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Summary

1. In the past decade, ecologists have begun to more fully appreciate the role of evolution in
explaining contemporary ecological processes. Evolution is most likely to affect ecological pat-
terns when selection pressure is particularly strong, or when the generation time of at least one
interacting species is relatively short.

2. Interactions between plants and soil microbes are an excellent candidate for examining eco—
evo interactions because interactions between organisms are tightly knit with the potential for
species with relatively short generation times to impose strong selection on one another. Here,
we examine the potential for eco—evolutionary dynamics in plant—soil feedbacks (PSFs).

3. Genetic variation in plant traits and subsequent evolution of those traits can affect traits
and species composition of soil microbial communities. Soil microbial communities can, in
turn, alter the evolutionary trajectory of plant traits. Further, the direction and magnitude of
PSFs can affect the plant community, which may alter the selection on plant traits via intra-
and interspecific interactions.

4. Finally, we consider how eco-evolutionary feedbacks might enhance or mitigate the effects

of PSFs in driving the structure of natural plant communities.

Key-words: community ecology, competition, eco—evo feedback, genetic variation
mycorrhizae, natural selection, rhizobia, soil microbes, succession

Introduction

Biologists have long recognized that ecological processes
drive trait evolution. For decades, Hutchinson’s (1965)
description of the ‘ecological theatre and the evolutionary
play’ has served as a metaphor for understanding the
effects of ecology on evolution. The implication of the
metaphor is that while ecology drives evolution, evolution
that occurs over hundreds to thousands of generations is
unlikely to affect contemporary ecological processes (Slo-
bodkin 1961; Pianka 2000), just as an actor in a theatre is
unlikely to alter the scenery. In contrast, Pimentel (1961)
suggested that population density could drive genetic
changes, but these genetic changes altered population
growth rates and population density, which affected selec-
tion further. This implies a dynamic feedback between the
actor and the scenery, in which each alters the actions of
the other.

Ecologists have increasingly recognized the importance
of contemporary evolution for understanding ecological
processes (reviewed in Thompson 1998; Fussmann, Loreau
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& Abrams 2007; Johnson & Stinchcombe 2007; Schoener
2011). Organisms with very short generation times have
the potential to evolve on much shorter time-scales, but
rapid evolutionary rates need not be limited to short-lived
organisms. Strong selection, such as that which results
from global change or biological invasions, can also
increase rates of evolutionary change (Reznick & Ghalam-
bor 2001; Visser 2008; Lavergne et al. 2010; Moran &
Alexander 2014; Colautti & Lau 2015). With increasing
global change, we have seen a bevy of both empirical and
theoretical studies demonstrating that contemporary evolu-
tion can affect population demography (Reznick et al.
2012), the outcome of species interactions (Yoshida et al.
2003; terHorst, Miller & Levitan 2010), species diversity
(Schreiber, Buerger & Bolnick 2011; Pantel, Duvivier &
Meester 2015) and ecosystem function (Bassar et al. 2012;
terHorst, Lennon & Lau 2014). This body of work has
demonstrated that, in many cases, it is impossible to
understand the ecology of a community without account-
ing for concurrent evolutionary change.

Feedbacks between plants and soil microbes (Fig. 1) can
have important consequences for the ecology of both plant
and microbial communities. PSFs can maintain species
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Fig. 1. Plant-soil feedbacks occur when the plant community
affects the composition of the microbial community and these
changes feedback to alter the composition of the plant community.

and genetic diversity (Van Nuland e al. 2016). PSFs also
affect the success of colonization by invading species (Nij-
jer, Rogers & Siemann 2007; Lee, Flory & Phillips 2012).
Changes in the strength or direction of PSF affect species
dominance and drive community assembly and succes-
sional trajectories (Kardol ef a/. 2013, Herrera Paredes &
Lebeis 2016).

Interactions between plants and soil microbes are likely
to be affected by contemporary evolution (Schweitzer et al.
2014; Evans et al. 2016, Fig. 2). Soil microbes typically
have short generation times, giving them the potential to
evolve rapidly. While many plants, especially annuals, have
relatively short generation times and can evolve rapidly,
strong selection can change genotype frequencies over
short time-scales, even in long-lived species. The ecology
of soil microbes is greatly influenced by plant traits and
plant community composition (Van Nuland et al. 2016, in

Plant
traits
b Eco—evo a
feedback
Microbial
function
Microbial Microbial
species trait
composition evolution

Fig. 2. Eco—evo feedbacks occur when plant traits affect the func-
tion of the microbial community, either through changes in species
composition or evolution of microbial traits (a). These changes in
function feedback to change the evolutionary trajectory of plant
traits (b).
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review, van der Putten ez al. 2016 Fig. 2a). Similarly, plant
fitness is tightly coupled with the soil microbial commu-
nity, creating the potential for microbes to impose strong
selection on plant traits (Lau & Lennon 2012; Fig. 2b).
Interactions between ecological and evolutionary dynamics
in PSF are likely because the plant and microbial traits
under selection are also the traits that strongly influence
the reciprocal ecological dynamics. Yet, eco-evolutionary
dynamics between plants and soil microbes have only
recently gained theoretical and empirical attention (Van
Nuland et al. 2016).

Here, we review different mechanisms by which eco-evo-
lutionary dynamics can affect PSFs and vice versa. Primar-
ily, we address previous work that suggests that (i)
evolution of plant traits can affect soil microbial communi-
ties and (ii) microbial communities can affect the evolution
of plant traits (Fig. 2). In addition to the eco—evo interac-
tions between plant traits and soil microbes, we also
address (iii) how the strength and direction of ecological
PSFs can affect the evolution of plant traits. Finally, we
consider (iv) how interactions between PSFs and eco-evo-
lutionary dynamics could affect both plant and microbial
communities.

How do plant traits affect soil microbial
communities?

As illustrated in this Special Issue, many studies have
examined the effects of plants on the soil microbial com-
munity. Here, we examine how specific plant traits can
affect the soil microbial community (Fig. 2a). We then
address the evidence for whether genetic variation in traits
within a plant species has the potential to affect soil
microbes and, finally, whether evolution of those plant
traits can affect properties of the soil microbial
community.

Many studies have addressed the role of plant diversity
in driving microbial community composition (e.g. Zak
et al. 2003; Rodriguez-Loinaz et al. 2008). A portion of
this diversity effect is likely caused by variation in plant
traits. Studies that have used trait-based approaches have
found variation among plant species in functional traits
(e.g. plant productivity, root porosity and carbon exuda-
tion) that affect microbial species composition and biomass
(McGill, Sutton-Grier & Wright 2010; Sutton-Grier &
Megonigal 2011). It is also important to note that the
effects of plant traits on soil microbial communities may
be context dependent; plants can have different effects on
soil microbes across seasons, depending on whether or
not the plants are photosynthetically active (Thoms &
Gleixner 2013).

To better understand eco-evolutionary interactions, we
need to understand how specific plant traits affect the
microbial community. Changes in leaf chemistry, such as
condensed tannins, can slow rates of leaf litter decom-
position and alter the soil community
(Schweitzer et al. 2008). Increased relative growth rates or

microbial
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above-ground biomass can lead to increased soil nutrient
inputs via leaf litter (Orwin et al. 2010; Cantarel et al.
2015), which is likely to affect soil microbial communities.
Below-ground traits are also relevant for predicting the
abundance and species composition of bacteria and fungi
in the soil (Legay et al. 2014; Fig. 2). Plant traits, such as
root length, root surface area, nitrogen concentration and
affinity for ammonium, are good predictors of the abun-
dance and composition of soil microbes, microbial diver-
sity and denitrification in soils (Maul & Drinkwater 2010;
Cantarel et al. 2015). Plant carbon-to-nitrogen ratio affects
decomposition rates of plant matter, a result that is likely
driven by different abundances of microbes or composition
of the soil microbial community (Cornwell ez al. 2008).

The rise of metagenomics has allowed for greater char-
acterization of microbial communities and how particular
microbial taxa respond to plant traits. For example, Blago-
datskaya et al. (2014) examined how plant competitive
ability affected different taxa within the soil microbial
community. In two strawberry species growing at low
nutrient levels, competitive plants grew larger roots and
depleted nutrient levels in the soil, thus benefiting the
microbes that use resources more efficiently, but grow
more slowly (Blagodatskaya et al. 2014). Similarly, de
Vries et al. (2012) examined how plant traits affected dif-
ferent microbial taxa. Exploitative plant traits, such as
high nitrogen content, were associated with bacterial-domi-
nated communities, while traits that conserve resources,
such as low specific leaf area, were associated with fungal-
dominated communities (de Vries et al. 2012).

EFFECTS OF TRAIT VARIATION WITHIN PLANT
SPECIES

The majority of these trait-based studies examined traits
across plant species and are thus unable to distinguish
between the effect of a trait and that of species identity.
Species with different trait combinations can affect
microbes differently (Eviner 2004). One way to avoid this
confounding effect is to examine trait variation within spe-
cies. To understand eco-evolutionary dynamics, it is criti-
cal to examine intraspecific trait variation to understand
the potential for traits to evolve (Bolnick ez al. 2011).

Both plant phenotype and genotype can affect soil
microbial communities. Baccharis pilularis (coyote brush)
is a dominant shrub that produces two distinct morpholo-
gies: a prostrate and an erect morph. Prostrate morphs
produce more biomass and leaf litter and maintain a more
humid environment underneath the shrub; consequently,
the prostrate morphs support a different soil microbial
community from erect morphs (Crutsinger et al. 2014).
Soils underneath prostrate morphs had higher bacterial
species richness, although fungal species richness was simi-
lar between morphs. Similarly, Senecio inaequidens (nar-
row-leafed ragwort) produces different genotypes, or
cytotypes, as a result of polyploidy. Cytotype affects flow-
ering phenology and the ratio of resource allocation to

reproduction vs. below-ground growth, which alters bacte-
rial diversity and abundance in the soil (Thébault et al.
2010). However, these effects of genotype are species
dependent, as different cytotypes of Centaurea maculosa
(spotted knapweed) had no effect on soil microbial com-
munities (Thébault et al. 2010).

Dozens of studies have investigated the ‘extended phe-
notype’ of other community members that tend to be asso-
ciated with specific plant genotypes (e.g., Whitham ez al.
2006; Genung et al. 2011). Recent work has examined the
soil microbial community as an extended phenotype, find-
ing strong associations between plant genotype, litter
decomposition and soil community structure, particularly
in cottonwood trees (Populus spp.) (Schweitzer et al. 2008;
Lamit et al. 2015). Agricultural research has found effects
of plant genotype on the communities of bacteria and
fungi in the soil, including effects of different cultivars of
chickpeas (Ellouze et al. 2013) and maize (Peiffer et al.
2013; Cotta et al. 2014; Ondreickova et al. 2014).

Interactions between plant genotypes and soil microbes
may also include other community members that interact
with plants. Genetically based susceptibility to herbivory
by moths in Pinus edulis affected the composition of the
ectomycorrhizal fungal community (Sthultz ez al. 2009).
Trees that were genetically susceptible to moth herbivory
tended to be associated with drought-tolerant fungal spe-
cies (Sthultz et al. 2009). Garlic mustard (Allaria petiolata)
produces allelochemicals that reduce the abundance of
mycorrhizal fungi in the soil, which reduced the growth
and competitive ability of other plants in the community
that largely depend on mycorrhizae for nutrient acquisi-
tion (Lankau 2011; Evans et al. 2016). In goldenrods (Sol-
idago spp.), the amount of nutrients supplied to soil
microbial communities through leaf litter and decomposi-
tion depends on the genetic identity of the plant competi-
tor (Genung, Bailey & Schweitzer 2013). Effects of plant
genotype on the soil microbial community may also feed-
back to improve the fitness of the plant genotype, as the
microbial community becomes more beneficial to particu-
lar plant genotypes (Madritch & Lindroth 2011).

EFFECTS OF PLANT TRAIT EVOLUTION

Overall, there is widespread evidence that variation in
plants traits can affect the soil microbial community, sug-
gesting a potential for plant trait evolution to affect soil
microbes. Fewer studies have directly tested how plant
trait evolution may influence soil microbes. Plants with
short generation times or Long-Term Ecological Research
(LTER) sites may be useful systems for exploiting multi-
generational exposure of plants to various ecological con-
ditions to gain a better understanding of how the
evolution of specific plant traits may affect microbes.

In a S-year study of Oenothera biennis (evening prim-
rose), Fitzpatrick ef al. (2015) found that suppression of
insect herbivores drove the evolution of earlier flowering
phenology, increased competitive ability and reduced tissue
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phenol content. These evolutionary changes also resulted
in reduced soil respiration rates, presumably as a result of
changes in the soil microbial community (Fitzpatrick et al.
2015). In another study, terHorst and colleagues manipu-
lated the evolutionary environment of rapidly cycling Bras-
sica rapa (terHorst, Lennon & Lau 2014). Plants were
exposed to wet or dry soil conditions for three generations
and then reciprocally transplanted to wet or dry soils.
Plants that evolved in drought treatments caused increased
bacteria : fungi ratios in the soil. Plant evolutionary his-
tory explained nearly as much variation in the soil micro-
bial community (29 + 3%) as contemporary soil moisture
(37 + 6%). However, the strong effects of plant evolution
were dependent on ecological context, as plant evolution-
ary responses to drought were most important when plants
and microbes were grown in contemporary drought condi-
tions (terHorst, Lennon & Lau 2014).

More studies that manipulate evolutionary environ-
ments, or take advantage of long-term manipulations or
natural variation in evolutionary environments, would
help to directly test whether plant trait evolution affects
the soil microbial community. Additionally, as more stud-
ies take advantage of next-generation sequencing technolo-
gies and metagenomics, we expect that more specific
information about which microbial taxa are favoured by
certain plant traits will become more readily available. In
terms of eco-evolutionary dynamics, we are ultimately
interested in whether ecological or evolutionary changes in
microbial species or communities due to changes in plant
traits feedback to further affect selection on plant traits.

How do soil microbes affect the evolution of
plant traits?

Soil microbes can alter the evolution of plant traits directly
through species interactions, or indirectly through changes
in abiotic or biotic factors. Here, we do not attempt to dis-
tinguish between direct and indirect effects of microbes,
but focus on how these interactions impose selection on
plant traits (Fig. 2b). We describe several mechanisms by
which microbes could impose selection on plant traits and
review the empirical evidence of these effects. We then con-
sider how the evolution of microbial species might impose
selection on plant traits, potentially resulting in co-evolu-
tionary dynamics.

MECHANISMS OF SELECTION ON PLANT TRAITS BY
SOIL MICROBES

The most well-studied interactions between plants and soil
microbes involve the trading of resources with mycorrhizal
fungi or rhizobia bacteria. These interactions can range
from mutualism to parasitism (Johnson, Graham & Smith
1997). Mutualistic microbes may select for plant traits that
increase investment in mutualism, such as carbon alloca-
tion. Alternatively, parasitic or less beneficial ‘cheater’
strains of microbes may experience selection to take
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advantage of plant resources without a return benefit
(Sachs et al. 2004). Cheater strains of microbes may
impose selection for plant traits that sanction cheaters by
diverting more resources to cooperative microbes (Bull &
Rice 1991; Kiers et al. 2003; Kiers & Denison 2008; Weyl
et al. 2010) or plants that preferentially allocate resources
to beneficial strains (Bever ez al. 2009). Experimental evi-
dence indicates that there is genetic variation within some
legume species for forming associations with different rhi-
zobia strains (Robinson ez al. 2000; Simonsen & Stinch-
combe 2014). This sets the stage for selection on plant
traits that stabilize mutualisms with beneficial rhizobia.
Empirically, there is some evidence that the evolution of
plant investment in mutualism depends on the soil micro-
bial community (Kiers, Hutton & Denison 2007; Simonsen
& Stinchcombe 2014). However, in one of the only studies
to measure selection on plant investment in mutualism,
rhizobia were found to not impose strong selection on a
legume to sanction their bacterial partners (Porter &
Simms 2014). Further empirical tests are required to deter-
mine generally whether or not soil microbes can impose
selection as a result of their interactions with plants.

Plant pathogens have important fitness consequences for
plants (Burdon, Thrall & Ericson 2006). Pathogenic soil
microbes might impose selection for plant traits that aid in
resistance or recovery from infection (Frank 1993; Laine
2006; Springer 2007). However, resistance can be costly
(Roy & Kirchner 2000), so the predicted evolutionary tra-
jectory of plant resistance traits is not always straightfor-
ward (Kniskern & Rausher 2007).

Microbes can affect nutrient supply to plants, or reduce
levels of toxins that might otherwise impose selection on
plants (Adriaensen et al. 2005; Mortensen, Strobel & Han-
sen 2006; Rodriguez & Redman 2008; Lankau 2010).
Thus, microbes can affect selection on plant traits by
changing the way that plants interact with other selective
agents. Competition, herbivory and disease are important
selective agents on plant traits, and changes in the
strengths of those interactions are likely to affect how
plant traits evolve. Soil microbes can affect the competitive
ability of plants or mitigate competitive interactions (re-
viewed in Hodge & Fitter 2013). Associations with arbus-
cular mycorrhizal fungi tend to increase plant tolerance of
negative Dbiotic interactions, including herbivory and
pathogens (Yang et al. 2014). Increased investment in
below-ground biomass by legumes that associate more
strongly with rhizobia may affect their ability to tolerate
herbivores (Heath & Lau 2011; Heath & McGhee 2012).
Rhizobia may also affect the attractiveness of plant nectar,
potentially affecting interactions with pollinators and other
mutualists (Godschalx ef al. 2015). Nonadditive selection
from multiple species in a community can arise from indi-
rect ecological effects, but more empirical studies are
required to quantify the prevalence of nonadditive selec-
tion in natural communities (terHorst et al. 2015).

The evolutionary effects of microbes can also act
through complex pathways, as a result of interactions with
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multiple biotic and abiotic factors. For example, when soil
microbes affect the ecological response of a plant to
drought (Ruiz-Lozano 2003; Figueiredo et al. 2008), and
when plant competitive interactions are drought dependent
(Liancourt, Callaway & Michalet 2005), interactions with
soil microbes may affect selection by plant competitors
more so during drought conditions. Indirect genetic effects
occur when the expression of genes in one individual
affects the phenotype of other individuals (Moore, Brodie
& Wolf 1997; Wolf et al. 1998; Bailey et al. 2014), and
may alter interactions between plant genotypes and soil
microbes. Just as the genetic identity of plant neighbours
can affect interactions with pollinators (Genung, Bailey &
Schweitzer 2012), indirect genetic effects between plants
may affect the extent to which plants experience selection
by the soil microbial community.

Finally, microbes may alter the evolutionary trajectory
of plant traits by altering the expression of genetic varia-
tion, heritability, or the opportunity for selection. For
example, genetic variation in traits that confer drought tol-
erance is unlikely to be expressed in wet conditions. When
microbes confer drought tolerance to plants, it could
change the level of soil moisture at which plants perceive
drought, and thus alter the point at which genetic varia-
tion in drought tolerance is expressed. Heritabilities of
traits, such as leaf number and leaf length in cottonwoods,
tended to be lower in soils with higher soil microbial bio-
mass (Pregitzer et al. 2010). By changing the biotic or abi-
otic environment that plants experience, soil microbes may
enhance or limit the evolutionary potential, or evolvability
(Wagner & Altenberg 1996), of plant populations.

Despite these many potential pathways by which
microbes could affect selection on plant traits, there are
few empirical estimates of selection imposed on plant
traits or evolutionary responses of plant traits in
response to microbes. To some extent, this is due to the
length of time needed to observe evolutionary changes in
many longer-lived species, although it is relatively easy
to measure selection on traits in most plant species when
reliable proxies for fitness are available. Lau & Lennon
(2011) used Brassica with generation times
approaching 30 days, to impose drought stress over mul-

rapa,

tiple plant generations in soils with simple or complex
microbial communities. In soils with simple microbial
communities, plants experienced strong selection on plant
growth and flowering phenology in response to drought,
but much weaker selection in the presence of complex
soil microbial communities (Lau & Lennon 2011). Simi-
lar approaches that manipulate the selection environment
imposed by microbes, using plants with short generation
times, or imposing strong selection pressure, will help to
clucidate the potential for soil microbes to alter evolu-
tionary trajectories of plant traits. Such studies might be
most feasible using annual plants with short generation
times, but these may not be an accurate representation
of all plant species. LongTerm Ecological Research sites,
designed to manipulate ecological variables over long

periods, may prove to be a valuable resource for evolu-
tionary biologists longer-lived
species.

studying evolution in

EVOLUTION OF MICROBES MAY ALTER PLANT TRAIT
EVOLUTION

Given their short generation times, as well as potentially
strong selection pressure, microbes may evolve on time-
scales short enough to affect plant ecological dynamics
(Adriaensen et al. 2005; Rodriguez & Redman 2008). For
example, Stemphylium is a dominant foliar fungus that
causes leaf necrosis. Over the course of months, S. solani
evolved increased rates of infection on clover host species
(Gilbert & Parker 2010). Pathogens of common crop spe-
cies are expected to rapidly evolve in response to climate
change and altered land use (Pangga, Hanan & Chakra-
borty 2011; Papaix et al. 2015). The increasingly negative
effects of such plant pathogens should impose selection on
plant traits that confer resistance or tolerance of these
pathogens.

While microbes can impose selection on plant traits,
plants that interact strongly with a particular species of
soil microbe may impose selection on soil microbe popula-
tions. This sets the stage for reciprocal co-evolutionary
dynamics that affect both plants and microbes. Mutu-
alisms between plants and microbes likely arose from
ancestral host—parasite interactions, where each of the
partner species is under selection to maximize their own
benefit while minimizing costs (Bull & Rice 1991; Neuhau-
ser & Fargione 2004; Sachs er al. 2004). For example, the-
ory suggests that plants grown at high resource levels
should allocate less energy towards acquiring resources
from beneficial microbes (Sachs & Simms 2006; Thrall
et al. 2007; Kiers et al. 2010). Similarly, microbes should
provide fewer benefits to plants from which they receive
fewer resources.

Weese et al. (2015) studied legume-rhizobia interactions
at a LTER site that manipulated nitrogen addition over
the course of 30 years. They isolated rhizobia from repli-
cate high- and low-nitrogen plots and then measured the
effect of these strains on three species of clover (7rifolium
spp.). Rhizobia that evolved in high-nitrogen environments
provided less growth benefits to the plants (Weese et al.
2015). Presumably, this was an evolutionary response to
plant trait evolution in the high-nitrogen plots that experi-
enced selection in response to less cooperative rhizobia.
Similar experiments are needed to fully evaluate the extent
to which changes in microbial community composition or
evolutionary changes within microbial species can alter
selection pressure and evolutionary trajectories of plant
traits.

Effects of PSF on the evolution of plant traits

In the previous section, we addressed the many ways in
which soil microbes might affect the evolution of plant
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traits. Now we ask whether the strength or direction of
PSFs as a whole could also alter plant trait evolution. Eco-
logical feedbacks between plants and their soil microbes
have been shown to be important in the maintenance of
diversity (Van Nuland ez al. 2016), the spread of invasive
species (Nijjer, Rogers & Siemann 2007; Lee, Flory & Phil-
lips 2012), and community assembly and successional tra-
jectories (reviewed in Paredes & Lebeis in review, this
issue). In this section, we discuss how ecological feedbacks
between plants and soil microbes (Fig. 1) affect plant com-
munity diversity and how this ultimately could cascade to
affect plant trait evolution (Fig. 2b).

Plant-soil feedbacks can vary in both strength and
direction (Bever, Platt & Morton 2012). The nature of
PSFs can have important consequences for the ecology
and evolution of plant communities. The direction of PSF
(negative or positive) indicates how a plant’s interaction
with the soil microbial community results in subsequent
growth of conspecific and heterospecific plant species
(Bever, Westover & Antonovics 1997). Under negative
PSFs, the interaction between a focal plant species and soil
microbes leads to a relative increase in the growth rate of
other plant species (van der Putten ef al. 2013). Negative
PSFs increase plant community diversity and can be an
important mechanism of coexistence (van der Putten er al.
2013). In contrast, a positive PSF increases the fitness of
the focal plant species relative to heterospecifics. Positive
PSFs can lead to competitive dominance and the exclusion
of other plant species (van der Putten et al. 2013).

The resulting effects of PSFs on plant community struc-
ture have the potential to affect plant trait evolution.
Traits governing competitive ability in plants are of huge
importance to plant fitness (Aarssen & Keogh 2002). How-
ever, plants must simultaneously cope with competition
from both conspecifics (intraspecific competition) and het-
erospecifics (interspecific competition). Traits that confer a
benefit in intraspecific competition may not always confer
a benefit in interspecific competition (Miller 1995; Lankau
2008; Lankau & Strauss 2008). As PSFs shift from positive
to negative and shift plant communities from those domi-
nated by conspecifics to those dominated by heterospeci-
fics, selection pressure may also shift from traits favouring
intraspecific competitive ability to those that enhance
interspecific competitive ability. In some cases, one trait,
such as growth rate or water uptake rate, may increase
both intra- and interspecific competitive ability. Yet, in
many cases, there may be a trade-off between intra- and
interspecific competitive traits. For example, the produc-
tion of the allelochemical sinigrin by Brassica nigra
decreases the abundance of heterospecifics, but sinigrin is
costly to produce, has no effect on conspecifics, and
decreases intraspecific competitive ability (Lankau 2008).

In addition to these indirect evolutionary consequences
on plant competitive traits, PSFs may also generate selec-
tion pressure on plant reproductive mode. For example, in
addition to considering the direction of PSF among plant
species, we can also consider PSFs among plant genotypes
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within species. Negative PSF should generate more geneti-
cally diverse populations and positive PSF should lead to
dominance by one or a few genotypes. Bever, Westover &
Antonovics (1997) argue that negative feedbacks favour
sexual reproduction because outcrossing is beneficial if
there are neighbouring plants with different genetic com-
position. Conversely, positive feedbacks should favour
asexual reproduction, which is presumably less energeti-
cally expensive and produces similar results to outcrossing
with genetically similar neighbours.

Alternatively, if we consider PSF among, rather than
within species, we would make different predictions about
the evolution of plant mating systems. In the case where
negative PSFs generate species-diverse communities,
outcrossing could be deleterious if shared pollinators cause
pollen interference by heterospecifics (Petit 2011; Fang &
Huang 2013; de Waal, Anderson & Ellis 2015). Therefore,
selfing could be favoured by selection in diverse communi-
ties maintained through negative PSF. Conversely, in a
low-diversity community with high abundances of con-
specifics, plants are more likely to receive pollen from the
appropriate  species, and selection should
outcrossing.

These examples show the potential for how ecological
PSF could change selection pressures on plant species by
changing the plant community surrounding a focal plant

favour

species. However, few empirical tests of these ideas exist.
A widely used protocol for testing for positive or negative
PSF compares plant fitness in ‘home’ soil (soil that has
been conditioned by the same plant species or genotype)
and ‘away’ soil (soil that has been conditioned by different
plant species or genotypes) (reviewed in van der Putten
et al. 2013). Measuring plant traits, as well as plant fitness,
in such experiments would allow for estimates of selection
on plant traits (Lande & Arnold 1983) in response to posi-
tive or negative PSF. The potential for a dynamic ecologi-
cal feedback to alter the evolution of functional plant
traits that are important for fitness indicates that PSFs are
a useful system for investigating eco-evo feedbacks
(EEFs).

Interactions between PSFs and EEFs

Until now, we have focused largely on the evolutionary
consequences of feedbacks between plants and soil microbe
communities (PSFs). We now turn to examine how PSFs
(Fig. 1) interact with EEFs (Fig. 2, Fussmann, Loreau &
Abrams 2007; Post & Palkovacs 2009; Schoener 2011).
EEFs occur when an organism modifies some feature of its
biotic or abiotic environment and changes the nature of
selection it experiences from the environment (Travis et al.
2014). By this definition, if plant traits affect soil microbial
communities (Fig. 2a), and soil microbial communities
affect the evolution of plant traits (Fig. 2b), an EEF
occurs. EEFs are difficult to demonstrate in a reasonable
amount of time, but the tightly coupled interactions
between plants and soil microbes and rapid eco-
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evolutionary dynamics in such communities make PSF a
strong contender for where EEF may be common.

The simplest EEF occurs when evolutionary changes in
one plant trait affect some property of the soil microbial
community, which feeds back to cause subsequent changes
in the same plant trait and microbial community property.
However, more complex EEFs can occur among multiple
traits and community properties, and even include geneti-
cally based traits in other species (Palkovacs & Post 2008;
Bailey er al. 2009, 2014). Particularly in these more com-
plex scenarios, evolutionary changes in plant traits or eco-
logical changes in soil community properties are likely to
alter the strength or direction of the PSF, which may have
cascading effects on further EEF, involving either the same
or different plant traits and soil community properties. To
our knowledge, there has been no empirical demonstration
of an EEF involving plants and soil microbes, although
this is not surprising considering that there few empirical
examples of EEF in any system (but see Post & Palkovacs
2009; Becks er al. 2012; Agrawal et al. 2013; Turcotte,
Reznick & Hare 2013). Demonstration of effects of plant
traits on soil microbial communities and demonstration of
effects of soil microbes on the evolution of plant traits
(Fig. 2) are strong evidence for the potential for EEF, but
have not yet been linked together in the same study sys-
tem.

EFFECTS ON SUCCESSIONAL TRAJECTORIES

Many mechanisms could lead to interactions between PSF
and EEF, but there is little research on this topic, making
it ripe for future exploration. Here, we describe one hypo-
thetical example of how PSF and EEF might interact.
Much previous work has described how PSF can drive
plant successional patterns in one direction (Kardol et al.
2013), but hypothesize how EEF
continuously interact with PSF to affect plant successional
trajectories.

In general, early successional plant species tend to be
involved in negative PSF (Fig. 3); in other words, these
early successional plant species tend to support soil micro-
bial species that benefit heterospecifics (Reynolds et al.
2003; De Deyn, Raaijmakers & Van der Putten 2004; Kar-
dol, Bezemer & van der Putten 2006; Kardol et al. 2007,
van de Voorde, van der Putten & Bezemer 2011; van der
Putten er al. 2013). This negative PSF breaks the domi-
nance of early successional plant species and facilitates

here we could

recruitment by later successional species that eventually
replace the early species (Kardol ef al. 2007). As the plant
community ages, PSFs shift from negative to positive,
allowing later successional species to exist in a stable cli-
max community (Fig. 3, Reynolds er al. 2003; Kardol,
Bezemer & van der Putten 2006; van der Putten ef al.
2013). Through this process, PSF can drive a plant
community through successional stages.

However, in this scenario of PSF-driven plant succes-
sion, the plant traits are assumed to be fixed and cannot

Stop or slow
rate of
succession

Strength of PSF
o
Selection for Ipositive PSF

Cyclical
succession

Invasion by colonizers

Early Mid Late
Successional stage

Fig. 3. Potential interactive effects of plant—soil feedbacks (PSFs)
and eco—evo feedbacks (EEF) on plant succession. The blue bub-
ble represents the domain of attraction of ecological succession
that is driven by PSF. Early successional communities are domi-
nated by negative PSFs which benefit heterospecifics, allowing
later successional species to invade. Late successional communities
are dominated by positive PSF, in which plant species are associ-
ated with microbes that benefit conspecific plants, maintaining a
stable community. Green arrows represent evolutionary pathways
that move communities outside of the ecological successional tra-
jectory. During early succession, if early colonizing species evolve
to create positive PSF, ecological succession will slow or stop
(left). Later in succession (right), if colonizing species evolve to
create negative PSF, invasion by colonizers can occur, moving the
community back to an earlier successional state, where it re-enters
the domain of ecological succession. The latter could result in
cyclical succession as a result of both PSF and EEF.

evolve, despite strong selection pressure from both PSF
and plant community (described above in Effects of PSF
on the evolution of plant traits). In diverse communities,
selection may result from both direct and indirect effects to
favour genotypes that employ the best strategy to reduce
negative direct effects and maximize positive indirect
effects (Miller & Travis 1996). If genotypes within species
vary in their response to PSF or in their ability to alter
PSF, then plant trait evolution could alter the ecological
effects of PSF (Schweitzer et al. 2014). If plant trait evolu-
tion alters the strength or direction of PSF, it may mitigate
the effects of PSF in driving plant succession, potentially
even reversing community successional trajectories
(Fig. 3). The extent to which EEF may reverse or slow the
effects of PSF in driving plant succession deserves more
attention in predictive quantitative models, but here we
describe two simple qualitative scenarios.

Early successional species tend to be ruderal or pioneer
species that are susceptible to pathogens in the soil, mak-
ing them particularly subject to negative PSF, as patho-
gens reduce the fitness of these plants. This effect on fitness
should impose strong selection pressure. Plant populations
can vary in their susceptibility to pathogens, which may
allow traits, such as pathogen resistance, to evolve and
reduce the severity of PSF. Further, plant traits, such as
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growth rates or carbon allocation, could evolve to take
advantage of mutualistic microbes in the soil, potentially
leading to positive PSF. A reduction in the strength of
negative PSF would slow the demise of early successional
species and the rate of succession, while a switch to posi-
tive PSF could stop succession altogether, resulting in a
stable community of early successional species that main-
tain their dominance and resist invasion by other plant
species (Fig. 3).

Consider another scenario that could occur later in suc-
cession. Presumably early successional species, which tend
to be good colonizing species, continually try to invade
late successional communities. However, these communi-
ties are dominated by competitive species with strong
mutualistic interactions with soil microbes that create posi-
tive PSF that benefit late successional plant species. Selec-
tion on the colonizing species should favour plant
genotypes that have negative effects on the mutualistic
microbes of late successional species, leading to less posi-
tive PSF. Additionally, if microbes evolve a better ability
to cheat their mutualistic partners, this would result in
more negative PSF with late successional plant species. A
shift towards more negative PSF could break the domi-
nance by late successional species and allow ‘early’ coloniz-
ing species to reinvade a community (Fig. 3). This would
shift the community back towards an earlier successional
stage, where PSF-driven successional dynamics may drive
the community back towards dominance by late succes-
sional species. Through the interaction of EEF and PSF,
communities may experience cyclical successional patterns,
even in the absence of disturbance (Fig. 3).

At this point, these consequences of interactions between
EEF and PSF are speculative and relatively simple. How-
ever, the ecological and evolutionary dynamics of soil
microbial communities can alter soil properties quickly, on
the order of months to years (van der Putten, Vandijk &
Peters 1993; Bever, Westover & Antonovics 1997), relative
to slow changes in abiotic conditions in the soil that are
typically thought to drive succession, which can take cen-
turies to millennia (Wardle, Walker & Bardgett 2004). This
suggests that interactions between EEF and PSF may play
a large role in explaining temporal dynamics in plant com-
munities on time-scales of interest to most researchers.

Future models and experiments should incorporate more
complexity to understand community dynamics. For
example, our hypothetical examples have failed to include
evolution of late successional species, which may experi-
ence selection in response to potential invaders, intraspeci-
fic competition, or soil microbes, which could result in
even stronger positive PSF during late succession and
counteract some of the evolutionary trajectories in Fig. 3.
Nor have we accounted for indirect genetic effects,
whereby an individual’s phenotype is strongly determined
by the expression of genes in its neighbour (Shuster et al.
2006; Bailey et al. 2014), whether conspecific or heterospe-
cific. These indirect genetic effects could occur within
either plant or microbial communities, as well as between
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them, or between other members of the community (con-
sumers, pathogens, etc.), creating even greater potential
for interactions between PSF and EEF. Further, plant gen-
eration times are likely to change with successional age,
which could affect potential rates of evolution; annual
grasses in early successional stages may be able to evolve
faster than long-lived late successional trees. The effects of
both PSF and EEF may be difficult to detect when both
act simultaneously; future theoretical work should strive to
partition the effects of each of these processes and generate
predictions that could be tested empirically. Testing these
ideas will require moving beyond relatively simple green-
house studies to examine interactions among multiple spe-
cies that incorporate greater complexity over temporal and
spatial scales.

Conclusion

In this review, we have explored mechanisms by which
eco-evolutionary dynamics can affect PSFs. We argue
that PSFs are an exciting area of research for eco-evolu-
tionary studies because of the strong interdependence of
plants and soil communities and relatively short genera-
tion times of these species. Both of these can result in
strong selection pressures, co-evolutionary dynamics and
evolution on ecological time-scales. Based on previous
research, there is strong evidence that plant traits affect
the soil microbial community and that soil microbes can
impose selection on plant traits. Further, the direction of
PSFs can alter plant community structure, which can
impose further selection on plant traits. All of this evi-
dence suggests that there is the potential for eco-evolu-
tionary feedbacks between plants and soil microbes,
although there is not yet direct empirical evidence of such
feedbacks. If eco-evolutionary feedbacks occur, and are
important for explaining both plant and microbial com-
munity structure, then plant-soil and eco-evolutionary
feedbacks may interact with each other and further
explain variation in plant-soil interactions across spatial
and temporal scales. Experiments in this area are not sim-
ple, but the rise of metagenomics and metabolomics has
allowed researchers unprecedented access into the dynam-
ics of microbial community structure and function. We
urge others to take advantage of long-term manipulations
of selection pressure or relatively short-lived plant species
as a first step to exploring how PSFs and EEFs may
affect natural communities.
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