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The present work is located in the field of urban greening and focuses on verti-
cal greening with mosses on building facades. For this purpose, a database-
supported approach was developed to determine the cultivation requirements
of mosses on the basis of the Ellenberg system of ecological indicator values,
whereby an existing classification of mosses by Dull and Dull-Wunder was used
and transferred to a Microsoft® Access database. The database enables differenti-
ated filtering according to botanical and German name, moss types (deciduous
moss or liverwort) as well as individual or combined indicator values of the cat-
egories light, temperature, continentality, moisture and reaction on a scale of 1-9
and can be extended by additional information such as image material as well
as by the integration of further species; the database currently comprises moss-
specific indicator values of 510 mosses. Various applications have been tested to
derive cultivation requirements, including the statistical evaluation of the overall
distribution according to ecological indicator values as well as practical functions
such as the identification of optimal environmental conditions for certain moss
species and the selection of suitable species for given site conditions. Overall,
the database provides a method to support greening approaches with mosses
by enabling the identification of suitable sites and the development of technical
systems or substrates that provide optimal conditions for specific species, while
allowing a data-driven selection of suitable moss species for defined greening
sites.

KEYWORDS
cultivation, database, ecological indicator values, facade, moss

1 Introduction

As climate change progresses, cities are facing increasing challenges: Resource scarcity,
rising temperatures, changing precipitation patterns and the preservation and promotion of
urban biodiversity. Buildings with greenery are considered a key strategy for mitigating the
effects of climate change in cities and strengthening ecological and urban planning functions.
However, conventional wall-based greening systems are not universally applicable, e.g., due to
high technical costs, static restrictions or high maintenance requirements. Mosses can be a
suitable alternative here.
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Mosses have several properties that make them particularly inter-
esting for wall-mounted greenery: Around 15,000 species are known
worldwide, including around 1,000 in Germany (Frahm, 2010).
Mosses do not require a soil substrate, as their root-like rhizoids
mainly serve to adhere to the substrate and hardly transport any water
(Glime, 2017a). Additional support systems or planters are therefore
unnecessary. Thanks to these properties, mosses can adhere directly
to vertical or steeply inclined surfaces and are ideal for wall-based
greening systems.

Mosses absorb nutrients and water from the atmosphere (e.g.,
through rain, mist or dew) over their entire surface rather than
through their roots. Saturation usually occurs within a few minutes
(Glime, 2017b). Mosses are also characterized by a high tolerance to
desiccation: Even after long dry periods, they can fully reactivate their
metabolism without suffering any damage (Frahm, 2010; Glime,
2017c¢). They also have effective frost protection inherent to the spe-
cies; relevant frost damage only occurs at temperatures below
—30 °C. And many moss species can also survive in low light intensity,
although the ability varies from species to species (Frahm, 2010).

They reproduce generatively via spores or vegetatively via frag-
ments or brood bodies (Frahm, 2010). While spore propagation
enables genetic diversity, some species spread almost exclusively veg-
etatively, as they rarely or never form sporophytes (Frahm, 2001).

Two types of cultivation can be distinguished in the context of
greening strategies:

(1) “passive cultivation” describes natural colonization and

depends on the species spectrum of the environment, the dis-

persal mechanisms and the site conditions. In order for mosses
to colonize an area, spores, brood bodies or plant parts from
the environment must reach the target surface and adhere

(Hellbach, 2014).

(2) “Active cultivation” takes place through the targeted introduc-
tion of spores or fragments and enables rapid, uniform green-
ing (Frahm, 2010). There is a risk that species not suited to the
site will be used or that spontaneous colonizers will later
dominate.

Experience with the cultivation of mosses—both passively and
actively—is limited, particularly in a vertical context.

Several European research and practical projects have investigated
how the natural greening of facade surfaces can be supported
with mosses:

The Polytechnic University of Catalonia (2012) in Barcelona
developed concretes with modified chemical properties under the
conceptual approach of “biological concrete,” which should enable the
growth of mosses, among others. However, there is no evidence of
successful implementation or establishment of this material to date
(Manso et al., 2014).

In 2017, 2 100 m long and 3 m high moss wall was installed along
the federal highway B14 in Stuttgart to test the potential of mosses to
reduce particulate matter under real urban conditions. However, the
project, carried out in cooperation between the city administration,
the university and the Stuttgart Natural History Museum, revealed
clear technical and maintenance challenges. The vertical orientation
favored drying out, as only little precipitation reached the mosses and
at the same time there was increased evaporation due to traffic wind
and high temperatures. This required repeated adjustments to the irri-
gation control in order to avoid drought stress as well as algae and
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fungal growth. In addition, there was weather-related damage, which
led to brown discoloration and required partial replacement of the
moss areas. The reduction in particulate matter achieved fell well short
of the expected values, while installation and operating costs were
high. Overall, neither sufficient effectiveness nor economic feasibility
could be demonstrated under the given conditions (Thielen, 2017;
Friedl, 2017).

In the BMWi project “MoosTex,” Helix Pflanzen, the DITF and
ZUBLIN developed a modular wall system planted with mosses for
flexible use in urban spaces between 2017 and 2020. The 1 x 2.5 meter
elements had textile moss modules and a closed irrigation concept.
The system was tested at two heavily polluted locations in Ludwigsburg
and at the Neckartor in Stuttgart, where different irrigation and sub-
strate solutions were tested. According to ZUBLIN, the prototypes
absorbed around 5-10% of fine dust particles under real conditions
and also showed potential for noise reduction and climate improve-
ment. However, widespread implementation of the concept has not
yet been documented (Miiller, 2017; Dehne, 2018;
Architekturblatt, 2020).

In 2018, the “BE-MO-FA” project investigated the development of
moss-covered facade panels, including the selection of suitable spe-
cies, the optimization of substrates and design details. Four out of
twelve mosses tested proved to be suitable as they anchored well to the
panels. However, problems such as drying out, mold growth and heat-
related damage occurred repeatedly during testing. The findings con-
firmed earlier indications of reduced heat tolerance of moist mosses
and led to the recommendation to avoid watering at high tempera-
tures. Although the use of moss cushions offered advantages in terms
of water storage and protection against drying out, it was assessed as
ecologically problematic for large-scale applications. Alternatives such
as moss fragments or moss-paste mixtures showed only limited stabil-
ity. Regardless of the method, it was recommended that the mosses be
pre-cultivated under protected conditions in order to reduce weather
stress (Pont et al., 2018).

Perini et al. (2020) investigated the growth of various mosses on
different facade materials to assess their suitability for green outdoor
surfaces. Surfaces made of quartz, plaster, slate, brick, capillary mats
and plaster variants, among others, were tested under controlled con-
ditions. The study showed that material properties such as water reten-
tion capacity, surface structure and porosity are decisive for the
growth of vegetation. Particularly on vertical surfaces, unevenly dis-
tributed moisture and the adhesion of the moss mixtures caused prob-
lems. The importance of site-specific tests to assess the adaptability
and vitality of mosses was also emphasized (Perini et al., 2020).

A concept paper published in 2021 proposed the installation of a
vertical greening system with mosses, ferns and perennials in the
Darmstadt city tunnel. The construction was equipped with drip irri-
gation and daylight LEDs to enable stable plant growth despite the
severely restricted environmental conditions. A prototype that has
been in place since 2019 was used to evaluate suitable materials and
moss species in advance. The accompanying scientific study (van Lier,
2024) showed that only a few species were able to withstand the
extreme conditions in the tunnel in the long term. Racomitrium mats
in particular proved to be comparatively robust, although there was
room for improvement in terms of irrigation control. Due to stricter
fire protection requirements, the system was removed again in 2024
(Lingen and Schneider, 2021).

The previous projects and experimental approaches show that the
technical integration of mosses in vertical greening systems has been
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intensively tested. Despite promising partial results, key challenges—
particularly with regard to site tolerance, material interactions, and
long-term vitality—have not yet been satisfactorily resolved. A sus-
tainable transfer of the investigated systems into widespread use has
therefore not taken place according to the current state of knowledge.

Implementation depends on a number of ecological and technical
factors that have not yet been sufficiently investigated. A central chal-
lenge in active cultivation is to harmonize moss species and site condi-
tions in such a way that both colonization and long-term vitality are
possible with an acceptable use of resources (if possible without active
water supply).

The aim of this study is to create a basis for the development of a
planning aid that supports the implementation of vertical moss green-
ing (with a focus on Germany). The focus is on developing an
approach for selecting suitable moss species that can be successfully
established on vertical building surfaces. To this end, a methodology
is being developed that provides planners with practical assistance in
selecting and using suitable species, particularly given the limited
access to moss expertise.

2 Materials and methods
2.1 Ecological indicator values

The “Ecological indicator values of plants in Central Europe”
(German: Okologische Zeigerwerte von Pflanzen in Mitteleuropa)
(Ellenberg, 2001), developed by Heinz Ellenberg in the 1970s, form
the basis for the development of the database and assessment of the
suitability of specific mosses.

Despite their widespread use in Central European vegetation ecol-
ogy, the “Ellenberg indicator values” have not yet been standardized
internationally. They are mainly used and further developed in
German-speaking countries, particularly in Germany, Austria and
Switzerland. Outside this core area, the ecological indicator values are
known, but there is no internationally standardized reference.

Ellenberg’s indicator values are parameters that are based on the
systematic analysis of ecological and botanical observations as well as
practical experience and are used to characterize individual plant spe-
cies. It is an empirical method in which the actual occurrence of a
species in the field is evaluated. The classification system includes cli-
matic factors (e.g., light) and soil factors (e.g., moisture). The ecologi-
cal indicator values thus provide information about the ecological site
requirements of a plant species (in the field under competitive condi-
tions). The plants also serve as bioindicators. This is because the pres-
ence of certain plants allows conclusions to be drawn about the
environmental conditions, for example how much light is available at
the growing site or how acidic the soil is.

In Ellenberg’s system, the following six indicator values are used
most frequently: Light (L), temperature (T) and continentality (K) as
climatic factors and moisture (F), reaction (R) and nitrogen (N) as soil
factors. The classification is made on a scale of 1-9, whereby moisture
is classified on an extended scale of 1-12. The respective factor has a
minimum value of 1 and a maximum value of 9 or 12 (Ellenberg, 2001).

Based on Ellenberg’s concept, Diill and Diill-Wunder (2012)
developed a corresponding system for mosses by evaluating species-
specific ecological characteristics and assigning them to Ellenberg’s
system of ecological indicator values. The moss-specific classification
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system uses five instead of six indicator values: The climatic factors
light (L), temperature (T) and continentality (K) and the soil factors
moisture (F) and reaction (R). Nitrogen (N) is not listed due to insuf-
ficient knowledge and moisture (F) is also classified on a scale of 1-9
(instead of 1-12 for Ellenberg). In addition, indifferent behavior (0)
and unknown behavior (X) are defined (D1l and Diill-Wunder, 2012).

The ecological indicator approach provides a systematic frame-
work for selecting suitable moss species for specific sites without rely-
ing on the limited expertise of specialized experts. The application of
the system enables a fundamental, plant ecology-based analysis that
takes into account all plant-specific factors and is both time- and
cost-efficient.

2.2 Application approach

In the field of bryological databases and data collections, there are
numerous systems that document various aspects of moss species.
These include global biodiversity platforms such as the Global
Biodiversity Information Facility (GBIF), which provides data on
occurrence and distribution (GBIF, 2024), as well as specialized
European datasets such as the “Bryophytes of Europe Traits” (BET),
which systematically record ecological and functional traits (Van
Zuijlen et al., 2023). In addition, there are national and regional dis-
tribution atlases, such as those of the British Bryological Society,
which primarily serve to map species occurrences (British Bryological
Society, n.d.).

These systems provide an important foundation for bryological
research but are primarily focused on data documentation. A targeted
combination of ecological parameters to identify species suitable for
a given site is generally only possible to a limited extent.

The present database differs from existing bryophyte and plant
trait databases in that it does not generate new ecological information,
but rather reworks existing data structurally and functionally. By inte-
grating ecological indicator values into a relational, query-based struc-
ture, the combined evaluation of multiple environmental parameters
is made possible.

The specific contribution of the database thus lies in the transfor-
mation of a descriptive dataset into an analytical and application-
oriented system. While existing databases primarily document where
species occur or what characteristics they possess, this database addi-
tionally enables the identification of suitable species for defined envi-
ronmental conditions, thereby expanding the spectrum of ecological
data systems to include a decision-support component.

In this study, the moss-specific ecological indicator values pro-
posed by Diill and Diill-Wunder (2012) are used as the conceptual
basis for the development of a digital database. The aim is to prepare
the datasets in such a way that they can be analyzed with regard to
possible general site conditions and used in the planning of (vertical)
greening with mosses.

To facilitate the basic understanding of the database and to pro-
mote a more precise interpretation of the moss-specific ecological
indicator values, the data from Diill and Dill-Wunder are visually
processed and translated below (see Figures 1-5). This is to ensure that
the data collected is not only scientifically usable, but also practical
and application-oriented.

The description of the ecological indicator values for mosses
[light (L), temperature (T), continentality (K), moisture (F) and reac-
tion (R)] originates from Diill and Diill-Wunder (2012). The original
abbreviations (L, T, K, E R) correspond to the German notation
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foliage of deciduous plants” (Dull and Dull-Wunder, 2012, p. 31).

L
Light value
] _ Deep-shade plant
Occurs even with less than 1% relative brightness, rarely above 30%
|
5 _ Deep-shade to shade plant
Transitional between deep-shade and shade conditions
|
3 ___ Shade plant
Usually at less than 5% relative brightness, though also found in somewhat lighter places
|
4 __ Shade to semi-shade plant
Transitional between shade and semi-shade conditions
|
5 _ Semi-shade plant
Rarely in full light but also occurring in shaded sites
I
6 _ Semi-shade to semi-light plant
Transitional between semi-shade and semi-light conditions
|
7 ____ Semi-light plant
Mostly in full, indirect light but still occurring in partial shade
|
8 __Light plant
Only exceptionally at less than 40% relative brightness, mainly in sunny locations
9 ___ Ful-light plant
Found only in fully exposed sites, rarely at less than 50% relative brightness
FIGURE 1
The light value evaluates the occurrence in the gradient of relative illuminance (r. B.), “[...] which prevails at their place of growth at the time of full

Absent from most of Central Europe

FIGURE 2

to temperature fluctuations” (Dull and Dull-Wunder, 2012, p. 32).

Restricted to western, southern, or northwestern Central Europe, with few outposts further inland

K
Continentality value
1 Euoceanic indicator
|
) Oceanic indicator
Predominantly in the west, including western parts of Central Europe
1
3 Oceanic to suboceanic indicator
Transitional between oceanic and suboceanic conditions.
4 Suboceanic indicator
Centered in Central Europe, extending eastwards
5 Intermediate indicator
Temperate or weakly suboceanic to weakly subcontinental
6 Subcontinental indicator
Centered in eastern Central Europe and adjacent parts of Eastern Europe
7 Subcontinental to continental indicator
Transitional between subcontinental and continental conditions
8 Continental indicator
Extending from the east into Central Europe only at special sites
9 Eucontinental indicator

The continentality value evaluates the “occurrence in the continentality gradient from the Atlantic coast to the interior of Eurasia, especially with regard

introduced by Ellenberg and retained by Diill & Diill-Wunder; for
example, “F” is derived from the German term “Feuchtezahl” (mois-
ture value) and is retained here for consistency.

The German definitions for the individual scales (values 1-9) of
the respective indicator value groups (L, T, K, E, R) were translated
into English by the authors while adhering as closely as possible to
the original wording. The English category labels are based on the
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established terminology of Hill et al. (1999, 2007), while the actual
descriptions follow the content of the original German definitions.
The terminology used for the indicator values light (L), mois-
ture (F), and reaction (R) largely corresponds to that established by
Hill et al. (2007) for bryophytes. The indicator values temperature
(T) and continentality (K) are not included; The authors therefore
translated the English wording based on Diill and Diill-Wunder
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Moisture value

Very dry indicator

1 . . )
Occurs on sites that frequently dry out and is confined to dry substrates
2 Very dry to dry indicator
Transitional between very dry and dry conditions
3 Dry indicator
Common on dry soils and at least on rather dry sites
4 Dry to moderately moist indicator
Transitional between dry and moderately moist conditions
Moderately moist indicator
5 ! :
Prefers moderately moist soils
6 Moderately moist to moist indicator
Transitional between moderately moist and moist conditions
7 Moist indicator
Predominantly on well-moistened to waterlogged sites
8 Moist to wet indicator
Transitional between moist and wet conditions
9 Wet indicator

Found on permanently wet or spray-moistened sites near streams or waterfalls

FIGURE 3
The moisture value evaluates the "occurrence of soil moisture gradients from shallow, dry rock slopes to marshy ground and from shallow to deep
water” (Dull and DUll-Wunder, 2012, p. 32f).

Temperature value

Cold indicator
Restricted to high mountain zones or boreal-arctic regions

Cold to cool indicator

2 — — o -
Transitional between cold and cool conditions
|
3 Cool indicator
Predominantly in high-montane, occasionally subalpine, or temperate—boreal regions
|
4 Y Cool to moderately warm indicator
' Transitional between cool and moderately warm conditions
5 Moderately warm indicator
Occurs from lowlands up to montane elevations, with its center in submontane—temperate zones
6 Moderately warm to warm indicator
Transitional between moderately warm and warm conditions
7 Warm indicator
In northern Central Europe restricted to lowland sites
8 Warm to extremely warm indicator
Transitional between warm and extremely warm conditions
9 Extremely warm indicator

From the Mediterranean region, in Central Europe only as relicts at the warmest sites

FIGURE 4
The temperature value evaluates the "occurrence in the temperature gradient from the Mediterranean to the Arctic zone or from lowlands to alpine
levels (n. B. = northern latitude)” (Dull and DUll-Wunder, 2012, p. 31f).

and adapted it to reflect the descriptive style of Hill et al.
(1999, 2007).

It should be noted here that the moisture scale (F) of Dll and
Diill-Wunder (2012) comprises nine levels, while Ellenberg and Hill
et al. (2007) use twelve levels; the nine-level scheme for mosses was
retained here for reasons of consistency. The intermediate values (2,
4, 6, 8) are described as transitional categories between the
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neighboring indicator levels. Diill and Dill-Wunder (2012) did not
provide separate German definitions for these intermediate values;
therefore, their English formulation reflects the implied ecological
transition.

In bryophyte ecology, base-rich describes calcium- and magne-
sium-rich substrates and calcareous denotes carbonate- or lime-rich
substrates, whereas basic/alkaline refers to chemical alkalinity.
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R
Reaction value
1 Strongly acid indicator
Never occurs on slightly acid to alkaline substrates
2 Strongly acid to acid indicator
Transitional between strongly acid and acid conditions
3 Acid indicator
Mainly on acid soils and restricted to nutrient-poor sites
4 o Acid to moderately acid indicator
Transitional between acid and moderately acid conditions
5 Moderately acid indicator
Occurs on acid to neutral, nutrient-rich but lime-poor substrates
6 Moderately acid to slightly base-rich indicator
Transitional between moderately acid and slightly base-rich conditions
7 Slightly acid to slightly base-rich indicator
Never occurs on strongly acid substrates
8 Slightly base-rich to calcareous indicator
Transitional towards base-rich or calcareous conditions
9 Base-rich to calcareous indicator
Always on lime-rich or calcareous soils
FIGURE 5
The reaction value evaluates the "occurrence in the gradient of soil reaction and lime content” (DUll and Dull-Wunder, 2012, p. 33)

Terminology for the reaction value (R) follows the conventions of Hill
et al. (2007), with transitional categories smoothed for gradient
consistency.

The English descriptions of the indicator values are presented in
the main text, while the corresponding bilingual (German-English)
tables can be found in the Supplementary material.

2.3 Development of a database

Based on the moss-specific ecological indicator values, a relational
database was developed using Microsoft Access software, which
makes it possible to record, display, filter and edit data. The choice of
Microsoft Access over relational database management systems such
as MySQL or PostgreSQL was based on the limited scope of the data
to be processed, as well as the specific requirements of the develop-
ment and usage phases.

The database comprises a clearly structured and quantitatively
limited collection of moss species (510) with associated German and
botanical names, ecological indicator values, moss type, and visual
references. For such datasets, Microsoft Access provides a sufficiently
powerful solution without requiring the implementation of a client-
server architecture.

The integrated graphical development environment enables the
creation of forms and queries within a closed system. The implemen-
tation of the required filter functions is based on the query tools
available in Access and does not require in-depth programming
knowledge. This allows for direct verification of the functional
requirements during the conceptual development phase.

High scalability and comprehensive multi-user capabilities are not
required for this application. The focus is on modeling the data
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structure and validating the query logic, particularly with regard to
the identification of moss species with specific indicator values com-
binations. Microsoft Access provides a suitable development environ-
ment for this purpose through the close integration of data structure,
data storage, and user interface.

The use of Microsoft Access also lays the foundation for a poten-
tial migration to more powerful database management systems such
as MySQL, PostgreSQL, or web-based solutions. The transfer of data
structures and queries to scalable and multi-user systems is thus fun-
damentally possible.

2.3.1 Data structure and data model

The following section provides a detailed description of how the
data is organized within the database. The ecological indicator values
for mosses are based on the classifications developed by Diill and Diill-
Waunder (2012). The ecological indicator values are recorded in the five
categories of light (L), temperature (T), continentality (K), moisture
(F), and reaction (R) are represented for each moss species on a stan-
dardized scale from 1 to 9. Additionally, the codes “0” for indifferent
behavior and “X” for unknown or ecologically unclassifiable behavior
are included. The data records are further supplemented by imagery
from external online databases (Liith, 2011; Dirhammer, 2023).

The underlying data model follows the principle of a relational
database but is implemented in a simplified form within a single table.
The central entity is the respective moss species. Each data record
represents a single moss species and is uniquely identifiable (e.g., via
the botanical name).

Since the database is organized as a single table, there are no sepa-
rate entities or relational links between multiple tables. Instead, the
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indicator value categories (L, T, K, F, R) are stored as attribute fields
directly within the species records. The indicator values are thus
assigned directly at the level of the respective moss species, whereby
each species is described by a combination of ecological
characteristics.

The conceptual schema of the database is based on a uniform table
structure (“Moss Species”), in which each row represents a complete
and uniquely identifiable species record. The attributes include the
botanical and German names, the moss type (leaf moss or liverwort),
the five ecological indicator values [light (L), temperature (T), conti-
nentality (K), moisture (F), and reaction (R)], as well as an image ref-
erence. All characteristics are organized as attribute fields within the
respective data record, so that each species is described by a consistent
ecological characteristic profile.

2.3.2 Conceptual structure of environmental
indicators and query logic

The ecological indicator values used in the database are not orga-
nized as isolated individual parameters, but follow a conceptual hier-
archy of environmental indicators. The five indicators used can be
classified into two overarching groups: climate factors [light (L), tem-
perature (T), continentality (K)] and soil or substrate factors [mois-
ture (F), reaction (R)]. While the climate indicators primarily
describe large-scale and atmospheric site conditions, the substrate
indicators capture the immediate, material-related properties of the
growing site.

The individual indicators are not only stored as separate attributes
but are conceptually understood as an interconnected system of envi-
ronmental factors that enables combined analysis. This allows site-
specific conditions to be described not merely in one dimension but
as characteristic combinations of indicator values.

The database’s query functions utilize this structure by allowing
both individual indicators and their combinations to be filtered and
analyzed. This enables the differentiated identification of suitable moss

10.3389/frsc.2026.1807341

species while taking into account multiple simultaneously acting envi-
ronmental factors, thereby supporting database-driven planning
processes.

The query functions are based on the targeted filtering of indi-
vidual attributes as well as on the combination of multiple selection
criteria within the table. In this way, moss species can be identified
both on the basis of individual indicator values and on the basis of
specific combinations of indicator values (e.g., temperature value
(T) = 5 and light value (L) = 7, see Figure 6). The conceptual schema
describes the static structure of the database, while the queries repre-
sent the dynamic use of the stored data.

Through the digitization and processing of moss-specific ecologi-
cal indicator values in the database, it is now possible for the first time
to use the data for statistical analyses and for the targeted selection of
suitable moss species.

3 Results
3.1 Implementation of the database

Below is a screenshot of the original database, which was created
using Microsoft Access. Figure 7 illustrates the structure and function-
ality of the search mask within the underlying database application.
The upper section of the user interface (highlighted in blue) contains
various filter options that allow you to narrow down the data set. In
addition, brief information on the abbreviations used for the indicator
values is provided here, which facilitates quick orientation within the
search function. The lower section of the search mask (highlighted in
light gray and white) is used to display all moss species recorded in the
database in tabular form. The database currently contains 510 entries.

The “Details” button provides further information on the respec-
tive species, including images that give a visual impression of what the
moss species looks like. The database also contains detailed
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value (L) of 7.

Screenshot of the German-language database: Results of a sample query filtered to show all moss species with a temperature value (T) of 5 and a light
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record moss species, and input options for filtering the data.

View of the search mask with a selection of moss species recorded in the German-language database; it shows the user interface, the criteria used to
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background information on the individual moss-specific ecological
indicator values.

In addition to the collection and consolidation of moss data, the
database enables various queries and filtering. The following tempo-
rary queries are currently made possible by the database: German
name, botanical name, indicator values from 1 to 9 within a group or
the combination of indicator values from 1 to 9 in two to five different
groups. A distinction can also be made between deciduous mosses
and liverworts. The result is displayed in the form of “Number of hits”
and in a detailed list view.

A description of the workflow for practical applications of the
database is provided in Section 3.3.

3.2 Overall distribution according to
ecological indicator values

The analysis of the overall distribution of moss species based on
the ecological indicator values serves the purpose of identifying gen-
eral site conditions that are favorable for a large number of species and
could serve as a transferable basis for the planning of greening mea-
sures. The study is based on data from a total of 510 moss species,
which were analyzed with regard to the five indicator values light (L),
temperature (T), continentality (K), moisture (F) and reaction (R).

Two formats are used to display the distributions. Figure 8 (left)
shows the complete data distribution, which also includes the values
“X” (unknown behavior) and “0” (indifferent behavior). This overview
provides a complete insight into the entire data set, including informa-
tion that is difficult to interpret due to insufficient knowledge or indif-
ferent behavior.

Frontiers in Sustainable Cities

In contrast, Figure 8 (right) presents the results in the form of a
bubble chart. This multidimensional visualization makes it possible to
represent the frequency distribution through the size of the bubbles
and additional variables via color coding. At the same time, by exclud-
ing the values “X” and “0,” only interpretable data is taken into
account, resulting in a focused and meaningful analysis. The bubble
chart allows density ranges to be visualized, relative values to be com-
pared and potential relationships between the individual indicator
value groups to be identified.

The evaluation of the individual indicator values shows clear dif-
ferences in the preference ranges of the mosses:

Light values (L): Most species are found in the higher light ranges.
The most common is L8 (light plant), followed by L7 (semi-light
plant), L5 (semi-shade plant), and L4 (shade to semi-shade plant).
More species are classified under L9 (full-light plant) than in catego-
ries L1 to L3 combined, which reflect extremely shady conditions. This
indicates that mosses generally prefer higher light conditions.
Nevertheless, it should be noted that many species can remain viable
even at relative illuminance levels between 5 and 10%, indicating a
high tolerance to shade conditions.

Temperature values (T): The distribution focus is on T3 (cool
indicator), followed by T2 (cold to cool indicator) and T4 (cool to
moderately warm indicator). As the temperature rises, the number of
species steadily decreases, especially above T6 (moderately warm to
warm indicator). Only a few species are assigned to the extremes T1
(cold indicator) or the higher categories beyond T6. This pattern illus-
trates a pronounced preference of many mosses for cool conditions
and at the same time shows that both very cold and very warm sites
are less favorable.
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Light value (L)
Temperature value (T)
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Reaction value (R)

)

Left: Overall representation of the distribution of all mosses recorded in the database for the ecological indicator values including the categories "X"
(unknown) and "0 (indifferent). Right: Representation of the distribution in the form of a bubble chart, excluding the values "X" and “0".

T

Continentality values (K): There is a clear hotspot in the K5
(intermediate indicator) and K6 (subcontinental indicator) areas,
supplemented by a higher frequency in K4 (suboceanic indicator).
K3 (oceanic to suboceanic indicator) and K7 (subcontinental to
continental indicator) are present, but to a much lesser extent.
Below K3 and above K6, mosses occur only sporadically. This indi-
cates a preferred adaptation to transitional areas between oceanic
and subcontinental climates, while extreme characteristics appear
less suitable.

Moisture values (F): The distribution is concentrated around F6
(moderately moist to moist indicator). Additional clusters are found
at F5 (moderately moist indicator), F7 (moist indicator), and F4 (dry
to moderately moist indicator), with an overall tendency toward
more humid locations. The strong representation in F6 in particular
illustrates the preference of many moss species for fresh to moist con-
ditions, although the almost even distribution between F4 and F7 also
shows a broad tolerance of different moisture levels.

Reaction values (R): In contrast to the other factors, this shows a
relatively even distribution across the entire scale. Only R2 (strongly
acid to acid indicator) and R6 (moderately acid to slightly base-rich
indicator) show slight clusters. Overall, the distribution indicates a
broad ecological adaptability of mosses in terms of substrate, with a
slight preference for acidic to moderately acidic conditions.
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In summary, the results show a diversity of ecological preferences
within the species considered, but also common trends: Mosses pre-
dominantly prefer sites with higher light conditions, moderate tem-
peratures, fresh to moist conditions and a slightly acidic substrate.
These patterns are highly relevant for the planning of urban greening
projects, as they facilitate the identification of suitable species.
However, it is not possible to derive universal site conditions that are
equally favorable for all species. Rather, the selection of suitable
mosses requires site-specific adaptation. The success of greening mea-
sures therefore depends crucially on taking into account the specific
ecological requirements of the selected species. At the same time, the
high diversity of moss species opens up the potential to provide suit-
able vegetation solutions even for extreme or specialized sites that are
unsuitable for many other plants. Mosses therefore offer the opportu-
nity to significantly expand urban greening concepts and establish
ecologically valuable habitats even in challenging environments.

3.3 Practical application
The results presented in section 3.2 illustrate the wide range of
ecological preferences within the moss species studied. This diversity

underlines the need to pursue specific selection strategies during
planning. Only a differentiated and site-specific approach can ensure
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both the establishment of the mosses and their long-term ecological
benefit. Two central application perspectives are in the fore-
ground here:

1 Identification of optimal environmental conditions for a spe-
cific moss species:

Based on a selected species, site requirements can be determined
using its ecological indicator values. This facilitates the identification
of suitable locations or enables targeted adjustments to the planned
locations.

2 Selection of suitable moss species for given site conditions:

Based on the specific site conditions of a planned site of use, suit-
able moss species can be identified that fit these requirements and can
potentially establish themselves there.

Both approaches help to increase the success of greening projects
with mosses and to better assess the suitability of the selected species
under real conditions.

3.3.1 Identification of optimal environmental
conditions for a specific moss species

The database offers the option of manually selecting or entering a
specific moss species and retrieving detailed information on its

10.3389/frsc.2026.1807341

preferred growth conditions based on the stored ecological indicator
values (Figure 9).

The corresponding outputs of the database provide specific
numerical values for the species under consideration (e.g., Metzgeria
furcata with T: 3, L: 5, F: 4, R: 6, K: 5) and provide information on
suitable environmental conditions (see Figures 1-5). The information
generated in this way can be used to specifically identify locations
that meet the requirements of the respective moss species.
Alternatively, existing sites can be optimized by suitable measures
(e.g., adapting the substrate or changing the moisture supply) to pro-
mote the establishment of the selected species. They thus provide a
practice-oriented basis for making well-founded decisions in both
planning and implementation (Table 1).

3.3.2 Selection of suitable moss species for given
site conditions

In addition to the species-specific analysis, the database also
enables the reverse approach. Here, the planning perspective is geared
toward the site: The prevailing environmental conditions of a planned
greening site are recorded in ecological indicator values and entered
into the database. Based on this, the system provides a selection of
moss species that meet these conditions and have the potential to
establish themselves successfully.

To demonstrate this procedure, a site for a facade greening is con-
sidered as part of a fictitious example. The values used are as follows:
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FIGURE 9

including detailed views of the moss species’ indicator values and images.

The screenshot of the German-language database shows the results of a selective search for mosses by entering the botanical name Metzgeria furcata

TABLE 1 Transfer of the determined ecological indicator values for Metzgeria furctata to the classifications according to Diill and Dill-Wunder (2012).

Ecological indicator Value  English category English description
Temperature 3 Cool indicator Predominantly in high-montane, occasionally subalpine, or
temperate-boreal regions
Light 5 Semi-shade plant Rarely in full light, but also occurring in shaded sites
Moisture 4 Dry to moderately moist indicator Transitional between dry and moderately moist condition
Reaction 6 Moderately acid to slightly basic indicator Transitional between moderately acid and slightly basic conditions
Continentality 5 Intermediate indicator Temperate or weakly suboceanic to weakly subcontinental
Frontiers in Sustainable Cities 10 frontiersin.org
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Temperature value (T) = 4, light value (L) = 5, moisture value (F) = 4,
reaction value (R) = 6 and continentality value (K) = 6. After entering
these values, the database generates moss species that correspond to
the environmental conditions mentioned (see Figure 10). In cases
where several species are identified as suitable, it is also possible to
include esthetic criteria in the selection, such as growth habit or color
effect (Table 2).

When transferring real site conditions to the scale of ecological
indicator values (1-9), a certain degree of imprecision is unavoidable.
In order to take this into account methodically, a tolerance range of
+1 can be included for specific factors. In the present application, this
is implemented as an example for the indicator values light (L), tem-
perature (T) and moisture (F), while the continentality (K) and reac-
tion (R) remain unchanged due to the fixed site conditions. This
results in 27 possible combinations (3°), each of which can be re-eval-
uated (see Table 3).

This approach should help to increase the validity of the results
and take into account the natural variability of ecological parameters.
This enables the selection of suitable species even in situations where
site factors cannot be quantified exactly, but vary within certain ranges
of fluctuation.

The following table provides an overview of the moss species that
can be identified as suitable by using the database. One species com-
pletely fulfills the specified site conditions and is therefore classified as
100% suitable. In addition, the extended analysis, in which the indica-
tor values vary by *1, identified three further species that are also
potentially suitable (Table 4).

4 Discussion and summary

The study is methodologically based on the use of the ecological
indicator values according to Ellenberg (2001) and their adaptation
according to Diill and Diill-Wunder (2012). This method provides a
standardized framework for recording the site requirements of mosses
and incorporating them into planning processes. A major advantage
is that an initial well-founded assessment of applicable moss species is
possible even without in-depth specialist knowledge. In this way,
species-specific site preferences can be systematically mapped and
made usable for greening planning, while at the same time reducing
the time and resources required.

A key methodological contribution of this work lies in the devel-
opment and application of a structured database that links ecological

10.3389/frsc.2026.1807341

indicator values with site-specific parameters. This creates a previously
missing link between ecological theory and planning practice,
enabling a transparent, reproducible, and scalable basis for
decision-making.

However, this approach also has its limitations. The diversity and
complexity of site conditions make it difficult to clearly interpret the
indicator values. Although these values provide an initial overview of
the prevailing conditions, they cannot replace quantitative measure-
ments. In addition, the indicator values do not allow precise state-
ments to be made about the strength of isolated influencing factors, as
they are closely interlinked and are influenced by natural fluctuations.
In his analysis of ecological indicator values, Wirth (2010) emphasizes
the need for a critical examination, but acknowledges that these values
can be useful, despite certain reservations, provided they are used in
accordance with their original intention. They serve as a guide to the
magnitude of the relevant environmental factors and allow for a more
detailed investigation before the identified factors can be analyzed
in depth.

In view of the fact that few methodological tools are currently
available for the planning of moss plantations, the use of the ecological
indicator system in combination with the developed database can
represent an important step forward. Up to now, such decisions have
been based primarily on the specialized knowledge of a small number

TABLE 2 Input of the derived indicator values. As a result, one type of moss is filtered out as
suitable.

Ecological indicator values

Botanical name

Isothecium alopecuroides

TABLE 3 27 combinations of indicator values T4, L5, and F4 with variation of +1 to represent
tolerance ranges.
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TABLE 4 Potentially suitable moss species according to database analysis.

10.3389/frsc.2026.1807341

Ecological indicator values

Botanical name

Compatibility

1 Isothecium alopecuroides 4 5 4 6 6 100%

2 Neckera pennata 4 5 5 6 6 Variance +1
3 Eurhynchium pulchellum 4 6 4 6 6 Variance +1
4 Platygyrium repens 5 6 4 6 6 Variance +1

of experts, which severely limits traceability and reproducibility. The
method presented here creates a systematic basis that goes beyond
individual experience and represents an important step toward
broader applicability.

The results of this work provide impulses for the development of
practical tools, especially for the planning of (vertical) greening sys-
tems. The database application shows how ecological information can
be structured, made comparable, and integrated into specific decision-
making processes. This provides direct practical benefits for planning
urban greening initiatives, such as by facilitating the selection of suit-
able species while taking site-specific conditions into account. Of cen-
tral importance here is the precise recording of site-specific
environmental conditions, which forms the starting point for every
analysis. Various methodological approaches are available for site
characterization.

“Individual measurement” represents a pragmatic approach to site
characterization. Here, manual measurements are carried out at rep-
resentative sites at fixed intervals (e.g., daily, weekly or monthly). This
method is characterized by a high degree of flexibility, as it can be
easily adapted to specific research questions. It is also comparatively
inexpensive, as only a small amount of technical equipment is
required. However, its informative value is limited: The measurements
only provide snapshots and do not adequately reflect seasonal or diur-
nal fluctuations. In addition, regular manual surveys are time-con-
suming and entail an increased risk of errors.

In contrast, “year-round logging” takes a continuous approach.
Environmental data is automatically recorded at representative loca-
tions over longer periods of time. This results in a very high level of
data precision, which also takes short-term fluctuations into account
and largely avoids data gaps. This quality also facilitates evaluation,
as comprehensive datasets are available. On the other hand, the
method requires a higher material and technical outlay, including the
cost of purchasing and maintaining the equipment and the need for
a continuous energy supply. In addition, the method requires special-
ized expertise and is susceptible to interference from external
influences.

A third option is “simulations,” in which environmental condi-
tions are modeled based on existing location and weather data.
These are often supplemented by 3D models in order to visualize
spatial and temporal scenarios. Simulations are considered cost and
time efficient as no physical measurement technology is required.
In addition, they can be used flexibly to investigate different sce-
narios and time periods. However, their accuracy depends largely
on the quality of the input data, meaning that real site conditions
are not always fully represented. The technical effort involved must
also be taken into account here, as specialized software and exper-
tise are required.
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The method chosen for site characterization depends largely on
the specific framework conditions of a project. Factors such as the
available budget, the time available for planning or existing specialist
knowledge influence whether individual measurements, year-round
logging or simulations appear to make sense. In many cases, a com-
bination of methods may also be appropriate in order to exploit the
respective advantages and compensate for methodological weak-
nesses. Regardless of the approach, however, the transfer of measured
environmental parameters into the system of ecological indicator
values is associated with potential uncertainties. As described in sec-
tion 3.3.2, these can be systematically compensated for by incorporat-
ing tolerance ranges and further narrowed down by means of targeted
practical tests.

Beyond its immediate application in the context of moss planting,
the developed database offers expanded potential for various ecologi-
cal and planning applications.

By linking species information with ecological indicator values,
it also enables the analysis of site-specific environmental conditions
and changes. This is because the presence of a moss species can, based
on its characteristic combinations of indicator values, provide
insights into the prevailing environmental conditions. Changes in
species or other indicator value combinations indicate changes in
environmental conditions. For example, the database opens up pos-
sibilities for biodiversity monitoring, particularly in urban areas, as
moss species being sensitive bioindicators respond to changes in
moisture, temperature, or air quality.

Furthermore, it can serve as a supportive tool in landscape archi-
tecture and environmental planning. The targeted selection of moss
species based on ecological requirements enables the development of
site-appropriate greening concepts as well as the integration of veg-
etation into climate adaptation strategies, for example with regard to
microclimate regulation or water retention.

In addition to application-related aspects, the database also
offers potential in the field of environmental education by providing
a structured and accessible foundation for teaching ecological
relationships.

Overall, the database thus highlights the added value of systemati-
cally processing ecological datasets in relational database systems, as
it opens up a wide range of analysis and application possibilities
beyond mere data storage.

In summary, the work shows that mosses represent a hitherto
underutilized but promising potential for wall-based greening. With
the combination of ecological indicator values and a digital database,
an initial methodological approach was developed that opens up a
systematic approach to selecting suitable species. This approach
should not be seen as a final concept, but rather as a starting point for
further developing planning processes and incorporating moss
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greening more strongly into sustainable urban design strategies in
the future.

Successful implementation in real projects requires a deeper
understanding of the interactions between site-specific environmental
factors and the ecological requirements of mosses. This requires tar-
geted practical trials that validate the suitability of individual species
and at the same time serve as a basis for the ongoing development and
expansion of the database. Future steps could include, in particular,
the integration of additional datasets, linking the database to existing
ecological information systems, and the development of user-friendly
interfaces for planning processes.

Furthermore, the methodology presented is not limited to vertical
applications. It can also be adapted for green roofs or ground-based
systems, thus opening up additional fields of application beyond the
green facade focused on here. Mosses can thus take on a greater role
in urban greening concepts in the future, fulfill ecological functions
and at the same time expand design potential.
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