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Rhizobia inoculation increases survival, flower
production, herbivory, and pollinator visitation in an
annual prairie legume
Renee Dollard1, Paul A. Price1, Jonathan T. Bauer3 , Brian Connolly4, Emily Grman1,2

Native legumes are functionally important members of grasslands, but their reintroduction into degraded systems is limited by strong
establishment filters. One of these establishment filters might be rhizobia limitation, where legume seedlings are unable to find suitable
rhizobia symbionts in grasslands targeted for restoration. To test links between rhizobial inoculation and legume demographic param-
eters in a grassland restoration context, we evaluated how inoculation with rhizobia altered survival and seed production of a native
annual legume (Chamaecrista fasciculata) inoculated with rhizobia and transplanted into a restored prairie. Small mammal herbivory
was an important filter affecting survival of C. fasciculata transplants, with inoculated plants 81% more likely to be grazed than unin-
oculated plants. Despite this heavy grazing, plants inoculated with rhizobia survived transplantation 71% more often and, as a result,
produced 82%more flowers, experienced 73%more visits by pollinators, and on average produced 220%more seeds. Our results indi-
cate that although herbivory may also shape legume population establishment, at least in some years in some places, rhizobia could alter
C. fasciculata interactions with both herbivores and pollinators and improve population establishment.
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Implications for Practice

• Inoculation with rhizobia is not a silver bullet to increase
all measures of legume performance in restored sites.
Instead, like all species interactions, the effects of this
mutualism are complex and multifaceted.

• Restoration practitioners considering pre-planting inocu-
lation treatments for legumes should carefully consider
conditions in their particular restoration site. Rhizobia
inoculation may be most advantageous in restorations
with fewer mammalian herbivores and robust pollinator
networks.

• Protecting transplanted seedlings from herbivores may be
a more effective use of practitioners’ time and resources
than inoculation with soil microbes.

Introduction

Many dispersal and establishment filters can prevent plants from
establishing during restoration of degraded ecosystems (Grman
et al. 2015). Understanding and alleviating these filters can
improve establishment of the species upon which ecosystem
functioning depends, such as legumes. Because of their symbi-
otic relationships with nitrogen-fixing bacteria, legumes alter
nitrogen availability, with plants surrounding legumes exhibit-
ing higher nitrogen content (Mulder et al. 2002; Temperton
et al. 2007). Despite this pivotal role in stabilizing and catalyz-
ing nitrogen flow, legumes are often underrepresented in
restored prairies (Kindscher & Tieszen 1998; Grman

et al. 2015). If the primary barrier for legumes in restored prai-
ries is dispersal, then increasing seeding rates or transplanting
individual seedlings should allow legume abundance to increase
over time. However, the presence of legumes and other forbs
often decreases with time (Baer et al. 2002; Camill
et al. 2004), indicating that the primary barriers related to
legume abundance in restored tallgrass prairies could be related
to establishment and survival. Viable populations of legumes
may fail to establish even when live seedlings are transplanted
(Muir et al. 2011) or restorations are seeded with a surplus of
seeds (Grman et al. 2015; Jaurena et al. 2016). Thus, it is imper-
ative that restoration practitioners focus on establishment filters
to produce successful long-term restorations.

One barrier to legume establishment may be depleted soil
microbial communities, specifically the absence of effective rhi-
zobia mutualists. Microbial communities found within young
restorations and agricultural fields can differ significantly from
those found in remnant prairies (Barber et al. 2017). Microbial
communities from remnant prairies can promote more legume
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growth than microbial communities from restored prairies
(Grman et al. 2020), suggesting that essential components of
prairie microbial communities could be missing from restored
sites. Legume spread can be limited by a lack of rhizobia mutu-
alists (Simonsen et al. 2017; Lopez et al. 2021); for example,
invasive legumes form less effective mutualisms with rhizobia
from outside their ranges than with rhizobia from within their
ranges (Rodríguez-Echeverría et al. 2012; terHorst et al. 2018),
suggesting that effective rhizobial mutualists could be dispersal
limited. Graham (2005) recommended the application of rhizo-
bia inoculum to enhance prairie legume establishment and prai-
rie productivity, and Beyhaut et al. (2014) showed that some
forms of rhizobia inoculation can increase legume species rich-
ness in restored prairie, demonstrating that, independent of
human influence, rhizobia do not disperse to all sites.

However, adding rhizobial inoculations to restorations to allevi-
ate establishment filters may not be a simple fix: plant interactions
with soil mutualists can shape interactions with other species, such
as pollinators or herbivores, that affect plant performance, repro-
duction, and survival. We are unaware of studies following the
effects of initial inoculation in restored communities to examine
these species interactions and effects on population establishment.
Rhizobia alter seedling germination, seedling vigor, seed yield,
and seed protein mass (Kaschuk et al. 2010; Mendes et al. 2013;
Ranjbar Sistani et al. 2017), potentially affecting granivory. Inoc-
ulation with rhizobia could also affect herbivory, either increasing
palatability to herbivores by increasing protein content or decreas-
ing palatability by increasing defensive compounds (Kempel
et al. 2009; Godschalx et al. 2015). Rhizobia also influence pro-
duction of plant growth hormones, vitamins, siderophores, and
solubilization of insoluble phosphates (van der Heijden
et al. 2008; Kaschuk et al. 2010). By altering plant functional traits,
rhizobia may alter plant interactions with other species, including
herbivores, defensive ants, and pollinators (Kempel et al. 2009;
Keller et al. 2018; Magnoli et al. 2023). Thus, the ability or inabil-
ity of legumes to find suitable rhizobia partners may alter the
importance offilters caused by interactionswith other species. Pre-
vious studies have found strong evidence for the context depen-
dency of the effects of rhizobia on other species interactions, but
it is unclear whether the net effect of rhizobia inoculation would
still be positive in a restoration context.

To assess the direct and indirect effects of rhizobia inocula-
tion on prairie legume establishment, we transplanted inoculated
seedlings of a native annual legume, Chamaecrista fasciculata,
into a restored prairie and monitored survival, flower produc-
tion, pollinator visitation, seed production, and seed germinabil-
ity. We hypothesized that rhizobia limitation forms a strong
establishment filter and that it would interact with other estab-
lishment filters. We predicted that (1) direct effects of rhizobia
inoculation onC. fasciculata seedlings would be strong and pos-
itive and (2) rhizobia inoculation would indirectly affect sur-
vival and seed production through interactions with herbivores
and pollinators. By testing these hypotheses on an annual
legume that has only 1 year in which to reproduce, we gain a
clearer perspective on the demographic factors limiting popula-
tion establishment.

Methods

We conducted a field study in Legacy Land Conservancy’s
Lloyd and Mabel Johnson Preserve (Ann Arbor, MI, U.S.A.).
The 51-ac preserve contains several restored prairies, oak-
hickory forest, and allotments for community gardens. Prior to
restoration through seed sowing in 2017, fields were farmed in
a soy–corn crop rotation. The preserve is managed for invasive
species with spot-spraying of glyphosate, biennial burning,
and occasional mowing. Our site was burned in early 2021 prior
to the beginning of the experiment. Soils are Blount loams,
slightly acidic and somewhat poorly drained. The site was dom-
inated by plants common to restored prairies, including native
bunchgrasses (Big bluestem [Andropogon gerardii], Little blue-
stem [Schizachyrium scoparium], and Indiangrass [Sorghas-
trum nutans]) and native forbs (New England aster
[Symphyotrichum novae-angliae], Wild bergamot [Monarda fis-
tuolosa], and Canada goldenrod [Solidago canadensis]).

To isolate rhizobia, we collected soil from 10 restored and
remnant prairies across southwest Michigan and northwest
Indiana and grew Chamaecrista fasciculata seedlings on prairie
soil for 8–9 weeks in a growth chamber (Grman et al. in prepa-
ration). We harvested plants and isolated rhizobia from up to
five nodules per plant; for this experiment, we selected six rhizo-
bia isolates from large, healthy nodules on C. fasciculata plants.
The isolates were most similar to reference strains of Bradyrhi-
zobium viridifuturi (two isolates from different sites),
B. japonicum (two isolates from different sites), Rhizobium ala-
mii, and R. pisi. After isolation, we stored rhizobia isolates in
20% glycerol in a�80�C freezer. The six selected isolates grew
on tryptone, yeast extract, minor salts, and experimental carbon
media agar plates (Mohamed et al. 2021) in an incubator at 30�C
for 3–7 days. To create slurries for inoculation, we suspended
isolates in sterile water and diluted to an optical density of
0.1 at 600 nm, then combined equal parts of each isolate to cre-
ate a homogenous solution.

We scarified C. fasciculata seeds (Prairie Moon Nursery,
Winona, MN, U.S.A.) by covering them with 98% sulfuric acid
for 20 minutes and rinsing with sterile, deionized water, then
surface sterilized them by covering them with 10% bleach for
3 minutes and rinsing again. We germinated seeds in sterile petri
dishes in the EasternMichigan University greenhouse, then after
3–5 days transplanted seeds into 60 mL cone-tainers (Steuwe &
Sons, Tangent, OR, U.S.A.) filled with an autoclaved mixture of
90% sand and 10% sieved oldfield topsoil. We watered plants
with 5 mL of a weak N-free nutrient solution (SNM) 6 days a
week for the first 2 weeks and 4 days a week thereafter (Price
et al. 2015). After 2 weeks of seedling growth, we applied
1 mL of the inoculant mixture or 1 mL of sterile water to each
pot, with treatments randomly assigned.

Three weeks after inoculation, we transplanted seedlings into
existing vegetation in 1 m2 plots in our field site in a randomized
block design. Each plot contained nine evenly spaced plants
inoculated with the same treatment; plots were arranged in
15 blocks containing one replicate of each treatment (two plots
per block, 30 plots in total, 9 plants per plot = 270 total plants)
and each block was separated by 1 m. All plots in a block were
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transplanted on the same date, but the blocks were planted over a
3-week span. At transplanting, we watered to aid in plant estab-
lishment; after transplanting the first three blocks and observing
high mortality, we supplemented blocks planted later with addi-
tional water throughout the first week following planting to
reduce mortality from drought stress. We did not replace plants
that died.

After transplanting, we monitored plants for survival, pollina-
tor activity, and seed production. To monitor survival, we sur-
veyed plots once a week until the first frost (24 October 2021)
and recorded whether plants were dead or alive and whether they
were grazed. “Grazed” plants had been clipped near the ground,
with remaining stems and foliage cut into small fragments sur-
rounding the plant’s stump, a pattern consistent with grazing
by voles (order Rodentia, family Cricetidae). We did not con-
sider insect herbivory. Plants that quickly produced new foliage
were considered to be “alive.” There were 13 grazed plants, dis-
tributed across both treatments, that appeared to produce new
foliage several weeks after the first grazing event or were grazed
multiple times; we dropped these plants from the analysis
because we were unable to clearly assign a date of death.

To assess pollinator activity, we performed eight rounds of
pollinator observations between 9:30 and 14:00 hours from
27 July 2021, to 17 August 2021, randomizing plot sequence
for each round. Pollinator observations consisted of a 2-minute
acclimation period followed by a 5-minute period during which
we observed all plants in a plot and recorded the number of
flowers and number of pollinator visits separately for each plant
in the plot. To assess the number of seeds produced by plants,
we collected seed pods at the time of ripening. From late August
through the first frost, we monitored plants daily for seed pod
ripening. Once seed pods appeared ripe, we clipped the
pod from the stem and placed it into a coin envelope. We stored
seeds at room temperature for 30 days to aid the pods in further
drying out, then separated seeds from the pods, counted them,
and weighed them to 0.001 g. To assess seed viability, we per-
formed seed germination trials.We selected, at random, 20 seeds
from each plot in the seven blocks where at least one plant in
each treatment produced seeds (280 seeds total). We weighed
and sterilized the selected seeds by dipping the seeds in a 10%
bleach solution, followed by a 70% ethanol solution and sterile
water, then placed seeds in petri dishes with anchor paper and
3 mL of sterile water. We did not scarify seeds because of logis-
tical constraints. For 2 weeks, we added sterile water as needed
to moisten the paper, then used a crush-cut test to assess the via-
bility of any seeds that did not germinate (Connolly et al. 2017).

We analyzed data using R 4.0.3 (R Core Team 2020). To
assess whether rhizobia influenced plant time to death, we per-
formed a Kaplan–Meier model using the survdiff function from
the survival package (Therneau 2020). We used the lmer func-
tion in the package lme4 (Bates et al. 2015) to assess the effects
of treatment on transplant shock (proportion of plants in a plot
that died within 14 days of transplanting), grazing (proportion
of plants grazed), flower number (number of flowers produced
by a plant in a plot, averaged across all plants in a plot and all
sampling dates), pollinator visitation (number of visits to a plant
in a plot, averaged across plants and sampling dates), seed

number (number of seeds produced by a plant in a plot, averaged
across plants in a plot), the total seed mass of all seeds on a plant
(averaged across plants in a plot), the mass of individual seeds
produced by a plant (averaged across plants in a plot), and the
proportion of seeds that were viable (either germinated or passed
the crush-cut test; averaged across plants within a plot in the
seven replicate blocks where we had enough seeds to analyze).
We plotted the residual and fitted values of each model to assess
heteroscedasticity and used a square root transformation on seed
number, mean seed mass, and total mass of seeds to meet the
assumptions of a linear mixed model. We included block iden-
tity as a random effect in all models and tested significance using
Wald F tests with Kenward-Roger degrees of freedom (df ). To
assess whether inoculation, grazing, or flower number predicted
whether a plant produced seeds, we used a binomial mixed
model with block, plot, and plant identity as nested random
effects and Wald chi-square tests to assess significance.

Results

Rhizobia treatment increased survival of Chamaecrista fascicu-
lata (p = 0.006; Fig. 1A) for nearly the entire growing season.
Differences in time to death are likely related to differences in
two key causes of mortality: transplant shock and grazing. Inoc-
ulated plants were 71% less likely to die from transplant shock
(F[1,14] = 18.4, p < 0.001; Fig. 1B) but 81% more likely to be
grazed (F[1,14] = 56.7, p < 0.001; Fig. 1C) than uninoculated
plants (41% more likely when considering only plants that sur-
vived transplant shock; Fig. S1).

Because dead plants did not produce any flowers, rhizobia
inoculation also increased the likelihood of plants producing
flowers by 51% (F[1,14] = 7.1, p = 0.02; Fig. 2A) and the number
of flowers produced by 82% (F[1,14] = 8.8, p = 0.01; Fig. 2B).
Inoculated plants also received 73% more pollinator visits
(F[1,14] = 6.7, p = 0.02; Fig. 2C), but this effect seemed to be
mediated through flower number: plants with more flowers had
more visitation (F[1,21.9] = 327.2, p < 0.0001; Fig. 2D) but inoc-
ulation did not increase pollinator visitation when controlling for
flower number (F[1,15.3] = 1.0, p = 0.3). However, these positive
influences of rhizobia inoculation on pollination were mediated
through effects on plant survival: when we repeated the analyses
omitting the plants that died from transplant shock, there were no
effects of inoculation on the probability of flowering
(F[1,13.7] = 1.0, p = 0.9; Fig. S2a), flower number
(F[1,13.6] = 1.3, p = 0.3; Fig. S2b), or visitation (F[1,13.6] = 0.7,
p = 0.4; Fig. S2c), even when controlling for the effect of flower
number on visitation (F[1,13.0] = 0.9, p = 0.4; Fig. S2d).

Most (78%) plants failed to produce seeds. However, inocu-
lated plants, being more likely to survive and thus produce
flowers, produced nearly three times the number and total mass
of seeds and produced individual seeds that were almost twice as
heavy as uninoculated plants, though none of these effects were
statistically significant (Fig. 3; F[1,14] = 3.2, p < 0.1;
F[1,14] = 3.1, p < 0.1; F[1,14] = 0.9, p = 0.3). The effects of
inoculation on these measures of plant performance, above and
beyond effects on transplant shock, were in the same direction,
though somewhat weaker and nonsignificant (Fig. S3; seeds
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produced F[1,13.7] = 1.0, p = 0.3; total seed mass
F[1,13.7] = 1.1, p = 0.3; mean seed mass F[1,13.7] < 0.0001,
p = 1.0). Significant predictors of whether a plant produced
seeds included only flower number (χ21 = 14.8, p < 0.001)
and not whether it was grazed (χ21 = 3.1, p = 0.08) or inocu-
lated with rhizobia (χ21 = 0.4, p = 0.6). Seed germination for
all seeds was very poor (3%), even though most (82%) were via-
ble. Inoculation increased seed viability by about 10%, but this
was not statistically significant (F[1,6] = 0.6, p = 0.47; Fig 3D).

Discussion

Inoculating Chamaecrista fasciculata seedlings with nitrogen-
fixing rhizobia before transplanting them into a restored prairie

increased seedling survival and changed their interactions with
other species, including herbivores and pollinators. Inoculated
plants were more robust to transplant shock, were more likely
to be grazed, and produced a greater number of flowers (because
dead plants could not produce flowers), resulting in greater pol-
linator visitation and a trend toward more and heavier seeds.
Therefore, inoculation can help C. fasciculata seedlings over-
come establishment filters, but in complicated ways that affect
other establishment filters such as herbivory.

Death of transplanted seedlings is of particular interest to resto-
ration practitioners because it represents a loss of time, effort, and
resources.While not unexpected, death from transplant shock can
be severe (Miao et al. 1997; Davidson et al. 2019). The reasons
that plants die from transplant shock are not well understood,
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Figure 1. Effect of rhizobia inoculation on (A) survival curves, (B) proportion of plants that died within 14 days of transplanting (mean � SE of 15 replicate
plots), and (C) proportion of plants that were grazed (mean � SE).
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making it difficult for restoration practitioners to mediate the
effects of transplant shock (Godefroid et al. 2011; Guzm�an-
Luna & Martínez-Garza 2016). Doyle et al. (2021) found that
the use of whole soil inoculation as a pre-treatment increased
the growth and health of Hibbertia spanantha, an Australian
sub-shrub, in comparison to alternative pre-treatments. Combined
with our findings, this indicates that the inoculation of seedlings
with beneficial microorganisms can reduce the effect of transplant
shock on translocated plants (Haase & Rose 1993; Blair
et al. 2019). The exact mechanism by which these microorgan-
isms mediate transplant shock is not known; it is possible that
inoculating plants with rhizobia prior to transplanting makes
plants more tolerant of low nutrient environments. Rhizobia can
also aid in drought stress (Hussain et al. 2018), a widely known
stressor for transplanted plants. Inoculation with rhizobia may
also increase plant aboveground biomass, making them better
competitors in areas with already established vegetation. Regard-
less of the mechanism by which rhizobia decreased transplant
shock, inoculation increased the number of plants that survived
the first stage of translocation and thus represents a valuable
pre-planting treatment for restoration practitioners with cascading
effects on flowering, pollination, and seed production.

Transplanted C. fasciculata also experienced intense grazing:
63% of plants were consumed by small mammals, likely voles
(e.g. Microtus pennsylvanicus). The intensity of small mammal
grazing supports the idea that these animals play an important
role in the establishment and maintenance of plant diversity in
restored ecosystems, particularly if intense grazing occurs early
on in restoration (Howe et al. 2002). Herbivores may influence
plant populations directly by removing plant individuals or indi-
rectly by reducing the plants’ ability to flower and produce
seeds. Sullivan et al. (2016) found that M. pennsylvanicus
reduced population growth and establishment of C. fasciculata
in a tallgrass prairie and altered plant community structure. In
our study, plants inoculated with rhizobia were more likely to
be grazed, suggesting that inoculated plants were a preferred
food source, possibly because of a higher nitrogen content
(Ritchie & Tilman 1995; Knops et al. 2000; Nisi et al. 2015)
or simply because they were larger and more apparent. Since
herbivores may graze plants at any point in time, their activity
has the potential to influence the duration and intensity of flow-
ering as well as the timing of peak flowering (Tadey 2020), with
long-term consequences for plant demography. Importantly,
populations of small mammal grazers can be cyclic
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Figure 2. Effect of rhizobia inoculation on (A) the proportion of plants that ever produced flowers, (B) the number of flowers produced per plant (mean � SE),
(C) the number of pollinator visits per plant per 5 minutes observation period (mean � SE), and (D) the relationship between flower number and pollinator
visitation.
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(Howe et al. 2002), suggesting that additions of transplants or
sowing seeds during nadirs in small mammal grazer populations
will increase the likelihood of plant establishment in restoration.
One recent study found that in their first growing season, no
transplanted legume seedlings evaded herbivores whether inoc-
ulated or not (Galloway et al. 2024), suggesting that inoculations
may be effective only when seedlings are protected from herbiv-
ory. Disentangling the interactive effect of rhizobia mutualisms
with herbivore demography and preference, and in turn the
effect of herbivory on legume pollination and seed production,
will require further studies that manipulate both rhizobia mutu-
alisms and grazers across multiple years.

Seed production in an annual plant represents the net effect of
all abiotic and biotic influences on plant reproductive success.
While C. fasciculata pollinator visitation was directly influ-
enced only by flower number and not directly by inoculation,
rhizobia increased plant survival and the number of flowers
and therefore increased the probability of plants siring a greater
number of offspring and producing a greater number of seeds.
Although the effects we detected on seed production were only
marginally significant and we were unable to test for effects on
seed siring, we argue that rhizobia are likely to have a positive

influence on C. fasciculata population growth through effects
on survival and therefore reproduction. This is noteworthy
because other studies have found that even if inoculated plants
produce more flowers, they may not produce more seeds or sire
more seeds on other maternal plants if there are insufficient pol-
linators in the fragmented landscapes in which restoration
occurs (Steffan-Dewenter & Tscharntke 1999; Slagle &
Hendrix 2009).

We observed two instances in which rhizobia altered
C. fasciculata interactions with other species: pollinators and
mammalian consumers. There are many other kinds of species
interactions that rhizobia may have altered, including ants that
defend against insect herbivores or arbuscular mycorrhizal fungi
(Kempel et al. 2009; Godschalx et al. 2015; Fehling 2022).
These other species interactions could also represent establish-
ment filters. Thus, alleviating one establishment filter (rhizobia
limitation) could alter the strength of other establishment filters
(e.g. pollination, mammalian, or invertebrate herbivory, and/or
arbuscular mycorrhizal fungal-mediated nutrient availability)
that are themselves inherently variable in space and time. Lack-
ing a mechanistic model and predictive understanding of when
and where different establishment filters are likely to be most
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Figure 3. Effect of rhizobia inoculation on (A) the number of seeds produced per plant (mean � SE), (B) the total mass of seeds produced per plant (mean � SE),
(C) the mean mass of all seeds produced by a plant (mean � SE), and (D) seed viability (proportion viable).
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limiting, we can only suggest that practitioners acknowledge
that rhizobia limitation may be one of many factors affecting
legume establishment in restorations. However, our work here
shows that even without modifying other establishment filters,
rhizobia inoculation could potentially lead to higher legume
population growth rates.
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