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Abstract: The ecological indicator values are the most common and sufficiently effective method of
habitat assessment. The aim of our research review is to analyze current studies from 2020 to 2022 in
which researchers have used Ellenberg indicator values to address a variety of problems. We limited
the study to papers that are published in journals indexed by Scopus and Web of Science. The total
number of records examined was 358. The number of records selected was 98. Visualization of the
distribution of studies by country is based on the GeoCharts library. The results revealed that about
half of the studies were conducted in Germany and Poland, and the most common objects were
forests and grasslands. Almost half of the studies were devoted to ecological niches, habitat analysis,
assessment of vegetation dynamics, and influence of various factors on plants. The analyzed articles
are actively cited. In general, our research analysis revealed the effectiveness of Ellenberg indicator
values for solving a wide range of urgent problems for a variety of plant communities, and different
climate zones. The results of our research confirmed the advisability of actively using this approach.
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1. Introduction

Environmental factors have an impact on the structures and dynamics of plant com-
munities and the geographical distribution of plants [1-3]. In most cases, measuring most
environmental factors is very difficult and is an impossible task in large-scale studies.
Therefore, the habitat assessment based on ecological indicator values is of great interest
to researchers [4-6]. The use of ecological indicator values can help solve the problem
of biodiversity conservation, which continues to decline despite the ongoing efforts to
minimize these processes [7].

Indicator values represent the ecological characteristics of plant species and allow di-
rect ordination of floristic composition with environmental factors. Currently, dozens of dif-
ferent ecological indicator values exist. The indicator values developed by H. Ellenberg [8]
and E. Landolt [9] are often used in Europe, while the indicator values developed by
L.G. Ramensky [10] and D.N. Tsyganov [11] are more used in Russia and the CIS countries.
The conventional unit of ecological indicator values is the score, which is calculated for
each floristic composition.

The application range of indicator values is wide. It includes analysis of growing
conditions and the position of plant communities on the axes of environmental factors;
identification of ecological groups of species and ordination of plant communities; analysis
of the dynamics of plants, including anthropogenic; predicting habitat conditions in plant
communities, etc. [12-15]. Research on improving existing ecological indicator values and
creating regional indicator values on their basis is ongoing [16,17].
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The Ellenberg indicator values are one of the most widely used ecological indica-
tors. Heinz Ellenberg developed these indicator values based on field observations of
implemented niches of plant taxa and partly on evidence from ecological experiments
and measurements of environmental variables [8,18,19]. The studies were carried out
mainly in Germany and the Alps. Briefly, 2494 species and intraspecific taxa of plants were
characterized in relation to light availability (L), temperature (T), continentality (C), soil
moisture (M), soil reaction (R), soil fertility (N) and salinity (S). The relationship of species
to moisture is described at 12 scores, the remaining parameters include 9 scores. Separately,
the relationship of plants to the variability of moisture and flooding is noted. The final
score of the plant community is based on scores of all plant species. There are different
methods for calculating the final score [20,21]. One method is to average the scores of all
species by factors, weighted by the species abundance. The point of location of the species
on the factor scale is considered to be the ecological optimum of this species by factor. Some
researchers consider that the score of the species is the median of the realized niche of
the species and may be quite different from the optimum. A variety of software exists for
editing, classifying, and analyzing large phytosociological databases. They also provided
the Ellenberg indicator values [22-24].

The popularity of Ellenberg indicator values is due to the following positive qualities:
numerous plant species are described, constant updating and refinement of values, and
the availability of software for calculation. There are main negative qualities to using this
ecological indicator. First, the Ellenberg indicator values should be adapted for new regions
where the flora is very different from the European one. Secondly, a small number of
environmental parameters are included in the Ellenberg indicator values.

The Ellenberg indicator values are constantly discussed. Researchers investigated the
sensitivity of Ellenberg indicator values to the completeness of vegetation relevés [25,26]
and to sample plot size [27]. The indicator values have also been calibrated and im-
proved [28]. It is established that the use of indicator values is a reliable method in a
wide range of the size of the studied area [27]. The use of Ellenberg indicator values for
the “nitrogen content of the soil” factor (N) primarily reflects the richness of the habitat
with elements of mineral nutrition or the productivity of the habitat, rather than the direct
nitrogen content in the soil. Therefore, the indicator values for the N-factor are proposed to
be called indicator values for the productivity factor [18,29].

Many researchers note the importance of adapting and calibrating indicator values
for use in new regions. Several approaches are highlighted for the regionalization of
ecological indicator values. These are observation of individual species, calibration using
floral databases, and assessment based on field measurements of environmental factors.
Currently, Ellenberg indicator values have been successfully adapted for use in Northern
and Central Europe [30,31], the UK [32], the Mediterranean region [33,34], the Faroe
Islands [35], and others.

Our research was aimed at finding answers to the following questions: How often are
Ellenberg indicator values used in modern research? What issues are Ellenberg indicator
values used for? What is the geography of research? Which studies are of the greatest
interest (citation)? The answers to these questions will show how Ellenberg indicator values
have developed, will highlight new research directions, and indicate their relevance in the
scientific community.

2. Materials and Methods
2.1. Data Collection

Data collection was carried out for the period from 2020 to 2022. We have selected
only the last 3 years to identify the latest scientific achievements that relate to the use of
the Ellenberg indicator values. An overview of earlier studies can be found in numerous
publications [12,20,36,37]. We used the PRISMA guidelines [38] and guidelines for environ-
mental science studies [39]. “Ellenberg indicator value” was the search term. ScienceDirect,
Mendeley, SciProfiles, and Google Scholar were selected to search for information. This
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research stage was conducted in the period from September to October 2022. The total
number of records examined was 358. We limited ourselves to this narrow search query
because the aim of the research review (in this first stage) was to analyze studies in which re-
searchers have used Ellenberg indicator values to address a variety of problems. Of course,
when the authors of the paper did not indicate that they used Ellenberg indicator values, or
indicator values developed on the basis of it, then these papers would not be included in
our research analysis. On the other hand, when the authors used the supplemented and
modernized Ellenberg indicator values and indicated that the Ellenberg indicator values
were taken as the basis for the development of new ecological values of indicators, then
such studies would be included in our research analysis. In the future, we plan to conduct
research analysis for other environmental indicator values using a similar methodology.

2.2. Selecting Studies to Include in a Systematic Review

The presence of an English abstract was a prerequisite for the record selection. Ge-
ographical location was not included in the list of criteria for excluding records. The
use of Ellenberg indicator values in the study was the main condition for including the
record in this research review. All abstracts were analyzed to decide whether to include or
exclude the record. Only publications in journals and books indexed by Scopus and Web
of Science were selected. Despite the fact that “Ellenberg indicator value” was a search
term, we found many records based on the automatic search that related to other ecological
indicators. These records were excluded from further research analysis. All the authors of
this paper participated in the decision to include or exclude the record. Duplicate records
were excluded at the final stage. The number of records selected was 98.

2.3. Data Extraction, Management, and Analysis

The data were extracted manually and recorded in an Excel spreadsheet. The criteria
used for data extraction are summarized in Table 1.

Table 1. Criteria used to data extraction.

Extraction Criteria

Explanatory Information; Research Objective

Publication year

From 2020-2022

Country of research site Across the globe; identify the geographical distribution of researches.

Countries of co-authors Across the globe; analysis of country cooperation network.

Type of plant community under research

No restrictions on the plant community type; analysis of distribution by plant
communities types and identification of priorities.

Research scope of application

Identification of the range of tasks that were solved on the basis of Ellenberg indicator
values and analysis of hot research topics.

Annotation In English; quick introduction to the methodology and results.
Link to the Internet page In-depth study of research aim, methods and results.
Keywords In English{' idgntification of the range .Of tasks that were solyed on the basis of
Ellenberg indicator values and analysis of hot research topics.
Citing by Scopus Identification of the most significant documents.

Similar topics were encoded with the same words. For example, papers devoted to all
aspects of plant dynamics were encoded with the word “dynamics”. Further, this paper

a7

group was divided into subgroups. The subgroup list included “successions”, “climatic
changes”, “anthropogenic transformation”, and “long-term dynamics”. Further sorting
and classification of the data were carried out in Microsoft Excel 2019 MSO (version 2211,
Yekaterinburg, Russia). The GeoCharts library [40] was used to visualize the distribution
of studies by country. This library was developed by Google and is included in the react-
google-charts package (version 3.0.15). We also used a JavaScript application with a React]S

framework [41].
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2.4. Study Limitations

The present scientific analysis was limited to papers indexed by Scopus and Web of
Science. We have imposed restrictions on the year of publication. Only papers published
between 2020 and 2022 were included in the research analysis. The use of PRISMA guide-
lines [38], guidelines for environmental science research [39], and strict selection/quality
criteria for paper appraisal allowed us to carry out our research analysis at a high scien-
tific level. We believe that scientific results have been obtained, conclusions have been
substantiated, and research goals have been achieved.

3. Results
3.1. Frequency of Studies by Country

The geography of the use of Ellenberg indicator values in modern research has been
visualized as a map (Figure 1).

& B 31

Figure 1. Geography of the use of Ellenberg indicator values in modern research: 1-31—the number
of studies over the past 3 years based on Ellenberg indicator values.

Most of the research is concentrated in Europe. Across the globe, Germany has the
highest number of studies (i.e., 31) in which Ellenberg indicator values were used as the
main or additional research method. It should be clarified here that the Ellenberg indicator
values were designed specifically for this country. The map (Figure 1) clearly shows that
the research center based on this methodology has remained the same. The next conclusion,
which follows from the analysis of Figure 1, is that the area of use of Ellenberg indicator
values has expanded significantly. For example, Poland ranked second with 17 studies,
followed by Slovakia (11 studies). Ten studies were carried out in both Italy and Czech
Republic. Figure 1 also shows that there are successful studies based on Ellenberg indicator
values that were conducted outside of Central Europe. So, for example, over the past three
years, 4 and 3 studies using the Ellenberg indicator values were conducted in Russia and
Turkey, respectively.

3.2. Type of Plant Community under Research

Studies based on Ellenberg indicator values can be divided into two large groups: studies
conducted in various plant communities and laboratory experiments. It should be noted that
laboratory experiments account for only 3% of the total number of studies. We would like to
mention 3 papers in this group [42—44]. In laboratory studies, Ellenberg indicator values are
used to select plants with certain ecological niches. The conducted studies have confirmed the
effectiveness of Ellenberg indicator values for these purposes [43,44].

When conducting research in the natural habitat, Ellenberg indicator values are used
most often for the study of forest vegetation. The share of such studies exceeds 46%.
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Among them, 19% are devoted to the study of a whole range of different forest types.
For example, studies conducted by groups of authors from Germany are devoted to the
study of acidophilic and oligo-mesophilic forest types [45-47] as well forest types ranging
from wet forests (alluvial, swamp and bog forests of Alnion incanae, Alnion glutinosae and
Betulion pubescentis) to acidic mixed oak forests (Quercion roboris) up to acidic, mostly dry
pine forests with different nutrient status (Dicrano-Pinion) [48] and larger-scale studies
covered 61 forest types [49]. Forests in nineteen temperate forest regions throughout
Europe have been studied by a large international team of authors [50]. Different forest
communities in comparison with semi-open habitats with high and low canopy closure
and open habitats are studied using the example of German forests [51]. Moreover, large-
scale studies of various forest types have been conducted in the Czech Republic [52],
Romania [53], Poland [54], Russia [55,56], and Turkey [57]. Research on mountain forests
should be considered separately [58-61]. Only pine forests are also often chosen as research
objects [62-64]. Single studies are devoted to spruce [65], oak [66], and beech [67] forests.

Ellenberg indicator values are also widely used in the study of grassland. Detailed
studies of grassland were conducted in Germany [68-72], Italy [73], Sweden [74], Esto-
nia [75], and Lithuania [76]. Large-scale research that covers various pastures throughout
Central Europe is of particular scientific value [16,77]. We would also like to mention
some studies devoted to species-rich mesophilous mountain hay meadows [78] and other
subalpine grassland communities [79,80], tall-herbs vegetation [81], mesic and wet grass-
lands [82], and xerothermic grasslands [83].

Studies to clarify the ecology of individual plant species, ecological niches, and to
identify the influence of environmental factors on the distribution of species are often
carried out using Ellenberg indicator values. Over the past three years, studies have
been conducted for such plant species as Rosa gallica [84], Malus sylvestris and Malus
domestica [85], Ligularia sibirica [86], and Fraxinus excelsior [87]. Separately, a study on the
ecology of 107 German Carex species should be noted [88].

Our systematic review also revealed those plant communities that Ellenberg indicator
values are rarely used to study. These include mountain tundra [89], segetal flora [90], tree
lines [91], balks, i.e., uncultivated strips separating fields [92], arable habitats [93], urban
flora [94], and rocky scrub communities [95].

In the conclusion of this section, we would like to mention studies that cover a wide
range of plant communities. A group of authors from Sweden conducted a study of
38 vegetation types [96]. All vascular flora of the Cantabrian Mountains was studied by
a large team of Spanish authors [97]. All EUNIS terrestrial habitat types included in the
European Red List of Habitats, and 10 additional anthropogenic habitat types taken from
the eurovegchecklist have been studied within Central Europe [15]. Vegetation types of the
Northern Urals were studied by Russian authors [98].

3.3. Characterization of Research Topics

The directions of modern research using the Ellenberg indicator values are very di-
verse. The largest number of papers over the past three years have been aimed at studying
the dynamics of vegetation and assessing the impact of various factors on natural ecosys-
tems (Table 2). Long-term vegetation dynamics under the influence of various factors is
given for forests [48,52,59,63,65,67,99-102]; grasslands [68,71,72,80,103] including calcare-
ous grasslands [69,76,104,105]. The largest number of studies are devoted to anthropogenic
changes for all vegetation types studied [63,69,71,72,99,100,106]. Ellenberg indicator values
are used less frequently to study natural successions [65,67,104,107]. The study of managed
forest successions in the NE German lowlands is a very interesting one, as it covers a wide
range of forest types and the identification of forest-typological features of environmental
change using the Ellenberg indicator values [48]. The study of the long-term dynamics of
vegetation of Rzeszow Reservoir over 22 years (1994-2016) [106] revealed the disappear-
ance of 14 plant communities and the occurrence of 12 new ones. Furthermore, significant
environmental changes have been noticed. However, not all studies reveal differences in
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the dynamics of environmental conditions depending on the type of plant community.
So, for example, similar habitat dynamics were revealed in different semi-natural dry
calcareous grasslands when grazing was canceled [104]. The study of the climatogenic
dynamics of vegetation deserves special attention. We can mention a study conducted in
the mountain forests of France [59]. In this study, the authors noted the changes in the plant
communities in the context of global warming. Mires are devoted to two papers for this
period. Palynological richness and phylogenetic diversity as well as Ellenberg indicator
values were compared throughout the 10,000-year history of the Saaremaa mires [108].
Thirty calcareous fens were studied in the Inner Western Carpathians (Slovakia, Poland)
after 13-17 years of warm summers and land-use changes [109].

Table 2. Main directions of conducted studies over the last 3 years based on Ellenberg indicator values.

Research Directions Number of Studies

Assessment of vegetation dynamics,

influence of various factors on plants 28

Analysis of growing conditions, ecological niches 19

Determination of ecological groups of species, Vegetafcion classification and ordination of plant 16
communities according to environmental factors

Relationship between environmental characteristics and ecological indicators; 8

improving Ellenberg indicator values

Improving ecosystem assessment methodologies 5

Effect of nitrogen deposition on vegetation 4

Relationship between plant characteristics and ecological indicators 3

Monitoring of invasive plant species 3

The studies on vegetation dynamics presented below are worth mentioning separately.
Fifteen years of habitat, floristic and vegetation change on a pioneer sand-dune and slack
system at Ainsdale, north Merseyside were analyzed [107]. Moreover, the researchers tested
the relative importance of environmental characteristics and species traits in determining
colonization success using old (70 years old) and modern data on the floristic diversity
from 471 islands in the archipelago of SW Finland. They assumed that predictions of plant
colonization primarily require understanding of habitat properties and species’ historical
distributions [110]. Changes in vegetation composition and o- and B-diversities change
in mid- and high-elevation Mediterranean ecosystems over the last 46 years have been
studied [58]. In one article, the flora changes in Rome City are investigated over the period
(1995 and 2015-2018), and drivers of this change were assessed [94].

The studies on vegetation dynamics are carried out mainly for plant communities,
but there are few works aimed at a specific species. Habitat characteristics of the Montana
arnica population have been investigated to determine the factors causing the species to
decline in numbers [70].

Studies on the analysis of growing conditions, ecological niches rank second in terms
of the number of published papers over the past three years (Table 2). Ecological niches
were evaluated for the following plant communities and species: Fraxinus excelsior [87];
Rosa gallica [84]; Malus sylvestris and its hybrid with Malus domestica [85]; bog arum (Calla
palustris) [111]; macrofungal communities [83]; Arnica montana [112]; orchidaceae [56]; mosses
and lichens [54,61,113]. Using the Ellenberg indicator values, an assessment was made of
the ratio and frequency of medicinal plants from the influence of management on these
values in the semi-natural grasslands of Estonia [75], and the issue of the influence of fungal-
mediated decomposition on soil fertility and organic matter turnover was also resolved
in a temperate mountain forest [60]. Researchers presented the first standardized list of
the vascular flora of the Cantabrian Mountains (N. Spain) [97]; a substantially updated list
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of 292 native wild food plants in Sicily [114] and the first inventory of the segetal flora of
Italian winter cereal crops and allied crop types [90].

The topographically induced pattern of ground vegetation in managed Scots pine
(Pinus sylvestris) stands on inland dunes in the Torun Basin (N. Poland) and the link of the
pattern to the spatial variation of environmental agents (microclimatic and soil conditions)
was determined [62]. Ellenberg indicator values, tolerance values, species niche models
for soil nutrient availability, salinity, and pH in coastal dune vegetation along a landward
gradient (Euxine, Turkey) were studied [115]. The influence of environmental factors on the
species composition and structure of soil algal assemblages in different types of mountain
tundra and sparse forests in the Northern Urals was studied [89]. When studying the low
plains to the subalpine belt (southeastern Carpathians) throughout Romania, researchers
found that the availability of resources and the equitability of niche partitioning, underlying
the process of species sorting during plant community assembly, play a major role in
shaping the ranked species occupancy curves [53].

The third place in terms of the number of published papers is occupied by studies on
the determination of ecological groups of species, vegetation classification, and the ordina-
tion of plant communities according to environmental factors (Table 2). The researchers con-
ducted floristic and phytosociological studies for the non-calcareous grasslands of the Monti
Sibillini National Park (central Italy) [116]; vegetation of temperate inland salt marshes
in central Germany (Saxony-Anhalt and Thuringia) [117]; uncultivated strips separating
fields (balks) (Poland) [92]; tall-herbs vegetation from the East Carpathians Rank Calimani
and Gurghiu Mountains [81]; mesic and wet grasslands (Molinio-Arrhenatheretea, Polygono-
Poetea) (Poland) [82]; mesophilous mountain hay meadows (Triseto flavescentis-Polygonion
bistortae alliance, Molinio-Arrhenatheretea class) (Carpathian) [78]; forest associations (121
relevés classified under eight associations) in Kiire Mountains National Park (Turkey) [57];
scree vegetation in the northern Apennines with the aim of comparing vegetation types clas-
sified in different syntaxa [118]. Semi-open habitats of European pasture landscapes have
been studied as dispersal corridors for both plants from woodlands and open habitats [51].
Differentiation of vegetation according to ecological characteristics was carried out, and the
operating factors that determine the structure and variability were identified. The following
plant communities have been studied: Ligularia sibirica populations from Romania [86];
middle taiga spruce forests (ass. Linnaeo borealis—Piceetum abietis dryopteridetosum var. typica)
and secondary communities formed after winter clearcuttings [55]; old-drained forests
in Estonia [119]; natural rocky scrub vegetation in Central Europe [95]. The first attempt
to describe the mycorrhizal status of vegetation at the Telpos-iz Ridge (Northern Urals,
Russia) across different elevations and ecological conditions was made [98]. Relationships
between the vegetation of Macedonian pine (Pinus peuce Griseb.) and different types of soils
have been looked at [64]. Ellenberg indicator values were estimated in different subalpine
grassland communities of the Giresun Mountains (Turkey). It has been established that soil
acidity and moisture were significant ecological parameters in the distribution of the plant
communities in the study area [79].

Eight papers on establishing the relationship between environmental characteristics
and ecological indicators (improving Ellenberg indicator values) were published from 2020
to 2022 (Table 2). The relationship between the Ellenberg indicator values of soil moisture
and water table depth has been studied [16,120]. Researchers introduced a new dataset
of species-specific ecological indicator values for Swedish vascular plants [96]; a list of
Ellenberg indicator values N-values for Central European bryophytes and the methodology
which was used to obtain these values [121]; modified Ellenberg indicator values for mixed
forests and pannonic woods in the Podunajska niina [122]. The use of indicators to explain
the complex relationships between vegetation and humus in forest ecosystems from all
over the Italian Peninsula was analyzed [123]. Researchers confirmed that Ellenberg N
provides a robust indication of the overall nutrient preferences of individual grassland
species. In grassland sites developing on previously arable land N-values may represent
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an integrated response not only to nutrients but also to other historical processes that drive
grassland community assembly [74].

New methodological developments of studying plant communities and vegetation
dynamics using Ellenberg indicator values deserve special attention. The possibility of
using incomplete floristic monitoring data from habitat mapping programmers to detect
species trends was evaluated [124]. A new resource of vegetation plot data of arable habitats
in Central Europe (AgriWeedClim database) was introduced [93]. The methodology of the
spatially detailed ecosystem integrity assessment system is being improved [49]. Other
researchers compared modeled niche optima obtained from European-scale SDMs (species
distribution models) of 1476 terrestrial vascular plant species with empirical ecological
indicator values and also provide a method to give insight into the ecological realism of
modeled niche optima and projected core habitats [15]. Derivation of environmental data
layers by mapping ecological indicator values in space has been suggested. Six million
plant occurrences have been combined with Ellenberg indicator values of 3600 species in
Switzerland. The resulting maps were among the most important predictors in species
distribution models [13].

The effect of atmospheric nitrogen deposition is considered for bryophyte communities
in central and northern European forests [125] and the vegetation composition of temperate
forest understories in south-western Germany [46,47]. Testing the explanatory power of
modeled deposition datasets for vegetation gradients was made. Researchers combined
vegetation and soil data recorded across eutrophication gradients in ten oligo-mesotrophic
forest types in southwest Germany with datasets from two different deposition models
specifically fitted for forests in the study region [45].

In three papers, the relationship between Ellenberg indicator values and plant char-
acteristics was established. Researchers determined that root anatomy predicts ecological
optima in Carex (Cyperaceae) (tested for the 107 German Carex species) [88]. The possibility
of the existence of a general adaptation modifying the seedling shoot: root ratio according
to the species niche position on the soil moisture gradient has been demonstrated for tem-
perate grassland species across a broad range of angiosperm phylogeny [77]. High turgor
promotes drought survival of common perennial European temperate mesic grassland
species (41 species common Germany: 20 forbs, 21 grasses) by enabling them to maintain
high leaf water potentials under drought. However, turgor was not related to species
moisture association [42].

Ellenberg indicator values are also used to monitor invasive species. Central-northern
Italian Quercus pubescens forest habitats without and with the presence of Robinia pseu-
doacacia and in respect of R. pseudoacacia dominant communities that are present in the
same forest potential areas were investigated [66]. By using logistic regression models on
vegetation surveys, environmental data based on Ellenberg indicator values, and patch met-
rics, researchers identified patch characteristics explaining the presence of invasive species
(Prunus serotina, Impatiens parviflora) in Illyrian oak-hornbeam forest (NE Slovenia) [126]. It
has been established that sewage pollution promotes the invasion-related traits of Impatiens
glandulifera in an oligotrophic habitat of the Sharr Mountain, Western Balkans [127].

3.4. Characterization of Citing

Citation analysis has been recognized as an important feature for determining the
significance of papers, since it reflects the attention of researchers [128]. We analyzed the
paper ranker distribution. This type of distribution is widely used in ecology and other
sciences [129-132]. The advantage of this analysis is that it allows you to identify and
visually display the contribution of each ranker. In this case, the distribution characterizes
the contribution of each particular paper to a scientific discipline based on its citation. The
results of the analysis are shown in Figure 2. This figure clearly shows that one paper
stands out sharply among all the others. If we sum up the citations of all the papers under
consideration, we will see that 8.6% of all references are to a paper of the first ranker. The
citation of other papers is much lower. However, despite the recent publication of papers,
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most of them are actively cited (Figure 2). This result confirms the relevance of the topic of
Ellenberg indicator values and the scientific significance of modern research.

10

9 F

Citing, %
(6]
8

0 10 20 30 40 50 60 70 80 % 100
Paper ranker

Figure 2. Paper ranker distribution on the basis of “citing”.

Table 3 sums up the most frequently cited papers on the subject of Ellenberg indicator
values from 2020 to 2022, including the paper ranker, number of citations, authors, year,
research topics, and journal. The most cited paper has 22 citations. This is a review
that is dedicated to the potential of soil, plant-, and remote sensing-based metrics to
compare the nutrient status. This study was conducted by a group of authors from different
countries: Belgium, Switzerland, Finland, and Spain. The authors analyzed the data for
all of European, managed temperate and boreal forests. This example clearly shows the
advantages of international cooperation and the opportunity to obtain more significant
scientific results by a large scientific team.

Table 3. Top 7 papers based on Ellenberg indicator values by the number of citing over the last 3 years.

Paper Number of Research Topics of Ellenberg
Ranker Citations Authors, Year Indicator Values Journal
Van Sundert et al., .Potentlal of so%l—, plant-, and remote . Global Change
1 22 sensing-based metrics to compare the nutrient .
2020 [133] Biology
status across space.
. . o Science of the
2 15 Hajek et al., 2020 [109] Dynamics of plant communities. Total Environment
34 14 Tyler et al., 2021 [96] Improvement of Ellenberg indicator values. Eco}oglcal
Indicators
34 14 Rehling et al., 2021 [43] Selection of plants with dlffgrent indicator Journal of Ecology
values for the experiment.
5-6 13 Dietz et al., 2020 [59] Dynamics of plant communities. Glok?al Ecology and
Biogeography
Descombes et al., . . .
5-6 13 2020 [13] Spatial modeling of ecological indicator values. Ecography
7 12 Sun et al,, 2020 [42] Selection of plants with different indicator Functional Ecology

values for the experiment.
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The next most cited paper is written by authors from Poland. This paper is dedicated
to endangered Calcareous fens. The authors investigated the long-term dynamics and
anthropogenic transformation of these interesting ecosystems and revealed acceptable
indicative sensitivity of Ellenberg indicator values.

The third paper in the ranking has been cited 14 times. The research is devoted to
the improvement of Ellenberg indicator values. To this end, the authors conducted a
broad survey of published and unpublished data. The paper authors have developed new
ecological indicator values and trait values for all Swedish plants (in 38 main vegetation
types). These indicators are applicable to vegetation changes at all temporal and spatial
scales. The scientific and practical significance of the paper is beyond doubt.

A paper dedicated to biomass partitioning in response to intraspecific competition
dependence has the same citation rating. The study was carried out by the authors from
Germany and was organized as a laboratory experiment. Ellenberg indicator values were
used to select plants with different realized niches with respect to nutrients.

Next, we can mention a paper on the dynamics of plant communities, which has
13 citations. This study was carried out by a team of authors from France. The research
objects were temperate and mountainous forests. The authors investigated whether forest
gaps favored vegetation adaptation to warmer climates. The results of this study showed
that the disturbance regime plays a key role in the adaptation of forest communities to
climate warming.

A large-scale and interesting study was carried out by a group of authors from Switzer-
land. Their efforts were aimed at mapping environmental data over large geographic
extents and at high spatial resolution remains. For these purposes, the authors obtained
environmental data layers by mapping ecological indicator values in space. The authors
concluded that combining large citizen science databases with Ellenberg indicator val-
ues is an effective approach for generalizing local edaphic and climatic conditions over
large areas.

We would like to mention another paper by a group of authors from Germany dedi-
cated to drought survival. This paper was published in 2020 and already has 12 citations. In
this study, the Ellenberg indicator values were used to select plants with different indicator
values for the experiment. The authors reached an interesting conclusion, which is that
the relationship between Turgor loss point and drought survival in herbaceous grassland
species is opposite to the one previously shown in woody species.

4. Discussion
4.1. Frequency of Studies by Country

An analysis of the geography of studies using the Ellenberg indicator values showed
that demand for them remains high in Europe. In other regions, less research is carried out.
This is probably due to the fact that these ecological indicators were created specifically
for these areas, the farther the studied habitat, the more serious differences in the species
composition of plant communities and, accordingly, the less accurate the results of using
the Ellenberg indicator values. Turkish and Russian researchers are showing interest in
the Ellenberg indicator values and are finding ways to use them in their studies, while
simultaneously developing national ecological indicators. For example, Tsyganov indicator
values are most widely used in Russia [11]. Scientists from the USA, Africa, China, and
other regions of the planet have not used Ellenberg indicator values in their work over the
past three years. However, a small number of studies have been conducted before [134-136].

The experience of using Ellenberg indicator values is undoubtedly important for
countries located at a considerable distance from the center of origin of this methodology.
Positive experience and profound results obtained on the basis of Ellenberg indicator values
undoubtedly contribute to the emergence and development of national indicator values.
On the other hand, the comparison of the research results obtained on the basis of the
values of the Ellenberg indicator values and the other national indicator values should
contribute to a deeper analysis of the environment and more informed conclusions. In this
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research review, we did not analyze the experience of simultaneous use of several indicator
values. This analysis is planned to be carried out in the future. We hope that it will reveal
new positive aspects in the use of Ellenberg indicator values.

4.2. Type of Plant Community under Research

The use of Ellenberg indicator values has proven to be effective for the analysis of
various plant community types, as well as for the selection of plants for laboratory exper-
iments. Ellenberg indicator values are actively used in studies of forests and grasslands.
Studies published in 2020-2022 on other plant communities also showed reliable results and
reasonable conclusions. Single studies are presented for a number of plant communities:
mountain tundra, segetal flora, tree lines, balks, i.e., uncultivated strips separating fields,
arable habitats, urban flora, and rocky scrub communities. We did not find any limitations
to the use of Ellenberg indicator values in studying these plant communities. Therefore,
our global review allows us to conclude that it is advisable to actively and more widely
use these ecological indicators in a wide variety of communities. In our opinion, the use
of the Ellenberg indicator values can be very useful in the study of ecotones, including
the upper and northern boundaries of the forest. When studying tree lines, as a rule, the
main attention is paid to only one tree species, and the habitat assessment is carried out
in insufficient detail [137-139]. Therefore, many questions remain about habitat dynamics
despite the high scientific level of studies. Some of these questions could be solved using
the Ellenberg indicator values.

4.3. Characterization of Research Topics

The analysis of research topics showed that Ellenberg indicator values are used to
solve the most pressing issues of the modern world, such as plant dynamics, anthropogenic
transformation, and the identification of factors that determine the structure and dynamics
of vegetation. Numerous studies are devoted to these topics, and the Ellenberg indicator
values certainly make a significant contribution to the success of solving these problems,
including the validity of the conclusions made. Ecological indicators have made it easier to
solve many particular problems within the framework of the general topic of identifying
drivers of plant dynamics. This is due to the fact that determining the values of climatic
and edaphic factors is associated with a number of difficulties and is often impossible in
large-scale studies. By contrast, the Ellenberg indicator values are quite easy to use. The
results of our review confirmed their effectiveness.

The problem of ecological niches, for which the Ellenberg indicator values are widely
used, is also one of the most pressing issues today. This is explained by the fact that
the ecological niche is a key concept in ecology and biogeography [140,141]. Despite the
importance of the problem, estimates of the ecological niches of many species are still often
based on limited data on occurrence and are not clearly characterized [142]. In addition, an
increasing number of researchers report fairly rapid changes in the niches of some species
in space and time, and revised estimates are not available in most cases [143,144]. The use
of such inaccurate or outdated data may lead to false conclusions. As our study has shown,
the Ellenberg indicator values help clearly and comprehensively characterize the ecological
niche of a species or identify its change, if such has occurred. The newly updated estimates
of ecological niches of species can be used either in further studies, for example, to model
the distribution of species, or in practice for the successful introduction of valuable plant
species. Our study also revealed the successful application of the Ellenberg indicator values
to the study of biological invasions. This problem is also extremely relevant [145,146].

The problem of vegetation classification is one of the main directions in forestry, botany,
and biogeography. The results of scientific research, environmental management, and
nature protection largely depend on the classification systems used for work [147-149]. Our
study showed, that the Ellenberg indicator values are actively used to solve this problem.
This method allows for in-depth ecological analysis, which is the basis of classification.
This makes the construction of classification schemes justified and allows them to be used
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to solve a wide variety of problems, including planning environmental management and
biodiversity conservation.

Research aimed at improving the values of the Ellenberg indicator values is nec-
essary to expand the scope of these indicators and increase the effectiveness of this
method. Methodological studies, where the Ellenberg indicator values complement other
approaches, such as habitat mapping and species distribution models, are of particular
interest. As a result of these comprehensive studies, interesting data is obtained.

In addition, we would like to note the need for comparative studies of various ecologi-
cal indicators that are used to study the vegetation of Eurasia. The lack of comprehensive
reviews on this topic makes it very difficult to compare the results of studies based on
different ecological indicators.

5. Conclusions

A global review of modern studies based on the Ellenberg indicator values revealed
that the geography of this method application is quite extensive. However, about half of
the studies were carried out in Germany and Poland. An analysis of the types of plant
communities revealed the effectiveness of the Ellenberg indicator values for studying the
most diverse vegetation, as well as for choosing plants for experiments. At the same time,
most of the research is focused on forests and grasslands. However, restrictions on the
use of Ellenberg indicator values for other plant communities have not been identified. A
review of research topics has shown that the Ellenberg indicator values are used to solve a
wide range of topical problems in biology, ecology, and forestry. Almost half of the studies
are devoted to ecological niches, habitat analysis, assessment of vegetation dynamics,
and influence of various factors on plants. The improvement of the methodology for
assessing the state of ecosystems and the study of the relationship between environmental
characteristics and Ellenberg indicator values should be mentioned among the important
areas of research too. Citation analysis revealed that despite the recent publication of
articles, most of them are actively cited. This result confirms the relevance of the topic of
Ellenberg index values and the scientific significance of modern research on its basis.

In general, our study revealed the effectiveness of these ecological indicators for
solving a wide range of urgent problems for a wide variety of plant communities located in
a wide gradient of climatic conditions and confirmed the expediency of its more active use.
In particular, Ellenberg indicator values can act as criteria integrating many aspects of the
environment and provide information for a comprehensive multi-criteria analysis of the
environment, including for monitoring climate change, habitat change, and conservation
of biodiversity of species and ecosystems. We hope that our global review of the Ellenberg
indicator will increase its popularity among researchers in different countries and contribute
to its further development and the expansion of scientific application and geography
of distribution.
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