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Abstract
Background In the face of climate change, shifts in
genetic structure and composition of terrestrial plant
species are occurring worldwide. Because different ge-
notypes of these plant species support different soil biota
and soil processes, shifts in genetics are likely to have
cascading effects on ecosystems.
Scope We explore plant genetic effects on soil function
in the context of climate change, and selection by soils,
soil biota and plant-soil feedbacks. We propose catego-
ries of genetically-based plant traits that should be pri-
oritized in research on genetic-based effects on soil

processes including plant productivity and C allocation,
tissue quality, plant water-use, and rhizosphere mutual-
isms. Additionally, we posit that soil community re-
sponses to climate change should be considered in con-
cert with plant genotype because of sensitivity of soil
communities to climate. We use two case studies to
highlight these points.
Conclusions We argue that the effects of climate change
as an agent of selection on plants may cascade to affect
soils, and ultimately the structure, composition and func-
tion of ecosystems. Understanding the ecological and
evolutionary potential of plant-soil linkages may help us
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understand and mitigate the extended consequences of
global change for ecosystems worldwide. Accordingly,
we conclude with experimental approaches for examining
genetically-based plant-soil interactions across climate
change gradients.

Keywords Climate change . Ecosystem processes .

Carboncycling .Nitrogencycling .Genestoecosystems .

Ecosystem genetics

Introduction

Predicting and mitigating the impacts of climate change
on ecosystems represents one of the greatest challenges
in modern ecology. While predicting the impact of
climate change on species distributions is receiving
much attention (e.g. Thuiller et al. 2008; Aitken et al.
2008; Van der Putten et al. 2010), a less appreciated
reality is that climate change can exert selection pres-
sures with consequences for plant population genetic
structure and adaptation (Davis et al. 2005; Alsos et al.
2012). In other words, in response to climate change
plants may tolerate changes, migrate, go extinct, or
adapt, and adaptation represents a particularly important
and understudied response (Lavergne et al. 2010). In
fact, both shifts in distribution and persistence in-situ by
plants may include microevolution as a fundamental
response to changing climate (Davis et al. 2005;
Norberg et al. 2012). Plant population genetic structure
has changed in the past, and is currently changing, in
response to variation in climate (Davis et al. 2005;
Knight et al. 2006; Parmesan 2006; Travers et al.
2010; Alsos et al. 2012).

The adaptive responses of plants to climate change
are intimately coupled with soil communities and soil
function because genetic differences among individual
genotypes within a plant species may have “extended”
consequences for communities and ecosystems, includ-
ing those belowground (reviews by Whitham et al.
2006, 2012; Hughes et al. 2008; Rowntree et al. 2011;
Schweitzer et al. 2012). Though evolutionary impacts
on ecosystems are not always established (as reviewed
in Fussmann et al. 2007; Matthews et al. 2011; Schoener
2011), plants frequently act as foundation species whose
genetic structure and function are important to under-
stand because they create stable conditions that support
unique communities of interacting species (Dayton
1972). Further, climate change selection on foundation

species (O’Neill et al. 2008; Lavergne et al. 2010) may
interact with other niche-based selection processes as-
sociated with soil parent material, and soil-plant feed-
backs (Fig. 1).

In order to predict future plant-soil connections we
must understand how variation in plant genotypic diver-
sity interacts with climate change to influence the func-
tion of ecosystems. We predict climate change will act
as an agent of selection on foundation species to signif-
icantly shape the distribution of plant genotypes, and
thus plant-soil interactions that have extended effects on
ecosystems, particularly carbon (C) and nitrogen (N)
cycling processes in soils. Here, we extend previous
reviews on the genetic basis of plant-soil interactions
(e.g. Schweitzer et al. 2012), to explore specifically how
plant genotypes influence ecosystem processes in the
context of evolutionary responses to climate change.

Linkages between plant genetics and soils

The influence of genetic variation in plants on ecosys-
tem C and N cycles can be strong and present in a
diversity of ecosystems (Schweitzer et al. 2012). For
example, plant genotype can affect N cycling and avail-
ability in ecosystems ranging from riparian forests
(Schweitzer et al. 2004, 2008a, b, 2011; Fischer et al.
2007, 2010), to oak woodlands (Madritch and Hunter
2002, 2003), to aspen forests (Madritch et al. 2009). The
distribution of genotypes that affect nutrient cycles cre-
ate patterns in soil N availability that are consistent
across geographic distances over 1,000 km, and eleva-
tions up to 1,000 m (Schweitzer et al. 2004; Madritch
et al. 2009; Fischer et al. 2010). Studies on ecosystem C
dynamics have similarly demonstrated widespread pat-
terns whereby the genetics of foundation plant species
strongly influence ecosystem C uptake and above-
ground net primary productivity (ANPP; Crutsinger
et al. 2006; Fischer et al. 2006, 2007; Lojewski et al.
2009; Grady et al. 2011), net ecosystem productivity
(Souza et al. 2011; Breza et al. 2012), leaf litter decom-
position (Schweitzer et al. 2004; Madritch and Hunter
2002; Madritch et al. 2006; LeRoy et al. 2007), soil CO2

efflux (Fischer et al. 2007; Lojewski et al. 2012), and
belowground C allocation (Fischer et al. 2006, 2007;
Lojewski et al. 2012) (Fig. 2). While comparisons be-
tween these intra-specific effects and inter-specific ef-
fects are tempting, (e.g., how do these effects compare
with differences among species?), here we emphasize
that these genetically-based effects are present in all
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systems. All populations are genetically variable, and
thus all foundation plant species populations are prone
to exhibit phenotypic variation that impacts soil com-
munities. The effect of intra-specific variation can be
smaller, as large, or larger, than species-level compari-
sons, the relative importance of which is likely to be
context specific (Crutsinger et al. 2009; Schweitzer et al.
2012; Pregitzer et al. 2013). However, the relative im-
portance of intra-specific variation relative to inter-
specific variation is less important than the specific
genetic interactions among plants and their soils, which
are common in a diversity of systems (Schweitzer et al.
2012).

These plant genetically-based changes to soils also
can create plant-soil feedbacks. In soil manipulation
experiments, families and genotypes have shown higher
fitness when grown in soils previously conditioned by
similar species and genotypes (i.e. positive effects on
plant growth and performance can occur when plants are
grown in “home” soils). This pattern seems to be related
to the fidelity of plant genotypes to the soil microbial
communities of individual genotypes that positively
“condition” or influence soils for seedlings (Pregitzer
et al. 2010; Madritch and Lindroth 2011; Smith et al.
2012; Fig. 3). In contrast, demonstration of negative
effects has also been shown (e.g., Liu et al. 2012).
These findings suggest that a continuum of feedback
responses are possible from “home-field advantage” to
“home-field disadvantage”, even among closely related
individuals.

Climate change is already impacting soils and their
communities (e.g. Blankenship et al. 2011; Wallenstein
and Hall 2011), which may provide new selection pres-
sures on plants via plant-soil feedbacks (e.g. Lau and
Lennon 2011; Fig. 1b). Soil biotic communities are
essential to C and N transformations in soil; thus even
small changes in plant-soil-microbe interactions can
accrue in the soil system (e.g. by altering C inputs
through NPP) impacting water, C, or N cycles over time.
Genetically-based soil microbial interactions may buffer
plants against climatic change and allow species persis-
tence (through differential survival of genotypes; Van
der Putten et al. 2013). For example, microbial commu-
nities may enhance water relations and thus plant per-
sistence through periods of drought (Lehto and Zwiazek
2011; Augé 2004; Lau and Lennon 2012; case study
below). Similarly, plant-microbe interactions may regu-
late nutrient cycling with effects on plant performance,
enhancing persistence in the face of climate change. Of
course, negative effects on plants resulting from micro-
bial responses to climate change may also be genetically
specific, but little is known about these responses.

Here, we propose that the direct influence of climate
change on genetically-mediated plant-soil interactions
has two components: (1) the nature of the plant traits that
are selected for under climate change scenarios (Fig. 1a;
Climate Environment Selection), and (2) the nature of
independent climate change effects on soil community
composition and function (Cl-Bio-Env; Fig. 1b).
Different plant genotypes exhibit traits that impact soil

Fig. 1 The interaction among selective effects of climate, soil type
and biotic environments results in unique selection on plant geno-
types. Recent research emphasizes the interplay between genotype

and soil biotic environments, which is unique among selective
agents in that the biotic environmentmay bemodified by genotype
selection as a result of underlying soil type and climate change
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processes and feedbacks, but because plant genotype
and soil communities interact, soil community re-
sponses to climate change may also mediate plant re-
sponses. We explore these points in the following sec-
tions followed by case studies that illustrate plant geno-
typic interactions with climate, soil communities, and
soil processes in two natural ecosystems.

Plant traits and soils

We focus here on plant traits that might be affect-
ed by in-situ selection acting on pre-existing pat-
terns of plant genetic variation across the land-
scape. Changes in plant phenotypic plasticity, de-
mography, and distribution/migration are clearly

important responses to climate change (Lavergne et al.
2010), but are beyond the scope of the current review.
Similarly, the subjects of climate-based selection on
plant traits and plant trait distributions have been
reviewed recently (e.g. Lavergne et al. 2010; Churma
et al. 2011) and are beyond the scope of this paper. Our
goals instead, are to (1) identify key traits that link plants
to soils through genetically variable mechanisms, and
(2) explore the consequences of this multivariate array
of genetically-based traits linking plants and soils in a
climate change context. Table 1 provides a heuristic
framework demonstrating some potential interactions
between effects of selection on traits, consequences for
ecosystem processes and soil communities, and the
combined multivariate effects of selection acting on
multiple traits. Within this table, we provide some

Fig. 2 Key traits that directly affect soils are variable by genotype
origin, and temperature of origin in the Populus system across a
hybridization gradient (a–c), and intraspecific genetic (d) gradi-
ents. Panels a–b represent an identical gradient from low elevation
(warm) climate tree types (on the left) to high elevation (cold)
climate trees (right). Trees from colder locations have higher fine
root production even when grown in the same climate conditions
(a; after Fischer et al. 2006, 2007). Inversely (b; also after Fischer
et al. 2007), warmer climate trees have higher total belowground
carbon allocation (TBCA) in common garden environments, sug-
gesting selection may favor high belowground C allocation, even

when it results in lower root growth. Error bars represent + one
standard error. c High root production genotypes also have lower
visible observable ectomycorhizal roots in minirhizotron frames
(Fischer et al. unpublished data, based on Fischer et al. 2007).
Finally, d multivariate leaf physiological (economic) traits repre-
sented by a principle components analysis axis score vary predict-
ably with degree of climate change in intraspecific assisted migra-
tion experiments with the species P. fremontii (after Grady et al.
2013). Such multivariate trait differences may have proportional,
and sometimes re-enforcing effects on soil communities and soil
function
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generalized potential responses of plant traits to specific
climate change factors based on either reviews (Horton
and Hart 1998; Bellgard and Williams 2011; Churma
et al. 2011; Norby and Zak 2011; Bardgett et al. 2013;
Keenan et al. 2013) or inferred general understanding of
plant responses to temperature, soil moisture, and in-
creased CO2 (assuming that the basic physiological
responses to these factors also represent traits favored
by directional selection). These responses are provided
here not as a set of predictions, but rather for the heu-
ristic purpose of visualizing how multiple plant traits
interact and affect ecosystem function and communities

in a climate change framework. The specific selection
effects of climate change on ecosystem processes are not
completely understood (Fussmann et al. 2007;
Matthews et al. 2011; Schoener 2011), yet it is clear that
shifting climate may result in different outcomes for
different plant traits, with correspondingly diverse con-
sequences for plant effects on soils. For example, in the
table (Table 1) a combination of higher temperatures,
reduced precipitation, longer growing seasons, and
higher CO2 have a combined effect on plant water use
that might be characterized as a strong negative effect
(the selection impact of all changes might be for lower
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Fig. 3 Plant-soil feedbacks
are likely to be fundamental
to plant responses to chang-
ing climate. Panels (a) and
(b) indicate that genetic-
based conditioning of soils
leads to variable expression
of plant traits in common en-
vironments. Seedling fami-
lies (a) of Populus
angustifolia have the lowest
mortality and highest growth
(height) when growing in
soils previously conditioned
by P. angustifolia trees, even
though these soils were less
fertile overall (F=18.75, p<
0.001). Each line represents
the mean height of each fam-
ily growing in each soil type;
the blue symbols indicate
mean values. Seedlings col-
lected from individual P.
angustifolia genotypes (b)
overall grew taller when
grown in their maternal soil
rather than a soil conditioned
by other individuals (t=1.98,
p=0.05). Each line represents
the growth (height) response
of each individual tree grow-
ing in each soil type; blue
symbols indicate mean re-
sponses. In both studies shifts
in the soil microbial commu-
nities were the putative
mechanisms for the positive
feedbacks. Data modified
from Pregitzer et al. (2010)
and Smith et al. (2012), re-
spectively. Error bars repre-
sent ± one standard error
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plant water use). Reduced plant water-use might result
in higher soil moisture (in this hypothetical example)
and thus increase bacterial communities (Schimel et al.
2007), but have unknown effects on mycorrhizal com-
munities (Bellgard and Williams 2011). This would
have unpredictable impacts on carbon sequestration,
but probably increase organic matter decomposition,
soil nutrient availability, and reduce ecosystem transpi-
ration. Nevertheless, since other traits are being affected
by climate too, the net effect on ecosystem processes
might be positive for carbon sequestration, nutrient

availability, and ecosystem transpiration, but idiosyn-
cratic for organic matter decomposition (primarily be-
cause drought might select for plants with lower litter
quality).

Effects of genetically-based plant traits on soils

Multiple plant functional traits are affected by any se-
lection event or genetic change within a population, but
some traits are more likely than others to have strong
effects at the plant-soil interface (for a theoretical

Table 1 Theoretical framework for climate change selection on key genetically heritable plant traits with hypothetical consequences for
ecosystems processes and soil communities

Heritable plant traits

+ = increase
− = decrease
n = neutral or unknown effect

NPP1,2 Belowground C
allocation1,2

Leaf and root
litter quality2

Plant water-
use3

Hydraulic
lift3

Rhizosphere
mutualisms4

Climate change selection pressurea

Higher temperatures n + − − + +

Reduced precipitation − + − − + +

Longer growing season + + n − n n

High CO2 + + − − n +

Net climate change selection pressure Mild + Strong + Strong − Strong − Mild + Strong +

Consequence of net selection effect on soil communities

Bacterial communitiesb + + − + + +

Mycorrhizal communities c + + + n + +

Consequence of net selection effect on ecosystem process Net effect

Carbon sequestrationd + + + n + + + (5/6)

Organic matter decompositione n + − + + n n (+3/6)

Soil nutrient availability (N and P) f + + − + + + + (5/6)

Ecosystem transpirationg + + n − + + + (4/6)

a Directional responses given here are heuristic only, based on dynamics discussed in references indicated by the numerical subscripts
associated with each trait: 1: Fischer et al. 2007; Norby and Zak 2011; Churma et al. 2011; 2: Bardgett et al. 2013; 3: Keenan et al. 2013;
Horton and Hart 1998: and 4: Bellgard and Williams 2011
b Bacterial communities may benefit from increased belowground allocation, organic matter production, and hydraulic redistribution
increasing soil moisture. Reductions in litter quality might reduce microbial biomass. Very little is known about the nature of these responses
cMycorrhizal communities may benefit from increased belowground allocation, organic matter production, and hydraulic redistribution.
Reductions in plant water-use might reduce mycorrhizae, or increase reliance on mycorrhizal symbionts. Very little is known about the
nature of these responses
d Carbon (C) sequestration, realized as the result of C inputs through photosynthesis and losses through respiration and later transfer of C into
and out of the ecosystem. In this example, selection effects might universally increase C sequestration except in the case of mildly reduced
water-use traits, which have unknown effects
e Organic matter decomposition might be positively affected by selection changes that result in higher belowground C allocation, less plant
water-use, and increased hydraulic redistribution. Lower litter quality might decrease organic matter decomposition, and increased
aboveground growth and belowground mutualisms have unknown effects
f Soil nutrient availability might be universally increased by the complementary net effects of multiple traits affected by climate change
selection pressures in this example, but these effects may be “attenuated” by reductions in litter quality which reduce nutrient cycling rates
g Higher aboveground growth, belowground growth, hydraulic redistribution and belowground mutualisms all can be associated with
increased ecosystem transpiration. Nevertheless, selection for more water-use efficient genotypes may attenuate the effects of other traits
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framework see Table 1). We propose that there are four
central categories of genetically-based traits that are
essential to understand climate change impacts on
plant-soil relationships: (1) net primary productivity
(NPP) and belowground C allocation; (2) leaf and root
chemistry; (3) plant water-use, and (4) plant
rhizosphere-microbial symbioses.

Genetically-based variation in NPP and C allocation
in plants is relatively well studied (Madritch and Hunter
2002, 2003; Schweitzer et al. 2004; Crutsinger et al.
2006; Hughes and Stachowicz 2009; Fischer et al. 2006,
2007; Lojewski et al. 2009, 2012; Avolio et al. 2013).
Such variation in plant C dynamics influences soil de-
velopment and soil C accumulation via a direct influ-
ence on C inputs to the soil (Rasse et al. 2005). Root
inputs in particular are now recognized as a major driver
of soil C storage. Plants, via soil organic matter inputs,
alter soil cation exchange capacity, bulk density, soil pH,
microbial community structure, and hydraulic
properties—all fundamental components of soil struc-
ture and function (Zinke 1962). Thus, genetic variation
that affects C allocation can have consequences for the
entire plant-soil system. Climate change is shaping spe-
cies responses in terms of C flux in a wide range of
ecosystems (e.g. Asner et al. 2003; Sharp et al. 2013).
For example, plants are allocating C to roots at deeper
soil profiles under elevated atmospheric [CO2] in for-
ested ecosystems possibly leading to a shift in soil
development, root morphology and C storage (Norby
and Zak 2011). Specifically, selection could result in
genotypes that invest more productivity belowground,
increasing ecosystem C storage. Given that foundation
plant species have substantial genetically-based varia-
tion in belowground C and allocation traits, evolution-
ary responses to climate change may alter soil traits
associated with plant C inputs. A related trait category
is the timing of C inputs and allocation to soils. Recent
reviews highlight that leaf and rooting phenology have
genetic bases that are sensitive to climate change where
climate changes may select for genotypes with altered
timing of leaf-out and rooting phenology compared to
current populations (Wilczek et al. 2010). Such pheno-
logical shifts likely have consequences for soil C dy-
namics (Bardgett et al. 2013).

Second, leaf and root chemical traits directly affect
tissue decomposition, nutrient turnover and soil nutrient
status (Binkley and Giardina 1998). In particular, sec-
ondary plant compounds such as condensed tannins
vary among genotypes, although their expression is

influenced by the environment (i.e. many secondary
compounds are inducible or can be up- or down-
regulated based on environment). Because these com-
pounds are an important pathway through which plant
litter decomposition and N mineralization are affected,
these higher level effects of genes are referred to as
community and ecosystem phenotypes (Schweitzer
et al. 2004, 2008a, b; LeRoy et al. 2007; Iason et al.
2012). Similarly, genetically linked changes in plant
C:N ratios, lignin, N, and P concentrations are correlated
with both litter decomposition and nutrient availability
at the plant-soil interface (e.g., Treseder and Vitousek
2001; Schweitzer et al. 2004; Chapman et al. 2006a;
Fischer et al. 2010). Root chemical quality, in particular
N concentration, can influence root litter decomposition
and nutrient release to soils (e.g., Classen et al. 2007).
Because roots are embedded in soils and root inputs are
known to be especially important in regulating soil C
accumulation (Rasse et al. 2005), genetically-based dif-
ferences in root chemical quality and exudates should be
an important future focus of research.

Third, plant water-use represents a trait pathway that
impacts soils due to its direct effect on soil moisture
status and hydraulic lift (Horton and Hart 1998). Whole
plant water-use can vary among genotypes and across
diverse taxa, with implications for ecosystem function
(as reviewed in Fischer et al. 2004). For instance, where
climate change results in increasing aridity, selection
may favor genotypes with lower water-use (Grady
et al. 2013), and such altered water-use strategies could
reduce hydraulic lift and surface soil moisture (Horton
and Hart 1998). Since soil moisture has direct effects on
microbial activity and ecosystem processes, this trait
modification directly affects soil biota and soil processes.

Fourth, of the above categories, the least understood
are microbial symbioses and rhizosphere communities
(those within 2 mm of root surfaces) in natural commu-
nities (Schweitzer et al. 2012; Hoeksema and Classen
2012). Though not a true “trait”, symbiotic soil micro-
bial communities often act like traditional plant traits.
Several studies in natural, model, and managed systems
now show that intraspecific genetic variation influences
rhizosphere microbial community composition (Bressan
et al. 2009; Micallef et al. 2009; Weinert et al. 2011;
Lundberg et al. 2012; Zancarini et al. 2012; Peiffer et al.
2013). In some cases, these community changes are
associated with relatively small changes in root traits
and likely numbers of genes (e.g., Bressan et al. 2009;
Lankau 2011), though recent studies indicate that most
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traits are controlled by many genes (Mackay et al.
2009). A recently discovered quantitative trait locus
(QTL) in Populus spp affects ectomycorrhizal symbio-
sis (Labbe et al. 2011), suggesting sensitivity of below-
ground symbioses to tree genetics similar to traditional
plant traits such as productivity, chemistry, and water-
use. Similar sensitivity of other components of the rhi-
zosphere community to plant genetic variation remain
understudied in natural systems, but are important to
consider since climate change factors which favor
higher belowground C allocation (e.g., drought, high
atmospheric CO2) are likely to favor genotypes with
higher investment in rhizosphere symbioses (e.g.,
Table 1).

Multiple traits determine how genetics influence soils

Emphasis on the underlying genetics of key traits,
tradeoffs among these traits, and interactions among
traits may allow us to better understand and mitigate
plant responses to climate change. For example, geno-
types should vary in the traits outlined above based on
the specific environments where they are selected to
grow (Soil Type and Climate Selection; Fig. 1a, b;
Chapin 1980). Nevertheless, the multivariate combina-
tion of these plant genotype traits will ultimately deter-
mine plant genetic effects on soils (see case studies
below; Table 1). While it is not a new concept that
multiple traits simultaneously affect soils, with advances
in molecular and quantitative genetics combined with
field trials in different environments we have the poten-
tial to understand their genetic basis and interactions as
never before. For example, the trait categories outlined
above could have simultaneous effects on the soil com-
munity and soil processes (Table 1). Accordingly, when
the combined traits have complementary effects on soil
communities and soil processes (e.g. soil C and N
cycling), soil communities and processes may have high
fidelity to individual genotypes. For example, increased
leaf litter quality (e.g., low C:N) and high hydraulic lift
(resulting in high soil moisture) may interact to result in
high litter decomposition and soil CO2 efflux rates under
a specific genotype’s crown. In this way, leaf litter
quality and plant water use are complementary in their
effects, and could result in an “amplified” effect of plant
genotype on soil processes. Similarly, other traits may
have opposing effects on soil processes, and might be
considered to be “attenuated” effects of the genotype.
Because combinations of plant traits will influence plant

effects on soils in a modified climate, analyses of mul-
tiple interacting traits are critical to predict the response
of the integrated plant-soil systems to climate change.

Geographical patterns of intraspecific traits

Geographical position of plants within a species distri-
butionmay affect trait-based responses to climate change
(Hardie and Hutchings 2010; Wang et al. 2010;
Fournier-Level et al. 2011; Hancock et al. 2011). For
instance, for some northern latitude species such as
Pinus and Larix species growth is expected to decrease
on the warm edge (either southern or low elevation
locations) of their distribution, but increase on the cold
edge (northern or high elevation locations; Rehfeldt et al.
1999; Wang et al. 2010). Similarly, populations are
known to differ in local adaptation and genetic variation
at the core versus the margins of a species’ distribution
due to gene flow and local climate niche-based selection
processes (Hardie and Hutchings 2010; Fournier-Level
et al. 2011). For example Solidago genotypes from
northern and southern parts of their ranges differ in their
ability to tolerate heat stress, and low genetically-based
variation in heat-tolerance in northern populations may
lead to a reduction in their ability to respond to warming
in the future (Souza et al. 2011; Breza et al. 2012).
Differential adaptation to changing temperatures among
leading and trailing populations is an example of climate
environment selection (Fig. 1a), a niche-based selection
process that will interact with the soil environment and
plant-soil feedbacks. Trailing and leading edges of pop-
ulations can differ in key traits, and these traits are likely
linked to plant stress, productivity and C allocation,
tissue quality, water-use strategies, and rhizosphere
communities—all of which can influence soil function
and feedback to the plant. Gene flow from the core of a
species range to both the leading and trailing edges of
that range may also provide a mechanism for affecting
traits selected by changing climate, particularly when
those traits are adaptive under new climate conditions
(Sexton et al. 2011; Norberg et al. 2012).

Soil community responses to climate change affect
plant-soil feedbacks

Independent climate-mediated changes in soil commu-
nities and function can feed back to impact plant perfor-
mance and evolution. Soil biota across a diversity of
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ecosystems are often sensitive to global change factors
including changes in temperature, precipitation and ele-
vated atmospheric CO2 concentrations (e.g., Antoninka
et al. 2009; Castro et al. 2010; Gray et al. 2011). Recent
evidence indicates that tolerance or acclimation is pos-
sible for soil bacteria and widespread groups of fungi in
response to changes in temperature and soil moisture
(Evans and Wallenstein 2012; Crowther and Bradford
2013). Plants provide C to soil communities and soil
communities mineralize nutrients, thus plant and soil
communities can be tightly linked (Binkley and
Giardina 1998). How soil communities respond to
climate change has consequences for plant fitness
and performance (Fig. 1b), as soil biota directly
and indirectly mediate soil nutrient dynamics and
plant uptake as well as mediate plant-soil linkages
and feedbacks (Kardol et al. 2010). While changes
to soil communities have large roles in mediating
plant response to climate change, little is understood
about how plant genotype by soil community inter-
actions affect plant evolutionary response to chang-
ing environmental conditions. Resource availability
as well as community interactions will determine
the strength of plant-soil interactions, and both can
be influenced by the genetics of the foundation plant
species (e.g. Pregitzer et al. 2010; Zancarini et al.
2012). Here, we highlight recent studies showing
how microbial communities and plants might interact
under climate change scenarios and how plant geno-
types can modify soil communities.

Climate induced shifts in decomposing and miner-
alizing soil organisms or pathogens may alter the
function of the soil community, soil C inputs and
decomposition processes and feedback to alter plant
performance. For example, a direct temperature in-
duced shift in microorganisms may alter plant growth,
or shift root-derived C inputs by releasing specific
microbial metabolites that affect root exudation and
growth (e.g., as reviewed in Bardgett et al. 2013).
Moreover, legacy effects of plant and soil communi-
ties may accumulate, reach thresholds, or cause
longer-term switches in landscape patterns. For ex-
ample, in a warming experiment across an arid grass-
land elevation gradient in Northern Arizona, Wu et al.
(2012) found that long-term feedbacks involving soil
microbial communities and N cycling ultimately re-
sulted in plant species replacement, overriding initial
responses of plants to warming. These plant commu-
nity shifts can influence the trajectory (e.g.

succession) as well as the ecosystem response (e.g.
C accrual) to climatic change over time.

Plant interactions with soil communities may allow
plants to tolerate novel environments. For example, in a
multi-generational feedback experiment with plants and
soil microbial communities, Lau and Lennon (2012)
found that plant fitness was contingent not on plant
adaptations to altered conditions, but to associations
with more rapidly evolving drought- or mesic-adapted
soil communities. After three generations, the rapid
responses of soil communities to altered conditions
enhanced plant fitness when both conditioned and
naïve plants were grown with the microbial community
that best matched the environmental conditions (i.e.,
drought adapted soil communities led to enhanced plant
fitness under drought conditions). Moreover, mycorrhi-
zal fungi are known to convey plant resistance to ex-
treme events potentially increasing plant genotype per-
sistence under a changing climate (Bellgard and
Williams 2011; Hoeksema and Classen 2012). For ex-
ample, mycorrhizal fungi can convey plant tolerance to
drought, and thus drought resistant genotype-
mycorrhizal pairs are likely to persist as drought-prone
ecosystems dry under climatic change (e.g. Kipfer et al.
2012).

Mycorrhizal fungi also play an important role in
regulating soil function, and so both climate and plant-
genetic effects on mycorrhizal colonization and compo-
sition have important consequences for soil-based eco-
system processes. Mycorrhizal fungi can play important
roles in soil respiration (Heinemeyer et al. 2007) and
decomposition (Langley et al. 2006), as well as C and N
cycling (Cornelissen et al. 2001; Chapman et al. 2006b;
Courty et al. 2010). Individual plant genotypes can have
distinct mycorrhizal fungal communities (Velmala et al.
2013) that may have extended consequences for soil C
and N cycling (Hoeksema and Classen 2012). In a study
of Populus sp. genotypes that varied in ectomycorrhizal
colonization, Courty et al. (2010) found that different
plant genotypes exhibited varying production of en-
zymes important to the liberation of soil C and N from
organic matter, potentially generating new feedbacks to
future plant colonists.

In addition to direct impacts of climate change on soil
communities and individual plant genotypes, biotic in-
teractions among plants and the soil community (van der
Putten et al. 2010, 2013) may differentially affect geno-
type performance. In a series of field and greenhouse
experiments at the northern edge of forest species
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ranges, McCarthy-Neumann and Ibanez (2012) found
that tree species had higher fitness outside of their
normal range because they were able to “escape” from
pathogen accumulation in the soil that reduced their
fitness in the home environment. These examples with
both mycorrhizal fungi and pathogens, coupled with the
new research highlighted above, lead us to propose that
the selective environment (positive and negative) im-
posed by soil communities may be fundamental in de-
termining plant genotype success, which may in-turn
affect soil communities. These effects of plant genotype
on soil communities may be manifested through chang-
es in plant productivity, C allocation, tissue quality,
water-use patterns, and interactions with other
rhizospheric community members.

Two case studies

Here, we present data from two long-term study sys-
tems. While no single case study can be reflective of all
systems, an understanding of evolutionary impacts on
ecosystem process is far from complete in any system,
these case studies help identify key commonalities
where climate factors interact with foundation species
genetic variation and plant-soil interactions. In both
cases, gene by environment (G × E) interactions have
shaped soil processes across ecosystems as a result of
climatic changes, soil types, and soil communities
interacting with plant genotypes (Fig. 1a, b). These
studies illustrate why a framework that includesmultiple
selection effects (climate, soil, and biotic environment
selection), combined with an interactive approach to
genetically-based plant traits (e.g., the trait categories
outlined above), is essential for predicting the outcome
of climate mediated influences on ecosystems.

Plant-soil linkages along elevation gradients in Populus
riparian forests

Populus spp. (cottonwoods) are important riparian trees
in the American southwest where they perform a foun-
dational role influencing community structure, biodiver-
sity and ecosystem function, even though the riparian
habitat they occupy is small in this arid environment
(Naiman and Décamps 1997; Whitham et al. 2006).
Because Populus spp. are phreatophytes (plants which
have roots in constant contact with ground water) within
a riparian habitat, soil-type environmental selection

(Fig. 1) for these trees is relatively simple—they often
grow only on entisols along major streams and rivers.
However, climate environment and biological environ-
ment selection (Fig. 1) can be much more complex (also
see Wullschleger et al. 2009).

Using field studies along an elevation gradient
coupled with extensive common garden experiments
to determine the selective influence of elevation on
traits, Fischer et al. (2006, 2007), and Lojewski et al.
(2009, 2012), found predictable genetically determined
patterns in fine root production, belowground C alloca-
tion, and soil C flux (Fig. 2). Specifically, warmer, more
productive environments at lower elevations contained
genotypes that grew more quickly aboveground, and
less belowground than genotypes from cooler environ-
ments, even when planted in the same environment
(Fischer et al. 2007; Lojewski et al. 2012). Higher C
allocation belowground in low elevation genotypes was
associated with higher soil CO2 efflux, and lower in-
vestment in tree roots both in the field and in a common
garden (Fig. 2). Thus higher C allocation belowground
did not necessarily result in higher belowground C in
soils. Collectively this work might suggest increasing
temperatures would be associated with genotypes that
reduce C storage in soils. Higher root production was
also negatively associated with numbers of
ectomycorrhizal roots identified in minirhizotron obser-
vation tubes (Fig. 2; Fischer et al. unpublished data),
though mycorrhizal communities in this gradient are
clearly determined by both environmental and genetic
factors (Gehring et al. 2006, unpublished data).

Other studies along an elevation gradient of the same
Populus forests found that genotypes from low-
elevation warm environments had lower foliar con-
densed tannin concentrations, faster leaf decomposition,
and higher soil N-mineralization, then genotypes from
cold, high elevation environments (Schweitzer et al.
2004, 2008b; Rehill et al. 2006; LeRoy et al. 2007).
These findings are consistent with more generally ob-
served patterns across species where litter decomposi-
tion is faster in resource rich environments (Chapin
1980). Foliar leaf chemistry can be highly heritable, an
important prerequisite for adaptive evolution (Bailey
et al. 2006; Grady et al. 2013). Variation in plant genet-
ics also impacts N transformation and microbial com-
munities in soils (Schweitzer et al. 2004, 2008a, b,
2012) suggesting strong plant-soil feedbacks (Fig. 3;
as discussed above). Together, these studies suggest that
lower elevation, warmer environments select for trees
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with fast resource turnover, high substrate quality, and
acquisitive traits that promote fast growth (Fischer et al.
2007; Lojewski et al. 2009). In this case, leaf recalci-
trance traits are complementary to the effects of in-
creased root production in cold climate genotypes
discussed above (Fischer et al. 2006), resulting in po-
tential amplified effects of the genotype on C and N
cycling rates in this system.

Studies using Populus fremontii in a common gar-
den planted in one of the hottest environments in the
world (Lower Colorado River, AZ; maximum tem-
peratures >52 °C; the thermal maximum for the spe-
cies) show a different pattern. Genotypes were col-
lected from across the range of P. fremontii, and
grown in a single warm common garden. Trees from
the warmest thermal environments express heritable
leaf traits with high leaf C:N, low N, low specific leaf
area, and higher whole-tree productivity (Grady et al.
2011, 2013; Fig. 2). Selection of these warm-adapted
genotypes could impact soils through reduced decom-
position and nutrient transformation rates, suggesting
a different outcome of selection at the trailing edge of
a species’ distribution. These examples indicate that
multiple traits, potentially reflecting climate selec-
tion, vary along elevation gradients, with extended
and variable consequences for soil processes. In this
example, the holistic effect of plant genotype on soil
communities and biota is only understandable in the
light of the combined effect of plant traits related to
productivity, C allocation, and tissue quality (Fig. 2),
all of which may be subject to climate environment
selection and plant-soil feedbacks.

Drought-tree interactions and piñon-juniper woodlands

Increasing drought severity and frequency associated
with climate change may lead to increased mortality of
genotypes already at their physiological water stress
threshold in arid and semi-arid regions (Gitlin et al.
2006; McDowell et al. 2008). These mortality events
could lead to changes in both the genetic structure (e.g.
which genotypes survive) and function (e.g. feedbacks
to C and N cycles) of arid and semi-arid ecosystems.
Regeneration and recruitment of foundation species
may be similarly affected (Gitlin et al. 2006; Lloret
et al. 2009).

Long-term studies in a piñon-juniper woodland show
the importance of plant genotype, climate, and herbivore
interactions on soil biota and soil processes. Piñon

(Pinus edulis) in this area differ in their genetically-
based resistance to herbivory by the moth, Dioryctria
albovittella, and the expression of susceptible and resis-
tant phenotypes can be stress-induced (Mopper et al.
1991). When susceptible and resistant trees grow in
relatively water and nutrient-rich sandy loam soils, their
phenotypes are similar; however when they grow in
nutrient and water-limited cinder soils, moth herbivory
of susceptible trees results in distinct architectural phe-
notypes (See Fig. 4). Because of their impacts on the
tree, susceptibility and resistance to herbivory has cas-
cading impacts on the bulk soil microbial community
and their ectomycorrhizal fungal mutualists (Gehring
and Whitham 1991; Classen et al. 2006; Classen et al.
2007). In the absence of drought, chronic moth herbiv-
ory on susceptible genotypes reduces plant growth
(Whitham and Mopper 1985), alters the abundance of
ectomycorrhizal fungi (Gehring and Whitham 1991)
and alters the abundance and diversity of other soil biota
(Classen et al. 2006, 2007). Further, litter and root
decomposition and nutrient cycling can differ among
susceptible and resistant genotypes (Chapman et al.
2003; Classen et al. 2007).

Over the last 17 years, piñon-juniper woodlands
have experienced dry conditions, punctuated by two
extreme drought years (1996 and 2002) that resulted
in high piñon mortality across the southwestern
United States (Mueller et al. 2005; Breshears et al.
2008; Garrity et al. 2013). Most importantly, drought
was an evolutionary event where differential mortal-
ity of moth susceptible (21 % mortality) versus resis-
tant trees (68 % mortality) has altered the genetic
structure and function of this ecosystem (Sthultz
et al. 2009a; Gehring et al. unpublished data).
Seedlings derived from these same trees show similar
drought tolerance as their mothers, suggesting poten-
tial heritability of drought tolerance (Sthultz et al.
2009a). In addition, the ectomycorrhizal fungal com-
munities of moth resistant and susceptible trees are
distinct; susceptible trees are dominated by a single
genus of ascomycete fungi while resistant trees have
much higher abundance of basidiomycete fungi
(Sthultz et al. 2009b). Long-term moth removal exper-
iments demonstrate that these differences in the
ectomycorrhizal community are due to plant genetics
rather than an indirect effect of moth herbivory (Sthultz
et al. 2009a, b). Thus, the differences in ectomycorrhizal
fungal species composition are strongly tied to the dif-
ferences in the drought tolerance of their host plants.
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Subsequent greenhouse experiments support the hy-
pothesis that plant genetics determines which
ectomycorrhizal fungal community a seedling will ac-
quire, and also show that these differences in fungal

communities influence seedling performance under
drought conditions (Gehring et al. unpublished data).
Taken together, these data demonstrate that intraspecific
genetic variation in P. edulis influences climate change

Fig. 4 Piñon mortality based on genotype and ecosystem effects.
Moth susceptible trees have a visibly stunted growth form as
compared to moth resistant trees (a). However, moth resistant trees
ultimately died in greater numbers (b) than moth susceptible trees
following a drought (c); In panel b, only branches of dead tree and
small stem are visible in a location that previously had a full grown
live tree (such as panel c). The map on top right (d), depicts the
pre-mortality distribution of moth-susceptible (33 % of local pop-
ulation) and moth-resistant piñons (67 % of local population) on a
piñon-juniper landscape (see panel (a) for key to plant types). The
map labeled “after” (e) depicts an altered distribution (50 %:50 %)

due to differential mortality of piñon genotypes based on
herbivore-susceptibility. This differential mortality will likely have
large impacts on nutrient and carbon accumulation and cycling at
the ecosystem scale due to findings such as those in panel (f). In
panel f, we show that differences in canopy architecture and
chemistry between susceptible and resistant trees extend to pro-
duce differences in impacts on net nitrogen release from litter to
soils. Susceptible genotypes release nitrogen to the soil but resis-
tant genotypes immobilize soil nitrogen, resulting in different soil
nitrogen fluxes due to herbivore susceptibility. Error bars represent
+ one standard error
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response through trade-offs between herbivore resis-
tance and drought tolerance that appear to be mediated
by soil fungal community composition.

These complex relationships between drought, plant
genotype, and soil organisms are likely to alter the
structure and function of pinyon-juniper woodlands in
the long-term. If the southwestern US continues its
transition to a more arid climate as predicted (e.g.,
Seager et al. 2007), resistant trees and their associated
ectomycorrhizal fungi are likely to continue to be se-
lected against, potentially leading to a positive feedback
for the persistence of herbivore susceptible trees.
Evidence for this hypothesis includes data showing that
productivity (and hence C uptake) of resistant trees
exceeded that of susceptible trees by approximately
15% for the 10 years prior to the current drought period.
This pattern reversed as conditions have dried; the pro-
ductivity of susceptible trees has exceeded that of resis-
tant trees approximately 25 % during the first 10 years of
drought (Gehring et al. unpublished data). Dominance
across the landscape by herbivore susceptible trees is
likely to influence ecosystem N dynamics because moth
herbivory alters the architecture and litter chemistry of
susceptible trees. As a result of these changes, susceptible
trees release N to the soil while resistant genotypes im-
mobilize soil N, resulting in different soil N fluxes (Fig. 4;
Classen et al. 2007).

The patterns observed in piñon-juniper woodlands
may be broadly relevant; drought-related tree mortality
is well documented throughout the western US (Van
Mantgem et al. 2009), and trees from diverse ecosys-
tems across the world are predicted to be highly vulner-
able to drought (Choat et al. 2012). This example high-
lights that the influences of tree genetics and climate
change selection on ecosystem function is only under-
standable when considering genetically-based traits re-
lated to belowground mutualisms, productivity/C allo-
cation, and litter chemistry in synchrony.

Conclusions, hypotheses and research approaches

Climatic change is already profoundly shaping commu-
nities and ecosystems. We argue that genetically-based
knowledge of the soil-plant interface may play an im-
portant role in understanding and mitigating the ecolog-
ical and evolutionary effects of climate change on soils.
Four findings are central to this argument. First, intra-
specific variation exists in foundation plant species

whereby different genotypes vary in key functional
traits (i.e. productivity/C allocation, tissue chemical
quality, water-use, and rhizosphere associations) that
affect soil C flux, litter decomposition, and soil nutrient
cycling. Collectively, these traits create a specific mul-
tivariate phenotype, which affects the associated soil
community and soil function. Second, in some systems
it has been demonstrated that different genotypes sup-
port different soil microbial communities, which feed
back to affect plant performance and survival. If wide-
spread, this has far-ranging implications for genetically-
based plant soil interactions and microbial communities
(Bever et al. 1997; Lankau et al. 2011). Third, climate
change is an agent of selection in which some plant
genotypes and their microbial communities (e.g.
drought tolerant organisms) are favored, while others
are selected against. Fourth, climate selection on micro-
bial communities (both directly and indirectly; Fig. 1)
affects plant performance and survival. Thus,
genetically-based feedbacks at the plant-soil interface
are central to understanding plants and their soil re-
sponses to changing climatic conditions.

If these findings are broadly general, two overarching
hypotheses emerge. First, climate change, as an agent of
selection on foundation plant species and their microbial
communities, will cause significant changes in soil pro-
cesses and the plant-soil interface. Thus, even if a foun-
dation species retains its overall dominant position on
the landscape, changes in the genetic structure of plant
populations due to selection arising from climate change
(i.e. evolution) will still occur, resulting in shifts in their
associated communities and ecosystem processes such
as C feedbacks. Second, the combined and interactive
contributions of key functional plant traits can be quan-
tified and shown to shift in response to selection
resulting from climate change. Because important plant
traits are defined by few to many genes (Kessler and
Baldwin 2006; Mackay et al. 2009), we expect that
genetic by biotic and abiotic environment interactions
will have quantifiable effects. These hypotheses become
central for understanding and predicting the ecological
and evolutionary consequences of climate change on the
plant-soil interface.

A combination of new and old approaches can be used
to test these hypotheses. First, common gardens are a
fundamental tool to partition genetic and environmental
components to the effects of plants on soils. Replicated
common gardens planted across the landscape have been
successful in defining the level of adaptation to local
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climate and soil conditions (e.g. O’Neill et al. 2008).
Nevertheless, these gardens have rarely been utilized in
a community context to evaluate genetically-based plant
interactions with the soil microbial community and their
effects on soil processes. By establishing experimental
gardens with the same replicated plant genotypes and
different soil inocula (e.g. Garbaye and Churin 1997;
Ortega et al. 2004; Allen et al. 2005; Smith et al. 2012)
arrayed along elevation gradients (a surrogate of climate
as described above; e.g. the Populus example), re-
searchers can experimentally evaluate the effects of plant
genotype, soil communities, and environment on soil
processes.

Second, long-term studies in common gardens and in
the wild are needed that follow soil processes and their
interactions with other community members associated
with individual plant genotypes. For example, in a 2 year
study Classen et al. (2013) initially found that herbivory
on insect resistant and susceptible tree genotypes did
not affect litterfall-C inputs and soil C-efflux rates.
However, when the study was expanded over 36–
54 years, herbivory on susceptible trees was shown to
slow soil C and N accumulation by 111 % and 96 %,
respectively relative to resistant trees. Thus, the change
in the associated plant-soil phenotype of individual tree
genotypes differed and was highly dependent on time×
genotype×species interactions. As foundation species
and their interactions with other species play a promi-
nent role in soil development, long-term studies are
needed to identify climate triggered changes in the tra-
jectory of the plant-soil interface.

Third, models incorporating genetically-based func-
tional traits will add an important evolutionary-based
perspective that is currently lacking in most dynamic
global vegetation models. Because plant productivity
has a strong genetic component that differs greatly
among populations (O’Neill et al. 2008), models incor-
porating population variation in productivity are more
accurate in predicating the response of plant population
responses to climate change (Wang et al. 2010) as well
as the responses of their arthropod and mycorrhizal
communities (Ikeda et al. 2014), than models that do
not include genetically-based functional traits. Because
productivity and C allocation have clear implications for
soil function, coupling the above models to better incor-
porate trait distributions with soil process models may
lead to better predictions of how climate driven popula-
tion changes will alter climate influenced processes such
as C feedbacks to the atmosphere. Further, new

modeling approaches that incorporate interactions
among plant and microbial traits as well plant-soil feed-
backs may also improve our predictions of how ecosys-
tems will be structured and how they will function under
global change (Schweitzer et al. 2013).

Fourth, because genetic manipulations demonstrate
how genes in plants can affect whole communities
of organisms, similar studies can tell us much about
the genetic basis of the plant-soil interface. For
example, when defense genes for nicotine were si-
lenced in wild tobacco, both the herbivore and the
pollinator community shifted (Kessler and Baldwin
2006 and references therein). Similarly, using the
same genetic lines developed for commercial produc-
tion in managed systems, soil scientists can examine
the role of specific plant genes and traits that define
plant-soil phenotypes. Because these plants have the
same background genetics as the wild type, re-
searchers can be confident that changes in the soil
microbial community or ecosystem processes are due
to the traits expressed by the identified genes.
Genomics approaches may allow researchers working
with foundation species to determine when high
belowground C allocation genes are present. In an-
other case, Populus has been genetically modified for
45 % lower lignin production to facilitate the produc-
tion of biofuels and genetically modified microbes are
being sought to further increase yield (review by
Sannigrahi et al. 2010). Plots of these trees could be
used to examine the effects of altered wood chemistry
to soil dynamics and plant-soil feedbacks. Such assess-
ments could unambiguously link genes to the plant-soil
phenotype, allowing researchers to understand the
mechanisms behind the patterns.

In summary, the evolution of the plant-soil pheno-
type in response to climate change requires a new
level of interdisciplinary integration that promises a
better understanding of interactions, as well as real
solutions to climatic change. Genetically-based re-
sponses of plants to climate change may involve
multivariate shifts in plant traits, and both effects
on, and reactions to soil communities. Explicit rec-
ognition of multivariate traits and soil microbial in-
teractions at the genetic level should accelerate
genes-to-ecosystems research at the plant-soil inter-
face in natural ecosystems. To address these ideas,
diverse experimental approaches that integrate com-
mon gardens, long-term studies, and genetic mecha-
nisms can tell us much about the ecology and
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evolution of the plant-soil phenotype in response to
climate change.
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