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The Plant Microbiome and Native 
Plant Restoration: The Example of 
Native Mycorrhizal Fungi
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JAMES D. BEVER

Ecological restoration efforts can increase the diversity and function of degraded areas. However, current restoration practices cannot typically 
reestablish the full diversity and species composition of remnant plant communities. We present evidence that restoration quality can be improved 
by reintroducing key organisms from the native plant microbiome. In particular, root symbionts called arbuscular mycorrhizal fungi are crucial 
in shaping grassland communities, but are sensitive to anthropogenic disturbance, which may pose a problem for grassland restoration. In the 
present article, we highlight the conceptual motivation and empirical evidence evaluating native mycorrhizal fungi, as opposed to commercial 
fungi. Reintroduction of the native microbiome and native mycorrhizal fungi improves plant diversity, accelerates succession, and increases the 
establishment of plants that are often missing from restored communities. The example of mycorrhizal fungi serves to illustrate the value of a 
more holistic view of plant communities and restoration that embraces the intricacies and dynamics of native microbial communities.
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Grassland restorations are commonly able to   
 increase native plant cover, but outcomes vary widely 

(figure 1; Brudvig et  al. 2017). Generally, restorations have 
lower plant species diversity compared with that of nearby 
remnant grasslands (Kindscher and Tieszen 1998, Martin 
et  al. 2005, Middleton et  al. 2010), and plant species rich-
ness, especially forb species, can decline over time (Baer 
et al. 2002). In addition, some of the plant species seeded into 
restorations are not well represented in the resulting plant 
community (Grman et  al. 2015). Although management 
strategies and site histories can explain some variation in 
restored plant community composition (Grman et al. 2013), 
much of the variation in restoration outcomes remains 
unexplained. This remaining variation in outcomes is likely 
because of restoration protocols that focus primarily on the 
plant community rather than on the establishment of other 
important ecological components of grassland ecosystems. 
In the present article, we will argue that the focus on the rein-
troduction of plants without the reestablishment of native 
plant microbiomes may be limiting restoration success.

Accumulating evidence identifies the plant microbiome, 
including both soil microbes and microbes living fully 
within plants, as an important driver of plant community 
composition. Experiments and field studies have shown 
that microbes play important roles in plant local adaptation 

(Schultz et al. 2001, Johnson et al. 2010), coexistence (Bever 
et al. 2015), relative abundance (Klironomos 2002, Mangan 
et al. 2010), succession (Kardol et al. 2007, Bauer et al. 2015, 
Koziol and Bever 2016b), and invasions (Callaway et  al. 
2004, Pringle et al. 2009, Vogelsang and Bever 2009). Given 
this growing realization that microbiomes can structure 
plant communities, it is logical that the successful restora-
tion of native plant communities may require reestablish-
ment of native microbiomes. Although many microbiome 
components might be important to plant and ecosystem 
function, plant mutualists such as mycorrhizal fungi are 
obvious first candidates to aid restoration.

It has long been known that reintroduction of mycorrhizal 
fungi can be crucial to the establishment of plant species in 
artificial and severely degraded landscapes such as in the 
reclamation of mine spoils (e.g., Jasper et al. 1989). However, 
when attempting to use mycorrhizal fungi to aid the resto-
ration of native plant diversity, the response to inoculation 
can be highly variable across different studies, detailed in 
a recent review expressing skepticism about the value of 
inoculation in enhancing restoration quality (Hart et  al. 
2017b). In the present article, we focus on inoculation with 
native arbuscular mycorrhizal (AM) fungi in particular, and 
we suggest that some of the variation in the effectiveness of 
inoculation reflects the lack of attention to the source of the 
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Figure 1. Undisturbed, remnant prairies have greater plant and functional diversity, with 24 native plant species being 
visible in this photo (a), compared with nearby prairie restorations (b–e). Restorations are often dominated by weedy 
native plants such as Conyza canadensis (b); Ambrosia spp. (c); nonnative forbs, such as Lespedeza cuneata (c); 
nonnative grasses, such as Setaria pumila (d); or low-diversity native grasses and forbs (e). Many early successional and 
nonnative plants (b–e) have a low responsiveness to AM fungi, such as Monarda fistulosa, Elymus canadensis, Rudbeckia 
hirta, Setaria spp. and Solidago canadensis, whereas plants that are common in undisturbed prairies are generally more 
responsive to mycorrhizae, including species in the genera Echinacea, Amorpha, Sporobolous, Silphium, and Dalea (see 
Koziol and Bever 2015 and Bauer et al. 2018 for a more complete list of species mycorrhizal responsiveness).
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AM fungal inocula and the ecological target of the restora-
tion. On the basis of the last 15 years of experiments, we 
suggest that the value of reintroducing native AM fungi to 
restorations will likely depend on the context in which they 
are being used, including the land-use history of the site, the 
plant species selected, and the type of AM fungi chosen for 
inoculation.

In this review, we summarize what is known about inocu-
lation treatments with AM fungi in order to determine when 
these inoculations are likely to enhance the establishment, 
growth, and survival of desirable plant species in restora-
tions. We outline different inoculation techniques and 
inocula sources and discuss their costs and benefits. Most of 
the discussed work has taken place in the prairie grasslands 
of the United States, but we expect that the underlying com-
munity dynamics and the value of inoculation with native 
AM fungi will be similar for other ecosystems (e.g., Wubs 
et al. 2016). Moreover, we expect that lessons learned from 
AM fungal inoculation will be relevant for efforts to evaluate 
the effect of reintroducing of other components of the native 
plant microbiome in native plant restoration.

Overview of mycorrhizal mutualisms
Terrestrial plants have essential and long-standing relation-
ships with root symbionts, including AM fungi, which are 
found in fossilized roots of some of the first land plants 
that grew nearly 300 million years ago (Remy et  al. 1994). 
This symbiosis between plants and AM fungi represents 
one of the oldest and most widespread mutually beneficial 
interactions on earth, and most extant plant species con-
tinue to benefit from this mutualism. Plants rely on AM 
fungi to collect and deliver phosphorus and other nutrients 
that limit plant growth in exchange for carbohydrates from 
the plant. AM fungi infect host plant roots and then send 
threadlike hyphae beyond the root zone, mining nutrients 
from the soil and transporting them back to their host plant. 
Nutrient exchange occurs within plant roots in specialized 
structures called arbuscules (figure 2a). These fungi can also 
provide plants with nonnutritional benefits by alleviating 
environmental stressors such as drought (Koziol et al. 2012) 
and diminishing host susceptibility to herbivory (Middleton 
et  al. 2015, Delavaux et  al. 2017). Beyond benefitting the 
growth of a plant host, AM fungi confer other ecosystem 
services, such as reducing soil erosion by promoting soil 
aggregation through production of a sticky glycoprotein 
called glomalin (Wright and Upadhyaya 1996). Because 
of the diverse benefits that plant communities can either 
directly or indirectly receive through associating with AM 
fungi, the reintroduction of native AM fungi has the poten-
tial to promote native plant growth in restorations and to 
improve soil health and ecosystem quality.

Native, late successional AM fungi are likely to be 
functionally different from disturbance adapted early 
successional fungi
AM fungal species are ecologically and functionally distinct. 
Individual species vary in their effect on plant host phospho-
rous, nitrogen, potassium, and sodium uptake (Aggangan 
et  al. 2010, Ji and Bever 2016); the carbon elicited from a 
host plant (Bever et  al. 2009); and their ability to provide 
nonnutritional benefits such as alleviation of drought stress 
(Marulanda et al. 2003) and pathogen resistance (Sikes et al. 
2009). Importantly, because fungi vary in the specificity of 
these effects, AM fungal composition can alter the outcome 
of plant–plant interactions and ecosystem functions. For 
instance, variation in plant response to specific AM fungal 
taxa may drive plant community diversity and productivity 
(van der Heijden et  al. 1998, Vogelsang et  al. 2006, Wagg 
et al. 2011). In addition, specific AM fungal species are con-
sistently beneficial to plant species that are highly dependent 
on mycorrhizal fungi (Koziol and Bever 2016a), suggesting 
that some AM fungal species may be more important to 
include in an inoculum than others (Koziol and Bever 2018).

AM fungal species also differ in their sensitivity to anthro-
pogenic disturbance. The net effect of major disturbances 
such as conventional agriculture or reclaimed mine land-
scapes, which combine multiple individual stressors, is that 
soils have significantly degraded AM fungal communities 

Figure 2. Long, slender fungal hyphae and highly branched 
arbuscules (rectangular structure) of AM fungi are stained 
dark blue inside and in between the plant root cells (a). 
Single-celled spores of nine different AM fungal species 
differ in size, color, and ornamentation (b).
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that may require restoration. Mechanical disturbance such as 
tillage is highly destructive to soil organisms; it can decrease 
AM fungal density and shift fungal composition (Oehl et al. 
2003). Microbial biomass may require decades to recover 
after tillage cessation (Baer et  al. 2002). Specifically, it has 
been shown that frequently tilled soils have an increased 

abundance of non-Glomus species (Oehl et  al. 2004) and 
a reduction or a loss of AM fungal species from the gen-
era Scutellospora, Entrophospora, and Acaulospora (Jansa 
et  al. 2002). Others have found that repeated fertilization 
can select for less beneficial AM fungi and an increase in 
Rhizoglomus intraradices (Johnson 1993). In assessing AM 
fungal communities in remnant prairies and nearby post-
agricultural fields in Illinois and Missouri, House and Bever 
(2018) found that 56 of the 181 AM fungal taxa observed 
were sensitive to anthropogenic disturbance. Although 25 of 
these sensitive AM fungal taxa increased with disturbance, 
the remaining 31 were heavily reduced (figure 3 doi:10.5061/
dryad.bs79gk5).

The changes in fungal composition due to anthropogenic 
change can have consequences for plant community succes-
sion and ecosystem processes. If we apply the plant ecology 
concept of tolerance to disturbance decreasing as succession 
progresses (Grime 1977) to AM fungi, we can consider those 
that are disturbance tolerant to represent early successional 
species (weedy) and those that decrease with disturbance 
to represent late successional species. The loss of species or 
a change to more disturbance adapted, early successional 
species may result in less beneficial or less mutualistic fun-
gal communities, which could have negative impacts on 
restoration success. For instance, fungi in early successional 
environments failed to promote the growth and establish-
ment of late successional plants (Johnson 1993, Middleton 
and Bever 2012, Koziol and Bever 2016b, Bauer et al. 2017) 
or soil aggregate stability (Duchicela et  al. 2012). Because 
the changes that occur in AM fungal composition during 
succession or after soil disturbance can persist for long peri-
ods of time (House and Bever 2018), restoring AM fungi 
from native, late successional environments may improve 
restoration success and ecosystem function in disturbed or 
early successional soils. For simplicity, we refer to native, 
late successional fungi as native fungi for the remainder of 
this review.

Commercial fungi are likely to be functionally similar 
to early successional fungi
Although tremendous attention is paid to the origin and 
native status of the seeds used in grassland restorations, 
current restoration practice fails to consider the origin of 
microbial inoculants including commercial mycorrhizal 
products. Many commercial mycorrhizae are of unreported 
origin. In the present article, we argue that the ecology of 
many commercial inocula is functionally more similar to 
weedy, early successional native fungi and that these inocula 
may hinder the succession of restorations. Fungi that pro-
liferate with disturbance may be more easily cultured and 
therefore are more likely to be included within commercial 
mixes (see box 1). Indeed, commercial mycorrhizal inocula 
manufacturers or sellers sometimes promote their mycor-
rhizae as the most “aggressive” or “high-yielding” fungal 
strains and some report spore counts of up to 387 fungal 
propagules per gram—which can be 8–10 times greater than 

Figure 3. Differential abundance (log2 scale) of AM fungal 
operational taxonomic units (OTUs) in remnant prairies 
(remnant) and nearby postagricultural fields (disturbed) 
sampled in Illinois and Missouri. Each bar represents 
an OTU: The orange bars are OTUs significantly more 
abundant in remnant sites, the purple bars are OTUs 
significantly more abundant in disturbed sites, and the 
unfilled bars are OTUs found equally in both site histories. 
OTUs were derived from ribosomal RNA gene sequences 
and were assigned to genera (or family Glomeraceae); 
the alternating gray bands group OTUs by taxon, with 
the number of OTUs listed in parentheses (see House and 
Bever 2018 for details). The branching structure to the left 
denotes evolutionary relationships among taxa.
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what is typically observed in nature, which ranges from less 
than 10 to around 50 spores per gram of soil (Visser et al. 
1984, Jasper et  al. 1991, Johnson 1993, Oehl et  al. 2003, 
Oehl et al. 2004, Middleton et al. 2015, Säle et al. 2015). In 
addition, many commercial mycorrhizae comprise either a 
single or a limited number of AM fungal species (box 1). 
Many species that are common in commercial mycorrhizal 
inocula are species that have been shown to proliferate and 
be found at high abundance in disturbed, early successional 
soils, such as Rhizoglomus intraradices, Funneliformus mos-
seae, and Rhizoglomus aggregatus (Johnson 1993, Jansa et al. 
2002, Oehl et al. 2004). Many fungal species that are sensi-
tive to tillage and fertilization disturbance, such as those 
in the genera Scutellospora, Entrophospora, Gigaspora, and 
Acaulospora (Johnson 1993, Jansa et  al. 2002, Oehl et  al. 
2004), are typically absent in commercial inocula. As fungi 
that proliferate with disturbance may already be common at 

sites that are targeted for restoration, it is possible that add-
ing commercial inoculum that comprise early successional 
fungi may not alter the functions already present at that site.

Consistent with what has been found with weedy, early 
successional fungi, some commercial fungi have been shown 
to inhibit late successional plant growth (Middleton et  al. 
2015, Emam 2016) and are ineffective at reducing erosion 
(Vogelsang and Bever 2010), improving species richness 
(Perkins and Bennett 2017), or increasing native plant 
cover (White et  al. 2008, Ohsowski et  al. 2017). However, 
native soil microbes, including native mycorrhizal fungi, 
can confer strongly positive effects on restoration quality 
in comparable restoration experiments (Maltz and Treseder 
2015, Middleton et  al. 2015). We argue that native mycor-
rhizal fungi (commercial or otherwise) be used as inocula 
in restorations because there is accumulated evidence indi-
cating that nonnative commercial fungi are not beneficial 

Box 1. Types of AM fungal Inocula.

Whole soil amendments
Whole soil is as simple as it sounds: It inoculates with intact rhizosphere soil containing the complete array of the soil community 
including AM fungi, beneficial bacteria such as nitrogen fixing Rhizobia, pathogens, soil-dwelling insects, nematodes, plant roots, and 
even seeds. Using whole soil from a reference late successional remnant grassland has been shown to be more beneficial to plant growth 
and richness in restorations than whole soils collected from disturbed old fields (Bever et al. 2003, Ji et al. 2010, Middleton and Bever 
2012). This pattern has also been observed using reference ecosystem whole soils within heathland restorations (Wubs et al. 2016). 
Although it is beneficial, whole soil inoculations are highly destructive of remnant sites, and inoculation rates of 150–10,000 gallons 
of inoculum per acre have been reported in the literature (Bever et al. 2003, Middleton and Bever 2012, Wubs et al. 2016), which is 
beyond the scope of many restoration projects in terms of cost, effort, and inoculum availability. Because the destruction of remnant 
habitat to improve a restoration cannot be justified, this option may only be viable in cases in which a remnant habitat is condemned.
Trap cultures
A rarely tested alternative to whole soil inoculations in restoration is cultured whole soils called trap cultures. The trap culture method 
works to amplify the volume of whole soil microbes so that a few liters of whole soil inoculum can be used to inoculate hundreds of 
plants. However, this method requires some training in microbial culturing, the ability to sterilize growing media, and greenhouse 
environments. Although few have studied the effect trap culturing practices have on microbial communities, some have reported that 
AM fungal diversity can be lost over time (Trejo-Aguilar et al. 2013) and that the selection of plant hosts can change microbial com-
munity composition (Bever et al. 1996) and can lead to the buildup of plant pathogens (Bauer et al. 2015). Therefore, more study is 
needed to determine the best practices for producing trap cultures in addition to the benefits that they might provide to restoration.
Pure arbuscular mycorrhizal fungal culture amendments
Arbuscular mycorrhizal (AM) cultures contain only living propagules of single or multiple mycorrhizal fungal species (figure 2b). 
AM fungal cultures can associate with and benefit the growth of a wide range of plant species that are desirable in restoration (Koziol 
and Bever 2015, Middleton et al. 2015, Bauer et al. 2018). Whether AM fungal cultures benefit restoration largely depends on inocula 
source and composition, with native AM fungi being especially important for late successional grassland plant species (figure 4; Koziol 
and Bever 2016b). Often diverse mixtures have been found to provide similar benefits to the best individual fungus (e.g., figure 4). As 
the best individual fungus can depend on environment, mixtures provide more consistent benefits across environments (Vogelsang 
et al. 2006). Meta-analyses of inoculation studies show that native, locally adapted AM fungal inocula are likely to benefit plant growth 
more than commonly available commercial inocula even if the commercial inocula is diverse (Maltz and Treseder 2015, Middleton 
et al. 2015, Rúa et al. 2016). Commercial inocula may be ineffective because they are (most likely) collected from nonnative or nonref-
erence ecosystems or because they tend to comprise “weedier” fungal species, such as Rhizoglomus intraradices, Funneliformis mosseae, 
and Claroideoglomus claroideum, that may proliferate with anthropogenic disturbance (figure 4). Commercial fungi tend to behave 
more like early successional fungi in restorations, likely because commercial fungi are similar to the early successional fungi already 
present in disturbed soils. We argue that native, late successional mycorrhizal fungi (commercial or otherwise) be used in restorations 
because there is accumulated evidence indicating that nonnative commercial fungi are not beneficial in restorations (Middleton et al. 
2015), and there are potential negative consequences of introducing nonnative soil organisms to restoration sites and these introduc-
tions may not be reversible (Hart et al. 2017a).
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in restorations and because there are potential negative 
consequences of introducing nonnative soil organisms to 
restoration sites and these introductions may not be revers-
ible (Hart et al. 2017a). Because of variation in plant growth 
responses to individual fungal species, we highlight the need 
for more research to be conducted on the effect that the 
composition of native, late successional AM fungi has on 
restoration outcomes.

The potential benefits to grassland restoration
To illustrate the potential benefits of inoculation with native, 
late successional AM fungi in native grassland restoration, 
we describe the results from a recent experiment assessing 
the effects of five different native AM fungal inocula on a 
restoration that was seeded with 54 prairie plant species 
(Koziol and Bever 2016b). The study began with solariza-
tion of the area to be restored for 1 month in the early spring 
using black plastic that killed much of the turf. The experi-
ment compared different native AM fungal inoculation 
treatments using one of four individual AM fungal species 
derived from native, late successional prairies in Indiana, 

or using all four AM fungal species together: Entrophospora 
infrequens, Claroideoglomus lamellosum, Acaulospora spi-
nosa, Claroideoglomus claroideum. The AM fungi were 
introduced by planting inoculated seedlings of prairie plant 
species (nurse plants). Nurse plants inoculated with AM 
fungi were about 40% more likely to survive and grew three 
times larger than noninoculated seedlings in the first year. 
These benefits spread to neighboring plants because plots 
inoculated with AM fungi had improved establishment of 
desirable plants from seed, increased plant species diver-
sity, and more species of desirable, late successional prairie 
plant species during the second year of the restoration 
(figures 4a–4c). As in laboratory studies (e.g., Vogelsang 
et al. 2006), this study demonstrates that inoculating resto-
rations with a diverse mixture of native mycorrhizal fungi 
is as effective as inoculating with the best individual fungus 
with regards to improving of plant species richness and 
diversity to be more similar to remnant prairie communi-
ties compared with noninoculated controls, which represent 
conventional restoration practices (figure 4; see the supple-
mental material online). Because the best individual fungus 

Figure 4. Restoration plots were seeded with 54 species and inoculated with either one of four different AM fungi isolated 
from a remnant prairie or a diverse mixture of four AM fungi, or they were not inoculated. Inoculation increased the 
abundance of desirable plants (a), community diversity (inverse Simpson’s index; b) and increased late successional 
richness (c). Desirable plants are plants that were seeded in the restoration or were native in remnant habitat. Fungal 
inoculations moved the restored plant communities toward the plant composition found in remnant, undisturbed prairie 
in nearby southern Illinois (remnant). The data were adapted from Koziol and Bever (2016b) and from previously 
unpublished data of plant community composition in remnant prairies near Champaign–Urbana, Illinois.
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can depend on environment, this effect may enable diverse 
fungal mixtures to provide more consistent benefits across 
varied environments.

Increased establishment of native plant species has also 
occurred in other independent inoculation experiments, 
both in North American grasslands of the tallgrass prai-
rie and western coastal and desert plains (Richter and 
Stutz 2002, Bever et  al. 2003, Vogelsang and Bever 2010, 
Middleton and Bever 2012, Middleton et  al. 2015) and in 
grasslands elsewhere in the world (Zhang et al. 2012, Wubs 
et al. 2016). The reintroduction of native AM fungi in res-
torations can improve the establishment of native plant spe-
cies, which, in turn, can improve habitat quality for wildlife 
and pollinators (Debinski and Babbit 1997, Tonietto and 
Larkin 2018). These benefits can be amplified over time, 
because successful establishment of long-lived late succes-
sional plant species can suppress invasive plants (Middleton 
et  al. 2010) and thereby reduce future management costs. 
However, the value of reintroduction of native AM fungi to 
restorations will likely depend on the context in which they 
are being used, including the land-use history of the site, the 
plant species planted, and the type of AM fungi chosen for 
inoculation (box 1).

When and where might native AM fungal inoculation 
be the most beneficial?
Restorations are necessary in degraded sites that have 
been altered physically, chemically, or biologically. The 
land-use history of a restoration site will determine where 
mycorrhizal inoculations will improve restoration success. 
Chemical application, such as glyphosate or fungicides, can 
reduce the viability of AM fungi and other beneficial soil 
microbes including symbiotic Rhizobia (Druille et al. 2015). 
Although we lack a detailed understanding of the natural 
history of most soil microorganisms, including AM fungi, it 
is clear that soil microbial communities are generally nega-
tively affected by anthropogenic disturbance (Fierer et  al. 
2013), and the same is true for AM fungi (Oehl et al. 2003, 
Moora et  al. 2014, House and Bever 2018). We illustrate 

this problem with recent analyses of AM fungal composi-
tion of prairies and postdisturbance old fields of Illinois 
and Missouri (figure 3). We found that several AM fungal 
taxa are particularly abundant in undisturbed prairies but 
appear sensitive to disturbance, whereas other AM fungal 
taxa accumulate with anthropogenic disturbances including 
overgrazing, mechanical soil disturbance, and the accumu-
lation of nonnative plant species (House and Bever 2018). 
AM fungal communities are slow to recover following the 
abandonment of agriculture, perhaps because native grass-
lands are often not available nearby as sources of natural 
colonization.

We have limited information on how the majority of AM 
fungi disperse naturally. A few species of AM fungi are dis-
persed by rodents (Mangan and Adler 2002), although some 
evidence suggests these fungi may disperse very slowly via 
underground movement—perhaps only a meter or two a 
year (Middleton and Bever 2012, Middleton et  al. 2015). 
This suggests that although fungal biomass and density 
may recover after disturbance, some AM fungal species are 
effectively lost (Oehl et al. 2003) because of their low colo-
nization ability. Therefore, areas with land-use history that 
includes soil disturbance, such as mechanical and chemical 
disturbance, may benefit from the addition of native fungi 
prior to restoration.

Another consequence of anthropogenic disturbance is the 
establishment of invasive plants. Plant invasions can have 
strong negative effects on AM fungal density and commu-
nity composition (Hawkes et  al. 2006, Pringle et  al. 2009, 
Grove et  al. 2017), the growth and establishment of native 
plants (Pringle et  al. 2009, Vogelsang and Bever 2009), and 
soil aggregate stability (Duchicela et al. 2012). More work is 
needed to understand how often legacy effects occur and their 
duration (Lankau et al. 2014), but inoculation with AM fungi 
will likely improve restoration outcomes where species with 
known negative effects on AM fungal communities invade. 
For this reason, dominance of nonnative plant species on the 
landscape may be a good indicator of the value of inoculation 
(Vogelsang and Bever 2009, Duchicela et al. 2012). Inoculation 

Box 2. When and How to Inoculate with AM Fungi.

When and how inoculation should take place to ensure its best chance for success requires careful consideration. As obligate symbi-
onts, AM fungi need to infect roots of effective hosts to ensure their growth and long-term survival. Therefore, mycorrhizal inocula 
are best introduced into a restoration on the roots of host plants (Middleton and Bever 2012, Koziol and Bever 2016b) or during spring 
seed application when plant roots will be quickly available for colonization. Some have found broadcasting (Wubs et al. 2016) and 
tilling (Bever et al. 2003) to be effective ways to introduce microbiome inocula. However, in the absence of association with a growing 
host plant, AM fungal hyphae and spores are vulnerable to parasitism by bacteria and other fungi, as well as consumption by worms 
and insects. In addition, surface broadcasting and inconsistent distribution of inocula with ineffective tillage may leave the AM fungal 
inocula on the soil surface, where spores may be prone to desiccation in addition to starvation from a lack of host plant roots.
As many early successional and nonnative weedy plants are poor hosts for mycorrhizal fungi (Vogelsang and Bever 2009, Lankau et al. 
2014), the initial stages of a restoration represent a particularly sensitive period for inoculations. However, the early establishment of 
native mycorrhizal fungi and late successional plants can generate a positive feedback that can accelerate restoration (Koziol and Bever 
2016b). Therefore, inoculation early in a restoration has the potential to have the greatest positive impact.
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with native AM fungi has improved establishment of native 
grassland species in communities dominated by nonnative 
species, including abandoned agricultural fields, mown lawns, 
road cuts, and pastures (Bever et  al. 2003, Middleton et  al. 
2015, Koziol and Bever 2016b). See box 2 for more informa-
tion on when and how to inoculate with AM fungi.

Which plant species benefit most from native AM 
fungal inoculation?
Many plant species have been shown to benefit from mycor-
rhizal fungi, including hundreds of species of grasses, 
composites, and legumes. Plant family or genus has been 
suggested as being a good predictor of whether a given 
species will respond to AM fungi (Hoeksema et  al. 2010, 
Reinhart et  al. 2012). For instance, species in the genus 
Carex are nonmycorrhizal and, therefore, are not expected 
to benefit from reestablishment of native mycorrhizal fungi 
(Bauer et al. 2018). Recent work in prairies has was indicated 

that plant successional stage may be a strong predictor of 
plant response to native AM fungi within plant families 
(figure 5). Fast-growing early successional plants are less 
dependent on AM fungi, and slower-growing late succes-
sional plants are highly dependent on AM fungi (Koziol and 
Bever 2015, Bauer et al. 2018) In addition, the growth of late 
successional plant species is more sensitive to changes in AM 
fungal species than in early successional plants (Koziol and 
Bever 2016a). Therefore, when planting a restoration, late 
successional plant species are likely to be especially vulner-
able to alterations in the AM fungal community.

Late successional plant species, including Amorpha cane-
scens, Eryngium yuccifolium, and Sporobolis heterolepis, are 
considered conservative species because of their sensitivity to 
anthropogenic disturbance and are highly valued in restora-
tions as indicators of high-quality natural habitat (Bauer et al. 
2018). Because late successional plants both are sensitive to 
mycorrhizal composition and can be missing from restorations 
(figure 1), we argue that inoculation with native AM fungi 
may be important for increasing grassland restoration quality 
through the promotion of these conservative plant species. 
Consistent with these expectations, reintroduction of native 
AM fungal communities and whole prairie soils have been 
shown to improve establishment of late successional, highly 
conservative plant species (Middleton et al. 2015, Koziol and 
Bever 2016b); substantially accelerate succession (Middleton 
and Bever 2012, Wubs et  al. 2016); and improve restoration 
quality in both US and European grasslands (Middleton and 
Bever 2012, Wubs et al. 2016, Koziol and Bever 2016b).

Future directions for improvement of grassland 
restorations
We have found that locally adapted mixtures of native, late 
successional AM fungal strains are likely to be optimal for 
restoration of the most conservative plant species (Middleton 
et  al. 2015, Koziol and Bever 2016). These benefits could 
cascade to pollinators and herbivorous insects of these plant 
species, many of which are of conservation concern (e.g., 
monarch butterflies and native bees), because pollinators 
demonstrate increased abundance within diverse native plant 
community habitats (Debinski and Babbit 1997, Tonietto and 
Larkin 2018). However, whether microbe-mediated improve-
ments in restoration quality or diversity have cascading 
effects on native pollinators remains to be tested.

Although there are important benefits of reintroducing 
native AM fungi (summarized in table 1), major barriers 
remain in the widespread implementation of this approach. 
Currently, locally adapted, native inocula are only commer-
cially available within the tallgrass prairie ecological region. 
In addition, the logistics and sensitivities of the introduction 
of native inocula need to be addressed further. The challenge 
in overcoming these barriers is accentuated by the limited 
expertise that most restoration practitioners have with 
AM fungal biology. Innovative partnerships and improved 
communication are needed between scientists, horticultur-
ists with expertise in AM fungal biology and cultivation, 

Figure 5. Mycorrhizal responsiveness (plant mass with 
native AM fungal inoculation or plant mass without AM 
fungal inoculation) is greater for later successional plants. 
Later successional plants (e.g., Amorpha canescens) tend 
to be conservation priorties (Bauer et al. 2018) and can be 
difficult to establish in restoration. These results indicate 
that late successional plants may be inhibited in disturbed 
soils that have weakened mycorrhizal fungal communities, 
whereas early successional plants will not. This effect was 
consistent across plant family (the symbols of different 
colors and shapes). The bars represent the average 
mycorrhizal responsiveness within each successional stage, 
and the points represent each individual plant species 
within that successional stage. The data were adapted from 
Koziol and Bever (2015).
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restoration practitioners and advocates of holistic restora-
tion of native grassland communities. Communication 
between these groups would facilitate the development of 
needed products and the technology, and the best practices 
in their use. All of these efforts rely on demand for native, 
locally adapted AM fungal inocula being generated by eco-
logical consultants and restoration practitioners.

More generally, although the reintroduction of native, late 
successional AM fungi can improve grassland restoration, 
we do not know the extent to which successful restoration 
of native AM fungi will be sufficient to restore the original 
diversity and ecosystem services of undisturbed grasslands. 
The evidence that inoculation with native AM fungi acceler-
ates restoration (e.g., Koziol and Bever 2016b) is promising, 
but it remains to be seen whether it is sufficient for the 
long-term stabilization of grassland diversity. Specifically, 
although reintroduction of native AM fungi can increase the 
establishment of late successional plant species, the resulting 
increase in plant diversity may only be temporary if these 
species are ultimately competitively excluded by native early 
or midsuccessional plant species. In addition, although late 
successional plants and native AM fungi are associated with 
positive ecosystem attributes such as increased soil aggregate 
stability (Duchicela et al. 2012), the extent to which fast-for-
warding succession by using native AM fungal inoculation 
will confer ecosystem services similar to those of late suc-
cessional grasslands remains unknown. Stable coexistence 
of species within high diversity grassland restorations may 
require the reintroduction of many components of the plant 
microbiome, such as plant pathogens, beneficial bacteria, or 
other endophytes. The dynamics of pathogens, for instance, 
may be crucial to long-term coexistence of species diversity 
(Kardol et al. 2007, Bauer et al. 2015, Bever 2015). How sen-
sitive these organisms are to disturbance remains relatively 
unknown, and whether the restoration of the complete 
native microbiome would improve stability of grassland res-
torations is also an open question.

Conclusions
The plant microbiome is a new frontier in ecological res-
toration that has been shown to play a central role in the 
establishment of diverse plant communities in restorations. 
We suggest that the new approach of incorporating native 

and late successional microbiome “probiotics” to restoration 
environments should be added to other standard grassland 
restoration management practices that include restoring 
native plants and herbivores as well as increasing fire fre-
quency to improve restoration quality. We have outlined 
how reintroduction of one particularly important compo-
nent of the plant native microbiome, symbiotic mycorrhizal 
fungi, can improve restoration outcomes. Although the use 
of locally adapted and locally collected native plant seed 
has long been the suggested protocol for restoring native 
plant communities (Pearse et al. 1948), this concept is only 
recently being applied to plant microbes. Furthermore, 
research and product development are necessary for this 
standard to be realized on a large scale.
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Supplemental data are available at BIOSCI online.
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