006.0198
https://doi.org/10.1098/rspb.2014.0028
https://doi.org/10.1126/science.1224836
https://doi.org/10.1126/science.1224836
https://doi.org/10.1029/2007GL032583
https://doi.org/10.1371/journal.pone.0246672
https://doi.org/10.1371/journal.pone.0246672
https://doi.org/10.1016/j.ecolmodel.2017.06.020
https://doi.org/10.1111/2041-210X.12627
https://doi.org/10.1111/2041-210X.12627
https://doi.org/10.1111/gcb.14675

132 Functional Ecology

HATTICH ET AL.

in physiological rates of Emiliania huxleyi to a broad CO, range.
Biogeosciences, 15, 3691-3701. https://doi.org/10.5194/
bg-15-3691-2018

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Hattich, G. S. |., Listmann, L., Govaert,
L., Pansch, C., Reusch, T. B. H., & Matthiessen, B. (2022).
Experimentally decomposing phytoplankton community
change into ecological and evolutionary contributions.
Functional Ecology, 36, 120-132. https://doi.
org/10.1111/1365-2435.13923

5UB01] SUOWILIOD SAIER.0 3 |ed 1 dde 8} AG PoUBAOB 8.2 SO YO 88N JO SN 0} AR2il17T BUIIUO A3 UO (SUOIHPUGO-PUE-SWLBWIOD /B 1M ARG pUIIUO//SANU) SUOIPUOD PUE SIS | 8U) 89S *[£202/T0/80] U0 ARIGITBUIIO ABIIM THNL JO AISBAIIN AQ E26ET'SEVZ-GIET/TTTT OT/IOPALIC"AB|IM AReiq]1BU1UO'S PUINOaGy//SANY WOJy Papeojumod ‘T ‘2202 ‘SEvZS9ET


https://doi.org/10.5194/bg-15-3691-2018
https://doi.org/10.5194/bg-15-3691-2018
https://doi.org/10.1111/1365-2435.13923
https://doi.org/10.1111/1365-2435.13923

