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Abstract

A popular idea in ecology is that trait variation among individuals from the same
species may promote the coexistence of competing species. However, theoretical
and empirical tests of this idea have yielded inconsistent findings. We manipulated
intraspecific trait diversity in a ciliate competing with a nematode for bacterial prey
in experimental microcosms. We found that intraspecific trait variation inverted
the original competitive hierarchy to favour the consumer with variable traits, ul-
timately resulting in competitive exclusion. This competitive outcome was driven
by foraging traits (size, speed and directionality) that increased the ciliate's fitness
ratio and niche overlap with the nematode. The interplay between consumer trait
variation and competition resulted in non-additive cascading effects—mediated
through prey defence traits—on prey community assembly. Our results suggest
that predicting consumer competitive population dynamics and the assembly of
prey communities will require understanding the complexities of trait variation

within consumer species.
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emerge from phenotypic plasticity (e.g. maternal effects
or learned behaviour) (Turcotte & Levine, 2016), ontoge-

Comparative studies of species traits have historically
focused on trait differences between species. However,
ecologists increasingly recognise that much of the trait
variation in ecological communities exist between indi-
viduals from the same species. For example, trait varia-
tion within species accounts for up to one-fourth of total
trait variation in plant communities (Siefert et al., 2015)
and can have ecological consequences comparable in
magnitude to those from separate species (Des Roches
et al., 2018). Intraspecific trait variation (ITV) may

netic diversity (Rudolf & Rasmussen, 2013) and heritable
evolutionary change.

Although ITV is ubiquitous in natural ecological
communities, its relevance for competitive interactions
and species coexistence is unclear. In the past two de-
cades, the relationship between ITV and species co-
existence has garnered attention (Bolnick et al., 2011;
Turcotte & Levine, 2016)—in particular, the idea that
ITV may facilitate the coexistence of competing species
(Violle, 2012). Theoretical studies attempting to link ITV

Shane L. Hogle and Iina Hepolehto contributed equally.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.

Ecology Letters. 2021;00:1-13.

wileyonlinelibrary.com/journal/ele 1


www.wileyonlinelibrary.com/journal/ele
mailto:﻿
https://orcid.org/0000-0003-2595-3863
https://orcid.org/0000-0003-1329-2025
mailto:﻿
https://orcid.org/0000-0001-7206-2399
http://creativecommons.org/licenses/by-nc/4.0/
mailto:shane.hogle@utu.fi
mailto:teppo.hiltunen@utu.fi

EFFECTS OF PHENOTYPIC VARIATION ON CONSUMER COEXISTENCE AND PREY

2 |

COMMUNITY STRUCTURE

to coexistence have yielded inconsistent results ranging
from positive (Crawford et al., 2019; Uriarte & Menge,
2018), to negative (Barabas & D'Andrea, 2016; Hart
et al., 2016), to zero effect (Banitz, 2019). Laboratory and
field studies have also demonstrated variable outcomes
between competing species with different levels of ITV
(Clark, 2010; Hausch et al., 2018; Noto & Hughes, 2020).
Currently, this body of empirical and theoretical liter-
ature demonstrates no universally positive or negative
effect of ITV on coexistence.

Modern coexistence theory is a prevalent theoret-
ical framework in ecology, and it can be leveraged to
understand how variable traits (e.g. phenotypic plas-
ticity (Turcotte & Levine, 2016)) might impact fitness
or niche differences between competing species. From
the perspective of modern coexistence theory, species
coexistence or competitive exclusion depends on how
a variable trait influences stabilising and equalising
mechanisms. In empirical studies, the relative contri-
bution of these mechanisms is typically estimated using
the niche overlap and competitive (i.e. fitness) ratio com-
puted from population density data fit to a mathemati-
cal model of species competition (Godwin et al., 2020).
To successfully understand ITV and species coexistence
using modern coexistence theory, we also require knowl-
edge of the varying traits and intuition into how they
map to competing species’ competitive ratio and niche
overlap. High ITV in traits affecting niche overlap (niche
traits) should result in a distribution of individuals both
adapted and maladapted to the prevailing environmen-
tal conditions. ITV in niche traits should weaken sta-
bilising mechanisms because conspecifics can distribute
over a wider niche breadth, which increases niche over-
lap with heterospecifics. High ITV in traits altering spe-
cies fitness ratios (competitive traits) should make some
individuals more fit and others less fit under a given
environmental condition. The predicted effects of ITV
on competitive traits will depend upon the shape of the
trait-response curve due to Jensen's Inequality (Hart
et al., 2016; Ruel & Ayres, 1999). A concave-up response
for a variable trait will result in high-performance in-
dividuals that significantly increase the species mean
performance via non-linear averaging (Hart et al., 2016).
Alternatively, a concave-down response will produce
some poorly adapted individuals that would dispropor-
tionately decrease mean performance. Therefore, the
expectation for coexistence will also depend upon the
shape of the species performance response to the vari-
able trait. Traits may also simultaneously impact both
niche and fitness differences in complicated ways (Kraft
et al., 2015).

There are relatively few empirical studies test-
ing current theories of ITV and species coexistence.
Furthermore, both theoretical and empirical studies on
the effects of ITV and species coexistence have primar-
ily focused on competitive outcomes at a single trophic

level. Many studies have shown that ITV of a single
consumer can have cascading effects on community
dynamics at lower trophic levels (Chislock et al., 2013;
Post et al., 2008; Rudolf & Rasmussen, 2013). However,
little is known about how the interplay between con-
sumer ITV and consumer competition affects prey
community dynamics. In order to uncover general
principles of ITV and species coexistence, it will be
necessary for empirical studies to better characterise
the ecological and evolutionary conditions (including
their complexities) that promote or hinder species co-
existence. This effort should include uncovering the
mechanisms (e.g. species traits) that position species’
niche overlap relative to their hierarchical differences
and understanding how these operate in broader tro-
phic contexts. Experimental microbial communities
offer one way to test these ideas under controlled lab-
oratory conditions. We conducted an experiment with
a microbial ciliate competing with a nematode worm
in a common garden consisting of 24 different bacte-
rial prey species. Specifically, we sought to test (1) how
consumer ITV influences the competitive population
dynamics between two consumer species, (2) whether
links between consumer ITV and interspecific compe-
tition influence prey community structure and (3) what
mechanisms (i.e. consumer trait differences) might un-
derlie any observed effects.

MATERIALS AND METHODS
Overview

We combined a 24-species isogenic bacterial prey
community (each species derived from a single clone)
with an isogenic nematode worm, Caenorhabditis ele-
gans, and an isogenic ciliated protozoan Tetrahymena
thermophila—hereafter Low Trait Variation (LTV) cili-
ate. In some treatments, we replaced the LTV ciliate
consumer with an even mixture of 20 different ciliate
populations, each displaying intraspecific phenotype
variation—hereafter High Trait Variation (HTV) cili-
ate (Cairns et al., 2020). In this way, we could manipu-
late the standing stock of trait diversity in the ciliate
consumer in the presence or absence of competition
from the nematode. We then combined the LTV ciliate,
the HTV ciliate, the nematode and the prey bacterial
community in experimental microcosms with a full-
factorial design (six conditions, four biological repli-
cates per treatment). We followed consumer densities,
prey density, and bacterial community composition
over 61 days representing at least 70 ciliate and 16 nem-
atode generations. We also measured traits from both
consumers and prey to determine how community as-
sembly and consumer composition were related to spe-
cies phenotypes (Figure 1).
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Study setup. (a) The experimental bacterial community with different consumer combinations. Ctrl - bacteria only, N - bacteria

with nematode, CLTV - bacteria with isogenic low trait diversity ciliate, CHTV - bacteria high trait diversity mixed ciliate populations, NCLTV
- bacteria + nematode + low trait diversity ciliate, NCHTYV - bacteria +nematode + high trait diversity ciliate. (b) Schematic representation of
the serial transfer experiment. Each experimental condition from A) was performed in four biological replicates with 15 transfers/samplings. (c)
Traits of individual bacterial species were measured in monoculture and inferred from genome sequences. (d) Consumers were grown on each

bacterial species to assess consumer grazing efficiency (see methods)

Study species

The bacterial prey community (Table SI) consisted of 24
phylogenetically diverse species isolated from soil, aquatic,
plant and host-associated environments. Bacteria were
grown routinely in 5% King's Broth and 50% PPY agar.
In monoculture, each bacterial species could grow to an
optical density of at least 0.3 in the media and temperature
conditions used in the main experiment. Each bacterial
prey species could support detectable growth of each con-
sumer in pairwise monoculture, but maximum consumer
density varied depending on the prey species. The consum-
ers consisted of the ciliate Tetrahymena thermophila strain
1630/1 U (CCAP) and the clonal hermaphrodite nematode
Caenorhabditis elegans strain N2. Before the main experi-
ment, Tetrahymena was routinely grown by serial transfer
in PPY medium (Cassidy-Hanley & Collins, 2012). A single
Tetrahymena mating-type (type II) was used in all experi-
ments and selection lines to ensure that ciliate reproduc-
tion was asexual (Cairns et al., 2020; Cassidy-Hanley &
Collins, 2012). Nematodes were routinely grown on NGM-
plates with E. coli OP50 as prey (Stiernagle, 2006). Revival
of consumers and prey from cryostorage was performed
as described before (Cairns, Ruokolainen, et al., 2018;
Cassidy-Hanley & Collins, 2012; Stiernagle, 2006).

Ciliate intraspecific variation

The mixture of HTV ciliates was prepared by pooling
ciliate populations from 20 long-term selection lines (see
Cairns et al. (2020) for details). Briefly, 20 Tetrahymena
lines were started from isogenic clones (the LTV ciliate
progenitor) and continually maintained with one of six
bacterial prey species as the sole nutritional resource.
Four bacterial species were selected to represent gen-
era commonly associated with ciliate predators in soil
and aquatic habitats, and two were selected for poten-
tial anti-predatory traits. After 600 ciliate generations,
we harvested an aliquot from each of these 20 selection
lines and made the aliquots axenic using antibiotics. The
20 aliquots were then pooled into a single HTV ciliate
treatment. Thus, each HTV Tetrahymena inoculum was
a heterogeneous population, containing both phenotypic
and genetic diversity.

Experimental setup and sampling
Each consumer treatment in four biological replicates

was performed in 20 ml of 5% King's Broth (KB) lig-
uid medium containing M9 salts and supplemented
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with cholesterol. Each microcosm was inoculated with
1 x 10* CFU ml™! of each bacterial species. Consumers
were inoculated at 1 x 10* ciliate cells mI™" and 10 nem-
atode cells mI™'. Microcosms were maintained at 22°C
with gentle shaking and transferred to two ml fresh
growth medium at day five and then every four days for
a total of 15 transfers over 61 days. Nematode and ciliate
cell densities were measured directly with microscopy
using the Fiji/Image] cell counter plugin (Schindelin,
2012). Bacterial density was measured using optical den-
sity at 600 nm wavelength. All nematodes were counted
regardless of size or developmental stage (excluding
eggs). Due to methodological constraints, the propor-
tion of individuals in each developmental stage was not
formally recorded.

Trait measurements

Defence against the LTV consumer, carrying capacity
and growth rate for each bacterial strain were meas-
ured as described in detail earlier (Scheuerl et al., 2019).
Maximum growth rate, doubling time and carrying ca-
pacity were estimated using growthcurveR (Sprouffske
& Wagner, 2016). Biofilm formation capacity was esti-
mated using the crystal-violet method (O’Toole & Kolter,
1998). Bacterial growth was measured on 31 different
carbon substrates using BioLog EcoPlates (https://www.
biolog.com). All other traits were inferred from bacte-
rial genome sequences using Traitar (Weimann et al.,
2016).

To measure pairwise prey clearance by each con-
sumer, each bacterial species was grown as a mono-
culture in Reasoner's 2A liquid at 20°C for 96 h with
shaking. Bacterial species were harvested by centrifuga-
tion, resuspended in 100 ml of M9 saline solution and
then standardised to a common density by adjusting op-
tical density with M9. Five ml of each bacterial species
was added to a six-well culture plate with either 2.5 x 10°
nematode individuals or 2.5 x 10* of HTV or LTV ciliate
individuals. Plates were incubated at room temperature
with gentle shaking for 144 h, after which optical density
and consumer counts were conducted. Prey clearance
was defined as the difference between the OD, (con-
verted to cells ml™") in each consumer treatment and the
no consumer control.

DNA extraction, sequencing, and analysis

Total DNA was extracted, 16S amplicon sequencing li-
braries prepared, and sequencing performed as outlined
in earlier studies (Cairns, Jokela, et al., 2018). Read pairs
were trimmed and merged into amplicons using BBTools
(version 38.61b (https://sourceforge.net/projects/bbmap/).
Quality-controlled amplicons were assigned to bacterial
species using BBMap by mapping against a database of

30 full-length 16S rRNA sequences using the best pos-
sible mapping position between the priming sites (see
Supplementary Material for details).

Statistics and data analysis

All statistical analyses were done in R version 3.6.1 (R
Core Team, 2021). Probabilistic modelling was performed
using the Stan programming language v2.24 (Carpenter,
2017) and RStan v2.21.1. We assessed MCMC chain mix-
ing and convergence using effective sample sizes (Brooks
& Gelman, 1998) and potential scale reduction factors
(R < 1.05for all covariates) (Gelman & Rubin,). For all
Bayesian analyses, we used default or weakly informa-
tive priors. Detailed descriptions of the statistics and
data analysis procedures are available in the supplemen-
tary text.

Ciliate, nematode and bacterial densities were mod-
elled with hierarchical generalised additive models
using mgev v1.8-33 (Wood, 2017). All other regres-
sion was performed in the Bayesian framework using
rstanarm v2.21-1 (Goodrich et al., 2020) or MCPv0.3-0
(Lindelov, 2020). Differences in consumer competitive
ability and niche overlap were estimated by parame-
terising phenomenological Lotka-Volterra compe-
tition models. The inferred per capita growth rates,
intraspecific and interspecific coefficients were then
used to calculate competitive and niche differences
(Godwin et al., 2020). The compositional bias of
amplicon-derived species abundances was estimated
using metacal v0.1.0 (McLaren et al., 2019) and abun-
dance information from control samples (day 0) where
all prey species were inoculated at equal cell densities
(1 x 10* CFU ml™). The Shannon diversity dissim-
ilarity index was calculated following Jasinska et al.
(Jasinska et al., 2020). Population-level alpha and beta
diversities (Shannon diversity and Bray Curtis dissim-
ilarity) were estimated using DivNet v0.3.6 (Willis &
Martin, 2020). Segmented regressions of Shannon di-
versity were performed using MCP v0.3-0 (Lindelov,
2020) to identity sorting and equilibrium phases. Beta
diversity for individual replicates was calculated using
Bray and Curtis dissimilarity on species relative abun-
dances and non-metric multidimensional scaling for
ordination.

The HMSC package (Ovaskainen & Abrego, 2020)
was used for joint species distribution modeling. A two-
step hurdle model approach was used to account for
zero inflation in the log-transformed count data where
first a probit model for presence/absence was fit and
then a Gaussian model for regularised log-transformed
species abundances conditional upon presence.
Differences in sequencing depth between libraries
were controlled for by including log-transformed total
reads as a fixed effect in the model. Sequencing count
data are compositional and statistical approaches for
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absolute abundances should be applied cautiously due
to a risk of artefacts. However, we also emphasise that
bacterial population density (as measured by optical
density) was not significantly different between pre-
dation treatments (see Results), suggesting that the
compositional differences are likely to reflect true
differences. The hurdle model approach is commonly
used for modelling sequencing count data with HMSC
(Abrego et al., 2020; Minard et al., 2019; Ovaskainen
& Abrego, 2020). Details about the model formula-
tion and testing are described in the Supplementary
Material.
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RESULTS
Consumer ITV determines competitive exclusion

The magnitude of ITV in the ciliate consumer was suf-
ficient to alter the ecological dynamics of the compet-
ing consumer. Competition between the LTV ciliate and
the nematode excluded the ciliate by day 11, whereas
competition between the HTV ciliate and the nematode
excluded the nematode after 40 days (Figure 2a). These
changes were not due to altered consumer or prey car-
rying capacities caused by ciliate ITV. In the absence of
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Consumer competitive hierarchy depends upon ciliate ITV. (a) Consumer and bacterial biomass during the course of the

experiment. Points are observations, and lines are estimated marginal means (mean response and 95% confidence levels) from generalised
additive models. Black crosses are target consumer starting densities at T0. Model summaries and contrasts of marginal means are available
in Tables S2-S4. (b) Niche overlap and competitive ratio between the ciliate and the nematode depending on whether the ciliate had low trait
variation (NCLTV) or high trait variation (NCHTV). Coexistence is defined by the inequality p < Ko i. Points and line ranges show the

mean and standard deviation from four biological replicates

nematode
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competition, the carrying capacity of the HTV ciliate
was not different from the LTV ciliate growing on the
prey community (Table S2). Prey biomass differed by a
mean fold difference of 1.08 across all consumer treat-
ments and sampling times (Table S3), indicating that
each consumer or consumer pair drew down total prey
resources to similar levels. Therefore, the population dy-
namics of the LTV and HTV ciliate in monoculture were
effectively equivalent.

We next attributed consumer dynamics to changes in
niche overlap and their competitive ratio following co-
existence theory. Coexistence theory describes the coex-
istence of two species as a balance between stabilising
and equalising mechanisms (Chesson, 2000). Equalising
mechanisms relate to inherent competitive differences
between species that describe dominance hierarchies
in a community. Stabilising mechanisms (i.e. niche dif-
ferences) relate to the ability of each species to recover
from low density after a perturbation. ITV could poten-
tially impact these two mechanisms in any number of
ways. We estimated niche overlap and the competitive
ratio of the HTV or LTV ciliate to the nematode by pa-
rameterising the competitive Lotka-Volterra equations
and obtaining the resulting interaction coefficients (see
Methods). This approach is phenomenological because
it represents the outcome of competition/coexistence
rather than an underlying biological mechanism per se.
Nevertheless, it can be informative for understanding the
balance of forces acting upon competing species in nat-
ural communities.

Relatively strong niche differences separated the LTV
ciliate and nematode, but a strong competitive advantage
for the nematode exceeded these differences (Figure 2b).
The model predicted that the LTV ciliate and nematode
were at or near the boundary of coexistence. In both
HTYV and LTV competitive arrangements, we observed
very low abundances of the inferior competitor (<100 cil-
jates mI™!, <5 nematodes mI™") in some of the replicates
near day 40. Accurate manual counting is challenging at
low densities, and it may be that the inferior competitor
never truly became extinct. Finally, ciliate ITV strongly
increased the ciliate/nematode competitive ratio while
simultaneously increasing niche overlap. The magnitude
of the competitive change was much larger than the niche
change, which suggests that ciliate ITV predominantly
drove hierarchical competitive differences between con-
sumers (Figure 2b).

Consumers drive prey community assembly

We next sought to determine the degree to which prey
communities were structured by consumer treatment
versus stochastic processes (e.g. variability in compo-
sition or density of prey inocula or random birth and
death processes). We expected that phenotypic heteroge-
neity in the HTV ciliate might increase the likelihood of

early stochastic events driving divergence in prey com-
munity composition (Zhou & Ning, 2017). We surveyed
the repeatability of prey communities across biological
replicates within treatment categories by calculating the
scaled Shannon diversity dissimilarity (D’) across treat-
ments at each sampling point. The observed D’ values
(Figure S1) were close to 0 (highly similar replicates)
and significantly lower than expected if cross-replicate
variance equalled cross-treatment variance (Table S5).
Surprisingly, the HTV ciliate generated equally repeat-
able prey assembly compared to the LTV ciliate or the
nematode. These results show that (1) technical varia-
tion in laboratory conditions (e.g. temperature or trans-
fer volumes) were minimal for these experiments, and (2)
the process of prey community assembly alongside each
consumer or consumer pair was strongly deterministic.

Consumers significantly altered prey species’ local
abundance and evenness (i.e. alpha diversity). Prey
communities generally assembled under each treat-
ment so that the majority of species were rare (<1% fre-
quency, Figure 3a). Most communities were numerically
dominated by nine prey species (Figure 3b, Figure S1).
Shannon diversity varied in two distinct phases across
treatments, which we defined operationally (Figure S2,
supplementary methods). In the first phase (hereafter
sorting), diversity declined linearly with time, whereas
in the second phase (hereafter equilibrium), it oscillated
around a temporally zero-trend mean. The presence of a
consumer or co-consumer pair slowed the rate of diver-
sity decline in the sorting phase relative to the control
(Figure S3, Table S6). In the equilibrium phase, pre-
dation also generally supported higher mean diversity.
However, the HTV ciliate generated significantly higher
prey diversity than the LTV counterpart (Table S7).
These findings are consistent with the expectation that
interspecific competition between prey is reduced in the
presence of predation (Gurevitch et al., 2000). Like prior
studies in other systems (Chislock et al., 2013; Post et al.,
2008; Rudolf & Rasmussen, 2013), we find evidence that
ITV has cascading effects on prey communities—here
resulting in increased prey diversity. However, consumer
competition did not change either the rate of diversity
decline in the sorting phase or the mean diversity in the
equilibrium phase relative to consumer monocultures
(Tables S6-S7). Instead, the effect of two competing con-
sumers on the Shannon diversity change was generally
equivalent to that of a single consumer.

We then examined the separation of prey commu-
nities across time and consumer treatments (i.e. beta
diversity) using ordination to visualise the trajectory
of each community through system phase space. The
distance between ordination points can be interpreted
as a measure of system stability where larger “jumps”
through community space represent periods of relative
flux (Gonze et al., 2018). Overall, ciliate ITV resulted in
prey communities that were more stable through time
than prey communities forming with the LTV ciliate
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FIGURE 3 Prey community response to consumer competition and ITV. (a) Prey species abundance distributions from each experimental
treatment. X-axis ranks prey species (1977 most abundant) by average across all conditions. Y-axis shows relative abundance. (b) Replicate
mean abundance trajectories over time (normalised to each species maximum) for each of the 24 bacterial prey species. (c) Non-metric
multidimensional scaling ordination of trajectories through community space. Larger, outlined circles show means across replicates, whereas
small circles are replicates. Colours represent days from the experiment start. Means are connected in chronological order.

(Table S8). The LTV ciliate and no-consumer prey com-
munities traversed the longest distance in community
space, indicating these communities were the least sta-
ble through time (Table S8). However, prey communities
assembling with the HTV ciliate and nematode showed
relatively small changes in beta diversity and stabilised
rapidly (Figure 3c). Prey communities forming along-
side competing consumers were compositionally distinct
from those forming with either consumer by itself. The
presence of two competing consumers in the first 20 days
generally had a destabilising effect on prey temporal
trajectories (larger jump lengths) relative to single con-
sumer treatments. Thus, consumer ITV provided a sta-
bilising effect on prey communities, whereas consumer
competition was generally destabilising.

Links between consumer ITV and competition
have non-additive effects on prey abundances

We next asked how consumer ITV and competition in-
fluenced community-level properties of the bacterial
prey. We used a joint species distribution model (JSDM)

(Ovaskainen et al., 2017) to simultaneously model the
responses of the 24 bacterial prey species to different
consumer competitive arrangements while estimating
the contribution of traits and phylogenetic relatedness
to the prey community response. We modelled the sort-
ing and equilibrium phases separately to account for the
strong temporal dependence in the sorting phase (sup-
plementary text). The average explanatory power was ex-
cellent for the sorting phase model (R? = 0.90 £0.09) and
good for the equilibrium phase model (R* = 0.58 + 0.19),
both of which showed the most predictive power through
their fixed effects (Table S9). Variance partitioning over
the explanatory variables showed that model fixed ef-
fects explained a substantial amount of variance in spe-
cies abundance (Figure 4). These findings demonstrate
that the JSDMs sufficiently described the observed prey
abundance data.

Consistent with the beta diversity patterns we ob-
served above, we found that consumer competition
resulted in significant non-additive effects on the
abundances of both common and rare prey species. We
define non-additive effects as the presence of a non-
zero coefficient for an interaction term in the JSDM.
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In practice, this means that prey species were signifi-
cantly less or more abundant than predicted by a lin-
ear combination of the individual predator effects (i.e.
the effect of one consumer depended on the presence
of the other). In the sorting phase, time had a negative
effect for most species, reflecting the rapid decline of
rare species from their initial frequencies (Figure 4).
The consumer-specific changes in time were largely
positive, indicating that most species increased over
time relative to the no-consumer control. Over 60% of
prey species in the sorting phase had a non-zero coef-
ficient for the LTV ciliate-nematode (C,, x N) and
HTYV ciliate-nematode (Cy;1y * N) interactions. These
two interaction terms were usually of the same sign and

opposing the individual consumer effects (Figure 4).
This implies that non-additivity in the sorting phase
was primarily driven by the presence of two consum-
ers and not consumer ITV. The nematode effect had
the greatest explanatory power in the equilibrium
phase, followed by the ciliate-nematode interaction
term. In contrast to the sorting phase, the consumer
interaction effects were concentrated in the Cppy x N
interaction, whereas the effect of the LTV ciliate and
nematode was additive (95% of the posterior distri-
bution of the C, 1, * N interaction term overlapped
with zero). Thus, ITV strengthened the non-additivity
of multiple consumers on prey abundances during the
equilibrium phase.
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Prey community responses are mediated through
defence traits

We next used the JSDM framework to test whether
phylogenetic relationships and prey traits were associ-
ated with specific community responses to the different
consumer arrangements. We included traits for defence,
growth rate, biofilm formation and the number of car-
bon compounds degraded and used by each prey species.
Defence, growth rate and biofilm formation are likely
to be important traits for consumer-prey interactions.
We used the number of carbon compounds as a generic
proxy for catabolic versatility, which we expected might
be relevant for both competitive and cooperative inter-
actions between prey species. Collectively, these four
traits represented approximately 80% of the variance
from the total collection of all species traits we surveyed
(Figure S4). The 95% credibility interval of the phyloge-
netic posterior included zero and the median effect was
small (sorting = 0.05 + 0.11, equilibrium = 0.32 £ 0.34).
Thus, closely related bacteria were no more likely to
share a common response to the consumer treatments
than distant relatives. Prey traits explained a substan-
tial amount of variation (22% and 44%) in both experi-
mental phases (Table S10, Figure 4), suggesting a shared
phenotypic response of the prey community to each
treatment.

The influence of prey traits on prey community as-
sembly with competing consumers was also generally
non-additive (Figure 4, Figure S5). Prey traits explained
the greatest proportion of the community response to
the HTV ciliate and the Cp;, *x N interaction (Table
S10). For example, prey traits explained up to 80% of
the variance of species response to the Cppy x N term.
In particular, prey defence and biofilm traits were con-
sistently associated with community responses to the
HTYV ciliate either alone or through an interaction with
the nematode in both experiment phases (Figure 4,
Figure S5). This finding suggests that the non-additive
response of prey species to consumer competition and
ITV was mainly attributable to differences in prey
traits.

Effects of ITV on the consumer response

In the short term, a consumer with uniform clearance
rates across prey species should remove those prey spe-
cies in proportion to their abundance in a consumer-
free community. Alternatively, a consumer displaying
non-uniform prey clearance (i.e. prey preference) should
remove prey in a way that deviates from this propor-
tionality (Bell et al., 2010). We asked how consumer ITV
altered the overall consumer response by estimating
foraging preferences from sequencing data of each con-
sumer and the prey community. We regressed the relative

abundance of each bacterial species in the presence and
absence of each consumer across all time points from
the sorting phase of the experiment. Slopes approach-
ing one indicate uniform prey removal, whereas slopes
approaching zero indicate strong consumer preference
(Bell et al., 2010). We found that the LTV ciliate slope
was closest to one (Figure 5a), suggesting that it had the
smallest relative variation in clearance across all prey
species. Both the HTV ciliate and nematode slopes were
significantly smaller than the LTV ciliate slope, indicat-
ing that both these consumers preferentially foraged on
some prey species (Table S11)—particularly the highly
abundant prey species.

We next tested whether the non-uniform foraging
we inferred from the sequencing data matched exper-
imental observation. We experimentally assayed the
ability of each consumer to clear prey biomass in pair-
wise grazing trials with each of the 24 bacterial strains
(Figure 5b, Table S12). The results were consistent with
our expectations from the sequencing data: (1) the LTV
ciliate removed the fewest prey cells per capita with the
most uniform clearance rates (smallest coefficient of
variation) across prey species, (2) the HTV ciliate feed-
ing performance increased for some prey species but
decreased for others (resulting in a large coefficient of
variation), and (3) the nematode removed the most prey
per capita but with a similar uniformity across prey
species to the LTV ciliate. Overall, ITV increased mean
ciliate grazing performance as well as its capacity for
selective foraging.

DISCUSSION

We previously reported that ciliate individuals from
the HTV populations were, on average, 40 um larger,
1.25% faster, and turned less often than isogenic, LTV
ciliate individuals (Cairns et al., 2020). Individuals with
high values of these traits should cover a larger search
volume than smaller, slower individuals (Montagnes,
2008). Assuming a spatially homogeneous distribution
of prey cells, this should allow HTV ciliates with ex-
treme trait values to encounter more prey per unit time
than the average LTV individual. Here we expect that
being larger, faster, and swimming in straighter tra-
jectories would affect both the fitness ratio and niche
overlap between the HTV ciliate and the nematode.
Nonetheless, we propose that these traits are primarily
competitive. This idea is consistent with the increased
HTYV ciliate prey clearance averaged across all prey spe-
cies (Figure 5a) and the large increase in the competi-
tive ratio between the ciliate and nematode (Figure 2b).
However, we also suspect that ITV in these competi-
tive traits weakened stabilising mechanisms. Most of
the HTV ciliate fitness gains were concentrated on prey
species already preferred by the nematode, which was
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reflected in the prey clearance trials (Figure 5b) and the
estimates of niche overlap from the competitive Lotka-
Volterra model (Figure 2b). Overall, our findings are
consistent with predictions from modern coexistence
theory, which broadly suggest that ITV should hinder
species coexistence (Barabas & D'Andrea, 2016; Hart
et al., 2016). However, these studies also suggest that
ITV might promote coexistence if it allows a mean-
variance trade-off favouring the weaker competitor
(Barabas & D'Andrea, 2016; Hart et al., 2016; Lichstein
et al., 2007). We found that ITV in the weaker competi-
tor also hindered coexistence because there was no gen-
eralist specialist trade-off (Barabas & D'Andrea, 2016).
In general, the HTV ciliate was a more effective con-
sumer than the LTV ciliate, and the HTV performance
gains disproportionately impacted the nematode's opti-
mal prey. Thus, the competitive differences between the
two consumers were also reinforced by the convergence
of their niches.

The link between consumer ITV and competition also
strongly influenced the community composition of the
prey trophic level. The HTV ciliate or the nematode rap-
idly stabilised the composition of the prey community,
whereas the LTV ciliate and no-consumer treatment

caused the prey community to make the largest oscilla-
tions through community state space (Figure 3c). The
combination of two consumers caused the prey commu-
nity to traverse state-space distinctly from either con-
sumer alone. Indeed, we found that the combined effects
of the ciliate and nematode on individual prey species
abundances were often non-additive and that these non-
additive effects were mediated through prey species
defence traits (Figure 4). Consumer trait diversity gen-
erally strengthened the non-additivity of how prey de-
fence traits influenced prey community assembly in the
presence of the competing consumer (Figure S5). It is im-
portant to note that the non-additive prey responses may
not necessarily be a direct consequence of predation (e.g.
interference between predator species or altered prey be-
haviour in response to predation) but rather a result of
predation-driven shifts in community composition that
promoted alternative higher-order interactions between
prey species (i.e. crossfeeding) or cascading effects due
to prey extinctions (Thakur & Geisen, 2019). It is also
possible that consumer feedback loops result in appar-
ent mutualistic or competitive outcomes for prey in the
absence of direct consumer-prey interaction (Holt &
Bonsall, 2017). Previous studies have also shown that
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consumer [TV has cascading effects on the composition
of prey communities and ecosystem function (Chislock
et al., 2013; Post et al., 2008; Rudolf & Rasmussen, 2013).
Here we show that consumer competition and consumer
ITV interact to influence the assembly of bacterial prey
communities.

There are some caveats to consider when translating
our findings to other ecological systems. First, we do
not know whether the experimental outcomes with the
HTYV ciliate were due to the dominance of a single ciliate
genotype or a combination of strains. However, aggre-
gate phenotype data from the HTV populations suggest
that the magnitude of change in size, speed, and direc-
tionality traits was relatively modest compared to the
LTV ciliate (Cairns et al., 2020). Thus, we assume that
the outcomes with the HTV ciliate were a consequence
of the total diversity in the population and not the su-
periority of a single genotype/phenotype. Nevertheless,
we cannot exclude the possibility that some HTV ciliate
genotypes had more impact than others. Future stud-
ies may be able to quantify the competitive effects of
genotype on niche and competitive traits. Second, we
did not explicitly manipulate the amount of ITV in the
nematode competitor, although phenotypic variation
was almost certainly present as developmental diversity
or possibly maternal effects. Although we did not for-
mally record C. elegans developmental stages, the size
distribution was uniform across treatments and sam-
pling times. Thus, we expect any indirect effects from
the developmental structure in the nematode popula-
tions were primarily shared between the HTV and LTV
ciliate treatments. Still, we cannot completely exclude
the possibility that nematode ontogenetic structure
might play a relevant role in the competitive dynamics
we observed.

Although a fast-paced body of theoretical work has
addressed ITV and species coexistence through modern
coexistence theory, there is not yet a unified framework
reconciling the various predicted outcomes. Empirical
work can contribute to this challenge by testing theoret-
ical predictions. Our results are broadly consistent with
the predicted effects of ITV on species coexistence from
the modern coexistence theory framework. However,
our findings also highlight some important mechanistic
details. We found that the variable traits in the ciliate
predominantly functioned as competitive traits. ITV
also impacted niche overlap with the nematode by parti-
tioning the ciliate response to the nematode's preferred
prey species. Our intuition is that ITV in many differ-
ent traits could simultaneously alter fitness and niche
differences as we have observed here. Alternatively,
traits may also influence niche overlap or fitness ratios
differently depending on ecological context. Moving
forward, it will be necessary to better understand such
complexities and how this affects species coexistence
more generally.
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