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Abstract Soil microbiota can modify a plant’s growth and chemistry, with consequences for plant population persistence. Therefore, an approach 
that considers the entire life cycle of a given plant species may be necessary for quantifying the net effect of soil microbiota on longer-lived 
plants. Here, we investigated the effects of soil microbiota on the fitness-related traits and population growth rate of the nitrogen-fixing legume 
Lupinus polyphyllus. Using seeds collected from native (North American) and invasive (Finnish) populations of the species, we conducted a 
greenhouse experiment in which we manipulated the soil microbiota by adding to plants either intact or autoclaved soil inoculum obtained from 
invasive populations. We grew the plants for two growing seasons and recorded six fitness-related traits (height early and later in life, survival, 
flowering probability, number of flowering shoots, inflorescence length), characterized floral volatiles, and estimated the asymptotic population 
growth rate (λ) using a demographic model. With the intact soil inoculum, flowering probability tended to be higher regardless of plant origin, 
while for early height, the effect of the inoculum treatment depended on plant origin. The other traits and floral volatile composition were not 
affected by soil inoculum treatment. At the population level, demographic models confirmed the positive effect of the intact soil inoculum, which 
yielded 130% and 30% greater λ for plants of invasive and native origins, respectively, than the autoclaved soil inoculum treatment. These re-
sults demonstrate that, at least under greenhouse conditions, soil microbiota contribute to plant population persistence and may affect species 
abundance. Moreover, our findings indicate that a demographic approach that considers the entire life cycle is needed to assess the net effect 
of soil microbiota on plant populations.
Keywords: demography; integral projection model; invasive species; plant-microbe interaction; population growth rate; population model; volatiles.

Introduction
Soil microbiota can play a pivotal role in plant performance, 
with potential consequences for the growth and persistence 
of plant populations (Dawson and Schrama, 2016). Beneficial 
soil microbes promote plant growth through nutrient acqui-
sition (e.g. nitrogen-fixing bacteria, mycorrhizal fungi) and 
can protect plants against pathogens and abiotic stress (re-
viewed in Hayat et al. 2010; Begum et al. 2019; Chauhan 
et al. 2023). A symbiotic partner in soil can result in con-
siderable benefits for plant growth, particularly in nutrient-
poor environments (Thrall et al. 2007, 2011; Hoeksema et al. 
2010). On the other hand, pathogenic soil microbes cause dis-
eases (Janvier et al. 2007) and negatively affect plant fitness 
(Jarosz and Davelos 1995; Mills and Bever 1998). The abun-
dance of such antagonistic microbes in the soil is expected to 
accumulate over time, limiting the growth of plant popula-
tions (Dostál et al. 2013; Flory and Clay 2013). The nature 
of soil microbes (antagonists vs. mutualists) can be particu-
larly important for invasive plant species because soil micro-
biota may contribute to their invasion success in new areas 
(Parker 2001; Simonsen et al. 2017; Harrison et al. 2018). In 
the introduced range, plants may encounter more or better 
(novel) mutualists as postulated by the enhanced mutualism 

hypothesis (Reinhart and Callaway 2006) or fewer antagon-
ists as suggested by the enemy release hypothesis (Keane and 
Crawley 2002), resulting in growth benefits and higher plant 
performance compared to the native range.

In addition to direct effects, soil microbes can indirectly in-
fluence plant performance by mediating interactions between 
plants and other species, such as herbivores and pollinators. 
Soil microbiota modify plant chemical signalling through 
changes in the volatile organic compounds (VOCs) emitted 
by plants (Sharifi et al. 2018; Escobar-Bravo et al. 2023), 
which are used to deter herbivores or attract pollinators, 
as well as for chemical communication among plants (e.g. 
Pichersky and Gershenzon 2002; Brosset and Blande 2022). 
Volatile production, in turn, is modulated by phytohormones 
that respond differentially to antagonistic and mutualistic 
soil microbes (Sharifi et al. 2018; Sarkar and Sadhukhan 
2023). For example, in the perennial Mentha piperita, in-
oculation with growth-promoting rhizobacteria enhanced 
the total VOC production of shoots three-fold (del Rosario 
Cappellari et al. 2017). In the annual Brassica rapa, plants 
grown under sterile conditions without microbes emitted dif-
ferent bouquets of floral VOCs than those inoculated with a 
natural floral microbiome (Helletsgruber et al. 2017). Because 
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floral volatile emissions have been found to mediate pollin-
ator choice (Dudareva et al. 2013; Byers et al. 2014; Schiestl 
2015), they also have the potential to contribute to plant re-
productive success.

The effects of soil microbes on plants are typically assessed 
by recording plant size or biomass in manipulative growth ex-
periments that last up to a few months (Brinkman et al. 2010; 
Kardol et al. 2013). For perennial species, the results from 
short-term studies focussed on individuals’ performance early 
in life cannot necessarily be extrapolated to performance later 
in life. The effects of soil microbiota on plants may vary across 
different phases of the life cycle (Kardol et al. 2013), and thus 
may only be evident in longer-term studies. As an example, 
for three perennial grassland herbs, the presence of soil biota 
resulted in greater plant biomass at the seedling stage, but re-
duced performance at the adult stage in terms of biomass and 
reproduction (Dudenhöffer et al. 2018). Soil microbiota may 
also affect seedling establishment and seedling survival (e.g. 
Aldorfová et al. 2020; Sun and He 2010; Duell et al. 2022). 
Therefore, an approach that considers the entire life cycle of 
a given plant species may be better suited for quantifying the 
net effect of soil microbiota on longer-lived plants. Moreover, 
at the population level, only fitness-related plant traits can be 
expected to have an impact (Dawson and Schrama 2016) and, 
consequently, contribute to plant species abundances.

One useful tool for estimating the net effect of soil micro-
biota on plant populations is a structured demographic 
model, because it translates the performance of individual 
plants to the population level through vital rates such as sur-
vival, growth, and fecundity. Vital rates are closely linked to 
an individual’s fitness in addition to being crucial components 
of the asymptotic population growth rate (λ) which describes 
the finite rate of increase of the population (Caswell 2001). 
Importantly, changes in vital rates and λ are not interchange-
able; considerable changes in the former may still have only 
a minor impact on λ (Ehrlén 2003; Kolb et al. 2010). The 
population-level impact of changes in vital rates depends on 
the sensitivity of λ to those vital rates (Caswell 2001; Ehrlén 
2003; Kolb et al. 2010). Although this type of demographic 
approach has been widely used to assess the effects of a suite 
of environmental factors or management actions on plant 
populations (reviewed in Crone et al. 2011; Ehrlén et al. 
2016), it has rarely been applied to studies of plant–soil mi-
crobe interactions (Ehrlén et al. 2016; but see Collins et al. 
2019; David et al. 2019; Dostál et al. 2022).

Here, we investigated the effects of soil microbiota on the 
performance of the nitrogen-fixing perennial legume Lupinus 
polyphyllus (Lindl.) at both the individual and population 
levels. This species can form a symbiosis with nitrogen-fixing 
bacteria, rhizobia, that are acquired from soil and that are 
hosted in root nodules (Eckstein et al. 2023). Using seeds col-
lected from native (North American) and invasive (Finnish) 
populations of the species, we conducted a greenhouse experi-
ment in which we manipulated the soil microbiota by adding 
to each potted plant a small amount of either intact or auto-
claved soil inoculum obtained from invasive populations. The 
use of soil microbiota from the introduced range enabled us 
to compare microbial effects on fitness-related traits and the 
population growth rate of plants in their native and intro-
duced ranges.

We examined the effects of the soil microbiota on six 
fitness-related plant traits (height early and later in life, 

survival, flowering probability, number of flowering shoots, 
inflorescence length) and floral volatiles. We quantified the 
net effect of soil microbiota on the asymptotic population 
growth rate (λ) based on a demographic model (an integral 
projection model [IPM]). We hypothesized that plants re-
ceiving the intact soil inoculum would exhibit improved per-
formance in terms of fitness-related traits and λ than those 
receiving the autoclaved soil inoculum in which microbial 
abundance had been reduced. In particular, we expected to 
observe higher performance in the intact soil inoculum treat-
ment for plants of invasive origin because of more/better soil 
mutualists (growth-promoting rhizobia) or fewer soil-borne 
pathogens in the introduced range (Reinhart and Callaway 
2006). Finally, we predicted that, as previously reported for 
the leaf volatiles of the study species (Kalske et al. 2022), the 
soil microbiota would modify the composition of floral volat-
iles, with the intact soil inoculum treatment resulting in more 
diverse volatile bouquets dominated by monoterpenes and 
sesquiterpenes (Dobson et al. 1996) than the autoclaved soil 
inoculum treatment.

Materials and methods
Study species
Lupinus polyphyllus (garden lupin, Fabaceae) is a short-
lived perennial herb, 50–100 cm high, that is native to 
western North America and invasive at least in eastern North 
America, Central and South America, Europe, Australia, and 
New Zealand (Eckstein et al. 2023). Individuals typically 
flower in their second year at the earliest by producing one 
or multiple racemes of 15–60 cm that contain a large number 
of cross-pollinated flowers (Eckstein et al. 2023). Floral vol-
atiles primarily consist of monoterpenes and sesquiterpenes 
(Dobson et al. 1996). In the study area, Finland, the species 
associates with rhizobia from the family Bradyrhizobiaceae 
(Ramula et al. 2023), which have also been shown to provide 
benefits to plants of native origin (Kalske et al. 2022).

Greenhouse experiment
Due to COVID (coronavirus disease)-related travel re-
strictions, we used seeds collected from five native North 
American (USA) and five invasive Finnish (FI) populations in 
July 2018, from 18 to 20 haphazardly chosen maternal plants 
in each population. Seeds were stored in paper bags at room 
temperature until the experiment. The native US populations 
are located further south compared to the FI populations 
(Supplementary Table S1), but the annual mean temperat-
ures and among-population distances are similar between the 
two ranges (USA 225 km, FI 238 km; Ramula and Kalske 
2020). For the inoculation treatment, we collected 10 L of 
soil from three sites in southwestern Finland in May 2021; 
all of these sites were different to those from which the seeds 
were collected (Supplementary Table S1). At each site, we col-
lected the soil from the rhizosphere of L. polyphyllus at a 
depth of 10 cm, with > 5 locations per site. For biosecurity 
reasons, only local soils were used in the experiment, which 
limits our comparisons to plants between native and intro-
duced ranges. These populations have existed since at least 
2010 and consist of thousands of individuals (Ramula 2014), 
with the mean cover of the invader being 55%–68% and 
grass species (Poaceae) being also abundant. We autoclaved 
half of the soil from each site twice at 120°C, 1 bar, for 
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20 min. This treatment considerably reduces the amount of 
viable microbes present, resulting in about 94% ± 3% (SD, 
standard deviation) lower microbial cover on tryptone-yeast 
agar plates after 10 days of incubation compared to intact soil 
(Ramula and Kalske 2023).

At the end of May 2021, we used four seeds from each of 
18–20 maternal plants per population for the greenhouse ex-
periment. We surface-sterilized the seeds in 0.5% commercial 
bleach (sodium hypochlorite) solution for 15 min and rinsed 
them three times with deionized water to remove epiphytic 
microbes. Due to asynchronous seed germination (Eckstein et 
al. 2023), we scarified the seeds by nicking the seed coat with 
a scalpel, sowed them on a sterilized paper towel (autoclaved 
at 120°C, 1 bar, 20 min) in an aluminium dish covered with 
plastic wrap, and kept them at room temperature and under 
natural light until germination. Five days after sowing, we 
planted seedlings in 1-L pots in a sterilized 1:1 mix of sand 
and potting medium (brand: Kekkilä kasvuturve, lightly fer-
tilized with NPK and autoclaved as above). To establish the 
soil microbial treatments, we added 0.5 dL of the intact or 
autoclaved soil inoculum from one of the three sites to the 
surface of the sterilized growth medium and mixed it lightly 
to a depth of 2 cm (10 seedlings from each population per 
soil inoculum source). Our inoculum was roughly equivalent 
to 5% of the total pot volume, which is sufficient to estab-
lish a representative soil microbial community (Howard et 
al. 2017), but unlikely to alter the nutrient content of the 
growing substrate (Brinkman et al. 2010). We placed the 
plants in a greenhouse with ambient light and temperature, 
and fitted the pots (spaced ca. 10 cm apart) with bottom 
watering trays and a drip watering system. There were 300 
plants in total (2 × ranges × 5 populations × 3 inoculum ori-
gins × 2 inoculum treatments × 5 blocks). To ensure an even 
distribution of treatments and populations in the greenhouse, 
we arranged the pots in five blocks with six plants from each 
population, one from each combination of inoculum origin 
by inoculum treatment.

From each plant we recorded height, number of leaves, and 
diameter at the base three weeks after potting (early in life) 
and twice thereafter at ca. 3-week intervals during the first 
growing season; none of the plants flowered in this period 
and this frequency was sufficient for demographic analysis. 
At the end of the first growing season (mid-August 2021), we 
destructively harvested 80 plants for a completely separate 
study, leaving 220 plants in the present study. The harvested 
plants were evenly distributed among populations, treatments, 
and blocks. The remaining 220 plants overwintered at + 4°C 
and resumed growing in March of the second year (2022). At 
the end of May 2022, when the plants were fully grown, we 
measured their height and diameter at the base, and recorded 
the number of flowering shoots before terminating the experi-
ment. In all analyses, we chose to use plant height as a proxy 
for size.

VOC measurements
To determine the effects of soil microbiota and plant origin 
on floral scent, we sampled floral VOCs from 30 plants (rep-
resenting both origins and soil treatments) that flowered in 
May 2022 using dynamic headspace sampling. We collected 
samples between the hours of 9:00–12:00 on seven days over 
the course of three weeks, always sampling the individuals 
that were in full bloom. We sampled 2–9 individuals per day 

from both inoculation treatments to ensure that the timing 
of sampling did not bias our results. Samples were collected 
in the greenhouse under ambient light conditions and within 
a temperature range of 17.4–20.1°C. Each inflorescence was 
enclosed in a plastic oven bag (polyethylene terephthalate; 
25 × 38 cm; Look® uunipussi Eskimo oy) that was tightly 
wrapped around its base. Activated charcoal–filtered air was 
then introduced to the bags, first at a rate of ca. 700 ml/min 
for 10 min to flush the bags, then at a rate of 225 ml/min for 
sample collection (pump Thomas 12v). We trapped VOCs by 
pulling the headspace through stainless steel tubes filled with 
200 mg Tenax TA 60/80 adsorbent (Markes International 
Ltd) for 1 h at a flow rate of 200 ml/min with a vacuum 
pump (KNF). We calibrated airflows with a flowmeter every 
morning before trapping started (mini-Buck Calibrator, Buck) 
and collected one ambient control sample (an empty head-
space bag) to identify potential contaminants. After the VOC 
sampling, we measured the length of the sampled inflores-
cence and counted the number of flowers.

VOC samples were stored at 4°C until analysis by gas chro-
matography–mass spectrometry. The trapped compounds 
were desorbed at 250°C for 10 min with a thermal desorption 
unit (TD-100; Markes International Ltd), and cryofocused 
at − 10°C in splitless (12 samples) or split mode (18 samples) 
onto an HP-5 capillary column (60 m, 250 μm × 0.25 μm; 
Agilent). The change from splitless to split mode was done 
due to an unexpectedly heavy loading of the samples. The 
oven temperature started at 40°C and was held for 4 min be-
fore ramping by 5°C min−1 to 210°C, further ramping was 
done at a rate of 20°C min−1 to a final temperature of 280°C, 
which was then held for 6.5 min. The carrier gas was helium 
with a constant flow. The transfer line temperature to the 
MSD was 300°C, the ionization energy was 70 eV and the 
full scan range of 35–430 m/z was used.

Sample spectra were analysed using ChemStation software. 
We identified compounds by comparing their mass spectra 
with those of pure standards (Sigma-Aldrich, Germany) and/or 
compounds in the NIST library (version 20). For compounds 
without standards, we compared their relative retention times 
to published Kovats retention indices to verify compound 
identity (Skaltsa et al. 2003; Adams 2017). We excluded com-
pounds that were present in blank samples or were other-
wise suspected to be contaminants, compounds for which we 
could not achieve reliable identification, and compounds that 
have not been previously reported in floral volatiles (El-Sayed 
2024). Because we ran 18 of our 30 samples in split mode, 
we could not reliably compare peak areas across all samples 
and therefore only quantified presence-absence for each com-
pound. We identified 21 monoterpenes and monoterpenoids, 
23 sesquiterpenes, 9 phenylpropanoids-benzenoids, and 2 
other compounds (55 compounds altogether; Supplementary 
Table S2). Two of our samples were too overloaded to allow 
even qualitative data extraction and were therefore removed, 
leaving us with 28 samples (intact n = 17, autoclaved n = 11, 
representing plants of both origins).

Statistical analysis
We examined the effects of soil microbiota and plant origin 
on individuals’ height early in life in year t (June 2021) and 
on five other fitness-related traits (height later in life [log-
transformed], survival, flowering probability, number of 
flowering shoots, inflorescence length [log-transformed]) in 
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year t + 1 (May 2022) with linear mixed models (LMM) and 
generalized linear mixed models (GLMM) in R software (R 
Core Team 2023). We used an LMM for height, number of 
flowering shoots, and inflorescence length (lme4::lmer) and 
a GLMM with a binomial distribution and logit link for sur-
vival and flowering probabilities (lme4::glmer). All models 
contained soil inoculum treatment (intact, autoclaved), 
seed origin (native USA, introduced FI), their interaction, 
and soil inoculum source (three sites) as fixed explanatory 
variables. No other interactions were considered because 
they were not of our interest. Population and block (phys-
ical grouping of the plant in the greenhouse) were used as 
random factors.

For the LMMs, we verified model assumptions visually 
from residual plots and transformed the response variable 
when necessary to improve the normality of the residuals 
(see above for details). For the GLMMs, we explored the re-
sidual plots for potential overdispersion using the DHARMa 
package (Hartig 2018) and found none (dispersion factor: 
0.42–1.02). We evaluated the significance of the fixed vari-
ables with an F test based on the Kenward–Roger method 
for the LMMs (lmerTest::anova; Kuznetsova et al. 2017) and 
with a Wald chi-square test for the GLMMs (car::Anova; 
Fox and Weisberg 2019). We also assessed model fit based 
on Nakagawa’s R2, which is suited for mixed models 
(performance::r2_nakagawa; Lüdecke et al. 2021).

We tested for differences in the number of flowers on the 
inflorescences that were sampled for VOCs between plants 
treated with intact or autoclaved inoculum using a paired 
t-test (stats::t.test). As the autoclaved and intact treatments 
did not differ in inflorescence length or the number of flowers 
per sampled inflorescence (see Results), we examined the ef-
fect of the inoculum treatment on the composition of floral 
VOC emissions with a non-metric multidimensional scaling 
analysis using all 55 detected compounds (vegan::metaMDS; 
Oksanen et al. 2022). We used a Bray–Curtis dissimilarity 
matrix for binary data (vegan::vegdist) and two dimensions 
for the ordination (stress = 0.125). We then tested whether 
soil inoculum treatment affected floral VOC composition 
using the same dissimilarity matrix and permutational ana-
lysis of variance (9999 permutations; vegan::adonis). We did 
not analyse the effect of plant origin on floral VOC emissions 
because inflorescences were different in size between the two 
plant origins (see Results) and we were not able to account 
for the difference with the binary VOC data.

Demographic model
To quantify the net effect of the soil microbiota on the asymp-
totic population growth rate (λ), we used an integral projec-
tion model. Specifically, we implemented a deterministic IPM 
that describes vital rates (i.e. survival, growth, fecundity) at 
year t + 1 as a continuous function of an individual’s size in 
the previous year (t), resulting in a discretized matrix (Merow 
et al. 2014). We used log-transformed plant height from July 
2021 as a continuous size variable. To compare the net ef-
fect of soil microbiota on λ between plants from the native 
and introduced ranges, we constructed an IPM separately for 
the FI and US plants in the two soil inoculum treatments (in-
tact, autoclaved; Supplementary Appendix S1). We adopted 
the IPM that has been previously used for the study species 
(Ramula 2020), which describes population dynamics based 
on the following two equations:

S (t + 1) = ssb (1− e) S (t) +

Û

L

p (x) f1 (x) seed (x) (1− e) n (x, t)dx

(1)

n(y, t + 1) = esbfd(y)S(t) +

Û

L

[s(x)g(y, x)

+ p(x)f1(x)seed(x) efd(y)]n(x, t)dx (2)

The first equation describes the total number of seeds in 
the seed bank at year t + 1. Seeds come from two sources: 
seeds that survive in the seed bank from the previous year (ssb) 
and do not establish (e, the first portion of the equation), and 
new seeds that enter the seed bank as a result of reproduction 
(the second portion of the equation), in which p(x) denotes 
the flowering probability of individuals of size x, f1(x) is the 
number of flowering shoots produced of individuals of size x, 
and seed is the average number of seeds per flowering shoot. 
The second equation describes the number of plants and their 
sizes (y) present in the population at year t + 1. These individ-
uals come from two sources: establishment through germin-
ation from the seed bank, esb (the first portion of eq. 2), and 
direct establishment from seeds that never enter the seed bank 
(the second portion of eq. 2). In Eq. 2, fd(y) is the probability 
distribution of plant size early in life, s(x) is survival of indi-
viduals of size x, and g(y, x) is growth of individuals of size 
x. As the models were constructed based on the greenhouse 
experiment, in which the flowering plants did not produce 
seeds due to pollen limitation, we completed the life cycle by 
estimating seed production from field populations in July–
August 2022. In each field population, we haphazardly chose 
15 plants and counted the number of pods per inflorescence, 
as well as the number of seeds per pod from three pods per 
plant. We then averaged these population-specific estimates 
per region (Table 2), and multiplied them by the number of 
flowering shoots of a given plant in the greenhouse to esti-
mate total seed production. The greenhouse data also lack 
information on seed survival in the seed bank and seedling 
establishment; we therefore used constant estimates for these 
parameters across soil inoculum treatments and seed origins 
based on previously published data from FI populations as 
following. Plant establishment (e and esb) was set to 0.122, 
as in Ramula (2020), and seed survival in the seed bank (ss) 
was set equal to the seed viability of 0.977 estimated from 
20 invasive populations based on a tetrazolium test (Ramula 
2016).

We estimated treatment-specific plant traits (when pos-
sible) for the IPMs as a function of plant size from the pre-
vious year (July 2021) separately for the plants of invasive 
and native origins using LMMs and GLMMs with population 
and block as random effects. LMM was used to model plant 
growth and the number of flowering shoots for year t + 1 (late 
May 2022) in relation to plant size (height) from year t (July 
2021). Survival and flowering probabilities at year t + 1 were 
modelled in relation to plant size from year t with a bino-
mial logit-link GLMM. Due to high plant survival (97.7%) 
and low flowering probability (Fig. 1d), we estimated survival 
and the number of flowering shoots from the pooled data 
(across the two soil inoculum treatments and two plant ori-
gins), and used constant estimates for the IPMs (see Table 2). 
In all these models, plant size was log-transformed and only 
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linear relationships between plant size and the vital rates were 
allowed to avoid potential spurious nonlinear relationships 
that may arise due to the small size of the dataset. Previous 
work on the study of species has shown that these relation-
ships tend to be linear (Ramula 2014).

Each IPM was discretized into a 50 × 50 matrix, in which 
the first class consisted of the persistent seed bank. The lower 
size limit in the model (L) was defined as 0.9 × the minimum 
observed plant size during the greenhouse study, and the 
upper size limit (U) was defined as 1.1 × the maximum 

observed plant size during the study. We explored potential 
eviction in the models (Williams et al. 2012), but found none. 
The asymptotic population growth rate (λ) was calculated 
as the leading positive eigenvalue of the discretized matrix 
(popbio::lambda; Stubben and Milligan 2007), and the 95th 
percentile confidence intervals of λ were calculated based on 
1000 bootstrap replicates (Caswell 2001). The IPMs used 
here thus describe plant population dynamics in the green-
house for the time interval of about 1 year (from July 2021 
to late May 2022).

Figure 1. Effects of two soil inoculum treatments (intact, autoclaved) on fitness-related traits of individuals of the perennial herb Lupinus polyphyllus 
of different origins (invasive FI, native USA) grown in a greenhouse (back-transformed marginal mean ± SE with individual raw data points). Significant 
differences are indicated by different letters (P < .05, Tukey’s test or mixed model). Note that SEs are not visible for all traits because of their small size 
or a lack of variation in the data (for survival), and that raw data points are not shown for survival and flowering probabilities because of their original 
binomial scale.
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Sensitivity analysis
To assess the robustness of model predictions, we conducted 
sensitivity analysis separately for plants of native and invasive 
origins based on the two soil inoculum treatments. We exam-
ined the sensitivity of λ to proportional changes in the model 
parameters by manually reducing each model parameter one 
at a time by 1% of its observed value (intercept and slope sep-
arately, Table 2) and quantifying the difference in λ.

Results
Fitness-related plant traits
Plant height early in life depended on the interaction be-
tween the soil inoculum treatment and plant origin (Table 1). 
Although the invasive FI plants were generally taller than the 
native US plants, the intact soil inoculum treatment increased 
the size of the former by 13.6% compared to the autoclaved 
inoculum treatment. Instead, soil treatment had no effect on 
plants of native origin (Fig. 1a). Moreover, plant height early 
in life depended on soil inoculum source (Table 1), with in-
oculum collected from site 3 being particularly beneficial 
(Supplementary Table S3). Plant height and survival at the 
end of the experiment (May 2022) did not differ between soil 
inoculum treatments, plant origins, or soil inoculum sources 
(Table 1; Fig. 1b and c). Flowering probability did not differ 
between plant origins, but tended to be higher for the plants 
grown with the intact soil inoculum than for those grown 
with the autoclaved soil inoculum irrespective of plant origin 
(a result that did not, however, quite meet the threshold of 
statistical significance; Table 1; Fig. 1d). Number of flowering 
shoots and inflorescence length were not affected by soil in-
oculum treatment or soil inoculum source, but differed be-
tween plant origins (Table 2), with the invasive FI plants 
producing 31.5% fewer flowering shoots and 58% longer in-
florescences than the native US plants (Fig. 1e and f).

Population growth rates and sensitivity analysis
All population growth rates (λ) estimated were high (range: 
1.83–4.21), meaning that the populations were predicted to 
roughly double or increase their size fourfold during the study 
period. This growth rate was affected by the soil inoculum 
treatment, with the intact soil inoculum resulting in higher 
λ than the autoclaved soil inoculum for plants of both ori-
gins (Fig. 2). However, the positive effect of the intact soil 
inoculum on λ was more pronounced for plants of invasive 
origin than for those of native origin (130% vs. 30% increase 
in λ, respectively; Fig. 2).

Sensitivity analysis revealed that the population growth 
rates of FI and US plants in both soil inoculum treatments 
were most sensitive to proportional changes in flowering 
probability and the number of flowering shoots, while pro-
portional changes in survival had a minor effect (Fig. 3). 
Moreover, the population growth rates of the FI plants in 
both soil inoculum treatments and US plants treated with 
the autoclaved soil inoculum were sensitive to proportional 
changes in plant size early in life (Fig. 3).

Floral volatiles
The inflorescences sampled for floral VOCs did not differ 
in terms of the number of flowers between the two soil in-
oculum treatments (t = 0.81, df = 26, P = .426, mean ± SE 
(standard error) = 68.9 ± SE 5.8 for intact and 62.1 ± SE Ta
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7Soil microbiota enhance the population growth rate of a legume

5.4 for autoclaved). Moreover, soil inoculum treatment did 
not appear to affect the composition of floral VOC emis-
sions (pseudo-F = 1.80, P = .341, Supplementary Fig. S1). 
Compounds that were present in most samples included the 
monoterpenes: myrcene, limonene, β-ocimene, linalool and 
the sesquiterpenes: (E)-caryophyllene and (Z)-β-farnesene 
(Supplementary Table S3).

Discussion
Of the six fitness-related traits we measured on the herb-
aceous legume Lupinus polyphyllus grown under greenhouse 
conditions, soil microbiota affected only height early in life, 
with plants of invasive FI origin benefitting from the intact 
soil inoculum treatment more than plants of native US origin. 
Moreover, plants grown with the intact soil inoculum tended 
to have a higher flowering probability than those grown with 
the autoclaved soil inoculum in which microbial abundance 
was reduced, but this trend was not statistically significant. 
The asymptotic population growth rates (λ) were greater for 
plants treated with the intact soil inoculum compared to the 
autoclaved soil inoculum, confirming the positive net effect of 
soil microbiota on L. polyphyllus at the population level. As 
predicted, the positive net effect of the intact soil inoculum 
treatment on λ was greater for plants of invasive origin 
(130%) than for plants of native origin (30%). However, 
contrary to our expectations, we detected no effect of soil in-
oculum on floral VOC composition.

At the individual level, plants of invasive FI origin appeared 
to benefit from the intact soil inoculum more than plants of 
native US origin in terms of height early in life (13.6% vs. 
no increase in height, respectively). Nevertheless, most plant 
traits (height later in life, survival, number of flowering shoots, 
inflorescence length), were unaffected by soil microbiota. 
These results are quite opposite to our previous findings in 
the same study system, in which we observed, under green-
house conditions, greater benefits of soil microbiota to plants 
of native origin in terms of biomass and number of leaves 
(Kalske et al. 2022). In the present study, the greater benefit of 
soil microbiota to invasive FI plants early in life is, however, 
in line with the enhanced mutualism hypothesis (Reinhart 
and Callaway 2006), suggesting that plants in the introduced 
range benefit from local mutualistic partners. Alternatively, 
the release from soil-borne pathogens (Keane and Crawley 
2002) could explain the observed difference. The greater 
benefit of soil microbiota to invasive FI plants could also 
be due to local adaptation, because all soil microbiota were 
obtained from invasive populations and were putatively novel 
to the native US plants. Regardless of the exact mechanism 
for the differences in fitness-related traits between plants of 
different origins, our results suggest that the positive effects 
of soil microbiota from the introduced range outweighed the 
potential negative effects of pathogens on the study species. 
These positive effects were probably due to mutualistic part-
ners in the invaded soils, presumably nitrogen-fixing bacteria 
belonging to the family Bradyrhizobiaceae (Ramula et al. 
2023). A similar positive effect of soil microbiota has also 
been reported for FI plants of L. polyphyllus that were grown 
in non-native soil in the USA (Sirivat et al. 2023).

The negligible effects of soil microbiota on fitness-related 
traits at the adult stage observed here might be due to the 
low amount of soil inoculum used in the experiment (about 
5% of the total pot volume). In the inoculation-based study Ta
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approach, soil microbial abundance is diluted compared to 
that in natural conditions to avoid creating changes in soil nu-
trient content (Brinkman et al. 2010). In our case, though, the 
explanation of low microbial abundance seems unlikely be-
cause the density of the soil microbiota usually increases over 
time and we quantified most of the plant traits at the end of 
the experiment, nearly a year after inoculation. Furthermore, 
the fact that we did detect a significant soil inoculum effect 
2 months after inoculation (on early plant size) confirms that 
the effects of soil microbes on plant traits were already meas-
urable early in life when microbial densities were presumably 
lower. Alternatively, the negligible effects of the soil micro-
biota on plant traits at the adult stage could be due to greater-
than-expected similarities between the two soil inoculum 
treatments, potentially as a result of cross-contamination  
during our 12-month greenhouse experiment. To evaluate this 
hypothesis, we conducted molecular analyses on soil samples 
collected from the pots four months after applying the inocula 
(September 2021) and observed a clear difference (clustering 
patterns in an ordination) between the bacterial communi-
ties in the intact and autoclaved inoculum treatments (Kalske 
A. et al. unpublished data). Unfortunately, it is not known 
whether this difference in the soil bacterial communities 

Figure 2. Asymptotic population growth rates (λ) estimated from two soil 
inoculum treatments for the perennial herb Lupinus polyphyllus grown in 
a greenhouse from seeds obtained from two different origins (invasive 
FI, native USA). Bars show 95th percentile confidence intervals based on 
1000 bootstrap replicates.

Figure 3. Sensitivity of asymptotic population growth rates (λ) to relative changes in the model parameters for the perennial herb Lupinus 
polyphyllus grown in two soil inoculum treatments. Plants originated from a) invasive FI and b) native US populations. Sensitivities were calculated 
as the proportional difference compared to the observed λ and are shown as absolute values. Abbreviations: s = survival, p = flowering probability, 
g = growth, f1 = number of flowering shoots, seed = seeds per flowering shoot, e = direct plant establishment, s.sb = survival in the seedbank, 
e.sb = establishment from the seedbank (see Table 2).
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persisted until the end of the experiment and which bacterial 
families or genera interacted with the plants.

Although the demographic models confirmed the positive 
net effect of soil microbiota on λ, they also suggested a much 
greater positive impact of soil microbes on plants of invasive 
origin than on plants of native origin (i.e. a different outcome 
from that based on most fitness-related traits). Such a mis-
match between analyses based on demographic models and 
those based on individual fitness traits has been reported pre-
viously for perennial herbs (Ehrlén 2003; Kolb et al. 2010; 
Ramula 2014), and is primarily due to the fact that λ is differ-
entially sensitive to different individual fitness-related traits 
(Ehrlén 2003). In the present study, λ tended to be most sensi-
tive to changes in flowering probability, number of flowering 
shoots, and size early in life, with only the last trait being dif-
ferentially affected by soil inoculum treatment between plant 
origins. Such high sensitivity of λ to fecundity is typical for 
rapidly growing plant populations (Sillvertown et al. 1993; de 
Kroon et al. 2000; Ramula et al. 2008; Ramula 2017).

Our λ estimates come with some caveats. First, we assumed 
constant seed survival in the seed bank and constant plant 
establishment across the two soil inoculum treatments and 
both plant origins, which may have led to underestimates of 
the effect of soil microbiota on λ. Plant establishment here 
includes seed germination and early survival, which can be 
critical components in a plant’s life cycle (e.g. Picó et al. 
2003; Villellas et al. 2013). For legumes that associate with 
mutualistic rhizobia, like our study species, a lack of suitable 
partners can retard population establishment (Simonsen et 
al. 2017; Harrison et al. 2018), with seedling establishment 
being the fundamental step in the invasion process. As all soil 
microbiota came from invasive populations and were thus 
putatively novel for the plants of native origin, it is possible 
that our intact soil inoculum treatment differentially affected 
plant establishment depending on plant origin (e.g. poorer es-
tablishment for plants of native origin). However, sensitivity 
analysis conducted for the demographic models based on the 
FI and US plants grown with the two soil inocula revealed 
that their population growth rates were not particularly sen-
sitive to changes in seed survival in the seed bank or plant 
establishment (Fig. 3), suggesting that our results are robust 
in this regard. Second, high λ estimates observed under green-
house conditions without competitors may not be directly 
translatable into the field, where both intraspecific and inter-
specific competitors may limit population growth. Despite 
these caveats, we detected a positive effect of soil microbiota 
on λ under greenhouse conditions, which is probably due to 
the fact that our study species is known to associate with mu-
tualistic rhizobia. This result is in line with previous findings 
from other plant species of the sometimes considerable effects 
of soil microbiota on plant populations. For example, for the 
endangered herb Hypericum cumulicola, soil microbes were 
reported to increase λ in low-nutrient environments in a green-
house (David et al. 2019), and for two annual prairie herbs, 
arbuscular mycorrhizal fungi increased plant survival and re-
production in a common garden (Reynolds et al. 2020). These 
findings collectively indicate that soil microbiota should be 
explicitly considered as a potential mechanism contributing 
to plant species abundance and invasion success.

Here, soil microbiota had no effect on the identity of 55 
floral volatiles detected in the plants grown in the intact and 
autoclaved soil inoculum treatments, but volatiles that are 

typical to bumblebee-pollinated flowers (myrcene, limonene, 
β-ocimene; Schiestl 2015) were present in nearly all samples. 
Moreover, the sesquiterpene (E)-β-caryophyllene, which pro-
tects against bacterial pathogens (Huang et al. 2012), oc-
curred in all samples. This result stands in contrast to our 
previous findings on the leaf volatiles of this study species, 
which were observed to be affected by soil microbes (Kalske 
et al. 2022). The negligible effect of the soil microbiota on 
floral VOCs in the present study could be due to the fact that 
we used qualitative (presence-absence) rather than quantita-
tive data on chemical compounds. Therefore, we cannot rule 
out the possibility that the soil microbiota might have affected 
the emission rates of the compounds observed in both treat-
ments. It is also possible that floral VOCs might be primarily 
modified by floral microbiota rather than soil microbiota. For 
example, in the annual herb Brassica rapa, the inoculation 
of buds and leaves with floral bacteria affected floral scent, 
resulting in distinct VOC profiles between inoculated and 
uninoculated plants (Helletsgruber et al. 2017).

Overall, we demonstrate here that, for L. polyphyllus 
grown under greenhouse conditions without competitors, 
soil microbiota contributed to plant population persistence. 
Importantly, our findings indicate that the net effect of soil 
microbiota on plant population growth rates may not be evi-
dent from individual fitness-related traits; instead, a demo-
graphic approach is needed that considers the entire life cycle. 
We believe that the combination of manipulative experiments 
of soil microbiota with demographic modelling provides a 
valuable tool for better understanding and quantifying the 
impact of the soil microbiome on plant populations. Such 
population-level assessments can be particularly useful for 
predictions of plant species abundances and distributions.

Supplementary data
Supplementary data is available at AoB Plants online.

Acknowledgements
We are grateful to the reviewers for their comments and to the 
staff of the Botanical Garden for helping with the experiment.

Data availability
The data underlying this article are available in its online sup-
plementary material and on Zenodo https://doi.org/10.5281/
zenodo.14673130.

Conflict of interest: None declared.

Funding
This work was supported by the Research Council of Finland 
(#331046 to SR) and Turku Collegium for Science, Medicine 
and Technology (to AK).

References
Adams RP. Identification of Essential Oil Components by Gas Chro-

matography/Mass Spectrometry, ed. 4.1. 809 pp. Carol Stream, IL, 
USA: Allured publishing, 2017.

Aldorfová A, Knobová P, Münbergová Z. Plant–soil feedback con-
tributes to predicting plant invasiveness of 68 alien plant species 
differing in invasive status. Oikos 2020;129:1257–70.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/17/4/plaf012/8079080 by TYKS-Kirurginen sairaala user on 19 August 2025

https://doi.org/10.5281/zenodo.14673130
https://doi.org/10.5281/zenodo.14673130


10 Ramula et al.

Begum N, Qin C, Ahanger MA et al. Role of arbuscular mycorrhizal 
fungi in plant growth regulation: implications in abiotic stress tol-
erance. Front Plant Sci 2019;10:Article1068.

Brinkman E, Van der Putten WH, Bakker E-J et al. Plant–soil feedback: 
experimental approaches, statistical analyses and ecological inter-
pretations. J Ecol 2010;98:1063–73.

Brosset A, Blande JD. Volatile-mediated plant-plant interactions: VOCs 
as modulators of receiver plant defence, growth and reproduction. 
J Exp Bot 2022;73:511–28. https://doi.org/10.1093/jxb/erab487

Byers KJRP, Bradshaw HD Jr, Riffell JA. Three floral volatiles contribute 
to differential pollinator attraction in monkeyflowers (Mimulus). J 
Exp Biol 2014;217:614–23. https://doi.org/10.1242/jeb.092213

Caswell H. Matrix Population Models: Construction, Analysis and In-
terpretation, 2nd edn. Sunderland, MA: Sinauer Associates, 2001.

Chauhan P, Sharma N, Tapwal A et al. Soil microbiome: diversity, bene-
fits and interactions with plants. Sustainability 2023;15:14643. 
https://doi.org/10.3390/su151914643

Collins CG, Bohner TF, Diez JM. Plant-soil feedbacks and facilitation 
influence the demography of herbaceous alpine species in response 
to woody plant range expansion. Front Ecol Evol 2019;7:Art-
icle417.

Crone EE, Menges ES, Ellis MM et al. How do plant ecologists use 
matrix population models? Ecol Lett 2011;14:1–8. https://doi.
org/10.1111/j.1461-0248.2010.01540.x

David AS, Quintana-Ascencio P, Menges ES et al. Soil microbiomes 
underlie population persistence of an endangered plant species. Am 
Nat 2019;194:488–94.

Dawson W, Schrama M. Identifying the role of soil microbes in plant 
invasions. J Ecol 2016;104:1211–8. https://doi.org/10.1111/1365-
2745.12619

de Kroon H, van Groenendael J, Ehrlén J. Elasticities: a review of 
methods and limitations. Ecology 2000;81:607–18. https://doi.
org/10.2307/177363

del Rosario Cappellari L, Chiappero J, Santoro MV et al. Inducing 
phenolic production and volatile organic compounds emission 
by inoculating Mentha piperita with plant growth-promoting 
rhizobacteria. Sci Horticult 2017;220:193–8.

Dobson HEM, Groth I, Bergström G. Pollen advertisement: chem-
ical contrasts between whole-flower and pollen odors. Am J Bot 
1996;83:877–85.

Dostál P, Mullerová J, Pysek P et al. The impact of an invasive plant 
changes over time. Ecol Lett 2013;16:1277–84. https://doi.
org/10.1111/ele.12166

Dostálek T, Knappová J, Münzbergová Z. The role of plant–soil feed-
back in long-term species coexistence cannot be predicted from its 
effects on plant performance. Ann. Bot. 2022;130:535–46. https://
doi.org/10.1093/aob/mcac080

Dudareva N, Klempien A, Muhlemann JK et al. Biosynthesis, func-
tion and metabolic engineering of plant volatile organic com-
pounds. New Phytol 2013;198:16–32. https://doi.org/10.1111/
nph.12145

Dudenhöffer J-H, Ebeling A, Klein A-M et al. Beyond biomass: Soil 
feedbacks are transient over plant life stages and alter fitness. J Ecol 
2018;106:230–41. https://doi.org/10.1111/1365-2745.12870

Duell EB, O’Hare A, Wilson GWT. Inoculation with native soil im-
proves seedling survival and reduces non-native reinvasion in a 
grassland restoration. Restor Ecol 2022;31:e13685.

Eckstein RL, Welk E, Klinger YP et al. Biological flora of Central 
Europe–Lupinus polyphyllus Lindl. Perspect Plant Ecol Evol Syst 
2023;58:125715.

Ehrlén J. Fitness components versus total demographic effects: 
evaluating herbivore impacts on a perennial herb. Am Nat 
2003;162:796–810. https://doi.org/10.1086/379350

Ehrlén J, Morris WF, von Euler T et al. Advancing environmentally ex-
plicit structured population models of plants. J Ecol 2016;104:292–
305. https://doi.org/10.1111/1365-2745.12523

El-Sayed AM. 2024. The Pherobase: Database of Pheromones and 
Semiochemicals. http://www.pherobase.com (24 April 2024, date 
last accessed).

Escobar-Bravo R, Lin P-A, Waterman JM et al. Dynamic environmental 
interactions shaped by vegetative plant volatiles. Nat Prod Rep 
2023;40:840–65. https://doi.org/10.1039/d2np00061j

Flory SL, Clay K. Pathogen accumulation and long-term dy-
namics of plant invasions. J Ecol 2013;101:607–13. https://doi.
org/10.1111/1365-2745.12078

Fox J, Weisberg S. An R Companion to Applied Regression, 3rd edn. 
Thousand Oaks CA: Sage, 2019.

Harrison TL, Simonsen AK, Stinchcombe JR et al. More partners, more 
ranges: generalist legumes spread more easily around the globe. Biol 
Lett 2018;14:20180616. https://doi.org/10.1098/rsbl.2018.0616

Hartig F. 2018. DHARMa: residual diagnostics for hierarchical (multi-
level/mixed) regression models. R package version 0.4.6. https://
cran.r-project.org/web/packages/DHARMa (1 April 2024, date last 
accessed).

Hayat R, Ali S, Amara U et al. Soil beneficial bacteria and their role in 
plant growth promotion: a review. Ann Microbiol 2010;60:579–
98. https://doi.org/10.1007/s13213-010-0117-1

Helletsgruber C, Dötterl S, Ruprecht U et al. Epiphytic bacteria alter 
floral scent emissions. J Chem Ecol 2017;43:1073–7. https://doi.
org/10.1007/s10886-017-0898-9

Hoeksema JD, Chaudhary VB, Gehring GA. A meta-analysis of 
context-dependency in plant response to inoculation with mycor-
rhizal fungi. Ecol Lett 2010;13:394–407.

Howard MM, Bell TH, Kao-Kniffin J. Soil microbiome transfer 
method affects microbiome composition, including dominant 
microorganisms, in a novel environment. FEMS Microbiol Lett 
2017;364:fnx092. https://doi.org/10.1093/femsle/fnx092

Huang M, Sanchez-Moreiras AM, Abel C et al. The major volatile 
organic compound emitted from Arabidopsis thaliana flowers, 
the sesquiterpene (E)-b-caryophyllene, is a defense against a bac-
terial pathogen. New Phytol 2012;193:997–1008. https://doi.
org/10.1111/j.1469-8137.2011.04001.x

Janvier C, Villeneuve F, Alabouvette C et al. Soil health through soil 
disease suppression: which strategy from descriptors to indica-
tors? Soil Biol Biochem 2007;39:1–23. https://doi.org/10.1016/j.
soilbio.2006.07.001

Jarosz AM, Davelos AL. Effects of disease in wild plant popula-
tions and the evolution of pathogen aggressiveness. New Phytol 
1995;129:371–87. https://doi.org/10.1111/j.1469-8137.1995.
tb04308.x

Kalske A, Blande JD, Ramula S. Soil microbiota explain differences 
in herbivore resistance between native and invasive popula-
tions of a perennial herb. J Ecol 2022;110:2649–60. https://doi.
org/10.1111/1365-2745.13975

Kardol P, De Deyen GB, Laliberte E et al. Biotic plant-soil feedbacks 
across temporal scales. J Ecol 2013;101:309–15.

Keane RM, Crawley MJ. Exotic plant invasions and the enemy release 
hypothesis. Trends Ecol Evol 2002;17:164–70.

Kolb A, Dahlgren JP, Ehrlén J. Population size affects vital rates 
but not population growth rate of a perennial plant. Ecology 
2010;91:3210–7. https://doi.org/10.1890/09-2207.1

Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest package: tests 
in linear -mixed effects models. J Stat Softw 2017;82:1–26.

Lüdecke D, Ben-Shachar MS, Patil I et al. Performance: an R package 
for assessment, comparison and testing of statistical models. J Open 
Source Softw 2021;6:3139. https://doi.org/10.21105/joss.03139

Merow C, Dahlgren JP, Metcalf CJE et al. Advancing population ecology 
with integral projection models: a practical guide. Methods Ecol 
Evol 2014;5:99–110. https://doi.org/10.1111/2041-210x.12146

Mills KE, Bever JD. Maintenance of biodiversity within plant com-
munities: soil pathogens as agents of negative feedbacks. Ecology 
1998;79:1595–1601. https://doi.org/10.2307/176779

Oksanen J, Simpson GL, Blanchet FG, et al. 2022. vegan: Commu-
nity Ecology Package. R Package Version 2.6-4, https://CRAN.R-
project.org/package=vegan (1 April 2024, date last accessed).

Parker MA. Mutualism as a constraint on invasion success for leg-
umes and rhizobia. Divers Distrib 2001;7:125–36. https://doi.
org/10.1046/j.1472-4642.2001.00103.x

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/17/4/plaf012/8079080 by TYKS-Kirurginen sairaala user on 19 August 2025

https://doi.org/10.1093/jxb/erab487
https://doi.org/10.1242/jeb.092213
https://doi.org/10.3390/su151914643
https://doi.org/10.1111/j.1461-0248.2010.01540.x
https://doi.org/10.1111/j.1461-0248.2010.01540.x
https://doi.org/10.1111/1365-2745.12619
https://doi.org/10.1111/1365-2745.12619
https://doi.org/10.2307/177363
https://doi.org/10.2307/177363
https://doi.org/10.1111/ele.12166
https://doi.org/10.1111/ele.12166
https://doi.org/10.1093/aob/mcac080
https://doi.org/10.1093/aob/mcac080
https://doi.org/10.1111/nph.12145
https://doi.org/10.1111/nph.12145
https://doi.org/10.1111/1365-2745.12870
https://doi.org/10.1086/379350
https://doi.org/10.1111/1365-2745.12523
http://www.pherobase.com
https://doi.org/10.1039/d2np00061j
https://doi.org/10.1111/1365-2745.12078
https://doi.org/10.1111/1365-2745.12078
https://doi.org/10.1098/rsbl.2018.0616
https://cran.r-project.org/web/packages/DHARMa
https://cran.r-project.org/web/packages/DHARMa
https://doi.org/10.1007/s13213-010-0117-1
https://doi.org/10.1007/s10886-017-0898-9
https://doi.org/10.1007/s10886-017-0898-9
https://doi.org/10.1093/femsle/fnx092
https://doi.org/10.1111/j.1469-8137.2011.04001.x
https://doi.org/10.1111/j.1469-8137.2011.04001.x
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1111/j.1469-8137.1995.tb04308.x
https://doi.org/10.1111/j.1469-8137.1995.tb04308.x
https://doi.org/10.1111/1365-2745.13975
https://doi.org/10.1111/1365-2745.13975
https://doi.org/10.1890/09-2207.1
https://doi.org/10.21105/joss.03139
https://doi.org/10.1111/2041-210x.12146
https://doi.org/10.2307/176779
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1046/j.1472-4642.2001.00103.x
https://doi.org/10.1046/j.1472-4642.2001.00103.x


11Soil microbiota enhance the population growth rate of a legume

Pichersky E, Gershenzon A. The formation and function of plant vol-
atiles: perfumes for pollinator attraction and defense. Curr Opin 
Plant Biol 2002;5:237–43.

Picó FX, Quintana-Ascencio PF, Menges ES et al. Recruitment rates ex-
hibit high elasticity and high temporal variation in populations of a 
short-lived perennial herb. Oikos 2003;103:69–74.

R Core Team. 2023. R: A Language and Environment for Statistical Com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
https://www.R-project.org/ (1 April 2024, date last accessed).

Ramula S. Linking vital rates to invasiveness of a perennial herb. 
Oecologia 2014;174:1255–64. https://doi.org/10.1007/s00442-
013-2869-3

Ramula S. No evidence for home-site advantage in the seedling estab-
lishment of the invasive Lupinus polyphyllus in Finland. Botany 
2016;94:573–7. https://doi.org/10.1139/cjb-2015-0259

Ramula S. The generality of management recommendations across 
populations of an invasive perennial herb. Biol Invasions 
2017;19:2623–32. https://doi.org/10.1007/s10530-017-1472-7

Ramula S. Annual mowing has the potential to reduce the invasion of 
herbaceous Lupinus polyphyllus. Biol Invasions 2020;22:3163–73. 
https://doi.org/10.1007/s10530-020-02316-3

Ramula S, Kalske A. Introduced plants of Lupinus polyphyllus are 
larger but flower less frequently than conspecifics from the na-
tive range: Results of the first year. Ecol Evol 2020;10:13742–51. 
https://doi.org/10.1002/ece3.6964

Ramula S, Kalske A. Growth of invasive Lupinus polyphyllus 
(Fabaceae) is not affected by site invasion history. Ann Bot Fennici 
2023;60:73–82. https://doi.org/10.5735/085.060.0112

Ramula S, Knight TM, Burns JH et al. General guidelines for inva-
sive plant management based on comparative demography of inva-
sive and native plant populations. J Appl Ecol 2008;45:1124–33. 
https://doi.org/10.1111/j.1365-2664.2008.01502.x

Ramula S, Mousavi SA, Kalske A. Rhizobial benefits to an herb-
aceous invader depend on context and symbiotic strain. Plant Soil 
2023;490:603–16. https://doi.org/10.1007/s11104-023-06105-4

Reinhart KO, Callaway RM. Soil biota and plant invasions. New 
Phytol 2006;170:445–57. https://doi.org/10.1111/j.1469-
8137.2006.01715.x

Reynolds HS, Wagner R, Wang G et al. Effects of the soil microbiome 
on the demography of two annual prairie plants. Ecol Evol 
2020;10:6208–22. https://doi.org/10.1002/ece3.6341

Sarkar AK, Sadhukhan S. Unearthing the alteration in plant volatiles 
induced by mycorrhizal fungi: a shield against plant pathogens. 
Physiol Plant 2023;175:e13845. https://doi.org/10.1111/ppl.13845

Schiestl FP. Ecology and evolution of floral volatile-mediated informa-
tion transfer in plants. New Phytol 2015;206:571–7. https://doi.
org/10.1111/nph.13243

Sharifi R, Lee S-M, Ryu C-M. Microbe-induced plant volatiles. New 
Phytol 2018;220:684–91. https://doi.org/10.1111/nph.14955

Silvertown J, Franco M, Pisanty I et al. Comparative plant demog-
raphy—relative importance of life-cycle components to the fi-
nite rate of increase in woody and herbaceous perennials. J Ecol 
1993;81:465–76. https://doi.org/10.2307/2261525

Simonsen AK, Dinnage R, Barrett LG et al. Symbiosis limits establish-
ment of legumes outside their native range at a global scale. Nat 
Commun 2017;8:14790. https://doi.org/10.1038/ncomms14790

Sirivat D, Ramula S, Burns JH. Soil biota in a nonnative range 
has a net positive effect on Lupinus polyphyllus. Ohio J Sci 
2023;123:2–13.

Skaltsa HD, Demetzos C, Lazari D et al. Essential oil analysis and 
antimicrobial activity of eight Stachys species from Greece. 
Phytochemistry 2003;64:743–52. https://doi.org/10.1016/s0031-
9422(03)00386-8

Stubben CJ, Milligan BG. Estimating and analyzing demographic 
models using the popbio package in R. J Stat Softw 2007;22:11.

Sun Z-K, He M-W. Evidence for enhanced mutualism hypothesis: Soli-
dago canadensis plants from regular soil perform better. PLoS One 
2010;5:e15418.https://doi.org/10.1371/journal.pone.0015418

Thrall PH, Hochberg ME, Burdon JJ et al. Coevolution of symbiotic 
mutualists and parasites in a community context. Trends Ecol Evol 
2007;22:120–6. https://doi.org/10.1016/j.tree.2006.11.007

Thrall PH, Laine A-L, Broadhurst LM et al. Symbiotic effectiveness of 
rhizobial mutualists varies in interactions with native Australian 
legume genera. PLoS One 2011;6:e23545. https://doi.org/10.1371/
journal.pone.0023545

Villellas J, Morris WF, Garcia MB. Variation in stochastic demography 
between and within central and peripheral regions in a wide-
spread short-lived herb. Ecology 2013;94:1378–88. https://doi.
org/10.1890/12-1163.1

Williams JL, Miller TEX, Ellner SP. Avoiding unintentional evic-
tion from integral projection models. Ecology 2012;93:2008–14. 
https://doi.org/10.1890/11-2147.1

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article/17/4/plaf012/8079080 by TYKS-Kirurginen sairaala user on 19 August 2025

https://www.R-project.org/
https://doi.org/10.1007/s00442-013-2869-3
https://doi.org/10.1007/s00442-013-2869-3
https://doi.org/10.1139/cjb-2015-0259
https://doi.org/10.1007/s10530-017-1472-7
https://doi.org/10.1007/s10530-020-02316-3
https://doi.org/10.1002/ece3.6964
https://doi.org/10.5735/085.060.0112
https://doi.org/10.1111/j.1365-2664.2008.01502.x
https://doi.org/10.1007/s11104-023-06105-4
https://doi.org/10.1111/j.1469-8137.2006.01715.x
https://doi.org/10.1111/j.1469-8137.2006.01715.x
https://doi.org/10.1002/ece3.6341
https://doi.org/10.1111/ppl.13845
https://doi.org/10.1111/nph.13243
https://doi.org/10.1111/nph.13243
https://doi.org/10.1111/nph.14955
https://doi.org/10.2307/2261525
https://doi.org/10.1038/ncomms14790
https://doi.org/10.1016/s0031-9422(03)00386-8
https://doi.org/10.1016/s0031-9422(03)00386-8
https://doi.org/10.1371/journal.pone.0015418
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1371/journal.pone.0023545
https://doi.org/10.1371/journal.pone.0023545
https://doi.org/10.1890/12-1163.1
https://doi.org/10.1890/12-1163.1
https://doi.org/10.1890/11-2147.1

	Soil microbiota enhance the population growth rate of a nitrogen-fixing herbaceous legume
	Introduction
	Materials and methods
	Study species
	Greenhouse experiment
	VOC measurements
	Statistical analysis
	Demographic model
	Sensitivity analysis

	Results
	Fitness-related plant traits
	Population growth rates and sensitivity analysis
	Floral volatiles

	Discussion
	Acknowledgements
	References


