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Abstract

Historical contingency has long figured prominently in the conceptual frame-

works of evolutionary biology and community ecology. Evolutionary biologists

typically consider the effects of chance mutation and historical contingency in

driving divergence and convergence of traits in populations, whereas ecologists

instead are often interested in the role of historical contingency in community

assembly and succession. Although genetic differences among individuals in

populations can influence community interactions, variability among

populations of the same species has received relatively little attention for its

potential role in community assembly and succession. We used a community-

level study of experimental evolution in two compositionally different assem-

blages of protists and rotifers to explore whether initial differences in species

abundances among communities attributed to differences in evolutionary his-

tory, persisted as species that continued to evolve over time. In each assem-

blage, we observed significant convergence between two invaded treatments

initially differing in evolutionary history over an observation period equal to

~40–80 generations for most species. Nonetheless, community structure failed

to converge completely across all invaded treatments within an assemblage to

a single structure. This suggests that whereas the species in the assemblage

represent a common selective regime, differences in populations reflecting

their evolutionary history can produce long-lasting transient alternative com-

munity states. In one assemblage, we also observed increasing within-

treatment variability among replicate communities over time, suggesting that

ecological drift may be another factor contributing to community change.

Although subtle, these transient alternative states, in which communities dif-

fered in the abundance of interacting species, could nonetheless have impor-

tant functional consequences, suggesting that the role of evolution in driving

these states deserves greater attention.
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INTRODUCTION

Historical contingency is of long-standing interest to
both evolutionary biologists and ecologists (e.g.,
Fukami, 2015; Gillespie, 2004; Lenski, 2017; Travisano
et al., 1995), albeit from widely different perspectives.
Evolutionary biologists typically consider whether his-
torical contingency, mostly in the form of chance muta-
tions, will influence divergence or convergence of
populations of a single species, often under identical
conditions imposed by selection experiments
(Lenski, 2017; Simões et al., 2008). Ecologists, con-
versely, have more frequently focused on the role of his-
torical contingency in community dynamics by
considering how chance differences in the timing of spe-
cies arrivals can have effects on community properties
(e.g., Li et al., 2016). These approaches diverge in the
level of biological organization on which they focus.
Ecologists concentrate on the interspecific level, typi-
cally ignoring the role of historical contingency at the
intraspecific level, whereas evolutionary biologists fre-
quently begin with a single genetic clone of an asexually
reproducing organism, but rarely consider the conse-
quences of historical contingency in a larger community
context (but see Meyer et al., 2012 for a two-species
community).

Interest in historical contingency among evolutionary
biologists concerns whether the sequence and identity of
mutations over time result in evolutionary changes that
are path dependent (and consequently, divergent), or
whether mutations interact with a common selective
regime to produce largely repeatable (convergent) changes
in phenotypes (e.g., Herron & Doebeli, 2013). Specifically,
even if every sequence of evolutionary change is unique, it
is still possible to reach the same peak in a fitness land-
scape via different underlying mutations, resulting in phe-
notypic convergence, despite different evolutionary
pathways (Lenormand et al., 2009). Historical contingency
may, however, result in evolutionary trajectories that
reach different fitness peaks (Lenski & Travisano, 1994);
divergence can arise from factors such as different muta-
tions or epistatic interactions among mutations (Meyer
et al., 2012). Convergence has been shown for traits
directly related to fitness (i.e., adaptation) (Colosimo
et al., 2005; Gilchrist et al., 2004), whereas historical con-
tingency may be more important for traits that are less
tightly tied to fitness (Travisano et al., 1995).

In community ecology, historical contingency is pri-
marily of interest for its role in generating priority effects
during community assembly (Chase, 2003; Fukami, 2015)
and successional dynamics (Meiners et al., 2015), and for
its role in determining species coexistence (Grainger

et al., 2019; Letten et al., 2017). Priority effects do not
always have long-lasting effects on community assembly,
but can persist for multiple generations in some situations
(Toju et al., 2018). They can result in the divergence of com-
munity structure and function, including alternative tran-
sient or stable states, or compositional cycles (Fukami,
2015). Similarly, successional dynamics can result in com-
munity divergence (e.g., Taylor & Chen, 2011), convergence
(e.g., Alday et al., 2011), or more complex patterns (e.g., del
Moral & Lacher, 2005).

Historical contingency in community ecology has tradi-
tionally focused on how the different timing (order) of spe-
cies arrivals affects community patterns, but not the
potential consequences of genetic variation within species
(Chase, 2003; Fukami, 2015; Violle et al., 2012). Only more
recently have ecologists begun to investigate the importance
of intraspecific diversity (e.g., Jung et al., 2010; Laughlin
et al., 2012; Siefert, 2012; Zee & Fukami, 2018) or eco-
evolutionary dynamics in community assembly (e.g., Knope
et al., 2012; Kremer & Klausmeier, 2017; Lee et al., 2012;
Urban & De Meester, 2009), species coexistence (e.g.,
Klauschies et al., 2016; Kremer & Klausmeier, 2013), or
community properties such as resilience (e.g., Barab�as &
D’Andrea, 2016). Nonetheless, work with foundation
species (i.e., plant species that define habitats sensu
Whitham et al., 2012) suggests that different genotypes
of the same species can be an important determinant of
community assembly (e.g., Keith et al., 2017; Lamit
et al., 2016).

Few studies have examined the possibility that differ-
ing evolutionary histories of interacting species within a
community may produce communities that differ in
terms of the abundance of species (and therefore, com-
munity composition) (but see Zee & Fukami, 2018 for
work with competing pairs of Pseudomonas fluorescens
strains in which evolutionary history was manipu-
lated). Even if communities containing populations of
species that differ in evolutionary history eventually
converge on a single community state (again, in terms
of the abundance of species within the community as
opposed to species richness or the identity of species
present), evolutionary history may be one factor that
could govern the emergence of transient alternative
states. Transient alternative states can persist for many
generations (Fukami & Nakajima, 2013), frequently for
longer than the interval between disturbances that restart
successional dynamics (Fukami & Nakajima, 2011). The
emergence of transient alternative states may consequently
constitute an important mechanism that maintains regional
species diversity (Fukami & Nakajima, 2013).

Here we take advantage of an experiment that assessed
the importance of evolutionary history in driving the
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outcomes of biological invasions (Faillace & Morin, 2016) to
examine whether communities with differences in the
recent evolutionary history of populations would exhibit
persistent divergence or convergence among communities
over time. We constructed communities of two assemblages
of protists and rotifers (from this point forwards termed
Assemblages A and B) with combinations of species that
differed in their exposure to, and evolutionary history with,
a designated invading species. To determine if post-invasion
evolutionary history had the ability to alter the trajectory of
community development we compared species performance
over time (measured as mean abundance) from treatments
with naïve (i.e., with no previous history of evolutionary
experience with an invader) or evolved (i.e., with a history
of potential post-invasion evolution) populations of invaders
and residents. In this way we determined whether abun-
dances of populations from initially divergent treatments
became more similar over time, regardless of the initial
differences in evolutionary history of invaders and resi-
dents. We reasoned that if post-invasion interactions
represent a common selective regime across all invaded
treatments within each assemblage, early differences
among invaded treatments might become less pro-
nounced over time as initially naïve populations
evolved following invasion during our observation
period, due to a tendency to converge toward a single
community end state under a shared, post-invasion,
selective regime. We predicted that if post-invasion
evolution occurred in a rapid and mostly deterministic,
repeatable fashion, then naïve populations of residents
and invaders would evolve to effectively become less
naïve over time. In this case, we would expect to see
increased similarity among invaded communities after
tens of generations of interactions, compared with the
initial post-invasion dynamics assessed when species
had just experienced different selective regimes (before
naïve populations might be expected to undergo much
evolution). Stochastic processes (i.e., drift) could also
lead to increased variation among replicates within
treatments depending on the degree of repeatability in
evolutionary outcomes following invasion, such that
drift could conceivably lead to the blurring of differ-
ences among treatments, as a result of increased
within-treatment variance relative to the among-
treatments variance. Alternatively, the evolutionary
history of interacting species could instead dictate
divergent trajectories of community development, lead-
ing to the formation of alternative transient or stable
states differing in the abundance of species. In that
case, we would expect communities that were com-
posed of different combinations of evolved and naïve
invaders and residents to remain different, or even
become more divergent over time.

METHODS

Experimental design

We implemented our experimental protocol in three
phases (Appendix S1: Figure S1). Phase 1 began in
August 2013, during which we established five replicates
of each of two compositionally different assemblages of
ciliate protists and rotifers, which were feeding on the
same four bacterial resource species (Bacillus cereus,
Bacillus subtilis, Proteus vulgaris, and Serratia mar-
cescens) to establish uninvaded and invaded lines of each
assemblage. Assemblage A contained five ciliates,
Blepharisma americanum, Euplotes patella, Paramecium
bursaria, Prorodon niveus, Spirostomum teres, and one
rotifer, Lecane sp. Assemblage B contained three ciliates,
Euplotes daidaleos, Paramecium caudatum, Stentor
coeruleus, and a second rotifer, Monostyla sp. These
assemblages were both the source and the target of exper-
imentally contrived invasions.

The protists and rotifers were originally collected
from Bamboo Pond on the Rutgers University New
Brunswick, NJ, campus and were maintained in the labo-
ratory for 3 years before the start of the experiment, equal
to ~550–1095 protist generations. For the years prior to
the start of Phase 1 of the experiment, five species from
Assemblage A, B. americanum, E. patella, Lecane sp.,
P. niveus, and S. teres were maintained together, whereas
three species from Assemblage B were originally
maintained together, Monostyla sp., P. caudatum, and
S. coeruleus. Protists and rotifers were a mix of
bacterivores and predators. During this time, the desig-
nated invaders, P. bursaria from Assemblage A and
E. daidaleos from Assemblage B, were grown continu-
ously as single species cultures. They were introduced to
each of their source assemblages several months before
the initiation of Phase 1 of the experiment to maximize
their acclimation time in their source assemblage.

Assemblages grew in replicated microcosms (n = 5),
that is, loosely lidded 250-ml jars with 100 ml of protist
pellet medium (1 Carolina Biological protist pellet, 2.8 L
water, plus 0.14 g Herptivite) previously autoclave steril-
ized and then bacterized with our four bacterial resource
species plus two sterile wheat seeds for additional nutri-
ents. Identical laboratory conditions (spatial positions
randomized in a Percival incubator at 22�C with a
5 h : 19 h, light : dark photoperiod) allowed resident spe-
cies in each assemblage to additionally acclimate to labo-
ratory conditions and each other during Phase 1, lasting
an additional ~6 months (late August 2013 to early
March 2014). Replicate microcosms in Phases 1 and
2 were intended to prevent any catastrophic loss of unin-
vaded and invaded lines of the two assemblages. For this
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reason, replicates were homogenized at each sub-
culturing event during these phases to maintain a single
uninvaded and an invaded line of each assemblage.
Because our design considered a single uninvaded and a
single invaded line of each assemblage, comparisons of
the effects that might emerge as a result of differing
mutations or other evolutionary changes were outside
the scope of this experiment (i.e., had we instead
maintained multiple invaded and uninvaded lines of each
assemblage throughout Phases 1 and 2 to be used in
Phase 3). We subcultured organisms every 3 weeks by
placing ~5 ml of well mixed culture into new sterile
microcosms with 100 ml of fresh medium. Although this
procedure does create a population bottleneck for the
protists and rotifers, it was essential to ensure that any
observed evolutionary responses resulted from the inter-
actions between the protists and rotifers, and not in
response to changes within the bacterial community.
Therefore, fresh sterile protist pellet medium used during
subculturing was always inoculated before use with the
same four bacterial taxa continuously maintained indi-
vidually on agar slants, effectively resetting the bacterial
composition at each subculturing event. This protocol
makes it highly unlikely that the protists and rotifers had
experienced consistent directional selection resulting
from long-term evolutionary changes in bacterial traits
(i.e., we provided a regular replenishment of ungrazed
bacteria throughout the experiment), or that any differ-
ences among treatments were driven by changes to the
bacterial community itself.

At the start of Phase 2 (March 2014), we invaded the
replicates of each assemblage by designating one resident
species from each assemblage as the experimental
invader of the other assemblage. Therefore, the invading
species were naïve to species identity in newly invaded
communities, but not to previous interactions with other
species, a design that closely matches natural invasions.
An inoculum of 15–20 individuals of Assemblage A resi-
dent, P. bursaria, invaded each of five replicates of
Assemblage B. Similarly, an inoculum of 15–20 individ-
uals of E. daidaleos, a resident from Assemblage B,
invaded five replicates of Assemblage A. Invaders were
functionally similar mixotrophic bacterivores and each
assemblage contained a congener with which the invader
might be expected to interact strongly. Replicates of
invaded and uninvaded control lineages of each assem-
blage then were grown under identical laboratory condi-
tions (with periodic subculturing during which we again
homogenized each uninvaded and invaded line of both
assemblages) for an additional 200–400 protist genera-
tions (13 months) to provide an opportunity for
populations of residents and invaders to evolve following
invasion. Uninvaded resident assemblages therefore

experienced a total of ~300–550 protist generations dur-
ing the course of the experiment (18 months), ensuring a
prolonged recent evolutionary history of residents,
whereas, in invaded replicates, invaders and residents
experienced a recent interaction history of ~200–400 pro-
tist generations.

After 13 months of interaction, in Phase 3 we created
our final treatment combinations (n = 5) of evolved (den-
oted with a “+”) or naïve (�) invaders (I) and residents
(R) with a second round of community assembly. Follow-
ing a subculturing event in which the uninvaded and
invaded lines of each assemblage were again each
homogenized, we established our final treatments over a
3-week period. The treatments for these test communities
included: (1) invaders and residents both evolved
(coevolved treatment: +I/+R), (2) evolved invaders and
naïve residents (evolved invader treatment: +I/�R),
(3) naïve invaders and evolved residents (evolved resi-
dents treatment: �I/+R), (4) invaders and residents both
naïve (naïve invasion treatment: �I/�R), and (5) solely
naïve residents (�R) as uninvaded controls. After sub-
culturing, replicates of the invaded line became the
coevolved “end state” treatment against which other
invaded treatments and the uninvaded control treatment
could be compared. We then individually invaded each of
five replicates of communities with 15–20 individuals of
the appropriate invader (either evolved or naïve),
depending on treatment. Evolved invaders (+I) origi-
nated in invaded lines of each assemblage (in which the
invader had a recent evolutionary history in the novel
assemblage), whereas naïve invaders (�I) originated in
their source assemblage (i.e., the assemblage in which
each invader was considered a resident: Assemblage A
for P. bursaria and Assemblage B for E. daidaleos). Simi-
larly, evolved residents (+R) originated in the invaded
(coevolved) line of each assemblage, whereas naïve resi-
dents (�R) originated from the uninvaded (control) line
of each assemblage (i.e., Assemblage A grown continu-
ously without the invader, E. daidaleos, present, and
Assemblage B grown continuously without the invader,
P. bursaria). For instance, the evolved residents treatment
(�I/+R) contained naïve invaders (�I) that originated
from their source assemblages, invading previously
reassembled communities of evolved residents from the
invaded line of each assemblage (+R). For the evolved
residents treatment (�I/+R), it was necessary to first
reassemble resident communities without invaders by
isolating evolved residents from the invaded line of each
assemblage and allowing them to reach detectable equi-
librium abundances before introducing naïve invaders to
the community. To reassemble these resident communi-
ties, we isolated ~50 individuals of each evolved resident
from the invaded line and allowed them to grow to
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equilibrium abundances over a period of several weeks,
before introducing 15–20 naïve invaders. Treatments
with naïve invaders and/or residents enabled us to make
comparisons of ecological effects between ancestral
(unevolved, no recent history of interaction) and evolved
(recent history of interaction) states for both invaders
and resident species.

After invaders exceeded a detection threshold, over a
12-week observation period, we estimated the species densi-
ties (number per milliliter) from periodic counts (nine
observations total) of the number of individuals of each spe-
cies in a well-mixed subsample of known volume (~0.3 ml,
with volume measured precisely by sample mass) sampled
without replacement from each replicate from all commu-
nities. All species were visually distinct and easily identified
using a Nikon SMZ microscope.

Statistical analyses

Evolutionary history and community
convergence

To assess whether communities tended to converge over
time, we analyzed community trajectories using the frame-
work developed by De C�aceres et al. (2019). For each
experimental assemblage, we established patterns of com-
munity dissimilarity using non-metric multidimensional
scaling (NMDS) based on Bray–Curtis distances in the R
package vegan (Oksanen et al., 2007). Then, we calculated
community centroids for each of the invaded treatment
groups at each time point throughout the experiment
(n = 9) to track the central tendency of community
trajectories. For all pairwise comparisons between treat-
ments, we next calculated the Euclidean distance between
their community centroids (i.e., dissimilarity between
communities) at each time point and assessed whether the
distance between community centroids decreased (conver-
gence) or increased (divergence) over time. We used
Mann–Kendall trend tests in the trend R package
(Pohlert, 2020) to detect monotonic trends of the distance
between communities over time. This test focuses on the
signal of these relationships in which a tendency to
observe a decrease in distance between communities over
time would indicate convergence (i.e., communities are
becoming more similar over time yielding negative tau [τ]
values) and an increase in distance between communities
indicates divergence (i.e., communities are becoming more
dissimilar over time yielding positive tau values). When
communities show variable periods of convergence and
divergence such that no clear trend is observed, tau values
are non-significant.

For each assemblage, a first community convergence
analysis tested for the effects of evolutionary history on
invaded communities. These analyses excluded the unin-
vaded control (�R) communities, to avoid spurious sig-
nificant differences in community structure due to the
addition of the invader (i.e., resulting solely from the
experimentally imposed treatments). Furthermore, one
resident, P. niveus, in Assemblage A was excluded
because it failed to establish in the evolved residents
treatment (�I/+R), which was likely due to its small
starting propagule size. In an additional analysis for each
assemblage, we also tested whether resident community
composition converged or diverged in response to inva-
sion. To test for the effects of invasion solely on residents,
we included the uninvaded control communities, but
removed the invader from the analyses.

The effects of invasion and evolutionary history
on population and community dynamics

To evaluate the effects of evolution over time on population
and community dynamics, we modeled species abundances
using multivariate generalized linear models (function
“manyglm”) with a negative binomial distribution in the
mvabund package (Wang et al., 2012). These models
included interactions between time and (1) invader evolu-
tion, (2) resident evolution, and (3) coevolution (i.e., the
interaction between resident and invader evolution). This
analysis assessed both community-level and species-level
differences among experimental microcosms. For individual
species, we used univariate tests that were adjusted for mul-
tiple comparisons through resampling based on the Holm
step-down procedure (Wang et al., 2012). In our models, we
accounted for repeated sampling by restricting permuta-
tions within blocks that correspond to the identity of micro-
cosm jars using the “bootID” argument (n permutations
= 999). Test statistics were based on likelihood ratio tests.
Using this analysis, we conducted two separate tests of
these data: (1) the effects of invasion on residents and
(2) the overall effects of the evolutionary treatments in
invaded communities, which excluded the uninvaded con-
trol (�R). In test 1, we removed the invader from the analy-
sis to avoid spurious differences based on the addition of
the invader in invaded communities.

Ecological drift

Stochastic processes (i.e., drift) could also lead to increased
variation among replicates within treatments, depending
on the degree of repeatability in evolutionary outcomes
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following invasion, such that drift could conceivably lead
to declining differences among treatments as a result of
increased within-treatment variance relative to the among-
treatments variance. We tested for drift using linear mixed
effects models that assessed whether the distance from each
replicate to the treatment centroid increased over time. Our
model included invader and resident evolution and their
interaction as fixed effects and microcosm ID as a random
effect. All analyses and graphics were produced in R v.4.0.2
(R Core Team, 2021).

RESULTS

Evolutionary history and community
convergence

Despite starting at different community states, communi-
ties containing coevolved species (+I/+R) and only the

evolved invader (+I/�R) converged toward a similar com-
munity composition over time in Assemblage A (tau
= �0.72, p = 0.009; Figure 1; Appendix S1: Figure S2). All
other community trajectory comparisons examining the
effects of evolution over time in invaded communities in
Assemblage A were not significant (p > 0.05; Appendix S1:
Figure S2). Community trajectories showed that initially
the evolved invader communities more strongly favored the
resident Lecane sp. and P. bursaria than did communities
from the coevolved treatment (Figure 1).

Although we observed community-level effects evolu-
tion and coevolution by invaders and residents in both
assemblages (Table 1), when directly examining the effects
over time of evolutionary history on species abundances in
Assemblage A, we observed the effects of coevolution and
invader evolution in some species (Table 2). Specifically,
the abundance of Lecane sp. declined over time in commu-
nities with invader evolution (coef = �0.002, p = 0.028)
and coevolution (coef = �0.054, p = 0.009; Figure 2).

F I GURE 1 The effects of evolutionary history on invaded community trajectories in Assemblage A. Significant trends of convergence

were only observed between coevolved and evolved invader communities. The position of constituent species and community centroids are

plotted and, within these points, numbers indicate the sequential community survey events. Non-metric multidimensional scaling (NMDS)

stress = 0.16
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Abundance of P. bursaria generally declined over time
(coef = �0.007, p = 0.008; Figure 2), and this decline was
greater in communities with evolved invaders
(coef = �0.014 p = 0.019; Figure 2). Although overall the
abundance of E. daidaleos slightly increased over time
(coef = 1.00, p = 0.073; Figure 2), it declined in the

coevolved treatment (coef = �0.054, p = 0.003; Figure 2)
and was an apparent driver of increasing similarity among
communities from the coevolved and evolved invader treat-
ments (Figure 1). B. americanum, P. bursaria, and S. teres
remained more prominent within the compositions of the
naïve invasion (�I/�R) and evolved residents (�I/+R)

TAB L E 1 Community-level response to invader and resident evolution following invasion in Assemblages A and B

Assemblage A Assemblage B

Source of Variation Deviance p Deviance p

Time 183.00 0.001 50.88 0.001

Invader evolution � time 25.87 0.006 23.94 0.002

Resident evolution � time 18.18 0.015 12.49 0.040

Coevolution � time 35.47 0.001 26.13 0.003

Note: Deviance and p-values are reported from multivariate tests with generalized linear models that are modeled with a negative binomial distribution.
Statistically significant results at α = 0.05 are denoted with p-values in bold font.

F I GURE 2 Population dynamics of species within invaded communities of Assemblage A. Means and fitted lines with standard error

are plotted. Model estimates were back transformed from a negative binomial glm. Points indicate the observed raw abundances, offset to

help visualize the data
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communities, relative to the coevolved and evolved invader
treatments, although E. patella was relatively rare in all
treatments (Figure 1). Both S. teres and E. patella declined
over time (p = 0.001; Figure 2), however their population
abundances were not impacted by coevolution, invader, or
resident evolution (p > 0.05; Table 2). Ultimately, toward
the end of the experiment, communities from both
coevolved and evolved invader treatments favored the
invader, E. daidaleos, and Lecane sp., relative to the naïve
invasion and evolved residents communities (Figure 1).
Nonetheless, the observed convergence between coevolved
and evolved invader communities appeared to be driven by
similar declines in the abundance of the invader
E. daidaleos and the resident Lecane sp. Additionally,
declines in E. patella and S. teres in all treatments contrib-
uted to the observed convergence, although this effect was
unrelated to the evolutionary treatments.

When examining the changes over time due directly
to invasion, we observed significant divergence between
the naïve invasion treatment and the uninvaded control
(�R) treatment (Appendix S1: Figures S3 and S4). Upon
examining resident abundances, changes in community
composition between the invaded communities and the
uninvaded control were attributed to Lecane sp., which
increased over time in the naïve invasion treatment
(p = 0.001; Appendix S1: Table S1, Figure S5). There was
a weak, marginally significant positive effect of invasion
on B. americanum abundance (p = 0.095; Appendix S1:
Table S1, Figure S5).

In Assemblage B, communities containing evolved
residents converged with communities from the naïve
invasion treatment (tau = �0.61, p = 0.03; Figure 3;
Appendix S1: Figure S6). There was no notable signal of
divergence among communities differing in evolutionary
history within this assemblage (tau range: 0.05 to �0.61),
and all other comparisons among communities were not
significant (p > 0.05; Appendix S1: Figure S6). Naïve

invasion communities had a community trajectory that
initially favored the invader, P. bursaria, and one resi-
dent, Monostyla sp., but over time the structure became
more balanced between these two species and two addi-
tional residents, E. daidaleos and P. caudatum (Figure 3).
In contrast, despite converging to a similar end point,
the communities with evolved residents instead initially
favored three residents, E. daidaleos, P. caudatum,
and S. coeruleus. Evolved residents and evolved invader
communities also showed signals of convergence,
but this trend was marginally significant (tau = �0.50,
p = 0.07). For the evolved invader communities, the tra-
jectory initially favored Monostyla sp. and P. bursaria
(the invader) before again ending with a community
balancing these two species as well as E. daidaleos and
P. caudatum.

Examining the effects of evolutionary history on
species abundances over time (Table 3), showed that
the abundance of the invader, P. bursaria, decreased in
the coevolved treatment (coef = �0.050, p = 0.002) and
the evolved invader communities (coef = �0.009,
p = 0.001; Figure 4), whereas Monostyla sp. only
declined in the coevolved treatment (coef = �0.023,
p = 0.051; Figure 4). The abundance of E. daidaleos
increased similarly in the evolved invader
(coef = 0.024, p = 0.018) and evolved residents
(coef = 0.024, p = 0.014) communities (Figure 4).
Finally, abundance of S. coeruleus declined similarly
among all invaded treatments over time (coef = �0.041,
p = 0.001), but the relationship was independent of
evolutionary history (p > 0.05; Figure 4). There was no
effect of time or evolution on P. caudatum population
abundance (p > 0.05). Overall, convergence between
the naïve invasion and evolved residents communities
in Assemblage B was driven by the decline in
S. coeruleus across all treatments and increase in
E. daidaleos in the evolved residents treatment.

TAB L E 2 Species-level response to invader and resident evolution following invasion within Assemblage A

Source of
Variation

B. americanum S. teres E. patella E. daidaleos Lecane sp. P. bursaria

Deviance p Deviance p Deviance p Deviance p Deviance p Deviance p

Time 4.474 0.101 42.489 0.001 118.867 0.001 5.341 0.073 0.128 0.783 11.696 0.008

Invader evolution
� time

0.001 0.406 0.117 0.899 2.689 0.222 4.369 0.094 8.878 0.028 9.815 0.019

Resident evolution
� time

1.234 0.477 5.464 0.083 0.199 0.620 2.884 0.244 3.342 0.244 5.058 0.091

Coevolution
� time

3.973 0.129 0.396 0.596 0.841 0.596 16.021 0.003 10.453 0.009 3.790 0.120

Note: Deviance and p-values are reported from univariate tests with generalized linear models that are modeled with a negative binomial distribution. p-values
are adjusted for multiple comparisons through resampling based on the Holm step-down procedure. Statistically significant results at α = 0.05 are denoted with
p-values in bold font.
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When comparing the invaded resident communities to
the uninvaded controls to examine the effects of invasion,
we observed significant convergence between the naïve
invasion treatment and the uninvaded control treatment

(Appendix S1: Figures S7 and S8). E. daidaleos abundance
was positively affected by invasion (p = 0.032) and the other
residents did not show a main effect of invasion on their
abundance (p > 0.05; Appendix S1: Table S2, Figure S9).

TAB L E 3 Species-level response to invader and resident evolution following invasion within Assemblage B

S. coeruleus P. caudatum Monostyla sp. E. daidaleos P. bursaria

Source of Variation Deviance p Deviance p Deviance p Deviance p Deviance p

Time 24.341 0.001 0.850 0.492 0.358 0.506 23.453 0.001 1.877 0.244

Invader evolution � time 0.340 0.810 0.503 0.810 0.575 0.810 8.627 0.018 13.891 0.001

Resident
evolution � time

0.019 0.993 0.852 0.751 0.759 0.993 8.911 0.014 2.702 0.327

Coevolution � time 0.587 0.522 1.702 0.410 6.363 0.051 3.456 0.217 14.026 0.002

Note: Deviance and p-values are reported from univariate tests with generalized linear models that are modeled with a negative binomial distribution. p-values

are adjusted for multiple comparisons through resampling based on the Holm step-down procedure. Statistically significant results at α = 0.05 are denoted with
p-values in bold font.

F I GURE 3 Effects of evolutionary history on invaded community trajectories in Assemblage B. Significant trends of convergence were

only observed between evolved residents and naïve invasion communities. The position of constituent species and the community centroids

are plotted and, within these points, numbers indicate the sequential community survey events. Non-metric multidimensional scaling

(NMDS) stress = 0.14
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Drift

The contribution of drift to community patterns varied
between assemblages. In Assemblage A, the distance to the
within-treatment community centroid increased over time
(p < 0.0001), which is indicative of drift. However, this
increase in within-community variation over time was
lower in the naïve invasion communities (Appendix S1:
Figures S10 and S11). In contrast, the distance to the
within-treatment community centroid decreased over time
in Assemblage B (p = 0.02), and the overall distance to the
centroid was higher in the evolved residents community
(resident evolution, p = 0.021), indicating that communities
in this treatment had more variable compositions than
those from other treatments (Appendix S1: Figures S12
and S13).

DISCUSSION

We evaluated the course of community development in two
different species assemblages to understand whether
populations differing in evolutionary history could produce
transient alternative ecological community states. Our
results demonstrated that the evolutionary history
of interacting species can drive differences in community
development following biological invasions. The differences
in converging community structure observed in the two
assemblages seemed to be related to whether the invader or
resident species evolved. For Assemblage A, in which we
previously demonstrated ecological effects related to evolu-
tion in the invader (Faillace & Morin, 2016, 2020), we
observed increasing similarity among communities from
the coevolved and evolved invader treatments. In contrast,

F I GURE 4 Population dynamics of species within invaded communities of Assemblage B. Means and fitted lines with standard error

are plotted. Model estimates were back transformed from a negative binomial glm. Points indicate the observed raw abundances, offset to

help visualize the data
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for Assemblage B, in which we had shown that evolution of
resident species drove differences in the community
(Faillace & Morin, 2016, 2020), we found that communities
with naïve invasions and evolved residents became more
similar over time. Here, the evolved resident communities
showed little directional change over time from the initial
to final community state, whereas the naïve invasion com-
munities appeared to ultimately become more similar to
the communities with evolved residents.

The increase in similarity between the naïve invasion
and evolved residents communities in Assemblage B was
consistent with our expectation that post-invasion evolu-
tion occurs in a rapid and mostly repeatable fashion with
the species present in each assemblage representing a
common selective regime, such that naïve populations
would evolve to effectively become less naïve over time.
Additionally, across both assemblages, communities from
naïve treatments showed some trends of convergence with
coevolved treatments, however the convergence was not
statistically significant. It seems likely that these effects
might have become stronger and statistically significant had
we continued our observations beyond the tens of genera-
tions that we observed. These results agree with a recent
field experiment with native and invasive grass species
occurring in sympatry and allopatry, in which evolution in
populations of the native species appeared to produce
repeatable responses to competition with the invasive spe-
cies (Germain et al., 2020). Nonetheless, in our experiment,
the lack of complete convergence to a single uniform com-
munity state within each assemblage suggested that the dif-
ferences in populations that we attributed to evolutionary
history could produce long-lasting transient alternative
community states.

When considering the patterns of community similar-
ity over time with the population-level results, we
observed that, for Assemblage A, signals of convergence
among treatments appeared to be driven by increases in
the invader, E. daidaleos, across all except the coevolved
treatment, for which it declined, as well as declines in
abundance in all treatments of E. patella and S. teres.
Nonetheless, we also observed evidence of drift occurring
among communities within treatments. Therefore, the
observed pattern appears to be driven, at least in part, by
increasing within-treatment dispersion, implying an
additional role for stochastic processes, specifically eco-
logical drift, in community development for this
assemblage.

For Assemblage B, the increase in among-treatment
similarity between the evolved residents and naïve inva-
sion treatments appeared to be driven by a community
structure increasingly balanced among the invading spe-
cies, P. bursaria, as well as residents Monostyla sp.,
E. daidaleos, and P. caudatum. Additionally, the

abundance of S. coeruleus declined across all invaded
treatments over time. Here, although we observed
changes to the degree of drift over time, the evolved resi-
dent treatment exhibited consistently greater within-
treatment dispersion compared with the remaining treat-
ments. This elevated dispersion suggests that the abun-
dances of interacting species in the treatment with
evolved residents remained more variable over time com-
pared with those in the other treatments. One possible
explanation for this result is that the effects in this treat-
ment are potentially driven by evolution occurring in
multiple interacting species, as opposed to evolution in a
single species, as seen in Assemblage A, possibly increas-
ing variability in those interactions.

Historical contingency is known to influence the
properties of both populations and communities
(Fukami, 2015; Lenski, 2017). When considering interac-
tions among species, historical contingency can deter-
mine the composition and functioning of communities
through priority effects and eco-evolutionary dynamics to
influence community assembly and coexistence, as well
as succession (Fukami, 2015; Grainger et al., 2019;
Kremer & Klausmeier, 2017; Meiners et al., 2015). Tran-
sient alternative states can differ from alternative stable
states in the conditions under which they occur and the
patterns of diversity in which they result; because tran-
sient states may be common in many natural communi-
ties, they could be particularly important in maintaining
biodiversity (Fukami & Nakajima, 2011, 2013). For
instance, different genotypes of foundation species can
promote the development of measurably different com-
munities of associated dependent species (e.g., Keith
et al., 2017; Lamit et al., 2016). Because chance mutations
can cause divergence in genotypes (and therefore pheno-
types) under identical selective regimes (Lenski, 2017;
Meyer et al., 2012), it follows that the dominant pheno-
types present among allopatrically evolving populations
or in metacommunities may differ in important ways
(e.g., Urban, 2010), even when the populations evolve
under similar conditions. In fact, Brockhurst et al. (2006)
demonstrated that independently evolved populations of
wrinkly spreader (WS) phenotypes of P. fluorescens can
differ in aspects of the WS phenotype with important
consequences for communities, despite evolving under
identical conditions. Sympatrically coevolved pairs of
strains exhibited greater character displacement, yielding
both greater productivity and reduced invasibility com-
pared with randomly assembled (allopatric) pairs. Pairs
of sympatrically and allopatrically evolved strains of
P. fluorescens also differ in the strength of the priority
effects that governed competitive outcomes (Zee &
Fukami, 2018). Taken together, even in cases in which
eventual convergence of phenotypes might be expected,
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historical contingency resulting in phenotypic variability
among populations could cause important long-term dif-
ferences in community structure or function.

The importance of ecological and evolutionary pro-
cesses interacting at contemporary timescales is increas-
ingly recognized (Ellner, 2013; Koch et al., 2014;
Schoener, 2011). Some studies of both laboratory and nat-
ural systems have clearly demonstrated ongoing contem-
porary evolution (e.g., Bassar et al., 2012; Farkas
et al., 2016; Hiltunen & Becks, 2014), highlighting the
need to consider ecological and evolutionary dynamics as
simultaneous and interacting processes that drive com-
munity dynamics. Such eco-evolutionary dynamics
(Fussmann et al., 2007; Kinnison & Hairston, 2007) can
have effects on the phenotypic traits of species (Grant &
Grant, 2002; Stuart et al., 2014), population and commu-
nity dynamics (Becks et al., 2010, 2012; Faillace &
Morin, 2016, 2020; Yoshida et al., 2003), and even ecosys-
tem functioning (Palkovacs et al., 2009). Eco-evolutionary
feedbacks (such as the ecology ! evolution ! ecology
feedback observed here) may be of particular importance
in governing the divergence of populations through their
ability to amplify intraspecific phenotypic trait variation
(Bailey et al., 2013), and may be crucial for our under-
standing of how species diversity arises (Post &
Palkovacs, 2009) and is maintained. Despite their poten-
tial importance, few studies have attempted to identify
the community-level effects of eco-evolutionary dynamics
in complex communities. Nonetheless, we clearly need to
improve our understanding of evolution in a community
context (terHorst et al., 2018).

We did not identify specific molecular genetic targets
of evolution, but have previously argued that our design
explicitly disentangled possible induced plastic pheno-
typic responses from heritable changes (Faillace &
Morin, 2020). Not only did the identity of species in each
community remain constant with all other conditions
maintained under common garden conditions, but also
an additional 3 weeks passed before we began our obser-
vation period, representing the passage of ~21–42 genera-
tions for the protists. This is well after the period of
maximum induction of plastic changes for protists
(i.e., plasticity in protists is reasonably well characterized
in the literature with phenotypically plastic responses
typically fully induced in a population within the first
72 h, corresponding to about two or three generations after
exposure to novel conditions) (Duquette et al., 2005; Fyda &
Wiackowski, 1998; Wiackowski & Staronska, 1999). Finally,
tracking abundances over multiple generations and turn-
overs of the individuals in populations ensured that any
observed differences represent the ecological manifestations
of heritable differences among lines of evolved and naïve
populations of our species, rather than transient dynamics

due to plasticity. The observed convergence among some
treatments in each assemblage is consistent with selection
acting on standing genetic variation, rather than on the
appearance of new mutations (i.e., as for the populations of
yeast studied by Burke et al., 2014). Nonetheless, similar to
both the scale and time dependency of convergence and
divergence observed in Escherichia coli (Lenski, 2017), new
mutations could greatly alter performance and community
composition, especially over longer time scales.

We argue that evolutionary history can contribute to
the emergence of long-lasting alternative community
states in which the abundances of constituent species dif-
fer significantly, but it remains to be seen how important
it is in natural communities. Common and rare species
can differ dramatically in their respective roles in biologi-
cal communities (Gaston & Fuller, 2008; Jain
et al., 2014). This implies that when the relative contribu-
tion of rare and common species is shifted, these kinds of
transient alternative states could be expected to have
important functional consequences. In our experiment,
demonstrably different alternative community states per-
sisted for tens of generations in both assemblages, with
incomplete convergence observed during the course of
our observations, indicating that these transition states
would be biologically relevant for community dynamics.
The transient alternative states that we observed here, in
which communities differed in the abundance but not in
the identity of interacting species, are seemingly subtle,
but could nonetheless have important functional conse-
quences, suggesting that the role of evolution in driving
these states deserves greater attention.
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