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Abstract

A considerable portion of the world’s fungi is classified as microfungi; however,
their inclusion in conservation plans has been limited because most of these organ-
isms are identified through DNA sequencing technology and, therefore, cannot be
easily enumerated or assigned discrete range boundaries. The IUCN Red List Cate-
gories and Criteria were primarily developed for extinction risk assessments of
organisms whose distribution, abundance, and trends can be directly observed,
making them difficult to apply to microscopic organisms. To address this challenge,
we developed a microfungal conservation framework (MCF), which retains the
logical structure of the IUCN assessment criteria but replaces traditional metrics
with those quantifiable using molecular occurrence data, detectability-adjusted
occupancy, ecological specialization, functional importance, and degree of threat
exposure. This framework is presented alongside worked examples demonstrating
how sequence occurrences, habitat/host metadata, and threat layers can be com-
bined to produce a transparent Microfungal Priority Index, even when taxonomy is
incomplete or sampling coverage is limited. Ultimately, the MCF serves as a bridge
between molecular ecology and conservation decision-making, facilitating the in-
tegration of microfungi into red list assessments and spatial planning to address
a significant gap in global biodiversity targets.

Keywords
biodiversity assessment; environmental DNA; fungal diversity; [UCN Red List;
occupancy modeling

is molecular, such as metabarcoding or metagenomics (Ha-
jji-Hedfi & Abdel-Azeem, 2026). In practice, microorgan-

Hawksworth (1991) drew early attention to the fungal di-
mension of biodiversity, emphasizing both its vast magnitude
and its critical ecological significance, while underscoring
the need to incorporate fungi into broader conservation
frameworks. Microfungi are vital for ecosystem functions,
including nutrient cycling, decomposition, and soil struc-
ture (Abdel-Azeem, 2010; Vogel et al., 2024). Despite their
importance, fungi are poorly represented in many large-
scale and national-level biodiversity assessments (Barros
& Seena, 2022; Haelewaters et al., 2022a). This lack of rep-
resentation is even more pronounced for microfungi be-
cause the primary method of demonstrating their presence
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isms are often treated as “data-poor” instead of being as-
sessed for risk, resulting in a gap between molecular ecology
and conservation decision-making (Abdel-Azeem, 2011).
As global policy moves toward the Kunming-Montreal
Global Biodiversity Framework, it is essential to include
microbial components in assessments to protect total bio-
diversity (Convention on Biological Diversity, 2022).

The IUCN Red List Categories and Criteria (IUCN, 2001),
together with the Guidelines for Using the IUCN Red List
Categories and Criteria (IUCN Standards and Petitions
Committee, 2024), represent the most widely accepted
framework for assessing extinction risk. However, several
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key parameters required for Red List assessments, includ-
ing population size and area of occupancy, remain difficult
to estimate for organisms known primarily from sequence-
based data (Abdel-Azeem & Hajji-Hedfi, 2025). Recent stud-
ies have nevertheless shown that molecular surveys, when
combined with appropriate sampling strategies and model-
ing approaches, can improve the detection and assessment
of threatened fungi (Copot et al., 2024; Rieker et al., 2024).
In response to these challenges, we propose a Microfungal
Conservation Framework (MCF) that adapts IUCN princi-
ples to microfungi through five standardized components:
(C1) molecular occurrence data; (C2) detection-adjusted
occupancy, which accounts for false negatives in eDNA-based
sampling (Doi et al., 2019; Peixoto et al., 2023); (C3) eco-
logical specialization (Williams et al., 2009); (C4) func-
tional importance weighting; and (C5) a threat exposure
matrix. This framework is intended to address persistent
knowledge gaps in neglected groups, including Laboul-
beniomycetes (Haelewaters et al., 2022b; Cazabonne et al.,
2025).

Accordingly, the objective of this study was to develop an
MCEF that enables the incorporation of microfungi into
conservation assessment through a systematic methodol-
ogy based on these five principal components. Together,
they provide a structured basis for evaluating taxa, sites,
habitats, and ecosystems beyond simple estimates of mi-
crofungal diversity. Each component is informed by the
most relevant molecular, ecological, geographic, and con-
servation-related data, and the resulting scores are inte-
grated in a consistent manner to generate a Microfungal
Priority Index (MPI). In this way, the proposed framework
provides a practical basis for more transparent, repeatable,
and defensible conservation prioritization of microfungi.

2. Material and methods

2.1. Development of the Microfungal Conservation
Framework (MCF)

Our proposed framework is divided into five main compo-
nents.

Component 1, molecular occurrence data, uses sequence-
based evidence, including ITS metabarcoding, shotgun
metagenomics, and cultured isolates with barcode informa-
tion, together with associated metadata such as geographic
location, substrate or host, habitat, and date. This compo-
nent prioritizes documented evidence of taxon presence
rather than non-detection indicating absence.

Component 2, detection-adjusted occupancy, incorporates
imperfect detection directly into this framework. Occupancy
is estimated as the probability of presence across sampling
units, such as sites, plots, or substrates, while accounting for
false negatives and variations in methodology, including fil-
tration, PCR conditions, inhibitors, and sampling effort.

Component 3, ecological specialization, addresses the great-
er vulnerability often associated with taxa that occupy nar-
row ecological niches. Specialization was quantified using
available metadata, including host or substrate breadth,
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habitat breadth, and climatic tolerance proxies, with higher
values indicating narrower ecological requirements.

Component 4, functional importance weighting, considers
the ecological or applied significance of taxa according to
their functional guilds, such as mutualists, decomposers,
pathogens, and endophytes. Where appropriate, different
weights may be assigned depending on the context of the
assessment and conservation objectives.

Component 5, the threat exposure matrix, evaluates the
degree to which taxa are exposed to pressures such as land-
use change, pollution, climate anomalies, invasive species,
and host or substrate decline. Threat exposure was assessed
by linking spatial occurrence data with relevant threat lay-
ers and aligning these pressures with the IUCN threat cat-
egories. Depending on data availability, this component can
be evaluated at the local, regional, or global scale.

2.2. Calculation of the Microfungal Priority Index (MPI)

The Microfungal Priority Index (MPI) was developed as
a composite metric to integrate the five components of the
Microfungal Conservation Framework (MCF) into a single
quantitative measure of conservation priority. For each as-
sessment unit, the MPI was calculated as the weighted sum
of five standardized component scores. To ensure compa-
rability, all component values were transformed to a com-
mon 0-1 scale prior to integration, with higher values indi-
cating higher conservation priority. Equal weighting was
adopted as the default approach, and missing values were
addressed by recalculating the index using only the avail-
able components.

The MPI for each assessment unit i was calculated as follows:
MPI; = 2, wi Sy (1)

where S; is the standardized score of component k for as-
sessment unit i, and w is the weight assigned to that com-
ponent, with the sum of all weights being equal to 1.

The five components of the MPI are molecular occurrence
data (M), detection-adjusted occupancy (O,), ecological
specialization (E;), functional importance weighting (F)),
and threat exposure matrix (T;). Accordingly, the MPI can
be expressed as:

MPL = W]Mz' + WZO,- + W_';E,' + W4F,' + W5T,' (2)

Each component was evaluated separately using the most
relevant evidence available. Molecular occurrence data
were used to document confirmed records of taxa based on
sequence-based evidence, and associated metadata. Detec-
tion-adjusted occupancy was used to estimate the proba-
bility of presence while accounting for imperfect detection
and differences in the sampling effort. Ecological specializa-
tion reflects the degree to which taxa are restricted to hosts,
substrates, habitats, or environmental conditions. Func-
tional importance weighting accounts for the ecological or
applied significance of taxa based on their functional roles.
Threat exposure was used to evaluate the extent to which
taxa or sites were affected by pressures, such as land-use
change, pollution, climate anomalies, invasive species, and
host or substrate decline.
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Because these components may be measured on different
scales, all raw values were standardized to a common range
between 0 and 1 before integration:

Si = (X — Xpomin) / (X,max — X,,min) (3a)

where Xj; is the raw value of component k for assessment
unit 7, and X, min and X,,max are the minimum and max-
imum observed values for that component, respectively,
across all assessed units. For components in which higher
raw values indicated lower conservation priority (for ex-
ample, detection-adjusted occupancy, where higher occu-
pancy indicated lower rarity), reverse scoring was applied
using:
Si = Xmax — X) / (Xymax — X;,min) (3b)

to ensure that higher standardized values always repre-
sented higher conservation priority.

In the proposed framework, equal weighting is used as the
default approach. Thus, each component contributed 0.20
to the final score, and Equation (2) became:

MPI,; = 0.20M; + 0.200; + 0.20E; + 0.20F; + 0.20T; (4)

When one or more component scores were unavailable, the
MPI was recalculated using only the available components
and rescaled by the sum of their corresponding weights:

MPI, = (Zies wic Sad / (Zizs wi) (5)

where 7 is the number of available components for assess-
ment unit i. This step allows the framework to remain ap-
plicable, even when the datasets are incomplete.

For interpretation, MPI values may be grouped into broad
conservation-priority classes as follows: 0.00-0.20, very low

@ MOLECULAR OCCURRENCE DATA

Evidence for the presence of taxa based on
sequence data (ITS metabarcoding, shotgun
metagenomics, cultured isolates with
barcode information) and their associated
metadata (geographic location, substrate/
host, habitat, and date) is given precedence
over the assumption that lack of detection
indicates absence.

Substrate/ L

L Location

9 DETECTION-ADJUSTED OCCUPANCY

e 0 o Incorporates imperfect detection
o

Detection
o°°° AL Probability by modeling it directly. Estimates
Y the probability of presence while
? accounting for false negatives and
H methodological variation (e.g.,
0 filtration, PCR conditions, inhibitors)

Sampling Efiot 12t influence eDNA detection.

Occupancy = Probability of presence among
sampling units (sites, plots, substrates)
adjusted for sampling effort.

€ ECOLOGICAL SPECIALIZATION

B B’
Microfungal
Conservation

Framework (MCF,

Combines all five component

Quantifies the degree i e /’ 3. Biological resource use
o7 scores to indicate conservation
@ Host or Substrate Breadth of specialization using sorky.arl ertify Gtca | - 4. Natural system modifications
il iority and identify critical “ . S i 5
Narrow ————————— @ Broad available metadata. bl Invasive species 5. Invasive & other problematic
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values indicating 7. Climate change & severe weather
)  Climatic Tolerance (Proxies) neower ecological =
T, e e gy niches and greater Evaluation can be conducted at local, regional, or global scales depending on
vulnerability. data availability, thereby linking with spatial planning
and policy.
\d =

priority; 0.21-0.40, low priority; 0.41-0.60, moderate pri-
ority; 0.61-0.80, high priority; and 0.81-1.00, very high
priority.

3. Results

The Microfungal Conservation Framework (MCF) pro-
posed by the authors shown in Figure 1 is a theoretical
model that links together five key elements of microfungal
conservation status into a single Microfungal Priority In-
dex (MPI). The MPI supports the integrated analysis of
multiple dimensions of microfungal conservation status,
drawing together separate strands of knowledge on ecol-
ogy, distribution, function, and threat exposure into a sin-
gle index. This makes it possible to identify which taxa,
habitats, or ecosystems face the highest risk of loss due to
insufficient protection. The index can also be used to com-
pare species, populations, or ecosystems; highlight areas of
high conservation priority; and guide decisions about which
microfungi warrant additional attention when the avail-
able data are limited, inconsistent, or unbalanced.

3.1. Demonstration of the framework in principle:
Worked examples

To address the need for a clear demonstration of how the
MCF generates priorities, this section provides three
worked examples (Table 1) using microfungi of clear con-
servation concern (microfungal pathogens that can drive
declines in vulnerable wildlife or keystone plants). The ex-
amples are intended to show the mechanics of translating

o FUNCTIONAL IMPORTANCE WEIGHTING

Taxa are categorized into functional guilds using curated
databases and/or literature.

SR g Example Weight*
al Guild Role (context dependent)
Motlists StpporplanCRutiiion High ©O®
and ecosystem resilience
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Decomposers
e and nutrient cycling

Medum @ ® O

Regulate populations,

S0%) Path
LT A e ad and disease dynamics

>0
@ Endophytes

Other Specialists

Low-Medium @ O O

Endophytic functions

Medium-High
and stress tolerance ium-High @ @ O

Specialized ecological
functions

Varisble O O O

ing reflects (e.g. resilience,
forest continuity, deadwood management, etc.).

e THREAT EXPOSURE MATRIX

Exposure to threats its scored by overlaying spatial data on land-use change,
pollution, climate anomalies, invasive species, and host or substrate decline
with taxon occurrence records, and aligning exposures with IUCN threat

categories

@ Pollution -
! NS

Sl ©

Selected IUCN Threat
Categories Relevant
to Fungal Conservation
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FRAMEWORK (MCF) Occurrence Data
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i o Specialization
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Figure 1 Microfungal Conservation Framework (MCF). Conceptual schematic of the five assessment components and their
integration into a Microfungal Priority Index (MPI) proposed by the authors and designed using BioRender.
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Table 1 Illustrative MPI scoring for three microfungi that can be linked to conservation concerns via impacts on threatened hosts.
Scores are examples to demonstrate the calculation workflow; in practice, they should be derived from curated occurrence records,
replicated sampling designs, and explicitly documented threat layers.

Taxon Cl1 C2 C3 C4 C5 MPI
Evidence Rarity (1-y)  Specialization Function Threat exposure (mean)

Batrachochytrium 0.9 0.7 0.8 0.5 0.9 0.76

salamandrivorans

Pseudogymmnoascus destructans 0.9 0.5 0.7 0.5 0.8 0.68

Hymenoscyphus fraxineus 0.8 0.6 0.6 0.5 0.7 0.64

evidence into standardized component scores and combin-
ing them into an MPI; they do not constitute formal Red
List assessments.

For illustration, each component is standardized to a 0-
1 scale, where higher values indicate higher priority:
(C1) molecular occurrence evidence strength; (C2) rarity
inferred from detection-adjusted occupancy (score =1 -y,
where y is estimated occupancy); (C3) ecological special-
ization (narrow host/substrate/habitat breadth); (C4) func-
tional importance weight (context-dependent; here shown
as a neutral weighting); and (C5) threat exposure (overlap
between occurrence and host decline, land use change, cli-
mate suitability shifts, or other pressures). The default MPI
is the mean of the five component scores (equal weights),
but weights can be adjusted to match a specific assessment
goal.

The following section discusses three worked examples
from Table 1 in ascending order of their Microfungal Pri-
ority Index (MPI) scores, from lowest to highest, to illus-
trate how differences in the underlying component scores
translate into differences in overall conservation priority.

Hymenoscyphus fraxineus (ash dieback pathogen)

The assessment of Hymenoscyphus fraxineus, a fungus
linked to disease in ash trees, yields an MPI of 0.64, sug-
gesting a moderate-to-high priority and highlighting where
additional data could shift ranking. The evidence score (C1)
is 0.8, reflecting good sequence support but with greater
uncertainty and heterogeneity among regions and study
designs. The rarity component (C2) is 0.6, based on as-
sumed moderate occupancy after accounting for imperfect
detection in targeted surveys. Ecological specialization
(C3) reaches 0.6, indicating that while host association is
present, the fungus exhibits broader ecological breadth
than the other examples. The function weight (C4) is set at
0.5 using the neutral default value. Threat exposure (C5)
receives a score of 0.7, representing moderate overlap with
sensitive host populations and stressors such as habitat
fragmentation. The conservation relevance of this taxon
varies regionally, but it demonstrates the framework’s ap-
plication to host-associated microfungi with emerging evi-
dence.
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Pseudogymnoascus destructans
(white-nose syndrome agent)

For Pseudogymnoascus destructans, a microfungal pathogen
associated with extensive dieback in hibernating bats, the
calculated MPI was 0.68, indicating high priority but below
the first example under assumed inputs. The evidence score
(C1) reached 0.9, reflecting frequent, well-validated sequence
detections along with culture and diagnostic confirmation
where available. Rarity (C2) scored 0.5, as this pathogen
demonstrated a broader occupied range in the surveyed ar-
eas compared to the first example, resulting in a lower rar-
ity score. The specialization component (C3) was 0.7, given
that the fungus is primarily associated with hibernating
Myotis and other cave-roosting bat hosts and has limited
host breadth but remains capable of persisting in cave and
mine sediments outside the hibernation season. The func-
tion weight (C4) was maintained at a neutral default of 0.5.
Threat exposure (C5) was scored at 0.8, indicating a high
overlap with declining bat populations and landscapes ex-
periencing strong disease pressure and suitable climatic
conditions for cave-to-cave spread. Conservation concerns
for this organism arise from its impact on hibernating bat
colonies, dependent cave ecosystems, and pollination and
pest control services provided by affected bat populations.

Batrachochytrium salamandrivorans
(salamander chytrid)

The application of the framework to Batrachochytrium
salamandrivorans achieved the highest MPI of 0.76 among
the three examples, placing this taxon in the top priority
tier under equal weights. The evidence component (C1)
scores 0.9, supported by multiple independent sequence
detections with verified markers and curated metadata,
where replication provides confidence in occurrence sig-
nals. The rarity score (C2) is 0.7, calculated as 1-y, where
detection-adjusted occupancy (V) is assumed to be moder-
ate-to-low across surveyed regions. Specialization (C3) re-
ceives 0.8, reflecting a strong host association and limited
ecological breadth when compared with generalist envi-
ronmental fungi. The function weight (C4) is set at 0.5 us-
ing the neutral default, although this could be increased if
the assessment prioritizes disease-mediated extinction risk.
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Threat exposure (C5) receives the highest score of 0.9,
demonstrating high overlap with documented host declines
and areas experiencing strong trade and translocation. The
conservation concern for this psychrophilic microfungus
arises from its association with mass mortality in hibernat-
ing bats and consequent impacts on multiple threatened bat
species undergoing rapid spread among roosts.

4, Discussion

The historical exclusion of microfungi from conservation
assessments is a consequence of several overlapping knowl-
edge gaps in the field of biodiversity. The Linnean shortfall
(undescribed species) and Scottian shortfall (lack of conser-
vation assessments) are the primary factors (Abdel-Azeem
et al., 2020; Cazabonne et al., 2025). For microfungi, these
limitations are compounded by what has been termed the
“Thaxterian shortfall” - a critical lack of taxonomic exper-
tise for groups such as the Laboulbeniomycetes, which lim-
its our ability to verify molecular signals using morpholog-
ical vouchers (Cazabonne et al., 2025; Haelewaters et al.,
2022b). The MCF addresses these challenges by moving
away from a reliance on traditional “count-based” metrics,
which are often inapplicable to microscopic or hidden or-
ganisms, toward a probabilistic framework based on
molecular occurrences. By utilizing environmental DNA
(eDNA) as a proxy for presence, this framework enables
the assessment of “dark matter” fungi that has yet to be for-
mally described but are consistently detected in sequence-
based surveys (Nilsson et al., 2023).

A core scientific strength of the MCF is its incorporation of
detection-adjusted occupancy. Traditional presence-only
data often fail to account for the “imperfect detection” inher-
ent in molecular methods, where false negatives can arise
from low biomass, PCR inhibition, or suboptimal primer
binding (Doi et al., 2019; Peixoto et al., 2023). By employ-
ing multispecies site occupancy models, the MCF allows
for a more rigorous estimation of rarity (1-y), which is ad-
justed for sampling effort and methodology (Doi et al,
2019). Furthermore, the inclusion of ecological specializa-
tion provides a biological basis for vulnerability; as noted
by Williams et al. (2009), species with narrow environmen-
tal niches or restricted host breadths are inherently at
higher risk of extinction when their specific habitats or
hosts are threatened. This specialization index, when inter-
sected with documented threat layers, provides a transpar-
ent and auditable pathway for prioritizing taxa in the ab-
sence of long-term population-trend data.

The development of the MCF is timely, given the mandates
of the Kunming-Montreal Global Biodiversity Framework,
which requires measurable progress toward protecting 30%
of the planet’s land and water by 2030 and ensuring species
recovery (Convention on Biological Diversity, 2022). Cur-
rent protected area systems often fail to overlap with the
global hotspots of mycorrhizal fungal richness, leaving es-
sential ecosystem regulators unprotected (van Nuland et
al., 2025). The MCF provides the necessary metrics to re-
port on microbial biodiversity within these international
frameworks, ensuring that the “F” in “Flora, Fauna, and
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Fungi” is represented in the national biodiversity action
plans (Abdel-Azeem & Minter, 2011; Editorial, 2018; Abdel-
Azeem & Hajji-Hedf, 2025).

To transition the MCF from a conceptual proposal to a func-
tional conservation tool, several “follow-up” actions are re-
quired.

Metadata standardization: Future implementations must
align with common metadata standards for sequence records
(e.g., MIxS) to ensure that occurrences are linked to precise
geographic coordinates, substrates, and timestamps.

Genetic diversity integration: As highlighted by McLaugh-
lin et al. (2025), genetic diversity is a critical component of
the extinction risk. Follow-up versions of the MCF should
explore how allelic diversity or temporal changes in genetic
composition can be integrated into the priority index to
better reflect adaptive potential (Lofgren & Stajich, 2021).

Regional capacity building: The success of the MCF de-
pends on regional networks, such as the Arab Society for
Fungal Conservation, to produce baseline data and train
a new generation of mycologists in molecular-based as-
sessment techniques (Abdel-Azeem & Salem, 2013; Kinge
et al,, 2023; Hajji-Hedfi & Abdel-Azeem, 2025).

Red List Alignment: A critical next step is the formal cou-
pling of MCF outputs to [IUCN Red List documentation re-
quirements. This includes developing automated pipelines
that trace evidence from the Microfungal Priority Index
back to the original sequence records, thereby facilitating
peer review and formal categorization.

5. Conclusions

The Microfungal Conservation Framework represents a crit-
ical transition from treating microfungi as “data-poor” to
recognizing them as “prioritizable” components of biodiver-
sity. By integrating molecular occurrence data with occu-
pancy modeling and threat assessments, the MCF provides
a transparent and reproducible method for calculating the
Microfungal Priority Index. This framework effectively
bridges the gap between high-resolution data from mod-
ern molecular ecology and the practical needs of conserva-
tion policy. Ultimately, the inclusion of microfungi in con-
servation assessments is not merely a scientific necessity
but a fundamental requirement for achieving the holistic
goals of the Kunming—Montreal Global Biodiversity Frame-
work and protecting the total complexity of life on Earth.
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