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Designing green infrastructure in cities requires vegetation that has multiple outcomes
and functions, particularly using plants that have both attractive visual or aesthetic
features and high biodiversity values. Plantings that have high visual appeal are more
highly valued by people and increase their feeling of wellbeing. Increasing biodiversity
in cities is one of the major challenges facing urban planning and design. However,
balancing biodiversity and aesthetic outcomes in urban planting design is complex,
and to date there are few methods that can be used to guide plant selection. To
address this knowledge gap, we investigated the use of a colour theory framework
for planting arrangements to see if we could design vegetation that is highly aesthetic
and has high biodiversity. We did this by configuring planting combinations for living
walls in Malm®, Sweden, using principles based on Johannes Itten’s colour theories.
The plant combinations on each wall were graphically arranged using (1) colour analysis
of each plant and (2) design of the plant species into two colour schemes: light-dark
colour concept and a complementary colour concept. For each species used in the
compositions we created a biodiversity classification, based on its pollination value,
“nativeness” and conservation value as a cultivar; and a plant visual quality classification,
based on the performance from living walls studies. The graphical colour composition
and interlinked biodiversity value were then compared to designs created with randomly
selected plant species. The results showed that it is possible to design a living wall based
on colour theory without compromising with biodiversity outcomes, namely species
richness, pollination and the nativeness of the species. The results also indicate the
potential application of this design approach to deliver greater aesthetic appreciation
and enjoyment from plantings. While more work is needed, this study has shown that
a theoretical colour framework can be a useful tool in designing green infrastructure to
improve delivery of both cultural and regulatory ecosystem services.

Keywords: green infrastructure, landscape aesthetics, living wall, green wall, ecosystem services pollinators,
environmental appraisal
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INTRODUCTION

Urban vegetation can be designed to deliver biodiversity
outcomes and provide regulatory ecosystem services, particularly
through green infrastructure. In addition, visual qualities derived
from urban vegetation can provide aesthetic enjoyment and
appreciation, delivering cultural ecosystem services, but are
dependent on socio-behavioural pathways for positive public
health effects (van den Bosch and Ode Sang, 2017).

Perceived visual quality and visual satisfaction in outdoor
environments derives from a viewed landscape and can be
evaluated from a formal aesthetic approach where the landscape
quality or beauty is seen as an attribute in the eye of the beholder
(Lothian, 1999). Perceived attributes, such as landform, water
bodies and colours, are part of the formal aesthetic approach
and are included in the objectivist paradigm (Daniel and Vining,
1983; Lothian, 1999). Colour as a property has a broad spectrum,
and in landscape design compositions the attribute “colour” has
its origins in design theory and design principles, sometimes
using gestalt theory as an evaluation tool (Lang, 1994; Bell, 2012;
Yilmaz et al., 2018).

Yilmaz et al. (2018) states that landscape professionals can
influence visual qualities and viewer’s aesthetic satisfaction via
careful use of design principles, in turn contributing to positively
affect the visual quality (Ulrich, 1983; Arriaza et al.,, 2004; Polat
and Akay, 2015) and evoke positive restorative effects (Hoyle
et al., 2017). In the planning and design of green infrastructure
the aesthetic property colour and it’s physical attribute, contrast,
give variation to planting composition schemes (Bell, 2004;
Dunnett, 2019). A conscious use of colour and colour contrast
in the design of urban green installations can improve human
experiences of pleasantness (Thorpert, 2019), provide positive
visual preferences (Polat and Akay, 2015) and contribute to
increased experiences of beauty and harmony (Eroglu et al., 2012;
Oleksiichenko et al., 2018; Huang and Lin, 2019). A common
strategy to achieve variation and distinction through colour
contrast in compositions is to use disparity in the brightness
level, as well as the use of complementary contrast in design
compositions (Robinson, 2004; Bell, 2012). For example, the
concept of complementary contrast is an effective design
parameter in landscape architecture and has proven to contribute
to harmonious arrangements (Westland et al., 2007; Bell, 2012)
and increase the correlation between visual preferences and
complementary colour contrast in urban green spaces (Polat and
Akay, 2015). In the context of colour and visual preferences,
it is important to highlight that personal attitudes, biases and
cultural background or variations in value systems all contribute
to how we perceive colours (Patton, 2002). A study by Kendal
et al. (2012) showed that diversity in visual preferences depends
on features such as foliage colour and flower size as well
as non-visual characteristics such as drought tolerance and
“nativeness.”

Biodiversity, according to Wilcox (1984), is defined as the
variation of life forms on earth, including variation in genes,
species and biotopes, and functions from factors, the species
richness and the distribution of the individuals among these

species, the evenness. High species diversity positively affects
ecosystems and human life (Hooper et al., 2005, 2012), while
biodiversity loss is recognised as one of the most severe
human induced global challenges (Rockstrom et al., 2009).
Biodiversity loss causes ecosystems to capture less resources,
reducing biomass production and causing instability in the
ecosystem (Cardinale et al., 2012) and can mitigate invasive
species (Naeem et al., 2000; Kennedy et al,, 2002); changes
which can be irreversible or extremely difficult and expensive
to alter. Biodiversity in urban environments differs from
that in rural environments; urbanisation tends to decrease
biodiversity (Knapp et al, 2008), especially in city centres
(McKinney, 2002). Areas with only moderate urbanisation
can show an increase in biodiversity, primarily due to the
introduction of non-native species being faster than the
extinction of native species (Kowarik, 1995). This increase
may also be due to factors like intrinsic high plant species
richness in settlement areas, intermediate disturbance theory
and introduction by species (McKinney, 2008), resulting in
urbanisation leading to homogenisation of native plant species
(Kithn and Klotz, 2006).

Urban areas are nowadays a hotspot for threatened species
(Ives et al.,, 2016) and species conservation in these areas can
be seen as a practical response to mitigate the loss of species
globally (Kowarik, 2011). This is resulting in significant efforts
in habitat creation to counteract biodiversity loss in rural and
agricultural environments (Knapp et al, 2008). A systematic
review by Berthon et al. (2021) found that most studies indicate a
positive influence of native plant species on at least one measure
of biodiversity, justifying their priority in urban green settings
to support native animals. While conservation of native plant
species is increasingly important, the conservation of culturally
valuable species is also important in the context of heritage
values. Especially the conservation of genetic variation within
horticultural species, to find varieties that may be more useful in
a future changed climate.

Biological diversity includes among other aspects to
rehabilitate and restore degraded ecosystems and support
the recovery of threatened species, for example through
the conscious use of development and implementation of
management strategies (Convention on biological diversity,
2021). It is also important to pay attention to the role of local
and traditional knowledge in the conservation and sustainable
use of biodiversity in situ where health is connected to biological
diversity, a basic human right, and an important indicator of
sustainable development, providing ecosystem services essential
to human health and wellbeing (Convention on biological
diversity, 2021).

The decline of insects, especially pollinators, is a major factor
in the decline of global biodiversity (Goulson, 2019; Wagner
et al., 2021). As a result, more attention is being given to the
creation of urban habitats that can sustain more pollinators and
increase biodiversity (Baldock et al., 2015). Green infrastructure
technologies such as green roofs and walls are increasingly being
used to support more urban biodiversity (Collins et al., 2017;
Mayrand and Clergeau, 2018; Filazzola et al., 2019). Green walls

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2022 | Volume 10 | Article 804118


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Thorpert et al.

Design of Living Walls

have been shown to benefit birds (Chiquet et al., 2013) and
insects (Madre et al., 2015; Ridzuan et al., 2021), although the
number of studies regarding pollinators is limited (Chiquet, 2014;
Dover, 2015; Ridzuan et al., 2021). Vegetation traits identified as
having a positive impact on insect populations include flowering
(Ridzuan et al, 2021) and foliage (Chiquet, 2014). Designing
green infrastructure installations such as green- and living walls
with greater species diversity and with species that support insects
could be a way used to increase biodiversity in urban areas and is
a major research question in this study.

Vertical greening is categorised as either facade greening,
climbing plants growing on a building facade (Perini et al., 2013);
or living walls, plants growing directly on a wall surface in
either felt-based hydroponic systems or soil-cell modular systems
(Riley, 2017). Living walls are becoming difficult to define, due
to differences in components, materials and vegetation, as well as
advances in design and technology (Perini et al., 2013; Manso and
Castro-Gomes, 2015; Riley, 2017; Bustami et al., 2018). Regardless
of these differences, living walls are increasingly being used
in urban environments because of the many benefits they can
provide. These include greater building thermal performance,
particularly cooling (Wong et al, 2010; Chen et al, 2013),
improvements in thermal comfort and carbon sequestration
(Charoenkit and Yiemwattana, 2016), reductions in noise (Wong
et al., 2010; Azkorra et al., 2015) and air pollution (Weerakkody
et al., 2017), opportunities for localised food production (Nagle
et al., 2017; Mértensson et al., 2014) and improvements to urban
hydrology, including grey water reuse (Fowdar et al., 2017).
Much of the research into living walls has focussed on plant
growth and performance (Riley, 2017), including species across
a range of groups and climates (Martensson et al., 2014, 2016;
Jorgensen et al., 2018; Dvorak et al., 2021) and the potential to
support urban biodiversity (Collins et al., 2017; Filazzola et al.,
2019). While there have been studies exploring the broader social
benefits of living walls (Pérez-Urrestarazu et al., 2017; Bustami
etal., 2018), the analysis of their aesthetic values remains a major
gap in the literature (Radic¢ et al., 2019).

Living walls are also a useful experimental prototype to
examine individual plant performance and different planting
designs. Most living wall systems can be adjusted, in terms
of irrigation and nutrition, to provide optimum conditions for
growing less common species, including native plants (Dvorak
et al, 2021) and those with high biodiversity values (Mayrand
and Clergeau, 2018). The vertical layout of living walls means that
novel plant communities can also be configured under what are
fairly uniform conditions, with competition restricted to a few
neighbouring plants, with growing conditions that are easy to
manipulate. The evaluation of species traits or attributes related
to visual traits or to biodiversity and cultural values can be made
through short growth experiments.

This study asks the question—can a living wall be designed
to be aesthetically pleasing according to Johannes Ittens’s
colour theory and at the same time support high biodiversity
outcomes? The study examines and theoretically analyses if it
is possible to design living walls that contain high biodiversity
and at the same time obtain an appealing aesthetic expression
from a colour theoretical point of view using Johannes

Itten’s concepts light-dark- and complementary contrast as
interpretation models (2002:36).

MATERIALS AND METHODS

To collect data for interpretation of the graphically arranged
design models we completed in situ plant growth trials,
made plant colour observations in situ, created theoretical
modelling of colour contrast interpretations models and
calculated biodiversity outcomes of selected plant species. Three
biodiversity factors were calculated from the selected plants
and linked to the two redesigned conceptual colour contrast
models, pollination value, “nativeness” and valuable cultivars.
The individual plant visual performance data was derived from
in situ living walls based on classification of classifying individual
plants growth, vitality and survival.

We used a hypergeometric distribution to test if the
biodiversity outcome in the two colour contrast interpretation
models (light-dark and complementary) differed from a random
choice of available plants. We also tested, through simulation,
the two colour conceptual models to see if the used plant
species visual performance were different from a random
colour model. Finally, we combined calculated biodiversity
classification value with the visual plant performance to gain
a conceptual design framework for future planting design
of living walls.

Plant Materials and Used Living Wall
Systems

The data of plant species used in the study were sampled in situ
from two experiments conducted in southern Sweden (Malmo),
in November 2014, using three types of living wall systems.
The first of these was a capillary and hydroponic mat system
with pockets (wall type 1 in Figure 1); each pocket filled with
1500 grams of substrate composed of 90% (vol.%) pumice and
10% compost. One or two plants were planted in each pocket
at a density of 31 plants per m?, the total planted area was
16.8 m2. The second was a hydroponic Rockwool mineral wool
based panel system (wall type 2 in Figure 1). Nine plants were
planted in each panel at a density of 25 plants per m?, the
total planted area was 22.4 m?. The third living wall type is a
container system (wall type 3 in Figure 1). The containers contain
a substrate composed of 60% pumice, 20% compost and 20%
sand and host 5 plants each. The containers are arranged in
columns with a distance of 20 cm between the rows and the
total area of the wall covered 8 m? with a density of 25 plants
per m?. The three wall systems are classified as a continuous
living wall system CLWS according to Manso and Castro-Gomes
(2015) and were irrigated and fertilised to optimum levels. All
the walls were facing south and installed on buildings in the
south of Sweden between 2012 and 2014 at two locations. Wall
type 1 and 2 was located on a masonry wall in a closed area
and wall type 3 in a residential housing area at public disposal.
The criteria used in plant selection for the experiment was based
on tolerance to drought and solar radiation, their origin (native
to Sweden), edible traits, conservation status and lifeform (e.g.
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FIGURE 1 | Capillary mat pocket living wall system (Left: wall type 1, “pockets”); container living wall system (Centre: wall type 3, “containers”) and mineral wool
living wall system (Right: wall type 2, “panel system”) growing in southern Sweden used to determine colour and visual plant performance of plants. (Photograph
Ann-Mari Fransson).

Wall type Dominant colour Accent colour Visual performance iodi ity ification C i value
T=pocket mean +/- Standard deviation 1= maximum value of visua
Botanical name Zzgg:: B ' L a* b* L* a* b* Ama.mve er e i i s dassification ’
pollinators plant species |species (POM)

|Achillea millefolium 1 3.2#0.7 ' 1 0.9000
| Acinos alpinus 2 19+13 0.2375
|Allium schoenoprasum 2 17+ 1.1 i 0.5125
|Antennaria dioica 1. 1.7¢1.7 1 0.4125
|Arenaria montana 2 2 0.2500
|Armeria maritima i 3.2¢1.4 1 L 0.9000
|Aubretia x cultorum 'Blaumeise’ 1 712 2.2 9.2 1.330.7 1 0.4625
Bergenia cordifolia 'Rotblum’ 3 2.5+0.5 0.3125
Bergenia cordifolia 'Méja" 3 2.8 1 0.4500
Bergenia sp. LON 20090513 01:18 3 3.8 : 0.5750
Calamintha nepeta 2 2.70.5 1 0.6375
Carex morrowii 'lce Dance’ 1 925 -8.6 24.1 1.1+0.9 0.1375
Cerastium sp. ISB 20100727 01:5 3 2.8 X 0.4500
Cerastium sp. KPN 20070619 02:9 3 77.8 -6.62 6.3 2.6 X 0.4250
Cerastium tomentosum 3 78 -5.6 6.2 3.1 0.3875
Chamaecyparis pisifera 2 71.4 -9.1 8.8 3.340.5 0.4125
Dianthus arenarius 2 3.60.5 1 1 0.9500
Dianthus deltoides 1 2.1%1.0 1 1 0.7625
Dianthus plumarius LON 20090514 01:4 3 3.5 1 1 0.8375
Dianthus plumarius 'Marieberg' 3 3.7 4 1 0.8625

fortunei 2 3.6+0.5 0.4500

fortunei 'Emerald 'n' Gold" 3 3.7 0.4625
[Euphorbia polychroma 2 1.6x1.0 0.2000
Fragaria vesca 2 2.2+0.4 i 0.4750
Fragaria vesca var. semperflorens 'Rugen’ 3 2.8 0.3500
Geranium maculatum 'Espresso’ 3 19 il 0.5375
Geranium sanguineum var. striatum 3 2.8 1 0.6500
Geranium sanguineum 'Max Frei' 3 2.6 1. 0.6250
Pilosella aurantiaca i 2.5¢1.3 1 1 0.8125
Hyssopus officinalis 3 340 1 0.6750
Iberis sempervirens 'Appen-Etz' 1 1.7¢1.9 0.2125
llex crenata 2 2.740.5 0.3375
Leontopodium nivale ssp. alpinum 2 0.1%0.3 0.0125
Luzula sylvatica 1 2.7+0.5 1 0.5375
Microbiota decussata 'Sibirteppe’ 3 1.8 0.2250
Molinia caerulea 1 2.2+1.6 1 0.4750
Molinia caerulea 'Variegata' 3 76.5 -21.4 38.1 1.8 0.2250
Nepeta x faassenii 'Superba’ 1, 79.3 52 il a2 0 9.2 2.6%0.5 1, 0.6250
Rubus x stellarticus 2 2.1+0.6 1, 1, 0.7625
Salvia nemerosa "Marcus' 1, 2.840.4 1 0.6500

x urbium 2 1.520.9 1 0.2875
Sesleria heufleriana 1 il -1.4 el 2.2%0.6 0.2750
Sesleria nitidia 3 37 0.4625
Stachys byzantina ‘Silver Carpet’ 1 1.2¢1.6 1 0.4500
Thymus serpylium 2 2.7+0.5 1 1 0.8375
Vaccinium vitis-idaea 2 3.730.5 1L 0.6625
Vinca minor 2 2.9+0.3 0.3625
Waldsteinia ternata 2 2.3+0.7 0.2875

FIGURE 2 | Compilation of the species studied, and the species mean visual performance, biodiversity classification and the combined value. Plant species marked
with grey hue indicates that no colour measurements have been performed. Number 1 in the Biodiversity classification columns indicated that the plant species: is
attractive for pollinators; belongs to native plant species or is cultivated culturally valuable plant species (POM).

Frontiers in Ecology and Evolution | www.frontiersin.org 4 April 2022 | Volume 10 | Article 804118


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Thorpert et al.

Design of Living Walls

deciduous: geophyte: tufting: woody: sedge/rush: grass). The list
of the 48 plant species planted in the three wall types is provided
in Figure 2 and visible in Figure 1.

Colour Determination and Analysis

Colour determinations were performed in situ, and the inherent
foliage colours of the used plant species and varieties were
documented from plants growing in the three living wall systems.
The walls were fertilised to remove any possible interactions from
nutrient deficiencies.

Out of the 48 plant species included in the three living wall
systems, five plant species were excluded due to problems with
visibility and accessibility. Colour analyses of the remaining 43
plant species were performed using colour charts from the RHS
Colour Chart 5th edition. The colours were documented and
systematically ordered in relation to each plant species intrinsic
foliage colour and assessment of the plant species’ dominant
colours. Some species were registered having a dominant and
an accent foliage colour (Figure 2). Only the foliage colours
were documented, any flowers were excluded from the study. To
avoid glitter and reflective surfaces caused by direct sunlight, the
colour assessments were conducted between 10 a.m. and 2 p.m.
in overcast weather.

The perceived 43 colours according to the RHS Colour Chart
5th system were converted into the CIE (L*a*b*) space. The CIE
(L*a*b*) system is directly modelled on human colour perception
(Tkal¢i¢ and Tasi¢, 2003) and represents differences in colour
that correspond to human vision (Kendal et al., 2013). The CIE
(L*a*b*) colour space communicate colour perception and show
relationship between the two colour dimensions a* (green at

negative a* values to magenta at positive a* values) and b* (blue at
negative b* values to yellow at positive b* values). CIE (L*a*b*)
has a linear measure of lightness (L*) where L* = 0 represents
darkest black and 100 brightest white. The CIE (L*a*b*) colour
values of the perceived 43 colours is visible in Figure 2.

Graphical Redesign of Living Wall Using
Colour Theory

In order to be able to theoretically test Johannes Itten’s concepts,
light-dark- and complementary contrast, two graphical designs
were prepared with species from the 2012 to 2014 living wall
experiments in Malmo, Sweden. The number of selectable species
and in turn available colour choices in the study, limited
the number of alternative interpretation models. However,
the two graphical redesigns were solely based on Johannes
Itten’s design principles and we based the colour contrast
compositions on what Itten (2002) considered a “well-balanced
and colourful arrangement.” To ensure a balanced composition,
each plant species CIE (L*a*b*) values have been used as a
basis and inspiration for the development of the two graphic
redesigns; light-dark, and complementary colour concepts. The
two redesigns were designed without knowledge of each species
biodiversity outcome. This approach enabled the designs to be
as close to Johannes Itten’s colour contrast concepts as possible,
without being influenced by factors other than colour theory.
The two graphical redesigns used 25 plant species per m? of a
living wall area. This was done to resemble the design structure
of two of the studied living walls and the ratio of 25 plant species
per m?, which satisfies a goal of moderate to high species richness
in a Northern European context (Crawley, 1986). The graphical

Colour schemes

Light-dark colour scheme (A}

Complementary colour scheme (B)

Random colour scheme ~ {C)

ilustrated in 1 m? and 4 m? view.

1 m2 colour scheme

4 m2 colour scheme

FIGURE 3 | Graphically rearranged plant designs of living walls using two colour schemes, light-dark (A) and complementary (B) and one random scheme (C)
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Colour schemes

Used plant species in the colour schemes

Light-dark colour scheme ( A)

Row 1: Vaccinium vitis-idaea; Sesleria nitida; Saxifraga x urbium; Thymus serpyllum; Euonymus fortunei 'Emerald ‘n’ Gold'".

Row 2: Molinia caerulea; Dianthus deltoides; Dianthus plumarius 'Marieberg'; Cerastium sp.KPN 20070619 02:9; Calamintha nepeta.

Row 3: Microbiota decussata ‘Sibirteppe'; Cerastium sp. ISB 20090513 01:18; Dianthus arenarius; llex crenata; Vinca minor.

Row 4: Sesleria heufleriana;; Nepeta X faassenii 'Superba'; Hyssopus officinalis; Achillea millefolium;Antennaria dioica.

Row 5: Iberis sempervirens 'Appen-Etz'; Fragaria vesca var. semperflorens 'Riigen' ; Allium schoenoprasum; Arenaria montana; Armeria maritima.

Row 1: Fragaria vesca var. semperflorens 'Riigen'; Hyssopus officinalis; Luzula sylvatica; Waldsteinia ternata; Bergenia cordifolia 'M&ja'.
Row 2: llex crenata; Vinca minor; Geranium sanguineum 'Max Frei'; Bergenia sp. LON 20090513 01:18; Cerastium sp. ISB 20100727 01:5.
Complementary colour scheme (B) Row 3: Calamintha nepeta; Molinia caerulea 'Variegata'; Geranium sanguineum var. striatum; Dianthus arenarius; Dianthus deltoides.
Row 4: Thymus serpyllum; Bergenia cordifolia 'Rotblum'; Iberis sempervirens 'Appen-Etz'; Saxifraga x urbium; Arenaria montana.

Row 5: Geranium maculatum 'Espresso’; Pilosella aurantiaca; Allium schoenoprasum; Antennaria dioica; Armeria maritima.

Random colour scheme (C) Achillea millefolium.

decussata ‘Sibirteppe'.

Row 1: Thymus serpyllum; Armeria maritima; Vinca minor; Geranium sanguineum 'Max Frei': Cerastium sp. ISB 20100727 01:5.
Row 2: Salvia nemorosa 'Marcus'; Nepeta X faassenii 'Superba'; Bergenia sp. LON 20090513 01:18; Fragaria vesca var. semperflorens 'Rigen’;

Row 3: Cerastium sp. KPN 20070619 02:9; Dianthus arenarius; Geranium maculatum 'Espresso'; Chamaecyparis pisifera; Antennaria dioica.
Row 4: Allium schoenoprasum; Euonymus fortunei 'Emerald ‘n’ Gold'; Cerastium tomentosum; Dianthus plumarius 'Marieberg'; Microbiota

Row 5: Dianthus deltoides; Carex morrowii 'lce Dance'; Bergenia cordifolia 'M&ja'; Vaccinium vitis-idaea; Bergenia cordifolia 'Rotblum'.

FIGURE 4 | The species used to create a design based on light-dark design and complementary design and one random design for a theoretical living wall.

designs based on light-dark contrast and complementary contrast
are presented via colour schemes (Figure 3), together with the
plant species included in each design (Figure 4). To examine if
either of these two graphical designs: light-dark colour scheme
(A) and complementary colour scheme (B) were extreme,
with respect to the variables studied, the colour schemes were
compared with a randomly selected colour scheme (C) (see
Figure 4).

Visual Plant Performance Assessment of
the Plants Used in the Study

We calculated the visual plant performance using a 5 point
scale where 0: 100% dead (no observed living tissue) 1: > 50%
dead (just alive), 2: 25-50% dead (severely affected), 3: < 25%
dead (slightly affected), and 4: 0% dead (thriving), and was
based on Martensson et al. (2014). To gain a value of visual
plant performance, we assessed between 5 and 8 specimens of
the individual species to gain a mean value between 0 and 4.
The value represents the plants ability to grow and thrive in
combination with the species on these living walls. The visual
plant performance data of each plant species in the study is
shown in Figure 2. To estimate if the mean values of the plants
in the light-dark (A) and complementary (B) graphical designs
differed from the mean values in a random design we did
a simulation of the mean values. The probability distribution
of the mean visual plant performance of a random choice
of 25 plant species was simulated using 10,000 simulations
of plant species compositions out of the 43 plant species
included in the study.

Biodiversity Classification

Plant Selection for Biodiversity Classification

Three plant selection criteria were used to define a biodiversity
classification in this study—attractiveness for pollinators,
native plant species and valuable cultivars. Pollinators within
this study are defined as pollinating insects, firstly bees,

bumblebees and syrphids but also butterflies. Plants attractive
for pollinators data was gained from three main sources:
Garbuzov and Ratnieks (2014), Rollings and Goulson (2019),
and Goulson (2021). Two further sources, Terds (1976) and
Fussell and Corbet (1992), were used to explore flower visits
by bumblebees. Observations from Haaland (2015) were
also included. Plant attractiveness for pollinators is not well
researched at a species level and not available in the literature
(Garbuzov and Ratnieks, 2014). Therefore, in this study
we classified plant species regarding their attractiveness for
pollinators at a genus level. Further, in this study plant species
were included based on evidence to support their potential
attraction for pollinators, rather than more quantitative evidence
in the literature (i.e., how many pollinators visited a certain plant
species in a certain time). This means also that plant species could
be classified as being attractive even if the numbers of visiting
insects was low, but insect visits were recorded. In this way,
the following plant genera were classified as potentially being
attractive for pollinators: Achillea, Allium, Armeria, Aubretia,
Calamintha, Dianthus, Geranium, Hieracium, Hyssopus, Nepeta,
Rubus, Salvia, Stachys, and Thymus (Figure 2).

A total of 12 species in this study are native to Sweden
according to Mossberg (2010) (Figure 2). Seven plant cultivars
with high conservation value were also included based on their
“cultural heritage” value. This was based on data collected from
the National genebank for the preservation of older varieties
of ornamental species, otherwise known as “The program for
diversity of cultivated species” or the acronym POM. These plant
cultivars have cultural-historical values, as well as the diversity
values, attributes that are included in Convention on biological
diversity (2021).

Biodiversity Classification and Data Analysis

Each individual species is classified as 1 or 0 for three variables,
the “attractiveness for pollinators,” whether it is “native plant
species” and whether it is “cultivated culturally valuable plant
species.” To combine these components, a biodiversity value was
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calculated using the formula

“biodiversity value” = 0.6" “attractive for pollinators”

>

+ 0.4™ “native” + 0.2* “valuable cultivar.’

All components in this equation are either 0 or 1, and since
none of the plant species included in the study are classified
as “native plant species” and “culturally valuable plant species,”
the biodiversity value is between 0 and 1. The values were
weighted based on that it is twice as valuable if a plant is native
than cultivated and three times as valuable if it is attractive
for pollinators than cultivated giving a relationship between
attractive for pollinators: native: cultivated culturally valuable of
3:2:1, where close to 1 expresses a high value for biodiversity value
(see Figure 2).

To see if the biodiversity in terms of attractiveness for
pollinators, number of native plant species and number of
cultivated culturally valuable plant species in light-dark (A)
and complementary (B) is in some way extreme, we compared
the graphical designs to a random choice of 25 species out
of the 43 species available. For this purpose, we use the
fact that the number of elements with a given property
in a random choice from a finite population is distributed
according to a hypergeometric distribution. In this case, the
population size is N = 43, the number of chosen elements is
n = 25, and K is the number of elements in the populations
with the given property. In this study, the parameters and
the observed values in the hypergeometric distribution for
the different situations are in Table 1. In the analyses, we
compared the values obtained in the graphical designs with
the probability distribution of the hypergeometric distribution,
and were able to see if the values obtained in the graphical
designs were extreme.

Biodiversity Classification and Visual

Plant Performance Values
To have a same weighted value for the visual plant performance
and biodiversity values, the value for visual plant performance
was standardised to between 0 and 1 by dividing the values with
the maximum value for the visual plant performance (4).

The “standardised visual plant performance” is now on the

same scale as the biodiversity value and the combined value can
be defined as

* o«

“combined value” = 0.5" “standardised visual plant performance”

+ 0.5* “biodiversity value”,

Where 0.5 in the formula expresses the fact that the weight for
the two components is the same.

The combined value is a value between 0 and 1 where close to
1 expresses a high value for the visual plant performance and the
biodiversity value (see Figure 2).

TABLE 1 | Parameters used in the analyses with the hypergeometric distribution.

N n K  x, light-dark (A) x, complementary (B)
Attractive 43 25 17 10 1
Native 43 25 10 8 7
Culturally valuable 43 25 7 4 4

RESULTS

Outcome of Colour Contrast
Interpretation Models, Plant Biodiversity
Classification, and Visual Plant
Performance

The sections below display the design structure using the
light-dark (A) and complementary (B) interpretation models
as well as the outcome of visual plant performance in each
design. The conceptual models are tested against a biodiversity
classification and a combined value of biodiversity and visual
plant performance.

Design Outcome and Structure of
Light-Dark and Complementary
Interpretation Models

A total of 39 plant species, from 43, were used in the preparation
of light-dark (A) and complementary (B) graphical redesigns
with a species richness of 25 plants/m?. In the design of the
colour schemes A and B, Johannes Itten’s contrast of extension
has been used as a base, where contrast of extension is correctly
expressed, a contrast of proportion. Consideration and attention
to the coloured areas in design A and B has been an important
issue in the actual choice of plant species from Figure 2. To
achieve a brightness effect in colour scheme A and B (Figure 3),
a clear distinction and graduation of light and dark values are
incorporated, and repetition and grouping are used to increase
the brightness effect.

Light-dark colour scheme (A) is composed using structures of
diagonal direction with contrasting and groupings of light and
dark green/grey values in coloured boxes (Figure 3). A clear
diagonal orientation in the composition creates perspective
illusions, movement and depth into the arrangement (Itten,
2002). The rectangular boxes to the left and the right of the
diagonals consist of medium green values, where the medium
values in the composition increases the light-dark contrast effect.
The complementary colour scheme (B) is arranged via two
visually clear areas of light and dark green values in coloured
boxes. The dark values are placed in the lower part of the
composition and the light green values in the upper part. The
dark values placed in the lower part of the composition stabilises
the colour elements in the arrangement. In contrast, yellowish
lighter green values are perceived as weightless colour elements
and are placed in the upper part of the colour arrangement. The
coloured rectangular boxes in colour scheme C are randomly
placed with 25 randomly chosen plant species. Green, red and
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grey hues with a mix of light, medium and dark values are visible
in a non-designed arrangement.

The order of the species in each colour scheme follows a
structure with 5 x 5 rectangular boxes, in horizontal and vertical
directions respectively. The species in each colour scheme (A, B,
C) are arranged from left to right in the composition, with row
1 at the top on the left hand and row 5 starting at the bottom
on the left hand of the colour schemes. In cases where a selected
plant species were registered in the colour assessment having
both a dominant and an accent colour, both the dominant and
the accent colours are represented in the coloured rectangular
boxes respectively. To show the outcome of the light-dark- and
complementary compositions and the randomly selected model
in a broader contextual situation, each 1 m? colour scheme is
visible via a 4 m? colour scheme (see Figure 3).

Outcome of Visual Plant Performance in
Light-Dark- and Complementary
Interpretation Models

The two graphical design interpretation models visual plant
performance were compared with 10 000 randomly chosen
simulations (Figure 5), to examine if any of the colour schemes,
A and B were extreme in relation to the factor visual plant
performance. The mean visual plant performance for the 25 plant
species in the graphical design light-dark (A) is 2.66 and for
complementary (B) 2.51. The distribution of the mean value of a
wall with 25 randomly chosen species out of the 43 was simulated

using 10 000 simulations and the mean is 2.58 (Figure 5). The
simulation show that the visual plant performance for light-
dark (A) and complementary (B) are far from extreme and not
significantly different from the random choices.

Outcome of Plant Biodiversity
Classification of Tested Plants in the
Study

For each of the 39 plant species we have created a biodiversity
classification. Of the plant species, 17 were classified as being
potentially attractive for pollinators (Figure 2). The light-dark
(A) design included 10 plant species attractive for pollinators,
while the complementary design (B) had 11 plant species
(Figure 6, left). Compared with the hypergeometric distribution,
neither of them were significantly different from a random choice
of species. Of the plant species used in the colour schemes
in Figure 2, 10 were classified as being native plant species.
The light-dark design (A) included 8 native plant species and
the complementary design (B) included 7 native plant species.
Compared with the hypergeometric distribution, this is not
significantly different from a random design (Figure 6, central).
Of the plant species in Figure 2, 7 plant species were categorised
as being valuable cultivars. The graphical designs light-dark
(A) and complementary (B) both included 4 plant species
valuable cultivars by POM. Compared with the hypergeometric
distribution, this is what you could expect from a random choice,
illustrated in Figure 6 (right).
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FIGURE 5 | The distribution is based on 10,000 simulations of the mean value of 25 randomly chosen numbers from the values of visual plant performance. The
letters correspond to the mean values for the graphical designs: light-dark (A) and complementary (B).
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FIGURE 6 | The probability function for the number of attractive plant species for pollinators (left), native plant species (central) and cultivars with conservation value
of a random selection of the 43 species possible to use in the design. The letters A and B in the figures correspond to the number of species in the designs based

In conclusion, none of the graphical designs light-dark (A)
and complementary (B) had an extreme number of plants
attractive for pollinators, were native or culturally valuable, when
compared to a random choice of plant species.

Outcome of Plant Species With a High
Combined Value of Biodiversity and

Visual Plant Performance

The top three species that had the highest combined biodiversity
value and value for visual performance were: Dianthus arenarius,
Achillea millefolium, and Armeria maritima. All three species are
included in the graphical design light-dark (A) and two species
in the complementary design (B).The combined values of the
biodiversity value and visual plant performance is between 0
and 1, where 1 expresses the best possible combination of the
visual plant performance and biodiversity value (attractiveness
for pollinators, native plant species and valuable cultivars). The
genus Dianthus with the species: Dianthus arenarius; Dianthus
plumarius “Marieberg” and Dianthus deltoides had the highest
sum between 0.95 and 0.76 (Figure 2). The calculations show that
the values for the genus Geranium also were generally high, with
a sum between 0.65 and 0.54.

DISCUSSION

Colour Concepts as a Method for
Achieving Aesthetics and Biodiversity

Outcomes on Living Walls

The results from this study show that it is possible to
design species rich living walls by implementing colour
contrast concepts without compromising biodiversity. Both these
outcomes, high colour contrast and biodiversity, were preferred
by visitors to a botanical garden when they were asked to design
meadows (Lindemann-Matthies and Bose, 2007). Flowers in
particular have been shown to increase the attractive preference
and the restorative effect of digitally designed urban green space
(Wang et al., 2019), while flower colour diversity has been shown

to influence both peoples aesthetic responses and pollinator
interactions in direct sown meadow plantings (Hoyle et al., 2018).
Colourful designs with a high diversity were created and selected
as the most attractive when people could choose. Including both
colour and diversity in designs of urban green space is of high
importance to aesthetic preference and restorative potential in
landscape design.

While neither of the graphical designs (i.e., light-dark and
complementary) in this study had an extreme plant biodiversity
classification compared to a random selection of plant species,
the method provides consideration of this as a tool to improving
plant selection in living walls. Even small patches of urban
vegetation can support high species richness and diversity in
cities, even for uncommon species (Vega and Kiiffer, 2021).
Providing greater connections between these patches is crucial
to achieve more urban habitat for biodiversity (Vega and
Kiiffer, 2021) and living walls could be a way of providing
these connections, especially as they have the potential to
become “vertical corridors for wildlife” (Mayrand and Clergeau,
2018).These results were based on the colour determinations
of plants growing on living walls facing south in the northern
hemisphere (north-facing in the southern hemisphere). Plants
colour will be related to the light intensity due to increased cuticle
thickness and chlorophyll content on locations with high solar
radiation as well as nutrient limitations. These specific designs
are therefore restricted to living walls facing similar directions.
Similarly, the visual plant performance will be directly related
to the type of living wall system in use. However, the method
used here—to design living walls guided by colour theory and
using plants that are attractive for pollinators, have a level of
“nativeness” and/or are valuable cultivars is more general and
may be applied to any living wall system.

An intensification of cultural ecosystem services in green
infrastructure installations could also lead to an increase in
identity and senses of place (Eliasson et al.,, 2018). And while
more aesthetically pleasing green infrastructure installations
could foster more social cohesion and community, they are
also not without some significant challenges. The use of colour
concepts as a method in the design process can be particularly
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challenging for practitioners. We currently do not fully know
the best way to design an outdoor composition focusing on
the visual effects of colour contrasts. More research is needed
on the perceived effects of a colour contrast composition
giving contrasts to the perceived three-dimensional situation.
In addition, studies of the overall colour performance of green
installations in different contextual situations is required. It is also
essential that practitioners involved in the planning- and design
process have knowledge of the impact and potential effects of
colour contrasts on human health and wellbeing.

Human Experiences Relative to
Theoretical Colour Concepts on Living
Walls

Previous studies show that the method for aesthetic outcome
using colour contrasts as a design principle has the ability to affect
human values, such as aesthetic enjoyment and appreciation.
It has furthermore the capacity to contribute to increase visual
quality and experiences of beauty, which in turn can be beneficial
and positively associated with human health. This means that
the conceptual design proposals developed in this study have a
strong potential to affect humans positively, be highly valued by
people and benefit human wellbeing. The design concepts use
strategies already evaluated and proven to achieve harmonious
arrangements and have the ability to influence visual qualities
and viewer’s aesthetic satisfaction (e.g. Westland et al., 2007;
Yilmaz et al, 2018). The conscious use of colour contrasts
in plant compositions also has the potential to contribute to
wellbeing outcomes, and increase experiences of pleasantness,
beauty and harmony (Eroglu et al., 2012; Oleksiichenko et al.,
2018; Huang and Lin, 2019; Thorpert, 2019; Zhuang et al., 2021).
In the light of the above reasoning, it is motivating to notice
that green infrastructure installations, designed in a careful and
conscious way, have the ability to be supportive for humans and
contribute to the viewed quality in our daily life. However, it
is important to point out that this study has been based on a
two-dimensional way of thinking, which may suit living wall
compositions, but will need complementary approaches in three
dimensional planting designs.

Methodological Considerations
This study should be seen in the light of being explorative
where the method allows the process to be creative in order
to gain insightful information on the studied subject. We have
investigated the possibilities to find a way to balance biodiversity
and aesthetic outcomes from a theoretical point of view, and to
bridge the knowledge gap in the design and planning process.
The results give some indications that the method used could
be applicable and a tool in the design of living walls and similar
green infrastructure installations. However, the method has some
limitations and should be seen as an attempt to create new ways
to meet the requirements of designing with biodiverse vegetation
that has multiple outcomes and functions as a goal.

In this study, we measured the colours from plants living
in three types of living wall systems, where the systems were
located facing south, respectively. How central each living wall

system is for the intensification of vegetation colours has not been
included in this study, but is something that can be prioritised
in future studies. Also studies of the location of living walls
in different latitude directions and its impact on plant colours
is of importance to be able to create well-balanced aesthetic
decisions in the future. A limitation in this study has been that
only one time of determination has been included. A deeper
understanding about seasonal changes and lightning conditions
impact on plant colour performance could help ensure a balanced
choice of plant mixtures and contribute to a holistic approach in
relation to human health and wellbeing.

The methodology used to classify plant species with respect
to their attractiveness for pollinators has some challenges. As
noted, there is little empirical evidence of plant attraction for
pollinators at a species level, in accordance to this we in this
study included species based on their genus from the available
literature. However, we are aware that attractiveness of plant
species for pollinators can vary considerably within a genus,
such as Geranium in Rollings and Goulson (2019). It has also
to be noted that this way of classification leads to the fact that
certain plant species as for example Dianthus deltoides were here
classified as being attractive for pollinators, while the species
investigated in the empirical study was a different one, here
Dianthus barbatus (Rollings and Goulson, 2019). Nevertheless,
it is assumed that the methodology chosen is justifiable in the
context of this study. A further differentiation of plant species
regarding their attractiveness would have been desirable but was
dismissed because of the lack of data for all plant species.

This study has clear demarcation in the selection of choosable
plant species and hence a limitation in the possibilities to
develop design solutions. It is likely that additional plant species
available in the design process could lead to an increased
biodiversity value. It is also likely that an increase in the number
of choosable plant species might provide major opportunities
to create colourful design solutions and sustainable colour
contrast effects. This in turn would lead to higher visual
attractiveness and be more valued by people and increase their
feeling of wellbeing.

The methodological approach used in this study, takes into
consideration that both social and ecological plant traits is
a useful way to make the plant choices in urban plantings
more based on scientifically knowledge. However, the method
needs to be validated, especially the weighting among the
different values needs more research and inclusion of more
parameters is recommended.

CONCLUSION AND FUTURE STUDIES

Each plant species selected for use in the two colour schemes
were consistent with Itten’s concepts of “aesthetic attractiveness.”
Based on knowledge from this study, we suggest that the use
of proven theoretical colour models in the planning and design
of species rich living walls and comparable green infrastructure
installations have the possibility to give visually attractive urban
installations, which in turn can be beneficial and positively
associated with human health. The study furthermore shows
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that it is conceivable to design living walls containing multiple
outcomes and functions. The study shows that the biodiversity
value in the graphical colour designs used in the study is not
significantly different from a random choice. Meaning that it is
possible to add benefits of colour theory to a design of living walls
without compromising biodiversity outcomes.

In conclusion, living walls have the potential to be more
thoroughly designed and have the possibility to be more highly
aesthetically pleasing and highly valued by people and increase
their feeling of wellbeing, and at the same time deliver a high level
of biodiversity values and species per m?.

The study also shows that green infrastructure installations
designed in a well-balanced way have the potential to
contribute toward both cultural- and regulatory ecosystem
services. However, more work is needed to get a
comprehensive representation of the visual feature, colour
contrast and its potential as a design parameter in green
infrastructure installations.

A deeper understanding about plant colours in various
environmental settings during different light- and seasonal
conditions could help ensure a balanced choice of colourful
plants attractive for both humans and pollinators. This could
also help identify optimal placement of coloured plants in
relation to the surrounding contextual situation as well as in
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