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Abstract. Soil–microbe interactions have the potential to mediate the ability of tree popu-
lations to persist in their current location or establish in new areas. Immigration of microbial
taxa from drier conditions may promote seedling tolerance to drying climates. In a greenhouse
experiment, we determined seedling performance of Ostrya virginiana and Betula nigra seed-
lings after experimentally swapping sterilized soils and local and foreign microbial inocula
from nine sites over a gradient of precipitation and soil types, in well-watered and water
reduced conditions. Swapping microbial inocula relative to abiotic soils along latitudinal, but
not longitudinal, gradients resulted in reduced seedling biomass. Additionally, growth in water
reduced conditions was maximized when pots were inoculated with microbes from drier sites.
These results suggest that extirpation of local microbial taxa, and/or immigration of novel
microbial taxa to a site may be detrimental to plant growth due to mismatches between
microbes and soil conditions. However, immigration of drought adapted microbial taxa may
provide additional drought tolerance to plant populations facing drying conditions. This work
contributes to the understanding of how microbial interactions may potentially exacerbate or
mitigate challenges to plant populations caused by climate change.
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INTRODUCTION

Tree populations in the eastern temperate forests are
under pressure from increasing temperatures and
increased variability in precipitation (Chen et al. 2011,
IPCC 2018, Swanston et al. 2018). In response, tree spe-
cies ranges are predicted to shift northward and west-
ward to track historical climatic conditions (Iverson
et al. 2008, Fei et al. 2017). However, these predictions
do not consider how soil biotic interactions may pro-
mote or interfere with these shifts (van der Putten et al.
2007, Johnson et al. 2010, van der Putten 2012).
Dispersal abilities and climate tolerances vary widely

among both plant and microbial species (Finlay 2002,
Berg et al. 2010, Peay et al. 2010a,b), which could result
in novel associations between plant populations, micro-
bial communities, abiotic soil conditions, and climate
conditions. The consequences of these novel interactions
in novel environmental conditions for plant establish-
ment are not well understood and could range from ben-
eficial or detrimental to establishment in new areas (van
der Putten et al. 2007, Johnson et al. 2010, van der Put-
ten 2012, Valladares et al. 2014, Kaisermann et al. 2017,

Lozano et al. 2017). Plant growth can respond to speci-
fic interactions between soil microbes and abiotic soil
properties, such that plants may benefit when the soil
microbial community is adapted or otherwise matched
to the abiotic soil conditions at a site (Johnson et al.
2010, Keymer and Lankau 2017). For example, Keymer
and Lankau (2017) found that Carpinus carolinana seed-
lings performed best when the microbial inoculum was
sourced from the same site as the background soil, likely
because the native ectomycorrhizal fungal communities
appeared to be more efficient at transferring nitrogen to
host plants compared to those source from different
sites.
The plant–soil–microbe community relationship can

be conditional (Johnson et al. 2008, Berendsen et al.
2012, Huang et al. 2014, O’Brien et al. 2018). Thus, the
outcomes of contemporary or novel plant–soil–microbe
community interactions may be altered under new cli-
mates. A plant’s ability to deal with stress can be facili-
tated by microbial symbionts (Rodriguez et al. 2008,
Lau and Lennon 2012, Kivlin et al. 2013, Gehring et al.
2017). For example, in times of water stress mycorrhizal
fungi can expand the plant’s absorptive surface area
(Smith and Read 2008). Likewise, some root-inhabiting
endophytes are more prevalent in stressed conditions
(Mandyam and Jumpponen 2005) and can increase root
biomass (Alberton et al. 2010, Newsham 2011) and soil
structure aggregates (Miller and Jastrow 2000). A recent
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study by O’Brien et al. (2018) showed that soil microbes
from one site with lower rainfall promoted plant growth
in dry conditions more than microbes sourced from a
different site with higher rainfall. If soil microbes influ-
ence a plant’s response to drought, then microbial com-
munities may help plants tolerate novel environments
(Lau and Lennon 2012). Moreover, if historically dry
sites contain microbial populations with strong effects
on host plant drought tolerance, then migration of these
microbial populations to newly drying sites may provide
additional drought tolerance to the plant populations at
those sites, potentially allow persistence of plant popula-
tions in sites that are currently outside of the plant popu-
lations climate niche (O’Brien et al. 2018).
Here, we report on a greenhouse experiment that

manipulated soils, soil microbial communities, and soil
moisture to determine seedling biomass to answer two
questions: (1) Is plant performance optimized when
grown with microbial communities native to the abiotic
soil conditions? (2) Could movement of microbes from
historically drier areas to newly drying areas improve
plant ability to tolerate a new environment?
We collected soils and soil microbial inoculum across

nine sites along a latitudinal and longitudinal gradient
spanning four states in the Midwestern United States,
with the goal of sampling microbial communities assem-
bled under drier and wetter conditions across a range of
soil types. We crossed sterilized bulk soils from each site
with local or foreign microbial communities sourced
from sites either to the south or west of the soil source,
which was fully crossed with a water reduction treat-
ment. Our experimental goals were to determine (1) if
tree seedling performance increased when microbial
communities were native vs. foreign to abiotic soils and
(2) to determine whether seedling performance would be
maximized when the environmental conditions matched
the environmental conditions under which the microbial
community was assembled. Specifically, we evaluated
whether plant performance in water reduced conditions
was maximized when pots were inoculated with micro-
bial communities sourced from drier sites.

MATERIALS AND METHODS

Soil, microbial inoculum, and seed

We grew tree seedlings in combinations of abiotic soils
and microbial inocula designed to simulate climate dri-
ven shifts in microbial communities, shifting microbial
communities either to the east or to the north to model
multiple possible patterns of microbial movements in
response changing climatic conditions. We collected soils
from nine sites in the current range of Ostrya virginiana
and mostly within the current range of Betula nigra (six
of nine sites; Fig. 1, USDA 2015). Sites were arranged
as three parallel longitudinal transects across the western
portion of the tree species range, ranging from western
Missouri to central Illinois and Wisconsin, USA, with

the three sites along each longitude separated by ~3° lati-
tude (Fig. 1). See Appendix S1: Table S1 for site descrip-
tion with environmental variables. Average annual
precipitation over the five years prior to sampling
(2010–2015) was determined for each site using the
PRISM database (PRISM Climate Group 2004). From
the precipitation records, there was a larger precipitation
gradient from north to south than west to east (Fig. 1).
When shifting microbes across longitude (west to east),
the novel microbes tended to maintain more similar
abiotic soil conditions (e.g., in % organic matter,
Appendix S1: Table S2) but tended to move drier
sourced microbial communities to abiotic soils sourced
from wetter sites (Fig. 1). However, south to north shifts
typically involved shifting microbial communities into
higher organic matter soils (Appendix S1: Table S2) and
the northward shift treatment tended to move microbial
communities from wetter and hotter sites to abiotic soils
sourced from drier and cooler sites (Fig. 1).
At each site, we collected 5–10 soil cores at the base of

five Ostrya virginiana trees to a depth of 20 cm in the
spring of 2016 (approximately 3–4 L per site). Soil cores
were placed in a plastic bag, homogenized, and kept on
ice until we returned to Madison, Wisconsin. Soil inocu-
lum was kept at 4°C until planting. We collected approx-
imately 18–19 L of bulk soil per site within a 10 m
radius of each tree. All bulk soils were put in five-gallon
(1 gallon = 3.79 L) buckets and stored at ambient tem-
peratures until sterilization. The bulk soils were sterilized
with c-irradiation at a dose between 20 and 40 kGy
(Steris Isomedix Services, Libertyville, Illinois, USA).
Both the soil inoculum and bulk background soils were
mixed within sites prior to use in the greenhouse experi-
ment. Data on general soil properties can be found in
Appendix S1: Table S2.
Ostrya virginiana is widely distributed throughout

eastern United States and Canada, while Betula nigra
has a more limited distribution to central and mid-east-
ern United States. Both tree species are associated with
ectomycorrhizal fungi and differ in their drought toler-
ance (Niinemets and Valladares 2006). Betula is less
drought tolerant than Ostrya and is predicted to spread
northwest in response to climate change (Prasad et al.
2007) with losses in range in the Midwest compared to
Ostrya (Goring and Williams 2017). Ostrya virniniana
seeds were obtained from Sheffield’s Seed Company in
Locke, New York. Seeds were cold stratified in a 4°C for
90 d. Seeds were then sown on wet soils for germination.
We collected Betula nigra seeds from naturally estab-
lished trees located at Possibility Place Nursery in
Monee, Illinois, in the spring of 2015. Seeds were imme-
diately put on wet soils for germination.

Experimental design

A combination of two plant species, microbial inoc-
ula, two water treatments and sterilized background
soils were used in a greenhouse experiment to test effects
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of local vs. foreign (northern or eastern shifted) micro-
bial communities on seedling growth in well-watered or
water-reduced conditions. Local microbial treatments
(status quo, hereafter) have microbial inocula and steril-
ized background soils sourced from the same site. The
foreign microbial treatments used either microbial inoc-
ula sourced from sites one step west of the source of the
sterilized background soil (eastern shift, hereafter) or
microbial inocula sourced from a site one step south
(northern shift, hereafter; see Fig. 1). Seedlings of
Ostrya and Betula were grown in 1.6-L tree pots
(10.2 9 10.2 9 24.1 cm; TP-49, Stuewe and Sons, Tan-
gent, OR, USA), filled with 1.0 L of sterile sand com-
bined with 0.5 L of mixed sterilized field soils from each
site. A 63-mL inocula (4% of total pot volume) was
added to each pot to initiate a microbial community.
Each treatment had approximately 10 replications across
both seedling species (replication varied according to
seedling availability).
Seedlings were planted in a set of three cohorts based

on germination timing, over a four-week period in June
and July of 2016. No additional nutrients were added to
sterilized background soils. To create variation in soil
moisture, half of all plants were placed in a well-watered
treatment in which pots were watered to saturation once
per week. The remaining pots were placed in a water
reduction treatment in which pots were watered to satu-
ration once every other week. Mid-way through the
experiment, we quantified soil moisture differences
between the watering treatments in all pots. We mea-
sured the mass of each pot at the end of a two-week
watering cycle (when pots would be in their driest state),

and then again, the following day after all pots had been
watered to saturation. We determined an index for mois-
ture loss for each water treatment and soil source by cal-
culating the proportion of the saturated pot mass
remaining after a two-week period (W[dry]/W[wet] 9
100). Well-watered pots (having gone 1 week since
watering) retained on average 93.01% � 0.25% SE of
their saturated pot mass, while water reduction pots
(having gone 2 weeks since watering) retained on
average only 85.08 � 0.79 SE (estimate = �0.05,
SE = 0.003, t214 = �16.65, P < 0.0001). In other words,
in the well-watered treatment pots lost 7% of their satu-
rated pot mass over 1 week with no watering, while pots
in the water-reduced treatment lost 15% of their satu-
rated pot mass over 2 weeks with no watering.
Seedlings were harvested after five months in Novem-

ber of 2016, with the harvest date staggered to reflect the
start date for each planting cohort. Aboveground bio-
mass and belowground biomass were separated, dried at
60°C for 48 h, and weighed.

Statistical analysis

Our study employed a hierarchical, but unbalanced,
level of replication, with the water treatments and micro-
bial shift treatments replicated unevenly across nine dis-
tinct soil sources and replicate pots of each unique
combination soil source, microbial inocula, and water
treatment (see Fig. 1). To draw conservative conclusions
on the effect of our microbial shift and water treatments,
independent of general growth differences and hydrody-
namics across soil types, we calculated the deviation of
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FIG. 1. Illustration of soil and microbial inocula combinations for treatments and geographic location of sampling sites. Status
quo, microbial inoculum collected from same site as background soil; northward shift, microbial inoculum collected from the sites
directly south of background soil; eastward shift, microbial inoculum collected from the sites directly west of background soil.
Choropleth shows annual precipitation (mm) for 2015, the year of sampling. X refers to combinations of soil and microbial inocula
that did not exist in the experiment.
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plant biomass from status quo conditions for each seed-
ling in each watering treatment. First, we detrended seed-
ling biomass for the effects of seedling species, planting
cohort, and initial height using residuals from a linear
model. Then, we calculated the mean seedling biomass
(using the detrended data) for the status quo treatment in
each watering condition for each of the nine background
soil sources. Then, we subtracted this Status Quo mean
from the individual detrended seedling biomass in each
pot that shared that same background soil source, sepa-
rately for each watering treatment. This resulted in a met-
ric that ranged from negative to positive values; negative
values indicate that the seedling was smaller than the “ex-
pected” growth in the status quo condition, while positive
values indicate that the seedling was larger than the “ex-
pected” growth, with the deviation from expectation iso-
lated to the effects of the microbial inocula. This approach
allows us to compare the relative effect of foreign vs. native
microbial communities and their interaction with the
watering treatment across soil types with different mean
growth rates. Because we standardized seedling biomass
within each watering treatment separately, this data can-
not be used to estimate the main effect of the watering
treatment, which we tested using the non-standardized
data in a separate model.
We used linear mixed models to compare the seedling

biomass deviation from status quo conditions, with the
microbial treatment (status quo, eastern shift, or north-
ern shift), watering treatment (well-watered vs. water-
reduced), and their interaction modeled as fixed effects.
Because we homogenized soil collections from each site
prior to planting, our replicate pots of each abiotic soil/
microbial source combination are not statistically inde-
pendent replicates. Therefore, we included the back-
ground soil source and the microbial inocula source as
random effects to account for this non-independence.
Models were fit with the lmer function in the lme4 pack-
age in the R statistical language (Bates et al. 2015). P
values for individual parameter estimates using t tests
and omnibus tests of experimental treatments using F
tests were calculated using the Satterthwaite estimated
degrees of freedom, implemented through the lmerTest
package in R (Kuznetsova et al. 2017). All data followed
normal assumptions. We used a priori contrasts to test
our two research questions.

Is plant biomass optimized when grown with microbial
communities native to the abiotic soil conditions?.—We
contrasted the seedling biomass deviation from the status
quo condition between the status quo treatment (set to 0)
and either the eastern shifted or northern shifted microbe
treatment, averaged across both watering treatments. A
significant positive estimate would indicate that regardless
of water conditions, seedlings performed worse when pots
were inoculated with microbes from a different site than
the sterilized background soil. If a statistically significant
effect of microbial treatment was found, we ran an addi-
tional model that included the watering treatment and

the microbial treatment 9 watering treatment interac-
tion, to test whether the microbial effect was consistent
across both watering conditions.

Could movement of microbes from historically drier areas
to newly drying areas improve plant ability to tolerate a
new environment?.—To answer this question quantita-
tively, we calculated the difference in the mean annual
precipitation (MAP) between the source of the microbial
inocula and the source of the abiotic soil (also the source
for the status quo microbial inocula) for each pot, using
only those pots with foreign microbial inocula. We used
a linear mixed model with seedling biomass deviation
from the status quo treatment as the dependent variable,
and the difference in MAP, the watering treatment, and
their interaction as fixed independent variables. Abiotic
soil source and microbial source were included as ran-
dom factors. Since negative values for precipitation
difference indicate that the inoculated microbial commu-
nity was sourced from an area with less precipitation
than the native microbial community, a statistically sig-
nificant negative estimate would indicate that seedlings
perform better than expected when inoculated with for-
eign microbial communities that come from sites drier
than the source of the abiotic soil, while seedlings per-
form worse than expected when inoculated with micro-
bial communities source from sites wetter than the
abiotic soil source. We additionally performed this
regression separately in the well-watered and water-
reduced treatments.

RESULTS

Is plant biomass optimized when grown with microbial
communities native to the abiotic soil conditions?

Averaging across watering treatments, seedlings were
smaller in pots inoculated with foreign microbial commu-
nities from sites south of soil source (northern shift), as
compared to the status quo treatment (Fig. 2,
Appendix S1: Table S3, estimate = 1.040, SE = 0.342,
t183.0 = �3.043, P = 0.003). When comparing only north-
ern shifted microbial communities to native ones, there
was no significant interaction with the watering treatment
(estimate = �0.920, SE = 0.687, t166 = �1.338,
P = 0.183). When foreign microbes came from the west
of the soil source (eastern shift), there was no difference
in plant biomass relative to native status quo treatments
(Fig. 2, Appendix S1: Table S3, estimate = 0.429,
SE = 0.373, t190.0 = �1.149, P = 0.252), when averaged
across water treatments.

Could movement of microbes from historically drier areas
to newly drying areas improve plant ability to tolerate a

new environment?

Across all pots, final seedling biomass did not differ
between our well-watered and water-reduced treatments
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(estimate = �0.029, SE = 0.288, t203.5 = �0.100, P = 0.
92). However, the biomass of seedlings with foreign
microbial inocula relative to status quo treatments dif-
fered across watering treatments and direction of micro-
bial movement.
Regardless of whether microbial communities were

shifted east or north relative to the source of the steril-
ized background soil, microbes form areas with less pre-
cipitation tended to promote greater seedling biomass
relative to the growth in the status quo treatment for a
given soil source (Fig. 3). However, this relationship was
only evident in the water-stressed treatment, as
evidenced by a significant interaction between precipita-
tion difference and watering treatment (Appendix S1:
Table S4, t110.4 = �3.724, P = 0.0003). The relationship
was significantly negative in the water reduced treat-
ment (estimate = �0.008, SE = 0.002, t26.2 = �3.497,
P = 0.0017), but not in the well-watered treatment (esti-
mate = 0.004, SE = 0.002, t48.8 = �1.463, P = 0.1498).

DISCUSSION

Plants rely on microbial communities to mineralize
limiting nutrients from soil organic matter, transport
nutrients and water into plant tissue via symbionts, and
suppress soil-borne pathogens. Thus, plant biomass may
depend on the efficiency with which soil microbes toler-
ate local soil conditions and process the soil organic
matter. In this study, we measured biomass of Ostrya vir-
giniana and Betula nigra seedlings in pots where micro-
bial communities were native or foreign to the abiotic
soil conditions, in well-watered and water reduced condi-
tions to identify if disassociation of historic soil–microbe

interactions altered tree seedling performance, and
whether limiting water impacted this interaction. We
found that movement of microbial communities from
sites south of the abiotic soil source tended to reduce
seedling performance, but that this effect was not evident
when microbial communities were sourced from sites
west of the soil source. However, in reduced water condi-
tions, seedling performance was dependent on the micro-
bial source. We found a quantitative relationship in
which plant growth in water-stressed, but not well-
watered conditions, was optimized by inoculation with
microbial communities sourced from historically drier
sites. Together, these results suggest that plants benefit
from microbial communities selected by local soil condi-
tions; however, they also benefit from microbial commu-
nities assembled in response to the climatic conditions
facing the plant.

Is plant performance optimized when grown with
microbial communities native to the abiotic soil

conditions?

Whether plants performed better when grown with
microbial communities native or foreign to the abiotic
soil conditions depended on the source of the foreign
microbes. When microbial communities were trans-
planted from sites south of the abiotic soil source, plant
biomass was lower, regardless of the watering treatment.
However, when microbial communities were trans-
planted from sites west of the abiotic soil source, plant
biomass was similar between the native and foreign
microbial treatments. Our experiment does not provide a
conclusive mechanism for this difference, but one possi-
bility is that abiotic soil properties change more dramati-
cally across the latitudinal versus the longitudinal
gradient, in particular in the amount of organic matter
(Appendix S1: Table S2), and so the Northern Shifted
microbial communities may have been more maladapted
to the experimental soil conditions relative to the native
community (Ayres et al. 2009, Johnson et al. 2010).
In a similar study, Carpinus caroliniana seedlings were

bigger when sterilized soils were inoculated with micro-
bial communities from the same field site, compared to
treatments where abiotic soils and microbial communi-
ties were collected from different sites (Keymer and
Lankau 2017). In that study, in which microbial commu-
nities were only shifted along a latitudinal gradient, the
benefit of local microbial communities likely derived
from more efficient N transfer from local vs. foreign
ectomycorrhizal fungi, perhaps due to adaptation of
EMF species to the qualities of the local soil organic
matter (Keymer and Lankau 2017). Since both tree spe-
cies studied here form ectomycorrhizal fungal relation-
ships, a similar phenomenon may have occurred in our
study. Similar results have been documented for arbuscu-
lar mycorrhizal fungi as well; AMF communities col-
lected from P-limited sites promoted greater plant
growth than AMF from an N-limited site in P-limited

FIG. 2. Seedling biomass (mean � SE) expressed as the dif-
ference from the mean of the status quo treatment for each of
the nine soil types in each watering treatment. Blue bars, status
quo; red bars, northern shift; gold bars, eastern shift. Mean
biomass in the status quo treatment is zero by definition, but is
plotted to show the variability within the treatment. See Results:
Is plant biomass optimized when grown with microbial commu-
nities native to the abiotic soil conditions? for statistical tests.
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conditions, while the reverse was true for plant growth in
N-limited conditions (Johnson et al. 2010). Additionally,
decomposer communities may have higher efficiency on
substrates to which they have had a longer history of
exposure, as proposed by the home-field advantage
hypothesis (Ayres et al. 2009).
Of course, the importance of maintaining microbial

communities adapted to soil conditions must be bal-
anced by the need for plants to have access to specific
coevolved microbial partners. In Keymer and Lankau
[2017], soil, microbes, and plant seeds were sourced from
the same communities. In the current study, seeds were
not sourced from the same sites as microbial communi-
ties or abiotic soils, which could disrupt any positive or
negative plant–microbe coevolution. When plant species
are themselves foreign to the soil, cointroduction of
microbes from the plant’s native range may be necessary
for establishment as has been found for the establish-
ment of pine plantations in the southern hemisphere
(Nu~nez et al. 2009). As both plant and microbial taxa
shift in geographic space in response to changing cli-
mates or anthropogenic introductions, the consequences
for plant performance may be difficult to predict if they
depend on the degree of disruption to both the historical
plant-microbe and microbe–soil relationships.

Q2: Could movement of microbes from historically drier
areas to newly drying areas improve plant ability to

tolerate a new environment?

We found that inoculating our experimental pots with
foreign microbial communities from historically drier

source sites tended to result in greater seedling growth
in water-stressed conditions, as compared to pots inoc-
ulated with foreign microbial communities from histori-
cally wetter areas. In other words, the growth detriment
seedlings faced from inoculation with microbes foreign
vs. native to the abiotic soil was counteracted in water-
stress conditions if the foreign microbial communities
came from historically drier locations. Our results sug-
gest that microbial communities assembled under drier
conditions possess traits that can help plants tolerate
dry soils. Across many studies, fungal symbionts of
plants tended to promote plant responses to drought
more strongly than other climate change factors (Kivlin
et al. 2013). Previous research has shown a similar phe-
nomenon that plant fitness is greatest when the histori-
cal environmental conditions matched the current
conditions; drier adapted microbial communities
increased plant growth in dry conditions when com-
pared to wet adapted microbial communities (Lau and
Lennon 2012, O’Brien et al. 2018).The mechanisms
behind microbially mediated plant drought tolerance
are not clear in our case. Drought conditions may lead
to changes in microbial abundance, composition, and
function (Drigo et al. 2008). Some soil bacteria, endo-
phytes, and mycorrhizal fungi can increase drought tol-
erance to plants (di Pietro et al. 2007, Kivlin et al.
2013), for instance through increased absorptive surface
area (Egerton-Warburton et al. 2007, Compant et al.
2010). In our experiment, different microbial communi-
ties may have led to greater or lesser acquisition of the
available soil water, e.g., through different mycorrhizal
symbionts, and/or alterations to the soil structure that
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affect water holding capacity (Rillig and Mummey
2006, Wilson et al. 2009). While we cannot definitively
support any given mechanism, data on water holding
capacity do not suggest substantial changes in response
to microbial communities, as pot weights during dry-
down periods did not vary significantly with either
microbial shift treatments (status quo, eastern shift, or
northern shift, P = 0.98) nor with the mean annual pre-
cipitation of the microbial source site (P = 0.60). It is
important to note that seedling growth in our experi-
ment was not significantly decreased in our water
reduced treatment, despite significant reductions in
water content in the pots, indicating that the imposed
water reduced treatment was relatively mild relative to
plant tolerances. It is unclear whether the microbially
mediated effects observed here would be more pro-
nounced, or overwhelmed in more severe drought con-
ditions.
In natural settings, unlike our experiment, climates

are changing along many axes, in both the means and
variances in temperatures and precipitation, and the
diverse members of microbial communities may
respond to different aspects of climates via both
changes in local abundance and dispersal to new com-
munities. Nevertheless, this research provides an initial
investigation of how forest communities might be
impacted through geographic redistribution of micro-
bial taxa; if drought increases, plants may benefit from
the immigration of drought-tolerant microbial popula-
tions. Of course, plant species and populations will
also be redistributed across landscapes, and so a full
understanding of the consequences of these movements
must account for disruption of historical plant, micro-
bial community, and soil relationships. Understanding
how microbial communities respond to changing cli-
mates through both local community shifts and geo-
graphic redistribution may prove important to
accurately predicting plant population’s ability to tol-
erate novel climatic conditions.
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