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During the United Nation’s Decade on Ecosystem Restoration, planting material shortages are constraining restoration, while
climate change exacerbates the need for restoration and reduces recruitment. Concurrently, research shows that native mycor-
rhizal fungi (symbiotic with plant roots) appropriate to plant provenance and site conditions significantly accelerate restora-
tion, support crucial ecosystem services, and provide natural climate solutions (sequestering carbon), and nature-based
solutions for climate change (climate adaptation). We reviewed 130 management plans for natural areas in the United States
to evaluate whether restoring native mycorrhizal communities has translated into implementation. Although management
plans frequently discussed the ecosystem services mycorrhizal fungi provide, nearly one half (46 %) viewed fungi solely as path-
ogens or ignored them altogether. Only 8% of plans mentioned mycorrhizal fungi. Only one plan mentioned that mycorrhizae
were potentially helpful to natural regeneration, while one other mentioned utilizing soil as a restoration tool. Our examination
of publicly available data and case studies suggests that relatively meager protections for fungi, limited research funding and
resulting data, research difficulty, and limited access to mycology experts and training contribute to this gap between science
and implementation. A database of literature showcasing mycorrhizal ecosystem services and benefits is provided to highlight
when and why mycorrhizae should be considered in management, regeneration, and restoration. Three action items are recom-
mended to safeguard native mycorrhizal fungal communities and accelerate restoration and regeneration. Ten implementation
tips based in scientific literature are provided to clarify the need and methods for mycorrhizal restoration.
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Mycorrhizae, restoration, and land management

Introduction

As the United Nations’ (UN) Decade on Ecosystem Restoration
begins, studies suggest supplies of plant propagative material
will constrain restoration (National Academies of Sciences,
Engineering, and Medicine [NASEM] 2020; Fargione et al.
2021), while areas in need of restoration and regeneration will
grow due to ongoing deforestation, shifting agriculture, and
the increasing frequency and severity of extreme weather events
(Curtis et al. 2018; NASEM 2020; Fargione et al. 2021). Simul-
taneously, climate change, and the associated increasing fre-
quency and severity of extreme weather events, is reducing
natural regeneration and recruitment by reducing seedling emer-
gence, survival and fecundity, and purging belowground seed
banks (Panetta et al. 2018; Costa dos Santos et al. 2019; Garnier
et al. 2021). Mycorrhizal fungi, symbiotic with plant roots, pro-
vide a wide variety of services to plants and ecosystems, and
offer a potentially crucial offset to the above challenges. For
example, restoring native mycorrhizal fungal communities in
conjunction with native plant communities can increase planting
survival and establishment, native plant biomass, plant species
richness, and site similarity to reference ecosystems (Rua
et al. 2016; Koziol & Bever 2017; Neuenkamp et al. 2019;
Policelli et al. 2020). Improvements of 30% or more in these
and similar measurements of restoration success are not unusual
when diverse mixes of native mycorrhizal fungi are paired with
appropriate plants and site conditions (Koziol & Bever 2017;
Neuenkamp et al. 2019).

Mycorrhizal restoration is necessary because disturbances
including land use changes, invasive vegetation, pollution,
reduced populations of native plant hosts, and herbicide applica-
tion can negatively impact native mycorrhizal fungal communi-
ties in ways that can last for years (Meinhardt & Gehring 2012;
Koziol & Bever 2017; Helander et al. 2018). In addition, mycor-
rhizal fungal communities found on plant propagative material
may not be optimized to plant host or planting site conditions,
even when specific attention is given to this step (Moreira
et al. 2007; Sykorova et al. 2007; Southworth et al. 2009). For
example, oak seedlings grown at a natural site and seedlings
from the same site grown in a greenhouse shared none of the
same taxa (Southworth et al. 2009). For these reasons, restoring
native mycorrhizal fungal communities optimized for planting
site and plant provenance (as an additional step to installing
planting materials) could help offset other restoration, reforesta-
tion and land management challenges.

The management and restoration of mycorrhizal fungi is also
appropriate on its own merit because mycorrhizal fungi provide
ecosystem services that increase the function, resiliency, and
positive impact of natural areas (Costanza et al. 1997). The ben-
efits of mycorrhizal symbioses can be species, provenance, and
context dependent (Rillig & Mummey 2006), and only a small
subset of any mycorrhizal fungal community may provide a spe-
cific service (e.g. Egerton-Warburton et al. 2007). Yet, the scien-
tific literature reveals many meaningful contributions of
mycorrhizal fungi to ecosystem services. Figure 1 visually sum-
marizes some of the ecosystem services mycorrhizal fungi
can provide (left), and the corresponding results of their

depletion (right). We summarize these ecosystem services
below (additional details and references can be found in Supple-
ment S1), before investigating whether there is a gap between
the science of mycorrhizae and the implementation of that sci-
ence in restoration and management.

Briefly, mycorrhizae can improve plant nutrition, build fertile
soil, and improve moisture infiltration and retention in the soil
(Supplement S1). Flower number and mass, nectar production,
and seed production can be improved by mycorrhizae.
Mycorrhizal hyphae and secretions cycle nutrients and aggre-
gate soil. They protect against erosion, and reduce nutrient loss
and leaching (Supplement S1). Contributions of mycorrhizae
to ecosystem services also seem particularly relevant during
the next decade as the climate changes. Mycorrhizae serve as
natural climate solutions (increasing carbon storage; Griscom
et al. 2017), by sequestering carbon underground in hyphae,
competing with saprotrophs to reduce carbon release, and
improving aboveground carbon storage via increased plant
growth (see discussion in Baird & Pope Baird & Pope 2022).
Mycorrhizae also act as nature-based solutions for climate
change (natural means of adapting to climate changes;
Nesshover et al. 2017). By mediating plant water use and
access, mycorrhizae improve plant drought resilience, water
use efficiency, and cooling (Wu & Xia 2005). Mycorrhizae
increase flowering duration, reducing potential timing mis-
matches between plants and pollinators under climate change
(Barber & Gorden 2015; Supplement S1). While invasive vege-
tation and pests are expected to increase (Gregory et al. 2009;
Clements & Ditommaso 2010), mycorrhizal fungi can boost
plant defenses and reduce the presence and impacts of pests
and pathogens (Reddy et al. 2006; Rinaudo et al. 2010; Supple-
ment S1). Mycorrhizae can increase the nutritional value of food
plants, which could counteract the declines expected with cli-
mate change (Avio et al. 2018; Bisbis et al. 2018). If common
mycorrhizal networks are distributing resources underground
as studies suggest (see Supplement S1 for references and discus-
sion), they may also be improving ecosystem stability similar to
the way spreading resources across a portfolio reduces the risk
of financial investments (Schindler et al. 2015). Mycorrhizal
fungal diversity also supports plant biodiversity and ecosystem
productivity, and increases the efficiency of plant resource use
(van der Heijden et al. 1998).

Although rarely studied, mycorrhizal contributions can cas-
cade through ecosystems, influencing habitat quality and
resource availability for other species. One study estimates that
biomass in the Serengeti (including large carnivores) would be
halved without the phosphorus supplied by mycorrhizal fungi
(Stevens et al. 2018). Another study suggests that adding appro-
priate mycorrhizal inoculation to restoration for a 6.89 ha site
would increase endangered bird habitat from O to 1.2 ha 6 years
post-restoration (Tracy & Markovchick 2020).

Game et al. (2015) noted that there is frequently a gap
between science and implementation in conservation. Thus,
we questioned whether the utilization of mycorrhizal fungi as
a restoration innovation had successfully bridged this gap.
We hypothesized that usage of this tool may still be relatively
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Mycorrhizae, restoration, and land management

Figure 1. Examples of ecosystem services that can be provided by mycorrhizal fungi (left) and results of their depletion (right), including: soil aggregation
preventing erosion and dust (A); nutrient and water mining improving plant nutrition, diversity, and resilience (B); additional food for mammals and insects (C);
and common mycorrhizal networks that studies suggest are transporting nutrients (D), water (E), and pest warning signals (F) that enable advance and/or
coordinated plant pest repellence and signaling of pest parasites, such as the aphids and their wasp parasites pictured here (G); increases in carbon storage in
hyphal tissues and secretions belowground, and increased plant diversity, growth, resilience to stressors and canopy cover aboveground (H); reductions in
temperature associated with additional plant diversity, growth, and resilience to stressors like drought (I). Illustration by Kara Gibson and Victor Leshyk.

uncommon outside academia. To investigate this issue, we exam-
ined natural resource management plans in the United States that
were consistently available online from two different sources for
their treatment of ecosystem services and mycorrhizae.

Review of Management Plans

We downloaded and methodically searched 130 national forest
and grassland management plans, and state forest action plans.
We chose these plans because they cover many acres of natural
resources throughout the United States (over 853 million for
state forest action plans, and over 97 million for national forest

and grassland management plans), represent habitats populated
by two of the most common types of mycorrhizal fungi (arbus-
cular mycorrhizal fungi [AMF]; ectomycorrhizal fungi
[EMF]), and are consistently available for nearly all states and
national grasslands and forests, avoiding bias due to inconsistent
availability (National Association of State Foresters 2019;
United States Forest Service [USFS] 2019). State forest action
plans from the National Association of State Foresters
(n = 55) were typically more recent, produced from 2008 to
2018 (with a median year of 2010), while plans downloaded
from the U.S. Forest Service (n = 75) were slightly older, pro-
duced between 1984 and 2019 (with a median year of 2004).
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Mycorrhizae, restoration, and land management

Supplement S2 provides additional methodological details and
the resulting database.

To evaluate each management plan’s consideration of the
life-sustaining ecosystem service categories outlined by
Costanza et al. (1997), we searched each management plan
(n = 130) for terms related to each ecosystem service category
(Table 1) and reviewed occurrences to confirm the intent of the
word usage. To evaluate the consideration of mycorrhizal fungi
in each management plan, we systematically searched each plan
(n = 130) for terms related to mycorrhizae (Table 2). Since very
few plans mentioned mycorrhizae, we expanded the search to
include terms related to multiple kinds of fungi (as in Table 2).
Each occurrence was read to confirm its intent and categorize
each mention with regard to its view of fungi (as described in
Table 2 and Supplement S2).

Treatment of Ecosystem Services and Fungi in
Management Plans

Management plans were often concerned with the same ecosys-
tem services to which mycorrhizae contribute: 85-100% of the
plans discussed 8 of the 10 ecosystem service categories
(n = 130, Fig. 2; Supplement S2). Similar to a study in
Australia that found 30% of national park management plans
made no mention of fungi (Pouliot 2013; Irga et al. 2018), we
found 22% of plans made no reference to fungi. Another 25%
viewed fungi solely as a threat. This percentage is substantially
lower than the 90% of plans that viewed fungi solely as a threat
found by Pouliot in 2013, but still means that out of 130 manage-
ment plans, nearly half (46%; 60 of 130) either completely
ignored the entire Kingdom Fungi or viewed fungi only as a
threat without any reference to their beneficial roles in

Table 2. The main questions addressed regarding the treatment of fungi in
the sampled state forest action plans and national grassland and forest man-
agement plans, and the methods and search terms used to address them.

Questions addressed Search methods/terms

(1) Are ecosystem services to Table 1 contains the ecosystem
which fungi contribute of service categories considered.
concern in management Each plan was searched for
plans? terms related to each

(2) If so, which ecosystem ecosystem service category.
services are of concern? Searches returned all words
similar to search terms. Usage
of terms was reviewed to
confirm intent (e.g. “buffer”
was not used in a mapping
sense, but to refer to the ability
of an area to buffer the effects
of a disturbance)

Each plan was initially searched
for terms relating to
mycorrhizae (with few
results), and then for any terms
relating to fungi, including:
fungal, fungi, fungus;
mycorrhiza, mycorrhizae,
mycorrhizal; mushroom;
endophyte; lichen; microbe,
microbial, microbiome

(3) Are mycorrhizae mentioned
in management plans?
(4) Are fungi mentioned?

(5) Do fungi appear in the plan ~ For each plan, mentions of fungal

as a threat; a resource, terms were classified as a: (a)

solution or indicator (RSI); or threat, or (b) resource,

both? solution, or indicator (RSI).
Plans that included both kinds
of mentions were categorized

as both

Table 1. Simplified ecosystem service (ES) categories used here, the original categories identified by Costanza et al. (1997), and the search terms used for each
category. For manageability we focused on biological and life-sustaining categories (omitting cultural ecosystem services). Additional details on the methods

used can be found in Supplement S2.

ES categories
reviewed here

Categories in Costanza
etal (1997)

Search terms used

Disturbance Disturbance regulation
regulation
Climate Climate regulation; gas
regulation
Water Water regulation; water
supply; waste treatment
Habitat and Refugia
biodiversity
Genetic Genetic resources
resources
Nutrient Nutrient cycling; soil
cycling formation

Erosion control

Pest regulation
Pollination

Raw materials

Erosion control and sediment
retention

Biological control

Pollination

Food production; raw
materials

Adapt, adapting, adaptation, buffer, drilling, extreme weather, fire, flood, mining, natural
disaster, natural hazard, plasticity, resilience

Carbon credit, carbon sink, carbon market, carbon storage, climate change, climate
regulation, sea level rise, sequester, carbon

Clean water, filter, water availability, water quality, water quantity, water regulation,
water supply, waste treatment

Biodiversity, biological diversity, ecosystem, endangered species, foundation species,
protected species, restoration, species diversity, threatened species

Genetic(s), genetic adaptation, genetically adapted, genetic diversity, genetic exchange,
genetic transfer, genetic variation

Soil formation, soil quality, quality soil, soil productivity, fertile soil, nutrient cycle,
nutrient cycling soil recycling, soil conservation, conserve soils, conservation of soil
resources, ability of soil to hold nutrients, decomposition

Air quality, erosion, grazing

Bark beetle, disease, exotic, herbivory, invasive, pest
Pollinate, pollinator

Agriculture, food, harvest, regeneration, succession, tree age, wood product
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Mycorrhizae, restoration, and land management

Disturbance regulation

Climate

Water

Habitat and biodiversity

Discussed, 98% I

Discussed, 72% Ignored, 28%

Discussed, 100%

Discussed, 100%

(A)
Discussion Genetic resources Discussed, 86%
of
ecosystem Nutrient cycling Discussed, 95%
service
categories Erosion control Discussed, 97%
Pest regulation Discussed, 100%
Pollination W IEATEE T BPt3 7S Ignored, 72% ‘
Raw materials Discussed, 100%
0% 20% 40% 60% 80% 100%
Percent of all management plans (n=130)
(B) Threat & Threat
H 0, 0,
Plan view of RS, 31% RSI, 22% Only, 25% Ignored, 22%
fungl \RSI = Resource, Solution, or Indicator l
(©)
discussion of
fungi Microbes - Ignored, 75% ‘
Mycorrhizae . Ignored, 89% ‘
Endophyte I Ignored, 98% ‘

0%

40% 60% 80% 100%

Percent of plans discussing fungi (n=102)

Figure 2. Results of systematically searching 130 management plans (National Association of State Foresters 2019; USES 2019) for concern with individual
ecosystem service categories and mycorrhizae (using terms found in Tables 1 and 2). Plans were largely concerned with the same ecosystem service categories to
which mycorrhizae contribute (A). However, 46% of plans ignored the Kingdom of Fungi altogether or viewed fungi only as a threat (B). Few plans mentioned

mycorrhizae, 8% of plans overall, and 11% of plans that mentioned fungi (C).

ecosystems, or their conservation. As Figure 2 shows, when
management plans mentioned a fungal term (n = 102), it was
most frequently due to disease (82%), mushrooms as food
and harvestable items (56%), or lichens as air quality indicators
and food for wildlife (54%). Plans that mentioned fungi only
rarely mentioned mycorrhizal fungi (11%) or fungal endo-
phytes (non-pathogenic/symbiotic fungi found inside plant
tissues; 2%).

Nearly all plans (92%; and even 89% of those mentioning
fungi) failed to mention mycorrhizae (Fig. 2), and only one plan
specifically mentioned that mycorrhizae were potentially
helpful to natural forest regeneration. One other plan mentioned
utilizing soil as a restoration or regeneration tool. Of plans
that mentioned mycorrhizae, most (91%) were from the
U.S. Forest Service (with the exception of the Wisconsin
Statewide Forest Strategy). We hypothesized that more recent
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Mycorrhizae, restoration, and land management

plans would be more likely to mention mycorrhizae since the
most convincing studies on the contributions of mycorrhizae
to restoration and ecosystem services tend to be more recent.
However, plans that mentioned mycorrhizae were developed
between 1989 and 2015, with a median year of 2005 (similar
to the median of 2004 seen for U.S. Forest Service plans over-
all). With the exception of the Wisconsin Statewide Forest
Strategy, plans mentioning mycorrhizae were from the western
United States and 36% fell under the Northwest Forest Plan
Survey and Manage Guidelines which required the inclusion
of fungi in monitoring and management (Molina 2008;
Davoodian 2015).

Potential Causes of the Science-Application Gap

Few studies have evaluated disconnects between science and
application for beneficial fungi, but those studies reveal that
fungi are often ignored except as pathogens in public perception,
university courses, and even by land managers and biologists
(Pouliot 2013; Irga et al. 2018). To better understand the nature
of this gap, we investigated factors we hypothesized could
inhibit the translation of science on beneficial fungi into applica-
tion. We examined the relative levels of legal protection and
research funding, research difficulty and cost, and access to fun-
gal expertise in restoration and land management contexts.

Relative Legal Protections and Research Funding

The presence of detailed knowledge and experts for specific
taxa in the natural resources management workforce are fre-
quently driven by the existence of legal protections such as
the U.S. Endangered Species Act (ESA) and resulting funding.
Thus, we hypothesized that poor legal protections and low
levels of funding would represent barriers to mycorrhizal
application in restoration and land management. To better
understand the role legal protections might play, we systemat-
ically searched publicly available protected species lists for
relative coverage of each Kingdom and compared this repre-
sentation to the diversity of life represented by each Kingdom
(Fig. 3; Supplement S3). Although estimates of the biodiver-
sity of life across Kingdoms vary widely (Table S1; Supple-
ment S3), fungi are an estimated 7% of the biodiversity on
Earth with approximately 120,000 known taxa, and an esti-
mated 97-99% remaining to be discovered (Hawksworth &
Liicking 2017; Larsen et al. 2017; Fig. 3; Table S1). Yet, our
systematic search of the International Union for the Conserva-
tion of Nature’s (IUCN) Red List (2019) and ESA list
(United States Fish and Wildlife Service [USFWS] 2019a)
revealed that fungi are rarely mentioned in conservation list-
ings (0-0.09%; Fig. 3; Supplement S3; Tables S2 & S3).
In fact, commentary on the ESA reveals a lack of clarity surround-
ing the protections afforded to fungi by this crucial piece of legis-
lation, despite the listing of multiple corals and two lichenized
fungi under the act (Davoodian 2015; USFWS 2019¢;
Supplement S3). European reports focused on fungi with visible
mushrooms (macrofungi) show similarly sparse protections,
despite recent commitments to, and progress in, reviewing the

conservation status of additional fungal taxa under the [TUCN’s
Red List (Senn-Irlet et al. 2007; May et al. 2018; Supplement S3).

To investigate whether fungal research funding levels might
also be contributing to the gap, we searched fiscal year
(FY) 2018 federal research projects for mentions of different
terms related to fungi and other organismal groups
(Supplement S3; Tables S4 & S5). Although approximately
5% of FY2018 federal research projects that mention organismal
groups include mentions of fungi, approximately 70% of
this fungal research funding appears to relate to disease
(Fig. 3). Fungal pathogens are serious threats, and their impact
is expected to increase with climate change (Almeida
etal. 2019). Yet, beneficial fungi are likely more numerous than
fungal pathogens. For example, pathogenic fungi appear to con-
stitute a small proportion of the fungal soil communities in
North America compared to beneficial ectomycorrhizal and
saprotrophic fungi (59 compared to 1988 taxa; Tedersoo
et al. 2014). These beneficial fungi could be our allies against
disease, pests, and stressors, including fungal pathogens, since
many fungi produce antibacterial and antifungal compounds
(Xu et al. 2015). Even fungi initially viewed as solely patho-
genic are sometimes found to have beneficial qualities, such as
producing key anticancer compounds and immunosuppressive
therapies (Stone 1993; Watts et al. 2009). Yet, only 1.2% of
U.S. FY2018 organismal research funding for projects that men-
tion fungi refer to mycorrhizal fungi, for example.

Relative Research Difficulty and Cost

Given the complexity and often cryptic nature of fungal biology
(tissues intermingled with symbionts, the difficulty of defining
an individual, microscopic to vast underground sizes, etc.) we
hypothesized that the difficulty and cost of fungal research
might also lead to challenges translating science into manage-
ment. The study of mycorrhizae frequently requires field collec-
tions, short- and long-term sample storage and curation,
microscopy, genomic sequencing and stable isotope and mass
spectral analyses (Lindahl et al. 2013), for example. Even ques-
tions of classification can be elusive. Species must often be
defined statistically as a percentage of genomic sequence match,
due to challenges associated with observing breeding behavior
and other factors typically used for plants and animals
(Lindahl et al. 2013). Additional complexity occurs because
some fungi may not exist independently of their hosts, and fun-
gal functions, persistence, and responses vary with changes in
symbiont and environment (Rillig & Mummey 2006).

To evaluate mycorrhizal research difficulty and the role it
could play in preventing effective translation of scientific prom-
ise to conservation and management, we quantified the differ-
ences involved in surveying for fungi versus plants using a
case study from one of the authors (Fig. 4; Supplement S4). This
example, surveys for an orchid, Platanthera cooperi, and its
orchid mycorrhizal fungi (OMF), was chosen for three reasons.
(1) It comes from a single project with consistent context and
oversight such that extraneous costs and factors do not vary.
(2) Searches for both plants and fungi must be carried out using
methods specific to each. (3) Clear cost estimates exist for both
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Plants <0.5%%#

Estimated Diversity
of Life on Earth

Fuagi

=

Bacteria

World Conservation Union
Red List

Endangered Species Act
(ESA\) Listings

FY2018 US
Research Funding
Referencing Organisms

0% 20%

Fungal Disease

40% 60% \ 80% 100%

Representation (%)

Other Fungal Research,
30.5%

Figure 3. Relative representation of organismal groups within the estimated taxonomic diversity of life on earth (Larsen et al. 2017), International Union for
Conservation of Nature Red List and U.S. Endangered Species Act conservation listings IUCN and ESA, respectively; IUCN 2019; USFWS 20194), and FY
2018 U.S. federal research funding referencing organisms (Star Metrics 2021). All organismal groups are represented in each series, but the representation of
some groups is so small that they are not visible. Despite comprising 7% of the biodiversity on earth, fungi represent less than 0.1% of IUCN and ESA listings.
Although fungi appear in 5% of 2018 U.S. federal research funding referencing organisms, 70% of this funding appears to target disease. Supplement S3 and
Tables S1 through S4 contain additional details of diversity estimates, and protection and funding searches. Icons gratefully sourced from thenounproject.com.

the plant and mycorrhizal fungi portions of the project.
The estimates provided focus on surveying the presence and
identity of plant and fungal taxa, excluding other conservation
and management actions. Results show that despite the crucial
importance of OMF to the plant, there is a relative lack of infor-
mation regarding OMF requirements concurrent with large dis-
parities in survey cost and effort. Although the cost disparities
outlined in this example do not represent all cases (see Supple-
ment S4), it illustrates the challenges of understanding often
more cryptic and poorly described fungal symbionts relative to
their plant hosts.

Despite the understandable appeal of simply monitoring
and managing the plant host alone, studies are clearly identi-
fying the insufficiency of this approach. For example, restora-
tion and regeneration (including range shifts in response to
climate change) could depend entirely on the availability of
appropriate fungal symbioses that may have been eliminated
from the soil by invasive species, pollution, disturbance or
herbicide application (Meinhardt & Gehring 2012; Helander
et al. 2018). Koziol and Bever (Koziol & Bever 2017) found
that some late successional plant species could not be restored
without concurrent restoration of the appropriate mycorrhizal
fungal community. Multiple studies indicate that appropriate
pairings between plants, soil, and mycorrhizal fungi are key
for beneficial results (Johnson et al. 1992, 2010; Rua
et al. 2016). Both intraspecific and interspecific mycorrhizal
diversity can be crucial to outcomes (van der Heijden
et al. 1998; Johnson et al. 2012).

However, lower levels of regulatory protection and research
funding can often lead to reduced levels of scientific knowledge,
and have repercussions for implementation, reducing the infor-
mation needed to translate science into application (Baird &
Pope 2022). For example, information typically required for
conservation and management of a taxon includes population
sizes, distribution, and trends, and threats to the taxon
(Table 3). These types of information often require repeated
monitoring across time and a taxon’s range, which often do
not exist for fungal taxa, especially less visible taxa such as
mycorrhizal fungi.

Relative fungal research funding levels are low, with 5% for
fungi compared to 18% for plants, for example (Fig. 3; Supple-
ment S3; Tables S2-S5). If relative fungal diversity (8% for
fungi and less than 0.5% for plants; Fig. 3; Table S1) and the rel-
ative difficulty and cost of fungal research shown in Figure 4
(a potential ninefold difference, for example; Supplement S4)
are considered in concert, relative funding for fungal research
is even more incongruent (Supplement S5; Table S6). Decisions
about the prioritization of research dollars require thorough con-
sideration of societal values and the effectiveness of specific
strategies, which we are not attempting here. However, we offer
this example to inform efforts to translate science into applica-
tion for beneficial fungi. For example, awaiting more thorough
knowledge for implementation of mycorrhizal restoration (with-
out meaningful changes in protections or research funding)
could come with significant opportunity costs and loss of
mycorrhizal diversity.
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Mycorrhizae, restoration, and land management

Cooper’s rein orchid
(Platanthera cooperi)

Per plant population: 73 hours; $6,600
Botanists with species-specific identification skills (due to
similarity of vegetative and floral morphology to other
species) search for and flag plants. GIS specialists record
and map geocoordinates.

(A) Survey Effort / Cost

Orchid mycorrhizal fungi
(OMF; about 328 taxa)

Per plant population: 1,800 hours; $60,000
Mycologists excise, sterilize, and microscopically
inspect roots to isolate fungal structures. Geneticists
extract, amplify, sequence, de-noise, and compare
fungal DNA to taxonomic databases. Each step
requires specific, detailed expertise.

(HRIRRNRENN
Cooper’s Rein Orchid: about 10 days

OMF: about 120 days

(B) Time to Results

i
Orchids produce | e~
thousands of Germination does not occur
“dust” seeds in nature without OMF;
symbiosis is observable here

with fungal peloton
formation in root cells

(C) Ecology of Plant
& Fungus

Non-photosynthetic
protocorms remain 100%
dependent on OMF
for 22 years

OMF requirements can vary by environmental conditions and life stage;

orchid reproduction may occur only after symbiosis with specific OMF taxa

population locations are typically known. Dependence

for what conditions/life stages is typically not known.

Soil characteristics, habitats, microclimates, threats and (D) Current

on OMF is known, but which orchids require which omF~ Knowledge

Little is known about OMF, their requirements, or
threats to their persistence due to the complexity of
studying them. Patchy distribution may indicate
importance of soil or microclimate characteristics.

Figure 4. A case study comparing the relative effort and cost to survey (A), and time to obtain survey results (B) for a rare herbaceous plant and the beneficial
OMEF upon which it obligately depends. Investigations of orchids reveal orchid obligate dependence on OMF (C). However, relatively little is known about OMF
requirements (D) concurrent with research cost and effort disparities (A, B). For additional details, see Supplement S4. Photos provided by Jyotsna Sharma.

Relative Access to Fungal Training and Expertise

Clear mandates for species protection and research funding often
drive job and training availability, and the incorporation of
experts into the practitioner workforce. To understand the pres-
ence of mycologists focused on beneficial fungi in the workforce,
we examined the handbook of federal position classifications
as a case study (United States Office of Personnel Manage-
ment 2018). Although there is some overlap between categories,
this examination reflects that of federal natural resources job clas-
sifications (n = 30), 33% relate to animals, 40% relate to plants,
and only one category (3%) relates neutrally or positively to
microorganisms broadly (covering fungi, bacteria, archaea and
more). In contrast, at least two categories (6%) relate specifically
to fungi as threats. The few studies we could locate that address
this issue clearly state that mycologists and mycological knowl-
edge are a relative rarity among natural resource managers
(Molina 2008; Davoodian 2015; Irga et al. 2018), potentially
stemming from historical distrust of fungi, and the difficulty of
studying and defining them (Arora & Shephard Jr. 2008;
Kaishian & Djoulakian 2020). For example, Molina (2008) and
Irga et al. (2018) note that mycologists often do not have experi-
ence in restoration and management, and restoration and land
management practitioners often have little access to mycologists.

The exception seems to have been the required integration of
mycologists and mycology into land management under the
Survey and Manage Standards and Guidelines of the Northwest
Forest Plan (Molina 2008; Davoodian 2015). This effort ended
with legal cases over the nature of integration between protec-
tions and industry. However, this effort resulted in 12 years of
monitoring 9.7 million ha, yielding approximately 14,400 fungal
records. This suggests great strides could be made in translating
fungal research into application if organizations designated posi-
tions for mycologists specializing in beneficial fungi as they
often do for botanists, physical soil scientists, and wildlife
biologists (Molina 2008).

Reasons for Concern

The gap between mycorrhizal science and implementation
would be less concerning if data suggested fungi were flourish-
ing. However, many reports suggest fungi are in decline. The
Survey and Manage Standards and Guidelines of the Northwest
Forest Plan found that 55% of the 234 fungal taxa in the program
were found at fewer than 20 locations, and 42% were found at
10 or fewer sites (Molina 2008). For comparison, the Eastern
prairie fringed orchid (Platanthera leucophaea) is extant in
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Mycorrhizae, restoration, and land management

Table 3. Types of information typically required for conservation and man-
agement of taxa.

Information needed for conservation and
Source management

Endangered Species Act ¢ Current or expected habitat decline
(USWES 2019b) for the taxa
¢ Overutilization data
» Disease, pathogens, pests, parasites,
and predators of the taxa
» Existing regulatory mechanisms to
protect the taxa
¢ Degree, magnitude, location, and
immediacy of threats to the taxa
» Taxonomic distinctiveness
Red List categories and ¢ Taxa’s population size, trends, and
criteria distribution
(IUCN 2019) ¢ Fluctuations in the extent,
occupancy, number of populations,
or number of mature individuals in
the taxa
¢ Quantitative analysis of taxa’s
extinction probability

Managing protected » Species inventories
areas, a global guide * Population size, trends, and
(De Lacy et al. 2006) distribution of the taxa
» Habitat types and current conditions
¢ Degree, magnitude, location, and
immediacy of threats to the taxa
* environmental services provided by
the taxa

59 populations and listed as threatened (USFWS 2019a), while
its relative, the chaparral rein orchid (Platanthera cooperi) from
Figure 4 is found at 162 locations and is considered vulnerable
(The Calflora Database 2022). In Europe where there is a longer
history of monitoring macrofungi (which form aboveground
fruiting bodies, a category which includes many EMF), reports
paint a similar picture, suggesting that many macrofungi are
declining (Senn-Irlet et al. 2007). All 22 native species of hyd-
noid fungi (forming fruiting bodies with tooth-like projections)
in The Netherlands and Northwestern Europe show declines in
fruiting bodies since 1950 (Arnolds 2010), and fungal ethnoe-
cology studies revealed that 53% of mushroom collectors in
Poland report a steady decrease in macrofungi (Kotowski
et al. 2021). The decline of mycorrhizal fungi generally is more
difficult to assess because this category includes fungi that do
not form large fruiting bodies aboveground, such as AMF.
However, many studies report declines in mycorrhizal fungi
due to various causes including land use change, invasive spe-
cies, pollution, and herbicide use (Castellano & Gorchov 2012;
Grove et al. 2012; Meinhardt & Gehring 2012; Swaty
et al. 2016; Lilleskov et al. 2019). Ectomycorrhizal fungi
(EMF), known to sequester more carbon than other types of
mycorrhizal fungi, also appear particularly susceptible to cli-
mate change (Baird & Pope 2022).

In some cases, the dangers facing beneficial fungi mirror
those for other species, and the same conservation strategies
could benefit fungi (Minter 2011). For example, Clemmensen

Table 4. Recommended action items in relation to mycorrhizae in natural
areas, and tips for implementation. Expanded versions with additional con-
text and references are available in Supplement S7.

Mycorrhizal action items for natural areas

(1) Manage for mycorrhizal fungi too, especially in areas with less
historical disturbance that could act as mycorrhizal refugia and
source populations, and in areas where events indicate
restoration may be needed.

(2) When mycorrhizal restoration is indicated by prior land use or
management, commit to restoring the full diversity of native
mycorrhizal communities that are plant provenance appropriate
and site appropriate.

(3) Develop mycorrhizal restoration plans alongside planting and
natural regeneration plans and include mycorrhizal fungi in land
management planning and documents. Address soil
conservation concerns and measures for mycorrhizal restoration
during planning.

Mpycorrhizal implementation tips for natural areas

(1) Native mycorrhizal fungi meaningfully contribute to
ecosystem services and land management goals.

(2) Both within and between species diversity of mycorrhizal
fungi matter to outcomes.

(3) Native mycorrhizal communities may be depleted and
degraded by a variety of disturbances.

(4) Fully functional, diverse native mycorrhizal communities
often do not regenerate quickly.

(5) The needed native mycorrhizal communities are generally not
present in sufficient numbers, combinations, or diversity on
the plant material used in restoration.

(6) Inoculation of plantings with mixes of native mycorrhizal
fungi optimized to plant provenance and site conditions, and
representative of their diversity in nature, boosts restoration
outcomes.

(7) Mass-produced mycorrhizal products can inhibit native
mycorrhizae and yield poor results.

(8) Inappropriate plant/soil/mycorrhizal pairings and poor
inoculation timing can lead to poor results.

(9) Optimal results are obtained with diverse mixes of native
mycorrhizal communities appropriate to plant provenance
and site.

(10) Successful inoculation requires direct contact with live
mycorrhizae or activated spores.

et al. (2013) found that habitat fragmentation, a common threat
to biodiversity, is also a concern for mycorrhizal fungi and con-
servation mycology. Thus, conservation programs targeting the
mitigation of fragmentation could benefit both charismatic taxa
and lesser known taxa like mycorrhizal fungi. However,
Cameron et al. (2019) documented geographic mismatches
between terrestrial aboveground and soil (including mycorrhi-
zal) biodiversity, finding that these mismatches cover 27% of
the earth’s terrestrial surface. Thus, efforts to protect areas of
aboveground biodiversity may not sufficiently reduce threats
to soil biodiversity (Cameron et al. 2019). In addition, even
within areas that are protected, disturbances such as the treat-
ment of invasive vegetation with pesticide (Helander
et al. 2018), or self-reinforcing soil legacies left after invasion
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by exotic vegetation (Meinhardt & Gehring 2012), may quietly
continue to reduce beneficial fungi, if these impacts are not rec-
ognized and specifically addressed as part of land management
planning (Davoodian 2015; May et al. 2018; Willis 2018).

Implications for Research

Given the status and funding of fungal knowledge, it seems cru-
cial to consider what kinds of fungal research could best support
the translation of science on beneficial fungi into implementa-
tion. Here we focus on mycorrhizae. We suggest that research
identifying mycorrhizal ecosystem service dollar values, and
research explicitly exploring mycorrhizal effects on other eco-
system members, are crucial to informing a more widespread
understanding of the costs and benefits of implementation.
Costanza et al. (1997) argued that being aware of the dollar
values of naturally provided ecosystem services aids in better
decision-making. This is just as true for mycorrhizal fungi as
for other taxa. Yet, a simplistic search could find no studies esti-
mating the dollar values of mycorrhizal ecosystem services
(Supplement S6). Thus, research on this topic offers a unique
opportunity to contribute to our understanding of the world.
Similarly, research regarding the links between mycorrhizae
and benefits to protected areas or the success of protected or
commercially valuable species could appropriately inform the
conservation of multiple species and integrate mycological con-
cerns with those of desired ecosystem services, nature-based
solutions, and natural climate solutions. These types of research
also lay a foundation for mycorrhizae to be considered in pay-
ment for ecosystem service and carbon credit programs
(Fripp 2014; Senadheera et al. 2019), which could improve the
conservation and restoration of mycorrhizal fungi while increas-
ing ecosystem services and carbon sequestration, if the preserva-
tion of natural fungal diversity is also included as a goal.
Although we have focused on mycorrhizae here, it is clear that
other trophic groups of fungi are similarly understudied and under-
served. For example, endophytes were mentioned in management
plans even less frequently than mycorrhizae, despite promising
research on their contributions to host plant survival, growth, and
defense (Moore et al. 2019; Yan et al. 2019). Our investigation of
research funding and regulatory protections also revealed that
levels of diversity and research funding for Archaea, Chromista,
Protozoa, and Bacteria are similarly incongruent. Issues surround-
ing fungi with regard to regulatory protections and geographic mis-
matches between aboveground and belowground biodiversity
(Cameron et al. 2019) seem similarly applicable to these other
Kingdoms. Adequately covering these mismatches would require
expertise and space well beyond this article. However, we have
tried to provide examples of methods that could be utilized to iden-
tify and illuminate gaps between science and implementation, and
inform efforts at narrowing those gaps, regardless of target taxa.

Conclusions and Implementation Tools

There is some good news for fungi. [IUCN’s Red List reviews of
fungi are increasing (Supplement S3). Royal Botanic Gardens,
Kew has issued inaugural (and follow-up) State of the World’s

Fungi reports and piloted civil scientists’ use of mobile sample
sequencing preparation technology (Harries 2017; Willis 2018).
MycoFlora (2020) and MycoPortal (2020) pair community-based
macrofungal specimen submissions with professional genomic
sequencing. These programs do not address challenges associated
with identifying fungal functions or more cryptic fungal forms, but
they dorepresentimportant steps toreduce costs and increase avail-
able data (Dickinson et al. 2010; Irga et al. 2018).

Still, the difficulty and state of fungal science, relatively low
levels of fungal protections and research funding, and the rela-
tive rarity of mycological experts among practitioners pose bar-
riers to maximizing fungal contributions to management and
conservation for all species. This is true 17 years after Science
magazine’s special issue focused on soils and fungi as the final
frontier (Pennisi 2004).

Given the relative rarity of mycologists (Senn-Irlet
et al. 2007; Irga et al. 2018), increasing links between land man-
agers, restoration practitioners, civil scientists, and scientific
experts (which has helped so many disciplines) seems particu-
larly crucial for fungi (Minter 2011; Davoodian 2015). Improv-
ing integration has policy implications as well. For example,
efforts to mandate and fund increased restoration and regenera-
tion could include explicit calls for improved integration of
appropriate mycorrhizal restoration. Policies protecting sensi-
tive species and their habitats or requiring use of the best avail-
able science in land management, would seem to logically
include science on the contributions and application of mycor-
rhizal fungi and other microbiota.

There is still much to learn about fungi and mycorrhizae. How-
ever, evidence s fairly clear regarding the efficacy of restoring fully
diverse native mycorrhizal communities optimized to plant prove-
nances and site conditions, and the failure of mass-produced fungal
inoculants (Maltz & Treseder 2015; Rua et al. 2016; Neuenkamp
et al. 2019). Evidence also seems fairly clear regarding declines
in fungi, and the gap between science and implementation for
mycorrhizae. To advance implementation, we developed three
tools for restoration practitioners and land managers, included in
the Supplemental Information (Supplements S1 and S7).

To empower practitioners to advocate for the assistance
needed for implementation and enable examination of when
and why it could be beneficial to include mycorrhizae in land
management and restoration, we created a database of studies
showcasing mycorrhizal ecosystem service contributions and
restoration benefits (Supplement S1). The database lists exam-
ples by ecosystem service category, provides references for each
example, and summarizes the treatments compared, type of
effect, and magnitude of effect seen.

Based on the scientific literature, we recommend three mycor-
rhizal action items and 10 implementation tips for natural areas
(in Table 4). The full versions of these tools include references
and more detailed logic (Supplement S7). The mycorrhizal action
items suggest three ways that restoration practitioners and man-
agers of natural areas can benefit mycorrhizal fungi and the health
of their ecosystems by considering mycorrhizae in their restora-
tion and planning efforts. Baird and Pope (2022) also provide
seven guidelines which complement these. The mycorrhizal
implementation tips navigate and summarize some of the points
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we have discussed throughout this article, but in a condensed for-
mat specifically designed with practitioners in mind. We begin
the implementation tips by highlighting the benefits that mycor-
rhizal fungi can provide and the importance of maintaining their
full diversity (Supplement S1; van der Heijden et al. 1998;
Johnson et al. 2012), step through the reasons why mycorrhizae
need restoration, and summarize the evidence demonstrating
what their successful restoration achieves (Meinhardt & Gehr-
ing 2012; Helander et al. 2018; Neuenkamp et al. 2019). We con-
clude the implementation tips with details to consider for
appropriate and successful mycorrhizal restoration, including
the poor performance and ethical considerations of mass-
produced products, neutral to negative results seen with poor
pairings (Maltz & Treseder 2015; Rua et al. 2016; Saloman
et al. 2022), and other factors to consider to achieve successful
inoculation (Supplement S7).

As the UN Decade on Ecosystem Restoration begins, appro-
priate mycorrhizal restoration could help offset restoration chal-
lenges, and represents a critical step toward re-orienting
ecosystem restoration around whole ecosystems from the
ground up.
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