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A B S T R A C T

Sequencing of environmental samples has great potential for biodiversity research, but its application is limited by
the lack of reliable DNA barcode databases for species identifications. Such a database has been created for
epiphytic lichens of Europe, allowing us to compare the results of environmental sequencing with standard
taxonomic surveys. The species undetected by taxonomic surveys (what we term the ghost component) amount to
about half of the species actually present in hectare plots of Central European forests. Some of these, which
currently occur only as diaspores or weakly developed thalli, are likely to be favoured in the course of global
change. The ghost component usually represents a larger fraction in managed forests than in old-growth un-
managed forests. The total species composition of different plots is much more similar than suggested by taxo-
nomic surveys alone. On a regional scale, this supports the well-known statement that “everything is everywhere,
but, the environment selects”.
1. Introduction

In forests, as in other biomes, the dominant component of biodiversity
is made up of microorganisms and organisms of small macroscopic size.
Most studies deal with the soil biota (e.g. Hofmann et al., 2023; Leclerc
et al., 2023; Raimbault et al., 2024) and the biota inside living and dead
plant bodies (e.g. Runnel et al., 2024; Saine et al., 2024). However,
epiphytic organisms are also a species-rich component (Dreyling et al.,
2022; Hofmann et al., 2023), which receive less attention due to their
lesser economic importance. Epiphytic communities in temperate forests
consist mainly of relatively small organisms (i.e. algae, bryophytes, li-
chens and microfungi) which are known to be sensitive bioindicators
useful for monitoring air pollution and current global changes (Dittrich
et al., 2022), or the impact of management on forest ecosystems (Kauf-
mann et al., 2018).

The sensitive bioindicators are undoubtedly epiphytic lichens (Delves
et al., 2023), which are traditionally studied by taxonomists using
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phenotypic characters. Many lichen species are, however, small and
barely detectable in the field, or separable from other species, owing to
their scarcity of phenotypic characters. As a result, biodiversity surveys of
these organisms based on phenotypic characters fail to record many of
them (Vondr�ak et al., 2024). This fact has been demonstrated by studies
comparing traditional taxonomic surveys with more powerful environ-
mental sequencing (e.g. Wright et al., 2019; Henrie et al., 2022; Robison
et al., 2023; Dreyling et al., 2024). However, most ot these studies did not
have access to a reference database for identifying DNA sequences (Kerr
and Leavitt, 2023), so do not provide a direct comparison with taxonomic
surveys.

We now have a reference database of DNA barcodes (ITS and mtSSU)
of European epiphytic lichens called Martin7 (Vondr�ak et al., 2023),
currently including 1,172 species, with which we can identify species
from sequences obtained by environmental sequencing in Central Euro-
pean forests. The taxonomic survey together with environmental
sequence data (120 samples) from twenty forest sites along the
eptember 2024
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Fig. 1. Study sites in the Czech Republic in an altitudinal range 170–1,270 m.

Fig. 2. Species detected by individual DNA barcodes and their combinations.
Counted from the entire dataset.
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altitudinal gradient in the Czech Republic (Fig. 1) allow us to address the
specific question: What is the proportion of species detected only in
environmental samples, not by taxonomic surveys? With this question,
we delve deeper into two components within species lists, which we term
“regular species/regular component” and “ghost species/ghost compo-
nent”. Regular species are those detectable by a traditional
voucher-based taxonomic survey. Ghost species are not detectable by
taxonomical survey for various reasons, including: (a) young colonizers
present in a state of diaspores or unidentifiable initial thalli, (b) dying or
dead species present in the form of unidentifiable thalli and (c) poorly
known species that taxonomists do not recognize, and overlooked spe-
cies. To explore these components of biodiversity at different spatial
levels, we conducted an additional taxonomic survey and environmental
sequencing on twenty individual tree trunks. Before we reached our
conclusions about the “ghost component”, we tested the reliability of
data obtained from the detection of individual DNA barcodes. The results
were satisfactory (see the first two sections of Results).
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2. Material and methods

2.1. Field research & sampling

Ten pairs of 1-ha square plots were delineated in the Czech Republic
to span the altitudinal gradient (170–1,270 m; Fig. 1) and the range of
important forest communities. Abbreviations of plots refer to Fig. 1 and
detailed information is available in Appendix S1: Table S1. The plots at
altitudes >500 m cover forests dominated by Picea abies (BO), Fagus
sylvatica (OS, ZD, ZF), Abies alba (CS), and a montane ravine forest with
Acer platanoides and A. pseudoplatanus (RD). Forests at lower altitudes are
mostly dominated by Carpinus betulus, Fraxinus excelsior and Quercus
petraea (MK, PO, TY), the lowland flood-plain forest (RN) consisting of
Acer campestre, Carpinus betulus, Quercus robur and Fraxinus angustifolia.
Within the investigated forests, the plot pairs were represented by one
plot located in an unmanaged old-growth forest stand in a nature reserve
and the other in an old managed forest less than 5 km away. All plots
were selected by the search for local hot-spots (Vondr�ak et al., 2018).
When selecting the plots, we avoided the northern part of the country
because of the high level of historic atmospheric pollution, which
significantly impoverished the epiphytic biota. Therefore, most of the
upper-altitude plots were selected in the �Sumava Mts., an area with
relatively low air pollution.

Epiphytic lichens (and semilichens in the sense of Vondr�ak et al.,
2022) were sampled, where the word “epiphytic” is used in a broad sense
and includes species occurring on all substrates composed of living or
dead plants except epilithic/epigeic bryophytes and humus. Each plot
was examined using both a classical taxonomic approach and environ-
mental DNA sampling. The detailed taxonomic survey was performed by
three lichenologists (Palice, �Soun, Vondr�ak) for approximately 8 h.
Well-known species were identified directly in the field, while species
requiring verification of identification by anatomical characters and
secondary metabolite analysis were collected and subsequently archived
in the herbarium PRA. Secondary metabolites were determined by TLC
(thin layer chromatography) following Orange et al. (2010).

A minimum of five environmental samples, three by lichenologists
and two by technicians (beforehand instructed about the ecological re-
quirements of lichens), were collected from each plot; in total, 126
samples were obtained from the twenty plots. Environmental samples
were collected from organic substrates, i.e., the bark of trunks 0–2 m in
height, the surface of branches and twigs accessible from the ground, and
all types of wood (e.g., logs, stumps, and snags up to 2 m in height).
Individual samples were collected on the plots for ca. 2 h and were taken
by scraping with a pre-cleaned knife into sterile 50 mL tubes. Each
sample eventually contained about 30 mL of organic matter. Soil and



Fig. 3. Species detected in individual environmental samples from the twenty studied plots. Samples by lichenologists are blue dots, samples by technicians are red.
Data shown separately for the DNA barcodes. Plots sorted by decreasing number of detected species in the all barcode dataset (black dots). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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inorganic substrates were avoided. The rule of thumb was to prioritize
communities of small crustose lichens over the collection of biomass-rich
macrolichens and to cover the full diversity of microhabitats and
substrates.

Additionally, taxonomic survey and environmental sampling were
carried out on ten individual tree trunks in plot ZF1 and on ten trunks in
ZF2. Tree trunks were surveyed over the entire area at a height of 0–2 m
above the ground.
2.2. Sequencing of environmental samples (Extended version in Appendix
S2: SI materials and methods)

Genomic DNA was extracted using DNeasy Plant Mini Kit (QIAGEN,
Venlo, Netherlands) and purified using PowerClean Pro DNA Clean-Up
Kit (QIAGEN, Venlo, Netherlands). The three barcodes (ITS1, ITS2 and
mtSSU) were amplified using Combi Taq polymerase (Top-Bio, Praha,
Czech Republic) and sample-specific uniquely tagged primers (tag se-
quences No. 1–142, attached to both forward and reverse primers).
Cycling conditions are summarized in Appendix S1: Table S2. For each
amplified sample, a negative control (an aliquot of PCR mixture without
template) was subjected to PCR cycling and the absence of amplification
was confirmed using agarose electrophoresis. Additionally, negative
controls evaluated by sequencing were simultaneously prepared using
uniquely tagged primers (tag sequence No. 143, attached to both forward
and reverse primers) and common universal reagents used for processing
of given batch of amplified samples. Amplifications were purified using
NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel, Düren, Germany)
and pooled at equimolar ratio. The barcode pools were purified using
Agencourt AMPure XP beads (Beckman Coulter Brea, California, USA)
and sent for Illumina library preparation and paired-end 2 � 250 bp
sequencing performed at SEQme Company (Dob�rí�s, Czech Republic).
3

2.3. Bioinformatic analysis (Extended version in Appendix S2, SI materials
and methods)

As some of the sequences in the reference database Martin7 (Vondr�ak
et al., 2023) are incomplete, the data were processed in order to include
barcode regions with highest coverage in the database. Therefore, re-
gions starting from reverse primers were selected for ITS1 (primer ITS2)
and mtSSU (primer mrSSU3R) barcodes, whereas region starting from
forward primer (5.8S-Fun) was selected for ITS2 barcode.

The dataset included 110,565,274 paired-end reads. For ITS1 and
ITS2 barcodes, reads were assembled using FLASH v1.2.11 (Mago�c and
Salzberg, 2011). The sequences were demultiplexed using SEED v.2.0
(V�etrovský et al., 2018). Quality trimming was performed using
VSEARCH v1.11.1 (Rognes et al., 2016). The sequences were oriented to
start from reverse primer (ITS2) in ITS1 barcode or from forward primer
(5.8S-Fun) in ITS2 barcode, respectively. Primer sequences were trim-
med, yielding 13,723,340 (ITS1) and 11,435,674 (ITS2) sequences. As
the length of both ITS barcodes varies greatly among fungi (approx.
145–695 bp in ITS1, and 267–511 bp in ITS2, respectively; Taylor et al.,
2016), assembly of short Illumina reads fails to assemble complete
sequence in taxa with barcode length exceeding ca. 400 bp. Therefore,
non-assembled reads were also taken into consideration. Such reads were
demultiplexed and filtered for target reads starting with desired primer
(ITS2 primer for ITS1, 5.8S-Fun primer for ITS2, respectively). The se-
quences were quality trimmed and primer sequences were removed,
yielding 818,190 (ITS1) and 109,067 (ITS2) non-assembled sequences.
For mtSSU barcode dataset, the considerable amplicon length (approx.
800–1,100 bp) did not allow read assembly. The reads were demulti-
plexed and filtered for target reads starting with desired mrSSU3R
primer. The sequences were quality trimmed and primer sequences were
removed, yielding 2,092,392 mtSSU sequences.



Fig. 4. Data distribution of Sørensen dissimilarity indices between environ-
mental samples: a, between samples within plots; b, between samples in paired
plots (natural vs. old managed); c, between samples from unpaired plots.
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The sequences were BLAST identified with the sequences of lichen
taxa fromMartin7 database extracted into three barcode databases (ITS1,
ITS2, and mtSSU) covering homologous regions as processed Illumina
sequences. In taxa represented by multiple identical sequences, only one
sequence was retained for the database. In taxa represented by multiple
otherwise identical sequences but differing in length, the most complete
(i.e. longest) sequence was selected. In case when two or more taxa
showed identical sequence, the taxa were labelled as a group of indis-
tinguishable taxa (see Appendix S1: Table S3). No sequences <100 bp
were used unless they showed a unique genotype not shared with
different taxa. In ITS2 database, another five sequences >100 bp but
<200 bp were not included as they showed identity with taxa from other
genera. The sequences in ITS1 and ITS2 databases were shortened to 180
and 220 bp, respectively. Uniform length in both ITS barcodes was
necessary to avoid false positive detections of taxa represented by longer
Martin7 sequences, because our trial BLAST using non-shortened se-
quences revealed significant artificial detection favouring congeners with
database sequence longer than true target taxa. BLAST identification was
performed using SSU pipeline (Vasar et al., 2017). The following criteria
were required for a BLAST match: sequence similarity �97%; alignment
length not differing from the length of the shorter of the query and
subject sequences by >5%; and a BLAST e-value <1e–50. The negative
controls evaluated by sequencing yielded negligible number of sequences
(70 for ITS1; 10 for ITS2; and 803 for mtSSU, respectively), which all
proved to be of non-lichen origin based on BLAST identification against
Nucleotide collection (nr/nt) database at NCBI (https://blast.ncbi.nlm.
nih.gov/Blast.cgi?PROGRAM&equals;blastn&BLAST_SPEC&equals;Geo
4

Blast&PAGE_TYPE&equals;BlastSearch).

2.4. Analyses of biodiversity data

All data for the analyses are available in Dryad (https://doi.org/10.5
061/dryad.fqz612k0g). We calculated dissimilarities in species compo-
sition among all plots from the results of taxonomic survey and envi-
ronmental samples using Sørensen dissimilarity index as a measure of
total beta-diversity (Baselga, 2010). Additionally, we computed two
additive components of total beta-diversity: i) Simpson dissimilarity
which represents species composition turnover and ii) remnant part of
dissimilarity accounted for nestedness (details in Baselga, 2010). We
tested the congruence between dissimilarities in species composition
obtained from taxonomic survey and environmental samples, taking into
account the geographic distances and altitudinal differences of respective
plots. For this purpose, we used a partial Mantel test in vegan package
(Oksanen et al., 2022), for which significance was assessed with 9999
permutations. Using a partial Mantel test, we also tested the potential
relationship between dissimilarities in species composition and the two
environmental variables: geographic distances and altitudinal differences
among plots. Analyses were performed in R (R Core Team, 2013), using
the packages ‘betapart’ (Baselga et al., 2015) and ‘vegan’ (Oksanen et al.,
2022).

3. Results

3.1. Species detection by DNA barcodes

From the whole dataset, 593 species of epiphytic lichens were
detected using all three barcodes, of which ITS2 detected 535, ITS1 479
and mtSSU 408 species. 328 species were represented by all barcodes,
while 44 species were detected only by mtSSU, 41 only by ITS2 and 7
only by ITS1 (Fig. 2). The most common reason for mtSSU-only detection
is the lack of reference sequences for ITS, while the most common reason
for ITS2-only detection is a combination of the absence of mtSSU refer-
ence and likely low amplification for ITS1 (Appendix S1, Table S4). At
the plot level, detection of species richness using individual barcodes
correlates very closely with detection from the entire set of barcodes
(Fig. 3).

3.2. Similarity of environmental samples is clearly higher within sites than
between sites

Environmental samples had demonstrably the lowest dissimilarities
within plots (Sørensen indices with quartiles 0.26–0.36), slightly higher
among paired plots (0.36–0.47), and by far the highest among unpaired
plots (0.48–0.63). The data distribution is summarized on the violin chart
(Fig. 4), while the heatmap (Fig. 5) shows the dissimilarities among
samples across the entire data set. Individual samples are most similar
within plots and between paired plots (distinct blue areas along the di-
agonal in Fig. 5). However, some samples break this rule by having
exceptionally low numbers of species (black arrows on the right Fig. 5).
For example, two samples from plots MK1 and CS1 probably became
mouldy and only common species were sequenced from them, causing a
high level of nestedness and also a high dissimilarity with most other
samples. Clearly, the variation between samples is overwhelmingly due
to the species turnover and not to nestedness. This means that the sam-
ples have a balanced number of species (mean 130 species; quartiles
105–153), except for the exceptionally species-poor samples (the mouldy
ones from MK1 and CS1), or conversely the exceptionally species-rich
sample from the PO1 (red arrows on the right in Fig. 5).

The higher similarities in species composition of samples within plot
pairs and especially within individual plots indicate the reliability of the
environmental data obtained. Similarly, the stratification of similarities
as a function of elevation (Fig. 5) is consistent with the assumption that
upland species would be predominantly in samples from higher
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Fig. 5. Sørensen dissimilarities, turnover and nestedness between 106 environmental samples from the twenty studied plots ordered by decreasing altitude. Low
altitudinal MK-RN are significantly distinct from upland BO-CS plots. 1 – unmanaged forest stand, 2 – old managed forest. Black arrows on the right – exceptionally
species poor samples, red arrows on the right – exceptionally species rich sample. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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elevations, whereas lowland species would be the opposite.
We did not observe any clear differences between the results from

samples taken by technicians versus those from lichenologists. The
variability plot (Fig. 3) shows that the performances of technicians and
lichenologists are very similar in terms of number of species. In terms of
beta-diversity, the samples from lichenologists differ in species compo-
sition from those taken by technicians, but these differences are not
significantly higher than the differences between samples from lichen-
ologists only or from technicians only.
3.3. Taxonomic survey versus environmental sampling

The species richness revealed in the environmental samples greatly
5

exceeds the numbers of species detected by the taxonomic survey. The
entire dataset (gamma diversity from twenty study plots) includes 643
species, of which 157 (i.e. about 25%) species were detected by envi-
ronmental sequencing alone. This 25% represents the ghost component
(as defined above) of the total identified biodiversity. The remaining
75%, i.e. 486 species, represents the regular component (as defined
above). Of this component, 48 species were identified by taxonomic
survey only. Their absence in the environmental sample data is due
mainly to the absence of reference barcode sequences (Appendix S1:
Table S4).

At the 1-ha scale, the total number of species was about 220 species
(mean 227, range 150–316), and of this the ghost component made up
about half (Fig. 6). This proportion is lower and more balanced in the



Fig. 6. Proportion of the ghost component and the regular component of biodiversity in 1-ha plots in old managed forests (left) and in old growth natural forests
(right). Each tree trunk represents an individual plot, ordered from the northernmost. The average proportion of both components on individual objects (tree trunks) is
in the middle.
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case of unmanaged old-growth forest stands (mean 47%, range 44%–

53%; Fig. 6, right) than in the case of old managed forests (mean 55%,
range 41%–65%; Fig. 6, left). In nine out of ten plots of unmanaged
forests, the regular component dominates over the ghost component,
whereas in old managed forests the proportion is reversed (Appendix S3:
Fig. S1).

At the scale of individual tree trunks, the ratio of ghost species is
much higher than in plots (Fig. 6, middle) and highly variable (Appendix
S3: Fig. S1). It appears to be slightly more balanced in unmanaged forests
(mean 82%, range 71%–91%) than in old managed forests (mean 79%,
range 60%–92%).

3.4. The ghost component mitigates differences in species composition

The ghost component tends to offset differences based on regular
diversity. This is clearly visible at the scale of 1-ha plots (Fig. 7a) and
even more so at the scale of individual tree trunks (Fig. 7b), where the
ghost component complements the regular component so that the
resulting total species composition varies much less between plots or tree
trunks. Thus, the dissimilarity of plots based on individual components is
generally higher than the dissimilarity of plots based on the full observed
species richness (Fig. 7a and b, top). A similar pattern is seen in the
species turnover (Fig. 7a and b, middle), but nestedness is generally low
and lowest for the ghost component (Fig. 7a and b, bottom).

The ghost component also blurs the distinction between unmanaged
forests and old managed forests, to some extent. Within the pairs of plots
(old-growth unmanaged vs. old managed), the regular component and
the total species richness are always distinctly higher in unmanaged old-
growth forest stands, whereas the differences in the ghost component are
less noticeable (Appendix S3: Fig. S2). In two cases, the ghost component
is even higher in old managed forests.

3.5. Beta-diversity increases with geographical and altitudinal distances

In the dataset from taxonomic surveys, we found, unsurprisingly, a
strong correlation between dissimilarity in species composition and
geographic and altitudinal distances (Appendix S3: Figs. S3a and c).
However, a similarly strong correlation was also evident in the envi-
ronmental sample data (Appendix S3: Figs. S3b and d). In both cases, the
turnover component of beta-diversity (i.e. differences in species
composition) is responsible for these relationships (Appendix S3:
6

Fig. S4). The nestedness component, reflecting mainly differences in
species richness, is negligible in most cases.

4. Discussion

4.1. Everything is everywhere, but, the environment selects

The hypothesis that everything is everywhere, but, the environment
selects (Baas Becking, 1934) has been tested and to some extent sup-
ported at various geographic and taxonomic levels in recent years (e.g.
Fuhrman, 2009; Fondi et al., 2016). In terms of epiphytic lichens, the
second part ‘environment selects’ is apparently valid in general, while the
first part ‘everything is everywhere’ is supported at local and regional
levels. Our most important result is that adding the ghost component of
biodiversity to the regular component yields much higher similarities
(i.e., lower dissimilarities in Fig. 7) between plots than does the regular
component alone. This suggests the existence of a kind of “Central Eu-
ropean pool of species” that are able to disperse regionally and persist in
the form of diaspores or weakly developed thalli in sites/microhabitats
where they do not currently find suitable conditions for the development
of typical phenotypes. However, ‘everything is everywhere’ does not
seem to work on a supra-regional scale, and significant limits are visible
even on a regional scale.

(1) Absence of exotic species. In one hundred and twenty environ-
mental samples from Central Europe, “non-Central European”
species were absent. In other words, lichens known to be
restricted to non-Central European regions (e.g. Mediterranean or
EU-oceanic) were absent, only with the exception of the Maca-
ronesian/western European Lecania falcata (S�erusiaux et al.,
2012), which is however a microlichen, and may simply have
been overlooked in Central Europe.

(2) Almost complete absence of species extinct from the Czech Re-
public. The most recent Czech Red list (Malí�cek, 2023) reports on
59 epiphytic lichens extinct from the Czech Republic, of which
only three occurred in our samples in very low abundances: Cla-
donia cyanipes, Cliostomum corrugatum, and Physconia detersa.
However, these species have recently been recorded in some
Central European regions.

(3) Species lists from environmental samples correspond to local
conditions. For example, upland species are almost exclusively



Fig. 7. Beta-diversity (dissimilarity) between the twenty studied plots ordered by decreasing altitude (a) and the twenty individual tree trunks (b). Overall Sørensen
dissimilarity is plotted here along with its two components: turnover (reflecting species composition) and nestedness (reflecting species richness). Entire biodiversity,
the ghost component and the regular component are shown as separate data sources.
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found in upland plots and lowland species in lowland plots. Plots
of mountain spruce forest are very different from the lowland
plots of thermophilous broadleaf forest (Appendix S3: Fig. S3d).

(4) Rarely spotted species are also rare as ghosts. Species considered
to be regionally rare (Malí�cek et al., 2023) and species rarely
recorded by taxonomic surveys are usually rarely represented in
environmental samples. Conversely, species abundantly recorded
by taxonomic surveys are also abundant in environmental samples
(Appendix S3: Fig. S5).
7

4.2. Single tree trunks have significantly more ghosts

It is generally accepted for epiphytes that by reducing the size of the
study area, fewer species will be detected, but more accurate data on
species composition will be obtained (McCune and Lesica, 1992). This is
probably true for the regular component of biodiversity, but the opposite
is true for the ghost component, which increases with reducing sampling
area (Note that we are talking here about the ghost component as a
fraction of the total number of species, not about the number of species in
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the ghost component). The enormous increase in the ghost component
when moving from the 1-ha level to the individual tree level can be
explained by the existence of a “local species pool” that includes a
number of species commonly found in a given forest site in the form of
diaspores or poorly developed thalli, but which only rarely, under spe-
cific circumstances, develop into the adult phenotype (e.g. only in hardly
accessible, well-lit canopies). When exploring a 1-ha plot, taxonomists
are able to detect numerous species that rarely develop into the adult
phenotype (often on a single tree in the plot) and being detected by
taxonomical survey, these species become a part of the regular compo-
nent. By contrast, when exploring a single tree, the large part of the local
species pool is present only in the state of ghost component in relation to
a particular tree trunk – such species are either not developed yet and
wait for their chance, or they are invisible again in the process of dying
out. Only a limited number of species find a suitable habitat for the
development of an adult phenotype on specific trees (of a specific age,
character of the bark, moisture and light conditions, etc.).

4.3. In managed forests, epiphytes wait for suitable conditions in the form
of ghost species

It is well known that managed forests are impoverished in epiphytes
compared to old-growth unmanaged forests (e.g. Nascimbene et al.,
2010; Strengbom et al., 2011; Malí�cek et al., 2019). The main reasons are
for example lower structural heterogeneity and availability of veteran
trees and coarse woody debris in managed forests (e.g. Hofmeister et al.,
2016; Janssen et al., 2019; Koz�ak et al., 2023). Our data also show that
plots in managed forests are poorer in species compared to plots in un-
managed forests (Appendix S3: Fig. S2), but have a relatively higher
proportion of ghost species (Fig. 6). This suggests that older managed
forests have already accumulated a large number of species, probably
coming from nearby sources (in our case unmanaged old-growth forests).
However, a significant proportion of these species cannot yet find suit-
able conditions (e.g. moisture, microhabitats) to develop into the adult
phenotype. This is a strong argument for protecting old managed forests
to fulfil their potential for rare epiphytic biota.

4.4. Our results are robust, with some qualifications

We consider that the main results presented here are robust, and a
good representation of reality in Central European forests. We think it
likely that they will apply over a much broader geographical region than
Central Europe. It would be premature to speculate whether they apply to
forests globally, or to non-forest vegetation, but the possibility does not
seem unreasonable. However, the actual numbers and ratios cited here
are specific to this study, as they depend on several methodological steps
and decisions. The following three are probably the most important: (1)
intensity and quality of the field research, (2) depth of the environmental
sequencing and (3) completeness and reliability of the reference DNA
barcode database. The first involves e.g. size of team, unequal taxonomic
skills of workers, time management, conditions during fieldwork (For
example, numerous tiny lichens become unrecognizable when wetted by
rain). The second and third aspects strongly influence detection from
environmental samples. We obtained tens to hundreds of thousands
sequence reads per sample per barcode. Rather different results are ex-
pected when employing millions or more reads per sample that ought to
detect more rare species, but can also be more susceptible to contami-
nations. The state of the DNA barcode database (Martin7; Vondr�ak et al.,
2023), which at present is good but not complete, also inevitably in-
fluences the results.
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