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Abstract
One of the main threats to forests in the Anthropocene are novel or altered interactions among trees, insects and fungi. To
critically assess the contemporary research on bark beetles, their associated fungi, and their relationships with trees, the interna-
tional Bark Beetle Mycobiome research coordination network has been formed. The network comprises 22 researchers from 17
institutions. This forward-looking review summarizes the group’s assessment of the current status of the bark beetle mycobiome
research field and priorities for its advancement. Priorities include data mobility and standards, the adoption of new technologies
for the study of these symbioses, reconciliation of conflicting paradigms, and practices for robust inference of symbiosis and tree
epidemiology. The Net work proposes contemporary communication strategies to interact with the global community of re-
searchers studying symbioses and natural resource managers. We conclude with a call to the broader scientific community to
participate in the network and contribute their perspectives.
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1 Introduction

1.1 The bark beetle-fungus symbiosis

Symbiosis is one of the most charismatic phenomena of life.
Bark beetles (Coleoptera: Curculionidae: Scolytinae) evolved
so many different types of symbioses that they offer an

unmatched research system for evolutionary biologists, ecol-
ogists, and scientists in plant protection. Most bark beetles are
associated with fungi, but the degree and mode of association
vary tremendously, possibly more than in any other compara-
ble insect group (Figs. 1 and 2)(Harrington 2005; Mueller
et al. 2005). The relationships range from highly specific,
farming-like nutritional ambrosia symbioses, to loose
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associations of beetles with fungal hitchhikers, to asymmetri-
cal dependence of beetles on trees pre-colonized by pathogens
(Hulcr and Stelinski 2017). Similarly variable are the relation-
ships between the beetle-fungus consortia and their tree hosts.
While some bark beetles require killing trees for reproduction
(Thatcher 1981), others live in decayed trunks feeding on
white-rot fungi (Li et al. 2015), and yet others colonize dry
twigs accompanied by xerophylic fungi (Kolarík et al. 2008).

The bark beetle mycobiome has the potential to become a
research system on the cutting edge of symbiosis research,
given its diversity, common availability, and replication of
evolutionary origins. However, the field faces challenges sim-
ilar to those in research on other symbioses: the “dark biodi-
versity” where researchers have mostly neglected fungi and
beetles that are difficult to sample, the difficulties in separating
out anecdotal/storytelling from robust evidence-based re-
search, and diffuse community evolution where fitness is hard
to measure (Six 2020). Forest entomology and pathology text-
books and papers continue to promulgate concepts that remain
unproven by experiments.

Besides serving as a model in ecology and evolutionary
biology, these beetle-fungus relationships have often been
hugely destructive to forests. Beetle outbreaks and pathogen
epidemics have now reached record proportions on nearly
every continent. Bark beetles (and the fungal pathogens that
some carry) are blamed for this destruction, but in reality, it is
far from clear when these are true “pests” and “diseases” and
when they are just symptoms of much greater anthropogenic
causes, including climate change, globalization, and intensive
silviculture (Allen et al. 2010). Forest entomology and pathol-
ogy literature has been dominated by studies from North
American and European ecosystems and plantations, but most
of the emerging beetle-associated tree die-offs do not fit
established paradigms. This results in lack of solid informa-
tion on such important agents of disturbance for the end-users
of our science (Figs. 1 and 2).

1.2 The network

To critically assess the current research on bark beetles, their
associated fungi, and their relationships with trees, the Bark
Beetle Mycobiome research coordination network was
formed (http://www.bbmycobiome.org). This international
group of over 22 researchers from 17 institutions, mostly in
South Africa and the United States, strives to unite the fields
of forest entomology, pathology, symbiology, and tree health,
and to strengthen them with new paradigms and technologies
appropriate for the era of rapid global change. This forward-
looking review presents the group’s assessment of the current
status of the field and recommend priorities for advancement.

In order to accelerate discovery, remain compatible with
other cutting-edge research fields, and serve applied end users,

the Network intends to support key conceptual advances in the
bark beetle mycobiome research, including:

& Define standards for robust bark beetle-fungus research,
including standards for sampling, isolation, storage of ma-
terial, and data formats.

& Facilitate data sharing through the mobilization of dark
data and alignment of our databases with other global
data-sharing initiatives.

& Improve research rigor by moving beyond observations
towards hypothesis-driven experimental design, symbiosis in-
ference, pathology inference, statistics, and molecular tools.

& Connect the forest pathology and entomology communities
working on the topic to one another and to other communi-
ties engaged in basic sciences, management, and policy.

Fig. 1 Ambrosia beetles, such as this Ambrosiodmus minor, are an
example of an obligate mutualism between bark beetles and fungi.
A. minor depends on its basiodiomycete symbiont Flavodon subulatus
(Jusino et al. 2020) for the extraction of nutrients from the dead wood.
The fungus, visible here as white mycelium in the tunnels, benefits by
being vectored to suitable microhabitats. Photo: You Li, University of
Florida

Fig. 2 Most bark beetles live in fungus-saturated spaces, but the co-
occurrence does not imply interaction. Here, an unknown fungus flour-
ishes in the tunnel of Hypoborus ficus without any known effect on the
phloem-feeding beetle. Photo: Jiri Hulcr
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& Synthesize and publish the new knowledge and perspec-
tives on bark beetle-fungus symbiosis to distinguish what
is solidly known or testable, and communicate it.

& Communicate to the global research and end-user com-
munity. Communication and access facilitation should be
a foundational effort in each research project. The
Network attempts to set a standard of openness by making
its activities and outputs publicly accessible. The schedule
of all activities and the recordings of all quarterly meetings
are freely available on our website www.bbmycobiome.
org.

The remainder of this review analyses specific elements of
the research process.

2 Design of observations and experiments

2.1 Current status

The development of any research field rests on the interplay
between experimental and observational approaches. Also in
bark beetle-fungus symbiosis research, hypotheses need to be
tested by experimentation, while the most productive way to
generate the hypotheses is by learning from natural history.
However, statements of function or relationships made from
observations are a weak inference, and this approach is iden-
tified by the Network as the main roadblock in current re-
search. Observations and experiments are equally important,
but both need to be conducted with rigor.

Observations on the biology of bark beetles, ambrosia bee-
tles, and the associated fungi are plentiful in literature.
Unfortunately, many published studies employ sampling driv-
en by opportunity, convention, or expected results rather than
a systematic and properly documented sampling. As a result,
much of the literature is difficult to use as credible foundation
for subsequent hypotheses.

The experimental dimension of the research field is lagging
even further behind. For example, one of the most fundamen-
tal and often explored concepts is the relationship between a
particular fungus isolated from a particular beetle gallery and
the biology of the beetle. Dozens of projects describing new
beetle-fungus associations have deployed weak sampling
schemes and were only able to report correlative associations
between the organisms. This weak post-hoc observational in-
ference is equally widespread in studies of beetle-borne dis-
eases of trees. Several recent works confirm that the system
does yield itself to experimentation and strong inference (Six
and Elser 2019; Carrillo et al. 2020).

One of the greatest benefits of studying the bark and am-
brosia beetle mycobiome is its multiple independent evolu-
tionary origins, because it allows the application of powerful
comparative studies. Unfortunately, this opportunity remains

underused, as only very few bona fide comparative studies
exist (Huang et al. 2019, 2020; Veselská et al. 2019).

2.2 Recommended priorities for advancement

As in all of symbiology, the research field will advance best if
natural history observations are systematically recorded and
corroborated via hypothesis-driven experimentation. Other
fields, from climate research to epidemiology, have adopted
standards for data reporting to bolster the value of observa-
tions (Boden and Parkin 2008, Halbritter et al. 2019) and we
advocate for analogous standards to be used in our field.

Even initial observations in an unknown system can be
recorded with rigor. Instead of recording “a white fluffy fun-
gus growing in the tunnels of beetle X”, one can follow stan-
dards for a descriptive study and record “between the hatching
and pupation stage of the brood a translucent mycelium with
monilioid conidiophores, consistent with the appearance of
Ambrosiella, grew along the walls of the larval cradles” and
include the tree host, location, a photograph, and a voucher.
The additional effort required for making and recording de-
tailed observations is small, but the value for subsequent re-
search is substantially greater.

Similarly, in terms of hypothesis testing design, we believe
that the lack of rigor is less a matter of logistics and effort and
more a lack of culture of experimental design in the field. How
can we assert that a fungus isolated from a beetle is a mutual-
ist, commensal, parasite, or just one of the myriads of fungi
naturally occurring in the subcortical habitat? This cannot be
inferred from its presence or even repeated presence and great
abundance. The path to the most reliable statements of role
and relationship (mutualism, parasitism) is via replicated, fac-
torial experiments on the effect of the presence and absence of
the fungus (e.g. Bracewell and Six 2015, French and Roeper
1972, Saucedo et al. 2018, Carrillo et al. 2020).

One potential avenue for change in the community culture
is the encouragement of robust peer-review practices. For ex-
ample, the publication of works without a satisfactory factorial
design or evolutionary studies without a comparative frame-
work should be discouraged.

3 Mycobiome sampling

3.1 Current status

As studies of the bark beetle mycobiome are expanding from
the discovery phase into understanding of function and inter-
actions, rigorous sampling standards are essential.
Unfortunately, the community of researchers studying the
bark beetle mycobiome does not share standard best practices
for acquiring specimens, sampling, isolating and curating fun-
gi, and implementing experiments. Often, the choice of the
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sampling method is driven by convenience or by convention,
not by the targeted question. Consequently, the literature on
bark beetles and fungi is replete with tenuous claims of asso-
ciations without exploring alternative hypotheses. Frequently
there are no fungus or beetle vouchers. Sources of contamina-
tion and bias are introduced in the downstream community
analyses, rather than removed.

Sampling of the bark beetle mycobiome tends to be biased
towards particular species or groups of fungi, especially those
causing disease. Cryptic species (Lehenberger et al. 2019),
bacteria (Hulcr et al. 2012), yeasts (Mayers et al. 2018),
phoretic and fungus-feeding mites and nematodes, and con-
taminating molds (e.g., Penicil l ium , Aspergillus ,
Mucoromycetes) have been overlooked, ignored, or disposed
of (Davis 2015; Kasson et al. 2016; Li et al. 2018; Hofstetter
et al. 2015), despite their ubiquity and abundance in beetle
galleries and mycangia.

3.2 Recommended priorities for advancement

To improve our understanding of species interactions associ-
ated with the bark beetle mycobiome and to distinguish bio-
logically relevant partners from transient organisms, sampling
practices must address these gaps:

& Normalized sampling approaches to ensure data quality
and parity across the scope of research on bark beetle-
fungus interactions.

& Strategies for isolating fungi must be tailored to specific
questions (e.g., identification vs. microbiome studies), and
isolation methods to different substrates.

& Currently used storage techniques for fungi need to be
reviewed (e.g., slants, lyophilization, storage multiplexing)
and examined for their influence on beetle-associated fungal
mortality and recovery bias.

& Often the best approach to isolate the fungal community is
sampling directly from the beetle vectors, but best prac-
tices for sampling, storing, and shipping beetles for fungal
isolation have not been established.

& High-quality voucher specimens for unequivocal future
references need to be included in the workflow.

& To facilitate collaborative research, collections with
beetle-associated fungi, specimens, and cultures need
to be identified and connected.

4 Vector beetle identification

4.1 Current status

Bark and ambrosia beetles are often perceived as difficult to
identify. Many publications only identify them to genus, and

the method of identification is often not described. Vouchers
are not always kept or made accessible, either physical spec-
imens or DNA barcode sequences. Interestingly, this issue is
pervasive in studies of species that are perceived as common.

The greatest taxonomic scrutiny is typically dedicated to
emerging pest species. This is appropriate but it results in
frequent taxonomic renaming, which makes it difficult for
the end-users to adopt the correct nomenclature. For example,
Euwallacea fornicatus (Eichhoff 1868) sensu Wood (2007) is
different from Euwallacea fornicatus (Eichhoff, 1868) sensu
Gomez et al. (2018) and Euwallacea fornicatus (Eichhoff
1868) sensu Smith et al. (2019b).

Another reason why corroboration of species identity is
more important than ever is the exponential growth of avail-
able DNA sequences (Cognato et al. 2020). Publications not
following the newest classification risk the perpetuation of
incorrect data, and make navigating past results difficult.

4.2 Recommended priorities for advancement

The Network identified four areas where practical improve-
ments are within reach:

& Facilitating the rigor of beetle identification: When an
observation or inference is made of bark and ambrosia
beetles interacting with fungi, the identity of the beetle
should be rooted in literature or corroborated with a
person who made the identification. In the last few
years, user-friendly identification tools have been
made available (i.e., www.barkbeetles.info) or are
being published (e.g., Smith et al. 2019a), including
curated DNA sequence databases (Cognato et al.
2020). Furthermore, recognizing the need for in-
creased identification rigor, the research community
has organized itself to provide free bark and ambrosia
identification service (i.e., www.ambrosiasymbiosis.
org/mysterybeetles). Our Network will work to
popularize the use of such tools and services and
will continue to support them.

& Synergy between ongoing taxonomic research and its
use by the broader community: the research community
need to understand the end-user community and facilitate
its access to the most robust, up-to-date nomenclature.
This is important not only for reproducible science but
also for fair attribution of impact to taxonomic publica-
tions (Agnarsson and Kuntner 2007). At the same time,
publicizing emerging species of importance assists the
taxonomy-oriented members of our community with pri-
oritizing their research focus.

& New approaches for identification: artificial intelligence
is being explored in beetle morphological identification
(i.e. http://beetle.ioz.ac.cn). DNA-based identification
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works best when using expert-curated resources (Cognato
et al. 2020).

& Training: Recognizing that in-person training in beetle
identification is most productive, the group co-supports
hands-on taxonomic training opportunities, such as the
Bark & Ambrosia Beetle Academy.

5 Fungus identification

5.1 Current status

Morphology-based identification of bark beetle-associated
fungi is difficult: most have few diagnostic characters,
some of their most conspicuous traits are convergent, and
most nutritional mutualists lack sex-related morphology,
and identification based only on asexual spore-producing
structures can be misleading (Batra 1985). For example,
bee t le -assoc ia ted fungi in the unre la ted orders
Ophiostomatales and Microscales independently evolved
nearly identical long-necked perithecia that attach sticky
ascospore masses onto insect cuticles (Blackwell 2010; De
Beer et al. 2013).

Molecular identification of fungi has become the stan-
dard in the field, but the widespread reliance on DNA
barcoding (the use of single short gene regions for species
identification) or metabarcoding (the use of the same re-
gions for surveys of communities) has several drawbacks
(see below for a discussion on DNA and RNA
metabarcoding). The two most frequent issues that our
group identified are the use of inappropriate PCR primers
and the low reliability of DNA sequence databases.
Sequence comparison is only useful if databases are prop-
erly populated. Unfortunately, DNA sequences of beetle-
associated fungi in public databases are still often incor-
rectly named (Nilsson et al. 2006). Reliable identification
is dependent on phylogenetic analyses using reference da-
ta sets, which is challenging for non-systematists.

5.2 Recommended priorities for advancement

The identity of a beetle-related fungus is not just a
name label; it should be used as a statement about the
evolutionary origin of the fungus, its relationship to the
beetle vector, and its role in the holobiome. Existing
DNA sequence datasets need to be curated to become
identification resources where species identities are cor-
roborated by the congruence of DNA-phylogenetic, mor-
phology, and ecological distinctiveness. Most of the in-
formation already exists but our goal is to make it in-
terconnected, revised and widely available.

6 DNA and RNA metabarcoding

6.1 Current status

Contemporary amplicon metabarcoding of fungal communi-
ties largely relies on the internal transcribed spacer region
(ITS) of the ribosomal RNA (rRNA) array. However, for
many subcortical fungi including key beetle symbionts from
Ophiostomatales, this marker is unreliable for amplification
(Harrington et al. 2011). The impact of this bias is underap-
preciated (Skelton et al. 2019b), and undermines the conclu-
sions of many studies, including our earlier studies (Kostovcik
et al. 2015; Rassati et al. 2019; Miller et al. 2019). Additional
biases are present at most steps of this process, including the
treatment of the beetle vector, sampling design, DNA extrac-
tion, amplification, sequencing, read clustering, and incom-
plete public DNA databases (Lindahl et al. 2013).

Many metbarcoding studies still use the sequencing tech-
nology for untargeted surveys, generating large amount of
data first and speculating about emergent patterns later.
These exercises miss the greatest power of high-throughput
sequencing: the statistical testing of pre-defined hypotheses by
multiplexing, disaggregation of samples, factorial design, and
replication. Communities in mycangia have been character-
ized repeatedly using DNA metabarcoding but hypotheses
about interactions of the fungi are only now beginning to be
addressed (Skelton et al., 2019b).

The resulting beetle-by-fungi matrix is a starting point for
downstream analyses. Because the fungi and beetles may or
may not be phylogenetically related, a key challenge in
disentangling the community is distinguishing the effect of
ecological processes from the shared evolutionary history of
some members (Skelton et al. 2019a). This is where the phy-
logenetic replication bark beetle mycobiome presents an un-
precedented playfield for development (Huang et al. 2019;
Veselská et al. 2019; Skelton et al. 2019b).

6.2 Recommended priorities for advancement

Standards in DNA metabarcoding studies of the beetle-
associated fungal communities need to be elevated. On the
conceptual level, we recommend an integrated design of such
studies, where the sampling design, the choice of markers and
the bioinformatic steps are steered by biological properties of
the system and, first and foremost, by the research question.

On the technical level, biases at many steps of the high-
throughput sequencing process can be circumvented by in-
cluding additional markers, complementary culturing
(Skelton et al. 2019b) and appropriate controls. We strongly
suggest that the use of controls - negative blanks, expected
taxa, mock communities, and synthetic DNA - becomes the
standard in mycobiome research (Palmer et al. 2018).
Controls allow researchers to determine which organisms are
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true members of the bark beetle mycobiome, which are con-
taminants and how they were introduced (Lindahl et al. 2013).

For robust future DNA metabarcoding of fungal commu-
nities associated with bark and ambrosia beetles, approaches
beyond single-marker metabarcoding should be explored.
Other fields are successfully testing secondary barcodes such
as LSU, TEF and beta tubulin, and long barcode sequences
using technologies such as Pacific Biosciences (PacBio) and
Oxford Nanopore (Nilsson et al. 2019).

7 New molecular approaches

7.1 Current status

The frontier of the research on beetle-fungus relationship is in
interactions on the cellular level. Tools needed for such re-
search, including transcriptomics, experimental genome mod-
ification or fluorescence in-situ hybridization, are readily
available and have revolutionized other fields of biology, but
they have never been used to study the bark beetle
mycobiome.

7.2 Recommended priorities for advancement

The research field needs to start studying the mechanisms
of the interactions between the insects and fungi. This is
possible with the recent advancements in omics technolo-
gies, including whole metagenome shotgun sequencing,
metatranscriptomics, and metaproteomics. These technol-
ogies offer exciting research opportunities at scales from
molecular signaling between symbiont tissues to
metacommunities and metasymbioses (communities of
symbioses). The bark beetle mycobiome system promises
to fully utilize the power of these methods as it offers
comparative studies with phylogenetically independent
replicates and factorial hypothesis-testing.

While the symbiosis function remains a true black box,
even the fungus community composition is still not fully un-
derstood. Amplicon metabarcoding has provided new insights
into the low-titer community members, however, it also intro-
duced new biases. Studies in other fields have demonstrated
the utility of amplicon-free approaches capable of detecting
very small amounts of environmental DNA (eDNA). A pilot
target-capture approach (Vanderpool, unpublished) designed
to identify bark beetle consortia has the power to identify all
known and many unknown associates including the beetle,
bacteria, viruses, nematodes, mites, prokaryotes such as
Wolbachia, fungi, and microsporidia in a single library. We
are currently optimizing this protocol for use as a resource to
the bark beetle mycobiome research community.

8 Data culture and data sharing

8.1 Current status

Most specimens that support the active research on bark bee-
tles and their mycobiome are kept in disparate laboratories that
are not shared or made public. The number of specimens
(fungal or beetle) from the bark beetle-fungus research com-
munity that are shared in iDigBio (https://www.idigbio.org),
SCAN (http://scan-bugs.org), MyCoPortal (http://mycoportal.
org), or GBIF is low (Fig. 3). In addition, most of these data
are from specimens preserved in museums, not in active labs,
and are extremely geographically uneven. This is a drawback
for the community because the contents are unknown, and it
also puts the burden of data curation, sharing and archiving on
each lab, rather than a larger, specialized data serving
community. Individual database solutions typically do not
follow biodiversity data sharing standards (e.g., Darwin
Core, EML) so sharing data becomes difficult, or
impossible, even if the desire exists.

8.2 Recommended priorities for advancement

Capture of standardized data is now routine practice in many
other research fields and public sharing is an important step
(Parr and Cummings 2005). Some data types are already pro-
duced by nearly every team of bark beetle mycobiome re-
searchers, including sample provenance, images and DNA
sequences, and the majority are readily publishable through
existing online resources (e.g., journal supplementary mate-
rials, GBIF, iDigBio, NCBI). The uniquely valuable data on
the associations between the beetle, fungus and tree species
are publishable through synthetic dataset initiatives such as
the Global Biotic Interactions, open-access data repositories
such as Zenodo (https://zenodo.org/); and language
standardization projects like the Relations Ontology (http://
www.obofoundry.org/ontology/ro.html). Access to raw data
from research is important to advance our science, providing
sufficient detail to allow the methods to be replicated and the
results compared (Cassey and Blackburn 2006, Heidorn 2008,
Ellison 2010).

The Network recommends developing the culture of data
sharing by: 1) finding and promoting existing mechanisms
that make data sharing beneficial to both the community as
well as to the original investigators, 2) establishing workflows
that elucidate “dark data” (unknown or unsearchable data) in
the labs of the bark beetle mycobiome research community, 3)
promoting minimum standards for these data that align with
the larger biology data standards for sharing and reuse, and 4)
examining how other research communities solved data shar-
ing (e.g., DataOne, KNB Data Repository, Michener et al.
2011).
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9 The importance of the host plants

9.1 Current status

Almost the entire lifespan of every bark beetle
mycobiome member takes place inside a host tree. This
environment is far from inert, as plants respond to the
presence of external agents (Bonello et al. 2006), and
the microenvironment undergoes major changes after the
tree’s death. In some cases, the need to overcome host
responses might even be one of the main selection forces
for a beetle-fungal consortium (Hammerbacher et al.
2019). Hence, the host plant is a critical component of
the ecology of the beetle-fungus symbioses (e.g.,
Wallace 1859; Raffa 2014), whether this involves asymp-
tomatic interactions, the development of a disease and
death of the host, or colonization of dead wood.

Except for the beetle-fungal systems that are well-studied
pests, the ecological role of the host tree is often
underemphasized. In most studies on non-pest systems, the
host trees are not even fully identified, and their interaction
with the invading agents is often ignored. Collection and pres-
ervation of plant tissue as vouchers is rare, as is their molec-
ular confirmation.

9.2 Recommended priorities for advancement

It is prudent that the role of tree identity and tree stress in bark
beetle outbreaks and invasions is studied, or at least recorded
more rigorously. For many research questions, it may be de-
sirable to also include host physiology and secondary metab-
olism component. Best practices to sample and preserve host
material need to be established and adopted, in order to

facilitate future host identification, characterize its physiology,
and to control for the intraspecific variability of secondary
metabolites (Moore et al. 2014). Input is needed from bota-
nists and plant physiologists.

10 Defining pests and pathogens

10.1 Current status

Different beetle-fungal consortia cause different types of dis-
ease on different plant hosts. While Dutch elm disease,
Fusarium dieback, and laurel wilt may have similar effects
in the invaded landscapes (Karnosky 1979; Kendra et al.
2013; Boland 2016), the biology of the vectors and the path-
ogens differs substantially.

The field of plant pathology provides powerful research
designs for resolving the contributions of vectors, pathogens
and the host to the disease, including Koch’s postulates and
Leach’s rules (Bosso et al. 2012). In the bark beetle/fungus
research field, however, the prevailing approach is still to infer
causation from observations (Roberts 1977; Hijii et al. 1991;
Kovach and Gorsuch 1985; Kühnholz et al. 2001; Bumrungsri
et al. 2008; Tarno et al. 2016; Faccoli et al. 2016).

Another useful paradigm in tree health research is the dis-
ease triangle - the interplay between the pest/pathogen, the
host, and the host’s environment. Reporting the host physio-
logical indicators is a standard practice in plant pathology, but
it would be an innovation in bark beetle studies. In our system,
the interactions are better represented as a pyramid of interac-
tions between the vector beetle, the fungus, the host tree iden-
tity, and the environment (Agrios 2005).

Fig. 3 Map of the 12,778 records of Scolytinae records in iDigBio out of the 115,621,381 available records (iDigBio 2018) shows highly uneven global
representation
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10.2 Recommended priorities for advancement

To stem the ongoing proliferation of tenuous observational
inferences, we propose to normalize the use of strong infer-
ence methods such as Koch’s postulates and Leache’s rules.
We also recommend not to use arbitrary methods to inoculate
living plant hosts at different developmental stages and con-
ditions, but methods justified by each project’s goal. Knowing
when and what to measure is becoming particularly important
as molecular, culture-independent techniques for pathogen
detection are now commonplace but their interpretation is by
no means straightforward (Hulcr et al. 2012).

11 Innovating research on pest and pathogen
systems

11.1 Current status

As global homogenization continues to affect the interactions
between bark beetles, fungi, and trees, it is important to con-
tinue to adapt the research foci, hypotheses, and tools to in
order to understand these new dynamics. Major long-standing
questions are still unanswered, while new challenges are
emerging. The invasion pathways remain unclear (Turbelin
et al. 2017). The importance of tree physiology in pest and
disease outbreaks continues to be speculated but rarely tested
(Kolb et al. 2019).

11.2 Recommended priorities for advancement

To consolidate the current conflicting perspectives on pests
and pathogens, and to provide a strong foundation for future
development, we encourage researchers on important bark
beetle-fungus systems to adopt strong inference standards
(Platt 1964). Such standards should become expected in pub-
lications and in the peer-review process.

In addition, the field will move forward in greater leaps if
more high-risk/high-reward ideas are tested. Below are several
examples of classical or novel ideas that promise progress:

& Some ambrosia beetles appear to concentrate on previous-
ly injured or stressed trees or tree parts: do they follow
cues from the internal tree mycobiome? Can we manage
the attacks by modulating the tree mycobiome?

& Bark and ambrosia beetles are temporally synchronized:
responding to their phenology may improve pest manage-
ment in horticulture.

& Pathogenicity or virulence of some invasive beetle-fungus
partnerships seem to change with time: can we facilitate
the evolution of lower virulence?

& Why are some unrelated tree species more susceptible to
beetle or fungus attack than others? Answers may lie in

their chemical, volatile, or endophyte similarity rather than
their identity.

& Similarly, within-species host tree responses to beetles or
fungi are far from uniform. Harnessing host variability in
silviculture may be more productive than combating pest
and disease outbreaks in uniform stands.

& Protecting trees by stimulating their inducible defense sys-
tem remains largely untested but some trials are promising
(Postma and Goossen-van de Geijn 2016; Mageroy et al.
2019).

Besides new, thought-provoking approaches, the research
field also needs to embrace time-tested approaches. For re-
search on insect and fungus distribution, dynamics or etiolo-
gy, we encourage strategically planned sampling design (e.g.,
Kolb et al. 2019). It is important to replicate the factors in
question, rather than sample ad hoc, based on convenience,
or introduce bias by sampling only positive cases.

12 Terminology in the bark beetle - fungus
system

12.1 Current status

During the more than 100-year history of research in this
system, the terminology used to describe the organisms, their
biological roles, and their relationships has not been consis-
tent. Terms have become confused across time (between the
classic and current literature), space (among different coun-
tries and languages), and disciplines (for example, between
entomologists and mycologists).

Examples of the many terms that are ubiquitous in the
literature but lack an agreed-upon definition include:

& primary ambrosia fungus
& auxiliary fungus
& propagule (spore or mycelium fragment)
& transmission (surface versus mycangial)
& nutrition (primary nutrition versus opportunistic, supple-

mentary feeding)
& aggressive pest
& pit mycangium and other non-glandular mycangia

A uniquely problematic term is “associate”, as in, a fungal
associate of a beetle. The term is sometimes useful as a statis-
tical concept of co-occurrence. The problem is its common
misuse as a statement of belief in the biological relevance of
the fungus for the beetle, even if other interpretations are more
parsimonious (Vega and Biedermann 2019). “Fungal symbi-
ont” is also commonly misused to mean “fungal mutualist”, a
problem shared with many other symbiotic systems
(Bronstein 2015).
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12.2 Recommended priorities for advancement

Though the field thrives on interdisciplinary cooperation, the
entomologists, mycologists, tree pathologists, botanists,
horticulturalists, ecologists, and others will communicate
more effectively when using unambiguous terminology (Six
2003; Bronstein 2015; Biedermann and Vega 2019). Ideally,
researchers should define terms within publications, or
aligned with relevant ontologies (Madin et al. 2008;
Reichman et al. 2011).

The Bark Beetle Mycobiome network members, as well as
other colleagues (e.g., Biedermann and Vega 2019), have al-
ready set out to 1) examine the literature to identify inconsis-
tent and ambiguous descriptors of the symbiosis, 2) examine
contemporary biodiversity informatics, ontologies, trait defi-
nitions and semantic statements, and 3) produce a set of terms
useful in the bark beetle-fungus context aligned with defini-
tions that are either unambiguous or testable.

13 Communication strategy

13.1 Current status

The magnitude and quality of research on beetles and their
fungal partners has increased appreciably in recent years,
and the research community has grown by an order of mag-
nitude. The cutting edge of bark beetle symbiology is now a
bustling scientific endeavor testing contemporary paradigms
and using modern technologies. However, the advances have
not been communicated well to outside researchers, natural
resource managers, and policymakers. Spread of conflicting
information is common, while at the same time, some re-
searches have guarded research information. As a result, many
new colleagues are entering the field reading outdated or
disproven literature, and many newly published studies are
using inadequate design and are addressing questions long
answered.

The second, more practical reason for improving our com-
munication is the accelerating avalanche of invasive beetles
and fungi, as well as the mounting environmental pressure
which causes trees to succumb to beetles and fungi. These
are new realities in applied forest protection, yet forest man-
agers are often left with old information that is not applicable
to contemporary problems. For example, during the epidemics
of laurel wilt, only minimal information was available, the
response was slow and the epidemics easily escaped
(Hughes et al. 2017). This disease has the potential to inflict
major damage in ecosystems in Western, Central and South
America, and up-to-date knowledge on the pathosystem needs
to be accessible.

Similarly, the common meme “bark beetles and ambrosia
beetles kill trees” is misleading. The vast majority of these

beetles and fungi are entirely harmless to living trees. There
are several species that kill trees under special circumstances.
However, most of those circumstances are a result of unnatu-
ral silviculture or introduction of nonnative species. The few
cases when bark beetles kill trees naturally, it happens as part
of long-term cycle of forest disturbance and regeneration (Pec
et al. 2015).

13.2 Recommended priorities for advancement

The group considers communication to be one of the central
elements of modern science. We see several major opportuni-
ties for disseminating innovation: 1) involving the community
of our peers, 2) training of students, 3) educating entomolo-
gists in mycology and vice versa (as recommended by others,
e.g., (Raffa et al. 2020), 4) aggressively keeping communica-
tion open and equitable, including using social media (Darr
et al. 2020), in order to maintain engagement of external col-
leagues, and 5) identifying services and assistance that are
low-cost to existing experts and high-value for new colleagues
(for example, free sample identification, https://www.
ambrosiasymbiosis.org/mysterybeetles).

The Network wishes to set an example by making its ac-
tivities publicly accessible via five annual meetings on three
different continents, quarterly public online conferences, and
ultimately via a published volume of conclusions and recom-
mendations. The schedule of all activities and the recordings
of all the quarterly meetings are available on our website
www.bbmycobiome.org.

14 Conclusion

14.1 Fundamental questions for the future

Research on beetle-fungus symbiosis has made major strides
in the last decade. However, it still lacks a solid theoretical
background and mechanistic understanding. This is especially
pronounced when compared with the advanced state of re-
search on other comparable fungus-insect symbioses such as
the fungus-farming ants and termites (Aanen et al. 2009;
Mueller et al. 2018). Therefore, one of the immediate research
directions opened ahead is simply to test the hypotheses al-
ready developed for similar symbiotic systems (Nobre et al.
2010).

Another key finding of the recent decade which opened the
door to new research realm is the realization that there is not
one, but may symbioses between scolytine beetles and fungi.
(Hulcr and Stelinski 2017). Each is composed of pairings of
beetles and fungi that evolved independently but to some de-
gree convergently (O’Donnell et al. 2015; Bateman et al.
2016, Li et al. 2015, Johnson et al. 2018, Vanderpool et al.
2018; Mayers et al. 2019). This is unique compared to other
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insect-fungus symbiotic systems that typically evolve only
once in insect and/or fungus. Therefore, another new research
horizon is finding out how these symbioses differ and how
they converge.

Most effort in this research field has gone into iden-
tifying the nutritional mutualists or phytopathogens vec-
tored by the beetles. Indeed, significant progress has
been made, especially in the past decade, identifying
and classifying these microorganisms. However, other
members of both gallery and mycangium microbiomes
have been overlooked or under-emphasized (Hofstetter
et al. 2015; Lehenberger et al. 2019).

Many previously unanswerable questions on the microbial
and molecular level can now be answered thanks to the avail-
ability of high-throughput DNA-based tools and statistical
tools for microbial community analysis. To accelerate our
understanding of the beetle-fungus symbioses in productive
directions, we now also need to adopt inference frameworks
long-established in other fields, such as population dynamics,
comparative phylogenetics, and multivariate statistics, and on-
ly then choose the technology most suitable for the question.

The aspect of bark beetles and fungi relevant to most peo-
ple is their effect on trees and forests. On one hand, the eco-
nomic and ecological impact of the bark beetles and their
fungi is one of the great reasons for the popularity of the
research field. On the other hand, the concept of impact is
becoming a burden in our attempts to document the symbioses
as part of nature, not at odds with it. The prevailing approach
to the study of the beetles and the fungi is to focus on the
impact, inherently implying that their ecology, interactions
with trees and outbreaks are somehow unnatural. We believe
that, instead of focusing on the beetle’s impact, we need to
study their role in the evolution of ecosystems. The large
outbreaks of the beetles and their synergy with climate change
make sense from a long term, large scale ecological perspec-
tive (Bentz et al. 2010; Hlásny and Turčáni 2013).

14.2 Call for participation

The outputs from the research coordination efforts of the Bark
Beetle Mycobiome network is intended to be collaborative,
international and interdisciplinary. We encourage any readers
in the field to lend their voices to the deliberations online (see
possibilities for participation at www.bbmycobiome.org). We
also welcome perspectives that are currently missing in our
community, because expertise and techniques from different
fields may allow for unanticipated leaps in the development of
the field.
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