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Introduction

Since the beginning of time, we, human beings, have been attempting to un-
derstand the world around us. This is a beautiful quality – we are curious about 
the incomprehensible. We are constantly refining our methods of perceiving the 
reality around us, and interpreting it more and more deeply. We pose questions, 
find answers, and then sometimes challenge them by posing further questions. 
In this way, we all participate in the extremely important process of building our 
knowledge of the world and broadening our horizons.

Scientists who try to describe and understand the natural world face ever new 
challenges. We live at a time when the human impact on the environment is be-
coming increasingly apparent, with global climate change and loss of biodiversity 
being particularly serious consequences. In the functioning of forests, too, we are 
seeing many changes due to ongoing environmental changes, and our knowledge 
of their functioning needs to be constantly improved and deepened. The efforts of 
scientists are not only geared to acquiring new knowledge, but also to applying it 
to forest management and nature conservation. For us to manage natural resources 
wisely, we must have a thorough knowledge of the functioning of forest ecosystems.

Forests form some of the most dynamic and complex terrestrial ecosystems. 
Although the biology of the numerous species that determine the biodiversity of 
forest ecosystems is relatively well understood, the interactions between them are 
much less so. Knowledge concerning the ecology of woody plants, which determine 
the physiognomy of forests – in conjunction with knowledge of the complexity of 
broadly-defined phytocenoses, zoocenoses and mycocenoses, especially considering 
the abiotic conditions of their functioning – is also of great practical importance, 
as it supports forest management and nature conservation activities. These groups 
of species do not function under constant conditions, and changing environmental 
parameters force them to react in different ways. The theoretical underpinnings 
of forest management are of crucial importance for forestry practice, especially as, 
in the face of rapid climatic (and more broadly, habitat) change, we often cannot 
rely on the knowledge from 200 or 100 years ago, which we had once assumed to 
be fundamental. The effects of these changes are already being observed, and they 
affect not only the naturally and economically important tree species in Poland and 
Europe, but also related species of fungi, other plants and animals. 

The aim of the conference “Research and Practice in Forest Ecology” is to 
discuss the results of research in forest ecology, taking into account the trans-
formation of forest ecosystems in local, regional and global terms; to outline di-
rections and perspectives for new research, including interdisciplinary research; 
and to establish cooperation between scientific centers and practitioners. Our 
conference is aimed at young scientists, PhD students and students working in 
the broad field of forest ecology.
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We hope that the conference will enable researchers to broaden their knowl-
edge with up-to-date scientific and practical information on tree ecology and 
forest functioning in the light of currently observed and predicted environmen-
tal changes. Moreover, we hope that it will enable its participants to familiarize 
themselves with the methodology of research conducted at the Institute of Den-
drology of the Polish Academy of Sciences in the field of broadly-understood for-
est ecosystem ecology. Participation in the conference will also provide an excel-
lent opportunity to develop the necessary skills for presenting one’s own research 
results. We are delighted that so many young scientists from various national and 
international scientific centers have expressed their willingness to participate in 
the conference.

In addition to the 10 keynote lectures and numerous oral presentations sub-
mitted by conference participants, we have also planned workshops to be con-
ducted by researchers from the Institute of Dendrology of the Polish Academy of 
Sciences, covering the following topics: (1) Ectomycorrhizal fungi – from fruit-
ing body to DNA sequencing, (2) In vitro propagation of plants, (3) Population 
genetics of forest trees, and (4) Woody plant species recognition in the Kórnik 
Arboretum. As part of the conference, we have also organized a field excursion 
to the Stołowe Mountains National Park. Employees of our Institute have been 
conducting scientific research in the area of this National Park for many years, 
and their results are not only a valuable addition to the knowledge of the biodi-
versity of this protected area, but are also used in activities aimed at improving 
the conservation of native wildlife. The scientific results obtained by the Institute 
indicate, among other things, that the species richness of the National Park is 
much greater than the previously documented research carried out in the area 
had shown. In recent years, our research has focused on the National Park’s two 
most important watercourses (the Czerwona Woda River, and the Kudowski Po-
tok River), and their results confirm the significant impact of dwindling water 
resources on the biota of the National Park. Familiarizing the conference partic-
ipants with the results of these studies in a protected site will not only deepen 
their knowledge, but will also show how the results of scientific research can be 
applied in the active protection of natural resources.

We hope that the stay at the Institute of Dendrology of the Polish Academy 
of Sciences and the active participation in the conference “Research and Practice 
in Forest Ecology” will satisfy at least part of the curiosity of our guests – young 
scientists.

Kórnik, May 8th, 2024
Director of the Institute 

prof. Andrzej M. Jagodziński
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Institute of Dendrology, Polish Academy 
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Andrzej M. Jagodziński
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland,

amj@man.poznan.pl

Nineteenth-century owners of the Kórnik estate – Counts Tytus and Jan Działyński 
– showed great interest in dendrology, and it was thanks to them that a  very 
rich collection of woody plants was gathered in the Kórnik castle garden: Ty-
tus (1796–1864) initiated the creation of the woody plant species collection, and 
Jan (1829–1880) greatly extended the work started by his father. Jan Działyński 
amassed a  collection in Kórnik that included around 1,500 species and varie-
ties of trees and shrubs. The last owner of the Kórnik estate, Count Władysław 
Zamoyski (1853–1924), nephew of Count Jan, successfully implemented and de-
veloped the intentions of his predecessors (fig. 1). According to the last will of 
Count Zamoyski, in 1925 the Zakłady Kórnickie Foundation was established and 
the Zamoyski estate was handed over to the Polish State. Zamoyski’s will was 

Fig. 1. Commemorative plaque dedicated to the founders of the Arboretum of the Institute 
of Dendrology, Polish Academy of Sciences

mailto:amj@man.poznan.pl
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to “establish and maintain a research center, both on the mountain slopes and 
on the plains, for the study of everything that falls within the scope of breeding, 
living, protection and proper exploitation of all kinds of trees, both domestic in 
the country and foreign ones, that may be usable for the country; forest, garden, 
usable, fruit and ornamental trees, their wood, fruits, leaves, juices. Care for the 
Kórnik gardens”.

Unfortunately, the scientific institution in Kórnik was not established imme-
diately, although many members of the Zakłady Kórnickie Foundation Board 
supported this initiative with their authority. The most important role in estab-
lishing the scientific institution in Kórnik was played by Professors Władysław 
Szafer (1886–1970) and Stanisław Sokołowski (1865–1942), who developed the 
first outline of the research programme of the research centre, supplemented by 
a number of outstanding specialists. The subject matter was extremely broad, 
even by today’s standards.

After some perturbations, on July 1st, 1933, a scientific institution was estab-
lished in Kórnik – the Centre (Department) for Research of Trees and Forest, al-
though the establishment of only one of the four planned organizational divisions 
was successful. The first director of the Centre for Research of Trees and Forest 
was Antoni Wróblewski (1881–1944), who had managed the Kórnik Gardens of 
the Zakłady Kórnickie Foundation since 1926.

Antoni Wróblewski was an outstanding dendrologist (fig. 2). During his time, 
the collections of woody plants were significantly expanded and their complete 
documentation was kept. Wróblewski developed nurseries in Kórnik, established 
cooperation with numerous foreign institutions of a  similar nature, conducted 
numerous experiments in the arboretum and nurseries, and published the re-
sults of these studies, as he understood the need to disseminate them. Antoni 
Wróblewski brought to the Kórnik Arboretum many plants, including over two 
thousand fruit trees and shrubs, greatly extending the arboretum’s collection of 
woody plants. The development of the Centre for Research of Trees and Forest 
was halted by the Second World War. During this time, the collection of woody 
plants gathered in the arboretum suffered significantly, although if it had not 
been for Antoni Wróblewski and his colleagues, the losses would have been sig-
nificantly greater.

After World War II, the management of the scientific institution in Kórnik 
was taken over by Eng. Stefan Białobok (1909–1992), later a  Professor at our 
Institute. There is no doubt that Prof. Białobok was the creator of the Institute 
of Dendrology of the Polish Academy of Sciences in Kórnik (fig. 3). He headed 
our institution from 1945, as director of the Department of Trees and Forest Re-
search, until 1979, when he finished his work at the Institute. The merits of Prof. 
Stefan Białobok are difficult to overestimate. Just after the war, Prof. Białobok 
struggled with many difficulties when organizing scientific work from scratch. 
Everything was missing. At the time, the Department had two buildings at its 
disposal, and their usefulness for scientific purposes was not great.

Rapid development of the Department took place in 1952, when the Depart-
ment of Dendrology and Pomology was incorporated into the structure of the 
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newly established Polish Academy of Sciences. Prof. Białobok assessed this event 
as follows: “The year 1952, when the Department of Dendrology and Pomology 
was taken over by the Polish Academy of Sciences, should be considered a par-
ticularly important date in the life of this institution. From now on, the Depart-
ment receives resources for development and can begin to move past many years 
of neglect”. The assets of the Department at the time were very extensive and 
included: a research unit in Kórnik, a research station in Turew, a farm in Kórnik, 
nurseries and the “Zwierzyniec” Experimental Forest (since 1958). At the time, 
only 20 research employees worked at the Department.

In the 1950s, Prof. Białobok made intensive efforts to build a new building 
for the Department. These efforts were very fruitful, and this is how the head-
quarters of the Department was established. During that time, the Department 
of Dendrology and Pomology of the Polish Academy of Sciences carried out very 
extensive research, which was expanded in subsequent years. In the 1950s, the 
main issues that employees dealt with were: (1) pomological experiments (se-
lection of rootstocks), (2) principles of cultivation, reproduction and selection of 
poplars (Populus), (3) natural variability, systematics and distribution of poplar 
species (Populus), (4) genetics of forest trees – the importance of natural selection, 
(5) introduction and acclimatization of alien tree and shrub species, and (6) sys-
tematics and chorology of woody plants growing in the wild.

Then the first experiments were established in the “Zwierzyniec” Experimen-
tal Forest. Particularly valuable experimental sites located in the area include 
provenance experiments of Scots pine, Norway spruce, Douglas fir, black alder, 

Fig. 2. Memorial plaque dedicated to Antoni Wróblewski
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silver fir and grand fir, native oak species, as well as archives of pine, spruce 
and larch clones. Some of these experiments are part of international networks 
of experimental sites established in different countries under the supervision of 
IUFRO. As of January 1th, 2020, there were 56 experimental plots in the “Zwie-
rzyniec” Experimental Forest, covering a total of ca. 38.5 ha. It is worth mention-
ing that the Department was the precursor of genetic research on forest trees in 
Poland. Moreover, it was with the participation of many employees of the De-
partment that the first textbook on dendrology in Poland was created, published 
in 1955.

In the 1960s, the Department carried out research covering five main the-
matic areas: the physiology of growth and development, seed physiology, genet-
ics, introduction and acclimatization, and the systematics of trees and shrubs. 
Of particular importance during this period was the research initiated by Prof. 
Kazimierz Browicz (1925–2009), which included studies on the woody flora of 
southwestern Asia and the eastern Mediterranean. Cooperation with scientists 
and scientific publishers from other countries was also established, thanks to 
which the Institute’s employees made a significant contribution to the develop-
ment of such works as: “Flora Europaea”, “Flora of Turkey”, “Flora Iranica” and 
“Mountain Flora of Greece”. Kórnik became the center of systematic and chor-
ological research, which was continued in the following years by our outstand-
ing Professors: Jerzy Zieliński, Adam Boratyński, and Krystyna Boratyńska. The 
results of numerous scientific expeditions were not only publications, but also 
a significant expansion of the herbarium collections gathered at the Department. 
In Kórnik, as the first scientific institution of this kind in our country, exten-
sive research was undertaken in the field of forest tree genetics, covering the 
main forest-forming species, and the results of these studies were used in for-
estry practice. Thanks to contacts with foreign centers and scientists, the latest 
scientific trends concerning the genetics of forest trees came to Kórnik. The de-
velopment of genetic research was greatly influenced by the employment of young 
scientists, later professors: Prof. Tadeusz Przybylski (1929–2010), Prof. Maciej 
Giertych, Prof. Leon Mejnartowicz, Prof. Władysław Chałupka, and Prof. Andrzej 
Lewandowski. The publication by Prof. Białobok entitled “Establishment of forest 
tree seed plantations”, summarizes the involvement of the Department’s employ-
ees in the development of forest tree genetics in the 1960s.

In the early 1960s, the first phytotron in Poland was built at our institution, 
which led to pioneering work on understanding the mechanisms determining 
the dormancy and germination of seeds of many species of trees and shrubs, 
not only those important for forest management. We owe the initiation of seed 
biology research and its subsequent development at many different levels to Prof. 
Bolesław Suszka (1925–2020). Many years later, Prof. Suszka significantly con-
tributed to the creation of the Kostrzyca Forest Gene Bank, as he developed the 
program assumptions of this unit of the State Forests. Research in the field of 
physiology of trees and shrubs was significantly deepened in the 1960s by Prof. 
Mirosław Tomaszewski (1925–1985), a chemist employed in Kórnik in 1951, who, 
after returning from a research internship at Harvard University, developed a re-
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search group dealing with the broadly understood physiology and biochemistry 
of plants, and initiated research on the mechanisms regulating the formation of 
mycorrhizal associations of trees. These studies were carried out by a very broad 
team (in various groups within the changing internal structure of the Depart-
ment), including: Prof. Stanisława Pukacka, Prof. Paweł M. Pukacki, Prof. Bar-
bara Kieliszewska-Rokicka, Prof. Maria Rudawska, and Prof. Zofia Szczotka. It is 
worth adding that we express gratitude to Prof. Tomaszewski for blazing the trail 
to such an important journal as “Nature”.

The end of the 1960s and the beginning of the 1970s was a period of intense 
efforts to raise the rank of our institution from a Department to an Institute. 
Prof. Białobok then claimed that the research centre in Kórnik should “focus 
primarily on tree biology rather than forest biology” because “research in the 
field of tree biology is not yet very advanced in the world, so developing it in our 
country would give Polish dendrology a  chance to take on a  good position in 
the broadly understood European science of dendrology”. The activities of Prof. 
Białobok brought about the intended effect. In 1974, in recognition of the level of 
research we conducted, the Department was elevated to the rank of the Institute 
of Dendrology of the Polish Academy of Sciences and uses this name to this day.

In the mid-1970s, there were four research departments at the Institute: (1) 
Department of Systematics and Geography, (2) Department of Introduction and 
Acclimatization, (3) Department of Genetics, and (4) Department of Tree and 
Shrub Physiology. The research topics were really very broad. At that time, re-
search was carried out on the physiology of growth and development, seed physi-
ology, genetics, anatomy, introduction and acclimatization, as well as systematics 

Fig. 3. Memorial plaque dedicated to Prof. Stefan Białobok (Photo: Kinga Nowak)
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and geography. A very important topic discussed by the Institute’s employees was 
the impact of the degradation of the natural environment, especially as a result 
of industrial activity, on woody plants and the ecological systems they co-create. 
These studies were carried out, among others, by: Prof. Gabriela Lorenc-Plucińs-
ka – from 1973, Prof. Piotr Karolewski – from 1974, and Prof. Jacek Oleksyn 
– from 1976. A specialized laboratory was established at the Institute, enabling 
research to be conducted under controlled conditions, and numerous experimen-
tal sites were established in areas contaminated by industry. The 1970s were also 
an era of extraordinary publishing success. In 1970, a series of books began to be 
published under the common title “Our Forest Trees”. These books still occupy 
an important place in the homes of many foresters – practitioners and others.

At the beginning of the 1980s, the management of the Institute was entrusted 
to Prof. Władysław Bugała (1924–2008; fig. 4). Employees conducted research 
covering the following issues: industrial pollution, taxonomic and chorological 
research, seed biology, phytopathology, forest tree mycorrhizas and physiology. 
One of the symposia organized in Kórnik resulted in the preparation of a book 
entitled “The life of trees in a contaminated environment”, which was published 
in 1989 by the National Scientific Publishing House as part of the series of pop-
ular science monographs “Our Forest Trees”. In 1986, thanks to the efforts of 
Prof. Bugała, a new building of the Institute was put into use, which, in addition 
to the laboratories, housed library collections and the herbarium. At the end of 
the 1980s, the Institute was assessed by Prof. Jan Kornaś (1923–1994), an out-
standing botanist, plant geographer, phytosociologist and taxonomist from the 
Jagiellonian University and the Władysław Szafer Institute of Botany of the Polish 
Academy of Sciences in Kraków. Prof. Kornaś then stated that the subject of the 
Institute’s research “is of great importance, both from the point of view of basic 
and applied research, and does not overlap with the subject matter of any other 
scientific institution in the country, and also on the scale of Europe, this type of 
institution is something unique and many times was taken as a model for the cre-
ation of new dendrological research centers”. The Professor concluded: “I believe 
that the Institute of Dendrology of the Polish Academy of Sciences is a stable in-
stitution, with appropriately prepared scientific staff and good technical facilities, 
developing high-level, modern dendrological research in the field of introduction 
and acclimatization, systematics and geography, genetics and environmental pro-
tection, fulfilling an important role in the broadly understood theoretical and 
practical knowledge of woody plants. I consider the further development of the 
Institute to be purposeful and desirable”.

In the mid-1990s, the Institute employed approximately 120 people. The du-
ties of the director were entrusted to Prof. Tadeusz Przybylski (fig. 5), who man-
aged it for three years. The scientific research program, which is to some extent 
reflected in the very extensive internal structure of the Institute, was very broad 
at that time. The research was conducted in six departments: Department of (1) 
Systematics and Geography, (2) Introduction and Acclimatization, (3) Tree Ge-
netics, (4) Tree Physiology, (5) Tree Resistance, and (6) Seed Biology.
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Very dynamic development of the Institute has been visible since the turn of 
the 20th and 21st centuries – expressed, for instance, by a significant increase in 
the quantity and quality of publication output by employees and the expansion of 
the scope of research, thanks to the possibility of applying for financial resourc-
es for conducting research in domestic and foreign grant agencies (fig. 6). This 
development coincided with the periods of management of the Institute by our 
directors: Prof. Tadeusz Przybylski (in the years 1996–1998), Prof. Gabriela Lor-
enc-Plucińska (1999–2010), and Prof. Jacek Oleksyn (2011–2018).

The Institute of Dendrology of the Polish Academy of Sciences conducts in-
terdisciplinary research encompassing two scientific disciplines: forestry and bi-
ological sciences. Their aim is to learn about the biology and ecology of woody 
plants at all levels of their organization. Since its inception, the Institute’s staff 
have produced many interesting research results, have published in the best sci-
entific journals in the world, have authored numerous monographs, and have 
actively disseminated the knowledge gained, including by organizing specialized 
scientific conferences and conducting popularization activities. All these activi-
ties were aimed at realizing the Institute’s key mission, stemming from the will 
of its Founder – Count Władysław Zamoyski.

The Institute’s employees have always taken care to disseminate the results 
of their research. We have published numerous books and scientific articles in 
domestic and foreign journals, including the best ones indexed in the Web of 
Science Clarivate database. Our research articles have also been noticed by the 
scientific community. The number of citations to publications created in Kórnik 

Fig. 4. Memorial plaque dedicated to Prof. Władysław Bugała (Photo: Kinga Nowak)
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is growing at a very high rate. The dominant thematic areas in which our publica-
tions are classified include plant sciences, forestry, ecology, environmental scienc-
es, genetics, biodiversity conservation and others. The analysis of our achieve-
ments also shows how intensively we cooperate with scientists from Poland and 
abroad, solving scientific problems together. Our main scientific partners outside 
Poland are from the United States, Spain, Australia, Germany, Italy, France, the 
United Kingdom, and China.

We conduct research in teams that include five scientific departments and 
auxiliary departments. They are: (1) Department of Biogeography and System-
atics, (2) Department of Developmental Biology, (3) Department of Ecology, (4) 
Department of Genetics and Environmental Interactions, and (5) Department of 
Symbiotic Associations. A great amount of support is given by: the Arboretum 
and Experimental Forest, the Library, the Laboratory of Mineral Analyses, and 
the Herbarium.

The collections gathered in the Arboretum were and are an extremely im-
portant object of our research. In 2026, the Arboretum will celebrate its 200th 
anniversary. The Arboretum is the Institute’s flagship. So far, its management has 
been supervised by Antoni Wróblewski, Prof. Władysław Bugała, and Dr. Tomasz 
Bojarczuk (1942–2023). The Arboretum’s collection of woody plants is one of the 
largest and oldest in Europe and is constantly being expanded by the Institute. It 
is, however, not only a place of research, but also a thriving center for tourist and 
knowledge-promoting activities. The social importance of the Arboretum can be 
seen from the fact that in recent years it has been visited by more than 100,000 

Fig. 5. Prof. Tadeusz Przybylski educational spot
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people a year, who also take advantage of its educational offerings, i.e. numerous 
cultural and sporting events. Currently, this mission is being carried out by Dr. 
Kinga Nowak, with the support of her team.

The Institute also has an Experimental Forest with an area of ​​222 ha, where 
many research sites have been established, including numerous provenance ex-
periments, the scientific value of which increases every year. An extremely valua-
ble resource of the Institute is the Herbarium, which contains over 56,000 sheets 
with specimens of woody plants. Many of these resources have been digitized in 
recent years and are widely available. The Library provides important support for 
us. Our collections include over 50,000 books and journals. Many of them are 
also accessible from your home computer.

The Institute has always placed emphasis on publishing research results. We 
also published numerous journals of our own. We currently publish the “Dendro-
biology” journal, indexed by Web of Science Clarivate, with open, free access to 
publications (https://www.idpan.poznan.pl/dendrobiology/).

The education of scientific staff was and is the greatest priority for the Insti-
tute. We are currently educating young scientists at the Poznań Doctoral School 
of the Institutes of the Polish Academy of Sciences, which we co-founded. We 
have the right to confer doctorates and habilitations, as well as to nostrify scien-
tific degrees in two disciplines: forestry and biological sciences.

We attach great importance to disseminating knowledge, not only in the form 
of publications. We have been organizing conferences for years, which enjoy con-
stant interest, e.g. “Biology and ecology of woody plants” (2013, 2018, 2023) and 
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“Trees and forests in a  changing environment” (2016, 2021). We also publish 
numerous popular science articles in biological, forestry and environmental pro-
tection magazines. Keeping up with the times, we record numerous films and 
lectures prepared by our employees to shape awareness of a  knowledge-based 
society (https://www.facebook.com/InstytutDendrologiiPAN; https://www.you-
tube.com/@InstytutDendrologiiPAN).

Our achievements have been repeatedly and systematically assessed by the 
Ministry of Science and Higher Education. We can proudly say that the latest 
thorough analysis of the Institute’s achievements (2017–2021) places us among 
the best scientific institutions in Poland, in both forestry and biological sciences. 
Moreover, in 2024 we have been recognized by the European Commission and 
awarded the HR Excellence in Research Logo – the HR Logo is awarded to the 
institutions that provide the best working conditions for researchers and conduct 
their recruitment processes transparently and in accordance with the guidelines 
of the European Charter for Researchers and the Code of Conduct for the Re-
cruitment of Researchers.
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Jagodziński A.M. 2019. Instytut Dendrologii PAN – pasja i misja. Kórniczanin 10: 6–7.
Jagodziński A.M. 2022. Instytut Dendrologii PAN. In: Świtoński M., Sobkowska K. (eds.). 

Oddział PAN w  Poznaniu w  latach 1972–2022. Agencja Wydawniczo-Poligraficzna 
GIMPO, Warszawa, pp. 92–94.

Jagodziński A.M. 2022. O prof. Stefanie Białoboku – w 30. rocznicę śmierci. Kórniczanin 
14: 11.

Jagodziński A.M. 2023. Instytut Dendrologii PAN – 90. rocznica powstania. Kórniczanin 
13: 10–11.

Jagodziński A.M. 2023. Instytut Dendrologii PAN – czerpiąc z historii, tworząc przyszłość. 
W: Tomaszewski D., Jagodziński A.M. (eds.) 2023. Biologia i  ekologia roślin drze-
wiastych. Konferencja naukowa połączona z obchodami Jubileuszu 90-lecia Instytutu 
Dendrologii PAN w Kórniku. Kórnik-Poznań, 9–11 października 2023 roku. Materiały 
konferencyjne. Bogucki Wydawnictwo Naukowe, Poznań, pp. 23–46.

Jagodziński A.M., Biniaś-Szkopek M. 2024. Władysław hr. Zamoyski – nasz Fundator. Kór-
niczanin 1: 16–17.

Jagodziński A.M., Nowak-Dyjeta K. 2012. Przyrodniczy pomnik historii. Arboretum Kór-
nickie. Las Polski 12: 18–19.

Jagodziński A.M., Oleksyn J. 2013. Instytut Dendrologii PAN w Kórniku. Kórniczanin 26: 6.
Jagodziński A.M., Ratajczak E., Pers-Kamczyc E. 2019. Prof. dr Stefan Białobok – wybitny 

dendrolog i zasłużony kórniczanin. Kórniczanin 9: 12–13.

https://www.facebook.com/InstytutDendrologiiPAN
https://www.youtube.com/
https://www.youtube.com/


		  29

There is a solution to every problem: a contribution to 
the biography of Władysław Zamoyski (1853–1924)

Magdalena Biniaś-Szkopek
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magdalena.binias-szkopek@bk.pan.pl

The Europe of the 19th century is a Europe without Poland. The world in this 
century is drowning in constant skirmishes, uprisings, and revolutions. These 
events lead to a moment when the hitherto existing world totters on its foun-
dations. In the centre of such Europe, Władysław Zamoyski, the first-born son 
of General Władysław Zamoyski and Jadwiga née Działyńska, was born on 18 
November 1853. Throughout his life, he earned the reputation as one of the most 
interesting and controversial Poles at the turn of the 19th and 20th centuries. An 
outstanding child of distinguished parents, he came to be dubbed “the strange 
count”, “the iron miser”, and even “Don Quixote”.

The family lived in Paris, and Władysław was baptised here on the Isle of St 
Louis. Two months after his birth, the Zamoyski family, active in the fight for 

There is a solution to every problem: a contribution 
to the biography of Władysław Zamoyski...

Fig. 1. Władysław Zamoyski (1853–1924), circa 1890, the photograph 
from the collection of the Polish Academy of Sciences Kórnik Library
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Poland’s freedom, left for Turkey, where Władysław’s father became political-
ly involved in the Crimean War (1853–1856). This is how the boy ended up in 
Wielkopolska under the care of his grandparents, Celestyna née Zamoyska and 
Tytus Działyński. He spent the first two years of his life at the Działyński Palace 
in Poznań and the Kórnik Castle. Władysław grew up surrounded by educated, 
enlightened, and socially engaged people, full of love for their homeland.

After the Zamoyskis’ return from Turkey, little Władysław returned to Paris, 
and here he soon awaited the birth of his younger brother Witold. The involve-
ment of his entire family in the fight for the country’s independence had a signif-
icant impact on the children’s upbringing. They ensured that the boys – despite 
being brought up in France – knew the Polish language, as well as the basics of 
the geography, history, and literature of their own nation. Their parents took 
care of their spiritual, intellectual, and physical development. As part of the up-
bringing of the Zamoyski children, special attention was paid to self-discipline, 
dutifulness, and diligence, as well as elements of the Christian faith and deep 
patriotism. The contents of many letters, which the members of this family ea-
gerly wrote to each other, indicate that an atmosphere full of love and mutual 
care prevailed in the Zamoyski and Działyński households. This atmosphere was 
also supported by regular household members who, living in Władysław’s family 
home, were much closer to the Zamoyski children than servants, and assisted in 
their upbringing and education. Among these individuals, it is worth mentioning 
the Englishwoman Anna Birt, as well as two Poles: Leonard Niedźwiecki, and the 
well-known pedagogue Józef Rustejka.

Education through travel was also an extremely important element in this 
family. Little Władysław travelled all over Europe with his parents, and as a young 
boy, he also accompanied them on a trip to the exotic Ottoman Empire, where his 
politically engaged parents supported the Polish cause. He also toured Italy and 
visited his grandparents in the Polish lands.

After the first years of his home education, Władysław entered the elite Lycée 
Charlemagne secondary school in Paris. The family continued to live in Paris, 
where General Władysław Zamoyski died in 1868. The widow and her three chil-
dren – two sons and the youngest daughter Maria – remained in France. Here, 
Władysław attempted embark on a  military career and gain admission to the 
École polytechnique. Unfortunately, his exams did not go well, and despite his 
attempts, he did not manage to start his studies. In this situation, on the advice 
of his uncle Jan Działyński and his caring mother, he made an interesting choice. 
In 1879, he set off as attaché to the French Commission organising the next Uni-
versal Exhibition, which took place in Australia this time.

He spent several months on this remarkable continent, assisting in the open-
ing of two major exhibitions – in Sydney and Melbourne. His travel notes show 
that he was constantly on the move, visiting and exploring all sorts of places 
which had just been made accessible thanks to modern means of transport. Dur-
ing this trip, which became an around-the-world journey, he visited not only Aus-
tralia, but also Tasmania, New Caledonia, New Zealand, the Tonga Islands, Sa-
moa, Hawaii, and the United States of America. Władysław’s activity was driven 
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by curiosity and the hope that he would be able to use the experience and skills 
he gained from his travels to benefit his partitioned homeland and its people. He 
also maintained contacts with the compatriots he encountered during his travels. 
From this great expedition, which was undoubtedly a turning point in his life, he 
managed to bring back hundreds of valuable souvenirs, which still constitute one 
of the most interesting collections of the Kórnik Library of the Polish Academy 
of Sciences.

Meanwhile, in the territory under the Prussian partition, Władysław’s un-
cle Jan Kanty, the last of the Działyński family, passed away at Kórnik Castle – 
a place familiar to Władysław. Since he had been without an heir, Jan Kanty had 
appointed his nephew as his heir apparent, and Władysław received this news 
while he was still travelling. At that moment, Zamoyski became the landowner 
and, perhaps more importantly, he took under his wing a valuable collection of 
manuscripts and precious prints accumulated by his grandfather and uncle, with 
the support of his parents, which was to become the Kórnik Library; as well as an 
extraordinary English garden, which already at that time constituted a valuable 
collection of trees and shrubs imported from various parts of the world – which 
became the Kórnik Arboretum.

After his return to the lands of the Prussian partition, Władysław began man-
aging the estate. Despite considerable difficulties and burdens associated with 
this inheritance, Zamoyski managed to improve its financial condition. He was 
greatly supported in this by the castle administrator Zygmunt Celichowski, who 
looked after the Zamoyski estates in Wielkopolska until his death. Władysław 
supported all initiatives beneficial to the Poles. He also took up the fight against 
Prussian attempts to expel Polish citizens from their land. He actively support-
ed the redemption – often even at a loss to himself – of estates threatened with 
seizure by the Germans. It was also at his personal initiative that Jadwiga Zam-
oyska established her School of Women’s Home Work in Kórnik. Thanks to its 
establishment, girls of various backgrounds were able to acquire basic education 
as well as a trade, thus gaining the desired independence in many cases.

In 1885, the process of forced deportation began in the Prussian partitioned 
territories, specifically targeting the Polish-speaking population who had not ac-
quired local citizenship. The Zamoyskis were on this list and were thus forced to 
leave their estates. They moved to the territory of the Austrian partition, to Gali-
cia. Here they continued to support the Poles and joined in all activities aimed at 
fighting for the Polish cause. One of the biggest undertakings in which the Count 
became involved was participating in the bidding for the purchase of Zakopane 
and its surroundings. This decision was related to the indebtedness of his estates 
but turned out to be one of the best he ever made. On 9 May 1889, Władysław 
Zamoyski became the owner of the Zakopane estate, and it is only thanks to 
these events that this area is now within the borders of the Polish state. After 
acquiring these lands, he initiated active efforts to revitalise and modernise them. 
In Kuźnice near Zakopane, he eventually established the headquarters of the 
Women’s Home School.
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Everyone came to Władysław Zamoyski for support, and he provided it. There 
is probably no institution in the Zakopane area that does not owe him something. 
He supported, for example, the Tatra Museum, which is still in operation today, 
and the Zakopane branch of the Sokol Gymnastic Society, as well as many socie-
ties and occasional projects.

The area around Morskie Oko and Czarny Staw is one of the most beautiful 
and popular tourist destinations in the High Tatras. At the turn of the 20th cen-
tury, the Fish Creek Valley was the site of a dispute over the course of the state 
border between Galicia (Polish lands under Austrian annexation) and Hunga-
ry. This conflict was exacerbated when the Prussian Prince Christian Hohenlo-
he-Öhringen became the owner of one of the nearby estates. At the same time, 
Władysław Zamoyski stood on the other side. The private conflict over the use of 
these lands eventually gained international publicity and forced the actual course 
of the disputed border to be determined unequivocally. The matter was brought 
before Emperor Franz Joseph, who decided to refer the dispute to an interna-
tional arbitration court. With the financial support of Władysław, detailed his-
torical queries were carried out to certify that the disputed area belonged to the 
former Poland. Members of the arbitral tribunal conducted a  local inspection, 
during which the Polish population organised a patriotic demonstration. Finally, 
on 13 September 1902, the tribunal in Graz issued a verdict, awarding the en-
tire disputed area to Galicia. This decision caused widespread enthusiasm among 
Poles, and today we can state that it is thanks to the Count’s struggle that these 
territories now belong to the Polish state.

The decision to transfer the estate to the nation was taken by the Zamoyskis 
in Paris in 1912. On the 16th of February 1924, Maria and Władysław Zamoyski 
signed a donation act, under which they established the Zakłady Kórnickie Foun-
dation, which was to take over the administration of their entire estate. The act 
on the Foundation came into force on the 30th of July 1925 – thus soon after the 
passing of the founder, who had died on 3 October 1924.

The year 2024 marks 100 years since the death of Władysław hr. Zamoyski, 
a great patriot, organizer, founder of the Kórnik Library, and the Kórnik Arbore-
tum. In recognition of his services to the Polish state, the Senate of the Republic 
of Poland, by a resolution of 7 September 2023, established the year 2024 as the 
Year of Władysław Zamoyski.
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Climate is a major determinant of species distributions at the coarsest spatial 
scales, determining continental patterns of species occurrences. Global environ-
mental changes, especially related to climate warming and decreasing precipita-
tion in the growing season, will significantly alter the climatic ranges of living 
organisms. With the development of open databases with species distributions 
and modeling tools, there are more and more studies aiming to assess the cli-
matic range of numerous species. However, conclusions from most studies are 
burdened by biases in distributional data and uncertainties related to the choice 
of future climate scenarios and global circulation models. In this talk, I aim to 
present the workflow of species distribution model development and recent find-
ings on the future of European tree species and forests, highlighting species that 
will expand their ranges and those that will lose their climatic optimum.

The development of a species distribution model requires two types of data: 
occurrence and environmental. Occurrence data usually cover presence-only, due 
to the lack of wide-scale inventories providing reliable absence data. For the de-
tection of environmental drivers of species distributions, presence data within 
the area of interest should cover at least one edge of species distribution. The 
biggest dataset with occurrence data is Global Biodiversity Information Facility 
(GBIF), aggregating published and unpublished datasets, inventories, and citi-
zen science observations from services like iNaturalist. However, coverage of oc-
currence points in GBIF is uneven, with higher representation in Western than 
Eastern Europe, as well as with higher representation of dense-populated areas. 
Before model development, it is highly recommended to check whether GBIF data 
with distributions of the species of interest cover the whole range of this species. 
In cases where points sparsely cover a significant part, it is necessary to use ad-
ditional data sources, e.g., citizen science projects, national forest inventories, or 
vector range maps.

For environmental data, most researchers use gridded climatic variables from 
WorldClim2.1 or CHELSA databases. These are the easiest to obtain datasets 
of current and future climate, usually using 19 bioclimatic variables based on 
monthly temperature and precipitation data. These variables are not necessarily 
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the best predictors of species occurrence, but due to the availability of future cli-
mate projections, they allow for forecasting shifts in climatic optimum. Similarly, 
due to the lack of global scenarios of soil characteristics changes with increasing 
human impact (e.g., erosion or nutrient deposition), these variables are either set 
as constant or omitted because on a larger spatial scale soil conditions are shaped 
by climate. Predicting future climatic suitability requires a clear statement about 
the timeline and intensity of climate change in such a timeline. Due to a lack of 
knowledge regarding how much the climate will change, IPPC provides different 
scenarios, developed by different teams of researchers. Each team uses different 
global circulation models (GCMs), which provide different values of bioclimatic 
variables. For that reason, this source of uncertainty has to be accounted for in 
studies, and a range of models should be used to minimize uncertainty.

The development of a species distribution model requires a particular algo-
rithm. As many statistical tools allow for binary discrimination (estimation of 
presence/absence), only a few assume a lack of true absences. For that reason, 
the most frequently used algorithm is MaxEnt, available either as a stand-alone 
application or an R package. Other tools are generalized linear models, general-
ized additive models, and machine learning techniques, especially random for-
ests, boosted regression trees, or neural networks. Regardless of the employed 
algorithm, the most important part of model development is training it on part 
of the data (usually 66–80% of observations) and using the remaining part as an 
independent validation set, to receive model performance statistics not affected 
by overfitting. After evaluation and assessment of its ecological soundness, the 
model allows for the assessment of climatic suitability in the area of interest. 
This value is sometimes incorrectly named ‘occurrence probability’, but as it is 
based on climatic data only and pseudoabsences; it is not true probability. Cli-
matic suitability ranges from 0 to 1, and model evaluation allows determining the 
threshold between points within climatic optimum and outside it. Such determi-
nation is based on comparing observed presences and pseudoabsences with mod-
el outcomes assuming all values of thresholds and selecting the one balancing the 
specificity and sensitivity of the model, i.e., the proportions of true negative and 
true positive cases. After that, it is possible to present climatic suitability not as 
a continuous variable but as a binary outcome.

Our studies on forest species responses to climate change started in 2016 
when we aimed to assess the responses of main forest-forming tree species in 
Europe to the changing climate (Dyderski et al. 2018). Specifically, we aimed to 
quantify changes in projected ranges and threat levels for the years 2061–2080 
for 12 European forest tree species under three climate change scenarios. We 
combined tree distribution data from the GBIF, EUFORGEN, and forest invento-
ries, and developed species distribution models using MaxEnt and 19 bioclimatic 
variables. Models were developed for three climate change scenarios – optimistic 
(RCP2.6), moderate (RCP4.5), and pessimistic (RCP8.5) – using three GCMs 
for the period 2061–2080. These three scenarios were provided by the 5th As-
sessment Report of IPCC. Our study revealed different responses of tree spe-
cies to projected climate change. The species may be divided into three groups: 
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“winners” – mostly late-successional species: Abies alba, Fagus sylvatica, Fraxinus 
excelsior, Quercus robur, and Q. petraea; “losers” – mostly pioneer species: Betula 
pendula, Larix decidua, Picea abies, and Pinus sylvestris, and alien species – Pseudot-
suga menziesii, Q. rubra, and Robinia pseudoacacia, which may also be considered as 
“winners”. Assuming limited migration, most of the species studied would face 
a significant decrease in suitable habitat areas. The threat level was highest for 
species that currently have the northernmost distribution centers and are conif-
erous. This study reached a broad audience and increased attention to serious 
threats to forest-forming tree species in Central Europe, especially Scots pine 
and Norway Spruce. However, it was not the first study presenting these results 
(e.g., Sykes et al. 1996) nor the only one (e.g., Thurm et al. 2018). The results of 
this study are open to the general public by courtesy of Appsilon, a company that 
created a dedicated application to overview predicted shifts in tree distribution 
(https://connect.appsilon.com/future-forests/).

Our next step was to assess how much the outcome of the model is dependent 
on the used global circulation model (Paź-Dyderska et al. 2021). We used Juglans 
regia, a species of great importance for environmental management due to attrac-
tive wood and nutritious fruits, but also high invasive potential, as a model spe-
cies. Using the MaxEnt algorithm, we prepared a species distribution model for 
the years 2061–2080 using 19 bioclimatic variables. We applied three emission 
scenarios, expressed by representative concentration pathways (RCPs): RCP2.6, 
RCP4.5, and RCP8.5, and three GCMs: HadGEM2-ES, IPSL-CM5A-LR, and 
MPI-SM-LR. Our study predicted a northward shift of the species, with simulta-
neous distribution loss at the southern edge of the current range, driven by in-
creasing climate seasonality. Temperature Seasonality and Temperature Annual 
Range were the predictors of the highest importance. General trends are common 
for the projections presented, but the variability of our projections among the 
GCMs or RCPs applied (the predicted range will contract from 17.4% to 84.6% 
of the current distribution area) shows that caution should be maintained while 
managing J. regia populations. Adaptive measures should focus on maintaining 
genetic resources and assisted migration at the southern range edge, due to range 
contraction. Simultaneously, at the northern edge of the range, J. regia turns into 
an invasive species, which may need risk assessments and control of unintend-
ed spread. This study, together with Goberville et al. (2015) and Thuiller et al. 
(2019), highlighted the importance of GCM choice in species distribution models.

We also asked how much an increase in data coverage by unpublished ob-
servation can change the model outcome, as well as how many of the changes 
predicted for 2061–80 would be visible in a closer timeline (Puchałka et al. 2021). 
We used Robinia pseudoacacia as a model species, as it is one of the most frequent 
non-native species in Europe. To fill the gap in current knowledge of R. pseudoaca-
cia distribution and improve the reliability of forecasts, we aimed to (1) determine 
the extent to which the outcome of range modeling will be affected by comple-
menting R. pseudoacacia occurrence data with sites from Central, Southeastern, 
and Eastern Europe, (2) identify and quantify the changes in the availability of cli-
mate niches for 2050 and 2070, and discuss their impacts on forest management 
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and nature conservation. The majority of the range changes expected in 2070 
will occur as early as 2050. In comparison to previous studies, we demonstrated 
a greater eastward shift of potential niches of this species and a greater decline 
of potential niches in Southern Europe. Consequently, future climatic conditions 
will likely favor the occurrence of R. pseudoacacia  in Central and Northeastern 
Europe where this species is still absent or relatively rare. Therefore, controlling 
the spread of R. pseudoacacia will require monitoring sources of invasion in the 
landscape and reducing the occurrence of this species. The expected effects of 
climate change will likely be observed 20 years earlier than previously forecast.

The next step after developing the model for R. pseudoacacia was to predict 
the future climatic optimum for other alien tree species in Europe (Puchałka et 
al. 2023). We compiled species occurrences from biodiversity databases, forest 
inventories, and literature data. We modeled the availability of potential niches 
using the MaxEnt method and bioclimatic variables for current conditions, the 
periods 2041–2060, and 2061–2080. Instead of RCPs from the 5th Assessment 
Report, we used shared socioeconomic pathways (SSPs) from the 6th Assessment 
Report (Riahi et al. 2017). We employed four climate scenarios: SSP126 (the 
most optimistic), SSP245 (intermediate), SSP370, and SSP485 (worst-case sce-
nario). The results confirmed our hypotheses that coniferous species will con-
tract, and deciduous trees will expand their climatic niche. A significant part of 
the areas where the studied species currently occur will be outside their climatic 
optimum in the coming decades, and changes in the climatic optimum distribu-
tion will be greater in the 2041–2060 period than in 2061–2080. These predicted 
shifts are relevant for evidence-based management in sites already occupied by 
the studied alien trees. Our results are also relevant to the development of pre-
vention and early detection measures in areas predicted to become climatically 
suitable for the studied species.

In conclusion, I summarized the process of species distribution model devel-
opment and our recent studies applying these models to European trees under 
a wide range of climate change scenarios. Coniferous forest-forming tree species 
will lose a significant part of their current climatic optimum, and in some parts 
of Europe they will potentially be replaced by broadleaved trees. Similar trends 
are predicted for invasive tree species: the retreat of conifers and the spread of 
broadleaved species. The discussed shifts will alter the functioning of European 
forests.
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Tree populations are evolutionarily adapted to their environments. However, due 
to the ongoing and projected changes in climate and the associated alterations 
in the intensity/frequency of stresses, they may suffer increasing maladaptation. 
Provenance or common garden studies are forest experiments where progenies of 
populations adapted to a variety of environments are planted together in uniform 
environmental conditions. In such studies, thanks to the proper experimental 
lay-out and outplanting in several environments, it is possible to separate the 
effect of genetics and environment on the observed variation in phenotypic traits.

Provenance tests have been crucial in forestry for recognizing the patterns and 
extent of variation in many important phenotypic traits, the identification of seed 
sources suitable for use in commercial forestry, and for the delineation of seed/
breeding zones in numerous tree species. Initially, they were mostly established 
for those commercial purposes. However, populations in such experiments are 
subject to environmental change, which includes changes in climate. Thus, they 
started to be used for examination of the effect of climate change on population 
performance. With some assumptions and limitations, provenance studies are 
ideal for this purpose.

In common garden studies, both the sampled populations and the planting 
sites could be described in terms of climatic variables. Consequently, the climatic 
transfers/distances to which populations have been moved (ecodistances; Mátyás 
1994) can be defined as a difference between planting sites and population origin 
for a given climatic parameter. Based on those distances, statistical methods have 
been developed for studying population response to climate change in common 
garden studies.

In a given series of provenance tests, several populations of a given species are 
tested together. In the largest experiments of this type, close to or even over 100 
populations and tens of planting sites are represented (Mátyás, Yeatman 1992, 
Shutyaev, Giertych 1997, Rehfeldt et al. 1999, Sáenz-Romero et al. 2017), but 
in most cases, due to technical and logistic constraints, those numbers do not 
exceed a few tens of populations and several planting sites, even in large experi-
ments (Giertych, Oleksyn 1992, von Wühlisch 2004). There are also many small-
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er-scale series of experiments of this type, which are still useful for this purpose. 
However, it should be kept in mind that most of the existing provenance tests 
were not established strictly for examination of climatic response of populations, 
thus the extremes of a species climatic niche are rarely represented by sampled 
populations and planting sites. Variation in phenotypic performance of multiple 
populations to climatic transfer distances at a particular site is examined by the 
transfer functions approach (Rehfeldt et al. 1999). These functions reflect the lo-
cal adaptation of maternal populations to their native environment and the effect 
of transferring them into new conditions (Wang et al. 2010). In contrast, in the 
response functions approach the performance of a given population across plant-
ing sites is examined (Wang et al. 2006). Both of the above approaches are inte-
grated in the analysis of Universal Transfer Functions – UTF (Wang et al. 2010), 
which take into account the climate of planting sites and population origins.

Species distribution models (ecological niche models) are useful for predict-
ing changes in suitable climatic niches for tree species under projected future 
climates. According to those predictions, most European tree species will show 
negative consequences of climate change at the lower latitudinal, elevational or 
xeric limits of distribution ranges with possible range contractions and/or shifts 
(Dyderski et al. 2018, Thurm et al. 2018, Buras, Menzel 2019, Chakraborty et al. 
2021). However, many such models tend to ignore some mechanisms and phe-
nomena that, in addition to climate, are important for shaping species distri-
butions, such as biotic interactions, dispersal limitations and adaptive genetic 
variation (Pearson, Dawson 2003, Araujo, Peterson 2012). Thus, there is a grow-
ing need for incorporating the knowledge of within-species variation in adaptive 
traits into models predicting the future of forest tree species.

The slow rates of natural migration for most tree species make it unlikely that 
they could keep pace with the rapidly occurring changes in climate (Aitken et al. 
2008). Thus, assisted migration of species is postulated as a measure that could 
help future forests to adapt to climate change. However, moving species outside 
their historic ranges, also called “assisted colonization”, may be environmentally 
risky and has a strong opposition (McLachlan et al. 2007, Hoegh-Guldberg et al. 
2008). In contrast, with regard to tree species, it is more often postulated that 
individuals or genes be moved within the current range of the species (“assisted 
gene flow”) to facilitate adaptation of populations to projected changes in cli-
mate (Aitken, Bemmels 2015). In some countries, especially in North America, 
assisted migration measures are currently the active subject of experimentation 
(O’Neill et al. 2008b, Ukrainetz et al. 2011, Sáenz-Romero et al. 2020).

To help better parameterize species distribution models and to support as-
sisted migration decisions there is a need for information on the extent and pat-
terns of variation in phenotypic traits of adaptive importance and their climatic 
responsivity for many forest tree species. In fact, the models that integrate such 
information are starting to appear and provide a more refined picture of species 
response to projected climate changes (O’Neill et al. 2008a, Benito Garzón et al. 
2011, 2019). The information can be gained from existing networks of prove-
nance tests; however, there is a need for new common garden transplant studies 
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that are specially designed for assessing the possibilities and effectiveness of as-
sisted migration.

References
Aitken S.N., Bemmels J.B. 2015. Time to get moving: assisted gene flow of forest trees. 

Evolutionary Applications 9(1): 271–290.
Aitken S.N., Yeaman S., Holliday J.A., Wang T., Curtis-McLane S. 2008. Adaptation, mi-

gration or extirpation: climate change outcomes for tree populations. Evolutionary 
Applications 1: 95–111.

Araujo M.B., Peterson T. 2012. Uses and misuses of bioclimatic envelope modeling. Ecol-
ogy 93: 1527–1539.

Benito Garzón M., Alía R., Robson T.M., Zavala M.A. 2011. Intra-specific variability and 
plasticity influence potential tree species distributions under climate change. Global 
Ecology and Biogeography 20: 766–778.

Benito Garzón M., Robson T.M., Hampe A. 2019. ΔTraitSDMs: species distribution mod-
els that account for local adaptation and phenotypic plasticity. New Phytologist 222: 
1757–1765.

Buras A., Menzel A. 2019. Projecting tree species composition changes of European for-
ests for 2061–2090 under RCP 4.5 and RCP 8.5 scenarios. Frontiers in Plant Science 
9: 1986.

Chakraborty D., Móricz N., Rasztovits E., Dobor L., Schueler S. 2021. Provisioning forest 
and conservation science with high-resolution maps of potential distribution of major 
European tree species under climate change. Annals of Forest Science 78: 26.

Dyderski M.K., Paź S., Frelich L.E., Jagodziński A.M. 2018. How much does climate 
change threaten European forest tree species distributions? Global Change Biology 
24: 1150–1163.

Giertych M., Oleksyn J. 1992. Studies on genetic variation in Scots pine (Pinus sylvestris 
L.) coordinated by IUFRO. Silvae Genetica 41: 133–143.

Hoegh-Guldberg O., Hughes L., McIntyre S., Lindenmayer D.B., Parmesan C., Possingham 
H.P., Thomas C.D. 2008. Assisted colonization and rapid climate change. Science 321: 
345–346.

Mátyás C. 1994. Modeling climate change effects with provenance test data. Tree Physiol-
ogy 14: 797–804.

Mátyás C., Yeatman C.W. 1992. Effect of geographical transfer on growth and survival of 
jack pine (Pinus banksiana Lamb) populations. Silvae Genetica 41: 370–376.

McLachlan J.S., Hellmann J.J., Schwartz M.W. 2007. A framework for debate of assisted 
migration in an era of climate change. Conservation Biology 21: 297–302.

O’Neill G.A., Hamann A., Wang T. 2008a. Accounting for population variation improves 
estimates of the impact of climate change on species’ growth and distribution. Journal 
of Applied Ecology 45: 1040–1049.

O’Neill G.A., Ukrainetz N.K., Carlson M.R., Cartwright C.V., Jaquish B.C., King J.N., 
Krakowski J., Russell J.H., Stoehr M.U., Xie C., Yanchuk A.D. 2008b. Assisted migra-
tion to address climate change in British Columbia: recommendations for interim seed 
transfer standards. Technical Report 048. B.C. Ministry of Forests and Range, Research 
Branch, Victoria.

Pearson R.G., Dawson T.P. 2003. Predicting the impacts of climate change on the distribu-
tion of species: Are bioclimate envelope models useful? Global Ecology and Biogeog-
raphy 12: 361–371.



Plenary session	

42	

Rehfeldt G.E., Ying C.C., Spittlehouse D.L., Hamilton D.A. 1999. Genetic responses to 
climate in Pinus contorta: Niche breadth, climate change, and reforestation. Ecological 
Monographs 69: 375–407.

Sáenz-Romero C., Lamy J.-B., Ducousso A., Musch B., Ehrenmann F.F., Delzon S., Cavers 
S., Chałupka W., Dağdaş S., Hansen J.K., Lee S.J., Liesebach M., Rau H.-M.M., Psomas 
A., Schneck V., Steiner W., Zimmermann N.E., Kremer A. 2017. Adaptive and plastic 
responses of Quercus petraea populations to climate across Europe. Global Change 
Biology 23: 2831–2847.

Sáenz-Romero C., O’Neill G., Aitken S.N., Lindig-Cisneros R. 2020. Assisted migration 
field tests in Canada and Mexico: lessons, limitations, and challenges. Forests 12: 9.

Shutyaev A.M., Giertych M. 1997. Height growth variation in a comprehensive Eurasian 
provenance experiment of (Pinus sylvestris L.). Silvae Genetica 46: 332–349.

Thurm E.A., Hernandez L., Baltensweiler A., Ayan S., Rasztovits E., Bielak K., Zlatanov 
T.M., Hladnik D., Balic B., Freudenschuss A., Büchsenmeister R., Falk W. 2018. Al-
ternative tree species under climate warming in managed European forests. Forest 
Ecology and Management 430: 485–497.

Ukrainetz N.K., O’Neill G.A., Jaquish B. 2011. Comparison of fixed and focal point seed 
transfer systems for reforestation and assisted migration: A  case study for interior 
spruce in British Columbia. Canadian Journal of Forest Research 41: 1452–1464.

von Wühlisch G. 2004. Series of international provenance trials of European beech. Im-
provement and Silviculture of Beech. Proceedings from the 7th International Beech 
Symposium. IUFRO Research Group 1.10.00. 10–20 May 2004, Tehran, Iran, pp. 135–
144.

Wang T., Hamann A., Yanchuk A., O’Neill G.A., Aitken S.N. 2006. Use of response func-
tions in selecting lodgepole pine populations for future climates. Global Change Biol-
ogy 12: 2404–2416.

Wang T., O’Neill G.A., Aitken S.N. 2010. Integrating environmental and genetic effects to 
predict responses of tree populations to climate. Ecological Applications 20: 153–163.



		  43

Carbon storage estimation in forest 
ecosystems – research and practice

Andrzej M. Jagodziński
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland,

amj@man.poznan.pl

Keywords: biomass production, allometric equations, stand density, stand fea-
tures, BCEF

The forest ecosystem is a complex ecological system dominated by biogeograph-
ically specific flora and vegetation, with a particularly high proportion of trees 
growing in close proximity, which – together with the fauna, the fungi, numerous 
other microorganisms, the specific climate (including the local climate which the 
forest contributes to), the soil and the water regime – form a system (network) of 
interactions, links and interdependencies (Jagodziński 2022).

The importance of forests cannot be underestimated. As one of the most im-
portant components of the terrestrial ecosystems, forests occupy ca. 31% of the 
Earth’s land surface (FAO 2022). They provide many ecosystem services which 
are essential for human well-being (Brockerhoff et al. 2017, Aznar-Sánchez et al. 
2018). Forests are critical habitats for biodiversity and they play an essential role 
in its protection, as a host of many species of animals, plants, fungi and microor-
ganisms; many of them cannot live anywhere else (Jagodziński 2023). They serve 
as vital shields against extreme weather conditions, e.g. in controlling floods by 
regulating the water flow in rivers and smaller streams. They regulate water sup-
plies. They prevent erosion by reducing the force of rainfall and by absorbing 
water. Forests influence regional climates, as the presence of forests alters the cli-
mate through modifications in the rates at which heat and water are exchanged. 
Forests are also a resource of timber and non-timber forest products, e.g. fruits, 
mushrooms, or medicinal plants. They support cultural and recreational values 
through the non-material benefits that people derive from nature.

Forests help to stabilize the climate and play a crucial role in mitigating cli-
mate change by acting as a carbon sink, absorbing atmospheric CO2 (Kauppi et al. 
2022). They account for more than 60% of the total biomass and over 50% of car-
bon stocks, and on a global scale, they are a major contributor to carbon uptake 
and storage. Climate change – a global phenomenon – considered as a change in 
the average climatic patterns over several decades or longer, is expected to wors-
en in the next century (Santos et al. 2022). Even if forests alone cannot prevent 
further warming of the globe via carbon capture, they are considered to be an im-
portant dynamic carbon pool that reduces the negative effects of human activities 
on our climate. Carbon is stored in five distinct pools in forest ecosystems, i.e. 
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in (1) above- and (2) belowground live biomass of trees, shrubs and herbaceous 
plants, in (3) deadwood, in (4) forest floor litter, and (5) soil.

There are many methods for estimating stand biomass and carbon storage. 
Since the carbon concentrations in tree biomass components are relatively con-
stant (ca. 50%), most studies focus on stand biomass determination. A  stand 
biomass may be estimated both at the tree and the stand level. The most com-
monly used method at the tree level is the allometric equation method. Individ-
ual tree biomass estimation is based on simply measured tree variables within 
the stand, e.g. tree diameter at breast height (DBH) and/or tree height (H), and 
a few sample trees are harvested so that their dry biomass can be determined in 
the laboratory. The biomass for a plot or a stand level is determined based on al-
lometric equation(s) developed on sample trees, and it is the sum of the biomass-
es of individual trees. This destructive method is the most precise for biomass 
estimation, but it is very time- and cost-consuming. However, the main source 
of error during the estimation of biomass (and then carbon storage) is the choice 
of the allometric equation. Error in the biomass estimation could be minimized 
by using original and separate allometric equations for different diameter range 
classes, and within the range of tree diameters by using an equation specifically 
developed for determining the biomass of that particular diameter class.

The stand biomass may also be determined based on stand biomass models 
or biomass expansion and conversion factors (BCEFs). The BCEF is the ratio of 
the stand biomass (or particular biomass components) to stand volume (kg m–3). 
Recent studies have shown that stand biomass is related to some stand varia-
bles, such as quadratic mean diameter, average height, basal area of the stand, 
or stand volume. It should be noted that a constant BCEF used for the biomass 
determination of different stands may be a source of errors or biases, because the 
BCEF is dependent on the growth conditions of the stand, historical management 
practices, stand age or stand density. That is why linear or non-linear models have 
been established between stand volume and stand biomass. However, when more 
than one biomass component is analyzed for the stand (e.g. stems, branches, 
needles/leaves, cones, etc.), the stand biomass equation is developed to fit the 
total biomass and component biomass simultaneously The sum of stand biomass 
estimations from the several components biomass models and the total biomass 
models are the same. In such cases, to achieve the additivity of the stand biomass 
equations, non-linear seemingly unrelated regression and/or seemingly unrelated 
regression are the most common methods used.

We employed these methods in many research activities to analyze what fac-
tors determine tree biomass production and carbon storage; below a few exam-
ples were described.

Over the years 2004–2007, we studied the ecological consequences of Scots 
pine (Pinus sylvestris L.) silviculture in different stand densities. The specific 
objectives of our study were (1) to develop allometric equations for predicting 
aboveground standing biomass, and (2) to determine how above- and below-
ground biomass vary with initial stand density. The study was conducted in the 
Siemianice Experimental Forest (51°14.87’N, 18°6.35’E, 150 m a.s.l.). The stands 
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were established in the spring of 1974, when two-year-old Scots pine seedlings 
were planted in nine different spacings (stand densities varied from 2500 to 
20833 trees/ha–1). From the onset of the experiment no cleanings or thinnings 
were made, and stand density was reduced only as a result of natural mortality. In 
2003, we harvested 8–9 trees that represented the range of DBH in each spacing 
treatment. In total, we harvested 74 sample trees (aboveground biomass) and 
divided them into biomass components. All organs were weighed in the field to 
obtain fresh biomass. Based on the water content in the samples taken from the 
sample trees, we determined their dry biomass. To assess the aboveground stand-
ing biomass we developed a set of allometric equations (stand-specific) and used 
them to calculate tree biomass per stand area. The belowground biomass of Scots 
pine stands was calculated based on root excavation from soil pits.

We found that initial stand density had a clear effect on natural tree mortali-
ty, mean tree DBH, and total basal area. The total aboveground biomass ranged 
from 108 to 127 Mg ha–1 and was not related to initial stand density. The total 
belowground biomass ranged from 23 to 54 Mg ha–1 and decreased with increas-
ing initial stand density. When the initial stand density increases, the total Scots 
pine stand biomass decreases. Based on the literature data, we also analyzed 
other stand features that were influenced by initial stand density (Jagodziński, 
Oleksyn 2009a–c).

There are many ecological processes that create carbon flux in forest ecosys-
tems. However, when we adopt a global or country perspective we should focus 
on more general data to determine carbon storage in forest ecosystems (particu-
larly tree stands) and its changes over time in relation to forest management 
practices. According to IPCC data, the mean carbon content in the aboveground 
biomass for conifers is 51%, whereas for broadleaved trees it is 48%. In compar-
ison with our detailed data collected over many years, IPCC values are too high 
for most conifers and too low for broadleaved tree species. However, it is worth 
mentioning that biomass is more variable than carbon content, thus we should 
focus on collecting data on biomass.

 During the research project “Remote sensing based assessment of woody bi-
omass and carbon storage in forests”, conducted in the years 2014–2018 (Bio
strateg, The National Centre for Research and Development), we collected data 
on aboveground biomass for almost 3.5 thousand sample trees from 432 forest 
stands. We studied the following tree species stands: Pinus sylvestris, Picea abies, 
Abies alba, Larix decidua, Quercus robur, Fagus sylvatica, Betula pendula, and Alnus glu-
tinosa. Our data range from young trees to 120-year-old stands, and the research 
sites cover the whole of Poland – and thus different habitat conditions. After meas-
uring all the trees within the tree stand, we selected eight representative trees, 
which were cut and weighed. We measured the diameters and breast height of 
more than 100 trees in each stand, and at least 20% of tree heights. Based on DBH 
distributions, we selected 8 sample trees in each stand which were then harvested. 

In the field, we determined the fresh biomass of aboveground biomass and 
its components, whereas in the laboratory all the samples were oven-dried and 
the dry biomass was measured. As a result, we determined the oven-dried bi-
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omass for all the sample trees and in each sample, we determined the carbon 
content. Based on these data, we developed site-specific allometric equations for 
the biomass estimation for each stand, we calculated stand volume and stand bio-
mass, and as a result – the biomass conversion and expansion factors (BCEFs) for 
each biomass component and total aboveground biomass. Thus, using tree stand 
measurements we calculated the dry biomass of each tree and we summarized it 
per area unit. 

We used site-specific allometric equations for biomass determination because 
biomass allocation changes with stand age. If we had used an equation based on 
old trees rather than young trees, we would have obtained overestimated values, 
as older trees consist of 80% stem, which in young trees accounts for less than 
50%, and as we know from field works, the stem is the heaviest part of the tree. 

Just for example, we compared our site-specific biomass estimation data for 
European larch trees (12 stands, 7–120 years old, 96 sample trees, DBH range: 
1.9–57.9 cm) with other published data for this tree species for different biomass 
components (Jagodziński et al. 2018a). Our data for the aboveground biomass for 
individual trees are higher than from other studies. So using allometric equations 
developed in other site conditions may also lead to biomass underestimation. For 
this species, we provided age-specific and generalized allometric equations, bio-
mass conversion and expansion factors (BCEFs), and biomass models based on 
forest stand characteristics. The aboveground biomass of European larch stands 
ranged from 4.46 (7-year-old forest stand) to 445.76 Mg ha–1 (106-year-old). We 
found that stand biomass increased with greater stand age, basal area, mean 
diameter, height and total stem volume, and decreased with greater density. 
Our BCEFs of the aboveground biomass and stem biomass were almost con-
stant (mean BCEFs of 0.4688 and 0.3833 Mg m–3, respectively). Moreover, our 
generalized models at the tree and stand level had a lower bias in predicting the 
biomass of the forest stands studied than other published models (Jagodziński 
et al. 2018a). 

Within the same research grant, we provided a  complete set of tree- and 
stand-level models for the biomass and carbon content of silver fir (Abies alba) 
(Jagodziński et al. 2019b). We established a set of 12 study plots to cover the 
whole chronosequence of A. alba tree stands from 8 to 115 years old. We meas-
ured tree stand structures, and destructively sampled the aboveground biomass 
of 96 sample trees (DBH range: 0.0–63.9 cm).

Based on the data collected, we provided tree-level models, BCEFs, and bio-
mass models based on forest stand characteristics. We found that aboveground 
biomass ranged from 0.3 (8-year-old stand) to 293.6 Mg ha–1 (82-year-old stand), 
and stem biomass from 0.1 to 233.8 (8 and 82-year-old stands). Our study shows 
that the best predictor of biomass at the stand level is stand volume, whereas the 
worst are tree stand basal area and stand density.

Our models performed better than other published models, allowing for more 
reliable biomass estimation. We recommend biomass models instead of BCEFs at 
the stand level, as such models are less biased than BCEF models (Jagodziński 
et al. 2019b). 
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Within the research, we also answered the question of whether biomass pro-
duction and allocation differ between various habitat conditions, i.e. mountain 
and lowland forests, and indicated how much neglecting this difference biases 
carbon storage estimations. We studied the chronosequences of 24 Fagus sylvatica 
and 24 Picea abies stands, located both in the lowlands and highlands of Poland. 
We cut and weighed 192 sample trees, and we measured the carbon content in 
the aboveground biomass components of trees (i.e. wood, bark, branches and 
leaves/needles).

Based on the data collected, we developed allometric tree- and stand-level 
models of biomass and carbon mass, and using log-transformed linear models 
we checked the effect sizes of elevation category on estimate output. Our study 
revealed small and statistically insignificant differences in biomass allocation 
patterns, carbon content, and allometric trajectories in trees between lowland 
and highland stands for both species studied. Moreover, the tree-level allometric 
models without habitat category had greater accuracy than the models including 
elevation. As in the previous studies, the aboveground biomass and carbon stock 
of the species studied were positively correlated with stand volume, age, basal 
area and height, and negatively with stand density. We also found that the differ-
ences between lowland and highland stands were low (Jagodziński et al. 2020).

Our studies have shown that if we use stand merchantable volume per hec-
tare, we may determine the carbon mass stored in the stand aboveground bio-
mass with greater accuracy, however, for younger stands without merchantable 
volume, other stand parameters must be taken into account (Jagodziński et al. 
2014, 2017, 2018b). Our predicted values of carbon storage in the aboveground 
biomass are very precise for all the species studied. Thus we need local solutions 
to precisely determine carbon storage in forest stand biomass (e.g. Jagodziński 
et al. 2019a). The estimations of the aboveground biomass of the stands studied 
using the values provided by the IPCC guidelines are distinctly higher than those 
determined by local models, and our BCEFs are lower than those published by 
the IPCC. Thus to precisely determine local biomass and carbon storage in forest 
stands we should use regional models for biomass and carbon determination in 
stands. The variability of BCEFs is geographically based and related to climate 
conditions.

Our studies allow more general conclusions to be drawn: (1) carbon storage in 
a forest stand depends on tree stand parameters, (2) forest inventories are a good 
source of data that may be used for country-level carbon reporting, (3) generali-
zations from models are limited, thus regional approaches provide more reliable 
results, and (4) that further investigations are important for calculating the car-
bon resources in other components of forest ecosystems (not only tree stands).

The management of forest ecosystems may play an important role both in 
climate change mitigation and adaptation. Sustainable and multifunctional forest 
management may play a key role in mitigating the negative effects of increas-
ing carbon dioxide concentration in the atmosphere, and thus in slowing global 
warming. Forest ecosystems are a very important carbon reservoir, and organic 
carbon may be stored both in living and dead biomass, as well as in soils. How-
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ever, it is extremely important to increase the accuracy of carbon estimations in 
forest ecosystems at local scales, as well as regional and global scales.
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Many keystone temperate forest tree species have broad distribution ranges and 
occupy habitats across steep climatic gradients. In response to varying selection 
pressures across time and heterogeneous environments, they not only maintain 
a high level of background genetic variation often uniformly distributed at large 
geographical areas, but they also show considerable levels of phenotypic plasticity 
and exhibit signatures of local adaptation due to natural selection, despite exten-
sive gene flow between populations. These mechanisms likely evolved to ensure 
persistence in the face of environmental upheavals, and are of crucial importance 
in long-lived organisms with limited mobility and a lack of behavioural responses 
to changing environments.

Increasing pressure on forest ecosystems due to environmental change raises 
the question of tree conditions and performance, which entails considering their 
specific life history traits (longevity, long generation time), complex demographic 
histories, and population structures. Therefore, a  better understanding of the 
link between the geographical distribution of adaptive genetic variation and its 
molecular signatures, along with the associations between genomes and the en-
vironment, is essential. These insights could inform decisions regarding the man-
agement of both economically important commercial forests and natural forests 
of great ecological value that are under increased pressure from environmental 
changes. However, for many highly outcrossing and wind-pollinated species, such 
as forest trees, it is mostly unclear how the past population history events influ-
enced the species’ genetic structure, and what the genetic architecture of adaptive 
traits is. Until recently, due to complex genomes, scarce genomic resources, and 
the usually low resolution of available genetic markers, it was difficult to conduct 
thorough investigations of past population processes in such non-model plant 
species as forest trees, and especially conifers.
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Study system

Scots pine (Pinus sylvestris L.) is a highly outcrossing and wind-pollinated forest 
tree species that naturally forms random mating populations of high ecological 
and economic importance in the Northern Hemisphere. The ecological niche of 
the species is broad, with natural populations covering large parts of Europe and 
Asia at a distance of more than 14,000 km from western Scotland to eastern Si-
beria. Due to its great geographical and ecological range, numerous ecotypes of 
the species have been defined, reflecting its phenotypic and ecophysiological var-
iation. Clear clinal patterns of adaptation to local environmental conditions have 
been established since postglacial migration, as evident in growth traits, phenolo-
gy, abiotic stress resistance, and responses to light spectra. Patterns of population 
differentiation are generally clinal across the range and vary with latitude.

Wide distribution range and current patterns of genetic variation in P. sylves-
tris is the result of several interwoven factors, including demographic changes in 
distribution and population sizes of different lineages associated with alternating 
glacial-interglacial periods of Quaternary, past and current levels of inter- and 
intra-population gene flow, and adaptation to a heterogeneous environment along 
multiple environmental clines. However, increasing anthropogenic pressures that 
affect levels of genetic diversity in forest tree species, coupled with unprecedented 
environmental changes, might influence its adaptive potential, patterns of distri-
bution and mortality rates across its range. Therefore, analysis of the spatial dis-
tribution of genetic variation and adaptive potential of Scots pine across its range 
is crucial to evaluate the climate vulnerability of wild populations and identify 
those that might exhibit greater resilience to changing environments. This infor-
mation can guide strategies for enhancing forest management and conservation, 
ensuring the continued health of culturally and economically significant forests.

Novel genomic resources and applications
So far, population structure assessments using maternally inherited and seed-dis-
persed mitochondrial (mtDNA) markers have been largely limited to variation in 
a few polymorphic markers. However, due to low spatial resolution of the mark-
ers, the population structure of the species has only been achieved at a broad 
scale. Novel genomic resources have recently been developed for Scots pine and 
its close relatives with the use of next-generation sequencing approaches (Wa-
chowiak et al. 2015, Donnelly et al. 2017). Among other things, they provide 
information on the polymorphisms in large fragments of resequenced mitochon-
drial genomes (Donnelly et al. 2017) and were used for the development of pop-
ulation genetic studies on a set of novel mitochondrial markers (Łabiszak et al. 
2019, Zaborowska et al. 2020). Due to the massive size of conifer genomes (over 
20 Gbp), whole-genome sequencing for population-level studies is not cost-effec-
tive in this group of taxa. Therefore, reduced representation genotyping, such as 
Axiom single nucleotide polymorphism (SNP) chips, offers a cost-effective and 
high-throughput alternative for studying genetic variation at population level. 
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Such custom genotyping arrays (Affymetrix, Thermo Fisher Scientific, US) have 
recently been developed for Scots pine, including the Axiom PineGAP (Perry et 
al. 2020) and PiSy50k SNP arrays (Kastally et al. 2021), which comprise thou-
sands of polymorphic loci discovered in transcriptome, exon capture and candi-
date genes resequencing in Scots pine.

In the presented research, polymorphisms at mitochondrial DNA markers 
were used to investigate genetic variation within and among Scots pine popu-
lations sampled across its broad distribution range. The aim was to search for 
evidence of the genetic structure of the population in Scots pine and the possi-
ble admixture of populations of different origins that might have contributed to 
the establishment of different ecotypes of the species in Europe and Asia. Then, 
information from thousands of SNPs markers genotyped across dozens of nat-
ural populations of Scots pine was used to better understand the relationship 
between evolutionary history and demographic factors in this widespread species 
with a large and complex genome. Such detailed knowledge regarding the neutral 
genetic structure of the species is necessary when searching for the molecular 
signatures of natural selection affecting phenotypic variation and local adaptation 
of ecotypes distributed over a broad geographic range, and it advances the search 
for genomic regions involved in population divergence. Finally, the genetic anal-
ysis of the markers was used to advance our understanding of the genetic basis 
of phenotypic divergence and adaptation within species, and for the development 
of predictive models to forecast the likely impacts of environmental changes on 
the populations.

Signatures of population structure
The mitochondrial markers revealed only a weak population structure in Cen-
tral and Eastern Europe and suggested postglacial expansion to the middle and 
northern latitudes from multiple sources. Major mitotype lineages include: the 
remnants of Scots pine at most-western distribution of the species that colonized 
the Scottish Highlands; two main lineages (western and central European) that 
contributed to the contemporary populations in Norway and Sweden; the cen-
tral-eastern European linage that colonized Baltic countries – Finland, and Rus-
sian Karelia; and a separate linage common to most eastern European parts of 
Russia and western Siberia (fig. 1). We also observed the signatures of a distinct 
refugium located in the northern parts of the Black Sea basin that contributed to 
the patterns of genetic variation observed in several populations in the Balkans, 
Ukraine, and western Russia (Wachowiak et al. 2023).

The findings also show evidence of past admixture events between genet-
ic clusters that were retained despite the potential for effective pollen-mediated 
gene flow across the species’ distribution range, as evident from SNPs markers 
analysis. The results indicate that Scots pine populations from the main range, 
including populations from northern and southern margins, share a similar and 
relatively high level of neutral genetic diversity, but the amount of variation sig-
nificantly drops within the easternmost population in Russia (fig. 2). Central 
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Europe was likely the admixture zone between different lineages during the last 
glacial cycle and possibly in previous glaciation events. Fennoscandia was likely 
recolonized from two different sources, as evident from the differentiation found 
between Swedish and Norwegian vs. Finnish populations, with the latter being 
the most divergent lineage in the main range of Scots pine. The study describes 
the signatures of distinct genetic lineages persisting across the species distribu-
tion range, despite the most recent population range shifts during the last glaci-
ation and possible gene flow following recolonization of Europe (Łabiszak, Wa-
chowiak 2023).

Fig. 1. Network of haplotypes and their distribution in the analyzed populations of Scots 
pine
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Past demographic events
Phylogenetic analyses and demographic modeling suggest that the observed 
divergence patterns between genetic lineages likely predate the last glaciation 
events. Two of the most distinctive groups are represented by trees from the east-
ern parts of Fennoscandia and Eastern Russia, which have remained separated 
since the mid-Pleistocene. The patterns of genetic variation also confirm the dual 

Fig. 2. Principal component analysis (PCA) projections of P. sylvestris individuals from the 
Eurasian distribution range. Total variance explained by each principal component is 
indicated within parentheses next to the respective principal component header. Dif-
ferent colors reflect the regional groups; however, all populations from Russia (RUS) 
share the same color, see the description in the main text for details of population 
grouping

Fig. 3. Schematic representation of the 
best-fit model inferred by fastsimcoal2 
software, showing genetic relationships 
between five inferred genetic groups of 
Scots pine in the Eurasian distribution 
range of the species. We – Western Eu-
rope, POL – Poland, BAL – Balkans, FIN 
– Finland, RUS – Russia. Parameters 
acronyms: NA: ancestral population 
effective size; N1:N5: effective popu-
lation sizes for the five geographical 
regions analyzed; T1:T4: time for four 
divergence events in years; R: migration 
per generation after the divergence (ar-
rows indicate migration direction)
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colonization of Fennoscandia and the existence of an admixture zone in Cen-
tral Europe that was formed during multiple waves of postglacial recolonization 
(fig. 3). The results suggest that, besides the most recent and well-studied demo-
graphic changes during the Holocene period, mid-Pleistocene events influenced 
the current spatial structure of genetic diversity of tree populations across Europe 
(Łabiszak, Wachowiak 2023).

Maintenance of genetic identity despite gene flow
Thousands of SNP markers derived from the recently developed Axiom pine gen-
otyping array (Perry et al. 2016) were applied to examine genetic variation across 
a broad geographical range of Scots pine. The research combined the phylogeo-
graphic approach, inference of population structure, and demographic analysis in 
an approximate Bayesian computation framework to elucidate patterns of distri-
bution and population genetic diversity. The results indicate that the signatures 
of distinct and ancient lineages can still be detected using high-resolution mark-
ers, despite the overall low level of population differentiation across the large geo-
graphic distances anticipated for tree species with such effective wind-dispersing 
mechanisms and mostly continuous distribution range (fig. 4). Notably, the most 

Fig. 4. Bayesian analysis of genetic structure. Plot of the ancestry coefficients of each indi-
vidual obtained with STRUCTURE based on the admixture model and correlated allele 
frequencies for K = 5. Different colors of bars correspond to the inferred ancestries
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recent range shifts during the last glaciation and possible gene flow following the 
recolonization of Europe have not erased the signatures of those distinct genetic 
lineages in Scots pine distribution.

Molecular signatures of selection
Finally, the research demonstrates the molecular signatures of selection in Scots 
pine and reveals that temperature is the primary factor influencing levels of ge-
netic variation and driving local adaptation in P. sylvestris, offering insights for 
predicting genomic offset in this species. The population genomic approach in-
dicates that local adaptation in Scots pine is primarily influenced by selection 
acting on numerous loci of small effect. As shown in other plant systems, cli-
mate-associated traits were found to be polygenic across many species, with 
a complex genetic architecture, shaped in response to environmental gradients 
through multilocus selection. Selection must be high enough to overcome the 
homogenizing effect of high level gene flow in order to maintain local adaptation. 
Despite the presumably polygenic character of many traits related to environmen-
tal gradients and the usually weak allelic frequency spectra defined with outlier 
detection approaches, we identified a high correlation of variation at certain loci 
with temperature that seems to play a key role in local adaptation at the analyzed 
distribution range of the species. However, the results show that standing genetic 
variation in many places may be maladapted to rapidly changing environments, 
and alternative approaches to natural regeneration, might be needed to ensure 
the resilience of Scots pine populations in the face of climate change (Łabiszak, 
Wachowiak, in preparation).

The presented research was financially supported by the Polish National Science Centre 
(UMO-2020/37/B/NZ9/01496 and UMO-2020/39/B/NZ9/00051).
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Classical seed storage, cryopreservation or in vitro culture?

Plant species ex situ conservation has taken on a new meaning, especially with 
the unprecedented rate of global climate change. Forest tree species produce 
seeds that are desiccation-tolerant and desiccation-sensitive. They all quickly lose 
their viability during storage, even in optimal conditions. Therefore, it is difficult 
to store them for decades ex situ in a gene bank, especially for short-lived seeds 
of recalcitrant species. To enable ex situ germplasm storage of forest tree spe-
cies, we are focusing on seed biology, their desiccation sensitivity, sensitivity to 
low temperatures during classical storage at –18°C or/and to cryopreservation at 
–196°C. In vitro techniques are an integral part of the cryopreservation protocols 
which have been developed. Micropropagation is also used to clone old, historic 
trees, including monumental oaks, that are hundreds of years old. Experiments 
were carried out on biotechnological, physiological and molecular levels.

Seeds
The seed biology of forest tree species strongly varies across species and deter-
mines their desiccation sensitivity and the selection of the optimum approach to 
long-term storage. Some very resistant seeds can be desiccated to a very low level 
of moisture content (c. 2%, fresh weight basis) and stored in conventional con-
ditions at a low temperature (e.g. Alnus glutinosa, Betula pendula, Carpinus betulus, 
Prunus avium). Furthermore, there are seeds with a slight sensitivity to desicca-
tion, meaning a critical moisture content at c. 5% (e.g. Fraxinus excelsior, Malus 
sylvestris, Tilia cordata, Salix spp., Populus spp.). Other seeds, with a clear threshold 
during drying to c. 5–7%, are more sensitive (e.g. Fagus sylvatica). There are also 
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forest tree species producing seeds very sensitive to desiccation, e.g. Acer pseudo-
platanus (c. 24%), Quercus robur or Q. petraea (c. 40%). Environmental conditions 
(accumulated temperature) may differentiate the biological properties of recalci-
trant seeds even within the same species, including their tolerance to desiccation 
(fig. 1). For example, seeds of Acer pseudoplatanus from Norway and Scotland were 
less tolerant to desiccation and survived desiccation only to 33–39% moisture 
content (mc), while seeds from the south of Europe – from countries like France 
and Italy, could be classified as suborthodox and survived desiccation to 15% mc 
(Daws et al. 2006). Seeds of Aesculus hippocastanum which developed in the north 
of Europe were smaller and more desiccation-sensitive in comparison to seeds 
from the south of Europe (fig. 1; Daws et al. 2004).

Orthodox and suborthodox seeds tolerate storage ex situ in tightly closed con-
tainers after desiccation to 5–10% mc, depending on the species, and at a tem-
perature of –18°C (fig. 2).

Orthodox seeds

Our epigenetic studies concerning orthodox seeds of Pyrus communis showed some 
links between seed storage and the global level of 5-methylcytosine (m5C; fig. 3; 
Michalak et al. 2013). Comparison of the percentage of DNA methylation re-
vealed a relevant time-dependent increase in 5-methylcytosine. At the same time 
we did not observe significant differences in germination and seeding emergence 
of P. communis after 0 and 1 year of storage (8.4% seed mc; fig. 3). After 1 year of 
seed storage, the amount of m5C in their DNA increased from 3.08 to 5.49% (fig. 

Fig. 1. Sycamore (Acer pseudoplatanus) and chestnut (Aesculus hippocastanum) seeds were 
collected in different parts of Europe (red dots; Daws et al. 2004, 2006)
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3). The increase of m5C can lead to stopped gene expression and lower production 
of protective proteins, which can cause a decrease in seed viability. We think that 
this method could be useful for early determination of seed aging during storage.

Fig. 2. Examples of forest tree species producing typical, desiccation-tolerant, orthodox 
seeds

Fig. 3. Assessment of global DNA methylation of Pyrus communis seeds with different levels 
of moisture content (8.4 and 2.2%) or stored (mc 8.4%) for 0 and 1 year. 2-deoxynu-
cleotides derived from DNA hydrolysis (labelled spots) and RNA contamination (unla-
belled spots) are clearly separated. A – adenine, m5C – 5-methylcytosine, C – cytosine, 
T – thymine, G – guanine. A method for determining the level of methylated cytosine 
according to Barciszewska et al. (2007). Data from Michalak et al. (2013)
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Recalcitrant seeds

Recalcitrant seeds produced by oaks (acorns) do not tolerate a  temperature of 
–18°C (Chmielarz et at. 2022), and cannot be stored as whole seeds in gene banks 
for longer periods. The probability of seedling emergence of non-frozen acorns 
with moisture content above 38% was 100% (fig. 4). Acorns with a  moisture 
content of 30.7–30.9% and cooled to –3 or –5°C had a seedling emergence prob-
ability of 75%. The probability of seedling emergence from acorns desiccated be-
fore freezing at –3°, –5°, –7°, or –9°C to a moisture content range of 25.4–26.4% 
was only 25%. The probability of obtaining seedlings from acorns frozen for two 
weeks at –18°C was 0% (fig. 4).

Cryopreservation

Orthodox seeds

In the case of orthodox seeds, their cryopreservation is used as a backup to seeds 
stored by traditional methods. Safe seed moisture ranges have been developed for 
different forest tree species that can tolerate liquid nitrogen temperatures at the 
species specific seed moisture contents range. For example, for Fraxinus excelsior 
seeds it is 7.2–19.5% (mc of samaras; fig. 5; Chmielarz 2009a).

Seedling emergence for Fraxinus excelsior seeds treated with LN at mc 5.2% 
was significantly lower (3%) in comparison to control seeds. For seeds frozen at 

Fig. 4. Probability of Quercus robur seedling 
emergence depending on acorn mois-
ture content and freezing temperature, 
i.e., –3°, –5°, –7°, –9°, –11° or –13°C 
(seed lot A) and –3°, –10°, or –18°C 
(seed lot B), for 2 weeks (Chmielarz et 
al. 2022)



Can we conserve exceptional forest tree species ex situ in the face of global climate change? 

		  63

mc 21%, seedling emergence decreased from about 60% to 20% (fig. 5). At an 
even higher seed mc during cryostorage, no seedlings emerged after thawing was 
observed (fig. 5; Chmielarz 2009a).

Safe ranges of seed moisture content (%) for seeds (dormant and non-dormant) 
of tree species of Polish provenances are presented in tab. 1. The lower limit of 
the mc range is the critical moisture content of severely desiccated seeds (here in 
green colour). The upper limit of the range is the High Moisture Freezing Limit 
(HMFL) of seeds store in liquid nitrogen (in purple; tab. 1; Chmielarz 2009ab, 
Chmielarz 2010a-d).

Recalcitrant seeds

In contrast to orthodox seeds, the cryopreservation of recalcitrant seeds is the 
only method (if it is possible to develop it for individual species) for storing the 
germplasm of a species ex situ in a gene bank. The cryopreservation of plumules 
isolated from acorns (shoot meristems, 1 mm in size) of Quercus robur (Chmie-
larz et al. 2011) and Quercus petraea (Wasileńczyk et al. 2024) allows the genetic 
resources of these two oak species, growing in Poland, to be conserved in gene 
banks. After thawing from liquid nitrogen, the regeneration of whole plants from 

Fig. 5. Fraxinus excelsior seedling emergence after drying or moisturizing of seeds (samaras) 
to 13 levels of moisture content (mc) (3.4–25%, samaras), untreated -LN and treated 
+LN for 24 h with LN, provenance Poznań; p < 0.05, Tukey test (Chmielarz 2009a)

Tab. 1. Safe ranges of seed moisture contents of orthodox forest tree species (dormant and 
non-dormant) stored in liquid nitrogen (–196°C)

Species Range

Species with dormant seed

common hornbeam (Carpinus betulus) 3.2–16.5
European ash (Fraxinus excelsior) 7.2–19.5
wild cherry (Prunus avium) 9.0–16.9
small-leaved lime (Tilia cordata) 5.2–20.1

Species with non-dormat 
seeds

black alder (Alnus glutinosa) 2.7–19.2
silver birch (Betula pendula) 2.0–23.2
wych elm (Ulmus globara) 3.3–17.7
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plumules is carried out using in vitro culture (fig. 6; Chmielarz et al. 2011, Wa-
sileńczyk et al. 2024). For Q. petraea, successful cryopreservation (Wasileńczyk et 
al. 2024) isolated plumules were attached to the cryo-plate by calcium alginate 
gel, then osmoprotected in solution containing 2.0 M glycerol and 1.0 M sucrose 
for 40 min at 25°C. Next, the plumules on the cryo-plate were desiccated under 
a laminar air flow cabinet for 2.0 h at 25°C and plunged directly into the liquid 
nitrogen, then regenerated after cryostorage using in vitro culture (fig. 6).

The results of research concerning classical and cryogenic storage of forest 
tree germplasme are applied in forest practice in the Kostrzyca Forest Gene Bank, 
Poland (Zimnoch-Guzowska et al. 2022).

In vitro culture

Micropropagation of oaks

Old oak trees appeared to be recalcitrant to micropropagation. However success-
ful in vitro shoot multiplication of ca. 800-year-old Q. robur trees growing in Po-
land were recently described for the first time (Chmielarz et al. 2023). Genotype 
and tree age had significant effects on the efficiency of epicormic shoot formation 
during the pot culture (preparation of explants) and shoot multiplication in vitro. 
Old trees display many features valuable for silviculture. For example, the resist-
ance to oak powdery mildew (Erysiphe alphitoides) of some specimens. They have 
a cultural and historical value for society; however, in many regions of the world, 
a rapid decline in the largest and oldest trees has been observed (Lindenmayer 
et al. 2012).

There is a  need to protect these monumental trees for local communities. 
Unfortunately, vegetative reproduction, which can be used with many species, is 
not possible in the case of oaks. In addition, the process of rooting oak shoots is 
particularly ineffective in the aged trees we studied. The method of grafting an 
oak sapling can be used, but it does not ensure that a complete copy of the moth-
er tree’s genome is obtained, since in grafting the rootstock comes from another 
plant of the same species. The only method for an oak species that will result in 
a genetically identical individual to the mother tree is to obtain it using sterile in 
vitro cultures.

Fig. 6. Plumules of Q. robur (Chmielarz et al. 2011) on the left and plumules of Q. petraea 
(Wasileńczyk et al. 2024) regenerated in vitro after cryopreservation. For Q. petraea 
plumules were cryoprotected, desiccated and cooled in liquid nitrogen on aluminium 
cryo-plates covered by calcium alginate gel
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To initiate such in vitro cultures we used woody shoots of pedunculate oaks 
trees. The woody shoots were placed in vase culture at high humidity and a tem-
perature of 20°C. Over four weeks, sprouts 2–20 cm long grew from the epicor-
mic (dormant) buds under the cork of the woody shoots (the first stage of tissue 
rejuvenation). Small fragments of these shoots (explants), about 2 cm long, con-
taining 1–2 buds, were then used to initiate in vitro cultures. After sterilisation 
explants were cultured in vitro on Woody Plant Medium (WPM), a mixture of 
chemical compounds containing essential macro and microelements needed for 
plant growth – with cyclic transfers to fresh medium of the same composition 
(the second stage of rejuvenation). The medium was also supplemented with vi-

Fig. 7. Pearson correlation coefficient (r) between the number (pcs-pieces) (A,C) or total 
length of shoots (B,D) and in vitro culture duration from 18 to 21 months in oaks aged 
c. 20–200 years (A,B) and monumental oaks (c. 300–800 years old) (C,D). Correlation 
significant at the ** p ≤ 0.01 or *** p ≤ 0.001 level. The x-axis represents the months 
from the start of the culture after sterilization (Chmielarz et al. 2023)
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tamins, amino acids, sugar (as an energy source), and growth regulators, mainly 
6-benzylaminopurine (BAP; Chmielarz et al. 2023). As a  result, genotype and 
tree age had significant effects on the efficiency of epicormic shoot formation and 
shoot multiplication in vitro (fig. 7). Generally, younger oaks displayed a higher 
potential of in vitro growth (fig. 7; Chmielarz et al. 2023).

In vitro derived small trees – clones of monumental trees – were planted next 
to their mother trees (being its genetic copy) or in other places in Poland. On 14 
April 2019, the first oak clone with an 800-year-old genotype obtained by in vitro 
culture was planted in Rogalin, which is home to Europe’s largest cluster of such 
trees (fig. 8). Clones of monumental oaks are also now growing in the Arbore-
tum of the Institute of Dendrology PAS in Kórnik and in the Arboretum of the 
Kostrzyca Forest Gene Bank. This study demonstrates that we can protect the 
genotypes of c. 800-year-old Q. robur trees using an optimized micropropagation 
protocol (fig. 8; Martins et al. 2022, 2023, 2024, Chmielarz et al. 2023).
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Seed longevity is a global challenge associated with ecosystem biodiversity and 
the success of plant reproduction and forest restoration. Seed longevity is a poly-
genic feature that requires the coordination of many biological processes shaping 
the stability of seeds in the soil and their ex situ storage time. Our research con-
tributes to understanding the problem of seed ageing at the molecular, cellular, 
and physiological levels, and to the multi-faceted characterization of the basis for 
the reduced longevity phenotype in seeds. Many mechanisms, including protec-
tion, repair, and detoxification, are developed at the stage of seed maturation and 
directly affect the quality of seeds and the possibility of their storage. Learning 
about new compounds, discovering new interactions and biochemical processes, 
make it possible to explain the heterogeneity of seed longevity in different plant/
tree species. To meet the need to protect the world’s plant genetic resources for 
the future, many modern seed banks have been established to function as gene 
banks. During storage, the seeds undergo an ageing process, which results in 
reduced seed viability and loss of germination ability. The deterioration of the 
physiological condition of seeds is the most important problem associated with 
gene banks, and it is also the most difficult to solve. The knowledge gained from 
our research is useful for optimizing seed banking protocols that ensure seed 
viability is maintained for as long as possible. The ability of seeds to survive 
until the moment of germination depends on the synergistic action of endoge-
nous proteins, hormones, and metabolites, as well as on storage conditions – here 
temperature and humidity are of the greatest importance. Optimal storage con-
ditions guarantee seed viability preservation, thus ensuring high-quality sowing 
material for the establishment of healthy seedlings. Storage of high-quality seeds 
in conditions that do not impair their viability is crucial for biodiversity conserva-
tion. Detailed development of the technology for handling seeds after harvesting, 
together with optimal conditions for seed storage and stratification, assure the 
continuity of seedling production in forest management. Successful seed banking 
allows the preservation of the genetic resources of trees and shrubs in terms of 
valuable genotypes.

mailto:kalemba@man.poznan.pl
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Reactive oxygen species (ROS) as seed longevity determinants

Literature data in the field of seed biology clearly indicate that ROS overpro-
duction and accumulation contribute to the gradual deterioration of seeds and 
seed ageing (Jeevan Kumar et al. 2015), whereas lower concentrations of ROS 
play a signaling role in the regulation of many physiological processes, including 
seed dormancy and germination (Bailly 2019). In this context, ROS exhibit a dual 
function. ROS are postulated as the most important factors initiating the seed 
ageing process because the excess of ROS is inevitably harmful to seeds dur-
ing their storage. Seed deterioration refers to seeds of all categories, even those 
resistant to desiccation, because ROS can interact with any macromolecule of 
biological importance (proteins, lipids, DNA), resulting in oxidative damage to 
various cellular components and even programmed cell death (Zhang et al. 2021). 
Incomplete reduction of molecular oxygen (O2) leads to the formation of superox-
ide anion (O2

•−), which is converted enzymatically to hydrogen peroxide (H2O2). 
There are plenty of cellular antioxidants able to decompose H2O2 into water and 
oxygen. H2O2 can be further converted to the hydroxyl radical (•OH), for which 
no enzymatic or non-enzymatic scavenger exists. This reaction presents the cas-
cade by which O2 is converted into H2O through reactive intermediates:
O2 → O2

•− → H2O2 → •OH → H2O
Importantly, •OH might be converted to H2O only when another hydrogen 

atom (H+) is added. Unfortunately, in the oxidative state, there is a  constant 
deficit of H+, therefore •OH accumulates in ageing tissues in proportion to the 
advancement of the ageing process. Seeds of the recalcitrant category are meta-
bolically active during storage, therefore the content of O2

•− and H2O2 is subject 
to constant changes due to the activity of superoxide dismutase that decomposes 
O2

•− to H2O2 and, among others, catalase, glutathione, and ascorbate that decom-
pose H2O2 into water.

Antioxidant system
The amount of ROS is controlled by the antioxidant system, which consists of 
enzymes involved in the removal of ROS, such as catalase (CAT), enzymes con-
verting ROS – for example, superoxide dismutase (SOD) or peroxidases, and 
non-enzymatic ROS scavenging compounds, such as ascorbate and glutathione, 
which cooperate in the plant-specific ascorbate-glutathione cycle (Jajic et al. 
2015). The above molecules are the first-line defense because they directly react 
with ROS. The second-line defense includes: 1) redoxins able to reduce disulfide 
groups to –SH groups such as thioredoxins and glutaredoxins, 2) methionine sul-
foxide reductases (MSRs) reducing methionine sulfoxides (MetO) to methionine 
(Lourenço Dos Santos et al. 2018). The reduced form of nicotinamide adenine 
dinucleotide phosphate (NADPH) is involved in the functioning of all the above 
antioxidants and repair systems acting on oxidized proteins, clearly indicating 
that NADPH is always needed for protein reduction reactions.



Factors determining seed viability and successful seed germination in a changing world 

		  71

Seed categories

Seeds are the most important form of plant reproduction and play an important 
role in the spread of plants. Changes in the hydration of seed tissues accompany 
important stages in seed development. Seeds dry during ripening (Leprince et al. 
2017), remain in a dry state through the dormant phase, and then start germina-
tion after imbibition (Bewley et al. 2013). Therefore, it is important to determine 
the defense mechanisms and their elements that allow the maintenance of seed 
viability. On the basis of water content limits that ensure the maintenance of plant 
viability, there are two types of tolerance to water loss (Hoekstra 2005): drought 
tolerance, when the variable degree of tolerable dehydration is up to approximate-
ly 23% in fresh weight (~0.3 g H2O g–1 dry weight (DW)), and resistance to des-
iccation, i.e., the tolerance of water loss below 0.07 g H2O g–1 DW (Walters 2015). 
Seeds resistant to desiccation are classified as orthodox, while seeds resistant to 
drought and sensitive to desiccation are classified as recalcitrant (Roberts 1973). 
Seeds with in-between characteristics belong to the intermediate category (Ellis 
et al. 1990). The determination of the physiology of seeds exhibiting intermedi-
ate and recalcitrant behavior remains a major challenge in the effort to develop 
specific rules of seed management that will ensure seed viability. Our studies 
focus on the physiology of intermediate category seeds of European beech (Fagus 
sylvatica L.) and recalcitrant category seeds of pedunculate oak (Quercus robur L.). 
The recalcitrant phenotype of seeds is investigated also in sycamore (Acer pseudo-
platanus L.) as compared to genetically closely related orthodox category seeds of 
Norway maple (Acer platanoides L.).

Seeds inevitably deteriorate. Excessive accumulation of ROS causes three-pha-
sic damage to seeds of all categories: (phase 1) slight reduction in vigor, (phase 
2) oxidative damage, including lipid peroxidation and electrolyte leakage, and 
(phase 3) irreversible damage to the genetic material (Ebone et al. 2019). The first 
phase may be unnoticeable, while the third phase inevitably leads to the death 
of cells and entire seeds. In this context, detailed monitoring of the symptoms of 
the second phase is necessary. Providing new measurement methods to estimate 
seed viability by analyzing the oxidation state through the amount of ROS and 
mitochondria activity might become extremely useful in seed practice.

European beech (Fagus sylvatica)
Typical orthodox seeds acquire tolerance to desiccation during maturation 
(Dekkers et al. 2015) and maintain this tolerance during storage in a dry state 
and dormancy alleviation until the root emerges from germinating seeds (Buit-
ink, Leprince 2008). Beech seeds acquire desiccation tolerance during maturation 
(Kalemba et al. 2008); however, because of storage difficulties, these seeds are 
classified as intermediate (León-Lobos, Ellis 2002). Our results demonstrated 
that ROS levels increase as beech seeds age (Pukacka, Ratajczak 2007, Kalemba, 
Pukacka 2014, Ratajczak et al. 2015), confirming the oxidative theory of seed 
ageing. ROS localization tests showed the presence of O2

•− and H2O2 in the area 
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of the apical meristem of the embryonic axis (Ratajczak et al. 2015). Increased 
ROS fluorescence signal in the area of the apical meristem was reported in seeds 
stored 8–11 years. After 13 years of storage, the fluorescence signal dispersed at 
neighboring areas in the embryonic axis, indicating the intensification of ageing 
processes.

The signaling role of O2
•− and H2O2 has been demonstrated during beech seed 

germination (Kalemba et al. 2019). Both these ROS were reported to be synthe-
sized in the apical meristem of the embryonic axis elongating into radicle, and 
the area in which the ROS spread covered up to half of the length of the radicle 
as it grew. Drought stress in germinating seeds inhibited the synthesis of O2

•− 
and root growth and caused the accumulation H2O2, which intensified oxidative 
stress.

The cellular origin of ROS in beech seeds
ROS are produced during the whole life of a seed – in the cytosol, plasma mem-
brane and cell wall, and particularly in organelles containing the electron trans-
port chain (ETC) such as mitochondria, chloroplasts, and peroxisomes (gly-
oxy-somes). Our research indicates that the cellular structure where the initiation 
of the ageing process in seeds might take place is the mitochondria (Małecka et 
al. 2021). Mitochondria are important cellular organelles responsible for the syn-
thesis of energy and they are involved in the regulation of the redox state in cell 
signaling. Mitochondria generate ROS, which in excess have a destructive effect 
on mitochondria structure and lead to their impairment (Małecka et al. 2021). 
Our study revealed that in stored beech seeds, changes present in the mitochon-
drial structure reduce seed viability.

Metabolic processes during germination require a large amount of energy to 
be synthesized in mitochondria. By measuring the respiratory activity of seeds, 
and thus their energy status, it is possible to assess their level of viability. Us-
ing the Seahorse analyzer, which enables the respiratory activity of seeds to be 
measured, the respiratory capacity of mitochondria isolated from beech seeds 
displayed storage time-dependent gradual decrease in non-phosphorylating res-
piration and phosphorylating respiration. The longer the storage time, the greater 
the impairment of respiratory function was reported (Fuchs et al. 2023).

Oxidative modifications of proteins in beech seeds
ROS oxidize proteins at specific amino acids by adding a carbonyl group, a pro-
cess known as carbonylation, which is considered irreversible. We have estab-
lished that the amount of carbonylated proteins increases with the storage time 
of beech seeds (Kalemba, Pukacka 2014). The amount of carbonylated proteins 
measured in whole beech seeds was the lowest in the youngest seeds. Seeds 
stored for 5–11 years contained two times more carbonylated proteins than young 
seeds, whereas seeds stored for 13 years contained four times more carbonylat-
ed proteins than young seeds, which clearly indicates the progression of oxida-
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tive stress. Comparing changes in the level of ROS and carbonylated proteins 
(Kalemba, Pukacka 2014), it can be concluded that the accumulation of ROS is 
the cause of oxidative stress, and protein carbonylation is the effect of oxidative 
stress in stored beech seeds. The high correlation coefficient between the increas-
ing concentration of O2

•− (r = 0.92), H2O2 (r = 0.71), and protein carbonyls con-
firms this hypothesis. The Pearson correlation coefficient between the germina-
tion capacity and the level of protein carbonylation for whole beech seeds stored 
for 2, 5, 8, 11, and 13 years was very high (r = – 0.93). We have indicated there is 
a strong relationship between the level of protein carbonyls and the germination 
capacity of aged beech seeds, i.e., the more carbonylated proteins there are, the 
lower the germination capacity will be.

ROS oxidize methionine (Met) to methionine sulfoxide (MetO), and the ac-
tivity of methionine sulfoxide reductases (MSR) restores the reduced form of 
Met (Rey, Tararago 2018). Met sulfoxidation is reversible, and MSRs function 
as antioxidants. Our studies revealed that the abundances of B1 and B2 types 
of MSR decreased during long-term storage of beech seeds (Wojciechowska et 
al. 2021). MsrB2 was linked with the longevity of beech seeds via its subcellular 
localization and association with the proper utilization of seed storage material 
during germination.

Cysteine is another amino acid sensitive to oxidation because of the presence 
of a thiol (-SH) group. The level of thiol groups in proteins decreased during stor-
age of beech seeds (Ratajczak et al. 2019).

Antioxidants in beech seeds
Peroxiredoxins (PRXs) are thiol-proteins involved in thiol-disulfide redox switch-
es in plants and seeds via the removal of H2O2. Our studies demonstrated the 
occurrence of several PRXs in stored beech seeds, including cytosolic 1CysPRX 
and PRXIIC, mitochondrial PRXIIF, and plastidial PRXIIE, 2CysPRX, and 
PRXQ. Among them, 2CysPRX was assumed to perform an important function 
in the regulation of the redox state during storage of beech seeds (Ratajczak et al. 
2019).

Catalase, the main cellular enzyme responsible for the removal of H2O2, ex-
hibited decreasing activity as beech seeds aged (Małecka et al. 2019), indicating 
that the antioxidant system is less sufficient in aged seeds. Beech seeds con-
tain the major form of catalase (CAT55) and catalase-domain-containing protein 
(CAT 55). CAT55 acts predominantly in embryonic axes, whereas CAT37 is the 
major enzyme responsible for H2O2 removal in cotyledons (Kalemba et al. 2021a).

Pedunculate oak (Quercus robur)
Our results demonstrated that in metabolically active seeds of the recalcitrant 
category, measurement of the •OH content seems to be a new, effective method 
of seed quality control during storage. In studies of stored recalcitrant oak seeds, 
we showed that among the tested ROS (O2

•−, H2O2, 
•OH), only the •OH content 
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was correlated with all seed viability parameters (Kalemba et al. 2021b). This 
means that increasing the •OH level increases the outflow of electrolytes and, con-
sequently, reduces the germination capacity and the efficiency of seedling estab-
lishment. Our experiments are designed to investigate how to manipulate storage 
temperature to reduce ROS production and extend storage time while maintaining 
the high quality of pedunculate oak seeds. The search for and optimization of 
new methods of storing oak seeds involve thermotherapy and lower than recom-
mended constant storage temperatures, and combinations of storage temperatures 
leading to acclimatization to cold. Our results revealed that thermotherapy of pe-
dunculate oak before storage mimics seed priming and adjusts the redox status in 
seeds. Seed thermotherapy used to eliminate pathogens, mainly Ciboria batschiana, 
did not increase the level of ROS in the initial stages of seed preparation for long-
term storage. Moreover, H2O2 levels did not increase only in seeds treated with 
thermotherapy and stored at constant temperatures or with a gradual temperature 
reduction regimen to –5 and –7°C, unlike the other two types of ROS (O2

•−, •OH). 
This suggests that thermotherapy has a beneficial effect on the ability to eliminate 
excess hydrogen peroxide in pedunculate oak seeds during short-term storage. 
Metabolomics studies have shown that one of the causes of ROS accumulation and 
thus deterioration of the quality of pedunculate oak seeds during storage at –7°C 
is oxidative DNA damage caused by 1,2,4-benzenetriol (Szuba et al. 2022), which 
indicates the most advanced seed damage phase (Ebone et al. 2019).
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Trees grow in a  wide range of environments and have developed a  variety of 
adaptive mechanisms. One of the most important mechanisms is seed dormancy, 
which ensures seed survival through the winter and plant germination in spring, 
when the conditions are most suitable for the development of seedlings in tem-
perate climates (Klupczyńska, Pawłowski 2021). Environmental factors such as 
temperature, light intensity, and water availability are key factors controlling seed 
germination and, as a result, affect the reproductive success of plants. Global cli-
mate change alters environmental conditions and thus affects the reproduction 
of plants from seeds. Recent studies concentrate on the questions of whether the 
adaptation, manifested as dormancy, is plastic, and whether trees have the po-
tential to adapt to environmental changes. In this lecture, recent knowledge con-
cerning the adaptation and survival of trees under conditions of global warming 
in the context of seed dormancy and germination will be presented.

At the northern edges of tree species ranges in Europe, an increase in temper-
ature is expected to broaden the suitable niche for some species (Chakraborty et 
al. 2021). However, direct genetic adaptations to the specific local habitats may 
reduce such expectancy. Environmental changes may cause disturbances in tree 
regeneration if future climatic conditions do not match the historically imprinted 
adaptation requirements for seed germination and seedling fitness (Klupczyńska, 
Pawłowski 2021).

The ecological niche of tree species is typically narrower at earlier life stages 
than at later ones, and intraspecific genetic variation of early fitness traits may 
define the response of tree populations to changing environmental conditions 
(Solé-Medina et al. 2020). To assess the adaptative potential, there is a need to 
recognize intraspecific genetic variation in fitness-related traits and its environ-
mental determinants (Kurpisz, Pawłowski 2022). Seed dormancy breaking and 
the timing of germination have important implications for the success of plant 
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establishment in the face of environmental risk factors (Pausas et al. 2022). How-
ever, the role of seed dormancy and germination in the success of trees remains 
underestimated. Thus, improving our understanding of intraspecific genetic var-
iation in early fitness traits, such as seed dormancy, germination, seedling es-
tablishment, and seedling shoot and root characteristics, is essential for inves-
tigating the potential ability of tree populations to regenerate and persist under 
climate change.

European beech (Fagus sylvatica L.) is a sub-Atlantic tree species and an im-
portant component of forest communities in Western and Central Europe. Beech 
forests have mainly developed by natural regeneration, and ecotypes have de-
veloped that are adapted to the local climatic conditions (Leuschner, Ellenberg 
2017). However, the plasticity in the response of beech populations to climatic 
variability has also been discussed, and in particular, the plasticity of seed dor-
mancy and germination have not been sufficiently researched. Seeds ripen and 
are released in late autumn; during winter, they lose dormancy, and in spring the 
next year, they germinate when conditions are favorable for seedling establish-
ment.

There is growing concern about the future survival and sustainability of beech 
ecosystems throughout Europe, as beech may be unable to adapt to future en-
vironmental conditions in its current natural range (Stojnić et al. 2018). Popu-
lations growing at marginal sites are generally subject to unsuitable conditions 
and have a lower chance of survival. The future climatic conditions in parts of 
the distribution centre and at the rear (southern) edge might thus become lim-
iting for natural beech regeneration by seed, as the likelihood of extreme heat 
and drought events is expected to increase (Muffler et al. 2021). At the leading 
edge, increasing temperatures may increase germination success and beech re-
generation, but more detailed studies are needed to predict the possible effect of 
climatic warming on beech regeneration.

The aim of the study was to determine intraspecific genetic variability among 
the north-eastern European beech populations in early fitness traits – seed dor-
mancy and germination in relation to the climate at population origin (Pawłowski 
et al. in preparation). The early growth of seedlings was also investigated in 
a nursery common-garden experiment to define how the climate of seed origin 
affects the fitness of seedlings. It was expected that the results would allow rec-
ognition of the climatic factors related to the ability of individual beech popula-
tions to cope with and adapt to climate variability. This understanding is crucial 
for the assessment of the future of beech forests in Europe. It was hypothesized 
that variation in dormancy and germination of beech seeds is associated with 
climatic conditions acting on the populations; climatic characteristics of seed 
provenances affect seedling traits. It was expected that the depth of dormancy 
of beech populations will increase from north to south within the analysed geo-
graphic region in accordance with the temperature gradient. It was also expected 
that seed germination success and seedling growth will be better in populations 
from the sites with milder climate.
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Germination and seedling growth

The seeds for the research were collected from 26 European beech stands (popu-
lations) representing different natural forests and climatic regions in Poland near 
the north-eastern border of the natural distribution range of beech. Seeds were 
collected immediately after falling from the trees, dried, and stored at –3°C, and 
their assessment was carried out (viability and seed mass).

To analyse the depth of dormancy and germination traits of seeds, the seed-
lots were subjected to a stratification-germination test at 3°C. The germination 
was characterized by the following parameters: T0 – time of germination onset, 
germination capacity, TE – time at germination capacity, germination speed, and 
T50 – the time necessary for 50% of viable seeds to germinate. T0 and T50 reflect 
seed dormancy depth, while germination capacity and speed reflect seed quality.

A nursery common-garden experiment was set up in the experimental field of 
the Institute of Dendrology, Polish Academy of Sciences in Kórnik, Poland. The 
seeds were sown after stratification in May 2021 in a randomized complete block 
design with 4 replications of 30 seeds per population. In September 2021, seed-
lings were harvested and measured for their height growth, root-collar diameter, 
and above- and belowground biomass. The set of eleven populations was used for 
a more detailed analysis of seedling morphological traits.

Climatic data for maternal stands were obtained from the ClimateEU v4.63. 
Correlation analysis was used to test the relationships between climatic variables 
and seed germination and seedling traits.

Germination and seedling traits vs climatic variables at the 
population origin

The results showed that significant variation among populations was found for 
all germination parameters. Variation between the two regions of seed origin 
was also statistically significant. The group of northern populations started to 
germinate later, and had a longer T50, but lower speed of germination than the 
group of southern populations. The analysis of the relationships between seed 
germination parameters and climatic variables at the seed origin revealed that 
germination capacity was negatively correlated with temperature and moisture 
availability parameters, and positively correlated with precipitation parameters.

Significant variation was also found for seedling growth and morphology 
among populations and between the two regions of origin. Leaf-related traits 
were characterized by a low coefficient of variation. However, the highest varia-
bility was observed in root-related traits. On average, populations from the south-
ern region had seedlings with larger dimensions and greater final biomass than 
seedlings from the northern region. Seedling shoot length and diameter were 
negatively correlated with T0 and positively correlated with germination speed. 
Shoot length and total seedling mass were positively correlated with germination 
capacity, and all seedling traits were positively correlated with seed mass. Seed 
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viability showed a negative association with the dry matter content of leaves and 
stems. Later seed germination time negatively affected leaf and stem traits, but 
positively affected root traits. Faster germination was associated with lower bio-
mass allocation to leaves.

The relationships between seedling growth traits and climatic data at the seed 
origin indicated that better growth of seedlings after germination in the nursery 
was associated with cooler and moister conditions at the site of seed origin. Con-
sidering root traits, they showed significant correlations with climate. Tempera-
ture at the sites of origin exhibited strong positive effects that increased from the 
coldest to warmest sites, whereas a negative effect was reflected by a decline at 
the warmer sites. Populations originating from sites with lower water produced 
seedlings with shorter and tougher roots than those from sites with more favora-
ble climatic moisture.

The study described how adaptation to climatic conditions of population hab-
itats influences the seed dormancy and germination traits of European beech. 
It was showed that seed traits differed among populations and regions of seed 
origins. The northern populations had deeper seed dormancy and required longer 
stratification for germination, but had greater seed viability and germination 
speed, and lower germination capacity and seed mass than the group of southern 
populations. The presented results show that seed dormancy in beech is influ-
enced by the climate of the seed origin site and latitude – surprisingly, however, 
less by the mean annual temperature or precipitation, but more so by the frost 
and evaporation.

Seed dormancy and germination traits are related to plant fitness through 
their effects on the timing and speed of seedling emergence. The presented re-
sults showed that climate affects the seed germination traits of beech popula-
tions. The strongest negative influences on dormancy depth were found for frost 
and evaporation. The germination capacity was positively correlated with precip-
itation and negatively with temperature and moisture deficit at the seed origin 
site. These results indicate that the dormancy and germination traits of seeds 
driven by historical environment are limited by water deficit and temperature 
conditions, where frost decreases dormancy depth, whereas high temperature 
and low moisture availability decrease germination capacity. It can be concluded 
that the germination of beech seeds depends on the climatic conditions of the 
provenance, associated with seasonal variation of temperature and rainfall. The 
patterns of variation found in these parameters indicate the adaptation of popu-
lations to the climate of the seed origin site.

In the present study, evidence was found of local adaptation of seedling 
growth. Significant variation was found both among populations and between 
the two regions of seed origin. Populations from the southern region produced 
seedlings of greater final biomass than the northern ones. Root and shoot growth 
were negatively correlated with temperature and water deficit, but positively with 
precipitation. This indicates that better growth of seedlings was associated with 
cooler and moister conditions. The sensitivity of beech seed germination and 
fitness to the water supply can be explained by the suborthodox (intermediate) 
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character of these seeds. They are sensitive to long term storage in a desiccated 
state. To sum up, beech seed germination and seedling development may be ex-
posed to threatening conditions of water deficit and increased temperatures.

Analysis of correlation between seed and seedling traits indicates that seed-
ling shoot growth was negatively correlated with seed dormancy depth and pos-
itively with germination speed. Shoot length and total seedling mass were pos-
itively correlated with germination capacity, and all seedling traits, except root 
length, were positively correlated with seed mass. These results suggest that the 
fitness of beech correlates with shallow seed dormancy, higher germination ca-
pacity, and heavier seed mass.

Analysis of morphological seedling traits showed that they differed among 
provenances with the highest variability observed in root-related traits. The tem-
perature of the origin sites exhibited strong positive effects on root mass, where-
as negative effects were reflected by a shorter root length in populations from 
warmer sites. The production of longer and finer roots was associated with higher 
moisture availability at the sites of seed origin. These root traits may allow for 
effective water absorption from the soil, but may also reduce the ability to with-
stand drought (Zadworny et al. 2021). The results suggest that even those shorter 
and tougher roots were effective in providing enough water to the aboveground 
parts.

Climate change and beech regeneration
The presented results imply that increasing temperatures and decreasing precip-
itation may be factors limiting beech regeneration in the future. Although indi-
vidual climatic variables describing the origin sites in the study explained only 
a moderate part of the variation among examined beech populations in seed ger-
mination and seedling traits, there appears to be a clear pattern that populations 
originating from warmer and drier sites (mostly located in the northern region), 
when compared with those from the opposite end of the climatic gradient, germi-
nated later and with lower success, and produced smaller seedlings with shorter 
and tougher roots. This trend is worrisome for several reasons. Firstly, it indicates 
that those populations require a longer stratification period for seed dormancy 
breakage, which may be disturbed by additional climatic warming, especially in 
winter. Particularly concerning is that later-emerging seedlings may be subject 
to drought, especially since their root morphological traits may be less favorable 
for water absorption from the soil than in populations from the southern group.

The effects of climate change are generally expected to reduce tree growth 
and survival, predispose forests to disturbance by wildfire, insects, and disease, 
and ultimately change forest structure and composition at the landscape scale 
(Chmura et al. 2011). In the light of the results of the present study, warming can 
disturb the correct progression of seed germination and in consequence beech 
regeneration. Water deficit and ground frost may be limiting factors for beech 
regeneration. The plasticity of beech populations might not be sufficient to en-
sure its regeneration in the future due to extreme heat and drought events at the 
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rear edge. At the cold distribution margin, high plasticity in the early life-history 
traits may allow for increasing germination success with increasing temperatures; 
however, warming may negatively affect seedling establishment and survival, and 
thus may facilitate natural regeneration in the future only to a  limited extent. 
Because of the differentiation in growth and the phenological responses of beech, 
it can be suggested that caution should be taken when translocating provenances 
in anticipation of the predicted climate warming, which we can also infer on the 
basis of the local habitat-based associations of seed and seedling properties.

Conclusion
The results of the study indicated the existence of differentiation in adaptation in 
seed and seedling ecology among provenances of Fagus sylvatica in Poland, at the 
northeastern range of the species distribution. This adaptation strategy is related 
to environmental conditions at the provenance level. The temperature and precip-
itation variables affecting climatic water availability shaped, to some degree, the 
seed dormancy and germination pattern among examined beech populations, but 
less so the variation in seedling growth and morphology. Populations originating 
from warmer and drier sites in our study required a longer period of seed stratifi-
cation, germinated later and with lower success, and produced smaller seedlings. 
When combined, these factors would expose them to the risks associated with 
projected climate change. On the other hand, the root morphology of these pop-
ulations may indicate adaptation to lower water availability. Understanding how 
beech populations adjust to new environments is critically important given the 
major role of northern populations in broadening their distribution range. Vary-
ing requirements for seed germination, the differences in the success of seedling 
emergence, and seedling growth and morphology will contribute to variation in 
regeneration success within the species.

This research was supported by the National Science Centre, Poland (Project 2019/33/B/ 
NZ9/02660).
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The term “symbiosis” originates from the Greek word (Gk) meaning ‘living to-
gether’. In this context, “mycorrhizal symbiosis” refers to a structural and func-
tional association involving the soil fungi (Gk: mykes; Latin: mycor) and fine roots 
(Gk: rhiza) of most terrestrial ecosystems. In historical overviews, the discov-
ery of mycorrhiza is often attributed to the German phytopathologist B. Frank. 
However, it was a Polish professor, F. Kamieński, who first claimed in 1881 that 
root fungi may be beneficial to plants. Nowadays, it is widely accepted that most 
vascular plants cannot grow and reproduce successfully without mycorrhiza (plu-
ral: mycorrhizae or mycorrhizas) provided by networks of soil fungi. Based on 
anatomical and morphological features, several types of mycorrhizal symbiosis 
have been distinguished (ectomycorrhizal, arbuscular, arbutoid, ericoid, orchid, 
and monotropoid; common mycorrhiza types, such as ectendomycorrhiza, are 
considered to be structural derivatives of ectomycorrhiza).

Many economically and ecologically important trees in temperate, boreal, and 
tropical forests are involved in ectomycorrhizal (ECM) symbiosis, which is the 
main focus of this review. The predominately ECM tree families include Pinaceae, 
Fagaceae, and Betulaceae. Some primarily ECM woody plants may also harbour 
arbuscular mycorrhizal fungal symbionts in their roots. Such dual mycorrhizal 
associations have been frequently reported in the roots of Salix, Populus, Alnus, 
Eucalyptus, and some Quercus spp.

The fungal species forming ECM associations cover three divisions (Ascomy-
cota, Basidiomycota, and Zygomycota),  > 250 genera, and an estimated 20,000 
species. In an ECM symbiosis, fungi provide nutrients (notably nitrogen and phos-
phorus) and water to plants, acquired from the soil via their mycelium networks. 
In exchange, plants provide them with photo-assimilated C-compounds (e.g., sim-
ple sugars). Mycorrhizal fungi also protect their hosts from toxins and pathogens.

In ECM symbiosis, the fungi penetrate between epidermal and cortical cells 
(the so-called Hartig net) but also form a mycelial mantle that covers fine root 
tips and changes their morphology into different “morphotypes” that differ in 
colour, shape, and branching (fig. 1).

Ectomycorrhizal fungal communities in forest 
ecosystems: a journey through different research...
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Determining above- and below-ground ectomycorrhizal fungal 
community structure
Community ecology is the study of species that co-occur together in time and 
space. The particular species present, and their relative abundances, determine 
what is frequently referred to as “community structure”. The ECM fungal (ECMF) 
community structure on the root system merits special attention because of its 
functional significance for forest trees and attempts to define the forces in nature 
affecting that structure. A comprehensive review of different methods for iden-
tifying and measuring the diversity of ECM fungi is presented by Janowski and 
Leski (2023). In the present contribution, I refer to the usage of different methods 
in the identification of ECMF communities in diverse forest ecosystems as con-

Fig. 1. Different ectomycorrhizal morphotypes identified on forest trees



Ectomycorrhizal fungal communities in forest ecosystems: a journey through different research... 

		  87

ducted at the Department of Symbiotic Associations of the Institute of Dendrol-
ogy over the past twenty years.

Sporocarp inventories: Over many years, descriptions of ECM species composi-
tions and their spatial patterns have been almost exclusively based on sporocarp 
inventories, assuming that sporocarp production reflects the relative abundance 
and importance of the species on the root system. However, such surveys have 
to be performed in considerable detail and over long periods (3–9 years), because 
sporocarp abundance varies greatly in space and time, as a result of a wide range 
of external factors. Finally, it appeared that in terms of species composition, the 
sporocarp surveyonly moderately reflects the analysis of ECM tips. We showed 
it very clearly in some of our papers that, in terms of species composition, the 
sporocarp survey was not compatible with the analysis of the ECMF tips of Scots 
pine, and largely supplemented the belowground view (Rudawska et al. 2011, 
Leski et al. 2019).

Morphotyping: As an alternative to sporocarp inventories, a supplementary ap-
proach to studying ECMF composition was developed based on morphological 
characterization of ECM roots – so-called morphotyping. The macroscopic and 
microscopic characteristics of ECM roots have become widely used for identifica-
tion of the ECM fungi. Our first papers based only on morphotyping were done 
on Scots pine seedlings from forest nurseries (Rudawska et al. 2001). However, 
the resolution of such morphological groupings was often low and highly depend-
ent on the training and experience of the investigator, and hence an unambiguous 
species-specific identification of mycorrhizas was not possible. Nevertheless, in 
the early stages of the research on ECMF community structure, morphotyping 
was a very important approach. Though the taxonomy of fungi based on mor-
phological characteristics enabled preliminary description and identification of 
ECMF species, classification of fungi that is based only on their morphological 
characteristics was not sufficient and, with time, molecular methods provided 
excellent tools for studying both, above- and below-ground communities at the 
species level.

Molecular methods: Different molecular techniques can be chosen to identify 
ECMF communities, depending on the aims of the study, research hypotheses 
and the fungal material. Molecular methods based on polymerase chain reaction 
(PCR) are among the most useful approaches for the identification of fungi from 
ectomycorrhizas, or ECM mycelium (e.g., sporocarps, extrametrical mycelium or 
rhizomorphs), because they require only minute sample sizes and can be targeted 
at several different taxonomic levels. If a barcoding DNA sequence obtained from 
an ECM root matches one recorded from a sporocarp, it is inferred that they be-
long to the same ECMF taxon. DNA sequencing of barcode genes, such as the ITS 
(internal transcribed spacer) rDNA, for the identification and discovery of fungal 
specimens directly from ectomycorrhizas, has become nowadays of routine use 
and appears to be a relatively fast and inexpensive approach. Following DNA ex-
traction and PCR, various techniques such as RFLP (restriction fragment length 
polymorphism), cloning and sequencing resolve the identification of individual 
fungi or develop ECMF community profiles.
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In our research, molecular methods appeared to be especially useful and very 
efficient for determining ECM fungi in forest nurseries where, due to the inten-
sive management, the appearance of sporocarps is infrequent. For the first time, 
we investigated the species richness and composition of mycorrhizal fungi natu-
rally colonising one- and two-year-old Pinus sylvestris L. seedlings from bare-root 
nurseries in Poland, using RFLP of the ITS of fungal rDNA (Iwański, Rudawska 
2006). Shortly thereafter we substituted RFLP analysis with Sanger sequencing 
of ITS region of DNA, and over the next consecutive years, we explored the my-
corrhizal status of the nursery planting stock of tree species that predominate 
in temperate forests using Sanger sequencing on such tree species as P. sylves-
tris (Iwański et al. 2006, Aučina et al. 2014, Rudawska, Leski 2021), Picea abies 
(Rudawska et al. 2006, Trocha et al. 2006), Larix decidua (Leski et al. 2008), 
Quercus spp. (Leski et al. 2010), Fagus sylvatica (Pietras et al. 2013) and admixture 
tree-seedlings like Betula pendula, Tilia cordata and Carpinus betulus (Rudawska et 
al. 2019). Our results showed the high diversity of ECM fungi colonizing the nurs-
ery stock of different tree species (Rudawska, Leski 2009). They contradicted the 
opinions about the scarcity of the ECMF symbionts inhabiting seedlings reared 
in the conditions of forest nurseries, as was advertised by large-scale nurseries.

Direct analyses of ECMF communities from roots or soil samples have been 
greatly accommodated by the development of next-generation sequencing (NGS) 
technology, which has resulted in greater sequence yields at lower costs, making 
these technologies affordable to a variety of users. We applied high-throughput 
Illumina MiSeq sequencing of fungal ITS1 amplicons to determine the ECMF 
communities in formerly managed forest reserves (established around 50 years 
ago) and forests under standard forest management. This new technology al-
lowed us to describe the ECMF communities but also species of fungi from other 
trophic groups like saprotrophs, and pathogens (Kujawska et al. 2021).

With this decline in the cost of massively paralleled sequencing applications, 
direct metabarcoding analyses become the most efficient method to query the 
structure of resident communities. Despite the enormous capabilities of the NGS 
method and the discovery of high fungal diversity in the soil of tested forests, not 
all fungi found by mycorrhizal root tips analysis and sporocarps surveys (Leski 
et al. 2019, Rudawska et al. 2022) were recovered in our parallel NGS studies 
(Kujawska et al. 2021). Therefore, to obtain a comprehensive and complete un-
derstanding of the diversity and functioning of soil mycobiota, varied methods 
should be applied (see the recommendation for future research below).

Research on ectomycorrhizal fungal communities and their 
environmental drivers

Based on the combined approach, i.e. morphotyping of fine roots into ECM mor-
photypes, followed by Sanger molecular identification of a selected small number 
of samples from each morphotype or NGS technology, we have examined the spe-
cies diversity of ECM communities in a very wide range of environments and on 
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many different tree species. Our research comprised native tree species like P. syl-
vestris (Iwański et al. 2007, Stankeviciene et al. 2008, Rudawska et al. 2011, 2017, 
2018, Trocha et al. 2012, Aučina et al. 2019), P. mugo (Aučina et al. 2011), P. abies 
(Rudawska 2007), Abies alba (Rudawska et al. 2016, Kujawska et al. 2023), Larix 
decidua (Leski, Rudawska 2012), Betula pendula (Trocha et al. 2007), or Quercus 
sp. (Trocha et al. 2012), as well as several alien trees like Carya ovata (Rudawska 
et al. 2018, Wilgan et al. 2020), A. grandis (Kujawska et al. 2023) and Q. rubra 
(Trocha et al. 2012). We showed that irrespective of the origin (Europe vs North 
America), congeneric tree species are characterised by a comparable number of 
ECMF communities, although with different compositions and structures. This 
finding implies that alien tree species planted outside their natural range may 
be an interesting reservoir of ectomycorrhizal fungi in a climate change scenario 
where conserving diverse ECMF assemblages may be of ecological importance. 
Other areas of research using combined morpho-molecular studies focused on 
the effect of the genotype of different tree species, like P. sylvestris (Leski et al. 
2010), Populus sp. (Karliński et al. 2013, 2020) and Abies sp. (Kujawska et al. 
2023), on ECMF communities. We also revealed the effect of host specificity 
(Trocha et al. 2012), soil type, soil moisture, season, natural nutrient gradients, 
and the quality and quantity of organic matter (e.g., Aučina et al. 2014, Rudawska 
et al. 2017, 2022). ECMF communities were also investigated under standard 
forest management practices as well as protected forests. The results indicated 
a rather slow process of transformation of ECMF communities in forest reserves 
originating from previously managed forests (Leski et al. 2019, Kujawska et al. 
2021, Rudawska et al. 2022).

Along with the analysis of the ECMF community structure, we were able to 
extend our research to include the range of biotic and abiotic drivers influenc-
ing these communities. The tree chronosequence appeared to be an important 
factor influencing the ECMF community both in forest nurseries (Rudawska, 
Leski 2021) and in mature forests (Rudawska et al. 2018). The observed ECMF 
species richness did not significantly change along the tree chronosequence, but 
shifts in identified taxa were significant. Though some studies suggest that on 
a broad scale, soil fungal communities are highly influenced by stochastic pro-
cesses, ample evidence suggests that on a local or regional scale, the most influ-
ential drivers of fungal species composition are climate (e.g., temperature and 
precipitation), forest stand structure (e.g., canopy cover, tree species, and stand 
age), and site characteristics (e.g., slope, aspect, altitude, and soil properties). 
In most of our studies, the most important drivers determining the structure of 
forest soil ECMF communities related to the biotic features of stands, such as the 
total number of tree species, the number of ECM tree species, and the number 
of trees with a DBH > 10 cm, etc. ECMF diversity was also affected by a wide 
range of soil chemical properties corresponding to pH, C and N (Leski et al. 2019, 
Rudawska et al. 2022), but also differentiated nitrogen fertilization (Rudawska 
et al. 2001), toxic metal contamination (Rudawska et al. 2000, 2003, 2011), and 
other forms of anthropogenic pollution (Rudawska et al. 2011). It is worth under-
lining that molecular analysis of ectomycorrhizas also allows the identification 
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of several conservation-relevant species not found by sporocarp surveys. Species 
of conservation value (red-listed and rare species in Poland) have been noted in 
both forest reserves and managed forests, showing that each management regime 
contributes a certain number of taxa not found in the other (Leski et al. 2019, 
Kujawska et al. 2021, 2023, Rudawska et al. 2022).

The most important challenges in ectomycorrhizal research
The knowledge about ECMF communities is of great importance for science, 
management, conservation, and policy. Despite the considerable number of stud-
ies conducted on ECMF community structure, there are still many unanswered 
questions. Distributions, diversity hotspots, dominance and rarity, and indicators 
of forest changes are very important areas which remain to be explored in ECMF 
interactions and their dynamics. The most important challenges are:
1.	 Development of new methods more accurately describing ECMF communi-

ties. There are several methods available to study ECMF diversity, but each 
has its limitations. Therefore, it is advisable to use a variety of methods, incor-
porating the results of traditional and the newest molecular methods to obta-
in reliable results. Long-term observation in the field is also highly advisable.

2.	 Delivery of accurate mycological data in man-made, native, or disturbed fore-
sts to better manage plant and fungi biodiversity.

3.	 Filling numerous knowledge gaps in the occurrence of ECM fungi with a par-
ticular emphasis on little-known geographic areas, ecosystems, host trees and 
fungal groups to face the challenges the ECMF community poses, and to di-
scover more about their roles in the biosphere.

4.	 Development of present-day molecular tools along with standard PCR analy-
sis and transcriptome analysis, such as oligoarray-based transcriptome pro-
filing, to understand the molecular mechanisms of ECM influence on host 
plants, including N and P acquisition and carbohydrate transport.

5.	 Application of ECM fungi in sylviculture based on the latest knowledge and 
observing nature should be developed. The inoculation of nursery seedlings 
with appropriate ECM fungi is known to promote the uptake of nutrients 
and water, protection against various stresses, increased resistance against 
some pathogens and enhanced seedling regeneration and performance. Focus 
should be placed on applications of a multi-species fungal inoculum.
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Alien or invasive organisms can be plants, animals, fungi, or other organisms 
that, intentionally or accidentally, were moved away from their natural origin. 
In a new area, foreign species may change the structure and species composition 
of native ecosystems by competition for life resources and space. Nowadays, the 
occurrence of alien and invasive organisms is one of the most important problems 
of nature conservation (Vitousek et al. 1996). Most of the currently conducted 
studies focus on the introduction of various plants and animals, mainly those 
with high economic importance (Desprez-Loustau et al. 2007) and pathogenic 
organisms. However, little is known about the spread of foreign species of fungi, 
especially non-pathogenic ones, beyond their natural range.

The history of biological introductions into new areas began almost 500 years 
ago, after Columbus’s first voyage to the Americas. Globally, there is no detailed 
information on the number of introduced organisms. It is estimated that during 
the last 500 years, approximately 50,000 species have been transported to North 
America alone. The estimated cost of biological invasions in the United States 
has currently reached approximately 137 million dollars per year (Pimentel et al. 
2000). In New Zealand more than 25,000 plant species, including 2,500 inva-
sive taxa, have been introduced in the last 100 years. Most of the introductions 
described so far were caused by intentional human activities linked with trans-
ferring goods, crops, or economically important organisms. For example, many 
economically important trees, such as fast-growing pines or Douglas fir were 
moved intentionally, because of fast timber production. Similarly, several plant 
species were introduced into new areas due to their high ornamental value. In 
contrast to intentionally transferred plants, microorganisms, including fungi, are 
mostly introduced circumstantially, mainly by international trade or tourism. For 
example, the transfer of the fungal-like oomycete, Phytophthora infestans, which 
caused potato blight diseases in Ireland in the mid-19th century, resulted in one 
of the greatest famines in the history of the world. The list of the “One Hundred 
Most Dangerous Organisms of Alien Origin” includes only two fungal pathogens 
affecting trees, Ophiostoma ulmi, which causes Dutch elm disease, and Phytophtho-
ra cinnamomi – an oomycete causing the death of many tree species (Lowe et al. 
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2000). In contrast to pathogens listed above, the occurrence of less economically 
important alien non-pathogenic fungi falls outside the interests of the scientif-
ic community. Due to their cryptic nature, fungi can exist for several years as 
a mycelium overgrowing the soil substrate without the appearance of sporocarps. 
Therefore, one of the most significant gaps limiting research on the biogeography 
of alien non-pathogenic fungi is the low level of knowledge about species distri-
butions on regional and continental scales. It is assumed that the small number 
of records of foreign ectomycorrhizal fungi is closely related to the small number 
(and often the lack) of publications from a given country (Vellinga et al. 2009), 
which is especially evident from European lists of mycobiota. However, symbiotic 
fungi show the potential to be widely introduced beyond their natural range. Yet, 
until recently, non-native ectomycorrhizal fungi received scant consideration in 
invasion ecology. The review presented by Vellinga et al. (2009) revealed more 
than 190 publications reporting ectomycorrhizal introductions and at least 200 
species that have been moved from native ranges to novel habitats. However, 
only a few thorough studies have been conducted that describe ectomycorrhizal 
expansion in the Northern Hemisphere, including Europe. Laccaria fraterna, an 
Australian fungus associated with eucalypt trees has been introduced to Europe 
and now occurs with rockroses, European pines, and oaks (Diez et al. 2005). 
Aureoboletus projectellus is well known as a  highly adapted mycorrhizal fungus 
that spreads successfully in pine forests, forming ectomycorrhizal assemblages 
with native European tree partners (Wrzosek et al. 2017). In these cases, fungi 
persist with the introduced hosts and are also able to spread to local tree species. 
However, this invasion pattern is not common in the invasion biology of fungi. 
The most frequently recorded outcome of the introduction of symbiotic fungi 
involves introducing fungi with foreign host plants that do not spread to native 
trees. These fungi are naturally associated with trees planted for forestry, mainly 
conifers. This phenomenon, called coinvasion, is undoubtedly the most observed 
process described in plant-fungus invasion ecology (Dickie et al. 2010).

According to the Delivering Alien Invasive Species Inventories for Europe da-
tabase (DAISIE; http://www.europe-aliens.org/), there are 54 alien conifer spe-
cies in Europe. However, only the North American Pinus strobus is regarded as an 
invasive coniferous species in Europe (Carrillo-Gavilan, Vila 2010). The conse-
quence of the introduction of foreign conifers may be the introduction of their ec-
tomycorrhizal fungi. Suilloid fungi, specifically the genera Suillus and Rhizopogon 
(Boletales, Basidiomycota), are regarded as a crucial driver of pine (and related 
Pinaceae trees) invasions at the global scale (Policelli et al. 2019). Therefore, 
a large body of literature has been previously published describing coinvasions of 
Pinaceae trees and their associated symbionts, but most of the conducted studies 
have been performed in the Southern Hemisphere, where several non-native pine 
species were naturalized and the coinvasion processes have been intensively stud-
ied (Vellinga et al. 2009). In the Northern Hemisphere, the role of symbiotic fun-
gi in coinvasion has been less documented. Besides our previous papers dealing 
with the distribution of Douglas fir (Pietras et al 2018), North American pines 
(Pietras, Kolanowska 2019) and their associated suilloid fungi, little is known 
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about the non-native trees transferred to Europe in terms of their symbiotic fungi 
(Policelli et al. 2019).

The third possibility in the colonization of new areas is simply to not be de-
pendent on mutualism. For example, many common plant invaders are non-myc-
orrhizal. On the other hand, some non-mycorrhizal fungi can be moved into new 
areas independently, without plant or animal vectors. For example, species hav-
ing low dependence on symbioses or being non-mycorrhizal invasive organisms 
with no need to establish mycorrhizal associations might limit their invasion. 
The relatively few studies of non-pathogenic fungi focused mainly on saprobic 
fungi. The expansion of Australian Clathrus archeri (Parent et al. 2000, Pietras 
et al. 2016, 2021) and wood-inhabiting Favolaschia calocera (Vizzini et al. 2009) 
are among a few examples where probable pathways of introduction have been 
described.

Can non-pathogenic fungi be invasive?
The International Union for Conservation of Nature (IUCN) defines invasive 
species as a species that is established outside its natural past or present area of 
distribution, the introduction and/or spread of which threatens biological diver-
sity. However, according to the definition proposed by Blackburn et al. (2011) the 
term “invasive” can be used for organisms with self-sustaining populations at sig-
nificant distances from the place of original introduction. The crucial difference 
between these two definitions is the necessity of the particular species to threat-
en biological diversity. Thus, based on IUCN requirements, any alien, non-path-
ogenic fungi in Europe do not yet qualify to be termed “invasive”, but rather 
potentially invasive. The presentation focus is on non-pathogenic taxa non-native 
to Europe, specifically ectomycorrhizal Aureoboletus projectellus, suilloid fungi like 
Suillus lakei, S. placidus, Rhizopogon salebrosus, and R. verii, as well as two sapro-
trophic taxa: Stropharia rugosoannulata and Clathrus archeri. The main aim of the 
lecture is to present various methodological approaches, from the classical taxon-
omy of fungi, and molecular biology methods, to ecological modeling tools that 
can be used in biogeographical studies of non-pathogenic fungi; and to consider 
the associated limitations and biases, as well as perspectives and challenges in 
invasion ecology and biogeography of fungi.

Where is the problem?
In general, in situ detection of non-native fungi occurring in native ecosystems 
is very difficult. Fungi are usually cryptic organisms and are found mostly using 
field surveys of conspicuous fruiting bodies, although the mycelia and mycor-
rhizal root tips of these species may have persisted for many years before fruiting 
bodies were produced. The second bias of research on biogeography and ecology 
on non-pathogenic fungi is the poorly documented geographic ranges of many 
species or even lineages of fungi. The biogeography of fungi, in general, remains 
largely unknown, consequently very limited attention has been paid to the spread-
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ing of non-pathogenic fungi outside their native range. Recently, this knowledge 
gap has been particularly worrisome with regard to some suilloid (Pietras et al. 
2018, Pietras 2019, Pietras, Kolanowska 2019) and boletoid (Wrzosek at al. 2017, 
Banasiak et al. 2019a, b) fungi; both groups originated from North America and 
are spreading in Europe. Still, relatively little is known about the plant-fungus 
and fungus-ecosystem interactions outside the natural ranges of fungi.

The next problem is that fungi encompass several million species, but most 
of them are undiscovered (Taylor et al. 2014). Moreover, fungi can be described 
for the first time or known only from an invasive range (Galan, Moreno 1998). 
Species concepts in fungi are also often unclear, making identification and range 
mapping more difficult. This explains why non-pathogenic fungi are usually 
poorly represented in databases of alien organisms, if at all. According to De-
sprez-Loustau et al. (2007), the main reason for poor fungi representation in 
databases of alien organisms is the limited baseline data on fungal communities.

Studied macrofungi
Fungal ecology and biogeography is one of the areas most explored by scientists 
from the Institute of Dendrology PAS. In recent years, three scientific projects 
dealing with the early detection, biogeography, and impacts of non-pathogenic 
fungi have been carried out. Moreover, over the last 10 years almost 200 records 
of non-native macrofungi have been gathered and published in open databases or 
deposited in fungaria by mycologists from the Institute, significantly increasing 
the level of knowledge about the biogeography and ecology of non-native fungi 
worldwide (Pietras et al. 2018, 2021, Banasiak et al. 2019a, b, Pietras, Kolanows-
ka 2019, Pietras 2019). The main interests of the conducted research have focused 
on macrofungi with distinct morphological features that are easily recognizable 
in field conditions, making their identification easy even to the naked eye. More-
over, the geographic distribution of fungi presented below is well recognized in 
native and non-native ranges, and the chosen fungi are widespread in areas where 
they occur naturally and frequently in areas where have been introduced. All 
these aspects allow the studied taxa to be classified as model organisms suitable 
for biogeographical research.

Aureoboletus projectellus is a North American bolete that was reported for the 
first time on the Baltic Sea shore in 2007 (Motiejunaite et al. 2011, Wrzosek et al. 
2017). Since then, the fungus has been rapidly extending its range and has been 
found to be a common component of ectomycorrhizal assemblages of European 
pines. Dickie et al. (2016) classified A. projectellus as an example of an invasive 
ectomycorrhizal fungus, but its impacts on native mycobiota and ecosystems has 
not been studied (Wrzosek et al. 2017), thus this taxon cannot be classified as an 
invasive according to the IUCN’s definition.

Suillus lakei is a  commonly recorded ectomycorrhizal partner of Douglas fir 
in North America. The presence of S. lakei has also been documented outside its 
natural range: in South America, Europe, and New Zealand (Pietras et al. 2018, 
Vellinga et al. 2009 and references therein), as a result of its introduction with 
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Douglas fir. In Europe, Douglas fir plantations cover 750,000 ha, but the coinva-
sion of S. lakei and its mycorrhizal partner Douglas fir is limited. Therefore, their 
impact on native ecosystems and potential invasiveness in this region has not 
been studied.

Clathrus archeri is a saprotrophic fungus native to Australia and New Zealand, 
and it has been gradually spreading throughout the world (Perent et al. 2000). In 
Europe, it was first recorded in 1914, in France, presumably as a result of inter-
national trade or military supplies at the beginning of the First World War. Since 
then basidiocarps of this fungus have been recorded hundreds of times, mostly 
in Western and Central Europe, and recently the species has also been recorded 
more than 150 times in Poland, Ukraine, and Lithuania (Pietras et al. 2016). 
Thus, the conclusion can be made that C. archeri is the most widespread exotic 
non-pathogenic fungus in Europe.

Stropharia rugosoannulata is a North American agaric fungus widespread and 
fairly common east of the Great Plains, and occasionally reported in Washington 
and British Columbia. The fungus is commonly known as the wine cap stropha-
ria, “garden giant”, burgundy mushroom, or king stropharia. Stropharia rugosoan-
nulata was introduced to Europe in the mid-20th Century for cultivation and was 
similarly moved to Australia and New Zealand. Escape from cultivation occurs 
in different soil environments, but always on straw mulch, woody debris, or rich, 
humus soil.

How to find an alien?
Nowadays, the constant development of new technologies and the increasing reli-
ance on social media offer excellent opportunities for comprehensive mycological 
research (Heilmann-Clausen et al. 2016), and allow us to obtain detailed infor-
mation from many places on Earth (Andrew et al. 2018). Using open databases 
such as the UNITE sequence database, MycoPortal, and the Global Biodiversity 
Information Facility is crucial for achieving comprehensive information on the 
distribution and occurrence of non-native fungi. An additional source of knowl-
edge can be information associated with the specimens deposited in herbaria. Us-
ing standardized biogeographic data obtained from open databases and thanks to 
the possibility of querying herbarium specimens, we were able to conduct studies 
on the occurrence of Suillus lakei (Pietras et al. 2018), Clathrus archeri (Pietras et 
al. 2021), and Aureoboletus projectellus (Banasiak et al. 2019a, 2019b). Citizen sci-
ence was also used to detect human vectors in the spread of A. projectellus in Po-
land. An additional advantage of using data related to herbarium specimens is the 
possibility of later use of the collected vouchers in research based on advanced 
molecular methods, e.g., population genetics.
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Molecular tools in fungal biogeography

The development of molecular tools contributed to the development of the bio-
logical sciences, including mycology. The genetic approach can be used in tax-
onomic, ecological, and population studies. The recognition of the ITS marker 
as a “barcode” used for molecular identification of fungi is also of great impor-
tance. Based on this approach, molecular identification of ectomycorrhizae was 
performed to investigate fungi assembled with North American Douglas fir and 
early detection of Suillus lakei in Europe (Pietras et al. 2018). Similar research was 
conducted in Eastern white pine plantations (Pietras, Kolanowska 2019), where 
the presence of the North American fungus Rhizopogon salebrosus was confirmed 
in Pomerania. This finding is the first record of the fungus in Poland (Pietras, 
Kolanowska 2019). The documentation of both S. lakei and R. salebrosus in Po-
land proves that molecular markers are helpful in the early detection of alien 
symbiotic fungi, even though the fungus does not form visible sporocarps. The 
ITS-based approach opens the way to develop species specific primers allowing 
to detect non-native fungi directly from the soil, without time-consuming sporo-
carps surveys.

Species distribution models
The niche modeling tools, using presence-only data, allow us to estimate the 
potential range of a  fungus based on the analysed climatic or environmental 
variables. The research carried out showed the potential occurrence of Suillus 
lakei on a regional and global scale (Pietras et al 2019). The performed models 
showed that the distribution of the climatic niche useful for the fungus, is on 
the one hand comparable to the range of the tree’s potential occurrence, and 
on the other hand, much wider than the currently known range of the fungus. 
In Europe, where this taxon is relatively rare and occurs mainly in Central and 
Southern Europe, the range of the bioclimatic niche is much wider. In a study 
dealing with the distribution of the bioclimatic niche of Rhizopogon salebrosus the 
species distribution models were used to assess the distribution of the fungus 
in Europe (Pietras, Kolanowska 2019). The conducted analysis shows that the 
currently known distribution of the fungus covers a potential natural range. In 
Europe, the predicted highest occurrences of the fungus were in mountainous 
regions, including the Alps, the Sudetes and other mountain regions, such as 
the Cordilleras, Carpathian Mountains, Dinaric Mountains, Pontic Mountains, 
Taurus Mountains, Caucasus, and Middle Iranian Mountains. Modeling tools can 
also give information on historical biogeography and the impact of future cli-
mate change on the distribution of fungi. The study describing the distribution 
of Clathrus archeri showed historical and future range changes caused by climate 
change (Pietras et al. 2021). This study revealed that observed climate changes 
may significantly accelerate the loss of suitable area in the natural range, but on 
the other hand, the fungus can extend its area beyond its natural range, making 
it a potentially invasive species.
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Perspectives and challenges

Detailed descriptions of the biogeography of non-native macrofungi are still 
needed. However, the most challenging aspect of their ecology is to investigate 
the impact of fungal introduction on native ecosystems, especially regarding com-
petition with native mycobiota, the influence on soil carbon cycle, and impacts 
on other components of native ecosystems. At the Institute of Dendrology PAS 
we are employing several approaches focused on population genetics, ecosystem 
functioning and molecular biology of potentially invasive fungi, to better under-
stand the invasion ecology of non-pathogenic fungi and to prove their negative 
impacts on native ecosystems. Therefore, our everyday work connects different 
science disciplines (such as fungal ecology, mycology, environmental sciences, 
and molecular biology) that consider the invasion ecology of fungi.

This study was supported by the Institute of Dendrology, Polish Academy of Sciences, 
within statutory activity and by the Polish National Science Centre under the following 
grants’ numbers: 2011/03/N/NZ9/04562, 2015/16/S/NZ9/00370 and 2019/35/B/
NZ8/01798.
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Leaves play a  crucial role in the growth, development, and survival of plants. 
They are engaged in capturing light, transporting water together with mineral 
salts and assimilates, facilitating gas exchange, dissipating heat, and providing 
defence against herbivores and pathogens (Nicotra et al. 2011). The diversity 
in their morphology and structure is shaped by these functions and the chang-
ing environmental conditions (Nicotra et al. 2011, McKee 2017). In particular, 
through the process of evolution, angiosperms have developed the widest variety 
of leaf forms. The evolution, growth, and development of these forms are intri-
cately linked to both the species’ evolutionary background and the environmental 
conditions, as well as the developmental stage at which they find themselves 
(Nicotra et al. 2011).

It is believed that teeth may provide protection against herbivores. For exam-
ple, insects often refrain from feeding on leaves inhabited by other insects. In 
this case, the teeth visually resemble insect damage, which deters insects (Ehr-
lich, Raven 1967, Curtis, Lersten 1974, Givnish 1979, Rivero-Lynch et al. 1996). 
Teeth may also be the result of hydraulic constraints of the xylem (Givnish 1979, 
Zwieniecki et al. 2004, Givnish, Kriebel 2017). The leaf is a complex hydraulic 
system. Delivering water to surfaces located between conducting bundles is rela-
tively difficult, so during leaf development there is a restriction of tissues difficult 
in such transport, ensuring the most efficient water delivery. On the other hand, 
teeth may accelerate water removal (Field et al. 2005). Water stomata in teeth 
prevent water from filling the intercellular spaces in plants, with the function of 
hydathodes being most significant in young plants. Additionally, the functional 
consequence of hydathode development on teeth is easier guttation (Royer, Wilf 
2006). Accelerating the flow of phloem sap or efficient removal of excess water 
is related to a large number of hydathodes and stomatal apparatuses (Roth et al. 
1995, Feild et al. 2005).

Teeth on leaves could significantly enhance the carbon absorption rate at the 
start of the vegetation period (Baker-Brosh, Peet 1997, Feild et al. 2005, Royer, 
Wilf 2006, Peppe et al. 2011). Observations reveal that the teeth on young, de-
veloping leaves are notably larger than those on mature leaves (Baker-Brosh, Peet 
1997, Feild et al. 2005). The teeth found on young Ulmus leaves are characterized 
by a well-developed spongy mesophyll, suggesting a more vigorous gas exchange 
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compared to the central portion of the leaf (Baker-Brosh, Peet 1997, Nicotra et al. 
2011). This observation is supported by Zwieniecki’s (2004) research on Quercus 
rubra, which confirms that the developing leaves have a larger surface area.

The large surface area of teeth in developing leaves may indicate a functional 
relationship between the presence of irregularity on the leaf blade edge and the 
intensity of photosynthesis in the early stages of vegetation (Baker-Brosh, Peet 
1997, Wright et al. 2005). The hypothesis that increased gas exchange at the 
leaf blade’s edge can explain this relationship posits that such an adaptation en-
hances early-stage photosynthesis. This adaptation could lead to more efficient 
export and assimilate supply by young and developing leaves, especially when the 
crown is less dense, allowing more light to reach the lower parts, and when water 
availability is high in spring (Zohner et al. 2019). As the irregularities on the leaf 
blade’s edge diminish with maturation, it is presumed that light conditions can 
affect the rate of these changes. Consequently, one might expect to find more 
pronounced irregularities on the edges of leaves in shaded areas. Yet, to date, no 
such comparative studies have been undertaken.

Another potential role of irregularity on the leaf blade edge is associated with 
the improvement of light conditions of lower leaves. Teeth cause light to refract, 
disperse, and consequently improve its penetration to the lower parts of the crown 
(Niklas 1989, Nicotra et al. 2011, Rubio de Casas et al. 2011, Maslova et al. 2018).

Leaf morphology is shaped by numerous factors, including adaptation to envi-
ronmental conditions and their primary function of carbon dioxide assimilation 
(McDonald et al. 2003, Nicotra et al. 2011). Early in the 20th century, scien-
tists observed a link between climate and leaf blade edge irregularities, noting 
that species with toothed leaves were more common in cooler climates than in 
warmer ones (Bailey, Sinnott 1915, 1916). Paleobotany uses this observation to 
deduce climate conditions from the species composition of fossil floras (Wolfe 
1978, 1993, Huff et al. 2003, Greenwood et al. 2004, Nicotra et al. 2011, McKee 
2017). Numerous studies have verified the correlation between average temper-
ature and the presence of species with toothed versus entire leaf blades in local 
floras (Wolfe 1979, Traiser et al. 2005, Royer, Wilf 2006, Royer et al. 2009, Little 
et al. 2010, Peppe et al. 2011, Yang et al. 2015). However, the specific causes be-
hind the irregularity of the leaf blade edge remain largely unknown (Wolfe 1993, 
Roth et al. 1995, Baker-Brosh, Peet 1997, Wilf 1997, Field et al. 2005). Further 
research is needed to explore this dependency within the context of assessing 
climatic conditions of fossil floras and to better understand this phenomenon. 
However, the relationship does not appear to be straightforward or universal. 
For instance, it has been pointed out that in cooler conditions (around up to 5°C) 
this dependency is often not observed (Peppe et al. 2011). An explanation might 
be the predominant presence of evergreen shrubs that overwinter under snow in 
cooler local climates, where species with evergreen leaves tend to have entirely 
edged blades, dominating over species with toothed leaves (Givnish 1979, Wolfe 
1993, Peppe et al. 2011).

Phylogenetic studies also indicate the decisive influence of temperature on 
the appearance of irregularities on the leaf blade (Little et al. 2010). Teeth are 
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commonly found in 42 orders and 173 families of angiosperms (Rios et al. 2020). 
Jones et al. (2009) suggest that leaves with teeth have evolved many times inde-
pendently in unrelated groups of plants, and that this is a labile trait indicating 
adaptive adaptations and response to environmental conditions (Baker-Brosh, 
Peet 1997, Iszkuło, Myślicka 2015, McKee 2017). To date, the causes and mech-
anisms that would confirm that a cooler climate may influence the irregularity 
of the leaf blade edges, and that among closely related species the relationship 
between leaf form – climate and leaf habit will be preserved, have not been clearly 
identified.

The hypothesis of bud packing emerged while seeking answers to questions 
regarding the causes behind the formation of teeth and irregularities on the leaf 
blade. The development of leaf primordia and the way they are packed in winter 
buds may influence the shaping of the leaf blade edge appearing early in spring 
(Kobayashi et al. 1998, Couturier et al. 2012, Edwards et al. 2016, 2017). The 
presence of teeth or lobing may affect denser packing of leaves in buds, thereby 
contributing to their earlier appearance in spring (Lopez et al. 2008). This was 
confirmed by the observations of Edwards et al. (2016) indicating that in Vibur-
num leaves appearing earlier on the shoot are leaves that develop longer in buds: 
they are more toothed than those that appear later. On the other hand, Givnish 
and Kriebel (2017) argue that this hypothesis may rather explain the develop-
ment of lobing of the leaf blade, not the teeth themselves. Therefore, the cause 
shaping the irregular edges of the leaf blade remains unknown.
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Stołowe Mountains National Park (SMNP) is one of the most explored nation-
al parks in Poland in terms of scientific research conducted by scientists from 
the Institute of Dendrology PAS. Just in the last few years, we conducted three 
research projects aimed at the recognition of habitats in the vicinity of main 
streams, small rivers and springs covering the whole SMNP area (fig. 1). The re-
search took place in 2017, 2021 and 2023, and the results and conclusions served 
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as guidelines for the renaturalization processes of anthropogenically modified 
semi-natural habitats. Our intense research in recent years significantly increased 
the level of biological and ecological knowledge of SMNP ecosystems (e.g. Dyder-
ski et al. 2018, Kamczyc et al. 2018, 2023, Pielech et al. 2018, Wierzcholska et al. 
2018, 2024).

“Recognition and assessment of the current state of natural 
habitats in the vicinity of the Czerwona Woda River”

Our first research project conducted in SMNP in 2017 aimed to identify nat-
ural values and their mutual relationships through a qualitative assessment of 
the structure and functioning of ecological systems located in the vicinity of the 
Czerwona Woda River (fig. 1).

The research covered the Czerwona Woda River valley along its entire length, 
from its source to the end of its course in SMNP. The area of the Czerwona Woda 
River valley was determined using a digital terrain model, and in its widest part 
it was limited to a width of 100 m. In total, the research covered 91.2 ha. Within 
a  set of sample plots we assessed the state of vegetation, taking into account: 

Fig. 1. Locations of the study sites along the Czerwona Woda River and the Kudowski 
Potok River, and forest springs within the Stołowe Mountains National Park (QGIS 
Development Team, 2024, QGIS Geographic Information System. Open Source Geo-
spatial Foundation Project)
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(1) the degree of its naturalness/preservation, (2) the state of herbaceous plant 
biomass in selected patches of actual vegetation, (3) the diversity of lichenized 
fungi and macrofungi, with indications of the locations of rare, endangered and 
protected species, (4) the assemblages of Mesostigmata mite communities as bi-
oindicators of changes occurring in the soil environment, (5) the relative solar 
radiation intensity (as a proxy for light availability, we used diffuse non-inter-
ceptance – DIFN), (6) the state of tree fine root biomass and morphology as a re-
action to the variability of habitat conditions, and (7) natural tree regeneration as 
a reflection of habitat conditions.

The studied area, despite significant transformations in relation to the poten-
tial natural vegetation, has high natural value. In total, 196 taxa of vascular plants 
were found there. On the background of the entire SMNP flora, numbering 1,006 
taxa in total (and currently 868 taxa; Świerkosz 2007), this constitutes 22.5%, 
while the area of the Czerwona Woda River valley (91.2 ha) constitutes 1.4% of 
the area of SMNP. Such a large part of the plant species pool of a given region, 
accumulated in a disproportionately small area, is a characteristic feature of riv-
erine ecosystems (Naiman et al. 1993, Dolanc, Hunsaker 2017, González et al. 
2017).

The occurrence of 148 bryophyte taxa was also found. The analysis of the fun-
gal biota of the Czerwona Woda River valley showed the occurrence of 148 taxa 
of macrofungi and 2 species of slime molds. This number is almost three times 
higher than the number given in the SMNP conservation plan – 56 (Chachulski 
2013). The occurrence of 106 lichen taxa (lichenized fungi) was also found. This 
number constitutes 48.3% of the 211 taxa identified during the elaboration of the 
SMNP conservation plan (Chachulski 2013). The analysis of samples of Mesostig-
mata soil mites showed the presence of 57 taxa, which constitutes 60.6% of the 
SMNP acarofauna (Kamczyc, Skorupski 2014).

The analysis of species richness in the longitudinal river gradient showed 
the highest species richness between the middle and lower reaches of the river. 
For the analyzed groups of organisms, statistically significant relationships were 
found in the cases of all bryophytes (r2 = 0.12), fungi (r2 = 0.14) and Mesostig-
mata mites (r2 = 0.06). The low values of the determination coefficients result 
from the large internal diversity of the analyzed samples. For bryophytes in gen-
eral and epigeic bryophytes, the differences in responses resulted from the more 
frequent occurrence of deciduous trees in the lower reaches that are important 
phorophytes for epiphytic species. In the case of fungi, the lower river course is 
the poorest in terms of species richness, mainly due to the tree stand composition 
and presence of more fertile habitats there. The analysis of the spatial distribution 
of species richness showed similar relationships to the analysis of the distribution 
along the longitudinal gradient of the Czerwona Woda River. The greatest species 
richness of vascular plants in the middle reaches and lichens in the upper reaches 
is particularly visible. For Mesostigmata mites, two centers of species richness 
are located in the middle reaches and the lower river course within SMNP.  In 
the case of epigeic bryophytes, there is a large local variation in species richness, 
which results from the diversity of micro-relief and light conditions.
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Analysis of the relationships between species richness and light availability 
indicates the lack of clear relationships for most of the studied groups. This may 
be due to the high species diversity in the Czerwona Woda River valley, which is 
usually followed by functional diversity. The strongest, but still statistically in-
significant relationships were found for lichens, dominated by lichens occurring 
on wood. For this group of organisms, the light availability is crucial. For bryo-
phytes, a negative but statistically insignificant relationship is visible.

Analysis of the relationships between species richness and soil pH indicates 
more clear relationships than for light availability. The strongest relationships 
were recorded for vascular plants, epigeic and epilithic bryophytes, and macro-
fungi. The only group of plants whose species richness increases with soil reac-
tion are vascular plants. The lack of statistical significance for organisms from 
habitats other than soil is understandable due to their independence from soil 
resources.

The species richness of individual groups of organisms was weakly related. 
The closest relationships were found between bryophytes and lichens (r = 0.829), 
mites and bryophytes (r = –0.364), fungi and vascular plants (r = –0.337), and 
bryophytes and vascular plants (r = –0.262). Low values of correlation coeffi-
cients may also result from the high variability of light and trophic conditions, 
which mask the existing relationships.

The obtained results indicate large differences in the response of individual 
taxonomic groups to water availability against the backdrop of trophic gradients 
and light availability. The main factor that may shape biodiversity locally is the 
microhabitat variability of water conditions. It results from factors related to the 
tree stand structure, micro-relief, and the influence of the river’s hydrological re-
gime. The tree stand structure determines the openness of the canopy, and there-
fore the inflow of solar energy, determining the rate of water evaporation (von 
Arx et al. 2012, Mueller et al. 2016), and additionally, the rate of transpiration 
is related to the assimilation apparatus area (Cienciala et al. 1992, Kozlowski, 
Pallardy 1997, Sarkkola et al. 2010). Microrelief affects the local accumulation of 
water in ground depressions and the possibility of creating peaty basins. These 
microhabitats, also related to the occurrence of sphagnum facies, increase water 
retention in the ecosystem (Rydin et al. 2006). On the other hand, these micro-
habitats, despite the presence of numerous seedlings, are not suitable for further 
stand development (Macdonald, Yin 1999, Ohlson et al. 2001, Jagodziński et al. 
2017). The mosaic nature of the microrelief is also related to the occurrence of 
dead trees, especially those fallen with the root system (Swanson et al. 2011, 
Chećko et al. 2015).

An important element in recognizing the natural values of the Czerwona 
Woda River valley is the distinction between spruce stands of artificial origin, 
occupying primarily acidic beech forest habitats, and the swamp spruce forests 
of Vaccinio uliginosi-Piceetum, which constitute natural communities. Due to the 
occurrence of rare and endangered species, as well as natural syngenesis, these 
swamp spruce forests are highly valuable systems. They are also a natural habitat 
of the Natura 2000 network no. 91D0-4 called “wet and peat bog mountain spruce 
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forest” (Potocka 2004). Due to the large share of bryophytes in the undergrowth 
biomass, they constitute an important reservoir of water, but are also at risk 
due to the existence of former drainage ditches. Despite overgrowing vegetation, 
drainage ditches may continue to cause water runoff from peat bog catchments 
for a long time (Ilnicki 2002, Kujawa-Pawlaczyk, Pawlaczyk 2005, Herbichowa et 
al. 2007, Herbich, Herbichowa 2011, Dyderski et al. 2015, Dyderski, Jagodziński 
2016). These systems are particularly vulnerable to further disruption of water 
conditions, although they are capable of regeneration, as evidenced by the small 
share of species typical of drained peat bogs, e.g., Molinia caerulea.

“Recognition and assessment of the current state of natural 
habitats in the vicinity of the Kudowski Potok River and its 
main tributaries”

The second research project was conducted in SMNP in 2021 and aimed to identi-
fy natural values and their mutual relationships through a qualitative assessment 
of the structure and functioning of ecological systems located in the vicinity of 
the Kudowski Potok River and its tributaries (fig. 1). The Kudowski Potok River 
is a mountain stream bearing water from the southwestern slopes of SMNP. The 
total length of the river is 7.3 km, of which 3.2 km lies within SMNP. The total 
area of the Kudowski Potok River catchment is 1,110.39 ha, while within SMNP 
it is 657.84 ha. The total length of the river network in the Kudowski Potok River 
catchment within SMNP is 15.1 km. The Kudowski Potok River is located in the 
watershed of the North Sea (Elbe basin).

Due to the great importance of the Kudowski Potok River and its tributaries 
for water retention within SMNP, preservation of plant communities in protected 
forests and SMNP biodiversity, we carried out a number of studies covering for-
est natural habitats in the vicinity of the Kudowski Potok River (3.2 km) and its 
two main tributaries: the tributary from Lelkowa Mount (1.6 km) and the trib-
utary from Krucza Kopa (2.4 km). The total length of the selected watercourses 
is 7.2 km.

Almost the entire area of the Kudowski Potok River catchment and its tribu-
taries within SMNP is forested, which is of great importance for the natural wa-
ter retention capacity in this area. The watercourses in question are surrounded 
mainly by well-preserved forest plant communities.

Research carried out in the valley of the Kudowski Potok River and two of its 
tributaries showed the extraordinary natural value of this area. In the analyzed 
area (83.7 ha in total), the actual vegetation consists of nine syntaxa, including 
one meadow community and eight forest communities. The largest area is occu-
pied by forest secondary communities consisting of spruce (43.4%), acidic beech 
forests (33.0%), and sycamore forests (14.3%). The most valuable riparian forest 
communities cover 6.9% of the area. The potential vegetation is dominated by the 
acidic beech forest association.
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The analysis of bryoflora revealed the occurrence of 119 species of bryophytes; 
39 of them are under protection and six are rare and endangered species. Many 
valuable species occur on the rocks, including valuable protected species such 
as Anomodon attenuatus, A. viticulosus, Homalia trichomanoides, Leucobryum juniper-
oideum, Neckera complanata, Porella platyphylla and Thamnobryum alopecurum. More 
species were found on dead wood than on living trees (64 vs. 54), which proves 
the important role of these microhabitats in shaping the bryoflora of the site. 
Among epiphytic bryophytes, most species were found on sycamore maple (40), 
European ash (34) and European beech (29). One alien moss species was found 
within the field research, i.e. Orthodontium lineare.

Analysis of the macrofungi in the Kudowski Potok River valley and its two 
tributaries revealed 217 taxa of macrofungi, including 19 taxa of ascomycetes 
and 198 taxa of basidiomycetes, as well as 4 species of slime molds. One of them 
(Ganoderma lucidum) is protected according to Polish law, and 48 others are rare 
and endangered species, including five considered critically endangered in Poland. 
Species occurring in less than 10 localities in Poland were also recorded, includ-
ing two (Trechispora stevensonii and Brevicellicium olivascens) identified in the second 
locality in the country. High species richness, obtained after research conducted 
during one growing season, proves the great potential of the surveyed habitats in 
maintaining fungal diversity. The species richness and functional diversity of fun-
gi reflects the significant habitat diversity of the study area, especially in terms of 
the composition of the forest stand and the resulting diversity of hosts, litter and 
dead wood available to fungi.

The lichen biota of the study area consists of 79 species, including 64 epi-
phytes. The most important phorophytes for lichens are European ash (40 spe-
cies), Norway spruce (29) and sycamore maple (23). There were 26 species on 
dead wood and 19 on rocks. 14 of the identified species are on the red list of 
endangered lichens in Poland, one is under strict protection – Peltigera praetextata, 
and one is under partial protection – Hypogymnia tubulosa.

Acarological research revealed 5,349 Mesostigmata mites classified into 
93  species, including 20 previously unrecorded in the SMNP area. The mites 
detected represented 18 families, and the most numerous were Parasitidae (974 
individuals). The presence of so many species of Mesostigmata mites in such 
a small area proves the exceptionally high natural value of this part of SMNP and 
its high habitat potential. The demonstration of approximately 15% of the share 
of mites from the Parasitidae family is an expression of a much weaker influence 
of spruce stands on the developing mite communities, especially in comparison 
to the results obtained in the Czerwona Woda River catchment, where this share 
reached as high as 30%. The high share of important indicator species of mites 
from the Uropodina suborder (of the genera Trachytes, Cilliba, Olodiscus or Urodi-
aspis), as well as mites from the Macrochelidae or Pachylaelapidae families, indi-
cates a high species diversity of mites from this order, but also a relatively small 
transformation of the soil environment in this part of SMNP.

The tree stands in the Kudowski Potok River valley and its two tributaries 
were characterized by high diversity in terms of species composition. They passed 



Recent contributions to the biodiversity of the Stołowe Mountains National Park... 

		  113

continuously from spruce forests through beech forests to slope and riparian for-
ests with sycamore maple and ash. Their biometrical structure mostly indicated 
the continuity of the natural regeneration process and the regeneration of second-
ary forest communities with spruce towards beech forests. The forest stands ac-
cumulated biomass ranging from 141.6 to 569.4 Mg ha–1 (average 389.3±17.1 Mg 
ha–1). In the regeneration layer, ash was the most abundant, but was represented 
mainly by seedlings which did not advance to the upper forest layers (above 50 
cm in height). Beech and sycamore natural regeneration occurred in large num-
bers in all layers; the young spruce generation was limited only to some of the 
stands where spruces appeared in the main canopy. The observed mortality of 
spruce and ash contributes to the increased share of dead trees and creates di-
verse light conditions within stands. European beech is the species that most ef-
fectively recruits to the higher forest layers. The regeneration of Norway spruce is 
characterized by low dynamics. The natural regeneration densities of the studied 
species were determined by light availability, ectohumus thickness, stand species 
composition and soil pH.

The analysis of environmental factors within the gradient of tree species com-
position showed the direct and indirect impacts of dominant tree species on the 
formation of biomass pools in SMNP forest ecosystems. The ectohumus thick-
ness ranged from 0.5 cm in slope and riparian forests to 11.5 cm in spruce for-
ests, the leaf area index (LAI) ranged from 2.71 to 7.07 m2 m–2, the availability 
of light expressed as DIFN ranged from 0.5% in mixed stands up to 15.0% in 
spruce stands. The biomass of bryophytes ranged from 0.0 to 497.5 g m–2, and 
the biomass of vascular plants ranged from 0.1 to 249.2 g m–2. The litter mass 
ranged from 113.5 g m–2 in black alder stands to 10,779.3 g m–2 in spruce stands, 
and the biomass of fine roots ranged from 34.6 to 817.3 g m–2. The undergrowth 
biomass was characterized by the greatest variability while the soil pH by the 
smallest. Using structural equation modelling analysis, we showed that the tree 
stand species composition directly and indirectly determines the biomass of un-
dergrowth and fine roots, as well as the litter mass. These impacts are related to 
the habitat-forming role of trees, which modify soil chemistry and light transfer 
to the forest floor. Our results allow us to predict how labile carbon pools in the 
ecosystem may change with forest stand composition, and the resulting changes 
in light availability. These two factors are key tools for forest management, hence 
their modification determines the functioning of the forest ecosystem and the 
allocation of carbon in its various pools. Reducing the share of Norway spruce 
reduces the availability of light, soil acidification and the pools of undergrowth 
and litter biomass.
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“Recognition and assessment of the current state of natural 
habitats in the vicinity of forest springs in the Stołowe 
Mountains National Park”

Forested springs differ significantly from riverside forests, in which the main fac-
tor shaping the vegetation is the hydrological regime of the stream and the char-
acteristics of the entire catchment. In the case of forest spring areas, local factors 
such as sunlight, exposure, ground and soil type or altitude are more important 
(Pielech 2015). Springs are relatively rich terrestrial-aquatic habitats that perform 
numerous ecosystem functions that are disproportionate to the area they occupy. 
Their physiognomy and character are of key importance for the preservation and 
protection of mountain ecosystems. Local hydrological conditions are an impor-
tant factor influencing the biodiversity of spring areas. Minerals from deeper soil 
layers that are inaccessible to plants reach the surface along with the water flow-
ing out. Spring areas may therefore be more fertile than adjacent areas (Dahm et 
al. 1998, Bufková, Prach 2006). The chemical composition of water flowing from 
springs depends primarily on the type of parent rock (Chełmicki, Siwek 2001). 
Therefore, even small forest marshes, fed by groundwater outflows, may differ 
significantly from the surroundings. Forest spring areas are also local biodiversity 
refuges.

Research on the diversity of riparian forests in the Sudetes has shown that two 
types of riparian forests develop in forested spring areas, i.e., spring ash riparian 
forest and alder-spruce spring riparian forest (Pielech 2015). Both groups were 
listed in SMNP. However, communities from the Montio-Cardaminetea class that 
developed in SMNP within forest communities as small patches, mainly formed 
by the Caricetum remotae Kästner 1941 association, are poorly recognized (Kącki 
et al. 2018). The analysis of literature sources indicates that the assessment of 
the current state of natural spring habitats occurring in the SMNP area, togeth-
er with their species richness, has not yet been carried out in a way that would 
enable understanding the mechanisms determining the functioning of biological 
diversity in this area. Although the importance of springs as a natural resource of 
SMNP cannot be overestimated, the recognition and assessment of the condition 
of such natural habitats has not been carried out in a comprehensive manner so 
far, and the existing data are fragmentary and constitute only individual observa-
tions (Kącki et al. 2018).

The aim of the research was to identify natural values and their mutual re-
lationships through a qualitative assessment of the structure and functioning of 
ecological systems located within the springs and surrounding forest communi-
ties (fig. 1). Due to the observed deterioration of water conditions in the SMNP, 
recognizing the natural values of forest springs is of great importance for actions 
taken to increase water retention in the SMNP forest ecosystems.

The geobotanical research carried out on springs in SMNP clearly shows 
a  high vascular plant species richness in the observed areas. Local hydrologi-
cal conditions are an important factor influencing this diversity. Relatively high 
light availability and strong hydration are also important factors. All these cir-
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cumstances create favorable living conditions for a significant number of hygro- 
and eutrophic as well as photophilous species. Forested springs are often the 
only refuge for many taxa in areas dominated by spruce monocultures and acidic 
mountain beech forests, where the undergrowth has a significantly poorer spe-
cies composition. Identifying and protecting these valuable ecosystems is crucial 
for maintaining local biodiversity.

As a result of the research, 161 species of vascular plants were identified, in-
cluding 5 species under protection (Blechnum spicant, Carex pendula, Dactylorhiza 
fuchsii, Daphne mezereum and Primula elatior). Based on the phytosociological sur-
veys, the examined patches were classified into three plant communities. Two 
of them are riparian forests belonging to the Alnion incanae association – spring 
ash riparian forest Carici remotae-Fraxinetum Koch 1926 and spring alder-spruce 
riparian forest Piceo-Alnetum Mráz 1959. The third one is a spring forest from the 
Piceion abietis association. It is the wood horsetail and spruce association Equiseto 
sylvatici-Piceetum abietis Šmarda 1950.

Analysis of the bryophyte flora of the study area within all three types of 
plant communities showed the occurrence of a total of 95 species (22 species of 
liverworts and 73 species of mosses). All of them were recorded in areas directly 
related to the water outflow – direct spring areas. In the adjacent areas – in the 
ecotone – 74 species of bryophytes were recorded, and in the surrounding forest 
communities – 67 species. In total, the study area revealed the presence of 25 
species of bryophytes under protection and 5 species with threat categories on 
a national scale. The highest species richness was recorded in the alder-spruce 
riparian community, where a total number of 87 species were recorded, including 
23 species under protection. In the ash riparian communities, a total of 79 spe-
cies of bryophytes were recorded, including 16 protected species, and in the wood 
horsetail and spruce association, a total of 72 species were recorded, including 16 
protected species.

The analysis of the mycobiota showed the occurrence of 291 taxa of mac-
rofungi, including 13 classified of Ascomycota and 278 of Basidiomycota phyla. 
Metagenomic analysis of soil fungal assemblages revealed 859 taxonomic units 
identified at the genus level. Such a  high species richness of soil mycobiome, 
obtained in research conducted during only one growing season, proves the high 
potential of the studied ecosystems for maintaining the diversity of both macro-
fungal communities and soil mycobiome of SMNP. Four of the recorded taxa have 
not been previously recorded in Poland, i.e., Amanita coryli, A. brunneofuliginea f. 
ochraceomaculata, Cyanosporus simulans, and Inosperma vinaceum. Two species under 
partial protection were found in the study area, i.e., Suillus cavipes and Inonotus 
obliquus. Many of the species found that are not protected are on Polish red lists 
(Chmiel 2006, Mirek et al. 2006), with the following status assigned: EX – 1 
species, E – 7 species, V – 10 species, R – 26 species, I – 1 species. Additionally, 
the next 70 species are listed in the Register of Protected and Endangered Fungi 
(Gierczyk, Kujawa 2023) and six rare species not included in the registers were 
also recorded. A total of 127 species were marked as valuable species.
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A total of 89 species of lichens were found in the spring areas and their close 
vicinity. The greatest number of species was recorded in the spring zone (81 spe-
cies), and the least in the ecotone zone (53 species). Among the lichens found, 
12 species have different threat categories, including two species that are pro-
tected. The lichen biota within the studied area is dominated by epiphytes – 72 
(including 40 species exclusively on this type of substrate), the second group are 
epixilites – 40 species (10 exclusive), the third group are epilithes – 21 species 
(8 exclusive), and the fourth epigeites – only 3 species. Among the three types 
of plant communities, the highest number of lichen species was found in ash 
riparian forest Carici remotae-Fraxinetum (70 species) and the alder-ash riparian 
forest Piceo-Alnetum (71 species), and the least in wood horsetail and spruce com-
munities (40 species). The forest springs, due to their particular microclimate 
associated with high air humidity, are an important spot for maintaining a high 
diversity of lichen species. This diversity is shaped not only by the humidity of 
the habitats themselves, but also by the presence of heterogeneous substrates 
that are inhabited by lichens, including diversity of tree species and the presence 
of wood in various degrees of decay.

The analysis of Mesostigmata mite communities showed that the number 
of mites was higher in the forests that grow in the direct vicinity of springs 
compared to the ecotone zone, by approximately 35%. A total of 84 species of 
Mesostigmata mites were detected, including nearly 50 species exclusively in the 
spring areas, which proves the exceptionally high natural value of this part of 
SMNP. The presence of approximately 40% of mites from the Parasitidae family 
in the spring areas itself is an expression of the great influence of Norway spruce 
stands growing nearby on the formation of mite communities. The obtained re-
sults of the number of mites and their density in individual plots indicate the 
heterogeneity of this environment, which seems to be a natural feature of spring 
sites. Previous research indicated the role of watercourses as corridors for the 
spread of mites, but also as creating conditions for the development of various 
species of these free-living predators. It turns out that the springs are also an 
ecological corridor of great importance for the migration of mites up the stream, 
which is of great importance for renaturalization of the anthropogenic spruce 
forests covering a large area of SMNP.

Analysis of the variability of environmental parameters showed that they dif-
fer depending on the type of the analyzed environment within the designated 
research areas. Within the research plots, 17 tree and shrub species were found in 
the forest stands, and 27 in the regeneration layer. A total of 30 species of woody 
plants were found; 14 of them were recorded in both the stand and regeneration 
layers. Three of all species occurred only in the forest stand layer, and 13 only in 
the regeneration layer. Natural regeneration of woody plant species in the studied 
areas was high, on average 261,430 individuals ha–1 (±5919) of seedlings, 21,203 
individuals ha–1 (±422) of older saplings not exceeding 0.5 m in height, and 1,335 
individuals ha–1 (±61) of older saplings with a height in the range of 0.5–1.3 m. 
However, the analysis of natural regeneration densities indicates the lack of re-
cruitment of most of the recorded species into higher forest layers. Despite very 
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abundant sowing, tree seedlings die and only a small proportion of them survive 
the first year. High variability of soil pH was also demonstrated (3.63–6.87). Such 
a large range of variability of this parameter indicates a relatively homogeneous 
substrate, modified by the forest stand rather than by the variability of soil types.

The intensity of sunlight reaching the forest floor was also related primarily 
to the variability of the structure of stands in different zones within and in the 
vicinity of forest springs.

Summary
The conducted inventory showed a very high species richness of the stream val-
leys and forest springs in relation to the current state of knowledge about the 
biological diversity of SMNP. The presence of plant communities that have not 
been identified in SMNP before has also been demonstrated. Previous studies 
were carried out on a much larger spatial scale, which omitted small patches of 
vegetation accompanying the Czerwona Woda River, the Kudowski Potok River 
and its tributaries, and forest springs. This indicates the need for a broader natu-
ral inventory of the SMNP area, especially in terms of mycology, lichenology and 
bryology.

The obtained results constitute a documentation source of the conditions of 
the Czerwona Woda River and the Kudowski Potok River valleys, and of forest 
springs, before the decision to conduct renaturalization procedures. Thanks to 
the presented characteristics of plant communities, tree stand conditions and bi-
ological diversity of the analyzed groups of organisms, it will be possible to assess 
the effects of the actions taken. Moreover, the collected data constitute the basis 
for further research that can fill the gap in the current state of knowledge about 
the dynamics of transformed mountain forests.

The most valuable type of forest communities are riparian forests, the pres-
ervation of which should be a priority in the protection of the study area. For 
bryophytes, lichens and fungi, protection can be achieved primarily by protecting 
their habitats; maintaining their sites and their surroundings in an unchanged 
condition is crucial for their survival and undisturbed existence. Of particular 
importance here is the preservation of intact tree stands and dead tree resources, 
as well as ensuring that water conditions do not deteriorate. The gradual restora-
tion of the original water conditions could, over time, contribute to an additional 
macrofungi diversity increment and an increase in the number of biologically 
valuable species. In slope forests, but also in spruce forests, rocks are an impor-
tant reservoir of biodiversity. Most of the bryophyte species found were epigeites, 
and there were also many lichens. The presence of large rocks is also crucial for 
varying light conditions under the tree stand canopy – they inhibit tree growth 
and create canopy gaps.

Forest springs, as ecosystems directly related to water flow, are currently sub-
ject to transformations related to climate change, anthropopressure related to the 
disruption of the water regime and water chemistry (including deforestation, tree 
dieback, eutrophication; Hájek et al. 2002). Among the three distinguished types 



Plenary session	

118	

of areas (spring areas, ecotone, adjacent forest) in all three phytosociological as-
sociations – spring sites are characterized by the highest species diversity, as well 
as the highest share of protected and endangered species, in relation to ecotone 
and forest sites, and therefore deserve special attention. The most important task 
is to maintain the current level of diversity of microhabitats that create specific 
conditions for the occurrence of very rare species. A large variety of trees, and 
above all the presence of deciduous trees (e.g., alder, ash, willow, sycamore) form-
ing the spring ash riparian forest and alder-spruce spring riparian forest, ensures 
a variety of microhabitats for lichens and epiphytic bryophytes. This is affected 
by the different nature of the bark of these trees, such as physical and chemical 
properties, structure (thickness and width of cracks) and water capacity. The 
diversity of microhabitats is also complemented by the presence of dead wood in 
the form of logs, stumps, dead standing trunks without bark, as well as exposed 
whole root systems. Maintaining this diversity of microhabitats will primarily 
ensure the maintenance of appropriate and constant humidity, as well as the 
persistence of the studied flora, funga and fauna in their sites, and their future 
spread and increase in population ranges.

The studies were financially supported by the Polish Forest Fund, General Directorate of 
State Forests, Warsaw, the Stołowe Mountains National Park, and also partially by the 
Institute of Dendrology of the Polish Academy of Sciences, Kórnik. We are very grateful 
to the employees of the Stołowe Mountains National Park for their valuable help and as-
sistance during the field research.
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Protected forest patches conserve both 
carbon stock and tree stand diversity

C. Amon1*, M.K. Dyderski2, J. Oettel1, F. Essl3, K. Lapin1

1Austrian Federal Research Centre for Forests, Natural Hazards and Landscape (BFW), 
Seckendorff-Gudent-Weg 8, 1130 Vienna, Austria, *cornelia.amon@bfw.gv.at

2Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland
3University of Vienna, Department of Botany and Biodiversity Research, Rennweg 14, 

1030 Vienna, Austria

Keywords: aboveground biomass, conservation targets, tree species alpha diversi-
ty, stepping stones

The conservation of forest patches aims to achieve sustainable forest manage-
ment, countering biodiversity loss and addressing the challenges of climate 
change through the preservation of forest carbon pools. Nevertheless, the com-
plexity of forest ecosystems requires setting priorities on specific conservation 
targets to ensure the preservation of key forest aspects, such as natural process-
es, carbon stock retention, and biodiversity conservation. Some structural and 
environmental characteristics of forests are considered to be appropriate target 
indicators to cover a wide range of conservation objectives at once, e.g. the total 
amount of deadwood (Stokland 2012), the occurrence of habitat trees (Bütler 
et al. 2013), and rare ecosystems/forests containing rare species (Karrer et al. 
2022). To address the relationships between tree alpha diversity and stand struc-
tural characteristics, we investigated differences among those aforementioned 
conservation targets and forest types in 247 study plots (0.03 ha) in Austria. 
The plots represented five broad categories of habitats: coniferous, acidophilous 
broadleaved, hydrogenic, broadleaved, and mixed forests. We revealed that there 
are neither trade-offs nor synergies between tree alpha diversity and carbon stock 
in the protected forests of Austria. Tree species alpha diversity and carbon stock 
are not contradictory dimensions, but strongly depend on forest types. Although 
rare ecosystems have lower aboveground biomass, their preservation is indispen-
sable, as these habitats allow less competitive species with specialized habitat 
preferences to persist. We found the highest biomass in forests that were des-
ignated to two conservation targets: habitat trees and deadwood, and in three 
habitat types: hydrogenic, mixed, and broadleaved forests. To effectively address 
efforts aimed at both mitigating climate change and promoting conservation to 
combat biodiversity loss, it is advisable to treat these as distinct and separate ob-
jectives. Our study offers guidelines for the selection of appropriate forests for the 
conservation of both tree species diversity and carbon stock retention.
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Can functional groups help explain vegetation 
development in post-mining sites?

Q.A. Anibaba1*, M.K. Dyderski1, G. Woźniak2, A.M. Jagodziński1
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University of Silesia in Katowice, Jagiellońska 25, 40-007 Katowice, Poland

Keywords: species richness, succession, traits, vegetation

Species richness through time is an important measure often used to assess the 
success of post-mining sites. We expand this approach by considering functional 
groups in terms of life-form and pollination strategy as important components 
of ecosystem function and establishment. The questions posed are: (1) Which 
species are the most successful in post-mining areas, in terms of life-form and 
pollination strategy? (2) What is the relationship between the species richness 
of these functional groups and the time that has passed since spontaneous veg-
etation establishment? We recorded vascular plant species across 400 plots on 
post-coal mine heaps in Upper Silesia, Poland. We calculated the species richness 
of functional groups and estimated with the time since spontaneous vegetation 
establishment using mixed-effect models.

Among life forms, hemicryptophyte (177 species) exhibited the greatest suc-
cess, within which Calamagrostis epigejos, Daucus carota, and Solidago gigantea are 
the most frequent in plots. For pollination strategy, insect-pollinated plants are 
the most successful, with the most frequent species within studied plots being 
Daucus carota, Solidago gigantea, and S. canadensis. The species richness of the life-
form (chamaephyte, hemicryptophyte, and therophyte) decreases with age, while 
phanerophyte exhibits an increased trend. The richness of the pollination strate-
gy (insect, self, and wind) decreases with age. Our findings suggest that species 
colonization during succession in post-mining areas is controlled by functional 
groups. Also, our results highlighted that the use of life-form and pollination 
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strategies can help improve the description and prediction of spontaneous vege-
tation development on post-mining sites.

The study was supported by the National Science Centre, Poland (grant no. 2019/35/B/
ST10/04141), and the Institute of Dendrology, Polish Academy of Sciences, Kórnik.

Assessment of conservation plantings for an 
endangered species (Cupressus dupreziana A.Camus)

H. Benali*, I. Hadid, H.S. Allou, F. Abddoun
Plant Ecology and Environment Laboratory, Faculty of Science and Biology, University of Science 

and Technology Houari Boumediene USTHB, BP 32 El-Alia, Babezzouar 16111, Algiers, Algeria, 
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The Tassili cypress, Cupressus dupreziana, the unique conifer of the Sahara, is 
threatened with extinction in its natural range, with fewer than 250 living indi-
viduals (Abdoun, Beddiaf 2002). It is described as the only case of apomixis in 
conifers. This paternal apomixis is considered evidence of the species’ senility 
(Pichot et al. 2001). The IUCN classifies it as critically endangered.

Scientific experts and public institutions have worked since the 1940s to con-
serve it ex situ. Its introduction to the Mediterranean region was done by seeds. 
Other plantations are carried out in situ. In vitro cultures developed in Prague 
in the Czech Republic produced numerous plants (Lábusová et al. 2020) which 
were brought back to Tassili n’Ajjer in a 3rd mission called “Tarout expedition”.

The work we present here is our master’s thesis project (defended in July 
2023). It consists of an evaluation of conservatory plantations in situ and ex situ 
(in Algeria). The results reveal that the plantations show variable developments 
depending on the sites and climatic conditions. Successful cases are observed in 
Ahaggar (hyper-arid climate) and the Saharan Atlas (semi-arid), while failure 
cases occur in strictly arid climates sensu stricto.

Plantations managed by INRF (National Institute of Forest Research) show 
overcrowding and also promising growth cases in an urban forest in Algiers. The 
evaluation of the “Tarout expedition” plantations reveals variable survival rates 
and growth traits, probably influenced by environmental factors. Monitoring the 
growth of the individuals from the 2020 “Tarout expedition” reveals differenc-
es in growth, responses and interactions that might be explained by particular 
edaphic conditions. This study provides information on in vitro plants’ reactions 
and suggests future research directions to conserve this species, given its ecolog-
ical importance in the context of climate change.
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How can functional traits of herbaceous plants 
provide information about the adaptive capabilities 

of plants and environmental changes?

D. Błotko*, A.M. Jagodziński
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland, 

*dblotko@man.poznan.pl

Keywords: functional traits, adaptation, climate change, ecosystems, intraspecific 
variability

Functional traits include the morphological, biochemical, physiological, struc-
tural and phenological features or behavioural characteristics of organisms that 
influence their adaptation to environmental conditions. They provide answers to 
questions about the body’s response to biotic and abiotic factors. At the level of 
plant communities, they have a huge impact on competition, succession and the 
density of individuals, and in the case of the largest scale – the ecosystem – they 
significantly influence the circulation of nutrients and biomass production. Func-
tional traits are therefore one of the most promising tools for predicting changes 
in ecosystems. To fully use them, however, it is necessary to take into account the 
variability of the examined features at the intraspecific level, because the analysis 
of this variability allows obtaining information on the adaptation of populations 
and entire communities.

Databases on plant characteristics are constantly expanding, but there is a lack 
of data on plants, especially from Poland. This makes it impossible to determine 
the range of variability of features, which is important for forest ecosystems. This 
data is valuable because it affects the circulation of substances in ecosystems and 
the rate of decomposition of plant matter.

Research on the functional characteristics of plants is extremely important 
in the context of the possibility of using them in broader research on climate 
change. The results could answer questions about how plants respond to ongoing 
climate change and identify potentially invasive plants. The range of intraspecific 
variability of traits indicates the species’ ability to adapt to changes, and also 
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allows the identification of the most endangered species with a narrow tolerance 
range. A good understanding of the mechanisms affecting entire ecosystems will 
enable taking appropriate preventive actions and also mitigating the effects of 
climate change.

To achieve this, it is necessary to collect as much data as possible from as large 
an area as possible, to incorporate them into existing databases, and to systema-
tize them at the regional level. This will facilitate not only the acquisition of val-
uable data, but also their analysis leading to the explanation of both the sources 
and consequences of intraspecific variability of functional traits.

The study was financed by the National Science Centre, Poland (grant no. 2020/39/B/
NZ8/03296), entitled “Functional traits intraspecific variability of forest herbaceous spe-
cies: sources and consequences”.

Novel pheromone traps for monitoring 
Thaumetopoea pityocampa

M.C. Boukouvala*, N.G. Kavallieratos
Laboratory of Agricultural Zoology and Entomology, Department of Crop Science, Agricultural 

University of Athens, 75 Iera Odos Str., 11855 Athens, Greece, *mbouk@aua.gr
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Thaumetopoea pityocampa (Denis & Schiffermüller) (Lepidoptera: Thaumetopoei-
dae) is a serious pest of forests, recreational areas, and urban ecosystems in the 
Mediterranean region. In recent years, it has spread to Central Europe due to cli-
mate change. The larvae feed on species of Pinus, causing severe defoliation that 
weakens or kills trees, especially when followed by attacks from secondary colo-
nizers such as fungi and wood borers. This pest triggers serious allergic reactions, 
including eye and skin irritation, as well as respiratory disorders in humans and 
animals due to the release of urticating hairs from the larvae. This fact should 
not be overlooked after pupation, as the hairs remain active in the environment. 
Management of T. pityocampa with insecticides in various ecosystems is not effec-
tive because not all parts of the tree can be treated. Additionally, chemical appli-
cations in forests are not recommended for widespread use due to their potential 
to harm other species and their application in urban and recreational areas is not 
accepted by residents. Therefore, we propose monitoring male adults using novel 
pheromone traps.

The experiments were carried out in Attica, Greece. Five prototype traps were 
compared with a commercial trap during the flight period of T. pityocampa (i.e., 
between August and October). Four normal pentagons were created with a dis-
tance of 80 m between traps (in the same block). Captured males were recorded 
and removed from the traps twice per week. Additionally, traps were rotated 
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clockwise within each block to minimize the effect of individual trap locations. 
A prototype trap was found to be superior to the other traps tested, outperform-
ing the commercial trap in capturing T. pityocampa males throughout their flight 
activity. This trap should be further considered for large-scale mass trapping of 
T. pityocampa male adults.

The study was funded by the EU grant “Innovative ecofriendly traps for the control of 
Pine Lepidoptera in urban and recreational places” (LIFE PISA: LIFE13 ENV/ES/000504).
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Silver birch (Betula pendula Roth.) and Norway spruce (Picea abies (L.) H.Karst.) 
are some of the most widespread and ecologically important tree species in North-
ern and Eastern Europe. Their tissues harbour a considerable range of organisms, 
including numerous fungi. It is predicted that the amount of precipitation will 
increase in the near future in northern temperate and boreal forest bioregions. 
More frequent precipitation will be accompanied by a  rise in air humidity, es-
pecially within forest canopies. The effect of this increase on fungi living in the 
tissues of forest trees has not been predicted yet. To investigate how elevated 
air humidity affects fungal communities growing in tree foliage, we sequenced 
fungal DNA extracted from birch leaves and spruce needles growing in the Free 
Air Humidity Manipulation experimental site built for simulating the effects of 
an increase in precipitation on forest ecosystems, located in South-East Estonia.

Silver birch leaves and Norway spruce needles were repeatedly sampled in the 
middle and at the end of the growing season in three years (2020–2022). Fungal 
DNA found in samples was sequenced with high-throughput sequencing on the 
PacBio platform. We found that fungal communities of foliage in elevated air 
humidity conditions had a different composition than those in atmospheric hu-
midity conditions. We observed no such effect in root fungal communities. The 
dominant species in leaf communities, such as various Vishniacozyma species, Au-
reobasidium pullulans and Venturia ditricha, were usually not influenced by elevated 
air humidity. However, the presence of members of Taphrinomycetes, the class 
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which includes the birch pathogen Taphrina betulina, severely decreased in birch 
leaves due to air humidification treatment. We also aim to evaluate the influence 
of air humidification on other pathogenic fungi.

The impact of Prunus serotina Ehrh. 
on temperate forest natural regeneration

S. Bury*, M.K. Dyderski
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland,  

*sbury@man.poznan.pl

Keywords: invasion ecology, biodiversity, forest management, forest functioning

Forest regeneration is a crucial element of forest stability and is particularly cru-
cial in natural forests, where processes are driven by nature. In forest practice in 
managed forests, in addition to artificial regeneration, e.g. planting young trees or 
sowing seeds, natural forest regeneration comprises an important way of develop-
ing the next generation of stands. In addition to seed availability, natural regener-
ation is influenced by competition between trees, including invasive tree species.

Prunus serotina is an invasive species widespread in many European countries 
and is eagerly researched in terms of its impact on biodiversity. Some studies 
confirm a negative effect on forest regeneration, but none of them focused on 
quantitative scaling. The negative effect of invasive tree species is related to the 
transformation of ecosystems.

In our study, we aimed to assess the impact of P. serotina on natural regen-
eration along the quantitative gradient of invasion, determined by aboveground 
biomass. We established 96 circular plots (0.05 ha, 64 with P. serotina and 32 
control plots), both on fertile habitats with oaks and poor habitats with pines, 
in different stand ages. Within each plot, we measured tree diameter at breast 
height to assess aboveground biomass and we counted the natural regeneration 
of each species within four 28.27 m2 subplots per plot. We used generalized linear 
mixed-effects models including stand age, invasive species biomass, and habitat 
type as fixed effects, and the year of inventory as a random effect. We hypothe-
size that P. serotina will limit native species regeneration, but particular species 
will react differently to the presence of P. serotina. We also expect that P. seroti-
na will facilitate the invasion of other species. Additionally, we anticipate that 
the negative consequences of P. serotina transformation will be stronger in nutri-
ent-poor sites with pines.

Our studies are important in the context of invasive tree species management 
in protected and managed forests. Since natural regeneration has many advantag-
es, such as reducing the costs of forest regeneration and better adaptation to local 
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environmental conditions, it is worth examining the factors limiting it, including 
competition from invasive species.

The study was financed by the National Science Centre, Poland (grant no. 2019/35/B/
NZ8/01381), entitled “Impact of invasive tree species on ecosystem services: plants bio-
diversity, carbon and nitrogen cycling and climate regulation”.
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Both long-term and short-term temperature disturbances affect vegetation in 
many ways, often leading to irreversible changes at various levels of biological or-
ganization, from molecules to organized tissues. In our work, attention was paid 
to the response of forest herbaceous plants. For this purpose, the yellow archan-
gel (Galeobdolon luteum) was used. About 300 individuals growing in a breeding 
room under climatic conditions reflecting those in forests of Central Europe, i.e., 
21°C during the day and 13°C at night, with a photoperiod of 16 hours of daylight 
and 8 hours of darkness, were used in the experiment, which served as the con-
trol. The next step involved increasing the temperature for both day and night by 
8°C. Leaf samples were collected for the first three days and after a week: at noon 
and in the middle of the night.

The response at the functional and biochemical levels to the increase in air 
temperature was analysed. The following parameters were assessed: chlorophyll 
fluorescence (Fv/Fm), performance index (PI), hydration status (RWC), specific 
leaf surface area (SLA), and dry matter content (LDMC). The biochemical profiles 
of leaves obtained using infrared spectroscopy (ATR-FTIR) were also compared. 
Raising the temperature by 8°C reduced the average water content in yellow arch-
angel leaves by 3% both during the day and at night. The dry matter content in 
leaves increased by 11.5% during the day and 1.5% at night, and the SLA value 
was lower by 4.5% during the day and 2.5% at night. The Fv/Fm and PI param-
eters also changed. Fv/Fm increased on average by 3%, and PI by 43%. Principal 
component analysis (PCA) of the spectral dataset showed clear differences in 
the absorbance values obtained for the peaks corresponding to the functional 
groups assigned to carbohydrates (1021 cm–1), pectic substances (1240 cm–1), li-
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pids (1317 cm–1), cellulose and hemicellulose (1360 cm–1), amide II (1558 cm–1), 
amide I (1617 cm–1), pectin and lignin (1735 cm–1), and lipids (2852 cm–1), with 
increasing temperature. The results suggest that the increased temperature is 
responsible for the increase in plant biomass. Despite the decrease in SLA value, 
this is possible through an increase in the efficiency of photosynthesis. ATR-FT-
IR results confirm changes in the metabolism of plants adapting to higher tem-
peratures.

Fig. 1. PCA loadings plots produced (A) by PC 1 with peaks at 1360, 1617 and 2852 cm–1, 
(B) by PC 2 with peaks at 1021, 1240, 1317, 1558 and 1735 cm−1

Analysis of import demand function of Iranian 
paper and paperboard using bond test
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Wood pulp and paper are wood products that have undergone many changes in 
the regional and global market share, in terms of production capacity and con-
sumption patterns, over the past few decades. Due to limited domestic resourc-
es and the increasing trend of consumption of wood and its products in Iran, 
imports have been considered as one of the most important ways to meet the 
domestic demand. The main aim of this study was to conduct scientific analysis 
of the paper and paperboard market conditions over the period between 1986 
and 2018 using the bond test method. The quantitative impact of the studied 
variables on the amount of paper and paperboard imports was calculated using 
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the estimated short- and long-term elasticity. The results showed that among the 
studied variables, the GDP (without taking into account oil exportations) had an 
elasticity of 2.16% in the short run and 1.26% in the long run, and the domestic 
wood production from northern forests with an elasticity of –0.69 and –0.57 
in short and long term, respectively, had the greatest impact on paper imports. 
However, economic sanctions considered as a new variable in this study resulted 
in a decrease in paper and paperboard imports with coefficients of –0.50 and 
–0.41 imports, in the short and long run respectively.

Optimizing the assessment of habitat trees 
in forest landscape management planning
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Sustainable forest management (SFM) requires a  landscape approach, such as 
forest landscape management planning (FLMP) supported by multi-criteria de-
cision analysis (MCDA). Nevertheless, FLMP may not fully address SFM’s influ-
ence on forest functions (FFs) without stand-level indicators. For example, hab-
itat trees (HT) are key elements for forest biodiversity conservation, particularly 
when combined with other indicators to assess SFM’s effect on biodiversity. How-
ever, existing methods to evaluate HTs (e.g. Asbeck et al. 2021) involve a large 
number of TreM types, additional data collection efforts and costs, and unclear 
management outcomes.

We employed a stratified systematic sampling across 74 plots, evenly distrib-
uted between beech (Fagus sylvatica) and Turkey oak (Quercus cerris) high stands 
within the Natural Reserve of Vico Lake (42.3°N, 12.17°E). For each plot, we 
assessed HTs and the associated Ecological Value of the Stand (EVS) using the 
RADAR table (Perrella, Puddu, 2015), alongside forest and topographic meas-
ures. Statistical analyses, including GLMs and PLS regression, explored the effect 
of forest and topographic measures on TreMs abundance, richness, and density. 
ANOVA and correlation analyses evaluated the stands’ discretization power and 
independence from standard forest measures of EVS.

Regarding tree characteristics, DBH emerged as the primary predictor of TreM 
abundance and richness, while among the stand characteristics, quadratic mean 
diameter (QMD), tree density, slope, and aspect explained most of the differences 
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in TreM abundance and richness (fig. 1). EVS exhibited little to no correlation 
with classical forest measures.

The preliminary results affirm the RADAR table method’s validity in optimiz-
ing survey procedures, resulting in significant time and cost savings. This will fa-
cilitate operational forest biodiversity conservation and its integration into FLMP.

Fig. 1. Plots of the significant predictors, DBH (a) and slope (b), from GLMs of TreM 
abundance (p < 0.0001)

References
Asbeck T., Großmann J., Paillet Y., Winiger N., Bauhus J. 2021. The use of tree-related 
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Black locust (Robinia pseudoacacia) is a widespread and widely used alien species 
in Europe, locally considered to be invasive (Klisz et al. 2021). For example, it is 
cultivated in plantations, planted for decorative purposes, and used in the rec-
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lamation of degraded areas, but is also spreading uncontrollably in forests and 
woodlands.

The aim of this study was to consider how Robinia pseudoacacia fits into the 
needs of urban forestry and what environmental risks are associated with its 
presence. For this purpose, 80 articles were reviewed. Based on them, black lo-
cust stands in urban forests were characterised in three dimensions: social, eco-
nomic and environmental. This analysis distinguished the trend of changes in the 
sites in which this species occurs in Europe, such as homogenization, dominance 
in the stand, and change in biodiversity and species composition. To assess the 
impact of R. pseudoacacia on forest composition and structure in Warsaw, 24 sam-
ple plots in black locust-dominated forest patches, and 14 plots in mixed and 24 
plots in Scots pine-dominated forest patches, were examined in two study areas: 
the forests “Na kole” and “Lindego”. The results show that, when compared to Pi-
nus sylvestris, R. pseudoacacia neither negatively affects the species richness of the 
undergrowth and ground vegetation nor favors the occurrence of other alien spe-
cies. Studies indicate that the light-demanding black locust regenerates poorly in 
urban stands, which is probably due to high level of shade on the forest floor. On 
the other hand, species such as Quercus rubra, Acer platanoides and Acer pseudopla-
tanus regenerate extensively under its canopy, creating a future potential change 
in species composition. Relating the situation of Warsaw’s forests to generally ob-
served trends in Europe indicates a need to observe the black locust in the future, 
especially considering climatic changes, such as more frequent droughts and ris-
ing temperatures, which favor the invasiveness of this species (Klisz et al. 2021).
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Seeds of woody plant species, such as Norway maple (Acer platanoides L.), syca-
more (A. pseudoplatanus L.), and common beech (Fagus sylvatica L.) exhibit unique 
physiological traits and responses to environmental stress. The seeds of these 
species represent three categories, i.e., orthodox, recalcitrant, and intermediate, 
respectively.

Thioredoxins (Trxs) play a  central role in the redox regulation of cells, in-
teracting with other redox-active proteins such as peroxiredoxins (Prxs), and 
contributing to plant growth, development, and responses to biotic and abiotic 
stresses. However, the redox system controlled by Trxs in tree seeds remains 
largely unexplored. Furthermore, there is limited understanding of potential var-
iations in this system between seeds categorized as recalcitrant and orthodox, 
which could provide insights into adaptive strategies.

In this study, we identified numerous Trx-h1 target proteins, with distinct 
profiles in each seed type. Recalcitrant seeds presented a diverse range of meta-
bolic, stress response, and signalling-related proteins, suggesting specialized ad-
aptation mechanisms against storage-related stresses. Conversely, the orthodox 
seeds presented a conserved protein profile, reflecting robust molecular processes 
conducive to germination and seedling growth. The intermediate seeds exhibit 
a  proteome directed towards genetic information processing and DNA repair. 
This suggests that intermediate seeds have adopted a strategy for the efficient 
repair of genetic material exposed to oxidative stress.

These findings underscore the crucial role of redox regulation in seed biology 
and adaptation to environmental challenges, providing insights into seed viability 
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and storage longevity mechanisms. This study increases the understanding of 
seed biology and lays the groundwork for improving seed quality and resilience 
in woody plant species.

The research was financed by the National Science Centre, Poland (grant no. 2018/31/B/
NZ9/01548).
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We need to understand the relationship between the limits of desiccation surviv-
al and the cell cycle to identify extremes of life persistence at low water contents 
and safeguard recalcitrant-seeded species. Globally, one third of trees produce 
recalcitrant seeds that cannot survive desiccation and freezing, thus precluding 
conventional seed banking (Wyse, Dickie 2017). Cryopreservation is the only 
option for long-term storage of such species, and severe viability loss occurs early, 
during partial desiccation before freezing. Desiccation imposes oxidative stress, 
and checkpoints at the G1 and G2 phases of the cell cycle are redox-sensitive (de 
Simone et al. 2017). Thus, we aim to monitor changes in the phase of the cell 
cycle during fast desiccation and assess links with viability. We also investigate 
the influence of exposure to pro- and antioxidants on the cell cycle alongside lipid 
membrane compositional rearrangements to enhance survival of desiccation, and 
hence enable potential modulation of seed storage behaviour.

This study is targeting Quercus robur (English oak), a threatened keystone tree 
species, whose survival of desiccation critically hinders explant growth perfor-
mance following cryopreservation. In vitro radicles regenerated ~4-fold more fre-
quently than shoots , compatible with different desiccation responses of the two 
tissues. Exposing embryonic axes for 1 h to 0.1 M hydrogen peroxide, ascorbate, 
and glutathione increased by ~3-fold the successful in vitro regeneration of both 
radicle and shoot. We analysed embryonic root and shoot separately, and survival 
curves during flash-drying guided the choice of desiccation intervals to 1) quan-
tify the percentages of cells in G1 and G2 by flow cytometry, and 2) characterise 
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the biochemical composition and oxidation state of fatty acids, phospholipids, 
and sterols via lipidomics. Pilot results will be discussed in relation to mecha-
nisms that may aid in rationalising cryopreservation and maximising its success 
on plant ex situ conservation.
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Industrial pollution affects the physiology of plants and entire ecosystems. Even 
though the emission of pollutants has stopped, their effects on the environment 
remain for many years. We can read it, for example, from the tissue of trees 
formed under modified environmental conditions.

The cement plant in the city of Kunda in north Estonia emitted a considerable 
amount of dust from 1870 until 1996 (Ots 2002). During the most intense pro-
duction period, the dust load in the vicinity of the factory reached up to 2700 g/
m2 (Ots 2000). This affected the air pollution and, consequently – through the 
precipitation and deposition – the soil pH, causing soil alkalization, since the pH 
of dust was strongly alkaline (Mandre 2002). Cement dust can also contain trace 
elements and heavy metals (Rawat, Katiyar 2015).

From the forest in the vicinity of the cement plant, 21 Scots pines of ca 
80-year-old medium in stand were selected. Our research has shown that pine 
is vulnerable to this type of pollution, as it caused a decrease in needle length 
(Ots 2000, 2002). Two cores, each at breast height (1.3 m), were taken from each 
tree, using a Pressler increment borer. Bark was separated from wood, and the 
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outermost annual rings were separated from those closer to the pith. Analogous 
samples were collected from the forests of Lahemaa National Park, located to 
the west. The content of selected trace elements was examined in soil, bark and 
xylem from the outermost and inner parts of the trunk.

Although the trace element content in soil reflected the composition of the 
cement dust quite well, the dependences in bark and wood were more ambigu-
ous. The results showed significant enrichment of Ca, Cd, Cr, Cu, Fe, Mg, Mn, 
Ni, and Zn in soil from the cement plant area. In xylem tissue, the most relevant 
differences were observed for Ca, K and Mg, which were the main components 
of cement dust. The bioconcentration factors were generally higher for trees from 
the unpolluted site in Lahemaa Park.
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Okoumé (Aucoumea klaineana Pierre) is the most harvested timber species in Cen-
tral Africa. This pioneering light-demanding species favors open environments 
to form monospecific stands. During forest management activities, thinning op-
erations in these stands were carried out. Through subsequent operations, the 
stumps of felled trees were discovered to be alive. Their survival was found to 
be assisted by the graft (anastomose) of their root steles with close conspecifics 
reaching the canopy. This enabled hydromineral and carbon exchanges between 
individuals and the extension of the root system of canopy trees.
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Despite the widespread occurrence of root anastomose among woody species, 
the physiological mechanisms involved and their importance are poorly under-
stood. For the first time in the tropics, we investigated it in young interconnected 
natural stands. We clearcut and excavated three stands using a fire hose to expose 
roots. Cross-sections of stems, roots, and root grafts were collected to observe 
growth ring patterns. The impact of root grafts on suppressed tree survival and 
tree growth through dendrochronology was then analyzed. Preliminary findings 
show the presence of shared growth rings within root grafts, proving exchanges 
between individuals.

Knowing that mycorrhizal associations are key components of tropical for-
ests, the belowground interactions among A. klaineana trees are unlikely to be 
exclusively the result of root anastomoses. For that reason, we also investigated 
the mycorrhizal status of the species to gain an understanding of how these in-
teractions influence their growth, health, and ecological roles. By collecting fine 
roots, we aimed to elucidate the links between fungal communities (through spe-
cific richness and functional diversity) and growth dynamics across populations 
of varying ages and structures through metabarcoding methods. Among 4,818 
OTU, preliminary results show a low pathotroph (4%) but high saprotroph load 
(36%) compared to symbiotrophic fungi (26%, of which 80% were arbuscular 
mycorrhizal fungi, AMF), 34% uncertain.

Considering two belowground flows, we shed light on the relative importance 
of AMF in fungal assemblages in A. klaineana populations and were able to reveal 
the impact of root anastomoses on variations in tree growth. This contributes 
to filling knowledge gaps regarding A. klaineana ecology and interactions at the 
stand scale to improve management strategies by finding a balance between pro-
ductivity and sustainable resource use.

Biodiversity indicators for developing forest 
management and eco-restoration strategies at 
stand-level in the Indian Western Himalayas

S.M. Haq1*, R.W. Bussmann1,2, Ł. Walas3, L. Song4
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Field-based investigations assessing forest stand biodiversity indicators play a cru-
cial role in informing targeted conservation policies and developing eco-restora-
tion strategies effectively. We developed compositional, structural and functional 
indicators of biodiversity for 12 major forest types along an elevation gradient 
(350–3450 m a.s.l.) in the Western Himalayas. Compositional indicators results 
indicated an elevation-associated increase in species richness across all forest 
types attaining a maximum Shannon diversity value of 3.23 at an elevation of 
2820 m a.s.l. TWINSPAN classification yielded three distinct plant communities 
from the studied forest types based on indicator species analysis. SIMPER analy-
sis highlighted 76 species contributing to 90% of dissimilarity, with 24 indicator 
species identified across forest types, distributed in tree, shrub, and ground flora 
layers. Functional indicators showed that environmental (elevation, slope) and 
anthropogenic variable (grazing) significantly influenced plant composition and 
community assemblage across forest types (p < 0.01), while soil erosion, stem 
cutting, and fire played lesser roles. A species dissimilarity matrix allows a divi-
sion of forest types into three groups according to altitude, however, phylogenetic 
dissimilarity indicates taxonomical similarities between ecosystems from high 
and low altitudes. We identified key indicator species that perform better under 
current conditions in each elevation belt as well as site-specific forest types, thus 
these species can be encouraged for eco-restoration. The investigation provides 
baseline data that will assist in formulating plans for ecological restoration spe-
cific to the prevailing ecological processes in the Himalayan region.

Variation of cell wall chemical composition in the 
leaves of silver birch (Betula pendula) growing in 

different habitats in the urban-industrial landscape

A. Hutniczak
Institute of Biology, Biotechnology and Environmental Protection, Faculty of Natural Sciences, 

University of Silesia in Katowice, Jagiellońska 25, 40-007 Katowice, Poland,  
agnieszka.hutniczak@us.edu.pl

Keywords: pectic polysaccharides, immunohistochemistry, Betulaceae, novel eco-
systems

The cell wall plays a key role in ensuring the structural and functional integrity 
of plant cells. It responds both to impulses from inside the cell and factors from 
the external environment.

This study is aimed at comparing the chemical composition of the cell wall 
of Betula pendula leaves (including pectins) derived from individuals growing in 
post-mining habitats (coal heap and quarry) and a  control site (mixed forest). 
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Using an immunohistochemical method, labelling of cell wall components was 
carried out with monoclonal antibodies.

Different habitats of urban post-industrial landscapes consist of unique, spe-
cific habitats of the novel ecosystem type that are colonized by some plant spe-
cies. Among the pioneer species of the open mineral habitats there is also the 
forest-forming species, Betula pendula – a species with a wide range of adaptability 
to habitat conditions.

The plant material (leaves) was collected randomly. The differences in the 
biotic and abiotic conditions of the studied sites were estimated. The laboratory 
work stage included the collection of the material (from the leaf blade), its prepa-
ration for immunolabelling, successive fixation, dehydration, and embedding in 
wax the samples, following the immunohistochemical method by Milewska-Hen-
del et al. (2017). Cross-sections were made using a microtome. Immunohisto-
chemical reactions were then performed for the presence of pectic epitopes. Fluo-
rescence microscopy was used to visualize and analyze the wall chemistry.

The study revealed differences in the localization of homogalacturonan- and 
rhamnogalacturonan-rich pectin epitopes in the leaf cell walls of plants from 
disturbed habitats. Leaves from individuals growing in post-industrial habitats 
were characterized by the absence of the arabinan epitope compared to controls. 
Low-esterified HGs were more abundant in leaves from plants growing in dis-
turbed habitats compared to the control site.

Immunohistochemical research makes it possible to study the relationship 
between plant cell wall composition and its changes depending on the level of 
environmental disturbance. In the future, these studies can be extended using 
a wide range of monoclonal antibodies that detect individual pectic polysaccha-
rides or glycoproteins, considering different plant species in a gradient of novel 
ecosystems.

References
Milewska-Hendel A., Baczewska A.H., Sala K., Dmuchowski W., Brągoszewska P., Goz-

dowski D., Jozwiak A., Chojnacki T., Swiezewska E., Kurczynska E. 2017. Quantitative 
and qualitative characteristics of cell wall components and prenyl lipids in the leaves of 
Tilia x euchlora trees growing under salt stress. PLoS ONE 12: e0172682.



Abstracts

142	

Performances of native tree species in plantations: 
a synthesis for the Guineo-Congolian region
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In the rainforests of the Guineo-Congolian region, several native tree species 
have been tested in plantations with different silvicultural methods and objec-
tives. The results of these experiments remained scattered, hampering our ability 
to identify the key drivers of variability in the survival and growth of planted tree 
species.

Here, we synthesize the literature by conducting a systematic review. From 
45 selected studies, we compiled a database on 89 native tree species planted in 
different forest types (evergreen, semideciduous and transition). The data includ-
ed plantation age, survival, height and diameter growth. For each planted spe-
cies, we gathered information on the planting method (understorey, line planting, 
gap, degraded area, regrowth and clear-cut), and species functional traits (species 
guild, dispersal mode, wood density and leaf phenology). We modelled tree sur-
vival, height and diameter growth using linear mixed-effect models.

We found that tree survival depended mainly on plantation age, and that the 
mortality rate was the highest during the seven first years. In contrast, tree sur-
vival did not significantly depend on the planting method or species traits. In 
the studied plantations, height and diameter growth significantly depended on 
the planting method and species guild. Diameter growth was negatively corre-
lated with wood density. Pioneer, non-pioneer light-demanding and shade-bearer 
species grew faster in diameter when planted in degraded areas and clear-cuts. 
Pioneer species grew the fastest in gaps, where they also grew faster than the 
other species. Although we did not find an effect of forest type on tree survival 
and growth, the variability between sites was substantial.

This study provided empirical evidence that planting methods need to be 
adapted to the species guild.
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Extension of skid trail network on 
salvage logging operations: an overview 

on the north-east Italian Alps
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Climate change is contributing to an increase in the frequency and intensity of 
forest disturbances worldwide. Different disturbance regimes leave distinct types 
of biological and/or structural legacies, calling for different management strate-
gies. In this context, salvage logging aims to recover economic value and mitigate 
the consequences of negative abiotic or biotic disasters, such as wildfires, wind-
storms, and insect outbreaks. This approach has become the most widespread 
management response to natural disturbances, and it is often subject to rapid de-
cision-making by public authorities. However, at the same time, salvage logging 
raises ecological issues, including impacts on forest regeneration and biodiversity, 
as well as soil conservation, especially in mountain areas such as the Alps.

The study aims to estimate the extension, density, and spacing of logging trails 
in a large windthrow area under a full-mechanized harvesting system, and specif-
ically with the use of harvester and forwarder forest machines. The contribution 
will provide a general outline of the relationship between terrain and logging trail 
networks, particularly under intense extraction pressure. The analysis focused on 
different forestry sites in the eastern Trentino region, and within “Altopiano dei 
Sette Comuni” in the Veneto region; both areas are facing a significant challenge 
due to the Vaia storm (2018). More than 700 km of logging trails were identified 
and analysed according to the forest stand characteristics, terrain morphology, 
harvesting and transportation issues.

The results highlight high pressure concerning trafficability on forest soils and 
high variability in terms of logging trail extension and density between different 
sites. A detailed understanding of the effects of salvage logging is needed to iden-
tify possible impacts, conservation targets and ultimately provide management 
recommendations to preserve post-disturbance bio-heritage.
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Variations of ion concentrations in stemflow and 
throughfall in a beech forest in Germany
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Stemflow and throughfall constitute essential components of nutrient transport 
within forest ecosystems, and are subject to diverse influences including tree 
characteristics, climatic variations, and environmental factors.

This study investigates the impacts of annual and seasonal precipitation, and 
tree attributes on the temporal and spatial dynamics of stemflow and throughfall 
in a beech (Fagus sylvatica L.) forest located near Ebergötzen, central Germany, 
from 2017 to 2022. Monitoring of volumes at 15-minute intervals combined with 
bi-weekly water sampling facilitated a  comprehensive assessment of stemflow, 
throughfall, and gross precipitation volumes and chemical constituents.

The findings unveil significant enrichments in stemflow and throughfall rela-
tive to gross precipitation, suggestive of active canopy leaching and the removal of 
dry deposition. While no universal increase in ion concentrations was observed 
for larger trees, the highest levels were observed during autumn and summer, 
intermediate in spring, and lowest during winter.

The studied beech forest exhibited 7% and 56% of the incoming rainfall al-
located to stemflow and throughfall, respectively. Furthermore, we observed 
a positive correlation between annual precipitation and the proportion of rainfall 
allocated into stemflow and throughfall. Conversely, an inverse relationship was 
noted between ion concentrations and annual stemflow/throughfall volumes, im-
plying a dilution effect whereby higher rainfall years exhibited lower ion concen-
trations and vice versa.

These insightful observations into the complexities of stemflow and through-
fall dynamics are of the utmost importance for understanding nutrient fluxes and 
water quality within forest ecosystems. This knowledge serves as a foundation 
for informed management practices to safeguarding the ecological integrity and 
sustainability of forest environments.
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Proline as a component of metabolic 
pathways network in plant cells – available 

knowledge and potential applications
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The accumulation of proline is a biochemical response of plants to water de-
ficiency. Stress associated with the consequences of climate change, including 
drought stress, induces excessive accumulation of reactive oxygen species (ROS) 
in plant cells. Seeds and tree seedlings are particularly vulnerable to oxidative 
damage to cellular structures caused by ROS.

Proline biosynthesis is enhanced to eliminate ROS and prevent disruptions 
caused by them. Proline stabilizes the structure of cell membranes and is an im-
portant component of many proteins, thus improving their integrity. This amino 
acid exhibits osmoregulatory properties, limiting water loss by cells. The activa-
tion of defense mechanisms against drought also reflects changes in the activity 
level of enzymes associated with proline catabolism and biosynthesis. The level 
of proline changes with temperature and humidity conditions, especially in des-
iccation-sensitive seeds (recalcitrant category). It also depends on the duration of 
drought and the mass of seeds from which seedlings have developed. Moreover, 
seedlings of deciduous species and those producing recalcitrant seeds accumulate 
proline more intensively than coniferous species and those with desiccation-toler-
ant seeds (orthodox category).

Proline metabolism is regulated not only by various environmental factors 
but also by numerous physiological processes occurring within cells. This pro-
cess is associated with electron transfer between mitochondria and chloroplasts, 
hence proline affects the redox status of these organelles. The constant increase 
in the content of protein thiols during the development of recalcitrant seed axes 
indicates that they are unable to stop their metabolism during long-term storage, 
which can lead to loss of viability during prolonged storage. On the other hand, 
the content of protein thiols decreases in orthodox seeds after the acquisition of 
desiccation tolerance, which is a stage in seed maturation. Proline participates 
in the ascorbate-glutathione cycle, contributes to ROS protection, and increases 
the activity of antioxidant enzymes e.g. ascorbate peroxidase and the tolerance 
to high-temperature stress with the participation of nitric oxide (fig. 1). This 
makes proline a promising biochemical marker that could be used in selecting 
high-quality forest reproductive material.
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Fig. 1 The relationships between environmental factors and physiological processes with-
in cells, including proline metabolism and elements of antioxidant system
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Drivers of intraspecific variation in 
fecundity in rowan (Sorbus aucuparia)
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Understanding the variation in fecundity, i.e., the reproductive capacity of indi-
vidual trees, is crucial for predicting population dynamics and ecosystem func-
tioning. However, estimating tree fecundity is challenging, due to the large varia-
tion in seed production observed between trees and across years that necessitates 
logistically challenging long-term monitoring. This study aimed to investigate the 
factors influencing fecundity in rowan trees (Sorbus aucuparia) using a 22-year 
fruit-count dataset in 167 individual trees.

We examined the relationship between fecundity and intrinsic (DBH, height, 
and leaf nutrient concentration) and extrinsic factors (soil nutrients, light availa-
bility, and neighborhood crowding). Our findings revealed that diameter at breast 
height (DBH) better explained variation in fecundity than height.

After accounting for tree size using DBH, light availability had the strongest, 
positive effect on fecundity and was the major limiting factor for rowan’s fecun-
dity. At the same time, a neighborhood crowding index with conspecifics also 
showed a significant, but negative correlation with fecundity, suggesting compe-
tition for pollinators among rowan trees.

Our findings contribute to a better understanding of seed production ecology 
and can inform management and conservation efforts that aim for increased fruit 
supply, either for plant populations or fruit consumers.
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Soil mycobiome of Ulmus laevis 
grown in diverse habitats
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Elms are a crucial group of deciduous trees grown near rivers and floodplains. 
Among the elm tree species that predominantly occur in the temperate regions 
of the northern hemisphere, Europe hosts three distinct species, each widely 
distributed across most countries: European white elm (Ulmus laevis Pall.), wych 
elm (Ulmus glabra Huds.) and field elm (Ulmus minor Mill.). Elms constitute an 
admixture tree species in riparian and mixed broadleaved forests. Due to their 
ability to thrive in challenging conditions, they are also found as ornamental and 
roadside trees in rural and urban landscapes. Dutch Elm Disease, caused by the 
highly aggressive fungal pathogen, Ophiostoma novo-ulmi, led to significant losses 
in many parts of Europe, Asia, and North America. Since its emergence in Eu-
rope in 1910, extensive scientific research has focused mainly on disease-related 
aspects of elm biology, while neglecting others.

The mycobiome, particularly mycorrhizal fungi, plays a vital role in soil ecolo-
gy. Mycorrhizal fungi, along with other soil fungi, colonize plant roots, enhancing 
plant nutrition and health, and are thus crucial for trees affected by global dis-
eases. Understanding the factors influencing the mycobiome is essential due to 
the multifaceted involvement of fungi in plant health, nutrition, and productivity 
under diverse environmental conditions. Comprehensive knowledge of mycobi-
ome assembly accompanying elms is essential for their sustainable management. 
Ulmus laevis, one of Poland’s native elm species, has been chosen for the research 
as it is widely distributed across the country and has shown resilience to DED.

To establish the structure of soil fungal communities of U. laevis, eighteen 
locations that represent various habitats, including forest (riparian and oak-horn-
beam forests) and non-forest habitats (such as forest nurseries, urban, rural, and 
post-industrial sites) were selected. Throughout the spring and autumn 2021, the 
roots of the same elm trees at each location were sampled. Our findings reveal 
significant differences in both mean species richness and the Shannon diversi-
ty coefficient across different habitat types. Oak-hornbeam forests exhibited the 
highest mean species richness, whereas forest nurseries showed the lowest. Ar-
buscular mycorrhiza colonization was notably higher in forest habitats compared 
to non-forest ones, and this was particularly evident in urban and post-industrial 
sites where non-mycorrhizal roots comprised over 50% of the total. Metagenomic 
analysis also confirmed the prevalence of symbiotic fungi in forest rather than 
in non-forest habitats. We observed that habitat type, rather than season, had 
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a significant impact on the soil mycobiome structure of U. laevis. Interestingly, 
the level of arbuscular fungal colonization remained unaffected by habitat type.

This research was funded by the National Science Centre, Poland (grant no. 2020/37/N/
NZ9/01915).
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Scots pine is the main forest-forming species in Poland, and it has great econom-
ic, ecological and social importance. As a dominant tree in forested areas, it plays 
an important role in forest ecosystems not only as a carbon reservoir but also 
through interactions with soil and fungi. It is an undemanding tree that grows 
well in nutrient-poor sandy soils and occupies an exceptionally wide environ-
mental niche with a wide range of distribution in Eurasia. Such environmental 
plasticity is associated with great phenotypic diversity, known as ecotypic varia-
tion, which in the case of Scots pine has been observed for several decades and is 
reflected in earlier provenance trials.

In this study, we used a set of thousands of polymorphic markers in the Scots 
pine genome, along with maternally inherited mitochondrial DNA polymor-
phism, in more than 800 individuals representing the most valuable breeding 
populations in Poland to provide information on genetic relationships between 
species and species population history. Generally, our results indicate that the 
populations share most of the mtDNA haplotypes and show very low differences 
between the populations (FST in the nDNA SNP  =  0.0017). The high genetic 
similarity between the populations suggests their common history resulting from 
postglacial recolonisation and admixture of populations of different origins. The 
results may be useful in the discussion on existing breeding and forest manage-
ment strategies used with Scots pine to counteract increasing pressure and the 
negative consequences of environmental changes.
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Disturbance to forest soil related to small-scale 
forwarding in Mediterranean beech high forests
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Thinning interventions in Italian beech forests are usually carried out by local 
forest enterprises relying on a low or medium level of mechanization (small-scale 
forestry). The short wood system is usually applied, with extraction operation 
performed by forestry-fitted farm tractors equipped with forwarding bins. De-
spite its wide application, no information is available in the literature about the 
possible impacts to the forest soil when applying this extraction method. To fulfil 
this knowledge gap, we developed the first assessment of soil physicochemical 
(bulk density, penetration resistance, shear resistance, organic matter content) 
and biological (soil microarthropods biodiversity evaluated with the QBS index) 
properties for this kind of intervention. We selected three case study areas in 
Central Italy, and applied an experimental design to evaluate separately the im-
pacts related to the passage of the machine and that of the silvicultural treat-
ment. We used linear mixed effect models to assess the relationship between 
changes in soil physicochemical and biological features. We found the effect of 
the silvicultural treatment to be negligible, but there was a strong alteration of 
the studied variables in the soil affected by the passage of the machine. Soil 
penetration and shear resistance doubled in the forwarding trails (0.25 MPa and 
4.02 t m–2, respectively) in comparison to the other two experimental treatments 
(control area and soil not affected by the machine passage; about 0.12 MPa and 
2.10 t m–2, respectively). Soil organic matter and soil biological quality (QBS in-
dex) were reduced by 25% in the forwarding trails (about 30% and 92 respective-
ly) in comparison to the soil not affected by the machine passage (about 39% and 
about 130, respectively). Such strong disturbance is related to the high number 
of machine passages needed to extract the woody material with forwarding bins 
applying the short wood system. We found a significant relationship between soil 
compaction and soil organic matter removal and microarthropod biodiversity, 
with the latter which resulted significantly lower in more compacted and organ-
ic matter-poor soils. We therefore demonstrated that this small-scale extraction 
system can have a negative effect on soil features in the short term. We therefore 
recommend the application of best management practices, for instance placing 
brush mats and logging residues, on the forwarding trails to limit the soil distur-
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bance. We further recommend a wider application of aerial harvesting systems, 
which generally have lower impacts to the soil.

The study was financed by the project AIMSUSFOR “Extending assessment of the envi-
ronmental impacts to the forest ecosystem due to forest management: a  comprehensi-
ve approach to enhance sustainable forestry in the context of climate change”, funded 
under the PASIFIC Call 1 announced by the Polish Academy of Sciences. This project 
has received funding from the European Union’s Horizon 2020 research and innovation 
programme under the Marie Skłodowska-Curie grant agreement No 847639 and from the 
Polish Ministry of Education and Science. The study was further financed by the statutory 
research of the Institute of Dendrology PAS.
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potential range shifts in European beech (Fagus 

sylvatica) across a temperature gradient in Poland
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With the advance of global warming, many European beech habitats are becom-
ing increasingly inhospitable due to shifts in climate. Rising average tempera-
tures, prolonged droughts, and extreme weather events have heightened the vul-
nerability of beech trees to pathogens, leading to a decline in their populations 
across various regions. This study aimed to explore the genetic diversity among 
young and mature beech trees in natural environments across a temperature gra-
dient. By doing so, we sought to uncover any genetic adaptations linked to envi-
ronmental factors and forecast potential shifts in the species distribution.

Our approach mirrored the methodology of Capblancq et al. (2020), who ex-
amined beech trees in southeastern France. Using the annual mean tempera-
ture data (Bio01) from CHELSA (chelsa-climate.org), we identified nine distinct 
temperature zones across Poland. With assistance from the Forest Data Bank 
(bdl.lasy.gov.pl), we pinpointed forests where beech trees were prevalent in these 
zones. We collected leaf samples from both mature trees (exceeding 29 cm at 
breast height) and saplings (up to 120 cm tall) within these areas. Additionally, 
we included four herbarium specimens (WRSL) from locations near our study 
sites in our analysis. We extracted DNA from collected samples and sequenced it 
using the DArT-seq technique (Diversity Arrays Technology Pty Ltd, Australia). 
Single nucleotide polymorphisms (SNPs) underwent examination through prin-
cipal component analysis (PCA), a clustering algorithm (sNMF), and redundancy 
analysis (RDA) performed in R.
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We excluded eight specimens from our study due to their high genetic sim-
ilarity and ambiguous placement on the PCA plot. The PCA revealed modest 
variability, with the first three principal components accounting for minimal ex-
plained variation (PC1 = 4.1%, PC2 = 2.5%, and PC3 = 1.7%). Notably, two 
populations (BWP and GBU) were distinct from the rest in our analyses. The 
cluster analysis identified two main groups, with one aligning with the distinct 
GBU population. Most individuals were classified in the second group, indicating 
a generally close genetic relationship among the studied plants.

The research is financed/co-financed under the individual student research project “Młode 
umysły – Young Minds Project” from the subsidy increased for the period 2020–2026 in 
the amount of 2% of the subsidy referred to Art. 387 (3) of the Law of 20 July 2018 on 
Higher Education and Science, obtained in 2019.
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Global temperatures will rise by up to 4°C in the coming years. The increased 
temperatures will increase drought periods in different Brazilian regions, mainly 
where Bixa orellana L. (annatto) is usually cultivated. This Amazonian woody 
species is the primary source of bixin dye, used worldwide. We showed that ju-
venilized annatto plants exhibit elevated ABA levels. Hence juveniles may be 
more susceptible to drought, which threatens annatto populations and bixin pro-
duction. Accordingly, we exposed annatto miR156ox (overexpressing miR156) 
plants, as well STTM156 counterparts (exhibiting reduced activity of miR156) to 
a water deficit episode (up to 30% of field capacity over 20 days). We measured 
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physiological parameters before, during, and after the drought period. STTM156 
plants exhibited higher CO2 assimilation (A) than miR156ox plants under con-
trol conditions. However, when subjected to drought, A  was nearly halved in 
miR156ox lineages. Moreover, under drought, both transgenic lines displayed 
different stomatal conductance (gs) when compared with Non-transformed (Nt) 
plants. Remarkably, STTM156 plants displayed higher gs values than those in 
Nt and miR156ox plants, 61 and 300%, respectively. In addition, miR156ox de-
creased the gs under drought whereas STTM156 maintained gs following drought 
which might be circumstantially explained by the higher CO2 demand. Upon re-
covery, Nt and STTM156 were capable of re-establishing the gs values compared 
to control conditions. This can be attributed to the required CO2 for the regrowth 
of structures lost during drought, such as leaves. The pre-dawn water potential 
(Ψpd) in Nt miR156ox, and STTM156 followed the expect pattern of gs. Further-
more, STTM156 showed a higher water use efficiency (WUE) than miR156ox un-
der control conditions. However, during drought, miR156ox displayed improved 
WUE compared to both well-watered conditions and Nt plants, a fact attributed 
to transpiration regulation. Upon recovery, all plants exhibited similar WUE, 
albeit approximately 50% lower than those under well-watered conditions due 
to increased transpiration. In summary, our study provides valuable insights into 
the annatto’s physiological responses to drought and how precarious bixin pro-
duction is in the face of climate change.

The effects of Pinus sylvestris’ geographical origin 
on the community and co-occurrence of fungal and 

bacterial endophytes in a common garden experiment
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Below-ground microorganisms, particularly endophytes, are crucial for plant es-
tablishment and functioning through nutrient acquisition, as well as for enhanc-
ing resistance to abiotic and biotic stresses. The impact of tree origin within 
a species on the composition and interaction networks of root endophytic fungi 
and bacteria has been less explored than plant phylogeny and biological distance. 
This study investigates the effect of geographic origin on the fungal and bacte-
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rial microbiomes of Pinus sylvestris root endophytes. Roots from plants grown 
in a common garden, originating from six locations, were harvested in two sea-
sons. The fungal and bacterial microbiome was analyzed using Illumina MiSeq 
sequencing, targeting the ITS and 16S rRNA gene regions, respectively. The rich-
ness of Operational Taxonomic Units (OTUs) of endophytic fungi and bacteria 
showed no significant relation to tree origin or season. However, the Shannon 
diversity index for endophytic fungi was season-related. The composition of en-
dophytic fungal and bacterial communities was affected by both tree origin and 
season, correlating with host root biochemical parameters such as starch, total 
non-structural carbohydrates, carbon, nitrogen, and climatic factors like mean 
annual precipitation and temperature. Moreover, the abundance of specific endo-
phytic fungi and bacteria varied across different P. sylvestris origins, depending on 
the season. The complexity of the co-occurrence networks of fungal and bacterial 
endophytes within P. sylvestris also differed by geographical origin and season. 
This study highlights the significant role of the biochemical and climatic factors 
associated with tree origin in shaping interactions with endophytic communities, 
potentially affecting plant health and adaptability across diverse environments. 
These insights expand our understanding of the influence of host plant origin, 
including seed origin climatic conditions (e.g., MAT, MAP), on the assembly of 
root endophytic communities.

The research was financed by the National Science Centre, Poland (grant no. 2019/35/B/
NZ8/01361).
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For many years, a  constant increase in atmospheric pollution caused by pho-
to-oxidants such as ozone, organic and inorganic peroxides, has been observed 
at the global and regional level. It has been proven that they are produced in 
chemical processes involving volatile organic compounds (VOCs) and nitrogen 
oxides (NOx). Our globe’s vegetation is the main source of VOC emissions into 
the atmosphere. Global phytogenic emissions of organic substances are estimated 
at 450 million tons per year. The release of these compounds exceeds all anthro-
pogenic sources by 10 times.
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Organic matter accumulated on the forest floor in the form of the fallen and 
decaying leaves of deciduous trees remains unexplored as significant natural 
sources of reactive VOCs. The aim of the study is to investigate the chemistry 
of the decomposition of deciduous forest litter from the most common trees in 
Poland: oak, birch, alder, aspen and hornbeam under environmental conditions. 
The work undertaken detailed studies of both organic compounds released into 
the atmosphere from fallen leaves (VOCs) and non-volatile, soluble organic com-
ponents that constitute substrates for various types of organisms – destructors, 
as well as those washed out by precipitation into forest soils. The study also ex-
amined the chemical composition of volatile substances and extractable organic 
compounds originating from fallen inflorescences of forest-forming tree species. 
Due to the complex chemical composition of the tested material, various analysis 
techniques were used in this study, such as headspace analysis with solid phase 
microextraction (HS-SPME/GC-MS) and three-stage solvent extraction. To ex-
amine the molecular composition of organic compounds leached from leaf litter 
(birch, hornbeam, poplar, alder) by rainfall, the technique of gas chromatography 
coupled with mass spectrometry was used. The parameters of chemical oxygen 
demand (COD) and biochemical oxygen demand (BOD5) were used as a quanti-
tative indicator of the amount of dissolved organic carbon (DOC) washed from 
leaf litter by rainwater. To study the composition of VOCs released by the living 
flowers of woody plants, the HS-SPME/GC-MS technique and polar solvent ex-
traction were used.

The influence of environmental variables on the 
species composition and richness of oak forest 
stands in large-scale Scots pine monocultures

N. Mazurek*, E. Stefańska-Krzaczek, Z. Kącki
Botanical Garden, University of Wrocław, Sienkiewicza 23, 50-335 Wrocław, Poland,  

*natalia.mazurek2@uwr.edu.pl

Keywords: old stands, middle-aged stands, habitat islands, vascular plants

The natural vegetation of Europe consists predominantly of deciduous forests, 
which are considered to be hotspots of biodiversity. However, with the develop-
ment of civilization, most fertile habitats have been deforested, leading to the 
fragmentation and reduction of the deciduous forest area. Nowadays, Scots pine 
monocultures dominate lowland landscapes. Therefore, even small patches of de-
ciduous forests in pine monocultures should significantly increase biodiversity. 
Stands of native oak species, including pedunculate and sessile oaks, are par-
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ticularly important, as they form different forest types, such as acidophilous and 
thermophilous oak forests, oak-hornbeam forests, and riparian forests.

The aim of the study was to assess the composition and species richness of 
vascular plants in oak forest stands that form habitat islands within pine mono-
cultures.

Data were collected from 100 circular plots (300 m2) in the Bory Stobrawskie 
Forest in southwestern Poland. These plots were set in oak stands of two age 
groups: 41–80 years and 100–180 years, by taking into account habitat fertility 
and moisture. Variation in species composition was assessed using DCA ordina-
tion analysis. Indicator species were selected for each age, fertility and moisture 
group of the studied oak stands, based on the fidelity (phi coefficient) of species. 
The groups of oak stands were also compared in terms of species richness, the 
number of forest species, and ecological indicators calculated with species habitat 
preferences. Additionally, the variation of species richness, the number of forest 
species and ecological indicators were assessed, based on the values of correlation 
coefficients with, among other things, the age of oak stands or the percentage of 
tree species in a tree layer.

Oak stands, regardless of their age, are an important element for the species 
diversity in woodlands dominated by pine monocultures. They exhibit diverse 
species composition. Their species richness depends on the productivity and 
moisture of the habitat, the species composition of the tree stand layer, and the 
spatial location of the patches.

Oak forest stands, despite being dispersed and occupying a small area in the 
studied woodland, are important for biodiversity and enhance non-productive 
forest functions. They provide favorable conditions for forest species that may not 
thrive in the surrounding pine monocultures.

The impact of forest management and climate change 
on bryophyte diversity of the close-to-natural forest

M.T. Mazurkiewicz1*, S. Wierzcholska2, P. Czortek1, B. Olesik2, 
B. Jaroszewicz1
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Bryophytes are one of the most significant parts of the forest. Their ecological 
characteristics, tied to specific habitats and substrates – e.g. the bark of living 
trees, and decaying wood, along with their reliance on air humidity – enable them 
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to exhibit immediate responses to environmental alterations. Consequently, they 
serve as valuable indicators of changes in the forest environment. The presence 
of various ecological groups of bryophytes, their abundance and species diversity, 
contributes to the heterogeneity of a forest (by creating microhabitats for depend-
ent organisms), defining its natural biodiversity, stand structure, and ecological 
continuity. Therefore, bryophytes can serve in forest ecosystems to assess both 
the degree of naturalness and the impact of human activities.

Gaining a comprehensive understanding of the factors and processes that gov-
ern the interactions between managed and natural forests and bryophyte diver-
sity are essential for the conservation of biodiversity. However, there is a limited 
number of studies elucidating the impact of microhabitat diversity on bryophyte 
species composition along gradients influenced by extensive human-induced al-
terations. This knowledge is necessary to improve the proper conservation of 
lowland forests and their biodiversity.

Studying the impact of forest management activities in close-to-natural for-
ests on changes in the abundance of bryophytes and their diversity opens new 
perspectives for forest management, where the effects of climate change neces-
sitate dynamic planning of nature conservation measures and sustainable forest 
resource management.

The aim of our study is to assess the changes in the diversity of forest bryo-
phytes caused by forest management and climate change in close-to-natural for-
est, and the relative importance of these two drivers of change. We hypothesise 
that the comparison of natural and managed forest ecosystems will reveal that:
1) the taxonomic diversity of bryophytes depends on the availability of substrata 

and microhabitats for epiphytic organisms,
2) the functional diversity of bryophytes is higher in natural than managed fore-

sts,
3) and the effect of climate change will be negligible compared to changes in 

biodiversity caused by forest management.
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Temporal modulation of the ecophysiology of Schinus 
terebinthifolia and Dalbergia ecastophyllum used in the 

revegetation of a fragment of the Atlantic Forest
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The Atlantic Forest is a rich biome that comprises the coastal region of Brazil. 
The objective of this work was to investigate the effects of different soil treat-
ments associated with the presence and absence of a type of green manure on the 
ecophysiology of two species native to the Atlantic Forest: Dalbergia ecastophyllum 
(L.) Taub. and Schinus terebinthifolia Raddi.

This study aimed to quantify photosynthetic pigments, Chl a  fluorescence 
transient, and growth. The data were subjected to an analysis of variance (ANO-
VA), and the means were compared by the Tukey test at 5% significance in the 
statistical program R. A principal component analysis (PCA) was also performed.

The content of photosynthetic pigments was influenced by the treatments with 
green manure (+GM). At 12 months, Schinus terebinthifolia showed an increase in 
approximately 62.5% (T1), 21.9% (T2), and 82.4% (T3) for the carotenoid con-
tent. In turn, at 12 months, D. ecastophyllum showed an increase in approximately 
8.1% (T1), 6.5% (T2), and 19.0% (T3). Carotenoid pigments play an important 
role in the absorption of light by the antenna system. They also protect the pho-
tosynthetic apparatus against damage from excessive light by mitigating harmful 
side reactions caused by reactive oxygen species (ROS).

Soil and green manure treatments influenced the JIP test parameters. The 
photosynthesis process (SFIabs, and PIabs) increased in +GM in all treatments for 
S. terebinthifolia and D. ecastophyllum at 12 months in SUBH treatment. In our 
study, the PIabs and SFIabs parameters demonstrated the mitigating effect of +GM.

The plant height (4.3% and 13.4%) and stem diameter (39.3% and 24.5%) 
were higher just in SUBH treatment at 6 and 12 months, respectively in S. tere-
binthifolia. The same was observed in D. ecastophyllum. Thus, the SUBH technique 
(T3) that promotes the highest degree of soil decompaction associated with +GM 
demonstrates its potential use in projects focused on the revegetation of degraded 
areas.

Acknowledgments: CAPES, CNPq, FAPES, Petrobras, UFES.
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Geocaching as a tool for the 
popularization of forest sciences
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Faculty of Biology, University of Warsaw, Miecznikowa 1, 02-096 Warszawa, Poland, 
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Forests are important both for the environment and for humans. A substantial 
number of people acknowledge the importance of forests and relax in them, but 
they lack knowledge of the species living there or the functioning of forest eco-
systems.

Geocaching is a GPS game which can be used to teach non-professionals about 
various places, including forests and their elements (Referowska-Chodak 2020, 
Zecha 2012). Geocaching does not require in-person meetings and thus can be 
used for learning asynchronously, with no need to gather a group of people at the 
same place and time. Geocaches – various kinds of boxes (“treasures”) with dif-
ferent content – are hidden at given coordinates in the proximity of the locations 
of interest, which may be of various types: historical objects, old characteristic 
trees, viewpoints, lakes, or whatever the geocache’s author wants to present. On 
the webpage, every geocache has a description of the place. In some cases, the 
user has to answer some questions in order to find the geocache, which further 
motivates them to gain knowledge.

Here I present examples of geocaches which are published on the webpages 
opencaching.pl and geocaching.com that focus on forest organisms or their rela-
tionships. I also discuss the roles of geocaching in the protection of the environ-
ment, e.g., meetings of geocachers who collect litter from forests, or geocaching 
in protected areas. Finally, I invite you to try geocaching in exemplary areas sur-
rounding the conference location.
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How do phorophytes shape the diversity of dependent 
epiphytic flora in Central European lowland forests?
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Conserving biodiversity is a primary objective of sustainable forest management. 
Bryophytes, a key part of our flora, offer insights into forest health due to their 
taxonomic diversity. Accordingly, leveraging this information can prove instru-
mental in conservation endeavors.

Epiphytic bryophytes, growing on the bark of living trees, influence forest 
diversity; indirectly, as pioneer organisms, they create microhabitats for other 
groups of organisms. As phorophytes, trees provide many microhabitats for ep-
iphytic bryophytes, and their physical and chemical characteristics, such as the 
pH of bark, water holding capacity of the tree bark, and bark sculpture (sculptu-
ra), shape epiphyte diversity. Previous studies on epiphytes have provided infor-
mation on the best-preserved forests in the Central European lowlands, focusing 
on the Carpathian forests or the protected areas of the Białowieża Forest. The 
aim of our study is to estimate the species richness and ecological diversity of 
epiphytic bryophytes in a managed oak-hornbeam forest (Tilio-Carpinetum). We 
hypothesize that: (1) tree type (phorophyte) shapes bryophyte species richness; 
(2) physical host tree traits such as thickness classes (breast height) influence 
the diversity and abundance of epiphytic bryophytes, and (3) the pH of bark and 
water capacity shape guilds of epiphytic bryophytes.

The research is financed/co-financed under the individual student research project “Młode 
umysły – Young Minds Project” from the subsidy increased for the period 2020–2026 in 
the amount of 2% of the subsidy referred to Art. 387 (3) of the Law of 20 July 2018 on 
Higher Education and Science, obtained in 2019.
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Needle structure and photochemical 
efficiency along a needle age gradient in 

four species of evergreen conifers
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The structure and photosynthetic properties of Abies alba, Taxus baccata, and Picea 
abies needles change with needle age along the horizontal light gradient within 
the crown. The results of the present study have provided evidence of the syn-
ergistic effect of the light level and needle aging on the values of leaf mass-to-
area ratio (LMA), photochemical parameters, and the photosynthetic pigments 
content in needles. Generally, LMA tends to increase with needle age. There is 
a predictable and continuous decrease in the maximum quantum yield of Photo-
system II efficiency (Fv/Fm) as needles age. High Fv/Fm in old needle age classes 
of the tree species was the result of self-shading, while the decrease in Fv/Fm of 
current needles of the tree species may result from a photoprotective mechanism. 
It is evident from this study that the apparent maximal electron transfer rate 
(ETRmax), strongly correlated with the overall photosynthetic capacity, decreases 
with needle age. It was also discovered that non-photochemical quenching of 
chlorophyll a fluorescence (NPQ) is higher in older needles than in young nee-
dles at the same level of fluorescence induction light. There are distinctions in the 
total chlorophyll levels across the three tree species. The values of photochemical 
parameters and total chlorophyll content for all the species are in tandem with 
the structural, physiological and environmental changes associated with increas-
ing needle age.
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Aliens are among us… Colletotrichum acericola 
as a threat to native maple species in Poland
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Plant invasions are a global phenomenon, with human activity cited as the main 
cause (Giorgia, Hulme 2023). Alien species can lead to the displacement of native 
ones, which significantly affects the performance of entire ecosystems (Najberek, 
Solarz 2016).

In Poland, the ash-leaf maple, Acer negundo, was brought to botanical gardens 
in the early 19th century (Patejuk et al. 2023). In the following decades, the 
spread of this species outside the gardens was observed, which was the first stage 
of invasion (Tokarska-Guzik 2005). Alien species can be reservoirs of pathogens 
that can affect native species, a phenomenon known as spillover (Power, Mitchell 
2004).

The aim of the study is to answer the question: does Colletotrichum acericola, 
isolated from ash-leaf maple, pose a phytosanitary threat to the native species 
Acer platanoides and A. pseudoplatanus? In order to answer this question, several 
infection tests, using strains of C. acericola, were conducted on both the leaves 
and shoots of three chosen species of maple trees that are found in Poland, in-
cluding the invasive A. negundo.

Monitoring alien species, which have the potential to become invasive, is 
a  challenging process. Even more daunting is the task of eliminating invasive 
species from an area (Tokarska-Guzik 2012). Therefore, it is crucial to prevent 
their invasion into ecosystems, where they can pose significant threats to native 
organisms and biodiversity.
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and salvage logging in hemiboreal mixed forests
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Climate change accompanied by altered natural disturbance regimes threatens 
the resilience of boreal and hemiboreal forests. Bryophytes, an important part of 
plant biomass and diversity, fulfill numerous important functions in forests, thus 
markedly contributing to the resilience of these ecosystems.

We studied the abundance, richness, diversity and community composition 
of bryophyte species 20–21 years after wind disturbance in moderately damaged, 
heavily damaged, and heavily damaged and subsequently salvage-logged stands. 
Overmature forest stands with similar tree species composition were included in 
the study as a reference group. The community characteristics were linked with 
treatment and accompanying environmental variables.

Altogether, 108 bryophyte taxa (81 mosses and 27 liverworts) were identified 
in the study plots. We found that bryophytes responded to windthrow severity 
level and salvage logging in terms of species richness, diversity, and composition; 
the diversity of microhabitats was the most important environmental variable ex-
plaining the variation in diversity metrics. Besides exhibiting greater overall spe-
cies richness, uncleared wind-disturbed plots contained more bryophyte species 
with high conservational value as well, compared to salvage-logged and control 
plots.

The largest number of bryophyte taxa was associated with deadwood sub-
strates. Ordination analysis further emphasized the importance of deadwood sub-
strate for liverworts. In order to fulfill the objective of biodiversity conservation, 
wind-disturbed forests should be left to recover naturally, to ensure a favorable 
status of all naturally occurring species and to improve the status of endangered 
and rare species. Retaining a proportion of surviving and/or wind-damaged trees 
while salvaging might also alleviate the unfavorable environmental conditions for 
bryophyte species while “lifeboating” some species through the following succes-
sional stages.
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Noise propagation from chainsaw cross-
cutting in forest environments

S.F. Papandrea*, M.F. Cataldo, G. Zimbalatti, A.R. Proto
Department of AGRARIA, Mediterranean University of Reggio Calabria, Feo di Vito, 89122 

Reggio Calabria, Italy, *salvatore.papandrea@unirc.it

Keywords: impact, disturbance, sensitive area, Sustainable Forest Operations

Forests represent an environment in sensitive ecological equilibrium, where activ-
ities related to wood harvesting always generate environmental disturbance. For-
est ambient background sound level is generally low, and in the past the human 
presence in the forest during wood harvesting activities caused slight sounds, 
such as footsteps, creaks, verbal communications, and axe chops. However, with 
the advent of technology, in particular with the introduction of engines, the nois-
es have become increasingly conspicuous. Forestry operations often involve the 
use of equipment and machinery that can produce noise and represent a poten-
tial permanent or temporary disturbance to wildlife. For this reason, some stud-
ies focused attention on the ecological effects of anthropogenic noise in nature, 
demonstrating negative impacts on the life of many animal species, which are 
evident from permanent changes in their behaviour and spatial distribution. Al-
though the effects of noise on the natural environment are now widely known, 
the propagation of noise in natural and semi-natural areas due to forestry opera-
tions has not yet been sufficiently explored in the literature.

The work aimed to carry out a first experimental approach to assess the range 
and intensity of the noise generated by chainsaws with different powers (dis-
tinguished in terms of low, medium and high-power chainsaws) by applying an 
appropriately set up measurement system in order to recreate a  realistic con-
dition. The study was conducted in a sensitive forest area of the Sila National 
Park (southern Italy), where a  pilot simulation of cross-cutting was tested on 
beech and Corsican pine logs. In particular, this research aims to evaluate the 
human impact on environmentally sensitive areas, in order to gain insight into 
the phenomena of acoustic disturbance, and to mitigate the negative ecological 
impact of forest operations. The simulation consisted of wood cutting discs of 
the same thickness from logs with the same diameter using different chainsaws. 
The assessment of noise propagation during cross-cutting was carried out us-
ing 26 sound dataloggers, which recorded the sound levels in a geometric pat-
tern planned in the test area. Multiple point noise sources and several frequency 
bands were examined and evaluated statistically to determine factors which have 
the greatest impact on the dynamics of noise propagation in a forest environment 
involving cross-cutting operations by motor-manual felling. The case study high-
lighted how chainsaws are one of the most critical sources in terms of noise level 
production in a sensitive environment like the forest.
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How much do the floral, fruit, and leaf and stem 
traits of woody plants vary within a species?

S. Paź-Dyderska*, A.M. Jagodziński
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland, 

*sdyderska@man.poznan.pl

Keywords: floral and fruit traits, plant functional traits, organs’ variability, trees 
and shrubs

While plant functional traits offer numerous advantages in modern ecology, ef-
forts to address their limitations are crucial. These limitations encompass the 
insufficient recognition of intraspecific trait variability and the uneven coverage 
of organs, often leading to the neglect of floral and fruit traits (hereafter, re-
productive traits). Reproductive traits are frequently sidelined in favor of more 
commonly used traits, such as specific leaf area (SLA), seed mass, or plant height. 
However, reproductive traits, often deemed highly conservative, may exhibit low 
levels of variability, allowing for less biased interspecific comparisons and thus 
posing great potential for further development of functional ecology.

This study aimed to compare the intraspecific variability of traits across four 
plant organs: leaves and stems (well-recognized), and flowers and fruits (less 
recognized). Data were collected for twenty species, each represented by five pop-
ulations in Greater Poland, separated by at least 5 km. Each population com-
prised six individuals, from which leaves, stems, flowers, and fruits were col-
lected throughout the vegetation season. Despite occasional incomplete sets of 
organs due to limited availability, our focus on intraspecific variability and the 
use of population mean values for analyses mitigated this limitation. We analyz-
ed various functional traits, including dry mass, dimensions, nitrogen (N), and 
carbon (C) content, and C:N ratio for flowers and fruits; SLA, C and N content, 
and C:N ratio for leaves; and specific stem density, C and N content, and C:N 
ratio for stems.

We formulated two hypotheses: (1) reproductive traits would exhibit less in-
traspecific variability compared to performance-related traits like specific leaf 
area and specific stem density, and (2) reproductive traits would show stronger 
phylogenetic associations than the most frequently used functional traits. The 
results of this research will contribute to our understanding of the intraspecific 
variability of plant reproductive traits and the assessment of their potential for 
use in functional ecology research.

The study was financed by the National Science Centre, Poland, as part of the grant no. 
2020/37/N/NZ8/00387 titled: “How to better describe the functioning of species in an 
ecosystem? Reproduction traits and their potential in functional ecology of plants” and 
partially supported by the Institute of Dendrology of the Polish Academy of Sciences, 
Kórnik.
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Less productive, but successful. A case of 
Cornus sericea invasion in Lithuania

L. Petrulaitis*, Z. Gudžinskas
Laboratory of Flora and Geobotany, Nature Research Centre, Žaliųjų Ežerų Str. 47, 12200 Vilnius, 

Lithuania, *lukas.petrulaitis@gamtc.lt

Keywords: woody plant, alien, shrub, dogwood

Alien woody species constitute about 12% of the alien flora in Lithuania (of about 
700 alien plant species, 83 are woody). Some of these species pose a serious threat 
to native plants and habitats by altering the characteristics of certain ecosystem 
elements. The genus Cornus is represented by seven taxa in Lithuania, of which 
only one taxon (C. sanguinea subsp. sanguinea) is native. Cornus sericea has been 
spreading throughout Lithuania for several decades, yet the invasion and impact 
of this species have long been overlooked. In neighbouring countries, C. sericea 
spreads in riparian habitats, wetlands, forests, mesic and wet grasslands, and 
anthropogenic habitats. In Lithuania, the species is found in various habitats, but 
its invasion of alluvial forests is particularly advanced.

We used phytosociological data from 30 sites of C. sericea, mainly from alluvial 
forests. We compared the ecological traits of four Cornus taxa (C. alba, C. sanguin-
ea subsp. sanguinea, C. sanguinea subsp. australis and C. sericea) such as reproduc-
tive output, soil seed bank, seedling emergence and annual ring increment. The 
viability of intact seeds collected from the soil seed bank was tested by a standard 
staining method (TTC test).

According to the results of our research, C. sericea had the lowest number of 
fruits per infructescence and the lowest number of seeds in the soil seed bank. In 
addition, the percentage of viable seeds of C. sericea ranged from 11.8% to 100% 
at the individual study sites. The mean seed density of the species in the soil was 
generally low. Furthermore, these results correlated positively with the low num-
bers of emerged seedlings. The growth of the annual xylem rings of C. sericea was 
the most pronounced and this species was the fastest-growing of all the Cornus 
taxa studied. Even though this species was less productive, it is one of the most 
common alien shrubs in Lithuania. We found a negative moderate correlation 
between the cover of C. sericea and the number of herbaceous species per relevè 
(r = –0.52, p < 0.01, N = 30). Furthermore, there is an increasing propagule 
pressure and intensive vegetative spread of already established populations. Ac-
cording to the results of the study, C. sericea exhibits clear signs of invasiveness. 
We assume that this species has no competitors in its alien range, including al-
luvial forest habitats.
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Land suitability maps based on the GIS-
MCDA-AHP approach for selecting the most 

prudent forestry ectomycorrhization

V. Prosseda
Department of Agriculture and Forest Sciences (DAFNE), Tuscia University, via San Camillo de Lellis, 

01100 Viterbo, Italy, valerio.prosseda@gmail.com

Keywords: GIS, MCDA, AHP, mycoforestry

The strategy for selecting the optimal ectomycorrhization system for a specific case 
involves the application of the GIS-MCDA-AHP approach. This method enables 
a meticulous selection of hypogeous mycoforestry operations by generating one or 
more suitability maps.

The aforementioned multi-criteria analysis and evaluation procedure use vari-
ous bio-geochemical variables such as slope, altitude, rooting capacity, mechanized 
access, soil bearing capacity, climate precipitation, land use, management factors, 
soil drainage, soil depth, soil temperature, soil moisture, soil tolerance to natural 
vegetation disturbance, disturbance to water flow activities, soil micro and meso-
fauna, soil erosion disturbance, wildlife impact, soil composition (clay-loam sand), 
pH, calcium and organic carbon levels, available soil micronutrients, and specific can-
opy composition. These factors are used to assess potential alternatives for planting 
ectomycorrhizal forest plants within the operational context.

We applied Multi-Criteria Decision Analysis (MCDA) procedures, an Analytic 
Hierarchy Process (AHP), and rasterized and georeferenced each criterion in a GIS 
environment. We also reclassified rasters based on planting suitability classes for 
each forest system scenario.

Additionally, an extra informational layer was overlaid for each condition of 
ectomycorrhizal forest planting application, calculating the overall applicability ade-
quacy of each forest ectomycorrhization use system for every pixel in the examined 
territory. These were categorized according to FAO suitability standards, achieved 
by summing the suitability value for each criterion, weighted by its relative impor-
tance determined by AHP.

This process yields a synthesized land suitability map, facilitating a quantitative 
evaluation of the appropriateness of planting operations for each pixel in the area of 
interest. It objectively defines the best mycoforestry operation strategy by extracting 
the mean suitability value using the zonal statistics raster command in GIS soft-
ware.

Ultimately, this method offers mycoforesters greater precision in digital myco-
forestry management, enabling them to design forest usage plans (both woody and 
non-woody) for different areas with meticulous and objective operation selection 
criteria.
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Adapting artificial forest regeneration to 
environmental changes – perspectives from Slovenia

B. Rantaša*, H. Kraigher
Department of Forest Physiology and Genetics, Slovenian Forestry Institute, Večna pot 2, 1000 

Ljubljana,1000, Slovenia, *boris.rantasa@gozdis.si

Keywords: artificial regeneration, climate change, forest genetic resources, forest 
reproductive material, assisted migration, close to nature forest management

Forestry in Slovenia is based on the principles of sustainability, multifunction-
ality and close-to-nature forest management (CTNFM). CTNFM can be char-
acterized as a small-scale, uneven-aged forestry system, which follows and uses 
natural processes with the aim of continuous sustainable provision of all forest 
ecosystem services. In Slovenia, the prevalent type of regeneration is natural, 
employing forest reproductive material (FRM) from local seed trees (over 90% of 
all forest regeneration).

To successfully adapt CTNFM to the effects of climate change, it needs to be 
enhanced with an active approach to forest regeneration with locally adapted 
FRM with high levels of species and genetic diversity. This is especially crucial 
for:
•	 the long-term conservation and improvement of the status of biological and 

genetic diversity in forests (by planting and sowing a wide spectrum of locally 
adapted forest tree and shrub species and provenances),

•	 facilitating carbon sequestration in forests (timely and successful regenera-
tion of forest stands with high-quality stand trees and seedlings contributes 
to climate change mitigation and adaptation), and

•	 ensuring stability, resilience, forest health, and the sustainability of all forest 
ecosystem services.
The use of artificial regeneration in CTNFM can serve as an “insurance policy” 

which minimizes risk by facilitating the presence of diverse and climate-adapted 
FRM in future forests. To achieve this, we are working on several different strat-
egies, including:
•	 the establishment and monitoring of large- and small-scale provenance trials, 

including audience beyond forest science (citizen science-based provenance 
trials);

•	 creating assisted gene flow (migration) models for the potential transfer of 
provenances of forest tree species potentially adapted to future climate;

•	 experimenting with new technologies and techniques to increase the survival 
of seedlings in extreme conditions (extreme drought, late frost, browsing by 
animals);

•	 developing strategies and protocols for monitoring artificial regeneration in 
all Slovenian forests;
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•	 exploring stakeholder cooperation, policy and business models for the susta-
inable provision of FRM;

•	 establishing a new Centre for Forest Reproductive Material and Forest Health 
at the Slovenian Forestry Institute.

How do herbaceous forest understory plant species 
reflect global patterns? A study of the relationships 
between decomposition and plant functional traits

K. Rawlik*, A.M. Jagodziński
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland, 

*rawkat@man.poznan.pl

Keywords: herbaceous layer, decay rate, biomass allocation, carbon cycling

Decomposition, next to photosynthesis, is a  crucial ecological process shaping 
ecosystem properties and influencing all living organisms. Studies of this process 
in forest ecosystems usually omit the herbaceous layer, focusing on the tree layer. 
Many previous studies have demonstrated that plant traits influence decomposi-
tion rates; however, it is still not clear whether patterns found on a global scale 
are reproducible at local scales, specifically in different growth forms. The main 
aim of our study was to assess the impacts of habitat type and plant functional 
traits on the decomposition process of forest herbaceous species.

We conducted our study in three forest types along a wide gradient of soil 
hydrologic and nutrient conditions and examined the decomposition of 11 vas-
cular forest understory plant species. We used litter bag methods in our studies, 
collecting litter bags monthly during the first year of the experiment and at three-
month intervals afterward. Additionally, we measured 12 functional traits of herb 
plant species on our sample plots.

We found statistically significant effects of herb species and the type of forest 
on litter decomposition. After one year of the experiment, biomass losses were 
highly diverse, ranging from 26% for Calamagrostis arundinacea to more than 99% 
for Corydalis cava. The species studied may be arranged from the fastest to the 
slowest decomposition rate determined after one year of the study: C. cava, Ficaria 
verna, Anemone nemorosa, Oxalis acetosella, Mercurialis perennis, Maianthemum bifo-
lium, Urtica dioica, Impatiens parviflora, Alliaria petiolata, Deschampsia flexuosa, and 
Calamagrostis arundinacea. Correlation analyses revealed negative relationships 
between biomass losses after one year of decomposition and stem mass fraction, 
leaf dry matter content, and the height of plant species. A positive relationship 
was revealed between biomass losses after one year of decomposition and specific 
leaf area.
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In the studied species set, the litter decomposition rate was generally higher 
in smaller plants with a  lower allocation of biomass to stems. The results are 
important for a better understanding of the habitat-shaping role of herbaceous 
species during the decomposition process. This knowledge can aid in the man-
agement and protection of forest ecosystems, particularly in the context of chang-
ing biodiversity. Moreover, they can help improve the assessment of the forest 
ecosystem’s carbon cycle.

The study was financed by the National Science Centre, Poland, as part of the grant no. 
2019/35/N/NZ8/01576 titled: “How herbaceous forest understory plant species reflect 
global patterns? Study of relationship between decomposition and plant functional traits” 
and partially supported by the Institute of Dendrology of the Polish Academy of Sciences.

Natural regeneration potential of black poplar 
along the Vistula River valley in Poland

D. Robak*, A. Lewandowski, W.B. Żukowska
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland, 

*drobak@man.poznan.pl

Keywords: black poplar, natural regeneration, genetic variability

Black poplar is the main component of riparian forests, and is an extremely im-
portant species from both ecological and economic points of view. Over the last 
decades, there has been a drastic decline in the number of individuals of this 
species, which is caused by human activity and the lack of areas suitable for the 
growth and development of young seedlings. An additional threat is the fact that 
black poplar may cross with fast-growing hybrid poplar varieties, which may lead 
to the contamination of its gene pool.

We studied four populations located along different sections of the Vistula 
River comprising a total of 623 black poplar trees. Each population consisted of 
a group of mature trees and a group of presumed natural regeneration. The aims 
of the research were to: (1) determine species purity and clonality, (2) assess the 
genetic variability, (3) compare the gene pools of populations, and (4) compare 
the gene pools of potential natural regeneration with the gene pool of mature 
trees growing in the same location. We also wanted to check whether the se-
lected reproductive strategy differs depending on the location and degree of land 
transformation, as black poplar may also reproduce vegetatively. The analyses 
were carried out based on the polymorphism of 14 nuclear microsatellite markers 
and using species-specific nuclear and chloroplast DNA markers.

We identified nine hybrid individuals in the group of mature trees from the 
middle section of the river and one in the group of mature trees located in the 
lower section of the river. The highest percentage of clones was observed in 
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the population from the lower section of the Vistula, where clones constituted 
94.92% of the population, and the lowest percentage of clones (3.46%) was found 
in the population from the middle section of the river. The parameters of genet-
ic variation were generally comparable between groups and the level of genetic 
variability remains high. The genetic differentiation among the studied groups of 
presumed natural regeneration was almost twice as high as among the groups of 
mature trees. The results of the principal coordinates analysis and genetic clus-
tering showed that the population located closest to the influx of the river was 
the most different from the others. At the level of individual trees, we observed 
that only in the middle section of the river did the group of presumed natural 
regeneration reflect the gene pool of the mature trees group. For the remaining 
populations, the groups of presumed natural regeneration are less similar to the 
groups of mature trees. Black poplar populations in Poland are usually old and oc-
cur mainly in small groups. Moreover, many rivers have been significantly trans-
formed, resulting in a lack of suitable areas for natural regeneration. Taking into 
account the above and also the results of our previous research, it is necessary to 
take actions aimed at protecting the gene pool of black poplar in Poland.

The research was funded by the National Science Centre, Poland (grant no. 2021/41/B/
NZ9/00722).

Revolutionizing nursery and garden practices: 
peat-free substrates and novel fertilization, 

strategies for sustainable seedling production

O.J. Rotowa*, S. Małek
Department of Ecology and Silviculture, Faculty of Forestry Science, University of Agriculture in 

Kraków, al. 29 Listopada 46, 31-425 Kraków, Poland, *odunrotowa@yahoo.com

Keywords: peatland conservation, peat-free substrates, sustainable cultivation, liq-
uid fertilizer

In recent times, there has been a growing recognition of the critical importance 
of peatland conservation, particularly in the context of environmental preser-
vation. This heightened awareness has sparked a  quest for alternative organic 
substrate mediums to replace peat, emphasizing materials that are easily acces-
sible, cost-effective, sustainable, and environmentally friendly. Within the Fac-
ulty of Forestry at the University of Agriculture in Kraków, Poland, a dedicated 
team of researchers has successfully formulated a pioneering organic substrate. 
This substrate was derived from readily available, highly affordable, and entirely 
cost-free materials, ensuring sustainability and environmental compatibility. Ad-
ditionally, this research effort has also yielded a novel recipe for liquid fertilizer. 
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The developed substrates were adapted to the nutritional requirements of the 
forest tree seedlings (Quercus robur and Fagus sylvatica), and their suitability under 
monitoring. The result provides valuable insights into the complex relationships 
between fertilization methods and the variance in the chemical composition of 
oak and beech seedlings after production in the nursery. The substrate mediums 
developed in this study have demonstrated qualities that are on par with peat-
based substrates, as evidenced by robust root system development. The allocation 
patterns highlighted the variability of nutrient distribution within the seedling, 
with more nutrients allocated in the root system. Interestingly, the novel treat-
ment recorded the highest mean root values. Based on the results of the study, 
the peat-free substrates combined with novel fertilization strategies could devel-
op the forestry industry by enhancing the growth and nutrients of tree seedlings 
without relying on traditional peat-based substrates.

Surface deformation monitoring in forest 
road networks: a high precision UAV 

real-time kinematic approach

E. Siafali*, P.A. Tsioras
School of Forestry and Natural Environment, Aristotle University of Thessaloniki, Laboratory of 

Forest Utilization (POB 227), GR-54124, Thessaloniki, Greece, *esiafali@for.auth.gr

Keywords: forest management, terrain analysis, erosion model and earthworks, 
timber extraction, photogrammetry

The significant increase in hiking, logging, and transportation negatively impacts 
the natural balance by leading to soil degradation along trails and forest roads. 
The objective of this project was to develop a Deformation Classification Model 
for a multi-use road surface, predict sediment deposition, and generate a flood 
risk map in a predominantly forested region. The eBee X mapping UAV, equipped 
with the senseFly S.O.D.A. 3D camera and Real-Time Kinematic (RTK) tech-
nology, conducted a flight over a 149-hectare study area in Northern Greece at 
a height of 120 meters, obtaining a spatial resolution of 2.6 cm. The distinctive 
structure of fixed-wing equipment eliminates the necessity for ground control 
points in terrain deformation research, a practice that was prevalent in previous 
studies predominantly utilizing polycopters.

Two distinct classifications were performed using the Digital Surface Model 
(DSM) and Digital Elevation Model (DEM) for analysis. The Geolocation Errors 
and Statistics for Bundle Block Adjustment showed high accuracy in the model, 
with mean values for the X, Y, and Z directions of 0.000023 m, –0.000044 m, 
and 0.000177 m, respectively. The standard deviation of the error in each di-
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rection was 0.022535 m, 0.019567 m, and 0.020261 m. The Root Mean Square 
(RMS) error values are 0.022535 m, 0.019567 m, and 0.020262 m. There were 20 
and 30 altitude categories established with a spatial resolution of 4 cm, each hav-
ing specified value ranges. Each altitude category was measured in square meters 
(m2) and in cubic meters (m3) for volume. Developing a Deformation Classifica-
tion Model for the surface of a multi-purpose forest trail, as well as calculating 
earthworks and generating a flood risks map, is an effective method to support 
forest managers in creating and maintaining the network of hiking trails and 
forest roads.

Monitoring and management of Lymantria 
dispar life stages in southern Greece

A. Skourti1*, M.C. Boukouvala1, N. Eleftheriadou1, D.L.S. Gidari1, 
X. Pons2, A. Levi2, M. Eizaguirre2, C. Lopez2, Q.B. Fernadez3, 
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Lymantria dispar (L.) (Lepidoptera: Erebidae) is a  serious defoliator in forests 
worldwide. It is one of the main pests of oak trees but it can feed on  > 400 plant 
species. Due to the negative impact of chemical insecticides on the environment, 
alternative approaches to the management of this pest should be adopted. Thus, 
in 2023 efforts were made to control and monitor L. dispar by using trunk, phero-
mone, and electronic traps. The experiments were conducted in Ilia, Greece. The 
project included the comparison of three different trunk traps for their effective-
ness in capturing L. dispar larvae. Additionally, six different prototype pheromone 
traps were compared with a commercial pheromone trap for the monitoring of 
L. dispar adult males. Adult males were also monitored with electronic traps. 
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Furthermore, the mating disruption method was applied and compared with an 
untreated area.

The results revealed that the prototype trunk trap was more effective in cap-
turing L. dispar larvae than the two commercial trunk traps. With regard to the 
pheromone traps, 3 out of 6 prototype traps performed comparably to the com-
mercial trap. Electronic traps recorded data and provided information on the en-
vironmental conditions associated with male presence and flight. Captures of 
males in the mating disruption area decreased in comparison to the untreated 
area. The overall results indicate the high potential of the alternative methods to 
monitor and manage the different developmental stages of L. dispar.

The LIFE eGymer project is co-funded by the LIFE Programme of the European Union 
under contract number LIFE20 ENV/GR/000801 and with the contribution of the Green 
Fund.

The effect of various tree species and time on the 
process of soil formation on post-mining sites: 

a common garden experiment with 22 tree species 
and a chronosequence from Sokolov, Czech Republic

M. Spasić*, O. Vacek, E. Enkhtaivan, V. Tejnecký, O. Drábek
Czech University of Life Sciences Prague, Kamýcká 129, Prague, Prague, 165 00, Czech Republic, 

*spasic@af.czu.cz
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The research presented here evaluated the effect of different tree species, and 
the effect of time on the initial soil formation processes on post-mining sites. 
Study locations included four reclaimed spoil heaps in the Sokolov brown coal 
mining basin in the Czech Republic. A comprehensive analysis of the physical 
and chemical properties of the soil formed under 23 woody species monocultures 
of the same age (both broadleaved and coniferous) was performed. The results 
show that broadleaved species such as Alnus glutinosa, Fagus sylvatica, Tilia cordata, 
Acer platanoides, A. pseudoplatanus and Pyrus communis exhibited more favorable 
soil properties and soil formation potential than the other broadleaves and co-
nifers tested (Spasić et al. 2024b). However, the growth potential and resistance 
to climatic extremes shown by some conifers, both native (Pinus sylvestris, Larix 
decidua) and introduced (Pseudotsuga menziesii, Pinus nigra, Picea omorika), demon-
strated that these species can be suitable for afforestation of post-mining sites in 
this region (Vacek et al. 2021, Spasić et al. 2024b). The indisputable effect of time 
on the initial soil forming processes was assessed through a chronosequence of 3 

mailto:spasic@af.czu.cz


Abstracts

		  175

differently aged forest reclamation sites (Spasić et al. 2024a), as well as through 
observation of chemical properties on the Lítov spoil heap after 20 years.

The authors would like to thank Czech University of Life Sciences Prague Internal project 
No. SV23-2-21130 for the financial support.
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Trees and shrubs are considered ecosystem engineers. Through the production 
of leaf litter, they can alter soil conditions, and these changes may determine the 
plant performance (growth rate, size and fitness) and the species’ ability to be 
expansive.

The IMPAWOS project aims at examining the impact of invasive alien woody 
species (IAWS) and native dominant (potentially expansive) woody species 
(NEWS) on the ecosystems of the temperate zone of Central Europe (Czech Re-
public, Poland and Slovakia). The project focuses on trees and shrubs that can 
create monospecific stands, i.e., invasive Acer negundo, Prunus serotine and Spiraea 
tomentosa, and native Acer platanoides, Crataegus monogyna and Swida sanguinea. 
The control for the IAWS and NEWS monospecific stands are co-occurring native 
multi-species stands.

In the autumn of the first year of the project, senescent leaves from trees and 
shrubs were collected and analyzed for several chemical (contents of C, N, Ca, 
Mg, K, total phenolics and condensed tannins) and microbial properties (abun-
dance of microbial populations using the PLFA method).

We hypothesized that species containing more phenolics in their leaves would 
be less colonized by microbes, and thus harder to decompose (which will be 
tested in further stages of the project using the litter bag method). We expected 
that there would be more such species in the IAWS than in the NEWS group. We 
also hypothesized that multi-species leaf material (control) would have a more 
constant chemical composition than single-species leaf material (both IAWS and 
NEWS).

The utilization of waste generated in 
the chemical industry for the purposes 

of sustainable forest management

M. Sydow*, K. Tomczak, Z. Karaszewski
Łukasiewicz Research Network – Poznań Institute of Technology, Estkowskiego 6, 61-755 Poznań, 

Poland, *mateusz.sydow@pit.lukasiewicz.gov.pl

Keywords: sustainable forestry, waste management, heavy metals, post-agricultur-
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Polish forestry traditionally operates on poorer quality land, while more fertile 
land is intended for agricultural purposes. If it is determined that the land is no 
longer suitable for food production, it can be designated for afforestation. Intro-
ducing the first generation of trees onto former agricultural land is fraught with 
a number of problems that are well described in the literature. Pre-fertilization of 
these lands with fertilizers containing phosphorus and calcium may be a signif-
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icant factor improving soil properties and increasing the success of forest crops. 
Hence, there is a need for urgent research on the composition and form of the fu-
ture alternative fertilizers, especially in the context of their impact on the growth 
of tree seedlings, selecting the appropriate dosage level and determining the mi-
gration of possible occurring pollutants, which will determine the potential use 
of fertilizer in afforestation process. For this reason, it is important to conduct 
field tests verifying the impact of fertilizers derived from waste raw materials 
on the growth of seedlings of forest-forming species. Economic, geopolitical and 
environmental reasons (a reduction in the amount of raw wood material available 
from abroad, the increase in the costs of obtaining and transporting raw wood 
material, the future increase of the acreage of protected forest areas) can reduce 
the availability of the wood for the wood industry sector. One of the ideas to mit-
igate this situation is to increase the afforestation success by the introduction of 
fertilizers based on the waste from the chemical industry, e.g. generated during 
the production of phosphoric acid, which contains essential elements such as 
phosphorus or calcium, but may also contain pollutants such as heavy metals.

The aim of the study was to assess the potential of Scots pine seedings for 
the short-term absorption of selected heavy metals from the soil fertilized with 
the waste material generated during the production of phosphoric acid. As a part 
of the task, soil and wood tissue samples were collected from tests to determine 
the impact of fertilizer addition on the condition of Scots pine seedlings after 5 
months of pot cultivation. The ability of seedlings to accumulate heavy metals 
was also determined. The collected results allowed the preparation of an ongoing 
long-term test conducted in a larger scale.

This investigation received financial support from the Polish Ministry of Science and Hi-
gher Education (project no. S-5906-0-2023).
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Peatland restoration is recognised as an important part of climate change mitiga-
tion strategy. Peatlands not only have the potential to sequestrate great amounts 
of carbon and store huge amounts of water but also act as natural buffers for 
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disasters. Pristine peatlands also host a unique biodiversity, protection of which 
is important in times of global biodiversity crisis. Despite the importance of the 
peatlands, vast areas of them have been – and still are – drained and mined every 
day.

Countless peatland rewetting projects have been introduced around the world 
with the aim of restoring the unique properties of a pristine peatland. However, 
the methods to assess the efficiency of peatland restoration success are lagging. 
Measures of restoration success are urgently needed to assess if and where the 
peatland functions, including valuable ecosystem services, are returning towards 
the natural state.

Here, I will discuss the use of Sphagnum fuscum functional traits analysis as 
a method to assess peatland restoration efficiency. Sphagnum are key species in-
volved in peatland formation and biomass production. Sphagnum fuscum grows in 
drier parts of peatlands, forming hummocks. This suggests that it could be the 
first to recover during peatland restoration. Its functional traits were analysed 
from pristine, restored, and drained sites selected from southern Finnish peat-
lands.

We show that Sphagnum fuscum collected from restored peatlands showed 
a clear recovery trend, with most functional traits resembling the traits of the 
species from pristine rather than from drained peatlands. Our work indicates 
that peatland restoration can successfully recover not only Sphagnum coverage 
but also its traits, at least on hummock surfaces. This result is encouraging and 
suggests that peatland restoration can bring back ecosystem services, including 
important carbon sequestration abilities. Further, this study suggests that the 
use of plant functional traits can provide important information on peatland re-
covery after restoration. To assess the recovery of the plant functional diversity 
on peatlands after restoration in a wider perspective, more studies with more 
species are needed.

Genetic and clonal structure of the 
white poplar (Populus alba)

M. Terlecka*, K. Sękiewicz, G. Iszkuło
Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland, 

*mterlecka@man.poznan.pl

Keywords: population genetics, dioecy, clonality, Populus alba, plant ecology

White poplar (Populus alba L.) is a dioecious and clonal species from the Salicace-
ae family, commonly found in river valleys and floodplains. These areas are char-
acterized by unique environmental conditions that are crucial for the survival of 
white poplar and other riverside plants. White poplar is part of the biologically 
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diverse poplar riparian forests (Populetum albae), which are increasingly rare in 
Europe due to drainage works and river regulation. This threat results in the spa-
tial isolation of the white poplar population and limits the natural regeneration of 
the species. We need to understand the genetic resources of white poplar, includ-
ing its variability and the factors that influence it, as it is crucial to protect these 
areas. Additionally, it is also important to consider the consequences of clonality 
in combination with the dioecious nature of white poplar.

Dioecy is a specific sexual system where distinct female and male plants exist 
within a population. This rare method of reproduction is present in only about 
6% of angiosperms. Dioecy leads to noticeable differences between female and 
male plants, including variations in growth, sensitivity to stress, and preferred 
habitats, which can result in segregation based on gender. Clonality is the process 
of vegetative reproduction that gives rise to a new plant genetically identical to 
the parent plant unless somaclonal variability occurs, but potentially independ-
ent in terms of growth and reproduction. While clonality is widespread among 
plants, there is limited information on its ecological impacts in dioecious tree 
species.

Studying the interplay of dioecy and clonality is especially valuable among 
a species that occurs in its natural habitat. The project, including a doctoral dis-
sertation, aims to investigate how clonality and dioecy impact the growth rate, 
response to climate, and spatial distribution of white poplar. The project includes 
three populations of poplar trees in Poland. By using nuclear microsatellite mark-
ers (SSRs), commonly used in population and conservation genetics, the study 
can assess the genetic structure of these populations and identify any sex-specific 
factors. The SSRs used in genotyping allow the identification of intra- and in-
ter-population genetic variation.

Understanding the genetic structure of populations is essential for imple-
menting effective conservation strategies to protect the biodiversity of unique 
forest ecosystems like riparian forests.

Mycobiome of Alnus glutinosa roots and 
rhizosphere in response to salinity
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Continuous changes of global climate conditions increase soil salinity and de-
crease water availability for plants. Afforestation is one of the most effective 
ways to combat the climate crisis, as it raises groundwater levels and reverses the 
process of soil salinisation. Pioneer tree species, like black alder (Alnus glutinosa 
Gaertn.), have proven to grow successfully in saline soil conditions.

The main objective of our study was to characterise the fungal microbiome on 
absorptive roots and in their rhizosphere, which may have a significant impact 
on the increased tolerance of black alder to high soil salinity levels during the 
growing season. We combined the use of the metagenomic approach to analyse 
the present mycobiome and absorptive root growth dynamics with Minirhizotron 
(MR) observations during three seasons (spring, summer, fall) at one non-saline 
and two saline sites in northern Poland.

Salinity decreased the total number of observed fine roots and caused lower 
production of roots during the growing season. While the production of absorp-
tive roots was about 2.5 times higher during summer than in spring and fall at 
the control site, the lowest production was noted in summer in both saline soils. 
It was found that absorptive roots and rhizosphere fungal community differ sig-
nificantly (p = 0.001) with significantly higher numbers of Amplicon sequence 
variants (ASV) and species diversity H’ indices in the rhizosphere samples.

Thelephora, Acephala and Phialocephala sp. were more frequent in absorptive 
roots, while Podila, Mortierella and Alternaria sp. occurred more often in the rhiz-
osphere. Relative abundance of EcM fungi increased in spring and summer and 
decreased in fall in saline soils compare to non-saline. The frequency of Thelepho-
ra sp. was higher in saline soils compared to non-saline, whereas in the case of 
Lactarius, Tomentella and Russula sp. the opposite tendency was observed. Salinity 
decreased the number of observed EcM root tips and morphotypes and also de-
layed root colonization during the growing season. At all sites the highest EcM 
tip production was recorded in fall.

In summary, soil salinity limits the growth of absorptive roots in black alder, 
resulting in changes of the generic structure of the mycobiome and the relative 
abundance of EcM fungi, as well as the occurrence of specific EcM morphotypes.
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Silver birch is one of the most widely spread hardwood tree species in Europe, 
especially in the Baltic countries. Birch is a pioneering species that adapts easily 
to difficult conditions with high productivity and rapid growth. Due to this, it is 
a preferred species for the afforestation of post-agricultural, mining and abandoned 
lands. As many studies showed, a history of land use may lead to improved growth 
of first-generation trees planted on post-agricultural land, and to harvesting large 
quantities of timber in a short period of time. The most intensive afforestation of 
post-agricultural land in Europe was observed after the Second World War. Al-
though also in the 1990s several national programmes were established. In Poland, 
between 1995 and 2014, 274,300 ha of agricultural land was afforested this way.

Currently, various stands grown on post-agricultural land are reaching the 
cutting age. This is an opportunity to assess the effects of several decades of silvi-
culture on such types of land, and to check the impact on tree development. This 
study aimed to analyse the influence of growing silver birch on post-agricultural 
land for higher wood quality, based on the selected morphological characteristics 
of the trees.

The study was conducted on 8 plots in the Łupawa and Polanów forest dis-
tricts (north-western Poland, on post-agricultural and forest land). In each plot, 
trunk and crown morphological characteristics were measured for all birch trees. 
The length of the knotless trunk was calculated, and wood quality was assessed 
based on the visible trunk and wood defects.

The results show that trees which grow on post-agricultural land are char-
acterised by greater diameter of tree trunk and height, with similar slenderness 
ratio and shorter crowns and longer trunks. For the assessment of wood quality, 
trees which grow on post-agricultural land develop longer knotless trunks, which 
means a higher visual wood quality. It shows that the potential for afforestation of 
post-agricultural land by silver birch is high. These findings highlight the impor-
tance of reestablishing afforestation on post-agricultural land, which could have 
beneficial implications from both a societal and wood production standpoint.
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