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1 | INTRODUCTION

Abstract

Climate change is altering temperature and precipitation, resulting in widespread
plant mortality and shifts in plant distributions. Plants growing in soil types with low
water holding capacity may experience intensified effects of reduced water availabil-
ity as a result of climate change. Furthermore, complex biotic interactions between
plants and soil organisms may mitigate or exacerbate the effects of climate change.
This 3-year field experiment observed the performance of Bouteloua gracilis ecotypes
that were transplanted across an environmental gradient with either sympatric soil
from the seed source location or allopatric soil from the location that plants were
transplanted into. We also inoculated plants with either sympatric or allopatric soil
biotic communities to test: (1) how changes in climate alone influence plant growth, (2)
how soil types interact with climate to influence plant growth, and (3) the role of soil
biota in mitigating plant migration to novel environments. As expected, plants moved
to cooler-wetter sites exhibited enhanced growth; however, plants moved to warmer-
drier sites responded variably depending on the provenance of their soil and inocu-
lum. Soil and inoculum provenance had little influence on the performance of plants
moved to cooler-wetter sites, but at warmer-drier sites they were important predic-
tors of plant biomass, seed set, and specific leaf area. Specifically, transplants inocu-
lated with their sympatric soil biota and grown in their sympatric soil were as large as
or larger than reference plants grown at the seed source locations; however, individu-
als inoculated with allopatric soil biota were smaller than reference site individuals
at warmer, drier sites. These findings demonstrate complicated plant responses to
various aspects of environmental novelty where communities of soil organisms may
help ameliorate stress. The belowground microbiome of plants should be considered

to predict the responses of vegetation more accurately to climate change.
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temperatures and more variable precipitation patterns emerge in
most regions (Kharin et al., 2013; Sillmann et al., 2013). Additionally,

Plant populations are being confronted with emerging novel envi- land use change, including land conversion to agricultural fields,
ronments throughout the world. Climate change alters plants' abi- challenges restoration efforts by altering soil conditions, including
otic environments in situ, by creating novel environments as warmer the community composition of soil biota (Koziol et al., 2021; Wubs
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et al., 2016). One of the possible responses of plant populations to
novel climates is dispersal to environments that are more like those
they are adapted to (Aitken et al., 2008; Roberts & Hamann, 2016).
Plant species distributions have already demonstrated an upward shift
or “lean” in elevation in response to warming (Breshears et al., 2008;
Feeley et al., 2011). However, as plants migrate upslope over gener-
ations, they may be exposed to novel abiotic and biotic soil factors
that are unlike the evolutionary environment of their progenitors
(Bucharova, 2017; Bucharova et al., 2016; Butterfield et al., 2016).

Plant populations in the process of shifting their distributions may
experience similar climatic conditions but dissimilar edaphic conditions
(Bowker et al., 2012; Hoopes & Hall, 2002; Sanderson et al., 2015).
In many regions, a complex history of geological processes leads to a
mosaic of widely different soil parent materials that change at scales
ranging from meters to kilometers. Distinct parent materials give rise to
soils with distinct physical and chemical properties. Novel edaphic envi-
ronments are generated not only by changes in the abiotic soil environ-
ment but also by changes in the composition of soil biotic communities.
Assisted plant migration and ecosystem restoration efforts rarely con-
sider the roles of plant-associated microbes such as co-adapted symbi-
onts and other biotic associates (Bagchi et al., 2014; Muiller, Horstmeyer,
et al.,, 2016; Miller, van Kleunen, & Dawson, 2016). Plant populations
used in restoration and assisted migration efforts may need to establish
interactions with communities of soil biota with which they have no his-
tory of co-occurrence. While the effects of novel climatic environments
on plants are being widely explored, few studies are able to separate the
relative influence of climate from the influence of both abiotic and biotic
properties of the soil.

Plant populations may become strongly locally adapted to their
environment and often perform best in climates and soil environ-
ments that resemble their evolutionary environment compared to
novel environments (Byars et al., 2007; Pregitzer et al., 2010, 2013).
The roles of soil biota in influencing plant growth are widely doc-
umented, ranging from beneficial effects of root symbionts such
as mycorrhizal fungi, negative effects of pathogens, and a vari-
ety of influences arising from complex soil food webs (Johnson &
Graham, 2013; Paz et al., 2015; Pineda et al., 2010; Smith et al., 2010).
Plants and soil biota originating from the same environment gener-
ally interact in a more mutually beneficial way than plants interact-
ing with novel soil biota (Gehring et al., 2017; Johnson et al., 2010;
Koziol et al., 2021; Rua et al., 2016). Evidence suggests that biotic
interactions are often the product of coevolution, thus plants and
their associated sympatric soil biota often perform better as a whole
when the environment is most similar to that in which the interac-
tion evolved (Brockhurst & Koskella, 2013; Hoeksema et al., 2010,
2018; Piculell et al., 2008; Rua et al., 2016). Just as abiotic environ-
mental factors are a selective agent in plant evolution, they may also
be selective of the interactions among plants and soil biota.

Numerous soil organisms, including mycorrhizal fungi and plant
growth promoting rhizobacteria, are known to offset environmental
stress in plants (Revillini et al., 2016; Rubin et al., 2017; Sanchez-Diaz &
Honrubia, 1994). These organisms are often the most beneficial when
they help provide the most limiting resource in an ecosystem (Barzana

et al., 2012; Ruiz-Lozano & Azcén, 1996; Ruth et al., 2011). This sug-
gests that soil microbes may facilitate plant growth in novel environ-
ments where limiting resources such as water become more limiting;
likewise, soil biota may be less important to plants in cases where the
most limiting resource becomes less limiting such as cooling and wet-
ting of previously water-limited regions (Revillini et al., 2016). Field
studies that utilized environmental gradients of limiting resources
and also manipulated the origin of soil biota are uncommon; however,
some studies simulated environmental gradients in greenhouse trials
or other controlled environments and demonstrated that the benefits
of soil biota are greater in sympatric pairs of soil biota and plants that
originate from the same site (Nuske et al., 2021; Remke et al., 2020).
We conducted a 3-year field experiment along an elevational
gradient to study plant responses to novel environments. In our
study system, water is generally considered a limiting resource,
water availability covaries with elevation, and there are numer-
ous abrupt edaphic boundaries, given the geologic diversity of
the region. Bouteloua gracilis was chosen as our research plant be-
cause populations of this broadly distributed C, grass are docu-
mented to be locally adapted to their abiotic environments (Wood
et al., 2015), and also because a recent greenhouse experiment
demonstrated its local adaptation to its communities of mycorrhi-
zal fungi and associated soil organisms by showing a strong mutu-
alistic response to sympatric but not allopatric soil biota (Remke
et al., 2020). Individuals from two populations of B. gracilis in the
middle of the elevation gradient were grown from seed and then
planted into four novel sites that were approximately 2 and 3°C
warmer to simulate warming and 2 and 3°C cooler to simulate plant
migration to cooler environments. Seedlings from the two B. grac-
ilis populations were grown at all six sites (two source sites and
four transplant sites) with all possible combinations of living soil
organisms, hereafter referred to as inoculum, and soil. Sympatric
biotic soil communities were generated when plants and inoculum
were from the same site and allopatric biotic soil communities were
generated when plants were grown with inoculum from the trans-
plant sites. Likewise, sympatric soil conditions were those in which
plants were grown in the same soil that the seed originated and
allopatric soil conditions were generated when plants were grown
in soils from the transplant site (Figure 1). This experimental de-
sign allowed us to simultaneously manipulate the biotic and abiotic
components of soil across a climate change gradient to uncouple
the relative importance of locally adapted soil biota to plant re-
sponses to novel environments. Plant shoot and root biomass, seed
mass, and specific leaf area (SLA) were measured to assess the
responses of plant growth, reproduction, and leaf morphology to
interactions among climate, soil, and soil biota. Our experimental

design specifically tests four hypotheses:

H1 Plant performance will increase when moved to cooler-wetter
environments and decrease when moved to warmer-drier
environments.

H2 Plant performance will be higher in sympatric soil compared to al-
lopatric soil.
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FIGURE 1 Conceptual diagram depicting the experimental design. The top half of the figure represents treatment units associated
with the Blue Chute population where the bottom half represents treatment units associated with the White Pockets Canyon population.
Each treatment unit consists of a plant and then the source of soil biota where sympatric soil biota are neutral colors (shades of gray) and
allopatric colors are colored based on the site of which they came from. Sympatric soils represent darker shades of grey and allopatric soils
are represented by darker shades of color for each site. There were 34 treatment combinations with 10 replicates each resulting in 340
treatment units. Soil inoculum was only 1 cm of live soil and was not equal to the amount of background soil used.

H3 Plant performance will be higher when inoculated with sympat-
ric soil biota compared to allopatric biota, and this response
will be observed in plants transplanted to warmer-drier en-
vironments but not in those transplanted to cooler-wetter

environments.

H4  Plant performance will be highest when plants are simultane-
ously grown in sympatric soil and inoculated with sympatric soil
biota, and this response will be observed in plants transplanted
to warmer-drier environments but not in those transplanted to

cooler-wetter environments.
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These hypotheses expand on concepts outlined by the stress gra-
dient hypothesis (Callaway et al., 2002), the microbe exacerbation-
mitigation continuum (David et al., 2018), and the law of the minimum
(Johnson et al., 2010). Importantly, in this region soil water tends
to be a limiting resource, so this experiment functionally expands a
drought experiment to a wider water availability gradient where we
expect selection for soil microbial communities with increased mu-
tualistic function at warmer-drier sites compared to cooler, wetter
sites (Remke et al., 2021).

2 | MATERIALS AND METHODS

2.1 | Elevation gradient and collection of materials
This study was conducted at six different sites within the Southwest
Experimental Garden Array (SEGA) (https://sega.nau.edu/home) in
Northern Arizona, which is a collection of experimental sites situated
across a climate gradient spanning 6°C. Detailed information about
each site is listed in Table 1. Two sites in the middle of the gradient
with abundant B. gracilis, Blue Chute (BC) and White Pockets Canyon
(WPC), were selected as the source populations for seeds, thus allow-
ing us to manipulate climate in both a warming and cooling direction.
The BC and WPC seed sources represent two replicate populations
of our study species. The Seeds of Success protocol (https://www.
blm.gov/sites/blm.gov/files/program_nativeplants_collection_quick
%20links_technical%20protocol.pdf) was used to collect seeds of B.
gracilis. Soil was collected from the same two source sites to be used
for the sympatric soil treatment, and from the four transplant sites to
be used for the allopatric soil treatment (Figure 1; Table S1).

Live rhizosphere soil inoculum was collected from the rooting
zone of B. gracilis along three 100 m transects established from a

random origin (azimuths of 0°, 90° and 270°). At two transplant

sites where B. gracilis was absent, live soil was collected from
the rhizosphere of the dominant plant community of the site
instead. Soil subsamples within each site were pooled together
and mixed. We justify homogenizing inoculum from each site be-
cause we were interested in B. gracilis responses to the average
soil biotic communities across sites, rather than within a single
site or extrapolating to a broader geography than our sampling
sites (a ‘type C' design; Gundale et al., 2017, 2019). Inoculum
soil was refrigerated 2weeks until its use in the experiment. At
each sampling location, background soil was collected along the
same three transects by carefully digging into bare soil away from
plants at depths between 0 and 60cm. Background soil within
each site was homogenized and steam sterilized at 125°C twice
for 24 h.

2.2 | Design and preparation of experimental units
We used Steuwe and Sons 7.8 L tree pots (model TP812) as ex-
perimental units. This pot size was selected to accommodate
multiple years of growth of B. gracilis without getting pot-bound.
Experimental units were planted into the two seed source sites to
create sympatric reference plants or into the four possible trans-
plant sites with warmer or cooler climates. Four combinations of
soil and inoculum relative to each plant population and transplant
site were generated (Figure 1). This design created three types of
novel edaphic environments to compare to the fully sympatric refer-
ence plants and uncouple the abiotic and biotic components of the
edaphic environment: sympatric inoculum and allopatric soil (SA),
allopatric inoculum and sympatric soil (AS), and allopatric inoculum
and allopatric soil (AA; Figure 1). Each treatment combination was
replicated 10 times at each transplant site for each of the two plant

populations, and 10 sympatric reference units were planted at the

TABLE 1 Detailed site descriptions for each study site including basic soil and climate information. All climate information is derived

from PRISM Climate Group, Oregon State University

Site Code Source or transplant  Latitude

Walnut Creek WAL Transplant 34.92
+3°C

Black Point BP Transplant 35.68
+2°C

Blue Chute BC Source reference 35.58

White Pockets Canyon WPC Source reference 36.61

Little Mountain LM Transplant 36.58
-2°C

Arboretum ARB Transplant 35.16

-3°C

Longitude Elevation (m) Precipitation (mm)
-112.84 1567 397
-111.48 1566 152
-111.97 1930 478
-112.41 2057 443
-112.36 2276 502
-111.73 2179 556
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two seed source sites. This resulted in 170 experimental units for
each of the two B. gracilis populations and a total of 340 experimen-
tal units (Figure 1; Table S1).

Each experimental unit, was filled with 7.5 L of sterilized back-
ground soil and then covered with a 2 cm thick band (0.45L) of
living inoculum soil. Bouteloua gracilis seeds were sprinkled onto
inoculum soil at a density of 20 seeds per pot and covered with
1 cm of sterilized background soil. Later, seedlings were thinned to
one plant per mesocosm. Seedlings were grown in the greenhouse
from November 2014 until late April 2015 under a standard nursery
watering regime that maintained soil that was damp to the touch.
This meant watering approximately every 48-72 h to ensure that
the seedlings did not experience drought stress that could induce
premature mortality.

The field experiment was initiated in early May, 2015 when
30cmx30cmx90cm deep holes were dug in the ground at each
transplant site and whole experimental units, including the pots,
were placed into the holes without disturbing the plants or soils in
the pots such that the soil level inside and outside of each pot was
approximately equal. Pots were used in the field to maintain the me-
socosm as a whole unit to ensure soil abiotic and biotic properties
remained manipulated for the duration of the experiment. Removing
the pot would have allowed roots to explore multiple soil types, con-
founding the soil variable of this experiment. At this point, plants
were 6 months old and fairly similar in size. This age of plant had
enough matured roots to withstand some stress by manipulating
climates. This was the initiation of the novel climates with trans-
plant sites that are approximately 2°C (BP) and 3°C (WAL) warmer,
and 2°C (LM) and 3°C (ARB) cooler compared to the source sites
(Figure 1; Table 1). Ten experimental units were similarly planted
back into their site of origins at BC and WPC. These units repre-
sented the climate and sympatric soil and inoculum environments

that the seed sources were adapted to and were used as a frame of

ST v -

reference for all other treatments. All field plantings were completed

on consecutive days.

2.3 | Measurements of plant performance

Plant performance was measured at the end of the third growing
season in November 2017. At the time of harvest, some plant mor-
tality had been observed and the experiment was harvested at a
time where dead plants still had remaining aboveground biomass
and decomposition had not yet begun. This allowed us to analyze
biomass across all treatment units regardless of observed mortal-
ity in the field. Seeds were removed from plants whenever they
were observed during the duration of the experiment, dried at
60°C for 24 h, and weighed. All remaining aboveground biomass
was clipped, dried, and weighed. Soil was carefully cleaned from
roots by soaking and wet sieving, and clean roots were dried and
weighed.

SLA is the ratio of leaf area to leaf mass and it has been shown
to decrease with drought stress in a variety of plant species (McCoy-
Sulentic et al., 2017). Under drought conditions, plants tend to pro-
duce leaves with lower SLA to conserve resources. At the time of
harvest, we collected green leaves to measure SLA using dry leaves
as outlined in Garnier et al. (2001). All leaves were collected at 09:00
on the day of sampling and were rehydrated for é6h in a dark room
prior to measurements using WinRHIZO (Regent Instruments) to cal-

culate leaf area.

2.4 | Statistical analysis

Four-way repeated measures ANOVA were used to compare the

effects of climate (i.e. transplant site), plant origin, soil inoculum

Diffusion

Minimum annual Maximum annual coefficient Soil parent Bouteloua gracilis
temperature (°C) temperature (°C) (em?s7Y Soils material Plant community present at site
3 22 0.091 Agrids, sandy loam Alluvial Yes
5 21 0.091 Orthents, loamy sand Basalt Saltbrush shrubland No
0.9 19 0.112 Ustalfs, clay loam Basalt Pifon-Juniper Yes

woodland
4.0 19.0 0.121 Agrids, gravelly loam Limestone Pifion-Juniper Yes

woodland
1 17 0.133 Ustolls, loam to gravelly  Limestone Ponderosa pine No

clay loam forest

-1 16 0.126 Ustolls sandy clay loam Basalt Ponderosa pine Yes

forest
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FIGURE 2 Observed and 1981-2010 average annual precipitation (mm) and temperature (°C) for the study period of 2015-2017. Red,
green, and purple lines represent observed annual mean daily maximum, average, and minimum temperature, grey bars represent observed
annual precipitation (mm). Red, green, and purple dots represent 1981-2010 average annual maximum, average, and minimum annual
temperatures and grey stars represent 1981-2010 annual average precipitation.

origin, and soil origin on plant response variables. We used the four
transplant sites as climate factors (i.e. +2, +3, -2, -3°C), the two
plant populations for plant origin factors, sympatric versus allopat-
ric soil biota for the soil inoculum factor and sympatric versus al-
lopatric soil for the soil origin factor. All factors were included as
fixed effect factors because we specifically selected these sites and
controlled for these variables. This model was repeated for plant
biomass, root:shoot ratio, SLA, and seed mass. The reference site
was left out of the analysis to maintain a balanced design. Model
assumptions were checked using the Shapiro-Wilk test of normal-
ity and the Levene's test of heterogeneity of variance. All statistics
were conducted in R (version 3.3.1). All data sets met all of the as-
sumptions and no transformations were made. We compared mean
and variation of each individual treatment combination to the refer-
ence site and other treatment combinations to detect overlapping
95% confidence intervals of each treatment to the all sympatric
reference site. This approach utilized the reference site as a base-
line and answers the question of whether plant performance varied
with treatment. In each figure, if variance of individual treatments
overlaps the variance of the fully sympatric reference site, then we
conclude that there is no difference in plant performance for that
variable. Specifically, if a treatment has reduced growth relative to
the reference site, it indicates a negative effect of the treatment
and if a treatment is greater than the reference site then the treat-
ment had an advantageous effect. Data are publicly available in the
data dryad online database (https://doi.org/10.5061/dryad.gtht7
6hq9).

3 | RESULTS

3.1 | Climate manipulations

During this 3-year study, the elevation gradient generated the de-
sired temperature range. The two seed source sites had average
temperatures of 12°C throughout the duration of the study and
temperature increased by an average of 2.1 and 3.2°C, respectively,
at the +2 and +3°C sites and decreased by an average of 1.8 and
2.8°C at the -2 and -3°C sites (Figure 2). Interestingly, all sites expe-
rienced slight increases in average annual temperature each incre-
mental year of the 3-year study period. In general, warm sites had
lower precipitation, however, the -2°C site was much drier than the
-3°C site or any other site (Figure 2). Sites had near 30-year (1981-
2010) average (PRISM) annual precipitation, and minimum and aver-
age mean daily temperature, but mean maximum daily temperature
was higher during the study period compared to the 30-year aver-
age. We also calculated the diffusion coefficient of water vapor at
each site based on average summer time temperature according to
Smith and Geller (1979): there was a small range in the diffusion co-
efficient with slight increases at higher elevations.

3.2 | Plant biomass

Variance in total plant biomass was strongly related to site (proxy
for climate; F = 15.712, p<.0001) and to interactions among many
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TABLE 2 Summary of the ANOVA

oo, MO

. . Total Shoot Root Specific Seed
results for each factor and interaction . . .
Factor biomass biomass biomass leaf area mass
terms between factors for all the response
variables the model was repeated for. Plant source 294 446 .307 .090 216
Only p-values are included to highlight Soil source 244 237 493 891 640
patterns within the results, significance Inoculum source 146 462 066 815 232
values of .05 were used to determine
signficant difference Site .000001 .000001 .000001 .013 106
Plant x soil .000001 .00081 .001 .892 177
Plantxinoculum .000001 .00014 .00001 .025 725
Soil xinoculum .000001 .000001 .000001 .055 963
Inoculum x site .000005 .00018 .00025 .355 .801
Plant x site .0131 .0006 .0055 157 .0087
Soil x site .0258 119 .502 .257 754
Plant x soil xinoculum .396 .318 753 928 445
Plant x soil x site 969 .577 .282 .030 .237
Plantxinoculum x site .0478 471 .0026 .810 .093
Soil xinoculum x site .379 .042 412 .350 .663
Plant x soil xinoculum x site .388 .254 .788 415 .034

of the experimental factors (Table 2, Table S2). Mean total biomass
was highest at the cooler-wetter sites ARB and LM, and lowest at the
warmer-drier sites BP and WC (Figure 3). There were several strong
two-way interactions: soilxinoculum (F = 26.9, p<.0001), plant
populationxinoculum (F = 21.5, p<.0001), plant populationxsoil
(F = 15.9, p<.0001), and inoculumxsite (F = 9.4, p<.0001). These
results indicate that the soil biota in the inoculum treatments func-
tion differently in different abiotic environments and in the two
plant populations. Total biomass of plants grown at the two cooler-
wetter sites were consistently as large or larger than the total bio-
mass of the reference plants grown at the source sites. In contrast,
total biomass of plants grown at the warmer-drier sites were only
as large as the reference plants when they were grown in sympatric
inoculum or both sympatric soil and inoculum (SA and SS in Figure 3).
In one case, WPC population grown at BP, plants grown in allopatric
inoculum and sympatric soil were as large as the reference plants.
Predictors of variance in root (Table S3) and shoot (Table S4) bio-
mass generally mirrored the patterns for total biomass, except that the
strongest predictor of root biomass was the soil xinoculum interaction
(F=29.4,p<.0001), and the strongest predictor of shoot biomass was
the plant genotype xinoculum interaction (F = 14.9, p<.0001).
Interestingly, there were no significant treatment effects on
root:shoot ratios (Table S5) suggesting that the biomass responses
arise from differences in total biomass rather than preferential plant

allocation to aboveground or belowground structures (Figure 3).

3.3 | Seed mass

There were no main effects of the treatments on cumulative seed
mass; however, there was a significant plantxsite interaction
(Table 2, Table S5; F = 3.94, p = .0087). Also, there was a significant
four-way plantx soil xinoculum x site interaction (F = 4.40, p = .03;

Figure 4; Table S6). Seed mass was not consistently higher in the
cooler-wetter sites compared to the reference site. Seed mass of the
BC population in the SA treatment at ARB and the WPC population
in the SS treatment at LM were smaller compared to the reference.
In contrast, at the hottest driest site (Walnut Creek, +3°C), seed
mass met or exceeded the reference site in all of the treatments in
the BC population and in all but the AA treatment in the WPC popu-
lation (Figure 4).

3.4 | Specific leaf area

Site was the strongest predictor of SLA (F = 7.0, p = .013), followed
by plantxinoculum (F = 5.1, p = .025), soil xinoculum interactions
(F = 3.7, p = .05), and a three-way plantxsoil xsite interaction
(F=3.0,p =.03; Table 2, Table S7). In all cases, the SLA was larger in
plants transplanted to cooler sites compared to the reference plants
(Figure 5). At three of the four transplant sites, the SLA of plants
grown in sympatric soil with sympatric inoculum had a similar SLA as
the reference plants. The exception was BC plants growing at WC,
the +3°C site, where all of the treatments had lower SLA compared
to the reference plants.

4 | DISCUSSION

There is growing concern that climate change is altering environ-
mental conditions to such an extent that many plants are becoming
maladapted in their current geographic distribution, and they may
be unable to disperse or adapt rapidly enough to keep pace with
changing environmental conditions (Krause et al., 2015). To effec-
tively address this concern, a more mechanistic understanding of the
factors that influence plant performance in natural environments is
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required. Native plants are adapted to local climate as well as soil
properties and biotic communities, and the direct and interactive
effects of all these factors should be considered when developing
protocols to address climate change (Bucharova, 2017). The facto-
rial experimental design of our 3-year field experiment allowed us
to uncouple the direct and interactive effects of climate, soil abi-
otic properties, and soil biotic communities on the performance of
two populations of B. gracilis, a dominant C, grass species in North
American rangelands. Reference plants grown at the site of their
seed origin in their sympatric soil with sympatric biotic communi-
ties were used as the benchmark to compare with transplants that
experienced a novel climate.

As predicted by our first hypothesis (H,), regardless of soil or
inoculum treatments, plants transplanted to cooler-wetter sites had
higher total biomass and SLA than those transplanted to lower ele-
vation warmer-drier sites (Figures 3 and 5; Table 2). This finding is

contrary to a recent meta-analysis of mostly mesic elevation gradi-
ents showing that plants transplanted to lower elevations generally
experience less stress compared to plants moved to higher eleva-
tions (Midolo & Wellstein, 2020). This discrepancy likely reflects
different limiting growth factors in our gradient compared to those
that were included in the meta-analysis. Our elevation gradient is
located in a prevailingly water-limited region. Upward transplanta-
tion on our gradient is likely to alleviate soil moisture limitation due
to greater precipitation, but even more importantly, lower poten-
tial evapotranspiration due to cooler temperatures. In contrast, the
gradients of Midolo and Wellstein (2020) were in mountains, mostly
in more mesic regions than ours, where cold temperatures may be-
come limiting at higher elevations, and where water-limitation is a
lesser factor at lower elevations. We believe that downward trans-
plantation to warmer and drier regions is a reasonable simulation of

expected climate change in our region, wherein warming trends have
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FIGURE 4 Total seed mass (g) produced for the 3-year study of Bouteloua gracilis for each study site and population. Dark colors
represent plants grown in their sympatric soil and light colors represent plants grown in allopatric soil. AA represents allopatric inoculum and
allopatric soil, AS represents allopatric inoculum and sympatric soil, SA represents sympatric inoculum and allopatric soil, and SS represents
sympatric inoculum and sympatric soil. Black horizontal line represents the mean of the plants grown at the source site for baseline
comparisons. Horizontal grey bars represent the 95% confidence interval of the reference site treatment, where black error bars represent

95% confidence intervals for each treatment.

already been a major driver of drought conditions and are projected
to continue doing so (Gonzalez et al., 2018).

As global temperatures rise, due to climate change, plant pop-
ulations will either adapt in situ, migrate to new locations via seed
dispersal, go locally extinct, or be artificially migrated somewhere as
either a climate mitigation strategy or augmented restoration strat-
egy to avoid diminished growth and population viability. Natural
migration or human-assisted movement may result in situations
where plant materials cross edaphic boundaries and experience
novel edaphic conditions. Numerous studies have demonstrated
that plants are locally adapted to their soil environment (Fischer
et al., 2014; Pregitzer et al., 2010; Rua et al., 2016). Our second
hypothesis (H,) predicted superior plant performance in sympatric
soils, but we observed no main effects of soil source. In contrast to
our prediction that allopatric soils would reduce plant growth and
fitness relative to sympatric soils, we found that only one soil, at
the +2°C site, had significant negative effects on plant growth for
one of the plant populations (Figure 5). Highly contingent interactive

effects of soil provenance with site, plant genotype, or both were
the only lines of evidence that supported our second hypothesis,
and in all other cases, evidence suggests that novel soils alone had
minimal influence on plant growth. It is important to note that soils
at the +2°C site are coarse-textured, poorly weathered and very
well-drained orthents, and thus the soil effect could be related to
soil water holding capacity (e.g., Bowker et al., 2012).

Beyond these highly contingent soil effects, we did find numer-
ous cases where soil biota interactions strongly influenced plant
growth. Similar to abiotic soil properties, there is evidence that
plants are locally adapted to soil biota, including mycorrhizal fungi (Ji
et al., 2013; Ria et al., 2016). Plant microbiomes can either mitigate
or exacerbate stress, but because antagonistic relationships would
diminish the persistence of a plant species in stressful environments,
plants with stress-mitigating microbiomes are expected to prevail
over time (David et al., 2018). Our third hypothesis (H,) predicted
that we would detect superior performance of plants inoculated with
sympatric compared to allopatric biota. Furthermore, H; predicted
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that this would only be observed at the two warmer-drier environ-
ments where sympatric microbes would mitigate increased drought
stress (Lubin et al., 2021; Remke et al., 2021; Revillini et al., 2016). In
support of this hypothesis, there was a significant inoculum x site in-
teraction for plant biomass (but not SLA), and as expected, inoculum
provenance was irrelevant for biomass gain in plants grown at the
cooler-wetter sites, but it mattered for those grown at warmer-drier
sites. However, at the two warmer-drier sites, there was not a con-
sistent benefit of inoculum sympatry across both plant populations.
Our findings demonstrate support evidence that biotic components
of the environment can be a potential selection agent by influencing
growth and fitness of plants, and also reveal that there are numer-
ous interacting selection pressures in changing environments (van
der Heijden et al., 2015). Significant interactions among the factors
indicate that the influence of inoculum provenance on plant biomass
is contingent on plant population, soil and climate.

Our hypothesis that sympatric soil and soil biota (H,) combined
would vyield the greatest plant performance garnished the most

support. At warm-dry sites, plants grown with sympatric soil and soil
biota were consistently among the largest and were always larger
than plants grown with allopatric soil and soil biota. This general-
ization was also true for SLA in most cases. Further, one plant pop-
ulation experienced a >2-fold boost in seed mass in both warm-dry
sites, when grown in sympatric soil and inoculated with sympatric
soil biota. The other plant population experienced enhanced seed
production in one of the two warm-dry environments when grown
with in sympatric soil and sympatric soil biota. This result suggests
the potential for greater plant fitness when the biotic and abiotic
elements of the plant's environment are kept intact, even as climate
becomes more stressful. We observed additional support for this
hypothesis even in cool-wet sites. In particular, plants of both popu-
lations grown at -3°C with sympatric soil and soil biota were larger
than other treatments. The -3°C site is less stressful with regards
to water availability but could be more stressful in different ways,
like shorter growing seasons or colder temperatures. Our result may
suggest that plant microbiomes also can mitigate these stresses, but
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mainly in a soil environment like that of the source site. The interac-
tion between biotic and abiotic components of soils could be among
the strongest predictors of plant performance, and especially in a
warmer-drier climate.

Overall, our findings support the microbial mitigation-
exacerbation hypothesis (David et al., 2018; Revillini et al., 2016).
These findings are consistent with a greenhouse study which demon-
strated that during drought stress, sympatric plant-mycorrhizal pair-
ings enhanced B. gracilis performance better than allopatric pairings
(Remke et al., 2021). Other studies also show sympatric soil biota, in-
cluding mycorrhizal fungi and rhizobacteria, can ameliorate drought
stress on plants (Remke et al., 2020; Rubin et al., 2018). Since our
study utilized whole soil inoculum, it is impossible to parse out
which members of the soil microbial community are more active
during drought treatments; however, subsequent molecular analysis
shows consistent differences in the mycorrhizal fungal communities
in our experimental B. gracilis that were inoculated with sympatric
and allopatric soil biota, and that the original community in the in-
oculum was largely intact throughout the 3-year field experiment
(Janouskova et al., in review). Specifically, the composition of the
mycorrhizal fungal communities at the six sites differed from each
other and diversity was higher in sympatric inoculum. Mycorrhizal
fungal communities also differed in the two plant genotypes; but the
composition of sympatric communities in both plant ecotypes was
not significantly altered by transplantation alone. Only the combi-
nation of allopatric soil and transplantation to the two warmer sites
was there a significant, but weak shift in the composition of the my-

corrhizal fungal communities.

5 | CONCLUSIONS

Native plant populations are adapted to the physical, chemical, and
biotic properties of their environment, and climate change may dis-
rupt this adaptation (Anderson & Wadgymar, 2020). Plants and their
sympatric soil biota may adapt to climatic novelty in situ, become
maladapted to their original environment and go locally extinct, or
migrate to new geographic locations with climatic conditions that
match historical reference conditions. Migration may occur natu-
rally or through human intervention (Vitt et al., 2016). Our findings
suggest that interactions among plant traits, soil characteristics,
and soil biota may influence the success of plant migration. Our
3-year field study demonstrates the importance of sympatric soil
biota in facilitating growth of a late successional C, grass, B. gra-
cilis in novel climatic conditions, which corroborates findings of
a greenhouse study (Remke et al., 2021) and a field study involv-
ing Pinus ponderosa (Remke et al., 2020); however, there is likely
variability across other plant species and functional groups. More
field-based research is necessary to sufficiently understand these
interactions. A recent study found no effect of inoculation of sym-
patric soil biota on the growth of Pinus contorta after two growing

seasons (Wasyliw et al., 2022). This finding combined with other

S ey L

studies implies that successional stage and plant functional groups
could interact to determine the outcomes of inoculation (Wubs
et al., 2016). Further, interactions with plants via competition or
facilitation may also have indirect effects of soil biota on plant
growth and may not be well captured in single species experiments
(Lekberg et al., 2018). A better understanding of the many and
complex interactions among plants and soil biota will enhance land
management efforts where restoration of plant materials is neces-
sary. Additionally, our study and others demonstrate complexities
in controlled potted experiments, which help us articulate relevant
ecological theory; however, to better translate these results to
management actions, field trials of restoration applications of soil
biota need to be initiated (i.e. Lubin et al., 2021; Wubs et al., 2016).
The assisted migration of plant or soil microbial communities could
also have unintended consequences by introducing new species or
genetic material to an ecosystem and carries significant scientific
uncertainty and also introduces challenging ethical considerations
(Ahteensuu & Lehvavitra, 2014). Additionally, in circumstances
where plants are exposed to novel microbial communities, it is
important to understand the mechanisms of plant, or microbe
mediated adaptation to novel biotic communities. Our study also
focused on a widespread and abundant grass species: questions
arise with plants that have restricted ranges such as narrow en-
demics, and of particular interest are the microbial communities
associated with edaphic endemics. Nevertheless, a key takeaway
from these studies is the conferred resistance to warming and dry-
ing offered by intact plant-soil biota interactions that suggests
preservation of symbioses may result in higher resistance of plants
to climate change compared to situations where these symbioses
have been artificially severed.
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