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Abstract: To address the response of ecosystems to global change it is a pivotal task to study the
dynamics of communities that structure natural and semi-natural ecosystems. We highlighted new
aspects of spatial insurance theory (ecosystem functionality and stability are enhanced by high
biodiversity) by introducing three levels of biodiversity insurance: i) landscape-level insurance, ii)
habitat-level insurance, and iii) temporal insurance. Based on the above introduced three-level-
scheme of biodiversity insurance we identified and summarised several research directions and
questions which could be considered in future research. For the better understanding of landscape-
level insurance of biodiversity, it is important to quantify the habitat-specific species pools of sev-
eral terrestrial and aquatic ecosystems, both at the local and landscape-scale. Considering the bio-
diversity insurance at the habitat level, it is vital to analyse the effect of abiotic and biotic filtering
on species and functional diversity both in terrestrial and aquatic communities, and also to analyse
how the effects of habitat level filtering processes are influenced by different levels of stress and dis-
turbance. Finally, considering the temporal insurance of biodiversity it is important to determine
how species traits interact with temporal biodiversity filters and use that knowledge to predict how
species assemblages respond to a range of filter combinations.

Key words: community dynamics, ecological memory, functional trait, intermediate disturbance
hypothesis, phytoplankton, spatial insurance

INTRODUCTION

One of the challenges for biodiversity research in the next decades will be to
understand the complexity of ecosystem change and resilience at different spatial
and temporal scales (IPBES; DAz et al. 2019). To address the response of ecosys-
tems to global change, investigating the dynamics of communities that structure
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natural and semi-natural ecosystems appears as a pivotal task. However, we are still
far from understanding the balance of processes that regulate species filtering and
assembly dynamics at local and landscape scales. Focused research that would solve
the difficult practical problems frequently occurring in ecological restoration would
not only increase our understanding of community assembly and functioning but
also would improve the practical implementation of restoration (TOROK et al. 2020).

In the sustainable development goals of the United Nations combatting eco-
systems degradation and promoting sustainable management are listed among the
highest priorities (UNITED NATIONS 2019). The United Nations also dedicated the
period of 2021-2030 the “Decade of Ecosystem Restoration” fostering that eco-
logical restoration is considered as the most vital and necessary tool to counteract
the degradation and to stop and/or mitigate the loss of natural habitats and the
decline of biodiversity worldwide (MENZ et al. 2013, SUDING et al. 2015). Focused
research, which fulfils the needs of both restoration theory and practice is very
timely. Research that provides a strong theoretical basis to solve difficult practical
problems frequently occurring in ecological restoration would not only improve
the practical implementation of restoration but would increase our understanding
of community assembly and functioning (ENGST et al. 2016, YOUNG et al. 2005).

Beyond the analyses of species diversity and composition, trait-based func-
tional approaches have become increasingly involved in analysing and explaining
the effects of ecosystem processes on functioning. Trait-based functional approach-
es can help revealing the underlying mechanisms and sustaining diversity and re-
lated ecosystem functions (CARMONA et al. 2012, TAPOLCZAI et al. 2016, VILEGER
et al. 2008). The functional approach enables (i) the comparison of ecosystems with
quite different species compositions; (ii) making generalizations about dynamic
changes in ecosystems caused by altered management, natural disturbance regimes
or climate change; (iii) the comparison of assemblages with a high number of taxa;
(iv) in the case of taxonomically problematic groups, easier classification than the
taxonomic approach, and (v) it also increases the robustness of multivariate statisti-
cal analyses by decreasing the number of species axes (GRIME AND PIERCE 2012,
SALMASO et al. 2015). The use of the trait-based functional approach also enables
to compare different ecosystem types, which comparisons might reveal dynamic
and functional community attributes which otherwise remain hidden or masked
by community-specific processes (TOROK et al. 2016).

With the current paper we are honouring the pioneering work of professor
Judit Padisak. One of the key moments of Padisak’s work is the recognition and
demonstration that the rules of terrestrial community ecology also apply to phy-
toplankton communities (PADISAK 1985). Indeed, phytoplankton assemblages,
because of their rapid temporal dynamics, can provide a wealth of new informa-
tion and theories regarding the rules of organization in terrestrial communities.
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Moreover, we can also apply and test the classical theories born in terrestrial ecolo-
gy in the case of phytoplankton assemblages (PADISAK 1996). In the current paper
we highlight new aspects of biodiversity insurance theory pointing out which sci-
entific contributions Padisdk made to the development of the outlined theories in
forms of glimpses of a bright-minded ecologist engaged on limnology. Her creative
view of ecological processes, ecological models and theories was manifested at the
symposium on succession research organised in Vacrat6t in 1983 and was presented
in her pivotal contribution (published in PADISAK 1985). Later on, the lectures of
this conference were published in a book edited by Gédbor Fekete (FEKETE 1985).

Spatial insurance theory

Spatial dispersal, environmental filtering, biotic interactions, and spatio-
temporal stochastic fluctuations caused mostly by disturbance and/or stress de-
termine how species are assembled into local communities from regional species
pools (FUNK et al. 2021, PARTEL et al. 2025, VELLEND et al. 2010). The spatial in-
surance theory predicts that in a heterogeneous landscape with a diverse regional
species pool, local species loss is mitigated; thus, ecosystem functioning is sus-
tained through frequent re-colonisers that replace lost species and maintain high
species and functional diversity by metapopulation dynamics (LOREAU et al. 2003,
SHANAFELT et al. 2015). Incorporating the filtering concept of species assembly
(Funk et al. 2008, TOROK et al. 20184) we identified three segments of biodiversity
insurance operating at different spatial- and/or temporal scales (Fig. 1): (i) land-
scape-scale insurance, (ii) habitat-level insurance, and (iii) temporal insurance.
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Fig. 1. Relationship between landscape-scale, local, and temporal insurance of biodiversity. Dashed

line represents the embedding landscape; the circles are the patches connected to each other most-

ly by dispersal processes. There are pivotal similarities in the biodiversity supporting processes in
terrestrial and aquatic ecosystems instead of critical differences.
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Landscape-level insurance

Habitat-scale processes are strongly influenced by the complexity, either
composition or configuration of the surrounding landscape in the close or wide
proximity of the subjected site. Landscape composition is characterised by the
diversity of landscape elements, including natural and semi-natural ecosystems,
while landscape configuration focuses on the spatial arrangement of these ele-
ments (TAPOLCZATI et al. 2021, TSCHARNTKE et al. 2012). Focusing on a par-
ticular ecosystem, the proximity, connectivity, and abundance and patchiness of
landscape elements are especially crucial.

The process of habitat fragmentation involves the subdivision of a continu-
ous habitat patch into several small fragments, the change of spatial configuration
habitats, and also an increasing edge effect (FAHRIG et al. 2011). The increased
rate of fragmentation in general decreases the chance of dispersal between iden-
tical habitat patches and one of the most important drivers of decreasing diver-
sity (FAHRIG et al. 2011, TSCHARNTKE et al. 2012). Thus, the area of the studied
habitat patch, and the quality, quantity, and spatial patterns of its surroundings
are crucial to forecast the speed and direction of community change. The spe-
cies inventory of a given habitat contains species characteristic to the habitat type
(habitat specific species pools), but also species characteristic to other habitat
types and/or problem species (derived diversity, TOROK and HELM 2017). The
theory of mass effect of dispersal predicts that the composition and diversity of a
habitat patch are strongly driven by the immigration of those species whose dis-
persal units are provided in great abundance in the landscape (KIEMEL et al. 2023,
LEIBOLD et al. 2004). Many studies found that higher landscape complexity sup-
ports larger habitat-specific species pool, while simple landscapes with high levels
of fragmentation and high proportions of man-made habitats may promote the
abundance of only a limited number of rather generalist species (MARJA et al.
2022, TSCHARNTKE et al. 2012). However, the effect of landscape complexity is
rarely studied in aquatic ecosystems (but see BARBOSA et al. 1999) or involving
multiple ecosystem types (either terrestrial or aquatic) and/or taxa.

Habitat-level insurance

Species establishment is generally driven by environmental filtering caused
mostly by abiotic stress. This type of filtering favours species with similar func-
tional characteristics causing trait convergence, especially in highly stressed habi-
tats (LHOTSKY et al. 2016). Functional redundancy;, i.e., the coexistence of species
with similar environmental requirements fulfilling the same ecological function
in the community is an essential, but rarely validated phenomenon both in terres-
trial and aquatic ecosystems (but see TOLGYESI et al. 2019 or VARBIRO et al. 2017).
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Increased levels of functional redundancy provide stability to the ecosystems, be-
cause species losses do not result necessarily in the loss of functions (LUKACS et al.
2021, TOROK et al. 2024). Functional redundancy can be considered therefore as
local insurance of biodiversity and community functioning. However, species that
successfully pass through the environmental filter have quite similar trait combina-
tions, and due to this similarity, they become exposed to strong biotic interactions
including competition, which results in biotic filtering. In highly competitive envi-
ronments, only those species can coexist which differ remarkably in some of their
characteristics. Limiting similarity (two coexisting species can have only a limited
overlap in their niches) thus promotes trait divergence in these communities and
results in functional overdispersion (VARBIRO et al. 2020). The strength of the en-
vironmental or the biotic filtering strongly depends on the abiotic characteristics
of the habitats. This assumption is reflected by the stress dominance hypothesis,
which states that species and trait-composition is shaped by environmental fil-
tering in harsh environmental conditions (PADISAK and NASELLI-FLORES 2021),
while biotic interactions like competition play a pivotal role in the formation of
assemblages in resource-rich environments (CSECSERITS et al. 2021). The effect
of environmental and biotic filters and thus the trait convergence or divergence
in various ecosystems are strongly masked by the disturbance regimes and other
biotic interactions; for example, by the suppression of community dominants by
grazing (TOTH et al. 2016). For the long-term sustainability of biodiversity, it is
crucial to understand the small-scale stress-disturbance dynamics related to re-
generation niches (CATORCI et al. 2015). Fine-scale heterogeneity and structur-
ally complex microhabitats may provide more regeneration niches spatially or
temporally and allow species to utilize diverse methods to exploit environmental
resources at the local scale (PENG et al. 2020).

The intermediate disturbance hypothesis (IDH) of CONNELL (1978) states
that species diversity is the highest (maximized) when disturbance is intermedi-
ate. IDH is one of the most frequently addressed non-equilibrium models in the
ecological literature for explaining the supporting mechanisms of species diversi-
ty. In the absence of disturbance competitive exclusion reduces species diversity.
In case of intense disturbance only a few species could survive or establish after
a disturbance event. When disturbances are intermediate there will be repeated
opportunities for the re-establishment of pioneer populations which would oth-
erwise be outcompeted, and the populations of the successful competitors could
withstand the disturbance without completely taking over the community. The
reason of the success is probably the generality of the IDH; on the other hand,
this generality is the reason of several weakness of IDH (REYNOLDS et al. 1993).

WILKINSON (1999) summarized the history of the disturbance and diver-
sity relationship. In terrestrial ecology the idea of disturbance relating to species
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richness partly originated in the famous paper of WATT (1947). This relation-
ship was demonstrated by a humped back model. This famous graph probably
appeared first in Grime’s paper (GRIME 1973). Connell’s paper demonstrated in
a field study the usefulness of IDH explaining the influence of interspecific com-
petition and other factors (CONNELL 1978).

Padisak published an excellent comparison between terrestrial and plank-
tonic communities as a reflection on J. B. Wilson’s publication (PADISAK 1994).
Wilson as an eminent plant ecologist focused on the development of terrestrial
plant communities of New Zealand (WILsON 1990). PADISAK (1994) briefly re-
viewed Hutchinson’s plankton paradox and some of the later phytoplankton lit-
erature. She summarised the relevance of the IDH in phytoplankton dynamics,
assessing its strengths and weaknesses. Finally, she pointed out that the appropri-
ate spatial and temporal scaling of the biodiversity supporting mechanisms are
the key issues in understanding community organization.

There is an asymmetry in the history of studying aquatic and terrestrial
communities. It was an especially important innovation of Padisak to recognize
that it is fruitful to comparatively evaluate of the ecological theories of terrestrial
and aquatic ecosystems. Padisak and her co-authors emphasized in an influential
paper that the IDH is too useful as a concept to reject and provides a powerful
link between diversity and disturbance (REYNOLDS et al. 1993). The more ro-
bust investigations that are necessary to consolidate the tenancy of IDH need to
concentrate on the separation and quantification of the stimulus- and response-
components of disturbance (REYNOLDS et 4l. 1993).

The species richness of phytoplankton is discussed by PADISAK (1993) in the
context of CONNELL's (1978) Intermediate Disturbance Hypothesis (IDH) based
on a high number of vertical phytoplankton samples obtained from four shallow
central European lakes. She provided an explicit estimation of the scale of distur-
bance. This was especially crucial contribution providing firm data about distur-
bance (mixing, exceptional meteorological conditions) frequencies of phytoplank-
ton. She demonstrated that less than 3 days can be regarded as high disturbance
frequency. Approximately 3-8 days as intermediate disturbance frequency. Larger
than 8-9 days means low frequency of disturbance for phytoplankton. Based on
real phytoplankton dataset she concluded that her findings support the hypoth-
esis that maximal diversity appears at intermediate disturbance frequencies.

She also demonstrated that the relative importance of intermediate frequen-
cy disturbances has its own seasonality: it is increasingly important in periods, in
which competition among phytoplankton species is increasing (PADISAK 1993).
This observation provided an opportunity to incorporate the stochasticity-based
IDH into more deterministic explanations like PEG-model of SOMMER et al.
(1986) of plankton succession. PADISAK (1993) emphasised in this paper that the
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main difficulty with IDH is that disturbance not only maintains species richness
in an ecosystem, but it also supposes its presence. Thus, lack of early or late succes-
sional species can inactivate the mechanism of diversity maintenance.

In hydrobiology, Hutchinson’s plankton paradox and the IDH are closely
related, because these are explaining the mechanisms supporting biodiversity.
There are species rich phytoplankton communities in a well-mixed environment,
although the species compete for a small number of common limiting resources
(HUuTCHINSON 1961). In terrestrial plant ecology this paradox is less evident.
In a field study Padisdk and her co-authors demonstrated that species richness
of non-equilibrated lakes was almost three times as high as those in equilibrium
(PADISAK et al. 2003). Surprisingly they found that environmental stress (mix-
ing, low light, cold temperatures, high salt content, low level of nutrient) forces
phytoplankton communities towards equilibrium, but no relationship between
occurrence of equilibria and trophic state was found (PADISAK ef al. 2003).

Temporal insurance of biodiversity: succession and ecological memory

The relative importance of different filters and filtering processes in species
assembly can vary spatially; however, there is limited understanding of mecha-
nisms mediating the balance of deterministic and stochastic processes temporally
(but see TOROK et al. 2018b). Analysis of patterns in ecological succession, i.e., the
spatio-temporal reassembly of natural communities after natural or anthropogen-
ic disturbances, has a long tradition in ecological research (PRACH and WALKER
2019). The study of temporal patterns and processes of community change has also
proven fruitful for the research of dispersal mechanisms (SULLIVAN et al. 2018),
the organisation of various levels of the species pools (FUNK 2021), or in explaining
stochastic and priority effects in species establishment (PADISAK et al. 2016, TOROK
et al. 2018b). Ecological processes, including ecological succession are strongly in-
fluenced by historical events. Past ecological states and experiences reflected in the
form of ecological memory; thus, ecological memory can influence the present or
future responses of the community, consequently shaping the dynamic patterns of
community integrity and contributing to the trajectory and formation of alterna-
tive stable states of an ecosystem (DUPOUEY et al. 2002, EGAN and HOWELL 2005).

At the beginning of her carrier Padisak studied the phytoplankton of Lake
Balaton on 211 consecutive days between April and November 1980. She found
417 taxa in total during the study period. The number of planktonic species was
around 300; majority of the species were extremely rare (PADISAK 1992). She
found that two-thirds of the 300 planktonic species were evenly distributed in
time, while the others exhibited temporal peaks. It was especially remarkable
that she found that half of the 200 rare species was velocity specialists, able to
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grow rapidly in spatially and temporally randomly distributed, nutrient-rich mi-
croenvironment. She invented a term ‘ecological memory’ naming the other 100
species of the phytoplankton community, because of the capacity of past states or
experiences to influence present or future responses of the community (PADISAK
1992). This is an important contribution to the understanding of community
functioning. The ecological memory is based on the spatial heterogeneity and/
or spatial dynamics of the community. The memory of the community comprises
all the species which are not completely excluded, i.e. retained in the community
because of spatial and temporal heterogeneity.

Ecological memory was defined first as “the capacity of past states or experi-
ences to influence present or future responses of the community” by studying phy-
toplankton assemblages (PADISAK 1992). Ecological memory can be also under-
stood as a form of biological legacy, i.e., species resembling past stages of ecosystem
composition and development (SUN et al. 2013). In terrestrial plant communities
seed banks or bud banks are located in the soil, in case of aquatic macrophytes
turion banks are in the mud, or cysts or other kind of resting stage formations in
many phytoplankton groups can be considered as forms of environmental legacy
(e.g., nutrient loads from former disturbances) (SUN et al. 2013). The importance
of ecological memory in temporal community change is demonstrated by former
research both in terrestrial and aquatic communities (OGLE et 4l. 2015, SUN et al.
2013). But assessing the magnitude in which ecological memory can influence fu-
ture changes in species composition and functional trait composition of ecosystems
has been lacking. Analysing the relationship between successional processes and
ecological memory, and the assessment of the size and diversity of ecological mem-
ory may help to explore the priority effect in species dispersal (VON GILLHAUSSEN
et al. 2014), colonisation credit, and extinction debt theories (BAGARIA et al. 2015,
KUUSSAARI et al. 2009). It also helps to quantify the magnitude of dark- and hid-
den diversity in various types of ecosystems including both terrestrial and aquatic
habitats (PARTEL et al. 2011, STOOF-LEICHSENRING et al. 2012).

Succession research was a favourite topic of botanical research during the
last 150 years (FEKETE 1985). Numerous theories and/or models have been de-
veloped to interpret and modelling succession processes. The concept of eco-
logical succession is deeply rooted in the study of terrestrial plant communities
(CLEMENTS 1916, DRURY and NISBET 1973, GLEASON 1926). This knowledge
naturally resulted in the exploration of the rules of community organization from
ecological perspective, and finally in the development of ecological models and/
or theories explaining community organization (CONNELL and SLATYER 1977).
One of the most important characteristics of communities is their species rich-
ness. Thus, understanding the rules of community organization, and the mecha-
nisms that maintain biodiversity have become a key issue to the development
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and accumulation of scientific knowledge. This picture is primarily based on the
history of terrestrial vegetation research (POORTER et al. 1973).

Ongoing climate change adds another temporal angle of complexity to sus-
tain or restore biodiversity. Novel species pools would include species that are ex-
pected to be part of ecosystems under changed conditions (KASARI et al. 2016).
They can be both natives but also non-natives that are expected to increase/shift
their ecological range with changing climate. It may be potentially contentious to
start introducing new ‘suitable’ species during restoration but gaining knowledge
of the species and trait composition of novel species pools would allow us to fore-
see which species are less likely and which species are more likely to persist and
contribute to a restored community in the future.

Future perspectives

Based on the above introduced scheme of biodiversity insurance we iden-
tified and summarised several research directions and questions which could be
considered in future research. For the better understanding of landscape-level
insurance of biodiversity it is important to quantify the habitat-specific species
pools of several terrestrial and aquatic ecosystems, both at the local and land-
scape-scale. In particular, it is crucial to focus on answering the questions: (i) How
is the local species composition influenced by the patterns, abundance, proximity,
and connectivity of habitat patches? (ii) How is the local species diversity of habi-
tats affected by landscape composition and configuration? (iii) How are species
groups with different ecological strategies and trait-compositions affected by the
different levels of fragmentation and different types of landscape composition?
Considering the biodiversity insurance at the habitat level, it is vital to analyse
the effect of abiotic and biotic filtering on species and functional diversity both in
terrestrial and aquatic communities, and also to analyse how the effects of habi-
tat level filtering processes are influenced by different levels of stress and distur-
bance. In particular, we can set the questions: (iv) How is the species and func-
tional diversity related to each other in habitats characterised by various levels of
stress and/or disturbance? (v) How does environmental filtering affect functional
redundancy in ecosystems along a stress and disturbance gradient? (vi) In what
magnitude does environmental heterogeneity contribute to the sustainment of
high functional and species diversity in various ecosystems? Finally, considering
the temporal insurance of biodiversity it is important to determine how species
traits interact with temporal biodiversity filters and use that knowledge to predict
how species assemblages will respond to a range of filter combinations. Linking
the ecological memory concept with ecological succession we identified the fol-
lowing research questions for the future: (vii) What traits or trait combinations

Studia bot. hung. S6(1), 2025



164 TOROK, P. and TOTHMERESZ, B.

favour species being incorporated into ecological memory? (viii) How diverse is
the species pool accumulated in form of ecological memory in early, middle, and
late stages of ecological succession? (ix) In what magnitude ecological memory
contributes to the successional changes of various ecosystems?

A complex trait-based functional approach which explains biodiversity insur-
ance has not been developed so far. It is also a novel aspect to link the functional
approach with the understanding of dynamics in community composition which fo-
cuses on community functioning based both on compositional changes and ecologi-
cal traits. This helps to focus practical demand-driven research on community func-
tioning and to redefine several theories explaining colonisation, establishment and
assembly with complex multi-scale analyses in terrestrial and aquatic ecosystems.
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Osszefoglalé: Az dkoszisztémék globalis valtozasokra adott valaszainak megértéséhez alap-
vetd fontossdgu a kozosségszervez8dés dinamikai folyamatainak vizsgélata. A tdjléptékii bizto-
sitds elmélete szerint az 6koszisztémak miikodése és stabilitdsa, illetve a téjléptékii biodiverzitas
kozott szoros kapcsolat all fenn. A kézleményiinkben a tdjléptékii biztositds elméletét kibontva,
a biodiverzitds biztositdsdnak hirom alkotéelemét ismertetjitk: a (i) tajléptékii biodiverzitas-
biztositést, az (ii) él6helyi szintll biztositast, és az (iii) id6beli biztositast. A biodiverzitas t4jlép-
tékii biztositdsanak jobb megismeréséhez ismerniink kell a szarazfoldi és vizi 6koszisztémak é16-
hely-specifikus fajkészletér lokélis és téjléptékben is. Az éléhelyi szintli biodiverzitas-biztositds
megértéséhez alapvetd az abiotikus és biotikus szlirék a funkcionalis diverzitasra gyakorolt haté-
sanak elemzése, és annak értelmezése is, hogy az él6helyi szintli szlir6k miikédését hogyan befo-
lyésolja a stressz és a zavards mértéke, valamint ezek kolcsonhatdsa. A biodiverzitds idébeli bizto-
sitdsat illetéen fontos megvizsgalni, hogy a fajok egyes jellemz6i milyen kolcsénhatasban vannak a
biodiverzitds id6beli szlirémechanizmusaival (példaul a magbankképzés). Mindezek ismerete se-
githet abban, hogy eldre jelezziik, hogy a k6z6sségek hogyan reagalnak a sziir6folyamatok min&sé-
gében és mennyiségében bekovetkezd véltozdsokra.
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