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Abstract: The history of mycological research and current activities in the Polish part of the
Biatowieza Primeval Forest are presented. The review of literature-derived and unpublished data
on species of non-lichenized fungi and protozoan and chromistan fungal analogues indicates a min-
imum of 3504 species observed in this area. The gaps in the exploration of fungi: unstudied taxa,
plant communities, habitats, hosts, and substrates, as well as the limitations of former studies, are
discussed. Our estimates show that a total of 8000 fungal species possibly occur in the Bialowieza
National Park alone, and more than 10,000 are expected to be found in the Polish part of the
Biatowieza Primeval Forest. Despite more than a centennial history of mycological research, the
majority of data come from only a few older scientific projects and several more recent citizen-sci-
ence-related activities, emphasizing the need for a modern, interdisciplinary study on the diversity
and ecology of fungi in this area.

Keywords: natural forests ecology; fungal refuge; fungal richness estimates;
fungus/plant ratio; fungal diversity; microfungi; macrofungi

1. Introduction

Primeval forests currently cover only approximately 0.7% of the total forest area in
Europe [1] but have a disproportionately high value of biodiversity hotspots and refuges
for many organisms in increasingly fragmented landscapes [2]. Their conservation value
will certainly increase in the face of ever-increasing demand for forest-derived products
and services and the recently reported significant increase in the total harvested forest
area and biomass loss [3]. One such forest is the Bialowieza Primeval Forest (BPF), situ-
ated in the eastern part of the Central European Lowland along the Polish-Belarusian bor-
der (Figure 1), and covering approx. 1500 km? in total (632 km? in Poland) —the only relict
of the once extensive boreal-nemoral forest zone in Europe [4-6].
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Figure 1. The location and boundaries of Polish and Belarusian parts of the Biatowieza Primeval
Forest (courtesy of the Institute of Forest Research, Bialowieza; used with permission).

The continuous forest cover has been present there for close to 12,000 years, and sub-
stantial fragments of close-to-primeval forest have survived [6]. Natural and best-pre-
served forest stands show a high richness of plant species, varied age and layer structure,
as well as an abundance of dead wood lying on the forest floor [1,4,7-10] (Figure 2).

The Bialowieza Primeval Forest, and the Bialowieza National Park, in particular, are
often considered a refuge for diverse groups of organisms [4,6,7,11,12], as well as a model
ecosystem for the study of the ecology of the natural temperate forest [10,13-16]. Ecolog-
ical processes occur naturally and stimulate the forest’s self-renewal without human in-
tervention [17,18]. The results of the research conducted in BPF constitute a reference
point for more transformed forest ecosystems. Particular attention is paid to the process
of tree dieback and the role of dead wood in maintaining the high biodiversity of this area
[9,19,20] (Figure 3).

After several ages of informal protection, the most valuable natural areas of BPF have
been secured by national legal acts, with the first six nature reserves established in 1921.
Finally, the Biatowieza National Park was established in 1932 in an area with the lowest
anthropogenic interference, covering 105.2 km? (approx. 16% of the Polish part of BPF)
(Figure 4). It is the oldest national park in Poland [21-23].
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Figure 2. Deadwood in various forest communities of the Bialowieza National Park. (A) Circaeo-
Alnetum (ash-alder forest); (B,C) Carici elongatae-Anetum (black alder forest); (D,E) Tilio-Carpinetum
(oak-linden-hornbeam forest); (F,G) Peucedano-Pinetum (fresh pine forest); (H) dead trunk of “Dab
Bartny” Quercus robur L. (nature monument); (I]) dead logs of deciduous and coniferous trees in
Tilio-Carpinetum; (K) dead log of “Dab Jagielty” Quercus robur (nature monument). Phot. W.
Mutenko.
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Figure 3. Wood-dwelling fungi in the Biatowieza Primeval Forest. (A) Fomitopsis pinicola (Sw.) P.
Karst. on the trunk of Quercus robur; (B) Ganoderma sp. and Fomes fomentarius (L.) Fr. on an old log
of Quercus sp.; (C) Sarcoscypha sp. on the rotten tree remnants; (D) Armillaria mellea (Vahl) P. Kumm.
s.l. on the trunk of living Acer sp.; (E) Gyromitra sphaerospora (Peck) Sacc. on an old hardwood log;
(F) young fruitbody of Fomitopsis pinicola on the trunk of Picea abies (L.) H. Karst; (G) Lycoperdon
pyriforme Schaeff. on the rotten roots of a fallen tree; (H) Stereum sp. on the lower side of an old
stump of Carpinus betulus L.; (I) various species of fungi, lichens, and mosses on the trunk of Carpinus
betulus; (J) Xylaria polymorpha (Pers.) Grev. on the decayed trunk of a deciduous tree. Phot. W.
Mutenko.

In 1977, the Bialowieza National Park was declared a Man and Biosphere Reserve,
and it was inscribed on the UNESCO World Heritage List in 1979, while a whole Polish-
Belarusian Biatowieza Forest was nominated the Natural World Heritage site in 2014 [11].
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In the years 1997-2007, it boasted an honorary European Diploma for Protected Areas,
awarded by the Council of Europe to the areas of exceptional European importance that
are managed in an exemplary way. Since 2008, BPF is a Special Protection Area within the
“Natura 2000” network (PLC200004) [11].
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Figure 4. The location of the Biatlowieza National Park and other protected areas of the Polish
part of the Bialowieza Primeval Forest (courtesy of the Institute of Forest Research, Biatowieza;
used with permission).

The Biatowieza Primeval Forest covers an undulating ablation moraine plain, built
mainly of sands, clays, and gravels of glaciofluvial origin, and cut with numerous shallow
river valleys [24]. A relatively high diversity of landforms, including vast plains, inland
dunes, depressions filled with organic deposits, and short hills [24], is reflected in equally
diverse vegetation, constituting of forest/shrub and non-forest communities (31 and 40,
respectively) [4,17,25,26]. Due to its location close to the northern boundaries of the conti-
nental biogeographic region of Europe [27], BPF features plant communities of mixed bi-
ogeographic origin. A characteristic feature of these communities is a lack of beech (Fagus
sylvatica L.) and a significant presence of spruce (Picea abies), which occurs in almost all
types of forests, but also forms independent communities (spruce forests) [28]. Among
more than 1000 species of vascular plants, there are 25 native and 17 introduced tree spe-
cies [25], many of which reach a considerable size and impressive shape, rarely found
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elsewhere. Almost 1500 trees are considered nature monuments [29,30]. The flora of BPF
comprises numerous rare, endangered and protected species, including relict plant spe-
cies of northern origin [17,26].

Such rich and diverse flora of the primeval forests should theoretically support a high
diversity of the funga [31]. Due to their extreme morphological, physiological, and eco-
logical plasticity, fungi play an essential role in the functioning of most ecosystems on
Earth as saprotrophs, parasites, and symbionts [32]. Their function is especially pro-
nounced in forests, where they shape the interactions within plant communities as ubiq-
uitous mycorrhizal symbionts [33], and drive carbon cycling as potent lignocellulose de-
graders [34,35].

Scattered reports indicate that BPF can be indeed recognized as the essential fungal
refuge both in Poland and in Europe [6,10,11,36-39]. This statement is well supported by
the statistics provided by Karasinski [39] and Kujawa and co-workers [11,40] for macro-
mycetes: species listed in BPF account for ca. 25% of the European funga and 42% of the
Polish funga (the term “funga” is used following the recommendation of Kuhar et al. [41]).
Moreover, BPF is the only place of occurrence for almost 200 species in Poland, and for
some of them, also in Europe [11].

It would seem that an area of such exceptional conservation value would have been
researched in detail, but this is not so, at least not for the fungi and fungus-like organisms
(FLOs). Although the history of mycological research in BPF is quite long (over 130 years),
the complete checklist of fungi recorded in the area still does not exist. An earlier study
estimated the already published total fungal richness in BPF to be approx. 35004000 spe-
cies [36]. The only published checklist of non-lichenized fungi recorded in BPF covers 1761
species of microfungi, larger ascomycetes, and FLOs [42].

The knowledge of the fungal diversity in BPF is the necessary first step to more so-
phisticated research aimed at the general understanding of their intricate functions in the
primeval forest. It is also indispensable for strengthening the conservation efforts in this
area, and these are needed because logging for timber in the forests outside the BNP is a
recurring problem with potentially highly negative consequences (e.g., [43]). Knowledge
on the distribution of rare, endangered, and protected taxa, and the designation of um-
brella species, could certainly help improve the perception of the whole BPF as an area
that deserves protection.

The present study, therefore, aims to (I) review the history of the mycological re-
search in this ecologically precious area to highlight the most valuable studies, (II) to sum-
marize the knowledge about fungal richness, (III) to provide estimates of the potential
richness to be found, and (IV) to identify the research limitations and gaps that need to be
addressed. Although it focuses on the Polish part of the Bialowieza Primeval Forest, a
piece of short information on mycological research in its Belarusian part is also provided.

BPF is often viewed as a possible refugium for relict species. Almost 30 years ago,
Cieslinski et al. [44] provided a provisional list of 35 potential macrofungal relict species
from BPF, which included 13 “strictly primaeval forest relicts.” Additionally, Majewski
[45] proposed that at least 10 species of Laboulbeniales recorded from BPF might be con-
sidered relicts of the primeval forests. However, due to the fragmentary knowledge on
the distribution of non-lichenized fungi in Poland and Europe, it is still too early to pro-
vide a reasonable list of old-growth forest relict species from BPF. The sole fact that a given
species was recorded only in the BPF obviously means little if the majority of the coun-
try/region/habitat types are poorly investigated. Therefore, we resigned from any at-
tempts to address this question in the present paper.

Information about lichenized and lichenicolous fungi is mostly omitted in the paper.
These fungal groups were comprehensively studied also in recent years (e.g., [16,46,47]),
and deserve a preparation of a separate survey. Microsporidia, specialised intracellular
parasitic organisms classified as either protists [48] or fungi [49] were excluded from this
paper, although there are a few species known from the area [50,51].
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2. Data Sources and Methods

The primary sources of the data are the published papers and monographs concern-
ing mycological studies in the Polish part of the Biatlowieza Primeval Forest. The data from
BPF are scattered in diverse published sources from over 130 years, including old reports
and checklists from regional exhibitions and forays. Many of these were written in Polish
and are mostly inaccessible to the general public, also due to the lack of digital copies. The
latter applies unfortunately also to the most important monumental monographs on the
diversity and ecology of flora and funga in BPF resulting from the project CRYPTO [52-
55]. All historical data were critically analysed, and species synonymy was agreed with
modern taxonomic approaches of particular taxa [40,42]. Unfortunately, some modern pa-
pers focused on ecological questions and presenting in-depth meta-analyses (e.g., [13,56])
do not provide primary data on the species composition (missing even in supplementary
files, cf. [57]).

The Web of Science [58] (accessed 23.02.2021) was searched in All Fields for all years
for terms “Bialowie*” AND “funga*,” “Bialovie*” AND “funga*” “Bialow*” AND “my-
corrh*,” which retrieved 54, 1, and 6 results, respectively. We excluded irrelevant publi-
cations (mostly related to food microbiology, trait-based broad ecological studies, and li-
chenological publications) based on the title, abstract, and full text. All inventories of
fungi, case studies, and monographs of single fungal species were kept in the analysis.

Over 260 papers on micromycetes and larger, non-lichenized ascomycetes, and pro-
tistan and chromistan fungal analogues were found [42]. The preliminary synthesis of the
bibliography on macromycetes (mainly basidiomycetes) showed about 500 items [40]. Un-
fortunately, many of the reports contain overlapping data, with members of Xylariales
being an example of fungi classified as macro- or micromycetes. We estimate that the
“overlapping data” concern 100-150 species. The precise number is unknown due to the
lack of a summary list of all fungal taxa (both referred to as macro- and micromyecetes)
recorded in BPF.

The following databases were searched for information on genetic data (published
and unpublished) on fungi and fungus-like organisms (FLOs): NCBI GenBank, UNITE,
Silva, iBOL, Agricultural Research Service, Fungal Genome Size Database, Genomes
OnLine Database, MycoCosm, and FungiDB [59-67]. The following phrases were entered
to search: ((fungi) AND Bialowieza), ((Phytophthora) AND Bialowieza), ((molds) AND
Bialowieza), ((Myxogastria) AND Bialowieza), ((Dictyostelia) AND Bialowieza), ((Proto-
zoa) AND Bialowieza), ((Protista) AND Bialowieza), ((Chromista) AND Bialowieza),
((Oomycota) AND Bialowieza), ((Myxomycota) AND Bialowieza), (podlaskie). The vari-
ants “Biatowieza,” “Bialowieza,” “Bialowieza” (with and without Polish letters), as well
as “Bialowieska” (Polish name: Puszcza Bialowieska) and “podlaskie” (podlaskie voi-
vodeship) were also used in the above-listed queries. Whole genomes were also searched.

3. Outline of the History of Mycological Research in the Bialowieza Primeval Forest

The main research findings that had shed new light on the species richness and fun-
gal diversity of the area are outlined below. Some of them have become turning points, a
key element in estimating fungi and FLOs’ potential richness.

3.1. The Origins of Mycological Research— Late 19th to Early 20th Century

The first data on the fungi in BPF come from the early 19th-century paper of Brincken
[68], the author of the first monograph of the Bialowieza Primeval Forest. He [68] men-
tioned two species of hypogeous fungi: Tuber album (=Choiromyces meandriformis Vittad.)
and Tuber cibarium (=Tuber aestivum (Wulfen) Spreng.), as well as three generic names
(Clavaria, Phallus, and Tremella). For many following decades, no mycological research was
conducted in this area. The papers by Btonski and co-workers [69-71] are considered to
be the beginning of the actual research. Since then, the research has been carried out con-
tinuously until now. Blonski et al. [69], Btoniski [70], and Btoriski and Drymmer [71] listed
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357 taxa of fungi in total, mostly identified to a species level, including newly described
species (e.g., Xylaria polonica Btoniski). They also provided the first data on slime moulds
(19 species) in BPF, while the next information about the latter group (82 species) was
given at the beginning of the 20th century [72]. During World War I, a series of five vol-
umes entitled “Bialowies in Deutscher Verwaltung” (Biatlowieza under German administra-
tion) was published. In the 4th issue, data on fungi collected during a floristic-faunistic
expedition organized by the Bayerische Akademie der Wissenschaften [Bavarian Acad-
emy of Sciences] were included. The list concerned over 70 species of fungi, mainly form-
ing large fruitbodies [73]. The subsequent relevant publications appeared in the first half
of the 20th century. In total, 209 fungal species from various taxa (asco- and basidiomy-
cetes) were reported in five papers by Siemaszko [74-78] and by Siemaszko and Sie-
maszko [79,80], including the series “Fungi bialowiezenses exsiccati.”

In the 1940s, Karpinski [81] analysed fungi’ participation in selected forest commu-
nities in a significant study entitled “Materials for the bioecology of the Biatowieza Primeval
Forest.” In total, 138 fungal genera and 247 species were listed in the paper [81].

3.2. The Second Half of the 20th Century

In the years 1950-1999, very intensive mycological research was carried out, and im-
portant results were reported. Noteworthy is the thorough and systematic research aimed
at identifying fungi inhabiting linden (Tilia cordata Mill.), oak (Quercus robur), maple (Acer
platanoides L.), hornbeam (Carpinus betulus), alder (Alnus glutinosa (L.) Gaertn.), spruce
(Picea abies), and Scots pine (Pinus sylvestris L.), i.e., the main trees forming oak-hornbeam,
and coniferous, alder, and riparian forests. The research was conducted by, among others,
Pachlewski and Borowski [82] and Truszkowska [83-87], who provided information on
over 100 fungal species (mainly ascomycetes, traditionally classified as disco- and pyre-
nomycetes). Mycocoenological research by Nespiak [88] should also be highlighted, as his
2-year study on the participation of fungi in forest communities of the Biatowieza National
Park (BNP) yielded as many as 425 macromycete species collected from 24 permanent
observation plots (100 m? each) and in their surroundings. This significant number of spe-
cies was collected from a relatively small area of approx. 0.3-0.4 ha in total. While con-
ducting similar research in several forest types in BNP, Ortos [89] recorded 151 fungal
species (26 asco- and 125 basidiomycetes). The trip to BPF held during the 4th Congress
of European Mycologists in 1966 also significantly contributed to the knowledge of this
region’s fungi. A post-congress paper provided data on 318 species from this area [90]. In
the 1950s, also slime moulds were investigated by Krzemieniewska [91], who listed 36
species from BPF.

In the 1960s, intensive research on plant-parasitic micromycetes was started in BNP:
T. Majewski studied obligatory plant parasites” participation in 8 forest communities [92].
The three-year study provided data on 193 species from three groups of true fungi: pow-
dery mildews (Erysiphaceae), rust fungi (Pucciniales), smut fungi (Ustilaginales s.1.), and
fungus-like organisms (FLOs)—downy mildews (Peronosporales and Albuginales). It
should be emphasized that, for the first time, research on this group of fungi was con-
ducted with the use of permanent observation plots, which resulted in comprehensive
ecological data. The research methodology designed by Majewski [92] was used in many
subsequent field studies in Poland [93]. At the same time, prof. Majewski has started long-
term research on Laboulbeniales (insect parasites) in BNP. The results were being pub-
lished successively for almost 30 years (a series entitled Rare and new Laboulbeniales
from Poland), and their culmination was the monographic study Laboulbeniales of Po-
land [94]. Later, a comprehensive study on laboulbenialean fungi in the Polish part of BPF
and the Atlas of the geographical distribution of Laboulbeniales in Poland were prepared
[45,95].

The last two decades of the 20th century brought new, fundamental data on fungal
richness, diversity, and ecology. In 1987, interdisciplinary research was initiated to study
the role of spore organisms: fungi (including lichens), mosses, liverworts, slime moulds,



Forests 2021, 12, 518

9 of 27

and algae in the structure of the natural forest communities of BPF. The research was pro-
posed by prof. W. Wojewoda (Institute of Botany of the Polish Academy of Sciences), and
it was implemented under the supervision of prof. J.B. Faliriski, head of the Biatowieza
Geobotanical Station of the University of Warsaw. This research is known as project
CRYPTO [52]. The study was conducted for four seasons (1988-1991) in a single forest
division of a total area of ca. 1.5 km? (plot no. V-100 BSG UW) (Figure 4) divided into 144
one-hectare squares. The study area had excellent geobotanical documentation that facil-
itated interdisciplinary research. The basic assumption was to adopt the same research
method for all groups of organisms, which allowed comparative analyses. In this rela-
tively small area, 1878 species of cryptogams (including 1380 species of fungi) and 286
species of vascular plants were confirmed. The results were presented in four monographs
[52-55] and over 50 original papers. Species new to science were described during project
CRYPTO: e.g., Kainomyces rehmanii T. Majewski, Stigmatomyces minilimosinae T. Majewski,
Siemaszkoa ramificans T. Majewski, S. valida T. Majewski [96,97], and Entylomella sii-latifolii
(Sacc.) U. Braun and Mutenko [98]. Moreover, many species of fungi new to Poland, rare
or associated with new host species were found, e.g., Gyoerffyella oxalidis Vanev, Erysiphe
gorlenkoi (E.T. Chien) Giril and Gulis, Plasmopara ribicola J. Shrét. [99,100]. Some partici-
pants of the project CRYPTO continued mycological research in BPF, and their results
were presented only in the 21st century. The research on microscopic plant parasites was
continued in the years 1992-1995 on a much smaller, one-hectare area (plot no. 40 BSG
UW) with one forest community (the oak-linden-hornbeam forest, Tilio-Carpinetum) [101].
A total of 226 species of fungi associated with the above-ground shoots of 30 herbaceous
plant species were identified (on average, seven fungal species per one vascular plant spe-
cies) and analysed in connection with the rhythm of host phenology. This study’s results
are mainly unpublished: only the analysis of fungi on Stellaria holostea L. has been reported
[102]. Other CRYPTO participants took part in a pan-European initiative to monitor the
fungi in oak forests [103]. The research, carried out on two observation plots in the oak-
linden-hornbeam forest (Tilio-Carpinetum), resulted in a significant number (215) of mac-
romycete species [104].

3.3. The 21st Century and Genetic Advancements

Another CRYPTO participant, macromycologist, prof. A. Bujakiewicz for many years
organized the Exhibition of Fungi. This long-term initiative was launched in 1966 (during
the 4th Congress of European Mycologists) and has been regularly organized since 1993
at the Educational Center of the Biatowieza National Park by Dr. A. Kujawa and co-work-
ers [40]. Exhibited macrofungal specimens are provided mainly by the students of the lo-
cal forestry college and visiting mycologists, but they also include specimens collected
and brought by the local people and identified by the curators of the exhibitions. The sig-
nificant involvement of the non-professionals adds to this enterprise a dimension of a cit-
izen-science approach. The exhibitions play an important role in exploring the BPF’s
funga as the reports (11 published until now) presenting the lists of collected species have
been published, the first in 1996 [105] and the last only recently [106]. The summary of the
six exhibitions (in the years 2012-2017) mentioned a total of 865 species (72 asco- and 793
basidiomycetes) collected in BPF [40], being, in fact, the third most important source of
data on fungal diversity in BPF after the project CRYPTO [52-55] and studies by Nespiak
[88].

Prof. T. Majewski extended his research to cover the entire Polish part of the
Biatowieza Primeval Forest and its extensive foreground and published a comprehensive
study of Laboulbeniales [45]. The paper lists 240 species collected on 282 invertebrate host
species at 722 sites, making BPF and its surroundings the best-studied area in Poland in
terms of laboulbenialean fungi.

The arthropod-pathogenic fungi were also investigated by prof. S. Batazy and his
Polish-Belarusian team [107] in both parts of BPF. They reported 36 species from
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Entomophthorales (26), Hypocreales (7), and Eurotiales (3) isolated from insects, soil, and
leaf-litter samples from the Polish part of BPF.

In the 2010s, some previously initiated research yielded important syntheses, and a
few new mycological projects have begun. The specimens collected during the prepara-
tion of the Exhibitions of Fungi were included in the papers concerning particular species
(Buglossoporus quercinus (Schrad.) Kotl. and Pouzar and Pluteus albineus Bonnard) and gen-
era (Coprinus and Lepiota) [108-112], as well as in the ecological studies [40,113]. Some
fragmentary data from BPF have also been reported or discussed in other papers (i.e.,
[114-116]).

Some essential data on diverse fungal groups were collected in Bialowieza forests in
2019 during the rapid biodiversity inventory called bioblitz designed for quick collection
of site-specific survey data, held during the 18th Congress of European Mycologists [117].
The numerous mycologists, including the renowned specialist in some taxa, have identi-
fied 233 species (561 records), including four species new to Poland and eight new to BPF
[118].

As the result of older and new projects, some taxa have been recently newly de-
scribed based on specimens originating from BPF, e.g., Aporpium macroporum Niemeld,
Spirin and Miettinen [119], Aurantiporus priscus Niemeld, Miettinen and Manninen [120],
Hebeloma aanenii Beker, Vesterh. and U. Eberh. [121], Lecanicillium praecognitum Gorczak
and Kisto [122].

Since 2017, ectomycorrhizae have been investigated in more detail in the frame of
two projects [123-125]. One of them concerns ectomycorrhizal fungi investigated using
mycorrhizal root examination and fruitbodies. The preliminary results have been re-
ported only recently [123,124]. About 490 ectomycorrhizal taxa have been identified using
the fungal barcoding region (rDNA ITS). The most numerous taxa observed as mycorrhi-
zae include Cortinarius (48), Tomentella (32 species new for BPF), Russula, and Lactarius.
For the first time, some hypogeous fungi, e.g., Pachyphlodes (3 species), Melanogaster (3
species), and Tuber (5 species) have been confirmed in BPF. Moreover, Leski et al. [123]
and Wilgan et al. [124] reported Lentaria albovinacea (Pilat) Pilat, and Russula intermedia P.
Karst. —the species considered to be extinct in Poland [126] and 63 other species red-listed
in Poland.

In another study, the effects of coarse woody debris (presence and stage of decay) on
species composition of ectomycorrhizal fungi associated with Quercus robur have been
studied [125]. In 120 soil samples from the vicinity of 60 investigated trees at three study
sites in BPF, 18 species of fungi have been detected using DNA barcoding. Most of them
belong to basidiomycetes (13 species), and one out of five ascomycetes is classified as a
dark septate endophyte (Phialocephala fortinii C.J.K. Wang and H.E. Wilcox). The most
abundant ectomycorrhizae have been identified as formed by Tomentella sp. and Pach-
yphlodes nemoralis Hobart, Béna and Conde. The research confirmed that coarse woody
debris supported ectomycorrhizae development, stimulating mainly the species with con-
tact or short-distance exploration types of mycelium [125].

In the last years, mycologists” attention has been particularly attracted by fungi pre-
ferring deadwood —the substrate present in the BPF in great abundance and a wide vari-
ety of tree species, age, and size. Papers on taxonomy and ecology of Pluteus fenzlii (Schul-
zer) Corriol and P.-A. Moreau, and two species complexes (Postia caesia (Schrad.) P. Karst.,
Skeletocutis nivea (Jungh.) Jean Keller) have also been published based on specimens gath-
ered in BPF [127-129]. The papers by Holec et al. [10,127,130] and Szczepkowski et al.
[112], devoted to the ecology of wood-inhabiting fungi (associated with fallen oak trunks),
included the discussion on the threat factors to the stenobiontic fungi species. Important
information about the species richness of wood-inhabiting macromycetes was also pro-
vided by Holec et al. [10]: during a single field visit, they collected as many as 187 macro-
scopic fungi species (seven asco- and 180 basidiomycetes) on 32 logs of Quercus robur.
Kowalski et al. [20] provided a list of 51 fungal species (40 asco- and 11 basidiomycetes)
isolated from trunks of dying trees of spruce Picea abies.
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The projects in progress include the experiment on the effect of various biotic and
abiotic factors on the decomposition of deadwood of four tree species (oak Quercus robur,
hornbeam Carpinus betulus, spruce Picea abies, and Scots pine Pinus sylvestris) [131,132]. It
started in 2011 with the settling of 720 tree logs in three forest communities (deciduous
and coniferous) in three different manners: logs have been either fastened to trees at 1.5
m above ground, set on the ground, or buried 5 cm underground. Based on morphological
traits, Jaroszewicz and co-workers [133] distinguished 93 morphotypes on 716 logs of
wood of the four tested tree species, and half of them was identified to the species level.
The host wood identity and the degree of contact with the soil were the most important
factors shaping the communities of deadwood-inhabiting macrofungi, while the forest
type appeared to be less important. After seven years, the first samples were also studied
using the Next Generation Sequencing method to provide the metabarcoding data for 30
Picea abies logs buried in the ground. The resulting operational taxonomic units represent
yeasts, white and brown rot fungi, mycorrhizal taxa, and others. According to Wrzosek
and co-workers [132], the preliminary results confirm the biocoenotical significance of the
buried wood.

Wood-associated fungi are also currently studied in terms of their medicinal proper-
ties. The specimens from BPF are successfully screened for biologically active compounds
with anticancer potential and other promising applications by the team of M. Wotkowycki
and Dr. E. Zapora [134-136].

One of the less-studied groups of micromycetes in BPF is water-associated fungi.
Only scarce information was available until the late 2000s: 37 species of aquatic fungi and
fungus-like organisms (FLOs) were isolated from the Narewka river’s water and natural
ponds in the Bialowieza village by Kiziewicz [137,138] and Ortowska et al. [139]. Further
studies [140-142] increased their number to 155 species confirmed in rivers and water
bodies of BPF. Moreover, Gorniak et al. [143] investigated the fungal biomass in Narewka
and other rivers in the region. The latter study did not provide data on species richness
and diversity of fungi and fungal analogues.

Only in the second decade of the 21st century, intensive research on slime moulds
was undertaken. The observations were carried out on permanent observation plots lo-
cated in BNP in 2013 and in other regions of BPF in 2014 by Dr. A. Drozdowicz [144,145].
The synthesis of literature and the author’s data revealed 127 species [145], which ac-
counts for almost half of all myxomycete species recorded in Poland [146].

The 21st-century studies are also the first source of molecular data on fungi and FLOs
in BPF (Supplementary Table S1). The INSDC database (GenBank) [59] provides only one
RefSeq of Lecanicillium praecognitum based on 18S rRNA [122]. Two barcodes based on
mitochondrial DNA are available for rust fungus (Chrysomyxa ledi (Alb. and Schwein.) de
Bary): one of cytochrome c oxidase subunit III (CO3) coding gene, and the second of de-
hydrogenase subunit 6 (nad6) gene [147]. The vast majority of sequences belong to ge-
nomic DNA and RNA sequences. There are 295 genomic barcodes: 165 rRNA, 5.85 rRNA
coding gene, ITS1/ITS2, and 26S rRNA, or 285 rRNA genes that code large subunits D1
and D2 of ribosomal ribonucleic acid (LSU). Four other genes, i.e., Mcm7 (DNA replication
licensing factor), fub2 (beta-tubulin), EFI1-a (translation elongation factor 1-at), and RPB2
(DNA-dependent RNA polymerase second largest subunit), were sequenced less fre-
quently. In total, 41 species are represented in the GenBank dataset [59], including 25 ba-
sidiomycetes, ten ascomycetes, and six FLOs species from the Phytophthora genus
[122,130,147-150]. The detailed information on molecular data is given as a supplemen-
tary material (Table S1).
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Table 1. The current number of species of fungi and FLOs from the BPF according to published
and unpublished data [20,42,107,118,122,125,137-142,147-155].

FUNGI 3221
Ascomycota 1245
Basidiobolomycota 1
Basidiomycota 1907
Blastocladiomycota 4
Chytridiomycota 8
Entomophthoromycota 45
Mortierellomycota 2
Mucoromycota 7
Zoopagomycota 2
CHROMISTA 159
PROTOZOA 124
Total 3504

The search in the iBOL (BOLD) [62] database retrieved only two sequences of
Chrysomyxa ledi, i.e., 285 rRNA and ITS2 [147].

3.4. Mycological Research in Belarusian Part of the Biatowieza Primeval Forest

Concluding the history of mycological research in BPF, one should also mention its
Belarusian part (ca. 58% of the entire BPF complex), the second part of the UNESCO Bio-
sphere Reserve, which is also partially protected as the National Park “Belovezhskaya
Pushcha.” However, a summary of mycological activity in the Belarusian part of BPF is
lacking [156]. Moreover, information about the research is scattered in a variety of often
unsearchable and inaccessible sources, including books from the 1960s (often only in Rus-
sian) and scientific journals (e.g., Mukoaorust u Puronaroaorus (Mycology and Phyto-
pathology) published by the Russian Academy of Sciences). The first piece of information
comes from the XIX century from papers of Polish naturalists [70,71], but for the following
decades, fungi were studied sporadically only [157]. The most recent information about
macromycetes provided by Shabashova et al. [157] indicates that they are very poorly
studied compared to the Polish part of BPF. The studies of macromycetes were under-
taken twice: the first in 1950-1970 (159 aphyllophoroid and over 300 agaricoid species)
and a second time in 2015-2018 (140 species of aphyllophoroid fungi) [157]. The scarce
online papers available concerning micromycetes in the National Park “Belovezhskaya
Pushcha” present incomplete data, e.g., seven anamorphic species associated with seven
plant species from Ranunculaceae [158], 27 anamorphic, plant-parasitic species [159], 66
species of Erysiphales [160], and 67 species of plant-associated anamorphs [161]. Moreo-
ver, the limited data on entomopathogens were reported by Sosnowska and co-workers
[107], who listed 13 species isolated from soil samples and infected insects, including com-
mon fungi— Beauveria bassiana (Bals.) Vuill.,, Metarhizium anisopliae (Metsch.) Sorok., and
Paecilomyces fumosoroseus (Wize) Brown and Smith. Both a synthesis of existing data and
further intensive research are essential for recognizing the fungal richness and diversity
in the Belarusian part of BPF.

4. The Known—A Synthesis

Over centennial efforts to explore the diversity of fungi and fungus-like organisms
(FLOs) in the Bialowieza Primeval Forest (BPF) yielded information highly diverse in
terms of scientific value and accuracy. It is evident from Figure 5 that there are only three
relatively recent milestones in the history of the mycological research in BPF that provided
the most significant number of newly reported fungal taxa: the research by Nespiak [88],
the project CRYPTO [52-55], and the most recent mycological activities including mainly
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the Exhibitions of Fungi [40,106], and the preparation of the micromycete checklist by
Kozlowska et al. [42]. A significant contribution of the Exhibitions of Fungi emphasizes
the growing role of citizen science, which to some extent buffers the paucity of the scien-
tific projects on the fungal diversity in the BPF, but often at a price of lower quality
metadata (e.g., mostly the species identity is recorded and not the habitat, substrate, or
precise locality, etc.).

2011-2020

86. 1bitions of Fungi
2001-2010 — | & Kozlowska et al. [42]
1991-2000 235 project CRYPTO [52-55]
1981-1990
1971-1980
Nespiak [38]
1941-1950
1931-15940
1921-1930
1911-1920 3
1901-1910
1891-1900 :
1881-1890 310 Bloriski & co-workers [69-71]
1871-1880
1861-1870 |
1851-1860
18411850 B cumulative number of species
153121530 B number of new species
1821-1830 5 & first data by Brincken [68] | ‘
0 500 1000 1500 2000 2500 3000 3500

Figure 5. Total number of new species of fungi recorded in decades from the Polish part of BPF.
The cumulative number of new species is also provided. The milestone works, contributing the
most significant numbers of species, are highlighted. The calculations include only taxa identified
at a species level.

The total number of fungal and FLOs species presented in Table 1 is the result of a
compilation of data from 510 published papers and a number of unpublished data; the
latter mainly limited to molecular information from the databases available online (cf.
Supplementary Table S1). The list prepared by Kozlowska and co-workers [42] was the
main source of data on species traditionally classified as micromycetes (diverse taxa of
fungi and FLOs) and larger non-lichenized ascomycetes. The list covered 1667 species [42].
It has been further supplemented with data from a few earlier omitted papers, and the
resulting current number of fungi and FLOs species is 1777. This number is further ex-
tended with critically revised and compiled data concerning taxa of larger basidiomycetes
[151]. This group accounts for 1719 taxa (including 1689 species, one subspecies, 27 varie-
ties, and four forms).

Therefore, the current total number of fungal taxa (species and subspecific taxa of
macro- and micromycetes) found in BPF and its immediate vicinity is 3504. This finding
adequately supports the claims that the taxonomic diversity and species richness of fungi
observed in BPF are the greatest among all the protected areas and forest complexes hith-
erto studied in Poland [11,151,162-164].

Only the existing checklist of micromycetes and larger non-lichenized ascomycetes
[42] can be provided with more detailed information on the diversity of species collected
in the forests of the Polish part of BPF and its man-transformed areas, e.g., clearings, arable
fields, meadows, and roads. The highest number of species (1266 species) from the two
above-mentioned groups was reported from the forests located within the Bialowieza Na-
tional Park, the most mycologically studied area of BPF. Far fewer species were collected
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in the forests outside the national park (727 species), while 359 species were recorded in
the above-mentioned man-transformed areas.

According to Koztowska and colleagues’ checklist [42], the most frequently inhabited
substrates in BPF include:

e  Vascular plants—fungi were hosted by 473 species, which constitute almost 50% of
the flora of the Polish part of BPF and over 60% of the national park flora. Particularly
significant numbers of fungal species were found in association with some tree spe-
cies: Carpinus betulus (139 fungal species), Quercus robur (112), Picea abies (90), Populus
tremula L. (86), Alnus glutinosa (83), Tilia cordata (54), Betula pendula Roth (45), Fraxinus
excelsior L. (30), and Betula pubescens Ehrh. (23).

e  Cryptogamous plants—13 species (mosses, ferns, clubmosses, and horsetails) hosted
19 fungal species.

e  Other plant substrates—wood (244 fungal species), bark (12), small twigs (130), dead
stems of herbaceous plants (76), tree trunks (60), and boughs and branches (41).

e Invertebrates—270 species hosted 163 fungal species altogether (126 from Laboul-
beniales and 37 from Entomophthorales).

e  Soil—68 species were isolated.

e  Water and plant remnants submerged in water—149 species were isolated from
streams, rivers, and water bodies (permanent and periodic).

e  Fungi—66 fungal species hosted 38 taxa of mycoparasites, including six species of
hyperparasites.

The dominant plant community in the area, the oak-linden-hornbeam forest (Tilio-
Carpinetum), is the best-studied in terms of the amount of research, and it is the most spe-
cies-rich community (726 fungal species) [42] of fungi recorded: black alder forest (Carici
elongatae-Alnetum)—365, high mixed coniferous forest (Pino-Quercetum)—229, fresh conif-
erous forest (Peucedano-Pinetum)—207, and low mixed coniferous forest (Querco-Picee-
tum)—215. Mycologists rarely investigated non-forest communities (rushes, herbs, pas-
tures, etc.), and the greatest number of fungi was recorded in grassland communities, in-
cluding fresh meadows of Arrhenatherion alliance —24 species.

In contrast, the data on macromycetes cited below are much less detailed. Even
though the research on the participation of Agaricomycotina and Pezizomycotina in BPF’s
forest communities was conducted more often than on micromycetes, no comprehensive
list has ever been published, and the metadata are often missing from the oldest studies
and those resulting from citizen-science-related activities. Until the end of 2020, at least
2187 species were confirmed in BPF (summarized data from [40,106,165]), which accounts
for approx. 46% of the biota of larger asco- and basidiomycetes in Poland. Among them,
32 species are under legal protection, and almost 500 out of 963 species are red-listed in
Poland (according to [126]), including the highest threat categories (extinct and endan-
gered) [151].
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5. Estimations of Potential Fungal Richness

The total species richness of fungi in the world has attracted the interest of scientists
for many years or even centuries, but it was rarely defined precisely. Carolus Linnaeus
(1707-1778) defined the number of fungi as “very large,” and Elias Magnus Fries (1794—
1878) defined it as at least equal to the number of insect species (approx. 250,000 known
at that time). Later on, the number of fungal species was also most often referred to as the
number of other groups of organisms [31]. Only the early 21st century sources gave the
species number instead of estimates: Kirk et al. [166] indicated 97,330 scientifically de-
scribed species, while currently, this number is one and a half times greater, ca. 148,000
species [167].

In the early 1990s, Hawksworth [31] started a contemporary discussion about the po-
tential species richness of fungi living on Earth. He [31] estimated that the number of fun-
gal species in a given area is at least six times greater (on average) than the number of its
plant species. Assuming this pattern and the number of known plant species (then ca.
270,000), the predicted number of fungal species in the world was over 1.5 million
(1,620,000). The subsequent estimates showed that the ratio fungi: plants could be consid-
ered as being even higher. Hawksworth [168] estimated it as 8.2:1, while Hawksworth and
Liicking [169] proposed it as equal 7.9:1 to 10.7:1, and the number of expected fungal spe-
cies as ca. 2.3 million to even over 3 million (2.2-3.8 million), respectively.

Further discussion of the richness of BPF’s funga is based on the model proposed by
Hawksworth [31]. In addition to published data, we also used the unpublished or partially
published information from other studies conducted in BPF (e.g., [101]).

F. Btoniski, the first researcher interested in BPF’s macromycetes, while publishing a
list of 350 identified species, estimated that their number might range from 1200 to 2000
[71]. His predictions now appear to be valid for macromycetes alone.

The results of the project CRYPTO [52-55], despite the limited research time (4 sea-
sons), acreage (140 ha, cf. Figure 4), and the number of studied plant communities (6),
indicated a proportion close to 5:1 (1380 macro- and micromycete species and 303 plant
species). The results of the subsequent research [101] indicated a 7.6:1 ratio (227 fungal
species and 30 plant species), even though it was carried out for three years, on a smaller
area (1 ha), in a single plant community (oak-linden-hornbeam forest, Tilio-Carpinetum),
and was limited to micromycetes on above-ground organs of herbaceous plants. How-
ever, the total number of fungi was certainly underestimated, as no culturing and molec-
ular identification methods were used. Still, the single plant species were confirmed to
host numerous fungi species, e.g., Urtica dioica L. (26 fungal species), Stellaria nemorum L.
and Mycelis muralis (L.) Dumort. (25 each), Galium odoratum (L.) Scop. and Oxalis acetosella
L. (22 each), Moehringia trinervia L. (21), Ranunculus lanuginosus L., and Rubus idaeus L. (20
each) [101]. Additionally, the single sampling of fungi on 32 logs of a single tree species
(Quercus robur) done by Holec et al. [10] revealed a high richness of fungi (187 species).

Potential hosts/partners for fungi include over 14,600 species from main eukaryotic
groups (Table 2) occurring in BPF [25,170-176]. If only vascular plants are included in the
estimate, the number of fungal species expected to be present in the BNP alone varies from
ca. 4000 to 7800, and in the whole Polish part of BPF from ca. 5000 to over 10,000 (Table
3). Given that the total fungal richness recorded in BPF so far is ca. 4000, one could there-
fore ask where is the rest of this diversity.
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Table 2. The number of species of diverse groups of organisms in BPF.

Group Number

vascular plants (Biatowieza Primeval Forest) 1020
vascular plants (Biatlowieza National Park) 786
cryptogams 286
algae 156
lichens 400

animals (diverse groups in total) 12,000

mammals 59

birds 260
spiders 331
insects 9482

Total 14,648

Table 3. The estimates of fungal numbers in BPF and BNP according to the presumed fungus:
plant ratio.

Number of Fungi Species: Number of Plants Species
5:1
Biatowieza Primeval Forest — 5 x 1020 = 5100
Bialowieza National Park — 5 x 786 = 3930
8:1
Biatowieza Primeval Forest — 8 x 1020 = 8160
Bialowieza National Park — 8 x 786 = 6288
10:1
Biatowieza Primeval Forest — 10 x 1020 = 10,200
Bialowieza National Park — 10 x 786 = 7860

6. Where to Look for Undiscovered and Undescribed Fungi?
6.1. Taxonomic Groups

The history of mycological research conducted in the Biatlowieza Primeval Forest
(BPF) shows that, as in any other research area, the best, scientifically robust results are
achieved by studies carried out by experts in specific taxa. In this regard, intensive studies
worth noting (cited in detail in the “history” section) were carried out by (i) W. Truszkow-
ska (pyrenomycetes on woody plants), (ii) T. Majewski (obligatory plant parasites —rusts,
smuts, powdery and downy mildews, and insect parasites—Laboulbeniales), (iii) M.
Chmiel (discomycetes), (iv) A. Bujakiewicz, B. Gierczyk, D. Karasinski, A. Kujawa, M.
Lisiewska, A. Skirgielto, and A. Szczepkowski, and J. Holec and his co-workers, (diverse
macromycete taxa), (v) S. Batazy, A. Chlebicki, M. Koztowska, and W. Multenko (diverse
micromycete taxa).

However, what draws attention is the lack of information about some fungal taxa or
their inadequate exploration in BPF. It applies to the three groups monographed in Poland
relatively recently: (i) ubiquitous endomycorrhizal fungi from Glomeromycota—no data
from BPF [177], (ii) arthropod-parasitic fungi from Entomophthorales—46 species from
BPF in total [107,118,178], and (iii) saprotrophic dematiaceous anamorphs—12 species
from BPF [179]. The latter group was planned to be studied during the project CRYPTO,
but unfortunately, the designated specialist resigned.

Additionally, the specialists in corticioid and polyporoid fungi did not participate in
the project CRYPTO, which significantly influenced the completeness of the species list.
Information about these fungi was later supplemented by various authors, including D.
Karasinski, M. Wolkowyecki, T. Niemeld, as well as A. Kujawa, A Szczepkowski, B. Gier-
czyk, T. Slusarczyk, and other co-workers with data gathered during the preparation of
the annual fungal exhibitions in Biatowieza [40].
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The species richness of fungi from basal clades (Basidiobolomycota, Chytridiomy-
cota, Blastocladiomycota, Mortierellomycota, Mucoromycota, and Zoopagomycota) is
also barely known (Table 1). The complete lack of data applies to other, relatively poorly
known taxa in Poland, e.g., Neocallimastigomycota, Cryptomycota, and Rozellomycota.

6.2. Terrestrial and Aquatic Habitats

Only six out of over 30 forests and scrub communities [17,180] and over 40 non-forest,
terrestrial communities [26] have been thoroughly investigated under the project
CRYPTO and later by Koztowska [101]: Tilio-Carpinetum, Fraxino-Alnetum, Carici elongatae-
Alnetum, Peucedano-Pinetum, Pino-Quercetum, and Querco-Piceetum. Five other forest and
peatland communities were investigated sporadically (Potentillo albae-Quercetum, Piceo-
Alnetum, Vaccinio uliginosi-Pinetum, Molinio-Pinetum, and Sphagno girgensohnii-Piceetumnt).
The least known in terms of fungi are open peatlands and non-forest communities —
meadows, fens, rushes and pastures, as well as ruderal and synanthropic habitats. Even
though they comprise a significant number of plant species (potential hosts of fungi), they
have been almost completely ignored in previous research of plant-associated fungi. Sim-
ilarly, only a few species of fungi were recorded on arable crops. The list of litter-associ-
ated fungi, i.e., those found on dead remnants of plants, animals, and fungi lying on the
forest floor, is still incomplete. Most of the data on this group concerns discomycetes and
come from forest communities studied on plot no. V-100 BSG UW during project CRYPTO
[181-183]. Elsewhere, only species forming large fruitbodies (e.g., Peziza spp., Helvella
spp., Sarcoscypha spp.) were noticed. Additionally, small basidiomycetes were collected
very rarely, and there is no information about non-fruiting species massively overgrowing
the forest litter.

It is worth emphasizing that there is little information on soil microfungi and species
associated with the plant rhizosphere (excluding ectomycorrhizal species). So far, the iso-
lation of saprobic microfungi from BPF soils has not been carried out on a larger scale, and
68 species are known only from forest soils [42].

The total number of fungi and FLOs found in or isolated from water (aquatic and
aero-aquatic fungi) in BPF is considerable and accounts for 162 species. However, this
number originates from a few studies, which were limited in scope and time. Saprotrophic
hyphomycetes, potentially very numerous in freshwaters, are greatly underrepresented.
Data on yeasts and yeast-like fungi, and species related to aquatic micro-organisms, e.g.,
algicolous or rotifer-associated fungi, are entirely lacking. There is no information on the
spores of airborne fungi (part of aeroplankton) originating from different types of habitats
and substrates.

6.3. Diverse Substrates and Hosts

While there is an enormous richness of potential substrates in BPF, the data on the
fungi associated with them vary greatly in quality and number. Most of the information
comes from the studies on fungi inhabiting plant material, most importantly living or
dead trees, and, to a lesser extent, also herbaceous plants. The synthesis of the results from
the CRYPTO project [52-55] revealed that epixylic and litter-inhabiting fungi were domi-
nant in terms of species richness, followed by parasitic micromycetes and epigeous fungi.
This pattern might be true also for the whole BPF —the wood-inhabiting fungi producing
large fruitbodies prevail in the inventories with about 250 species of ascomycetes [42] and
several hundred species of larger basidiomycetes (from Agaricomycotina) recorded.
However, these records still represent only a small fraction of the fungi associated with
multi-species and different-aged wood, which are expected to occur in the BPF’s forests.

Herbaceous plants, mainly native (ca. 1000 species in BPF), are the second relatively
well-studied group of micromycetes’ hosts in BPF [54,92,101]. The data on obligatory par-
asites and facultative saprotrophs growing on living herbaceous plants mostly come from
a few plant communities, among which most meadow, rushes, synanthropic and ruderal
phytocoenoses are missing. Only a small percentage of hosts are spore plants (mosses,
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ferns, clubmosses, and horsetails)—19 species of fungi were recorded from only 13 species
from this numerous group of hosts.

The mycorrhizal and endophytic symbioses are among the least studied plant-fungus
relationships. Historical data on species richness and taxonomic diversity of ectomycor-
rhizal fungi are known in BPF mainly from research on fruitbodies, while studies of my-
corrhizae based on the actual examination of roots have started only in the 2010s and are
not numerous [123-125]. Data on species richness and diversity of endophytes are very
limited. The presence of a single species of systemic endophytes (Epichloé typhina (Pers.)
Brockm.) was confirmed [42], and three dark septate endophytes (Acephala applanata
Griinig and T. N. Sieber, Phialocephala fortinii and P. europaea Griinig and T.N. Sieber) were
observed recently in association with tree roots [153,154]. However, there is little infor-
mation on species belonging to a large and highly taxonomically diverse group of non-
systemic endophytes, although some of the so-far-recorded plant parasites presumably
belong to this group.

Among the animal hosts, the arthropods inhabited by Laboulbeniales (126 species,
hosted mainly by carabids and staphylinids) and, to a lesser extent, Entomophthorales (45
species) and Hypocreales (8), are the best-studied [45,107,118,178]. However, the number
of known hosts of these fungi constitutes less than 3% of ca. 9800 species of insects and
spiders known from BPF [173]. Data on parasites of vertebrates and animal endosymbi-
onts are mostly lacking.

The vegetative and generative structures of fungi are among the least known as hosts
and substrates. Information on their occurrence in BPF is limited to 38 species (including
six species of hyperparasites) found on 66 species of fungi from a few taxa. No data are
available on myxomyceticolous fungi, and the exact number of lichenicolous fungi species
found in BPF is unknown, although it is estimated at 50 species [6,11].

7. Limitations of the Data

Methods used in the mycological research in the Biatowieza Primeval Forest (BPF),
and the corresponding quality of collected data, are another, perhaps most important,
limitations to the full recognition of the fungal diversity in this area. Long-term, multidis-
ciplinary studies conducted on fixed observation plots were carried out only once in BPF
because such research is a highly demanding endeavour in terms of time, money, and
logistics. In fact, they are limited to the single effort in the frame of the project CRYPTO
in the 1990s [52-55]. In the last decade, citizen-derived data became a major source of
information on fungal diversity in BPF [11,118].

Almost all pre-2010 studies were based on observations of fruitbodies, rarely also on
isolation and culturing. Molecular, metagenomic studies should be included as a standard
in the further exploration of the funga, as the genetic data from BPF currently available in
GenBank [59] and iBOL [62] databases cover only 41 species of fungi and fungus-like or-
ganisms (FLOs). The majority of sequences are the barcodes based on ITS1, ITS2, SSU, and
LSU, while others are rare (Table S1). There is a lack of diverse sequences that are widely
used in fungal taxonomy or phylogenetics, e.g., fungal-specific translation elongation fac-
tor 3 (tef3), DNA topoisomerase I (top1), phosphoglycerate kinase (pgk), or fungal hypo-
thetical protein Lipin/Ned1/Smp2 (LNS2).

Given that the majority of fungal taxa were recorded during only a few scientific
projects (all pre-2010), and that the only other significant share of the taxon list was con-
tributed by basically a citizen-science endeavour (i.e., Exhibitions of Fungi [11]) supple-
mented by ad hoc initiative (i.e., bioblitz 2019 [118]), the quality of the data is a serious
problem in any broader analysis of fungal diversity and ecology in BPF. While even the
identity of taxa recorded in older works often remains questionable, the metadata, includ-
ing precise location, substrate, season, habitat, host, etc., are mostly missing from the old-
est and anecdotal reports, as well as from a significant share of the data collected during
the Exhibitions of Fungi (2012-2019). This means that any ecological meta-analyses are
currently feasible only on the data from a project CRYPTO and a few other studies—
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projects covering only a small fraction of the BPF area (cf. Figure 4), conducted over a
short time period, and/or focusing on only selected fungal groups. Several preliminary
analyses were already published [53-55] and revealed interesting phenomena, e.g., con-
stant proportions of species numbers of vascular plants and pteridophytes, fungi, lichens,
mosses, and hepatics irrespectively of the forest community type [54], or an increase in
fungal species richness in the ecotones of specific forest communities [55]. However, to
what extent their results are still valid for BPF, and whether they can be extrapolated to
other non-forest ecosystems within BPF or other primeval forests in Europe remains an
open question. The answer requires a modern, broad-scaled, and long-term project. The
calls to repeat the multidisciplinary investigations taken under a CRYPTO project using
the up-to-date approach remain, as for now, unanswered [184].

8. Conclusions

Despite 130 years of mycological research in the Polish part of the Biatowieza Prime-
val Forest (BPF), the picture of the fungal diversity in this area is still surprisingly far from
complete. A high proportion of the data was contributed during short-term scientific ac-
tivities and forays organised by the non-scientific community. The plant-associated fungi
and fungus-like organisms (FLOs) belong to the best-explored taxa, while animal-related
species have attracted much less attention from researchers. Species associated with fungi
are mostly underexplored, and taxa accompanying myxomycetes and algae remain unex-
plored. Forest-dwelling fungi are obviously best-studied, while fungal diversity in the di-
verse non-forest communities is largely unexplored.

Cautious predictions lead to the conclusion that:

e Considering the current knowledge of fungi and FLOs in BPF (3504 species), the
number of ca. 5000 species (5:1 fungus: plant ratio) should be treated as a minimum
number that can be found in the Bialowieza Primeval Forest, even if only the existing,
traditional research methods are maintained. However, based on the list of hosts,
habitats, substrates, or taxonomic groups that have not been studied so far (or have
been studied insufficiently), it is very likely that the number of species could exceed
8000 (8:1 fungus: plant ratio).

e The intensification of research, the use of molecular identification methods on a
larger scale, and also conducting research well-prepared in terms of methodology
(permanent research plots, interdisciplinary long-term research, and the extension of
research to previously omitted types of habitats and plant communities) should re-
sultin finding much larger numbers of fungal and FLOs species, exceeding the values
corresponding to proportion 1:10 (i.e., about 10,000-15,000 species).

e  The expected numbers of fungal and FLOs species would be even greater if the esti-
mates were corresponding to the biodiversity of the entire area of the Biatowieza Pri-
meval Forest, including its greater Belarusian part. Thus, the holistic approach and
the future, joint Polish-Belarusian studies of funga in the entire complex of BPF are
greatly needed.

Our review of the richness and diversity of fungi and FLOs and their factual and
presumed complex interactions with other organisms is yet another argument supporting
the conservation of the natural resources in the Bialowieza Primeval Forest, including the
deadwood, a substrate scarce in man-managed forests. Since BPF regularly gains some
wider attention in the popular and scientific literature, in the context of the controversies
surrounding the loggings in its area, we feel that our paper would add a valuable point to
this general discussion. Our paper clearly highlights the existing and the potential diver-
sity of fungi in BPF, which calls for both appropriate conservation/management strategies
and a more comprehensive investigation. We also emphasize the need for collaborative,
interdisciplinary research on the diversity and function of fungi in this area and the for-
mulation of easy-to-implement metadata collection guidelines to aid the increasingly
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popular citizen-science-based inventories of fungi and improve the overall quality of the
data collected in BPF.

Supplementary Materials: The following are available online at www.mdpi.com/1999-
4907/12/5/518/s1, Table S1: Molecular data on fungi and FLOs from BPF available in GenBank and
iBOL databases.

Author Contributions: W.M. conceived the idea and led the writing of the manuscript together with
M.R.-M. and M.W. All authors wrote specific parts of the manuscript (introduction: W.M., source
queries and methods: M.W., M.R.-M. and KJ.-S.; history: M.K. and W.M., recent and molecular
studies: M.R.-M., M.W. and K J.-S., estimates: W.M. and M.K., conclusions: W.M., M.K., M.R.-M.,
M.W. and K.J.-S.) and contributed critically to the drafts of the whole manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: The research was funded by the Polish Ministry of Science and Education: subvention for
the Institute of Biological Sciences of Maria Curie-Sktodowska University in Lublin, Poland. M.W.
was funded by the National Science Centre grant no. 2019/35/D/NZ9/03212.

Acknowledgments: We are grateful to Anna Kujawa, (Institute for Agricultural and Forest Envi-
ronment of Polish Academy of Sciences in Poznan, Poland) for critical remarks on the manuscript
and for providing unpublished data on the numbers of macrofungi in BPF, which were essential for
the presented synthesis. We also thank Robin Wilgan, (Institute of Dendrology of Polish Academy
of Sciences in Kérnik, Poland), Julia Pawlowska, and Michat Gorczak, (University of Warsaw, Po-
land) and Anna Biedunkiewicz, (University of Warmia and Mazury in Olsztyn, Poland) for infor-
mation on current projects in the Bialowieza Primeval Forest and helping to complete the literature.

Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1.  Sabatini, F.M.; Burrascano, S.; Keeton, W.S.; Levers, C.H.; Lindner, M.; P6tzschner, E.; Verkerk, P.J.; Bauhus, ].; Buchwald, E.;
Chaskovsky, O.; et al. Where are Europe’s last primary forests? Divers. Distrib. 2018, 24, 14261439, doi:10.1111/ddi.12778.

2. Watson, J.EM.; Evans, T.; Venter, O.; Williams, B.; Tulloch, A.; Stewart, C.; Thompson, I; Ray, J.C.; Murray, K.; Salazar, A.; et
al. The exceptional value of intact forest ecosystems. Nat. Ecol. Evol. 2018, 2, 599-610, d0i:10.1038/s41559-018-0490-x.

3. Ceccherini, G.; Duveiller, G.; Grassi, G.; Lemoine, G.; Valerio Avitabile, V.; Pilli, R.; Cescatti, A. Abrupt increase in harvested
forest area over Europe after 2015. Nature 2020, 583, 72-77, doi:10.1038/s41586-020-2438-y.

4.  Falinski, ].B. Vegetation Dynamics in Temperate Lowland Primeval Forests: Ecological Studies in Biatowieza Forest; Dr. W. Junk Pub-
lishers: Dordrecht, The Netherlands, 1986.

5. Zimny, M.; Latatowa, M.; Pedziszewska, A. The Late-Holocene history of forests in the Strict Reserve of the Bialowieza National
Park. In The Forests of the Strict Reserve of the Biatowieza National Park; Keczynski, A., Ed.; Bialowieski Park Narodowy: Biatowieza,
Poland, 2017; pp. 29-59.

6. Jaroszewicz, B.; Cholewinska, O.; Gutowski, ].M.; Samojlik, T.; Zimny, M.; Latalowa, M. Biatowieza Forest— A Relic of the High
Naturalness of European Forests. Forests 2019, 10, 849, d0i:10.3390/f10100849.

7. Samoijlik, T.; Fedotova, A.; Daszkiewicz, P.; Rotherham, I.D. Biatowieza Primeval Forest: Nature and Culture in the Nineteenth Cen-
tury; Springer Nature Switzerland AG: Cham, Switzerland, 2020, d0i:10.1007/978-3-030-33479-6.

8.  Checko, E.; Jaroszewicz, B.; Olejniczak, K.; Kwiatkowska-Faliriska, A. The importance of coarse woody debris for vascular plants
in temperate mixed deciduous forests. Can. J. For. Res. 2015, 45, 1154-1163, d0i:10.1139/cjfr-2014-0473.

9.  Preik3a, Z.; Brazaitis, G.; Marozas, V.; Jaroszewicz, B. Dead wood quality influences diversity of rare cryptogams in temperate
broadleaved forests of Eastern Europe. iForest-Biogeosciences For. 2015, 9, 276-285, doi:10.3832/ifor1483-008.

10. Holec, J.; Bétak, J.; Dvotak, D.; Kiiz, M.; Kuchatikova, M.; Krzysciak-Kosinska, R.; Kucera, T. Macrofungi on fallen oak trunks
in the Biatowieza Virgin Forest-Ecological role of trunk parameters and surrounding vegetation. Electronic supplement. Czech
Mycol. 2019, 71, 65-89, d0i:10.33585/cmy.71105.

11. Kujawa, A.; Orczewska, A.; Falkowski, M.; Blicharska, M.; Bohdan, A.; Buchholz, L.; Chylarecki, P.; Gutowski, ].M.; Latatowa,
M.; Mystajek, R.W.; et al. The Biatowieza Forest-A UNESCO Natural Heritage Site—Protection priorities. Lesne Prace Badawcze
2016, 77, 302-323, doi:10.1515/frp-2016-0032.

12. Parviainen, J. Virgin and natural forests in the temperate zone of Europe. For. Snow Landsc. Res. 2005, 79, 9-18.

13. Nguyen, D.; Boberg, J.; Ihrmark, K.; Stenstrom, E.; Stenlid, J. Do foliar fungal communities of Norway spruce shift along a tree

species diversity gradient in mature European forests? Fungal Ecol. 2016b, 23, 97-108, doi:10.1016/j.funeco.2016.07.003.



Forests 2021, 12, 518 21 of 27

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Finér, L.; Domisch, T.; Dawud, S.M.; Raulund-Rasmussen, K.; Vesterdal, L.; Bouriaud, O.; Bruelheide, H.; Jaroszewicz, B.; Selvi,
F.; Valladares, F. Conifer proportion explains fine root biomass more than tree species diversity and site factors in major Euro-
pean forest types. For. Ecol. Manag. 2017, 406, 330-350, doi:10.1016/j.foreco.2017.09.017.

Maa, X.; Mahecha, M.D.; Migliavacca, M.; van der Plas, F.; Benavides, R.; Ratcliffe, S.; Kattge, ].; Richter, R.; Musavi, T.; Baeten,
L.; et al. Inferring plant functional diversity from space: The potentials of Sentinel-2. Remote Sens. Environ. 2019, 233, 111368,
doi:10.1016/j.rse.2019.111368.

Lubek, A.; Kukwa, M.; Jaroszewicz, B.; Czortek, P. Identifying mechanisms shaping lichen functional diversity in a primeval
forest. For. Ecol. Manag. 2020, 475, 118-434, d0i:10.1016/j.foreco.2020.118434.

Pawlaczyk, P. Forest communities. In Biafowieza National Park. Know It —Understand It — Protect It; Okotéw, C., Karas, M., Botbot,
A., Eds.; Bialowieski Park Narodowy: Bialowieza, Poland, 2009; pp. 37-58.

Kwiatkowska-Falifiska, A.J.; Panufnik-Medrzycka, D.; Wodkiewicz, M.; Sondej, L; Jaroszewicz, B. Ancient forest species and
the diversity of vegetation and seed bank indicate the aptitude of disturbed thermophilous oak wood patches for restoration.
Pol. ]. Ecol. 2013, 61, 65-80.

Gutowski, J.; Bobiec, A.; Pawlaczyk, P.; Zub, K. Drugie Zycie Drzewa The Second Life of the Tree; WWEF Polska: Warszawa-
Hajnéwka, Poland, 2004.

Kowalski, T.; Sowa, J.; Lakomy, P. Mycobiota in trunks of dying spruce trees in the ‘Puszcza Biatowieska’ Promotional Forest
Complex and its ecological function. Sylwan 2019, 163, 496-507, doi:https:doi:10.26202/sylwan.2019015.

Okotéw, C. Protection History. In Biatowieza National Park. Know It — Understand It — Protect It; Okotéw, C., Karas, M., Botbot, A.,
Eds.; Biatowieski Park Narodowy: Bialowieza, Poland, 2009; pp. 9-16.

Okotéw, C.; Kara$, M.; Botbot, A. (Eds.) Biatowieza National Park. Know It — Understand It — Protect It; Biatowieski Park Narodowy:
Biatowieza, Poland, 2009.

Keczynski, A. (Ed.) The Forest of the Strict Reserve of Biatowieza National Park; Biatlowieski Park Nrodowy: Bialowieza, Poland,
2017.

Kwiatkowski, W. Krajobrazy roslinne Puszczy Biatowieskiej (mapa w skali 1: 50,000 z tekstem objasniajacym) [Plant landscapes
of the Biatowieza Primeval Forest (map at a scale of 1: 50,000 with explanatory text)]. Phytocoen. Suppl. Cartogr. Geobot. 1994, 6,
35-87.

Sokotowski, A.W. Lasy Puszczy Biatowieskiej The Forests of the Biatowieza Primeval Forest; Centrum Informacyjne Lasow Panst-
wowych: Warszawa, Poland, 2004.

Karczewska, M.; Kucharski, L. (Eds.) The Non-Forest Land Ecosystems of Biatowieza National Park; Biatowieza National Park:
Bialowieza, Poland, 2016.

EEA (European Environmental Agency). Biogeographical Regions in Europe. Available online: www.eea.europa.eu/data-and-
maps/figures/biogeographical-regions-in-europe-2 (accessed on 30 March 2021.

Nowakowska, J.A.; Hsiang, T.; Patynek, P.; Stereniczak, K.; Olejarski, I.; Oszako, T. Health Assessment and Genetic Structure of
Monumental Norway Spruce Trees during a Bark Beetle (Ips typographus L.) Outbreak in the Bialowieza Forest District, Poland.
Forests 2020, 11, 647, doi:10.3390/£11060647.

Brzeziecki, B. Long-Term Dynamics of Trees and Stands of the Strict Reserve of the Biatowieza National Park. In The Forests of
the Strict Reserve of the Biatowieza National Park; Keczynski, A., Ed.; Bialowieski Park Narodowy: Bialowieza, Poland, 2017; pp.
93-125.

Grzywacz, A.; Keczynski, A.; Szczepkowski, A.; Belak, K.; Drozdowski, S.; Bolibok, L.; Brzeziecki, B. Trees of monumental sizes
in the Strict Reserve of the Bialowieza National Park. In The Forests of the Strict Reserve of the Biatowieza National Park; Keczyniski,
A., Ed.; Bialowieski Park Narodowy: Bialowieza, Poland, 2017; pp. 213-245.

Hawksworth, D.L. The fungal dimension of biodiversity: Magnitude, significance, and conservation. Mycol. Res. 1991, 95, 641—
655, d0i:10.1016/S0953-7562(09)80810-1.

Zanne, A.; Abarenkov, K.; Afkhami, M.; Trigueros, A.C.; Bates, S.; Bhatnagar, J.; Busby, P.; Christian, N.; Cornwell, W.;
Crowther, T.; et al. Fungal functional ecology: Bringing a trait-based approach to plant-associated fungi. Biol. Rev. 2019, 95, 409-
433, d0i:10.1111/brv.12570.

Liu, Y,; Li, X,; Kou, Y. Ectomycorrhizal Fungi: Participation in Nutrient Turnover and Community Assembly Pattern in Forest
Ecosystems. Forests 2020, 11, 453, doi:10.3390/f11040453.

Watkinson, S.; Bebber, D.; Darrah, P.; Fricker, M.; Tlalka, M.; Boddy, L. The role of wood decay fungi in the carbon and nitrogen
dynamics of the forest floor. In Fungi in Biogeochemical Cycles; Gadd, G.M., Ed.; Cambridge University Press: Cambridge, UK,
2006; pp. 151-182, doi:10.1017/cbo9780511550522.008.

Janusz, G.; Pawlik, A.; Sulej, J.; Swiderska-Burek, U.; Jarosz-Wilkotazka, A.; Paszczyniski, A. Lignin degradation: Microorgan-
isms, enzymes involved, genomes analysis and evolution. FEMS Microbiol. Rev. 2017, 41, 941-962, doi:10.1093/femsre/fux049.
Kujawa, A. Larger fungi. In Biafowieza National Park Know It — Understand It — Protect It; Okoléw, C., Kara$, M., Botbot, A., Eds.;
Biatowieski Park Narodowy: Biatowieza, Poland, 2009; pp. 87-110.

Karasinski, D.; Kujawa, A.; Szczepkowski, A.; Wotkowycki, M. Operat ochrony grzybéw. In Plan Ochrony Biatowieskiego Parku
Narodowego [Rules of Fungal Protection. Plan of Conservation of Nature in the Biatowieza National Park]; Dyrekcja Biatowieskiego
Parku Narodowego: Bialowieza, Poland, 2010; manuscript.

Karasinski, D.; Wotkowycki, M. An annotated and illustrated catalogue of polypores (Agaricomycetes) of the Bialowieza Forest
(NE Poland). Pol. Bot. J. 2015, 60, 217-292.



Forests 2021, 12, 518 22 of 27

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.

Karasinski, D. Puszczatiskie Rarytasy [Forest Rarities]; Bialowieski Park Narodowy: Bialowieza, Poland, 2014.

Kujawa, A.; Szczepkowski, A.; Gierczyk, B.; glusarczyk, T. How many fungal species grow in the Bialowieza Forest? Exhibitions
of fungi as a source of new data. Sylwan 2018, 162, 933-940.

Kuhar, F.; Furci, G.; Drechsler-Santos, E.R.; Pfister, D.H. Delimitation of Funga as a valid term for the diversity of fungal com-
munities: The Fauna, Flora & Funga proposal (FF&F). IMA Fungus 2018, 9, A71-A74, doi:10.1007/BF03449441.

Koztowska, M.; Mutenko, W.; Anusiewicz, M.; Wotkowycki, M. Checklist of Microfungi and Larger Ascomycetes of Biatowieza Forest;
Maria Curie-Sktodowska University Press: Lublin, Poland, 2019.

Mikusinski, G.; Bubnicki, ].W.; Churski, M.; Czeszczewik, D.; Walankiewicz, W.; Kuijper, D.P.J. Is the impact of loggings in the
last primeval lowland forest in Europe underestimated? The conservation issues of Bialowieza Forest. Biol. Conserv. 2018, 227,
266-274, doi:10.1016/j.biocon.2018.09.001.

Cieslinski, S.; Czyzewska, K.; Falinski, ].B.; Klama, H.; Mutenko, W.; Zarnowiec, J. Relicts of the primeval (virgin) forest. Relict
phenomena. Phytocenosis, Arch. Geobot. 1996, 6, 197-216.

Majewski, T. Distribution and ecology of Laboulbeniales in the Bialowieza Forest. Phytocoenosis Suppl. Cartogr. Geobot. 2003, 16,
1-144.

Lubek, A.; Kukwa, M.; Jaroszewicz, B.; Czortek, P. Changes in the epiphytic lichen biota of Biatowieza Primeval Forest are not
explained by climate warming. Sci. Total Environ. 2018, 643, 468—478, doi:10.1016/j.scitotenv.2018.06.222.

Lubek, A.; Kukwa, M.; Czortek, P.; Jaroszewicz, B. Lichenicolous fungi are more specialized than their lichen hosts in primeval
forest ecosystems, Bialowieza Forest, northeast Poland. Fungal Ecol. 2019, 42, 100-866, doi:10.1016/j.funeco.2019.100866.

Cali, A.; Becnel, J.J.; Takvorian, P.M. Microsporidia. In Handbook of the Protists; Archibald, J., Simpson, A., Slamovits, C., Eds.;
Springer: Cham, Switzerland, 2017; doi:10.1007/978-3-319-28149-0_27.

Wadi, L.; Reinke, A.W. Evolution of microsporidia: An extremely successful group of eukaryotic intracellular parasites. PLoS
Pathog. 2020, 16, 1008276, doi:10.1371/journal.ppat.1008276.

Lipa, J.J. Nosema pyrrhocoridis n. sp., a new microsporidian parasite of red soldier bug (Pyrrhocoris apterus L.) (Heteroptera, Pyr-
rhocoridae). Acta Protozool. 1977, 16, 135-140.

Wegensteiner, R.; Tkaczuk, C.; Batazy, S.; Griesser, S.; Rouffaud, M.; Stradner, A.; Steinwender, B.; Hager, H.; Papierok, B.
Occurrence of pathogens in populations of Ips typographus, Ips sexdentatus (Coleoptera, Curculionidae, Scolytinae) and Hylobius
spp. (Coleoptera, Curculionidae, Curculioninae) from Austria, Poland and France. Acta Protozool. 2015, 54, 219-232,
doi:10.4467/16890027AP.15.018.3215.

Falinski, J.B.; Mulenko, W. Cryptogamous plants in the forest communities of Biatowieza National Park. Check-list of cryptog-
amous and seminal plant species recorded during the period 1987-1991 on the permanent plot V-100 (Project CRYPTO [1]).
Phytocoen. Arch. Geobot. 1992, 3, 1-48.

Falinski, ].B.; Mutenko, W. Cryptogamous plants in the forest communities of Biatlowieza National Park. General problems and
taxonomic groups analysis (Project CRYPTO [2]). Phytocoenosis Arch. Geobot. 1992, 4, 1-176.

Falinski, ]J.B.; Mulenko, W. Cryptogamous plants in the forest communities of Bialowieza National Park. Functional groups
analysis and general synthesis (Project CRYPTO [3]). Phytocoenosis Arch. Geobot. 1996, 6, 1-224.

Falinski, J.B.; Mulenko, W. Cryptogamous plants in the forest communities of Biatlowieza National Park. Ecological atlas (project
CRYPTO [4]). Phytocoenosis Suppl. Cartogr. Geobot. 1997, 7, 1-522.

Nguyen, D.; Castagneyrol, B.; Bruelheide, H.; Bussotti, F.; Guyot, V.; Jactel, H.; Jaroszewicz, B.; Valladares, F.; Stenlid, ].; Boberg,
J. Fungal disease incidence along tree diversity gradients depends on latitude in European forests. Ecol. Evol. 2016, 6, 24262438,
doi:10.1002/ece3.2056.

Nguyen, D.; Castagneyrol, B.; Bruelheide, H.; Bussotti, F.; Guyot, V.; Jactel, H.; Jaroszewicz, B.; Valladares, F.; Stenlid, J.; Boberg,
J. Data from: Fungal Disease Incidence along Tree Diversity Gradients Depends on Latitude in European Forests, Dryad, Da-
taset, 2016, doi:10.5061/dryad.389mt.

Web of Science. Available online: www.webofknowledge.com (accessed on 23 February 2021).

NCBI GenBank. Available online: www.ncbi.nlm.nih.gov (accessed on 19 February 2021).

UNITE. Available online: www.unite.ut.ee (accessed on 19 February 2021).

Silva. Available online: www.arb-silva.de (accessed on 19 February 2021).

iBOL Available online: www.boldsystems.org (accessed on 19 February 2021).

Agricultural Research Service. Available online: www.ars.usda.gov (accessed on 19 February 2021).

Fungal Genome Size Database. Available online: www.zbi.ee/fungal-genomesize (accessed on 19 February 2021).

Genomes OnLine Database. Available online: Gold.jgi.doe.gov (accessed on 19 February 2021).

MycoCosm. Available online: www.mycocosm.jgi.doe.gov/mycocosm/home (accessed on 19 February 2021).

FungiDB. Available online: www.fungidb.org/fungidb/app (accessed on 19 February 2021).

Brincken, J. Mémoire Descriptif sur la Foret Impériale de Biatowieza, en Lituanie [ Descriptive Note about the Imperial Forest in Bialowieza,
Lithuania]; Gliicksberg: Warsaw, Poland, 1826.

Btonski, F. Fungi polonici novi New fungi from Poland. Hedwigia 1889, 28, 280-282.

Btonski, F.; Drymmer, K. Spis roslin zarodnikowych zebranych lub zanotowanych w lecie w r. 1888 w puszczach: Bialowieskiej,
Swistockiej i Ladzkiej [List of spore plants collected or recorded in the summer of 1888 in the Biatowieska, Swistocka and Ladzka
forests. Pamietnik Fiz. 1889, 9, 63-115.



Forests 2021, 12, 518 23 of 27

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Btoniski, F.; Drymmer, K.; Ejsmond, A. Sprawozdanie z wycieczki botanicznej odbytej do Puszczy Biatowieskiej w lecie 1887 .
Report from a botanical trip to the Biatowieza Forest in the summer of 1887. Pamietnik Fiz. 1888, 8, 59-155.

Jarocki, J. Sluzowce Puszczy Biatowieskiej. Czes¢ 1. Sluzowce Poéinocnego Obszaru Chronionego [The slime moulds of the
Biatowieza Primeval Forest. Part I. Slime moulds of the Northern Protected Area]. Acta Soc. Bot. Pol. 1924, 2, 183-199.
Steinecke, F. Die Kryptogamen im Urwalde The cryptogams in the primeval forest. In Bialowies in Deutscher Verwaltung
Biatowieza under German Administration; Heft., G., IV, Escherich, G., Eds.; Verlagsbuchhandlung Paul Parey: Berlin, Germany,
1918; pp. 251-272.

Siemaszko, W. Fungi bialowiezenses exsiccati. Centuria prima. [Exsiccates of fungi from Bialowieza. First hundred] Acta Insiti-
tuti Phytopathol. Sch. Super. Agroculturae Varsoviensis 1923, 2, 1-27.

Siemaszko, W. Notatki grzyboznawczo-geograficzne Mycological and geographic science notes. Acta Soc. Bot. Pol. 1924, 2, 1-9.
Siemaszko, W. Plesn lisciowa, Monilia foliicola Woronichin, w $wietle spostrzezen i badan biologicznych The leaf-blight, Monilia
foliicola Woronich, in the light of biological observations and investigations. Acta Soc. Bot. Pol. 1924, 2, 81-98.

Siemaszko, W. Fungi bialowiezenses exsiccati. Centuria secunda [Exsiccates of fungi from Biatowieza. Second hundred]. Acta
Insitituti Phytopathol. Sch. Super. Agroculturae Vars. 1925.

Siemaszko, W. Zagadnienia zasiegdw geograficznych choroéb roslin uprawnych the problem of geographical distribution of the
diseases of economic plants. Rocz. Nauk Ogrod. 1934, 1, 163-170.

Siemaszko, J.; Siemaszko, W. Owadorosty polskie i palearktyczne Laboulbeniales of Poland and Palearctic. Pol. Pismo Entomol.
1927, 6, 188-211.

Siemaszko, J.; Siemaszko, W. Owadorosty polskie i palearktyczne, III Laboulbeniales of Poland and Palearctic, III. Pol. Pismo
Entomol. 1933, 12, 115-138.

Karpinski, J.J. Materialy do bioekologii Puszczy Bialowieskiej Materials for bioecology of the Bialowieza Forest. Instytut
Badawczy Le$nictwa. Rozpr. Spraw. Ser. A 1949, 56, 1-212.

Pachlewski, R.; Borowski, S. Decease of young linden trees in the National Park of Bialowieza. Sylwan 1959, 8, 1-11.
Truszkowska, W. Niektdre Pyrenomycetes zebrane w Puszczy Biatowieskiej [Some pyrenomycetes collected from Biatowieza
virgin forest]. Monogr. Bot. 1959, 8, 191-220.

Truszkowska, W. Obserwacje Helminthosporium tiliae Fr. na podroscie lipy (Tilia cordata) w Biatowieskim Parku Narodowym
[Observations of Helminthosporium tiliae Fr. on lime in the understory of forests of Biatowieza]. Acta Mycol. 1965, 1, 13-22.
Truszkowska, W. Niektore Pyrenomycetes zebrane w Puszczy Bialowieskiej. Il Some pyrenomycetes collected from Biatowieza
virgin forest. II. Acta Mycol. 1965, 1, 105-120.

Truszkowska, W. Notatki mikologiczne z Pojezierza Augustowskiego i Biatowiezy Mycological notes about the Augustéw lake
district and Biatowieza. Acta Mycol. 1967, 3, 201-208.

Truszkowska, W. Grzyby z rodzajow Pseudovalsa, Melanconis i Cryptospora wystepujace w Polsce Fungi of the genera Pseudovalsa,
Melanconis and Cryptospora in Poland. Acta Mycol. 1976, 12, 91-112.

Nespiak, A. The investigations on the character of the correlations between the higher fungi and wood associations in the Na-
tional Park of Bialowieza. Monogr. Bot. 1959, 8, 3—-141.

Orlo$, H. Badania ekologiczne nad mikoflora niektérych typow lasu w Biatowieskim Parku Narodowym [Ecological investiga-
tions on mycoflora of some forest types in Bialowieza National Park]. Pr. Inst. Badaw. Lesnictwa 1961, 229, 57-106.
Compte-rendu du IV-eme Congres des Mycologues Europeens. Compte-rendu du IV-eme Congres des Mycologues Euro-
peens. Warszawa 1966. Acta Mycol. 1968, 4, 181-196.

Krzemieniewska, H. Spis §luzowcéw zebranych w latach 1955-1956 A list of Myxomycetes collected in the years 1955-1956.
Acta Soc. Bot. Pol. 1957, 26, 785-811, d0i:10.5586/ASBP.1957.041.

Majewski, T. Parasitic fungi of the Bialowieza National Park against the background of the mycoflora of Poland (Peronospora-
les, Erysiphaceae, Uredinales, Ustilaginales). Acta Mycol. 1971, 7, 299-388.

Ruszkiewicz-Michalska, M. Phytoparasitic micromycetes in plant communities of the Wyzyna Czestochowska Upland. Monogr.
Bot. 2006, 96, 1-140, d0i:10.5586/mb.2006.001.

Majewski, T. The Laboulbeniales of Poland. Polish Botanical Studies; W. Szafer Institute of Botany, Polish Academy of Sciences:
Krakéw, Poland, 1994.

Majewski, T. Laboulbeniales. Atlas of the Geographical Distribution of Fungi in Poland, Fasc. 4; W. Szafer Institute of Botany, Polish
Academy of Sciences: Krakéw, Poland, 2008.

Majewski, T. Three new species of the Laboulbeniales (Fungi, Ascomycetes) from Poland. Pol. Bot. Stud. 1990, 1, 121-126.
Majewski, T. The genus Siemaszkoa (Fungi, Laboulbeniales) in Poland. Pol. Bot. Stud. 1991, 2, 219-229.

Braun, U. A Monograph of Cercosporella, Ramularia and Allied Genera (Phytopathogenic Hyphomycetes); IHW-Verlag: Eching bei
Miinchen, Germany, 1995.

Mutenko, W. Gyoerffyella oxalidis—a new species of Hyphomycetes (Deuteromycetes) for the Polish fungal flora. Pol. Bot. Stud.
1993, 5, 79-81.

Mutenko, W. Notes on some rare and unusual species of parasitic fungi collected from natural plant communities in Poland.
Mycologist 1994, 8, 71-75, d0i:10.1016/S0269-915X(09)80129-8.

Koztowska, M. Rytmika pojawdéw sezonowych grzybdéw pasozytujacych na roslinach naczyniowych w gradzie (Tilio-Carpine-
tum) Rhythmics of Seasonal Appearances of Fungi Parasitizing on Vascular Plants in the Oak-Linden-Hornbeam Forest (Tilio-
Carpinetum), Mscr. Ph.D. Thesis, Maria Curie-Sklodowska University, Lublin, Poland, 2008.



Forests 2021, 12, 518 24 of 27

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Mutenko, W.; Koztowska, M. Dynamics of fungi against the background of host plant phenology. Part I. List of microfungi
infecting Stellaria Holostea. Pol. Bot. |. 2010, 55, 417-440.

Skirgielto, A. Macromycetes of oak-hornbeam forests in the Biatlowieza National Park—-monitoring studies. Acta Mycol. 1998, 33,
171-189, d0i:10.5586/am.1998.017.

Lawrynowicz, M.; Lisiewska, M.; Skirgielto, A.; Wojewoda, W. Monitoring mikologiczny w europejskich lasach debowych My-
cological monitoring in European oak forests. In Botanika w Dobie Biologii Molekularnej. Materiaty Sesji i Sympozjéw 52; Zjazdu
Polskiego Towarzystwa Botanicznego: Poznan, Poland, 2001; p. 182.

Jaroszewicz, B. Grzyby (Mycota) Puszczy Biatowieskiej-gatunki zgromadzone na II Wystawie Grzybow Puszczy Biatowieskiej
[Fungi of the Biatowieza Primeval Forest-species gathered for the II Exhibition of Mushrooms of the Bialowieza Forest]. Parki
Nar. Rezerw. Przyr. 1996, 15, 47-53.

Kujawa, A; élusarczyk, T.; Domian, G.; Piskorski, S.; Kaczmarek, K.; Gesiorska, A.; Gorczak, M. 25th Exhibition of Fungi of the
Biatowieza Forest. Materials for recognition of mycobiota of the Biatowieza Primeval Forest. Przeglgd Przyr. 2020, 31, 69-89.
Sosnowska, D.; Batazy, S.; Prishchepa, L.; Mikulskaya, N. Biodiversity of arthropod pathogens in the Biatowieza Forest. J. Plant
Prot. Res. 2004, 44, 313-321.

Gierczyk, B.; Kujawa, A.; Pachlewski, T.; Szczepkowski, A.; Wéjtowski, M. Rare species of the genus Coprinus Pers. s. lato. Acta
Muycol. 2011, 46, 27-73, doi:10.5586/am.2011.003.

Gierczyk, B.; Kujawa, A.; Szczepkowski, A.; Chachuta, P. Rare species of Lepiota and related genera. Acta Mycol. 2011, 46, 137—
178, doi:10.5586/am.2011.010.

Gierczyk, G.; Kujawa, A.; Szczepkowski, A. New to Poland species of the broadly defined genus Coprinus (Basidiomycota,
Agaricomycotina). Acta Mycol. 2014, 49, 159-188, doi:10.5586/am.2014.020.

Gierczyk, G.; Kujawa, A ; élusarczyk, T. Pluteus albineus (Basidiomycota)—a new species for Poland. Pol. Bot. ]. 2014, 59, 145-148,
doi:10.2478/pbj-2014-0016.

Szczepkowski, A.; Gierczyk, B.; Kujawa, A. Buglossoporus quercinus, a rare wood-inhabiting fungus on ancient oak trees in Po-
land: Ecology, distribution and extinction risk assessment. Balt. For. 2019, 25, 178-186, d0i:10.46490/vo0l25iss2pp178.

Kujawa, A.; Gierczyk, B.; Kozak, M.; Mleczko, P.; Slusarczyk, T. Diversity of agaricoid, boletoid and hypogeous macrofungi in
the Biatowieza Forest—project concept and preliminary results. Fragm. Florist. Geobot. Pol. 2017, 24, 119-131.

Kujawa, A.; Gierczyk, B.; Szczepkowski, A.; Karasinski, D.; Wotkowycki, M.; Wojtowski, M. Assessment of current threat level
of species of the genus Geastrum in Poland. Acta Bot. Sil. 2012, 8, 5-42.

Beker, H.J.; Eberhardt, U.; Vesterholt, J. Fungi Europaei 14. Hebeloma (Fr.) P. Kumm; Edizioni Tecnografica: Lomazzo, Italy, 2016.
Katucka, I.L.; Jagodzinski, A.M.; Nowinski, M. Biodiversity of ectomycorrhizal fungi in surface mine spoil restoration stands in
Poland-first time recorded, rare, and red-listed species. Acta Mycol. 2016, 51, 1080, doi:10.5586/am.1080.

Pawtowska, J.; Frac, M.; Kalucka, I.; Ruszkiewicz-Michalska, M.; Rézalska, S.; Wrzosek, M. The XVIII Congress of European
Mycologists: Conference Report. Acta Mycol. 2020, 55, 55214, d0i:10.5586/am.55214.

Gorczak, M.; Siedlecki, I; Blocka, Z.; Cullen, M.; Daniele, I; Fox, H.; Harder, C.; Kinnunen, J.; Kochanowski, M.; Krisai-Greilhu-
ber, I; et al. 18th Congress of European Mycologists Bioblitz 2019-Naturalists contribute to the mycobiota of Bialowieza Prime-
val Forest. Acta Mycol. 2020, 55, 55211, d0i:10.5586/am.55211.

Miettinen, O.; Spirin, V.; Niemeld, T. Notes on the genus Aporpium (Auriculariales, Basidiomycota), with a new species from
temperate Europe. Ann. Bot. Fenn. 2012, 49, 359-368, doi:10.5735/085.049.0607.

Niemeld, T.; Miettinen, O.; Manninen, O. Aurantiporus priscus (Basidiomycota), a new polypore from old fallen conifer trees.
Ann. Bot. Fenn. 2012, 49, 201-205, doi:10.5735/085.049.0308.

Eberhardt, U.; Beker, H.J.; Vesterholt, J. Decrypting the Hebeloma crustuliniforme complex: European species of Hebeloma section
Denudata subsection Denudata (Agaricales). Persoonia 2015, 5, 101-147, doi:10.3767/003158515X687704.

Crous, P.W.; Wingfield, M.].; Choo, Y.-H.; Gilchrist, C.; Lacey, E.; Pitt, ].I. Fungal Planet description sheets: 1042-1111. Persoonia
2020, 44, 408-409, doi:10.3767/persoonia.2020.44.11.

Leski, T.; Wilgan, R.; Pietras, M.; Karlinski, L.; Rudawska, M. Podziemny $wiat grzybow ektomykoryzowych [The underground
world of ectomycorrhizal fungi]. Las Pol. 2019, 24, 20-21.

Wilgan, R.; Leski, T.; Rudawska, M.; Pietras, M.; Karliniski, L. Hidden diversity in Biatowieza Forest-new species of fungi in
Biatowieza revealed by molecular analyses of mycorrhizae and sporocarps. In Proceedings of the MycoRise Up! Mtodzi w My-
kologii. Ogolnopolska konferencja studentéw i doktorantéw. Ksigzka abstraktow MycoRiseUp! The Youth in Mycology, Na-
tional mycological conference for students and PhD students. Book of abstracts. Polish Mycological Society, £.6dz, Poland, 12—
13 April 2019; pp. 75-76.

Olchowik, J.; Hilszczanska, D.; Bzdyk, R.M.; Studnicki, M.; Malewski, T.; Borowski, Z. Effect of deadwood on ectomycorrhizal
colonisation of old-growth oak forests. Forests 2019, 10, 480, doi:10.3390/f10060480.

Wojewoda, W.; Lawrynowicz, M. Red list of the macrofungi in Poland. In Red list of plants and fungi in Poland; Mirek, Z., Zarzycki,
K., Wojewoda, W., Szelag, Z., Eds.; W. Szafer Institute of Botany, Polish Academy of Sciences: Krakéw, Poland, 2006; pp. 53—
70.

Holec, J.; Kunca, V.; Seréikovd, H.; Dima, B.; K¥i%, M.; Kudera, T. Pluteus fenzlii (Agaricales, Pluteaceae)-taxonomy, ecology and
distribution of a rare and iconic species. Sydowia 2018, 70, 11-26, d0i:10.12905/0380.sydowia70-2018-0011.

Korhonen, A ; Seelan, J.S.S.; Miettinen, O. Cryptic species diversity in polypores: The Skeletocutis nivea species complex. Myco-
Keys 2018, 36, 45-82, d0i:10.3897/mycokeys.36.27002.



Forests 2021, 12, 518 25 of 27

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Miettinen, O.; Vlasdk, J.; Rivoire, B.; Spirin, V. Postia caesia complex (Polyporales, Basidiomycota) in temperate Northern Hem-
isphere. Fungal Syst. Evol. 2018, 1, 101-129, d0i:10.3114/fuse.2018.01.05.

Holec, J.; Kunca, V.; Kolafik, M. Tricholomopsis badinensis sp. nov. and T. sulphureoides—two rare fungi of European old-growth
forests. Mycol. Prog. 2019, 18, 321-334, d0i:10.1007/s11557-018-1449-7.

Malicki, B.; Wrzosek, M.; Pawlowska, ]J.; Gorczak, M.; Decewicz, P.; Jaroszewicz, B.; Cholewiriska, O. The diversity of dead
wood, or mycocenosis of spruce wood in the Bialowieza Forest. In Proceedings of the MycoRise Up! Mlodzi w Mykologii.
Ogodlnopolska konferencja studentéw i doktorantéw. Ksigzka abstraktéw MycoRiseUp! The Youth in Mycology, National my-
cological conference for students and PhD students. Book of abstracts. Polish Mycological Society, £.6dz, Poland, 12-13 April
2019; pp. 39-40.

Wrzosek, M.; Pawlowska, ].; Malicki, B.; Decewicz, P.; Checko, E.; Cholewinska, O.; Jaroszewicz, B. Diversity in buried wood-
each running metre matters? In Proceedings of the Abstract Book, XVIIII Congress of European Mycologists, Warsaw-
Biatowieza, Poland, 16-21 September 2019; p. 210.

Jaroszewicz, B.; Cholewinska, O.; Checko, E.; Wrzosek, M. Predictors of diversity of deadwood-dwelling macrofungi in a Eu-
ropean natural forest. For. Ecol. Manag. 2021, 490, 119123, doi:10.1016/j.foreco.2021.119123.

Zapora, E.; Wolkowycki, M.; Bakier, S.; Zjawiony, ] K.; Phellinus igniarius: A pharmacologically active polypore mushroom. Nat.
Prod. Commun. 2016, 11, 7, 1043-1046.

Zapora, E.; Wolkowycki, M. Grzyby medyczne Puszczy Bialowieskiej Medical fungi of the Bialowieza Forest. In Proceedings of
the VI Konferencja Zwiazki biologicznie czynne: Aktywnos¢, struktura, synteza, Biatystok, Poland, 27-29 June 2019; p. 13.
Sadowska, A.; Zapora, E.; Sawicka, D.; Niemirowicz-Laskowska, K.; Surazynski, A.; Sutkowska-Ziaja, K.; Kata, K.; Stocki, M.;
Wolkowycki, M.; Bakier, S.; et al. Heterobasidion annosum induces apoptosis in DLD-1 cells and decreases colon cancer growth
in in vivo model. Int. J. Mol. Sci. 2020, 21, 3447, doi:10.3390/ijms21103447.

Kiziewicz, B. Zoosporic microorganisms isolated from Dermacentor reticulatus F. ticks found in surface waters of the Bialowieza
National Park. Pol. J. Environ. Stud. 2005, 14, 691-698.

Kiziewicz, B. Water fungi and fungus-like organisms isolated from surface waters situated in the Bialowieza Primeval Forest
using the liver fluke Fasciola hepatica L. of European Bison bonasus L. as bait. Pol. J. Environ. Stud. 2006, 15, 277-281.

Ortowska, M.; Kulikowska-Karpinska, E.; Ostrowska, H. Aquatic Hyphomycetes in the Narewka river. Ochr. Srodowiska
Zasobow Nat. 2009, 40, 525-532.

Ortowska, M.; KrzySciak-Kosinska, R.; Chomutowska, H.; Ostrowska, H. Oomycota in selected reservoirs in the Biatowieski
National Park. Ochr. Srodowiska Zasobéw Nat. 2011, 49, 374-381.

Ortowska, M.; Godlewska, A. Fungi and fungus-like organisms. In The Aquatic Ecosystems of Biatowieza National Park; KrzySciak-
Kosinska, R., Wilk-Wozniak, E., Eds.; Biatowieski Park Narodowy: Biatowieza, Poland, 2016; pp. 233—-249.

Ortowska, M.; Krzy$ciak-Kosinska, R. Diversity of fungus-like organisms and microfungi in various plant communities of
Biatowieza Forest. Parki Nar. Rezerw. Przyr. 2017, 36, 3-16.

Goérniak, A.S.; Wiecko, A.; Cudowski, A.; Pietryczuk, A. Biomasa grzybéw wodnych w wodach rzek Polski Water fungi biomass
in Polish rivers” waters. In Zaopatrzenie w Wodeg, Jakos¢ i Ochrona Woéd Water Supply and Water Quality; Dymaczewski, Z., Jez-
Walkowiak, J., Eds.; Polskie Zrzeszenie Inzynierédw i Technikéw Sanitarnych Oddziat Wielkopolski: Poznan, Poland, 2012; pp.
475-485.

Drozdowicz, A. Myxomycetes of the Biatowieza Forest; Bialowieski Park Narodowy: Bialowieza, Poland, 2014.

Drozdowicz, A. Inwentaryzacja sluzowcéw (Myxogastria, Myxomycetes) na wyznaczonych powierzchniach badawczych w
Puszczy Bialowieskiej Inventory of (Myxogastria, Myxomycetes) at designated research plots in Biatowieza Old Growth Forest.
Parki Nar. Rezerw. Przyr. 2017, 36, 3-33.

Drozdowicz, A.; Ronikier, A.; Stojanowska, W.; Panek, E. Myxomycetes of Poland. A Checklist; W. Szafer Institute of Botany, Polish
Academy of Sciences: Krakéw, Poland, 2003.

Vialle, A.; Feau, N.; Allaire, M.; Didukh, M.; Martin, F.; Moncalvo, ].M.; Hamelin, R.C. Evaluation of mitochondrial genes as
DNA barcode for Basidiomycota. Mol. Ecol. Resour. 2009, 9, 99-113, doi:10.1111/j.1755-0998.2009.02637 .x.

PaZoutové, S.; Pedicovd, K.; Chuditkova, M.; Sriitka, P.; Kolafik, M. Delimitation of cryptic species inside Claviceps purpurea.
Fungal Biol. 2015, 119, 7-26, d0i:10.1016/j.funbio.2014.10.003.

Barbosa, R.N.; Leong, S.L.; Vinnere-Pettersson, O.; Chen, A.].; Souza-Motta, C.M.; Frisvad, J.C.; Samson, R.A.; Oliveira, N.T.;
Houbraken, J. Phylogenetic analysis of Monascus and new species from honey, pollen and nests of stingless bees. Stud. Mycol.
2017, 86, 29-51, d0i:10.1016/j.simyco0.2017.04.001.

Malewski, T.; Topor, T.; Nowakowska, J.A.; Oszako, T. Decline of Black Alder Alnus glutinosa (L.) Gaertn. along the Narewka
River in the Biatowieza Forest District. For. Res. Pap. 2020, 81, 147-152, d0i:10.2478/frp-2020-0017.

Kujawa, A. Personal Communication; Institute for Agricultural and Forest Environment of Polish Academy of Sciences: Poznan,
Poland, 2021.

Kirisits, T. Fungi isolated from Picea abies infested by the bark beetle Ips typographus in the Biatlowieza forest in north-eastern
Poland. For. Pathol. 2010, 40, 100-110, doi:10.1111/j.1439-0329.2009.00613 .

Griinig, C.R.; Queloz, V.; Sieber, T.N. Structure of diversity in dark septate endophytes: From species to genes. In Endophytes of
Forest Trees: Biology and Applications; Pirttila, A.M., Frank, A.C., Eds.; Springer: Dordrecht, The Netherlands, 2011,
doi:10.1007/978-94-007-1599-8_1.



Forests 2021, 12, 518 26 of 27

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Queloz, V.; Sieber, T.N.; Holdenrieder, O.; McDonald, B.A.; Griinig, C.R. No biogeographical pattern for a root-associated fun-
gal species complex. Glob. Ecol. Biogeogr. 2011, 20, 160-169, d0i:10.1111/j.1466-8238.2010.00589.x.

Tkaczyk, M.; Nowakowska, J.A.; Oszako, T. Phytophthora species isolated from ash stands in Biatlowieza Forest nature reserve.
For. Pathol. 2016, 46, 660—-662, doi:10.1111/efp.12295.

State Nature Protection Institution National Park. Available online: Belovezhskaya Pushcha npbp.by/eng (accessed on 25 Feb-
ruary 2021).

Shabashova, T.; Yurchenko, E.; Belomesyatseval, D. Aphyllophoroid fungi of the Bialowieza Forest (Belarus). In Proceedings of
the Abstract Book, XVIII Congress of European Mycologists, Warsaw-Bialowieza, Poland, 16-21 September 2019; p. 217.
Koriniak, S.I.; Lebedko, V.N. Pathogen fungi on species of Ranunculaceae family at the national parks in Belarus. bomaruxa
(Mccaedosarius) Coopruk nayunvix mpyoos Botany (Research) Collect. Sci. Pap. 2019, 48, 211-217.

Koriniak, S.I. Coelomycetes are agents of plants diseases at the territory of National Park “Belovegskaja Puscha”. bomanuka
(Mccaedosarius): cooprux Hayutovix mpydos [Botany (Research) Collect. Sci. Pap.] 2017, 46, 174-183.

Girilovich, 1.S.; Gulis, V.I; Hramtsov, A.K.; Poliksenova, V.D. Micromycetes of state national park of Republik Belarus “Be-
lowezhskaya Pushcha”. II. Powdery mildew fungi. Muoaozus u @umonamonozus [Mycol. Phytopathol.] 2005, 39, 24-30.
Shabashova, T.G.; Koriniak, S.I.; Belamesyatseva, D.B. Herbophilic Micromycetes of oak forests of national park “Bielovezh-
skaya Pushcha”. bomaruia (Mccaedosarius) Cooprux nayunvix mpydos [Botany (Research): Collect. Sci. Pap.] 2019, 48, 218-225.
Wojewoda, W. Macrofungi. In Nature of the Tatra National Park. Tatry i Podtatrze 3; Mirek, Z., Ed.; Tatrzanski Park Narodowy:
Krakéw-Zakopane, Poland, 1996; pp. 379-392.

Kujawa, A.; Gierczyk, B.; Karasinski, D.; Szczepkowski, A,; Slusarczyk, T. Grzyby Wielkoowocnikowe Kampinoskiego Parku
Narodowego. Przewodnik Terenowy Macrofungi of the Kampinos National Park. Field Guide; Kampinoski Park Narodowy: Izabelin,
Poland, 2015.

Mutenko, W.; Holeksa, ]J.; Eds. Grzyby Babiej Gory. In Fungi of the Babia Géra Mt; Monografie Babiogérskie. Babiogdrski Park
Narodowy: Wroctaw-Zawoja, Poland, 2018.

Bujakiewicz, A.; Kujawa, A. Macrofungi in selected reserves of the Biatowieza Forest. Parki Nar. I Rezerw. Przyr. 2010, 29, 3-26.
Kirk, P.M.; Cannon, P.F.; Minter, D.W.; Stalpers, ]J.A. Ainsworth & Bisby’s Dictionary of the Fungi, 10th ed.; CAB International:
Wallingford, UK, 2008.

Cheek, M.; Lughadha, E.N.; Kirk, P.; Lindon, H.; Carretero, J.; Looney, B.; Douglas, B.; Haelewaters, D.; Gaya, E.; Llewellyn, T.
New scientific discoveries: Plants and fungi. PlantsPeoplePlanet 2020, 2, 5, d0i:10.1002/ppp3.10148.

Hawksworth, D.L. The magnitude of fungal diversity: The 1.5 million species estimate revisited. Mycol. Res. 2001, 105, 1422-
1432, d0i:10.1017/S0953756201004725.

Hawksworth, D.L.; Liicking, R. Fungal Diversity Revisited: 2.2 to 3.8 million species. Microbiol. Spectr. 2017, 5, 79-95,
doi:10.1128/microbiolspec. FUNK-0052-2016.

Mroziniska, T. Aerophytic algae. In Cryptogamous plants in the forest communities of Biatlowieza National Park. Check-list of
cryptogamous and seminal plant species recorded during the period 1987-1991 on the permanent plot V-100 (Project CRYPTO
[1]). Phytocoen. Arch. Geobot. 1992, 3, 45-47.

Sokotowski, A.W. Flora roslin naczyniowych Puszczy Bialowieskiej. In The Flora of Vascular Plants in the Bialowieza Forest;
Biatowieski Park Narodowy: Biatowieza, Poland, 1995.

Sokotowski, A.W.; Wotkowycki, M. Uzupeknienie do flory Puszczy Biatowieskiej Supplement to the flora of vascular plants of
the Biatowieza Forest. Parki Nar. Rezerw. Przyr. 2000, 19, 71-75.

Gutowski, ].M.; Jaroszewicz, B. (Eds.) Catalogue of the Fauna of Biatowieza Primeval Forest; Instytut Badawczy Les$nictwa: War-
szawa, Poland, 2001.

Adamowski, W. Vascular flora. Biatowieza National Park. Know It — Understand It — Protect It; Okotow, C., Karas, M., Botbot, A.;
Eds.; Biatlowieski Park Narodowy: Bialowieza, Poland, 2009; pp. 59-72.

Ciedlinski, S. Lichens. In Biatowieza National Park. Know it — Understand it — Protect it; Okoltéw, C., Karas, M., Botbot, A., Eds.;
Biatowieski Park Narodowy: Biatowieza, Poland, 2009; pp. 72-86.

Cieslinski, S. Wykaz gatunkéw porostow (grzybow zlichenizowanych) Puszczy Bialowieskiej (NE Polska) [Checklist of lichens
(Ascomycota lichenisati) of Biatowieza Primeval Forest (NE Poland)]. Parki Nar. Rezerw. Przyr. 2010, 29, 3-39.

Btaszkowski, J. Glomeromycota. W. Szafer Institute of Botany; Polish Academy of Science: Krakow, Poland, 2012.

Batazy, S. Entomophthorales, W. Szafer Institute of Botany; Polish Academy of Sciences: Krakéw, Poland, 1993.

Borowska, A. Grzyby niedoskonale (Deuteromycetes), strzepczakowe (Hyphomyecetales), ciemnobarwniakowe fialidowe
(Dematiaceae phialoconidiae). In Deuteromycetes. Hyphomycetales. Dematiaceae phialoconidiae; Paristwowe Wydawnictwo Nau-
kowe: Warszawa-Krakéw, Poland, 1986.

Keczynski, A. General description of the Strict Reserve of Biatowieza National Park. In The Forests of the Strict Reserve of the
Biatowieza National Park; Keczynski, A., Ed.; Biatowieski Park Narodowy: Biatowieza, Poland, 2017; pp. 9-27.

Chmiel, M.A.; Sadowska, B. Grzyby koprofilne w zbiorowiskach lesnych Biatowieskiego Parku Narodowego [Coprophilous
fungi in the forest communities of the Biatowieza National Park]. Fragm. Florist. Geobot. Pol. 1994, 1, 107-131.



Forests 2021, 12, 518 27 of 27

182. Chmiel, M.A. Discomycetous fungi. In Cryptogamous plants in the forest communities of Bialowieza National Park (Project
CRYPTO [2]). Phytocoenosis Arch. Geobot. 1995, 4, 115-123.

183. Chmiel, M.A. Litter saprobic fungi. In Cryptogamous plants in the forest communities of Biatlowieza National Park (Project
CRYPTO [3]). Phytocenosis Arch. Geobot. 1996, 6, 111-117.

184. Jaroszewicz, B. Personal communication, Biatowieza Geobotanical Station. University of Warsaw: Bialowieza, Poland, 2021.



