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Abstract Biotic soil factors, such as fungi, bacteria and herbivores affect resource
acquisition and fitness in plants, yet little is known of their role as agents of selection.
Evolutionary responses to these selective agents could be an important mechanism that
explains the success of invasive species. In this study, we tested whether populations of the
invasive grass Bromus inermis are adapted to their home soil environment, and whether
biotic factors influence the magnitude of this adaptation. We selected three populations
growing at sites that differed in soil fertility and grew individuals from each population in
each soil. To assess whether biotic factors influence the magnitude of adaptation, we also
grew the same populations in sterilized field soil. To further examine the role of one
element of the soil biota (fungi) in local adaptation, we measured colonization by arbus-
cular mycorrhizal (AM) and septate fungi, and tested whether the extent of colonization
differed between local and foreign plants. In non-sterilized (living) soil, there was evidence
of a home site advantage because local plants produced significantly more biomass than at
least one of the two populations of foreign plants in all three soil origins. By contrast, there
was no evidence of a home site advantage in sterilized soil because local plants never
produced significantly more biomass than either population of foreign plants. Fungal
colonization differed between local and foreign plants in the living soil and this variation
corresponded with biomass differences. When local plants produced more biomass than
foreign plants, they were also less intensively colonized by AM fungi. Colonization by
septate fungi did not vary between local and foreign plants. Our results suggest that biotic
soil factors are important causes of plant adaptation, and that selection for reduced
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interactions with mycorrhizae could be one mechanism through which adaptation to a
novel environment occurs.

Keywords Arbuscular mycorrhizal fungi - Common garden - Invasion -
Local adaptation - Nutrient availability - Plant—soil interactions - Septate fungi

Introduction

The strength of selection on phenotypic traits is highly dependent on the surrounding biotic
and abiotic environment (Endler 1986; Wade and Kalisz 1990), and consequently, popu-
lations occupying different habitats often experience divergent natural selection. Over
time, these contrasting selection patterns should promote genetically differentiated popu-
lations, each adapted to the characteristics of their home environment. Identifying the
causes of natural selection is a major goal of evolutionary ecology because it allows one to
both understand why certain phenotypes have evolved and to predict phenotypic changes
over subsequent generations (Endler 1986). In plants, evidence for adaptation to a local
environment is common (e.g., Clausen et al. 1948; Antonovics and Bradshaw 1970;
Hereford 2009) and thought to be an important mechanism through which genetic variation
is maintained across populations (Felsenstein 1976). However, identifying the specific
environmental gradients to which plants adapt (i.e. the agents of selection causing local
adaptation) is rarely done (Endler 1986; Macel et al. 2007; Hereford 2009).

Abiotic and biotic factors both promote fine-scale local adaptation in plants. For
example, reciprocal transplant experiments have shown that plants adapt to abiotic factors
such as heavy metal tolerance and water availability (e.g., Antonovics and Bradshaw 1970;
Bennington and McGraw 1995) and biotic factors such as competition and leaf herbivory
(e.g., Turkington and Harper 1979; Schemske 1984; reviewed in Linhart and Grant 1996;
Leimu and Fischer 2008). Though field-based reciprocal transplants are able to capture
natural environmental variation and realistic selection pressures from these ecological
factors, they often do not isolate and identify the specific factors causing adaptation
(Linhart and Grant 1996; Hereford 2009). Fewer than half of reciprocal transplant studies
directly measure an environmental variable and these account for only 4% of variation in
the magnitude of local adaptation (Hereford 2009). Direct environmental manipulations
under controlled conditions are therefore necessary to isolate the influence of particular
agents of selection (e.g., Snaydon and Bradshaw 1962; Lenssen et al. 2004).

Of the potential agents of selection in the soil environment, abiotic factors have received
considerably more attention than biotic factors. Nutrient availability, for example, is
thought to be one of the primary factors driving evolutionary diversification in plants. In
support of this hypothesis, species from low nutrient environments typically have slower
relative growth rates, smaller growth forms and more conservative resource use than
species from high nutrient environments (Grime 1977, 2001; Chapin 1980; Lambers and
Poorter 1992). There is also evidence that plants adapt to the phosphorus (e.g., Snaydon
and Bradshaw 1962) and nitrogen concentrations (e.g., McGraw and Chapin 1989) of their
home soil, and that environments with different nutrient availability exert contrasting
selection on functional traits (e.g., Donovan et al. 2009). By contrast, few studies have
tested whether biotic soil factors influence local adaptation in plants (Pregitzer et al. 2010).
Arbuscular mycorrhizal (AM) fungi, soil herbivores and fungal soil pathogens all influence
plant fitness (e.g., Maron 1998; Wolfe et al. 2005), suggesting that these factors will also
shape the evolution of plant function. Biotic soil factors could also modify aspects of the
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abiotic resource environment, and therefore alter selection exerted by abiotic soil factors.
For example, in Andropogon gerardii (Poaceae), plants adapt to low nutrient soil by
increasing their dependence on AM fungi for phosphorus and nitrogen uptake (Johnson
1993; Schultz et al. 2001; Johnson et al. 2010). Consequently, abiotic and biotic factors
could be equally important drivers of plant adaptation to soil.

Adaptation in response to selection pressures exerted by novel soil environments could
contribute to evolutionary divergence during biological invasions. Many invasive species
display morphological (Buswell et al. 2011) and genetic (Maron et al. 2004) differentiation
across moisture, nutrient and latitudinal gradients in their introduced range, suggesting that
adaptation to these selective agents has caused evolutionary divergence. Because most
plants are colonized by AM fungi (Brundrett 2009), these organisms may be important
agents of selection on plant populations during biological invasions as well. Though
ecological interactions with mycorrhiza are expected to influence invasion (Pringle et al.
2009), few studies have considered whether the interactions between plants and fungi
evolve during invasion and range expansion (Seifert et al. 2009).

Our first goal was to determine whether plants were locally adapted to their home soil,
and to assess whether biotic factors influence the magnitude of this adaptation. To test
whether plants were adapted to their home soil, we grew three populations of the invasive
perennial grass, Bromus inermis from different nutrient environments in their home and
two away field soils in a greenhouse. To isolate the role of biotic factors in plant adaptation
to soil, we grew these same populations in sterilized field soil from each site. Within each
soil origin, we predicted that the population from that environment (local plants) would
produce more biomass than the populations originating from the two other environments
(foreign plants), and that the presence of soil biota would increase the magnitude of this
home site advantage.

Our second goal was to assess the role of one element of the soil biota (fungi) in plant
adaptation. We measured colonization by AM and septate fungi and compared the extent
of colonization between populations and soil origins. For B. inermis, associations with AM
fungi can either be mutualistic or parasitic depending on the interacting fungal species. For
example, when grown in association with 10 different species of AM fungi, B. inermis
displayed increased growth with half the species and decreased growth with half; however,
positive associations yielded the largest growth responses (Klironomos 2003). Assuming
that AM fungi, on average, benefit local plants, and plants adapt to their home AM fungal
community, we predicted that local plants would be more intensively colonized by AM
fungi than foreign plants. Like AM fungi, septate fungi generally increase plant biomass
under controlled condition (Newsham 2011). Assuming that septate fungi also benefit
plants in the wild, we predicted that local plants would be more intensively colonized by
septate hyphae than foreign plants.

Materials and methods

Study species

Bromus inermis Leyss. (smooth brome; Poaceae) is an invasive perennial grass (Otfinowski
et al. 2007). It was originally introduced from Central Eurasia in 1888 (Newell and Keim
1943) and is now a widely distributed throughout North America. This widespread dis-

tribution indicates that B. inermis can potentially adapt to contrasting soil environments. It
is generally self-sterile (McKone 1985) and reproduces sexually through outcrossed wind

@ Springer



532 Evol Ecol (2012) 26:529-544

pollination and clonally through an underground rhizome. It is a dominant species in most
old-field communities because of high freezing and drought tolerance (Otfinowski et al.
2007).

Soil and seed source

In 2007, we collected soil and seeds from three naturalized B. inermis populations in
Southern Ontario. The populations were located at: (1) the Long-Term Mycorrhizae
Research Site (LTMRS) in the University of Guelph Arboretum in Guelph, Ontario (43°
32" N, 80° 13’ W) (2) the rare charitable research reserve (rare) in Cambridge, Ontario
(43° 22 N, 80° 20’ W) and (3) the Koffler Scientific Reserve at Joker’s Hill (KSR) in
Newmarket, Ontario (44° 03’ N, 79° 29" W).

To incorporate site heterogeneity in measurements of soil conditions and seed collec-
tions, we set up a grid of 125 positions that were 5 m apart on a 55 m x 50 m plot at each
site. To achieve this, we placed 12 transects 5 m apart and flagged positions at 5 m
intervals along each transect. On the first 11 transects, we flagged 11 positions and on the
12th transect we flagged 4 positions. To assess nutrient availability, we collected soil cores
(15-30 cm) at 20 random positions within our plot at each site. Cores were analyzed for %
nitrate and ammonium using potassium chloride extraction and for % phosphorus using
sodium bicarbonate extraction (University of Guelph Laboratory Services, Guelph, ON).
We collected seed from 125 maternal seed families at each site by harvesting the closest
inflorescence to each flag. Of these 375 families, we randomly selected 90 families (30
from each population) for use in this experiment.

At each site, we collected 250 L of soil from 15 randomly selected positions. Soil was
collected to a depth of 30 cm, where most B. inermis roots are located (Gist and Smith
1948). Within each site, soil was homogenized and all stones and large roots (>2 mm
diameter) were removed. To assess whether plants were adapted to their home soil and
whether biotic factors influence the magnitude of this adaptation, we used two different soil
treatments. Half of the soil was left intact and stored at 4°C prior to use and the other half
was sterilized through gamma-irradiation (McMaster Nuclear Reactor, Hamilton, ON).
The sterilized soil was exposed to a 32 kGy (£10%) dose of gamma-irradiation from a
Cobalt-60 source over a period of 7 days.

Gamma-irradiation is an effective technique for eliminating soil biota and was used
preferentially over autoclaving because it causes fewer changes in soil chemistry and
structure (Salonius et al. 1967; McNamara et al. 2003; Berns et al. 2008). As with any
method of sterilization however, gamma-irradiation still increases the initial nutrient
availability of the soil and can modify other abiotic soil properties as well (Troelstra et al.
2001). This increase in initial nutrient availability could explain the increased size of plants
in the sterilized relative to the living soil (Fig. 1). But even though sterilization resulted in
size disparity among treatments, it did not compromise a test of whether plants were
adapted solely to the nutrient availability of their home soils. This is because gamma-
irradiation did not change to the relative ranking of nutrient status of the soil origins, as
indicated by a non-significant effect of sterilization on plant biomass across soil origins
(soil condition x soil origin term NS; see Table 2 in the Results).

Experimental design

Between December 6, 2007 and March 7, 2008 (93 days), we grew 30 maternal families
from each of the three populations (KSR, LTMRS and rare) in six common garden soil
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environments in a greenhouse. Each population was grown in soil collected from each site
(soil origin: KSR, LTMRS and rare) that had either been sterilized or not (soil condition:
sterilized, living) resulting in a full factorial design with 18 treatment combinations (2 soil
conditions x 3 soil origins x 3 populations). To synchronize germination and ensure we
would have at least 12 viable seeds from each line (two seeds for each of the six soil
treatment combinations), we stratified 30 seeds by placing them in darkness on moist filter
paper for 96 h at 4°C. After refrigeration, the seeds were returned to room temperature but
were left in the dark for 24 h. We planted two germinated seedlings from each line into an
857 mL mini treepot (Part # MT2510, Stuewe and Sons Inc., Tangent, OR, USA) con-
taining 1 of the 6 soil condition x soil origin treatment combinations and placed them on a
greenhouse bench in a randomized position. All pots were thinned to one seedling
4-6 days after planting for a total of 30 plants within each of 18 treatment combinations
(n = 540). We top-watered the developing seedlings for 22 days to promote establishment.

After the 22-day establishment period, we watered the plants using drip irrigation and
provided them with supplemental light. We adjusted light, temperature and water condi-
tions to simulate the average monthly values in June, July and August, obtained from the
three nearest weather stations (http://www.climate.weatheroffice.ec.gc.ca) to each popu-
lation. To simulate June weather for 30 days, we provided supplemental light to maintain
13.5-h days, adjusted greenhouse temperatures to fluctuate diurnally between 11 and
23.2°C, and provided 10.8 mL of water throughout the day. To simulate July weather for
31 days, we provided supplemental light to maintain 14-h days, adjusted greenhouse
temperatures to fluctuate diurnally between 14 and 26°C, and provided 12 mL of water
throughout the day. To simulate August weather for the final 10 days, we provided sup-
plemental light to maintain 13-h days, adjusted greenhouse temperatures to fluctuate
diurnally between 14 and 25.3°C, and provided 12 mL of water throughout the day.
Throughout the experiment, germinating non-focal plants were removed from pots con-
taining living soil. Plants were not fertilized during the experiment.

Biomass and plant size

Because plants did not flower in the greenhouse, we used aboveground biomass as an
estimate of fitness. In a three-year field study (Sherrard 2010), we found that aboveground
biomass was strongly and positively correlated with seed production for these populations,
making it an appropriate estimate of plant fitness. We harvested aboveground biomass after
90 treatment days (days 91-93). Plants were harvested below the rhizome, including all
ramets but excluding all root material. Tissue was dried in an oven at 72°C for a period of
at least 48 h, until it reached a constant dry weight. The root material from the pots was
collected 3 days later, sub-sampled, and stored in 50% ethanol for fungal colonization
analysis.

To assess how plant size changed over time, we measured the total length of the
aboveground vegetative tissue as the sum of all leaves at seven approximately equal time
intervals during the first 70 days.

Arbuscular mycorrhizal (AM) and septate fungal colonization
To assess fungal colonization in the living soil, we randomly selected 15 root samples from
each of the nine (population x soil origin) treatment combinations. To assess the efficacy

of the sterilization treatment, we also randomly selected 5 root samples from each of the
nine (population x soil origin) treatment combinations in the sterilized soil. To prepare
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root samples for colonization assessment, we cleared the root using 10% KOH at 90°C for
1 h, stained the roots using 0.03% chlorazol black E, in a 1:1:1 solution of glycerol, lactic
acid and water at 90°C for 3 h, and then de-stained the roots in 50% glycerol for 24 h
(Brundrett 1994). We randomly selected stained root fragments, then cut and placed twelve
1 cm fragments onto microscope slides. We assessed fungal colonization for all samples
using the magnified intersection method (McGonigle et al. 1990). For arbuscular mycor-
rhizal (AM) fungi, we scored the presence of hyphae, arbuscules, and vesicles at the
intersection of the ocular crosshair on 200 x magnification. For each AM fungal structure,
we assessed colonization as the fraction of 150 random crosshair assessments per plant,
and calculated total AM fungal colonization as the sum of these three fractional values. To
assess colonization by other fungi (non AM), we scored the presence of septate hyphae at
the intersection of the ocular crosshair. We present colonization by septate fungi as the
fraction of 150 random crosshair assessments per plant.

Testing for local adaptation

In this study, we tested for local adaptation using the ‘local versus foreign’ criterion
(Kawecki and Ebert 2004; Leimu and Fischer 2008; Hereford 2009). The ‘local versus
foreign’ criterion is satisfied when local plants have higher fitness than foreign plants in
their home habitat (Kawecki and Ebert 2004). Some reciprocal transplant and common
garden studies test for local adaptation using the alternative ‘home versus away’ criterion,
which is satisfied when local plants have higher fitness in their home habitat than in
different (away) habitats (Kawecki and Ebert 2004). Nevertheless, only the ‘local versus
foreign’ criterion provides definitive support for local adaptation because it is consistent
with the role of natural selection acting within a habitat. By contrast, the ‘home versus
away’ criterion confounds natural selection within a habitat with resource differences
between habitats (Kawecki and Ebert 2004).

Statistical analysis

To test whether biomass differed among treatment combinations, we used three-way
analysis of variance (ANOVA) with soil condition, soil origin, and population as fixed
factors. We tested whether sterilization affected the magnitude of plant adaptation to soil,
which would be indicated by a significant soil condition x soil origin x population term.
We also assessed whether sterilization caused any asymmetric changes in nutrient avail-
ability among the three soil origins, which would be indicated by a significant soil con-
dition x soil origin term.

To interpret a potentially significant soil condition x soil origin x population inter-
action, we partitioned the term using planned orthogonal 1 degree of freedom (df) contrasts
(Sokal and Rohlf 1995). These contrasts were used to test specific predictions of whether
biomass differences among populations satisfied the ‘local versus foreign’ criterion of local
adaptation (Kawecki and Ebert 2004). Specifically, we tested whether: (1) KSR plants
produced more biomass than LTMRS plants in KSR soil, (2) KSR plants produced more
biomass than rare plants in KSR soil, (3) LTMRS plants produced more biomass than KSR
plants in LTMRS soil, (4) LTMRS plants produced more biomass than rare plants in
LTMRS soil, (5) rare plants produced more biomass than LTMRS plants in rare soil, and
(6) rare plants produced more biomass than KSR plants in rare soil. We performed these
six contrasts in both the sterilized and living soil. Because the 1-df contrasts are orthogonal,
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the comparisons are independent of one another, and thus, no statistical correction for
multiple comparisons was made.

To determine whether the sterilization treatment effectively reduced fungal coloniza-
tion, we used one-way ANOVAs with soil condition as a fixed factor and colonization by
AM fungi and septate hyphae as dependent variables. To test whether the extent of fungal
colonization differed among treatment combinations in living soil, we used two-way
ANOVAs with soil origin and population as fixed factors and colonization by AM fungi
and septate hyphae as dependent variables. In addition to two-way ANOVAs, we used 1-df
contrasts to test for differences in colonization among populations; this analysis was
identical to the ‘local versus foreign’ comparison used for biomass. Performing the same
contrasts for fungal colonization and biomass allowed us to assess whether variation in
colonization corresponded with patterns of local adaptation.

To test whether fungal colonization influenced plant biomass across living soils, we
calculated Pearson product moment correlations between biomass and both fungal colo-
nization measures across soil origins. For these correlations, soil origin was included as a
covariate to account for differences in biomass among soil origins.

For each ANOVA, we tested the assumption of homogeneous residual variance using
Levene’s test and the assumption of normally distributed residual variance using the
Shapiro—Wilk test and by visually inspecting the distribution of residuals. Biomass data
were log-transformed to correct heteroscedasticity and fungal colonization data did not
violate the assumption of homoscedastic residual variance. Mortality was more common in
living soil, but did not occur more frequently in any one soil origin, population, or family.
Plants that died (n = 9) were excluded from ANOVAs. Though maternal families were
nested within each population, low within family replication meant that there were
insufficient degrees of freedom to include this term as both a main effect and in the
interaction terms of the ANOVA, and as a result, this effect was excluded from the
analysis. However, in a one-way ANOVA, maternal family had no significant effect on
biomass in either soil condition. Orthogonal 1-df contrasts were performed in SPSS
(version 18.0, SPSS Inc., Chicago, Ill). All other statistical analyses were performed in
JMP (v. 8 SAS Institute, Cary, NC).

Results

Nutrient differences among sites

LTMRS was the lowest nutrient soil, having 72% lower phosphorus availability than rare
and KSR soil (Table 1). LTMRS soil also had 49% lower NOj availability than rare soil.
rare was the highest nutrient soil, having comparable phosphorus to KSR but 48% higher
NOj availability (Table 1).

Variation in biomass

Plants grew faster and produced more biomass in sterilized soil than living soil (Fig. S1 in
Supplementary Materials, Fig. 1; Table 2). Plants also produced more biomass in KSR and

rare soil than in LTMRS soil (Fig. 1), as indicated by a significant soil origin term
(Table 2). Mean biomass did not differ among populations (Table 2).
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Fig. 1 Reaction norms showing the mean (1 SE) aboveground biomass of each population in each soil
origin in the sterilized (a) and living (b) soil

Table 1 Nutrient availability at KSR, LTMRS and rare

Nutrient KSR LTMRS rare F

NO; -N 4.337 (0.492)g 3.274 (0.194)p 6.414 (0.633)4 11.237%%:
NH,"-N 1.551 (0.316) 2.885 (0.372) 2.050 (0.564) 2.398
Phosphorus 7.150 (0.772)a 2.100 (0.143)p 7.650 (0.642) 5 27.489%%*

NO;3;-N, NH4—N and phosphorus values are expressed as means (£1 SE) in units of mg/kg of dry soil.
Nutrient differences among sites were assessed with one-way ANOVAs and Tukey’s HSD tests. Significant
differences are indicated in bold and by letters

P value: *** < 0.001, ** < 0.01, * < 0.05

Testing for local adaptation

The effect of soil origin on the populations differed between the living soil and sterilized soil,
as indicated by a significant soil condition x soil origin x population term (Table 2). In
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Table 2 Three-way ANOVA table reporting the significance of three fixed factors (soil condition, soil
origin, and population) and their interactions for mean biomass

Term df MS F P value
Soil condition 1 43.479 603.000 <0.0001
Soil origin 2 0.831 11.520 <0.0001
Population 2 0.126 1.752 0.1745
Soil condition x soil origin 2 0.126 1.745 0.1756
Soil condition x population 2 0.224 3.106 0.0456
Soil origin x population 4 0.175 2.427 0.0470
Soil condition x soil origin x population 4 0.281 3.896 0.0040
Error 514 0.072

Reported values are mean squares (MS), F-statistics (F) and their associated P values. Significant terms are
indicated in bold

Table 3 Planned orthogonal 1 degree of freedom contrasts, testing whether local plants produce more
biomass than foreign plants in their home soil

Soil condition Contrast F P value

Sterilized KSR vs. LTMRS (KSR) 0.008 0.929
KSR vs. rare (KSR) 0.046 0.830
LTMRS vs. KSR (LTMRS) 0.371 0.543
LTMRS vs. rare (LTMRS) 0.369 0.544
rare vs. KSR (rare) 0.244 0.621
rare vs. LTMRS (rare) 0.094 0.760

Living KSR vs. LTMRS (KSR) 0.080 0.778
KSR vs. rare (KSR) 12.851 <0.001
LTMRS vs. KSR (LTMRS) 0.431 0.512
LTMRS vs. rare (LTMRS) 6.294 0.012
rare vs. KSR (rare) 5.499 0.019
rare vs. LTMRS (rare) 1.041 0.308

In the description of the contrast, we first indicate the two populations being compared, followed by the soil
origin in which that comparison was made in parentheses. Statistically significant F-statistics (F) are
indicated in bold

living soil, local plants produced significantly more biomass than at least one of the two
populations of foreign plants in all three soil origins (Fig. 1b; Table 3). Specifically, LTMRS
plants produced more biomass than rare plants in LTMRS soil (Fig. 1b; Table 3). There was
also a reciprocal home site advantage for rare and KSR plants. Rare plants produced more
biomass than KSR plants in rare soil, and KSR plants produced more biomass than rare
plants in KSR soil (Fig. 1b; Table 3). In sterilized soil, local plants never produced sig-
nificantly more biomass than either population of foreign plants (Fig. 1a; Table 3).

Variation in arbuscular mycorrhizal (AM) and septate fungal colonization

Gamma-irradiation significantly reduced fungal colonization in the sterilized soil.
AM fungal colonization was 264% higher in living (mean = 0.466) than sterilized
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Fig. 2 The extent of mean (£1 SE) fungal colonization for each population in each soil origin in living soil.
Bars represent a mean of 15 root samples. Panels represent total colonization by arbuscular mycorrhizal
(AM) fungi (i.e., arbuscules + vesicles + hyphae) (a) and colonization by septate fungal hyphae (b).
Tukey’s HSD test was used to assess whether the extent of colonization differed among soil origins and
letters indicate significant differences

(mean = 0.128) soil (F ratio = 116.62, P < 0.0001) and colonization by septate hyphae
was 353% higher in living (mean = 0.196) than sterilized (mean = 0.043) soil
(F ratio = 40.21, P < 0.0001). In the living soil, colonization by AM fungi and septate
hyphae differed significantly among soil origins. AM fungal colonization was 45% higher
in LTMRS and rare soil than in KSR soil (Fig. 2a), as indicated by a significant soil origin
term (Table 4), and colonization by septate hyphae was 58% higher in LTMRS soil than in
KSR and rare soil (Fig. 2b; Table 4).

Testing whether fungal colonization differs among local and foreign plants,
and whether it affects plant biomass

In living soil, differences in the extent of AM fungal colonization among populations
varied depending on soil origin, as indicated by a significant soil origin x population term
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Table 4 Two-way ANOVA table reporting the significance of two fixed factors (soil origin and population)
and their interaction for the extent of colonization by arbuscular mycorrhizal (AM) fungi and septate fungal
hyphae in the living soil

ANOVA Term df AM fungi Septate fungi

MS F MS F
Soil origin 2 0.365 11.0897%%# 0.137 5.484%*
Population 2 0.030 0911 0.010 0.396
Soil origin x population 4 0.103 3.140* 0.007 0.273
Error 119 0.033 0.025

Reported values are mean squares (MS), F-statistics (F) and significant terms are indicated in bold
P value: *** < 0.001, ** < 0.01, * < 0.05

Table 5 Planned orthogonal 1 degree of freedom contrasts, testing whether local plants incurred more
colonization by arbuscular mycorrhizal (AM) fungi and septate fungal hyphae in their home soil than
foreign plants

Contrast AM fungi Septate fungi
F P value F P value

KSR vs. LTMRS (KSR) 2.547 0.113 0.078 0.780
KSR vs. rare (KSR) 4.275 0.040 0.960 0.329
LTMRS vs. KSR (LTMRS) 0.477 0.491 0.499 0.481
LTMRS vs. rare (LTMRS) 0.292 0.590 0.095 0.758
rare vs. KSR (rare) 5.824 0.017 0.112 0.738
rare vs. LTMRS (rare) 0.812 0.369 0.001 0.976

F-statistics (F) and associated P values for these contrasts are presented. Contrasts were only performed in
living soil. In the description of the contrast, we first indicate the populations being compared, followed by
the soil origin in which that comparison was made in parentheses. Statistically significant F-statistics are
indicated in bold

(Table 4). The extent of colonization by AM fungi differed significantly between local and
foreign plants in two cases. KSR plants were less colonized by AM fungi than rare plants
in KSR soil (Fig. 2a; Table 5) and rare plants were less colonized by AM fungi than KSR
plants in rare soil (Fig. 2a; Table 5). Colonization by septate hyphae did not differ among
populations in any soil origin (Fig. 2b; Table 4 and 5).

After accounting for differences in biomass among soil origins, plant biomass
was negatively correlated with the extent of colonization by AM fungi (r = —0.133,
P = 0.047) in the living soil, but not with the extent of colonization by septate hyphae
(r = —0.060, P = 0.459).

Discussion
Biotic soil factors such as fungi, herbivores and bacteria influence resource uptake and

fitness in plants (e.g., Newsham et al. 1994; Maron 1998; Wolfe et al. 2005), but their role
as potential causes of adaptation is poorly understood. By growing three populations
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reciprocally in their soils in a greenhouse, we found that plants were locally adapted to
their home soil environment. Specifically, we found that local plants produced more
biomass than at least one of the two populations of foreign plants in all three soil origins in
the living soil (Fig. 2b; Table 3). This pattern was best exemplified by the reciprocal
home-site advantage for KSR and rare plants, each of which produced more biomass in
their home soil than the foreign population (Fig. 2b; Table 3). By contrast, we did not find
evidence of local adaptation when the same populations were grown in sterilized soil, as
local plants never produced more biomass than either population of foreign plants in this
soil condition (Fig. 2a; Table 3). Our results therefore suggest that biotic factors are an
important cause of plant adaptation to soil, and can be stronger promoters of local adap-
tation than differences in nutrient availability.

Differences in fungal communities among soil origins may have been one cause of local
adaptation in the living soil. For example, rare and KSR plants, which each produced more
biomass in their home soil than the foreign population (Fig. 1b; Table 3), originate from
habitats with markedly different AM fungal communities. In particular, total AM fungal
colonization was 45% higher in rare soil than KSR soil (Fig. 2a), suggesting that AM fungi
are less abundant in KSR soil. In addition to differing in abundance, our results suggest that
there was selection for reduced interactions between AM fungal communities and their
associated B. inermis populations. KSR and rare plants each incurred less AM-coloniza-
tion in their home soil than the foreign population (Fig. 2a; Table 5). Also, we found that
biomass was negatively correlated with AM-colonization across populations and soil
origins (r = —0.133, P = 0.047). If colonization intensity is indicative of fungal carbon
demands (Gange and Ayres 1999), then our results indicate that these demands exceed the
benefits provided by the fungus to B. inermis plants. This hypothesis is consistent with
previous studies of interactions between AM fungi and B. inermis, which found that
mycorrhizal inoculation reduced plant growth relative to a non-AM control (Bildusas et al.
1986). Our results could also suggest that the soils used for this study contain a greater
proportion of parasitic than mutualistic AM fungal species for B. inermis (Klironomos
2003). As a result, invading B. inermis populations may adapt to novel soils by reducing
their susceptibility to AM fungal colonization and its associated carbon demands.

The hypothesis that B. inermis evolves weaker interactions with AM fungi during
invasion is consistent with previous observations that many invasive species are
either non-mycorrhizal or facultatively mycorrhizal (Pringle et al. 2009), suggesting that
independence from AM fungi facilitates their range expansion (Pringle et al. 2009).
Though we did not measure the degree to which B. inermis populations respond to AM
fungi at our study sites, the evolution of reduced mycorrhizal dependence was observed in
introduced versus native populations of Hypericum perforatum, another European species
that has become naturalized in North America (Seifert et al. 2009). This reduction in
mycorrhizal responsiveness could continue with the evolution of an invasive species as it
expands its range. If reduced AM fungal colonization in local populations of B. inermis
results in reduced responsiveness to AM fungi, we predict that local plants grown with
their own AM fungi will show weaker growth responses than foreign plants grown with the
same fungi.

Unlike rare and KSR plants, local adaptation in the LTMRS population could have been
caused by evolution in response to non-AM fungi. For instance, LTMRS plants may have
produced more biomass than rare plants in their home soil (Fig. 1b; Table 3) because of
adaptation to the extent of colonization by septate fungi. Septate hyphal colonization was
72% higher in LTMRS soil than rare soil (Fig. 2b). If the carbon demands imposed by
septate fungi mirror those of AM fungi, then LTMRS plants may have evolved greater
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resistance to colonization by septate fungi than rare plants. This evolutionary divergence is
analogous to the way contrasting patterns of herbivory cause different degrees of resistance
to evolve in plant populations (Schemske 1984; Rausher and Simms 1989). Because
colonization by septate hyphae did not differ significantly among populations, or reduce
plant biomass (r = —0.060, P = 0.459), our conclusion is somewhat circumstantial;
however, rare and LTMRS plants produced equal biomass in sterilized LTMRS soil
(Fig. 1a; Table 3), suggesting that at least one element of the soil biota was responsible for
the superior performance of local plants in living LTMRS soil.

Another element of the soil biota that could have driven the patterns of local adaptation
observed in living soil is pathogens. Soil pathogens can have large negative effects on plant
performance and could therefore exert strong selection pressures on their associated plant
populations. For example, in Prunus serotina, removal of soil pathogens increases seedling
survival by as much as 136% (Packer and Clay 2000; Reinhart et al. 2005). Accumulation
of soil pathogens over time can also limit species abundance in their home range, while
initial release from pathogens could account for the dominance of invasive species in novel
ranges (Klironomos 2002). If populations adapt to the pathogens in their home soil by
reducing their susceptibility to attack, then local plants should experience less of a
reduction in fitness than foreign plants when exposed to these pathogens.

Support for local adaptation was not universal in the living soil (i.e. local plants did not
produce significantly more biomass than foreign plants in every pairwise comparison);
however, the frequency of home site advantage was consistent with that observed in past
reciprocal transplant studies. A recent meta-analysis found that local plants have higher
fitness than foreign plants in 71% of pairwise comparisons (Leimu and Fischer 2008), and
another meta-analysis found that the mean fitness advantage of local populations in reci-
procal transplant studies is 45% (Hereford 2009). In the living soil, we found that local
plants produced more biomass than foreign plants in three of six comparisons (50%;
Table 3), and the magnitude of their fitness advantage was 27% (Fig. 1b). Nevertheless,
our results may suggest that these three populations are still evolving and have not yet
reached local fitness optima. This interpretation is consistent with the fairly recent intro-
duction of B. inermis to North America (Newell and Keim 1943). Alternatively, because
this species is widespread and wind-pollinated, gene flow from adjacent populations could
be preventing the evolution of strong local adaptation among populations.

A strength of our experiment relative to most local adaptation studies is that populations
were selected without a priori hypotheses of local adaptation. Many reciprocal transplants
are performed over steep elevational and resource gradients, or across distances greatly
exceeding the maximum dispersal of the study species (Hereford 2009). The goal of this
approach is to minimize gene flow and genetic drift, which can erode local adaptation
(Schluter 2000). In contrast, we selected three populations within a narrow range in
southern Ontario that display few phenotypic differences (Sherrard 2010). Although the
magnitude of local adaptation is positively correlated with environmental divergence
(Hereford 2009), we found that plants adapt to their home soil at finer spatial scales and
between sites lacking extensive resource variation. This evidence for adaptation to soil,
even in the face of possible gene flow, suggests that biotic factors are strong agents of
selection in plants.

While our results indicate that plants are adapted to their home soil, and suggest that
biotic factors influence the magnitude of this adaptation, we cannot identify whether biotic
factors cause these patterns independently or in combination with abiotic soil factors. For
example, plants may adapt to their home soil through the evolution of resistance to a
particular soil pathogen or herbivore. Alternatively, plants may adapt to the nutrient
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availability of their home soil by shifting their dependence on AM fungi to maximize
nutrient uptake relative to carbon loss (Schultz et al. 2001; Johnson et al. 2010). Another
way of isolating the role of biotic factors, and a potential avenue of future research, would
be to reciprocally transplant populations into soil with identical abiotic properties that has
been inoculated with the contrasting biota of the two populations.

Our results suggest that the ecological causes of plant adaptation could be misinter-
preted in reciprocal transplant studies that only consider the role of abiotic factors. In
particular, had we not isolated the effect of nutrient availability by sterilizing the soil, we
would have falsely concluded that nutrient levels were responsible for adaptation. How-
ever, if adaptation to a low nutrient soil was responsible for the higher biomass of LTMRS
plants than rare plants in LTMRS soil, then this effect would have also been observed in
sterilized soil. The absence of consistent responses between living and sterilized soils
indicates that biotic factors in the soil were the most likely agents of selection, and
differences in root colonization suggest that AM fungi were one contributing factor.
Adaptation to novel soil biota could be an important cause of rapid range expansion during
biological invasions. For instance, B. inermis was first observed in southern Ontario in the
early 1900s and is now found throughout the province (Otfinowski et al. 2007), suggesting
that the evolutionary responses we observed among study populations occurred in less than
100 years. Identifying the agents that cause adaptation is a major goal in evolutionary
ecology because it allows us to make long-term predictions of phenotypic responses to
environmental change (Endler 1986; Kawecki and Ebert 2004). Though many studies
focus exclusively on abiotic factors as causes of adaptation, we show that soil biotic factors
can be as important as abiotic factors for causing plant adaptation.
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