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ABSTRACT

Plants interact with, modify, and are affected by their soil environments. Though plant-soil
interactions are well known to be important and active regulators of ecosystem function and
community structure, much less is known about how these interactions affect plant evolution.
The primary goal of my dissertation was to examine plant-soil interactions under a range of
ecological and evolutionary contexts to better understand patterns of biodiversity, ecosystem
function, and whole system responses to environmental change. Taking such an eco-evolutionary
perspective allows for a holistic understanding of the causes and consequences of complex
abiotic and biotic interactions that link ecosystem ecology and evolution.

In my first chapter, I reviewed what is known about genetic interactions between plants,
soils, and soil communities, and in doing so, identified a new mechanism for how genetically
based plant-soil feedbacks might emerge at large scales. In my second chapter, I used field
observations and multiple experimental approaches to test whether soil N acts as a selective
gradient on plant phenotypes, if soil microbial communities mediate the selective pressure, and
whether plant genetic variation impacts soil N pools. In my third chapter, I developed climate
and soil ecological niche models, combined with a new double quantile regression approach, to
tests how traits are adapted or plastic at critical environmental limits. Finally, my fourth chapter
examined how plant-soil interactions and feedbacks at landscape scales may influence range
dynamics and associated ecosystem processes as species move upwards towards higher
elevations with rising temperatures. Overall, my dissertation sought to bring an evolutionary
perspective to ecosystem ecology research by investigating the genetic mechanisms and
outcomes of plant-soil interactions.
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INTRODUCTION

Plants interact with, modify, and are affected by their soil environments. For example, most tree
species on Earth form symbioses with soil fungi by trading some of their photosynthesis products
for soil nutrients recovered by their fungal partners (Smith and Read 2008), and this partnership
may have supported terrestrial colonization by ancient plants. Tropical and temperate forest
diversity is partly maintained by soil pathogens that accumulate beneath parent trees over time,
negatively affecting the establishment of the same species’ seedlings, thereby promoting species
co-occurrence (i.e., the Janzen-Connell effect; Packer and Clay 2000, Mangan et al. 2010). Early
successional plants condition soil communities that help drive the overall trajectory of succession
by favoring the growth of later successional plants (Kardol et al. 2006). These examples
highlight plant-soil interactions as important and active regulators of ecosystem function and
community structure. The primary goal of my dissertation was to examine plant-soil interactions
under a range of ecological and evolutionary contexts to better understand patterns of
biodiversity, ecosystem function, and whole system responses to environmental change. Taking
such an eco-evolutionary perspective allows for a holistic understanding of the causes and
consequences of complex abiotic and biotic interactions that link ecosystem ecology and
evolution.

Although research on plant-soil interactions has improved our understanding of many
population, community, and ecosystem processes, much less is known about how these
interactions affect plant evolution. This represents a major frontier towards unifying ecology and
evolution, which is critical to advance our understanding of how biological diversity and energy
flow are connected in communities and ecosystems. While the gap between ecosystem ecology
and evolution remains relatively large (Matthews et al. 2014), one way to begin integrating these
research areas is by examining how genetic feedbacks can occur between plants and soils (i.e.,
“plant-soil feedback™). In the first chapter of my dissertation, I reviewed what is known about
genetic interactions between plants, soils, and soil communities (Van Nuland et al. 2016). In
doing so, I revealed a new mechanism for how genetically based plant-soil feedbacks might
emerge across large scale, namely, that landscape-level feedbacks may be common and driven
by soil dynamics (e.g., nutrient pools and fluxes) that are influenced by genetic interactions
between plants and soil communities.

Variation in soil nitrogen (N) influences plant distributions, fitness, and functional traits,
but few studies have shown that phenotypic responses to soil N are adaptive. An evolutionary
response to soil nutrient variation may impact plant traits that, in turn, alter soil N conditions.
This could lead to large-scale nutrient-mediated feedbacks that change the quantitative genetic
differences among populations. Moreover, few studies have simultaneously explored the scale at
which soil nutrient gradients may influence plant evolutionary processes or how genetic variation
then influences local soil processes. In my second chapter, I used field observations and multiple
experimental approaches to test whether soil N acts as a selective gradient on plant phenotypes,
if soil microbial communities mediate the selective force, and whether plant genetic variation
impacts soil N pools. This work expands our understanding of the role of soils in plant trait
evolution, and the reciprocal effects that trait evolution has on soils.

Plant range limits reflect the environmental constraints (both abiotic and biotic) that
determine where populations are no longer self-sustaining (i.e., the realized niche). Species
distribution models (SDMs) visually describe geographical variation of species’ realized niches,
typically using only climate data. However, biogeochemical gradients can influence the spatial
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distribution of plants at large scales (Laliberté et al. 2013), and recent work shows how SDM
accuracy is improved with soil information (Beauregard and de Blois 2014). While SDMs are
useful for visualizing correlations between environmental conditions and species occurrences,
they are not designed to test mechanisms of those relationships. For instance, a plant species’
distribution may fall between a certain range of precipitation values (thus, precipitation may be
an important factor for the accuracy and precision of an SDM), but few niche models are
designed to test why or how precipitation values outside this range lead to population declines.
Plant functional traits link inherently correlational SDMs and a mechanistic understanding of
range limits. This is because plant traits related to their growth and fitness are formed, in part, by
abiotic environments that are used to parameterize niche models. The expression of functional
trait variation at regional and global scales, therefore, reflects the underlying physical constraints
applied by abiotic environments (before biotic interactions mediate phenotypic expression at
local scales). As a result, plant trait variation should be able to predict the environmental range of
a species, identifying range limits where climate and soil environments occur that, beyond
which, are unsuitable for sustained population growth (Stahl et al. 2014). In my third chapter, I
developed climate and soil SDMs to compliment a new double quantile regression approach that
tests how traits are adapted or plastic at environmental range limits.

Although species distributions and range limits are shaped by a complex set of abiotic and
biotic forces, evidence has begun to emerge that plant-soil-biotic interactions could play a
significant role in defining range limits. As plants move to new soil environments, their fitness
will vary depending on the net impact of previously conditioned soil communities that may
impact plant survival and performance. For instance, the degree to which plants modify the
diversity and activity of soil communities at higher elevations could influence upward range
shifts through these feedback effects. Most examples describing how PSF relate to plant range
shifts use latitude gradients and make comparisons among species, even though plants generally
have much shorter distances to travel in elevation relative to latitude to track the same 1°C
temperature change. Within-species variation can also have important consequences for
understanding the ecological and evolutionary consequences of feedbacks in plant-soil systems.
Consequently, the importance of intraspecific PSF in determining range shift responses to
climate warming could be greater and more immediate along elevation gradients relative to
latitude gradients. My fourth chapter examined how plant-soil feedbacks at landscape scales
could influence range dynamics and associated ecosystem processes within a single species.

Overall, my dissertation sought to bring an evolutionary perspective to ecosystem
ecology research by investigating the genetic mechanisms and outcomes of plant-soil
interactions. Using a combination of literature review, field observations, common garden
experiments, local adaptation studies, next-generation sequencing, and ecological niche models,
my research examined the causes and consequences of plant-soil-biotic interactions that
influence ecological and evolutionary dynamics. Because foundation species that occur across
large environmental gradients are most likely to show the greatest effects of evolution on
communities and ecosystems, and divergent environments strongly shape adaptive evolution
(Matthews et al. 2014), I use plant-soil interactions in Populus angustifolia (James) and riparian
ecosystems across the Rocky Mountains. This species occurs across large climate and soil
gradients, and seminal research using Populus describes how genetic variation impacts
phenotypes, above- and belowground community, and soil nutrient processes. Moreover, these
riparian areas are predicted to experience significant warming (2-6 °C) over the next 50 years,
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and understanding how the species’ range dynamics will respond as environments change is
critical to maintain the diversity and function of these important habitats.
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CHAPTER1
PLANT-SOIL FEEDBACKS: CONNECTING ECOSYSTEM ECOLOGY
AND EVOLUTION



This chapter was originally published by Michael E. Van Nuland, Rachel C. Wooliver, Alix A.
Pfennigwerth, Quentin D. Read, lan M. Ware, Liam Mueller, James A. Fordyce, Jennifer A.
Schweitzer and Joseph K. Bailey:

Van Nuland, M. E. et al. (2016) “Plant-soil feedbacks: connecting ecosystem ecology and
evolution.” Functional Ecology, 30, 1032-1042.

Abstract
While an appreciation of plant-soil feedbacks (PSF) continues to expand for community and
ecosystem ecology, the eco-evolutionary mechanisms and consequences of such feedbacks
remain largely unknown or untested. Determining the cause and effect of plant phenotypes is
central for understanding these eco-evolutionary dynamics since phenotypes respond to soil
selective gradients that are, in turn, modified by plant traits. Genetic variation in plant
phenotypes can change soil processes and biotic communities; oppositely, soil gradients and
microbial communities can influence the expression and evolution of plant phenotypes. Although
these processes represent the two halves of genetic based PSF, research in these areas has
developed independently from one another. Greater connectivity between research on ecosystem
consequences of plant genetic variation and soil selective gradients that drive plant phenotypic
evolution will create novel and important opportunities to link ecology and evolution in natural
systems. Papers in this special feature build on the inherent ecological and evolutionary
processes involved in plant-soil feedbacks, outlining many ways to identify and test mechanisms
that connect ecosystem ecology and evolution.

Introduction
Plant-soil feedbacks have important evolutionary implications because they are associated with
changes in plant fitness (van der Putten 1997), which might ultimately affect genetic divergence
among populations, adaptive or contemporary evolution, and diversification (Bailey et al. 2014;
Schweitzer et al. 2014). Plants alter the soils in which they grow, and evidence that these
modifications can feed back to influence the same or different plants represents a rich and
growing mechanism for a variety of ecological phenomena. By exuding root compounds such as
hormones, phenolics, sugars, and organic acids (reviewed in Bais et al. 2006), and contributing
organic matter such as leaf and root litter (Vivanco & Austin 2008), plants shape soil biotic
communities that use these plant products as energy sources. Plant interactions with soil biota
(bacteria, fungi, archea, viruses, and macro- and microarthropods) in turn alter the physical and
chemical properties of soils that, together with soil biota, positively or negatively affect the
fitness and phenotype of the same or different plants (Ehrenfeld, Ravit & Elgersma 2005;
Kulmatiski et al. 2008; Miki 2012). These effects of past soil changes that influence plant
performance and fitness are known as plant-soil feedbacks (PSF; Bever 1994). Such feedbacks
have been shown to facilitate or slow the spread of invasive species (Kourtev et al. 2002; Wolfe
& Klironomos 2005; Levine et al. 2006; Reinhart & Callway 2006; Nijjer, Rogers & Siemann
2007; Batten, Scow & Espeland 2008), direct plant community succession (Kardol, Bezemer &
van der Putten 2006), and underlie abundance and co-existence patterns within plant
communities (Klironomos et al. 2002; Kulmatiski et al. 2008; Mangan et al. 2010; van der Putten
et al. 2013). While an appreciation of PSF continues to expand for community and ecosystem
ecology, much less work has focused on the evolutionary mechanisms and consequences of PSF.



Understanding the evolutionary dynamics of PSF relies on identifying the cause and
effect of plant phenotypes since 1) they are the material upon which natural selection acts and 2)
they largely control plant-soil relationships. For instance, soil metal toxicity is an important
selective agent for plants on abandoned mine sites or harsh serpentine soils that leads to locally
adapted populations with phenotypes of increased tolerance of aluminum (Al) and magnesium
(Mg) (Whitaker 1954; Shaw 1989; Brady, Kruckeberg & Bradshaw 2005; Anacker 2014).
However, soils are hyper-diverse with living organisms, and biotic interactions with soil
microbes create genetic environments that also impact phenotypes. Such is the case when plant
growth-promoting rhizobacteria in the soil environment produce phytohormones that direct plant
root growth, mycorrhizal development of roots, or root nodule formation for symbiotic nitrogen
(N) fixation (Dighton 2014). These interactions can result in phenotypic shifts due to plasticity
and may not always result in relatively fast reciprocal selection (Agrawal 2001; Fordyce 2006),
but here we focus on the selective consequences of plant-microbe interactions. While soils and
microbes can shape the underlying genetic variation and expression of plant phenotypes, plants
actively change belowground processes and determine the nature of above-belowground
relationships (Kardol et al. 2015). For example, Ke et al. (2015) modeled how the effect of plant
traits (e.g., litter decomposability) on PSF direction and strength depend on the relative
abundance of certain soil biota groups (e.g., decomposers, mutualists, pathogens). As a broader
example, litter decomposability is an important phenotype determining soil nutrient status
through plant-litter-nutrient feedbacks (Hobbie 1992, 2015). With the potential for feedback
loops to exist between plants, microbial communities, and soil environments, understanding the
genetic basis of these interactions is essential for PSF research to begin incorporating and
demonstrating evolutionary concepts.

Genetic variation in plants can affect soil microbial communities, and, in turn, these
communities affect genetically based plant traits. For example, when seedlings from 20
randomly collected Populus angustifolia genetic families were planted into soils that were
conditioned by various Populus species, P. angustifolia seedlings grown in their own soils were
twice as likely to survive and had the highest genetic variation in performance traits, even though
P. angustifolia soils were less fertile overall (Pregitzer et al. 2010). A related study using P.
angustifolia genotypes found that positive feedback effects on plant performance traits were
related to conditioned soil communities (Smith et al. 2012). If PSF comprise genetic interactions
between plants and soil communities, then not only could these feedbacks drive genetic changes
in plants and alter biodiversity patterns (Vitousek 2004, Bailey et al. 2014), but the feedbacks
themselves might evolve across different environments (Schweitzer et al. 2014). Because (i) soil
microbial communities respond to plant phenotypes, (ii) plants respond to variation in soil
microbial communities, (iii) plant-microbial interactions drive nutrient cycling and (iv) these
interactions vary and evolve along environmental gradients that are critical to ecosystem function
and evolutionary processes, the field of PSF is an excellent opportunity for placing ecosystem
ecology into an evolutionary framework and vice-versa.

Building upon a growing literature and a previous special feature highlighting the
ecological mechanisms and consequences of PSF (van der Putten et al. 2013), papers in this
special feature demonstrate or suggest many of the evolutionary mechanisms and consequences
of PSF at a broad scale. Topics in this special feature include the evolutionary role of PSF in
biodiversity and ecosystem function (Evans et al. 2016; terHorst & Zee 2016), local adaptation
of soil microbial communities and their reciprocal effects on plant phenotypes (Revillini,
Gehring & Johnson 2016; Herrera Paredes & Lebeis 2016), phylogenetic responses of plants to
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soil N, demonstrating large scale evolutionary effects of plant-soil linkages (Wooliver et al.
2016), and finally, the applications and frontiers of PSF under land use and environmental
change (de la Pena et al. 2016; van der Putten et al. 2016). Using the genes-to-ecosystems
concepts expressed throughout the special feature, the goal of this paper is to highlight how PSF
research bridges ecological and evolutionary concepts to place ecosystem ecology into an
evolutionary framework.

Mechanisms that link ecosystems and evolution via PSF
Genetic variation and ecosystem function are linked in terrestrial systems (Schweitzer et al.
2004; Crutsinger, Souza & Sanders 2008; Hughes et al. 2008; Bailey et al. 2009; Fitzpatrick et
al. 2015; terHorst & Zee 2016). The link between genes and ecosystems is fundamentally related
to genetically based species interactions and the energy flow or nutrient cycling that emerges
from these interactions (Whitham et al. 2003, 2006; Shuster et al. 2006; Bailey et al. 2014;
Schweitzer et al. 2014). Here, we define genetically based interactions between plants and soil
microbial communities as Genotype X Genotype interactions (GxQG), where genetically based
plant phenotypes interact with phylogenetically diverse soil microbial communities. Although
soil communities harbor an immense level of diversity, conceptually referring to them as a single
genetic unit is a first step for our purposes of exploring genetic links above- and belowground.
Below, we outline how PSF research provides an important platform to identify and test
mechanisms that connect ecology and evolution through these plant-soil genetic linkages.

Belowground consequences of aboveground genetic variation

The effect of plant genes can reach to higher levels of communities and ecosystems (Dawkins
1982; Whitham et al. 2003, 2006). This is a critical element to the evolutionary mechanisms of
PSF, whereby GxG interactions change the soil environment, and those changes ultimately affect
plant fitness and phenotypes. In this way, GxG interactions structure communities (Goodnight
1990a, b; Brodie 2005; Shuster et al. 2006; Allan et al. 2012) and drive ecosystem level change
(Whitham et al. 2003, 2006; Lojewski et al. 2009, 2012; Genung et al. 2011, 2013; Miki 2012;
Schweitzer et al. 2014). This has been shown repeatedly for plants across many terrestrial (and
aquatic) systems (reviewed in Bailey et al. 2009; Schweitzer et al. 2012; Bailey et al. 2014;
Matthews et al. 2014). Genetically based phenotypic variation in plant chemistry, morphology,
and physiology structures belowground communities and regulates soil processes (reviewed in
Schweitzer et al. 2012; Table 1.1). Plants vary in soil nutrient uptake and use (Wooliver et al.
2016), affecting the quantity and quality of root and leaf litter (e.g., lignin content and foliar C to
N ratio). These differences lead to well-documented effects on litter arthropod assemblages, soil
fungal and bacterial community composition, and ultimately carbon (C) and N mineralization
(Zinke 1962; Hobbie 1992; Bardgett 2005; Chapman et al. 2006; Bardgett & Wardle 2010;
Gorman et al. 2013). At finer scales, species modify local soil conditions in the vicinity of their
highly variable root environments through the exudation of hormones, sugars, phenolics, and
amino acids (Bardgett & van der Putten 2014). Root exudates structure rhizosphere communities
by providing carbohydrate sources and functioning as signaling molecules (Chaparro et al. 2013;



Table 1.1. Evidence that plant genetic effects influence abiotic and biotic soil properties

Abiotic

Plant genetic effect
Genotype, genotypic diversity,
population, species

Genotype, genotypic diversity, species

Genotype, species
Genotype, genotypic diversity,
population, provenance

Biotic

Plant genetic effect
Genotype, species
Genotype, population

Genotype
Genotype

Genotype, population, species

Soil response
Litter decomposition

Litter nutrient release

Soil nitrogen/carbon
Nitrogen availability

Soil response
Microbial nutrient pools

Extracellular enzyme activity

Net nitrogen mineralization
Soil C respiration and efflux

Microbial community composition

Reference

Treseder & Vitousek 2001; Schweitzer et
al. 2004, 2005; Madritch & Hunter 2005;
Crutsinger, Sanders & Classen 2009;
Genung et al. 2013; Fitzpatrick et al. 2015;
Hobbie 2015

Madritch & Hunter 2002, 2005; Madritch,
Donaldson & Lindroth 2006; Silfer et al.
2007; Schweitzer et al. 2011a; Genung et al.
2013

Hobbie 1992; Pregitzer et al. 2013

Fischer et al. 2010; Schweitzer et al. 2011b

Reference

Schweitzer et al. 2008; Pregitzer et al. 2010
Schweitzer et al. 2008; Madritch, Greene &
Lindroth 2009

Schweitzer et al. 2011a

Fischer et al. 2007; Lojewski et al. 2012;
Fitzpatrick et al. 2015

Schweitzer et al. 2008; Aleklett et al. 2015




Dighton 2014; Herrera Paredes & Lebeis 2016). Plant control on soil and root microbiota has
been observed under highly controlled greenhouse, common garden, and agricultural settings
(Marschner & Yang 2001; Schweitzer et al. 2008a; Lundberg et al. 2012), and recently in wild
plant species growing in close proximity in the field (Aleklett et al. 2015). Even in diverse
tropical forests, taxonomic and phylogenetic metrics of tree composition are correlated with soil
bacterial and fungal composition (Barberan et al. 2015). Belowground microbial activity (e.g.,
decomposition, nutrient cycling, predator-prey dynamics) changes soil physico-chemical
properties such as the type and concentration of inorganic nutrients, pH, or water holding
capacity (Ehrenfeld et al. 2005; Bardgett 2005; van der Putten et al. 2016), all of which can
feedback to impact plant performance. Since the expression of genes determine plant
phenotypes, and the effects of plants on soil biotic and abiotic environments are the result of
phenotypic variation, soils modified by plants create a link between genes, soil communities, and
ecosystem function that generate PSF with evolutionary consequences (Whitham et al. 2006;
Schweitzer et al. 2008b, 2014; Genung et al. 2013; Bailey et al. 2014).

Aboveground evolutionary consequences of belowground variation
While several studies have shown the effects of plant phenotypic variation on soil communities
and emergent ecosystem properties over the last decade, far fewer have shown how soil
communities may shape plant phenotypes, although that is beginning to change (Friesen et al.
2011; Revillini et al. 2016, Herrera Paredes & Lebeis 2016; Table 1.2). For example, using an
invasive tree Ailanthus altissima, Felker-Quinn et al. (2011) found that genetic variation and
among-population variation for plant biomass was only expressed when the soil microbial
community was living (relative to sterilized controls). These results indicate that (i) genes
associated with certain phenotypes may only be expressed given particular microbial
interactions; and (ii) the interpretation of evolution on the landscape is specific to the microbial
context. Similarly, soil microbes alter the strength and direction of selection on plant phenology
by altering plasticity in flowering time and impacting fecundity (Wagner et al. 2014). Moreover,
the reciprocal interactions that drive ecological changes to soil microbes can drive plant
evolution in novel environments (Lau & Lennon 2011, 2012), and the evolutionary response by
plants may shift belowground community composition (Bailey et al 2012; Schweitzer et al. 2014;
terHorst et al. 2014) resulting in genetically based differences in ecosystem processes (sensu
Fitzpatrick et al. 2015).

Widespread soil variation is an important selective pressure on plant phenotypes, and
recent studies demonstrate plant adaptation and divergence along soil gradients (Table 1.2).
Perhaps the earliest and clearest example of plant evolutionary responses to soils comes from
decades of work studying serpentine plant populations (reviewed in Anacker 2014). Soil-
mediated selection has repeatedly been shown to result in plant evolution under these harsh
conditions using reciprocal transplants (Brady et al. 2005) and gene sequencing approaches
(Turner et al. 2010) to examine local adaptation. In these studies, plant populations evolve
increased resilience to soil toxicity by adapting to high metal concentrations that are
characteristic of serpentine soils (e.g., phenotypes with an enhanced ability to sequester,
transport, or selectively uptake Mg and Al). Plant phenotypes that condition the soil microbial
community to suppress pathogen activity or to facilitate resource uptake may also be favoured
(Kinkel, Bakker & Schlatter 2011, Revillini et al. 2016). For example, when Andropogon
gerardii ecotypes collected from phosphorus (P)-limited and N-limited grasslands were grown
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Table 1.2. Examples of soil factors that impact plant phenotypes and drive evolutionary responses

Abiotic
Soil Factor
Serpentine
Serpentine
Serpentine
Aluminum
Nutrients

Biotic

Soil Factor
Bacteria & fungi
Microbes
Bacteria & fungi
Microbes

Fungi

Microbes
Microbes
Rhizobia

AM fungi
Rhizobia
Rhizobia

AM fungi

EM fungi
Rhizobia

AM fungi
Bacteria

Plant phenotype response (species)

Flowering time (Collinsia sparsiflora)
Growth (Achillea borealis)

Metal detox a transport (Arabidopsis lyrata) Local adaptation

Al tolerance
Growth (Populus angustifolia)

Plant phenotype response (species)
Productivity (dilanthus altissima)

Spring bud break (Populus angustifolia)

Flowering time (Arabidopsis spp.)
Growth and Phenology (Brassica rapa)

Survival, Growth (Pseudotsuga menzeisii)

Biomass (Populus angustifolia)
Survival, growth (Populus angustifolia)
Specific Leaf Area (Glycine max)
Clonality (Prunella vulgaris)

Leaf frost sensitivity (Medicago sativa)
Height (Oryza sativa)

Specific root length (Zea mays)

Fine root diameter (Pinus taeda)

Root distribution (77ifolium subterraneum)

95% rooting depth (7riticum aestribum)
Stress recovery (Capsicum annuum)

Evo implication
Local adaptation
Local adaptation

Method
Wright, Stanton & Scherson 2006
Kruckeberg 1954
Turner et al. 2010
Gould, McCouch & Geber 2014
Van Nuland et al. in review

Local adaptation
Local adaptation

Evo implication
Divergence
Divergence
Selection intensity
Selection intensity
Local adaptation
Local adaptation
Local adaptation

Method
Felker-Quinn et al. 2011
Van Nuland et al. in review
Wagner et al. 2014
Lau and Lennon 2011
Pickles et al. 2015
Pregitzer et al. 2010, Smith et al. 2012
Van Nuland et al. in review

N/A Harris, Pacovsky & Paul 1985

N/A Streitwolf-Engel et al. 2001

N/A Bertrand et al. 2007

N/A Perrine-Walker et al. 2007

N/A Kothari, Marschner & George 1990
N/A Rousseau, Sylvia & Fox 1994

N/A Morris & Djordjevic 2006

N/A Ellis, Larsen & Boosalis 1985

N/A Marasco 2012

Microbes: non-specified collection of bacteria, fungi, archae, and viruses. EM fungi: ectomycorrhizae; AM fungi: arbuscular
mycorrhiza. N/A implies no direct test of plant evolutionary response or implication to the soil factor in the respective study.
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with all possible home’ and ‘away’ combinations of soils and mycorrhizal communities, soil
fertility was a key driver of locally adaptated symbioses such that mycorrhizal exchange of the
most limiting soil nutrient resource for each ecotype was maximized (Johnson et al. 2010).
Reciprocal transplant experiments such as those used in Johnson et al. (2010) consistently
indicate that varying selective pressures from soil microbes or nutrients lead to patterns of local
adaptation and geographic mosaics of plant-microbe interactions that vary in strength (Pregitzer
et al. 2010; Smith et al. 2012; Andonian et al. 2012). Such variation in plant-microbe interactions
have the potential to create PSF differences along environmental gradients that may lead to
genetic divergence on the landscape through the evolution of feedbacks (Schweitzer et al. 2014;
Evans et al. 2016). Because plant-microbial interactions also modify soils, the selective gradients
that underlie plant-microbial interactions may be reinforced, ultimately affecting the direction
and pace of evolution.

The ability of plants to alter their surrounding soil creates environmental variation that
can lead to and maintain genetic divergence. This occurs when soil gradients drive phenotypic
evolution, thus changing the distribution of plant traits that control ecosystem processes and
structure soil communities (Vitousek 2004; Pregitzer et al. 2013; Felker-Quinn et al. 2011; Smith
et al. 2012). Variation in soil parent materials and underlying chemistry may result in fitness
differences among individual as plants differ in their ability to tolerate specific soil conditions
(Ellis & Weis 2006; Alvarez et al. 2009). These soil gradients influence plant phenotypes
indirectly by affecting soil microbial communities and altering GxG interactions. For example,
natural gradients in soil pH have been shown to influence the community composition of
bacteria, fungi, and arbuscular mycorrhizal communities (Fierer & Jackson 2006; Dumbrell et al.
2010). A classic example for understanding how soils may impact plant phenotypic evolution is
the long-term soil age gradient of Hawai’i. Gradients of substrate age and soil development
influence nutrient availability (Vitousek 2004). With low soil nutrient availability, symbiotic
mutualists and a slow cycling microbial community generally occur. Low nutrient availability
may also select for small leaves, high nutrient use efficiency, slow growth rates, long foliar life
span, high nutrient resorption, and recalcitrant plant tissues that decay slowly. Such recalcitrant
plant tissues may lead to continued low soil nutrient availability and thus a consistent selective
pressure on plant traits that convey fitness advantages under these environmental conditions.
With high nutrient availability, the opposite patterns have been demonstrated. Reinforcement of
these patterns may ultimately lead to local adaptation due to variation in soil nutrient availability
and divergence in functional phenotypes (sensu Bertness & Callaway 1994; Wooliver et al.
2016).

Synthesis and conclusions
The relative importance and extent of reciprocal interactions between the ecology of popula