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ARTICLE INFO ABSTRACT

Handling Editor: Dr Cecil Konijnendijk van den Urban densification has led to the adoption of vegetated facades as a nature-based strategy to increase urban

Bosch green spaces and enhance urban living conditions. However, limited knowledge regarding suitable plants for
vegetated facades can impede the process. In this field experiment conducted in Southern Finland, we investi-

Keywords: gated the performance of 12 potential plant taxa for a vegetated facade by assessing their visual appearance and

Adaptive planning
Plant growth forms
Plant size

sizes in relation to facade orientation, floor height, substrate pH, and mycorrhizal inoculation. The 12 plant taxa
were categorized into 4 growth forms according to their morphologies: spreading conifers, dwarf conifers,
Plant visual assessment creeping conifers, and climbers. We aimed to evaluate plant performance during the initial two growing seasons,
Urban green infrastructure which is critical for the successful establishment of these plants in vegetated facades. Eight of the twelve plant
Vertical greenery system (VGS) taxa exhibited relatively high performance in terms of visual appearance and size. Notably, creeping conifers
outperformed other growth forms in visual appearance, which was most likely due to their close-to-ground
morphology. Facade orientation and substrate pH were the most influential predictor variables. Facade orien-
tation affected both plant visual appearance and size, while substrate pH primarily affected plant visual
appearance. The east-facing facade (less exposure to sun and wind) and mildly acid substrate (pH 6-6.5) were
more conducive to most of the plant taxa. Certain species and cultivars, such as Juniperus communis ‘Lalli’,
maintained constant plant visual appearance and size regardless of facade orientation and substrate pH, sug-
gesting their adaptability and stability across various conditions. Floor height and mycorrhizal inoculation only
displayed marginal and taxon-specific impacts. Given that some plants in our vegetated facade exhibited optimal
performance different from those in their reported natural habitats, we encourage conducting long-term, on-site
experiments to identify suitable plants for vegetated facades to ensure successful vegetated facade

implementation.
1. Introduction problems exacerbated by urbanization (Aronson et al., 2017; Miroshnyk
et al.,, 2022). Urban densification has resulted in sparse, uneven, and
Green infrastructure incorporating diverse forms of urban greenery fragmented green infrastructure, which negatively affects the ecosystem
is an important consideration to mitigate several environmental services delivered by them across the globe (Francis and Lorimer, 2011;
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Haaland and van den Bosch, 2015; Wang et al., 2022). Yet, there is a
high demand for ecosystem services in urban areas (Almenar et al.,
2021; Shu et al., 2022). To meet this challenge, vertical greenery sys-
tems (VGSs) (Safikhani et al., 2014) have been prescribed by researchers
and designers (Francis and Lorimer, 2011; Pérez-Urrestarazu et al.,
2015). By providing permanent and diverse vegetation on vertical
building surfaces, VGSs could substantially supplement ground-level
green spaces (Sadeghian, 2016; Xie, 2020; Xie et al., 2022a; Shu et al.,
2023). Based on the types of supporting structures and different plant
species, VGSs are generally classified into two groups: vegetated facades
(also known as green facades) and living walls (Fernandez-Canero et al.,
2018; Pérez et al., 2014).

Similar to vegetated roofs (VRs), VGSs could also provide multiple
ecosystem services, including preserving energy via insulation,
improving air quality, managing stormwater, alleviating the urban heat
island effect, increasing urban greening and aesthetic values, and
improving urban biodiversity (Pérez-Urrestarazu et al., 2015). Natu-
rally, the key to the successful provision of ecosystem services via VGS is
plant performance, including plant size (canopy width and height/-
length), visual appearance (damage level), and diversity. Therefore,
efforts are made to improve plant performance in VGSs and VRs. For
example, Chung et al. (2021) experimented with substrate properties
(composition and depth) and vegetation container design (size and ge-
ometry) to increase the plant-rooting volume that in turn significantly
influenced the growth and cover of climbing plants during the early
establishment of a green facade. Our previous research suggests that
plant size could be enhanced by applying plant growth-promoting mi-
crobes in VRs and VGSs (Xie et al., 2018, 2020, 2022b). Another way to
enhance plant performance at the community level is by incorporating
diverse plant species in VRs and VGSs. Findings from a study by Lund-
holm et al. (2010) demonstrated that plant communities comprising a
variety of species are more resilient to disturbances and environmental
stressors, resulting in increased plant coverage and biomass and ulti-
mately leading to enhanced ecosystem services of VRs. The relationships
among plant diversity, vegetation structural complexity, and perfor-
mance of VRs have been elucidated by Cook-Patton and Bauerle (2012).

Although research on VRs has accelerated during the past two de-
cades, such knowledge cannot simply be generalized to VGSs, as
growing conditions differ from those on rooftops. Therefore, experi-
ments specifically conducted in VGSs are indispensable to provide
empirical evidence for wide application of VGSs (Xie et al., 2022a; Shu
et al,, 2023). Furthermore, although researchers have stressed the
importance of maintaining high plant species diversity in VRs and VGSs,
the plant taxa hitherto identified as suitable for VRs and VGSs remain
limited (Lausen et al., 2020). Sedums, mosses, grasses, and climbers
dominate the plant list. Despite evidence supporting the use of woody
plants in urban greening for human well-being (Shackleton et al., 2015),
little is known about whether woody plants, such as conifers, could
survive in VRs and VGSs (Wang et al., 2020). Incorporating evergreen
conifers into VGSs not only offers a range of benefits that other plant
types cannot replicate but also guarantees year-round coverage,
ensuring uninterrupted ecosystem services and aesthetic appeal (Clapp
et al., 2014). Also, while numerous studies have explored the impact of
abiotic factors on plant development (Chaudhry and Sidhu, 2022),
limited research has been conducted on the influence of growing con-
ditions on building facades, for which the most obvious proxies are
facade orientation and floor height. These proxies can be used to explore
the impact of different growing conditions due to, e.g., temperature
fluctuations, wind exposure, and solar radiation, which affect plant
performance in VGSs. Lastly, it is beneficial to explore plant survival
during the early stages of VGSs as plant mortality of woody plants is
highest during the establishment phase in urban greening, which can
lead to increased maintenance costs, including removing and replacing
dead plants (Wattenhofer and Johnson, 2021). Hence, conducting VGS
experiments that consider both biotic and abiotic factors is essential for
gaining insights into growing and maintaining young woody plants and
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improving the future success of VGSs (Wattenhofer and Johnson, 2021).

In the present study, we evaluated the performance of 12 plant taxa
in vegetated facade containers in a block of flats in Helsinki, repre-
senting four distinct plant growth forms: spreading conifers, dwarf co-
nifers, creeping conifers, and climbers. We hypothesize that 1) plant
visual appearance and size are affected by facade orientation, floor
height, substrate pH, and mycorrhizal inoculation; 2) the visual
appearance and size of different growth forms respond to these envi-
ronmental variables differently, yet taxon-specific responses are also
expected; 3) creeping conifers might be especially resilient due to their
growth form close to the substrate that allows them to endure harsh
conditions, such as wind.

2. Materials and methods
2.1. Study site and experimental design

Our research was carried out at a residential complex (Greenest of
the Green, https://oppla.eu/casestudy/18875), which is part of the City
of Helsinki Developing Apartment Building Program (in Finnish:
Kehittyva kerrostalo -ohjelma). This residential complex, located in
Jatkasaari in the City of Helsinki, Southern Finland (60°09°19.0"N,
24°54°’56.6"E), aims to offer residents a green and biodiverse living
environment via VRs and vegetated facades (Appendix Fig. Al). Here,
we focus on vegetated fagades, i.e., the vegetation containers illustrated
in Fig. 1. Completed in October 2017, the vegetated facades consist of
112 vegetation containers, each measuring 138.5 cm x 124.5 cm x
70 cm in size. The vegetation containers are distributed on three
building facades at seven different floor heights, with 35 containers
facing south (azimuth angle y = 8.6°), 38 facing west (azimuth angle y =
72.2°), and 39 facing east (azimuth angle y = 280.0°). Each vegetation
container was constructed with nine components, including a substrate
layer, an irrigation system, and a drainage system (Fig. 1). When we
conducted the inventories, there were no buildings in any of the three
orientations, preventing the likelihood of being shaded by nearby
structures. This ensured full exposure of each facade to unobstructed
wind and sunlight.

The selection of the 12 plant taxa for our experiment was driven by
the role that vegetated facades play in supporting local urban biodi-
versity and providing habitats for other flora and fauna (Aronen et al.,
2009; Madre et al., 2015). Based on the NOBANIS database (https
://www.nobanis.org/) (Table 1), none of the selected species were
invasive or potentially invasive in the Baltic region, and they are
commonly used in Finnish landscape design. The idea was that the 8
evergreen conifers could provide continuous coverage even during cold
winters, and that the 4 deciduous climbers could quickly cover the
vertical facades every growing season and provide aesthetic value. Ac-
cording to their growth forms, the 12 plant taxa were divided into 4
groups: 1) spreading conifers featuring vertical growth in a vase-shape
form, 2) dwarf conifers featuring a globose shape with a flat top, 3)
creeping conifers featuring horizontal growth covering the ground, and
4) climbers. The categorization of conifer growth forms is based on the
literature (Relf & Appleton, 2000) and information provided by Finnish
nurseries. Before installing the plants, the mean heights of creeping
conifers were below 14 cm, while the mean heights of spreading and
dwarf conifers were above 15 cm. Five to 11 individuals were planted in
each vegetation container, including conifer and climber species. In
total, 797 individuals were planted. The size of the individuals varied
considerably at the time of planting as plants with uniform sizes were
not available in sufficient amounts. To correctly identify the 797 indi-
vidual plants, each plant was given a unique ID number.

According to a literature review, conifer species (Picea and Juniperus)
grow best in substrates with pH 3.7-6.0 (Fejér et al., 2018; Parzych
et al., 2018), while Clematis and Humulus species with pH 6.5-7.0 (Relf
and Appleton, 2001; Nath et al., 2022). Therefore, we studied the effects
of substrate pH on plant size and visual appearance in our vegetated
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Fig. 1. Experimental layout of the vegetated facade: a 3D model of the building with vegetated facades (A) by Talli Oy; and a cross-section of a vegetation container
(B). Each vegetation container consisted of the following components: @ plants; @ 5 cm cover layer with gravel; ® 40 cm substrate; @ water outlet; ® 10 cm gravel
drainage layer; ® watering pipe linked to water tanks; @ insulation and waterproofing layer; ® container; ® two connected water storage tanks, each with a

capacity of holding 24 1 of water.

Table 1
The 12 plant taxa selected and their abbreviations, growth forms, quantities per
taxon, and quantities per growth form.

i\bbrevnanon Plant taxa Number  Growth form Total
Jel Juniperus communis ‘Lalli’ 26

Juniperus communis ‘Lotta .
Jels Svard’ 112 Spr(?admg 193

Juniperus communis ‘Sven conifers
Jesd 55

Dufva’
Pae Picea abies ‘Echiniformis’ 54 .
Pan Picea abies ‘Nidiformis’ 54 Dwarf conifers 108
Jea ‘Jymper:u_s communis 54 )

‘Aland Creeping 160
Jex Juniperus communis ‘110 54 conifers
Jexx Juniperus communis ‘115’ 52
Cs Clematis sibirica 83
e i s

. Climb 336

HI Humulus lupulus 109 imbers
Pq Pafthenoci‘-ssus 109

quinquefolia

" Abbreviations are referred to in tables, figures, and the appendix.

facades by including two pH levels: 5-5.5 and 6-6.5, covering suitable
substrate pH for most selected plant taxa. We also introduced mycor-
rhizal fungi, a group of plant growth-promoting microbes (Bonfante &
Anca, 2009), by adding forest humus in the treated containers (Parke
et al., 1983). In the end, we produced a two-factor design for the
crushed-brick substrates based on pH levels (substrate A, pH 5-5.5;
substrate B, pH 6-6.5) and mycorrhizal inoculation (with and without).
Consequently, we had four substrate treatments: substrate A, substrate
B, substrate A + mycorrhiza, and substrate B + mycorrhiza. The dif-
ference in pH levels was obtained by adding lime to substrate A. Biochar
was amended to both substrates at a rate of 70 1 m™ to achieve high
water retention capacity (Razzaghi et al., 2020). Biochar was supplied
by Barbetec Oii (Parnu, Estonia) and produced via slowly pyrolyzing
hardwood mixture (mainly aspen, alder, and birch) at 450 °C. The
substrate properties are presented in Appendix Table A2, following FLL
(2018) guideline. 101 of forest humus was mixed in 1 m? substrate to
introduce mycorrhizal species. The substrates and forest humus were
supplied by Hyvinkaan Tieluiska Oy (Hyvinkaa, Finland).

A combination of substrate pH, mycorrhizal inoculation, and 5-11

individual plants was assigned to each container following a stratified
random design to ensure that every orientation and floor height would
include all substrate pH levels, mycorrhizal inoculation treatments, and
plant taxa. The containers were not fertilized during the study and were
weeded twice a year. When necessary, professional gardeners were
responsible for irrigation by filling the tanks via the watering pipes
(Fig. 1). Water in the tanks then becomes available to the plants via
capillary action.

In high latitude areas in the northern hemisphere, south-facing fa-
cades receive the highest solar radiation, while west-facing facades
receive relatively hot afternoon sunshine (Formolli et al., 2023). South-
and west-facing facades are also the windiest (Finnish Meteorological
Institute, 2015), making the east-facing facade a proxy for the mildest
weather conditions for our study site. As the building is close to the
seashore and situated in a newly constructed residential district lacking
high and established trees at the time of the research, the plants were
exposed to sun and strong southwesterly winds from the sea. According
to meteorological data obtained from the Kaisaniemi weather station
(60°10 N, 24°56 E, 2.7 km to the northeast of our study site), daily mean
air temperature during the inventory periods was 1.7 °C higher in 2018
(17.1 °C) than in 2019 (15.4 °C). Meanwhile, accumulated precipitation
amounts during the inventory periods were similar: 48.0 mm in 2018
and 48.5 mm in 2019, respectively (Appendix Fig. A3).

2.2. Data collection

We conducted four inventories across the 112 containers: twice in
2018 (19-20 June and 29-31 August) and twice in 2019 (7-14 June and
7-9 September) to evaluate plant performance, namely visual appear-
ance and size, of the 797 individual plants. According to the method-
ology described by Hermans et al. (2003) and Bock et al. (2010), plant
visual appearance based on leaf discoloration, leaf withering, dead
branches, and defoliation was visually evaluated and classified into six
categories: V1 (dead), V2 (100-75% damaged), V3 (50-75% damaged),
V4 (25-50% damaged), V5 (0-25% damaged), and V6 (no damage),
making visual appearance an ordinal variable (Appendix Table A4 &
Fig. A5). We regard V1 to V3 as poor visual appearance and V4 to V6 as
good visual appearance. To minimize subjectivity, we used intersub-
jective consensus values, i.e., the mean values of two to three indepen-
dent co-authors’ estimations. Regarding plant size, we measured the
height (distance from the highest point perpendicular to the substrate
surface) and width (distance between the widest points of the canopy
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and parallel to the substrate surface) for conifers, and the length of the
longest shoot (distance from the base to the last living bud along the
shoot) for climbers. Because it was impossible to measure the exact
length of all climbers on the facades, we classified length into four
categories: L1 (< 0.5 m), L2 (0.5-1 m), L3 (1-2 m), and L4 (> 2 m).
Conifer height and width were continuous variables, and the length of
climbers was an ordinal variable. In total, we obtained 3188 records:
772 for spreading conifers, 432 for dwarf conifers, 640 for creeping
conifers, and 1344 for climbers.

2.3. Statistical analyses

To examine the impact of facade orientation, floor height, substrate
pH, and mycorrhizal inoculation on the visual appearance and size of
plants, we included them as predictor variables and conducted four in-
ventories to track changes over time (Table 2). Then we employed
multilevel extension models, specifically cumulative link mixed models
(CLMM) and linear mixed models (LMM), which are well-suited for the
analysis of our repeated-measures data (Christensen, 2018). CLMM is an
extension of the cumulative link model (CLM), which is an ordinal
regression, and LMM is a parametric linear model that quantifies the
relationship between a continuous response variable and various pre-
dictor variables (Bates et al., 2015). The IDs of individual plants were
included in the models as a random effect to account for repeated
measures (marked as “ID” in the models). All predictor variables used in
the statistical analysis are categorical, with their levels shown in Table 2.

For the visual appearance analyses, we first built a global CLMM to
test the impact of the predictor variables on visual appearance across the
four growth forms (Appendix Table A6, Model 1). Then, four CLMMs
were built separately for each growth form (Appendix Table A6, models
2-5), including taxon as a predictor variable to reveal any generalities
among predictor variables within each group. Lastly, we constructed 12
CLMMs (Appendix Table A6, models 6-17) to identify taxon-specific
effects of the predictor variables. All CLMMs of visual appearance
included the dead plant individuals.

For the plant size analyses, we excluded all dead plant individuals to
determine how size developed in those individuals that were alive. Here,
we used the sum of height and width (h+w) as response variable in the
conifer size models, and length as response variable in the climber size
models. Due to two types of response variables (continuous for conifers
vs. ordinal for climbers), it was not possible to build a global model that
included all size data. Therefore, the size analyses included 4 group
models and 12 taxon-specific models (Appendix Table A7). We used
LMMs for all conifers and CLMMs for climbers, totaling 16 models.

To simplify the models, we adopted a stepwise selection procedure to
delete non-significant predictor variables, one at a time, starting from
the variable with the greatest p-value and continuing until all predictor
variables were retained with p-values < 0.05. Only the final models are
presented here. All analyses were performed in R version 4.0.4 (R Core

Table 2
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Team, 2023). For CLMMs, we used the “clmm” function in the ordinal
package (Christensen, 2018). For LMMs, we used the “Imer” function in
the “lms4” package (Bates et al., 2015). Because the data of Picea abies
‘Echiniformis’, J. communis ‘Lotta Svard’, J. communis ‘Aland’ and
J. Communis ‘110’ did not comply with the assumptions of normality, we
used robust linear mixed models and chose the “rlmer” function in the
“robustlmm” package to build these models (Koller, 2016). The
threshold coefficients in CLMMs are equivalent to the intercept in LMMs.
We performed post-hoc tests (“emmeans” function) for multiple com-
parisons among the different levels of each predictor variable (Lenth,
2023).

3. Results and discussions
3.1. Plant visual appearance and size

In the last inventory, 8 out of 12 plant taxa examined consistently
exhibited better visual appearance, with over 70% of their individual
plants falling within categories V4 to V6. The weakest dwarf conifer was
P. abies ‘Echiniformis’, with 66.7% of its population consisting of in-
dividuals with poor visual appearance and 43.5% dead. Although 59.6%
of J. communis ‘115’ individuals fell into categories V4 to V6, it is still
considered the weakest among creeping conifers, losing 39.4% of in-
dividuals. P. quinquefolia was the weakest climber, as 61.9% of indi-
vidual plants were poor in visual appearance and 41.5% were dead
(Fig. 2A). In terms of size, all conifers generally developed in width
rather than height, with dwarf and creeping conifers having higher
width/height ratios than spreading conifers (Fig. 2B). C. sibirica and
H. anomala subsp. petiolaris plants exhibited uniform growth, typically
reaching lengths of 0.5-1 m two years after establishment. In contrast,
H. lupulus and P. quinquefolia plants varied in their lengths (Fig. 2C).

According to our statistical models, visual appearance decreased in
general for all growth form groups. Creeping conifers exhibited the best
visual appearance of all, followed by spreading conifers. Climbers and
dwarf conifers had the poorest visual appearance with no significant
differences between them (Appendix Table A6, Model 1; Fig. 3A). Yet,
11 of the 12 plant taxa grew significantly bigger in the last inventory
than the first, with the exception being C. sibirica, which decreased
significantly in size (Appendix Table A7, models 22-33; Fig. 3B).

Our results highlight the importance of plant selection for vegetated
facades. Generally, coniferous plants thrived during the establishment
stage on building facades, whereas climbers, although commonly used
in vertical greening in other regions, did not perform as expected in the
Nordic climate. For instance, P. quinquefolia has traditionally been
recognized as a fast grower, extending 3-6 m in length per year in
Eastern North America (Edwards, 2007). On the contrary, over 80% of
P. quinquefolia plants in our study failed to surpass 2 m in length after
growing for two years, significantly slower than reported. Furthermore,
as pointed out by Wattenhofer and Johnson (2021), the highest plant

Predictor variables and their levels used in the data analyses. Numbers in parentheses indicate the number of individual plants at each level of the predictor variable.

Predictor variables and their levels

4 inventories:
June 2018; August 2018; June 2019; September 2019
4 growth forms:
spreading conifers (193); dwarf conifers (108); creeping conifers (160); climbers (336)
12 plant taxa
(see Table 1)
3 facade orientations:
west (276); east (265); south (256)
3 floor categories:
floors 2-3 (256); floors 4-5 (297); floors 6-8 (262)
2 levels of substrate pH:
pH 5-5.5 (402); pH 6-6.5 (395)
2 levels of mycorrhizal inoculation:
inoculated (397); control (400)
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Fig. 2. Descriptive statistics on visual appearance and size of the 12 plant taxa in the last inventory (September 2019). The upper panel shows plant visual
appearance, with good visual appearance (4-6) rates of each plant taxa being encapsulated by black frames (A). Visual appearance category refers to plants that were
dead (V1), 100-75% damaged (V2), 50-75% damaged (V3), 25-50% damaged (V4), 0-25% damaged (V5), and no damage (V6). The lower left panel shows the size,
both in terms of height and width, of the conifers (B). The lower right panel shows the length category percentages of climbers (C). The length category refers to
climbers that were < 0.5 m (L1), 0.5-1 m (L2), 1-2 m (L3), and > 2 m (L4) in length.

mortality often occurs within the first few years after planting. Replac-
ing dead plants with new ones to maintain the landscape’s aesthetic
value will increase maintenance input. Our study suggests that including
J. communis ‘115, P. quinquefolia and P. abies ‘Echiniformis’ on the plant
list for vegetated facades in the Nordic region may increase maintenance
costs through replacements of dead plants.

We also noticed that visual appearance and size did not always show
the same tendency, meaning good visual appearance did not guarantee
bigger size, and vice versa. For instance, J. communis ‘110’ and ‘Lotta
Svard’ grew well and showed good visual appearance, while J. communis
‘Sven Dufva’ and H. lupulus grew well despite deteriorating visual
appearance. This phenomenon may indicate a potential trade-off be-
tween plant visual appearance and size development, which necessitates
a less rigid and less conservative approach to visual evaluation in favor
of rapid growth (Nagase and Dunnett, 2011). The quest for new aesthetic

and functional perspectives in urban green spaces is supported by a
growing body of research (Hauru et al., 2012; Mesimaki et al., 2017;
Subiza-Pérez et al., 2019). Essentially, the pursuit of rapid growth must
be balanced by a careful assessment of long-term visual appearance. In
our case, although P. abies ‘Echiniformis’ and P. quinquefolia exhibited
the poorest visual appearance, their surviving individuals kept growing
and did not decrease in visual assessment. Therefore, we need long-term
monitoring to verify if they can outperform other plant taxa in the
future.

Our results suggest that plant growth form may, to some degree, be
informative for selecting plants for vegetated facades, yet there was high
taxon-specific variation within the growth form groups. In our data,
spreading and creeping conifers showed the best visual appearance and
steady size development. We assume that these two growth forms may
be resilient to wind, which can be harsh on vertical facades, striking
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see Appendix Tables A6 and A7.

plant canopies and damaging root systems (Moore et al., 2018). How-
ever, because all the climbers we tested were broad-leaved and all the
conifers were needle-leaved, we cannot differentiate the impact of leaf
morphology from that of plant growth form on plant performance on
facades.

Lastly, our research suggests a shift in approaching plant selection for
vegetated facades, advocating for the inclusion of coniferous species,
and harnessing their potential to enhance plant diversity. According to
Aronen et al. (2009), there is a longstanding tradition of cultivating
conifers in Nordic urban settings, spanning from breeding techniques to
landscape management practices. Furthermore, as suggested by Clapp
et al. (2014) and Shackleton et al. (2015), woody plants offer a unique
set of benefits that are challenging to produce by other plant types. For
instance, the use of woody plants can significantly increase variation in
vegetation heights (Martins et al., 2017), thereby enhancing structural
diversity in vegetated facades. Additionally, by forming dense,
year-round vegetation cover, evergreen conifers can provide physical
barrier against erosion by wind, rain, snow, and other environmental
variables and ensure uninterrupted provision of ecosystem services (Relf
and Appleton, 2000; Lundholm et al., 2014). While concerns exist about
integrating woody plants into VGSs and VRs due to load-bearing con-
straints, selecting compact cultivars with slower growth rates provides a
feasible solution to address structural concerns.

3.2. The impact of fagade orientation and floor height on plant
performance

Our global model, the three conifer growth form models, and the
taxon-specific models reveal that plants on the east-facing facade
showed the best visual appearance, followed by the south- and then the
west-facing facades (Appendix Table A6). In terms of specific taxa, 6 of
the 12 visual appearance models retained facade orientation as a pre-
dictor variable, which almost followed the same pattern as the global
model. The only exception was P. quinquefolia, which had its best visual
appearance on the south-facing facade (Fig. 4A). According to the size
analyses, creeping conifers and climbers grew biggest on the east-facing
facades (Fig. 4A; Appendix Table A7). Nine out of 12 plant taxa retained
facade orientation as a predictor variable in the taxon-specific analyses
(Fig. 4B). While we did not detect significant effects of floor height on
visual appearance and size in either global or growth form models, a few
plant taxa retained floor height as a significant predictor variable in
taxon-specific models (Fig. 4C & 4D).

The amount of sunlight and heat a building receives is primarily
determined by its orientation relative to the sun’s path, leading to
microclimatic variation among facade orientations (Obrecht et al.,
2019). Thus, plant visual appearance and size can be significantly
influenced by the microclimate unique to facade orientation, as shown
by our results. The impacts of microclimate on plant development and
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performance have also been demonstrated in various cultivation systems
(Hatfield and Prueger, 2015; Nassar et al., 2018). Moreover, because the
solar energy budget needed for plant development varies by species
(Gauslaa, 1984), it is evident why the selected plant taxa responded
differently to facade orientation. In contrast, floor height within the
8-storey building appeared to have only marginal effects on plant per-
formance, suggesting that for relatively low buildings, plant perfor-
mance is predominantly dictated by facade orientation rather than
height. In the Finnish context, this means that facade orientation is the
critical variable, given that 99.6% of residential buildings in Finland
have less than 10 floors (Tulonen et al., 2021).

Our results align with the review by Wahid et al. (2007), which in-
dicates that excessive wind and solar exposure harms plant visual
appearance and size. In our study, the majority of models suggest bigger
plant size on the east-facing facade that is sheltered from the prevailing

wind direction and the hottest afternoon sun. Wahid et al. (2007) also
specified symptoms induced by elevated temperatures, including sun-
burn, premature leaf senescence, growth retardation, and discoloration
in fruits and leaves, which corresponded to poor visual appearance in
our study. Yet, Finland’s geographical location has led to the incorpo-
ration of both passive and active solar designs in architectural projects,
resulting in overheating challenges in south- and west-facing facades
(Sukanen et al., 2023). Therefore, identifying plant taxa capable of
thriving on south- and west-facing facades under Nordic climatic and
geographical conditions becomes paramount to enhance their diverse
ecosystem services. In our study, several taxa demonstrated similar vi-
sual appearance (J. communis ‘Lalli’, J. communis ‘Sven Dufva’, P. abies
‘Echiniformis’, J. communis ‘110°, H. anomala, and H. lupulus) or equal
size development (J. communis ‘Lalli’, H. lupulus, and P. quinquefolia),
regardless of facade orientation.
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3.3. The impact of substrate pH and mycorrhizal inoculation on plant
performance

Substrate pH had a more significant effect on plant visual appearance
than on plant size. Seven of the 12 plants retained substrate pH as a
predictor variable, and 6 of them recorded better visual appearance in
substrate B with pH 6-6.5 than in substrate A with pH 5-5.5. Only
H. lupulus exhibited better visual appearance in the lower pH substrate.
H. lupulus is also the only plant whose size was affected by substrate pH:
it grew bigger at lower pH (5-5.5) (Fig. 5A). However, mycorrhizal
inoculation did not appear to exert any clear effect. Across all models,
only three plant species retained mycorrhizal inoculation as a predictor
variable for visual appearance, each showing different responses
(Fig. 5B).

Theoretically, plant size responds to substrate pH, which is mainly
influenced by the availability of various nutrients under different pH
levels (Gentili et al., 2018). However, in our study, substrate pH affected
plant visual appearance more clearly than plant size. One reason why we
did not detect a statistically significant change in conifer size could be
their relatively slow growth rate. Additionally, our results highlight the
importance of field experiments with vegetated facades, as suitable
substrate pH levels may change for the same plant species under
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different growing conditions. For instance, while Parzych et al. (2018)
reported P. abies to grow best in substrates with pH 5.4-6.0, we found
the visual appearance of our P. abies taxa to be higher in pH 6-6.5 than
in pH 5-5.5. Fejér et al. (2018) stated that J. communis normally grows in
substrates with pH 3.7-5.7, which also contradicts our result. Nath et al.
(2022) pointed out that H. lupulus struggles to thrive in acidic substrates,
and Sirrine (2010) also reported that when substrate pH decreases below
5.7, manganese levels can become toxic to H. lupulus. However, we
found that H. lupulus performed better in the substrate with a pH of
5-5.5 rather than the one with 6-6.5. These contradictory findings be-
tween studies of others and ours suggest that substrate pH for vegetated
facade plants should be investigated and optimized under specific
growing conditions (Jauni et al., 2020), rather than following guidelines
indiscriminately.

According to the literature, Juniperus and Picea are hosts for both
arbuscular mycorrhizal and ectomycorrhizal fungi, and they can benefit
from this symbiosis (Korkama et al., 2007; Veldhuis et al., 2022).
However, mycorrhizal symbioses with the selected climbers remain
almost unexplored. Only the Clematis genus and H. lupulus are reported
to host arbuscular mycorrhizal fungi (Davis et al., 1984; Liu et al., 2020;
Zhang et al., 2022). Nevertheless, no plant size difference was detected
between mycorrhizal inoculated and uninoculated groups. Since
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mycorrhizal colonization level could not be monitored in this study, we
cannot say if it was caused by low colonization levels or no colonization
at all.

On the other hand, mycorrhizal inoculation appears to influence
plant visual appearance, but with mixed impacts: improving the visual
appearance of P. abies ‘Echiniformis’ while impairing that of J. communis
115°. It suggests that mycorrhizal inoculation does not always produce
a positive effect, which also applies to vegetated facade conditions. Our
finding is in line with a meta-analysis of nearly 2000 studies on plant
responses to arbuscular mycorrhizal and ectomycorrhizal inoculation. In
the analysis, positive effects of mycorrhizal inoculation are confirmed
for most plant species, yet a few negative cases are also recorded
(Hoeksema et al., 2010). Furthermore, the positive, negative, or neutral
effect of mycorrhizal inoculation is context dependent (Jonsson et al.,
2001). For instance, in our study, the visual appearance of C. sibirica was
enhanced by mycorrhizal inoculation in the pH 5-5.5 substrate but
reduced in the pH 6-6.5 one. Although small in number, a few re-
searchers have reached similar conclusions. Jonsson et al. (2001) re-
ported that soil fertility plays a crucial role in determining the effect of
the ectomycorrhizal community on seedling productivity of two tree
species, ranging from mutualistic to parasitic. In a study investigating
the impact of soil salinity and mycorrhizal inoculation on herbivore
parasitism, Moon et al. (2013) found that mycorrhizal inoculation
reduced parasitism (leaf miners Amauromyza maculosa and Liriomyza
trifolii) with decreasing soil salinity but increased it with increasing soil
salinity. This serves as another example suggesting that the effect of
mycorrhizal inoculation is context dependent.

It is also worth noting that plant size and biomass did not respond to
mycorrhizal inoculation the way plant physiological traits and visual
appearance did. A similar phenomenon was reported in a study using
Hypericum perforatum L. as the host and a mix of Rhizophagus intraradices
and Funneliformis mosseae as inocula. The authors found that a mixture
of the mycorrhizal fungi significantly improved the photosynthetic
performance index while showing no effect on shoot biomass (Zubek
et al., 2012). In another study, Correa et al. (2008) noticed that plant
growth did not correlate with photosynthetic performance under
mycorrhizal inoculation. A possible explanation would be that plant
physiological performances and visual appearance respond to microbial
symbiosis more quickly than plant size and biomass.

To conclude, our study suggests that the effect of mycorrhizal inoc-
ulation is taxon and context dependent. To argue for the plant growth-
promoting effects of mycorrhiza in vegetated fagades, one cannot sim-
ply apply findings from laboratories or conventional agricultural fields
to these facades.

3.4. Limitations

Our observation period was relatively short, and longer-term plant
performance in vegetated facades may differ from observations made
during the initial two-year establishment period (Wattenhofer and
Johnson, 2021). Additionally, our original research plan intended to
include 6-7 plant individuals per container, each representing a
different taxon. However, due to plant availability and human error, we
included between 5 and 11 individual plants per container. Results
could be distorted as more plants in one container can provide support
and shade for each other against wind and sun (Weiner, 1990; Stoll and
Weiner, 2000). Our results cannot be extended to high-rise buildings,
where microclimatic conditions can vary more drastically between
higher and lower floors compared to our 8-storey building (Okafor et al.,
2017). Similarly, since this study was only conducted in one specific
building, one should exercise caution when extrapolating the results to
buildings with different climates, locations, surrounding landscapes, etc.
Lastly, we introduced mycorrhizal fungi by adding forest humus to the
substrate, but we could not verify whether the mycorrhizal fungi suc-
cessfully colonized the target plants or not. Non-destructive methods for
mycorrhizal quantification on the balconies were not feasible in our
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study.

4. Conclusion

The integration of VGSs and VRs is an effective approach to enhance
livability in densely populated urban areas. By utilizing unused urban
spaces, these integrated systems create new greenery that is widely
accepted and appreciated by residents. Our study assessed the effects of
facade orientation, floor height, substrate pH, and mycorrhizal inocu-
lation on plant performance in vegetated facades in Southern Finland.
We aimed at selecting suitable plants for vegetated facades under these
climatic conditions to achieve better ecosystem services and multiple
design goals. Our findings provide practical implications for future
vegetated facade design and installation. Firstly, our results underscore
the critical role of facade orientation for plant selection in vegetated
facades, advocating for the use of coniferous species in Nordic regions.
Secondly, although our results showed that many of the selected plant
taxa grew well on different facades, we suggest identifying more plant
species suitable especially for south- and west-facing facades to support
a broader range of ecosystem functions. Therefore, a holistic and
tailored approach to investigate the microclimatic conditions of a spe-
cific building envelop is needed for successful vegetated facade con-
struction. Lastly, given the variability in plant performance to different
environmental conditions and substrate treatments, we strongly
recommend conducting long-term research to further refine best prac-
tices and ensure the sustained success of urban greening initiatives.

Funding

This work was supported by the Maj and Tor Nessling Foundation
(grant number 202200037), the Maiju and Yrjo Rikala Horticultural
Foundation, and the China Scholarship Council (grant number
201806910042).

CRediT authorship contribution statement

Xi Shu: Data curation, Formal analysis, Funding acquisition, Inves-
tigation, Methodology, Software, Validation, Visualization, Writing -
original draft. Long Xie: Data curation, Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing — original draft. D.
Johan Kotze: Formal analysis, Methodology, Supervision, Validation,
Writing - review & editing. Miia Jauni: Investigation, Validation,
Writing - review & editing. Iiris Lettojarvi: Investigation, Validation,
Writing — review & editing. Taina H. Suonio: Resources, Validation,
Writing — review & editing. Ayako Nagase: Investigation, Validation,
Writing — review & editing. Susanna Lehvavirta: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Resources, Project administration, Validation, Supervi-
sion, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was a research project of the Fifth Dimension — Vegetated
Roofs and Walls in Urban Areas Research at the University of Helsinki.
We appreciate the property owners of the residential complex for
providing us with experimental sites. Thanks also go to Green House
Effect Oy, a Finnish greenery service company, for providing invaluable
knowledge and assistance from its personnel.



X. Shu et al.
Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ufug.2024.128280.

References

Almenar, J.B., Elliot, T., Rugani, B., Philippe, B., Gutierrez, T.N., Sonnemann, G.,
Geneletti, D., 2021. Nexus between nature-based solutions, ecosystem services and
urban challenges. Land Use Policy 100, 104898. https://doi.org/10.1016/j.
landusepol.2020.104898.

Aronen, T., Nikkanen, T., & Tynkkynen, T. (2009). Vegetative propagation of conifers for
enhancing landscaping and tree breeding. Proceedings of the Nordic meeting held in
September 10th-11th 2008 at Punkaharju, Finland.

Aronson, M.F.J., Lepczyk, C.A., Evans, K.L., Goddard, M.A., Lerman, S.B., Maclvor, J.S.,
Nilon, C.H., Vargo, T., 2017. Biodiversity in the city: key challenges for urban green
space management. Front. Ecol. Environ. 15 (4), 189-196. https://doi.org/10.1002/
fee.1480.

Bates, D., Machler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects
models using Ime4. J. Stat. Softw. 67 (1), 1-48. https://doi.org/10.18637 /jss.v067.
i0l.

Bock, C.H., Poole, G.H., Parker, P.E., Gottwald, T.R., 2010. Plant disease severity
estimated visually, by digital photography and image analysis, and by hyperspectral
imaging. Crit. Rev. Plant Sci. 29 (2), 59-107. https://doi.org/10.1080/
07352681003617285.

Bonfante, P., Anca, I.A., 2009. Plants, mycorrhizal fungi, and bacteria: a network of
interactions. Annu. Rev. Microbiol. 63, 363-383. https://doi.org/10.1146/annurev.
micro.091208.073504.

Chaudhry, S., Sidhu, G.P.S., 2022. Climate change regulated abiotic stress mechanisms in
plants: a comprehensive review. Plant Cell Rep. 41 (1), 1-31. https://doi.org/
10.1007/500299-021-02759-5.

Christensen, R.H.B., 2018. Cumulative link models for ordinal regression with the R
package ordinal. J. Stat. Softw. 35.

Chung, P.W., Livesley, S.J., Rayner, J.P., Farrell, C., 2021. Rooting volume impacts
growth, coverage and thermal tolerance of green facade climbing plants. Land 10
(12), 1281. https://doi.org/10.3390/land10121281.

Clapp, J.C., Ryan, H.D.P., Harper, R.W., Bloniarz, D.V., 2014. Rationale for the increased
use of conifers as functional green infrastructure: a literature review and synthesis.
Arboric. J. 36 (3), 161-178. https://doi.org/10.1080/03071375.2014.950861.

Cook-Patton, S.C., Bauerle, T.L., 2012. Potential benefits of plant diversity on vegetated
roofs: a literature review. J. Environ. Manag. 106, 85-92. https://doi.org/10.1016/j.
jenvman.2012.04.003.

Corréa, A., Strasser, R.J., Martins-Louc¢ao, M.A., 2008. Response of plants to
ectomycorrhizae in N-limited conditions: which factors determine its variation?
Mycorrhiza 18 (8), 413-427. https://doi.org/10.1007/s00572-008-0195-0.

Davis, E.A., Young, J.L., Rose, S.L., 1984. Detection of high-phosphorus tolerant VAM-
fungi colonizing hops and peppermint. Plant Soil 6 (6979), 29-36.

Edwards, J., 2007. How to grow shrubs and climbers: a comprehensive guide to all the
essential gardening techniques, from choosing and planting to care and
maintenance. Anness Publishing.

Fejér, J., Grulova, D., Eliasov4, A., Kron, 1., De Feo, V., 2018. Influence of environmental
factors on content and composition of essential oil from common juniper ripe berry
cones (Juniperus communis L.). Plant Biosyst. 152 (6), 1227-1235. https://doi.org/
10.1080/11263504.2018.1435577.

Fernandez-Canero, R., Pérez Urrestarazu, L., Perini, K., 2018. Vertical greening systems:
classifications, plant species, substrates. In: Pérez, G., Perini, K. (Eds.), Nature Based
Strategies for Urban and Building Sustainability. Butterworth-Heinemann, Elsevier,
pp. 45-54. https://doi.org/10.1016/B978-0-12-812150-4.00004-5.

Finnish Meteorological Institute. (2015). Wind roses (Tuuliruusut in Finnish). (https://
www.ilmatieteenlaitos.fi/tuuliruusut).

FLL. (2018). Guidelines for the planning, construction and maintenance of green roofs.
Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau. (https://commons.
bcit.ca/greenroof/files/2019/01/FLL_greenroofguidelines_2018.pdf).

Formolli, M., Kleiven, T., Lobaccaro, G., 2023. Assessing solar energy accessibility at
high latitudes: a systematic review of urban spatial domains, metrics, and
parameters. Renew. Sustain. Energy Rev. 177, 113231 https://doi.org/10.1016/j.
rser.2023.113231.

Francis, R.A., Lorimer, J., 2011. Urban reconciliation ecology: the potential of living
roofs and walls. J. Environ. Manag. 92 (6), 1429-1437. https://doi.org/10.1016/j.
jenvman.2011.01.012.

Gauslaa, Y., 1984. Heat resistance and energy budget in different Scandinavian plants.
Ecography 7 (1), 5-78. https://doi.org/10.1111/4.1600-0587.1984.th01098.x.
Gentili, R., Ambrosini, R., Montagnani, C., Caronni, S., Citterio, S., 2018. Effect of soil pH

on the growth, reproductive investment and pollen allergenicity of Ambrosia
artemisiifolia L. Front. Plant Sci. 9, 1335. https://doi.org/10.3389/fpls.2018.01335.

Haaland, C., van den Bosch, C.K., 2015. Challenges and strategies for urban green-space
planning in cities undergoing densification: a review. Urban For. Urban Green. 14
(4), 760-771. https://doi.org/10.1016/j.ufug.2015.07.009.

Hatfield, J.L., Prueger, J.H., 2015. Temperature extremes: effect on plant growth and
development. Weather Clim. Extrem. 10, 4-10. https://doi.org/10.1016/j.
wace.2015.08.001.

Hauru, K., Lehvavirta, S., Korpela, K., Kotze, D.J., 2012. Closure of view to the urban
matrix has positive effects on perceived restorativeness in urban forests in Helsinki,

10

Urban Forestry & Urban Greening 94 (2024) 128280

Finland. Landsc. Urban Plan. 107 (4), 361-369. https://doi.org/10.1016/j.
landurbplan.2012.07.002.

Hermans, C., Smeyers, M., Maldonado Rodriguez, R., Eyletters, M., Strasser, R.J.,
Delhaye, J.P., 2003. Quality assessment of urban trees: a comparative study of
physiological characterisation, airborne imaging and on site fluorescence monitoring
by the OJIP-test. J. Plant Physiol. 160 (1), 81-90. https://doi.org/10.1078/0176-
1617-00917.

Hoeksema, J.D., Chaudhary, V.B., Gehring, C.A., Johnson, N.C., Karst, J., Koide, R.T.,
Pringle, A., Zabinski, C., Bever, J.D., Moore, J.C., Wilson, G.W.T., Klironomos, J.N.,
Umbanhowar, J., 2010. A meta-analysis of context-dependency in plant response to
inoculation with mycorrhizal fungi. Ecol. Lett. 13 (3), 394-407. https://doi.org/
10.1111/j.1461-0248.2009.01430.x.

Jauni, M., Kuoppamaki, K., Hagner, M., Prass, M., Suonio, T., Fransson, A.M.,
Lehvévirta, S., 2020. Alkaline habitat for vegetated roofs? Ecosystem dynamics in a
vegetated roof with crushed concrete-based substrate. Ecol. Eng. 157, 105970
https://doi.org/10.1016/j.ecoleng.2020.105970.

Jonsson, L.M., Nilsson, M.C., Wardle, D.A., Zackrisson, O., 2001. Context dependent
effects of ectomycorrhizal species richness on tree seedling productivity. Oikos 93
(3), 353-364. https://doi.org/10.1034/j.1600-0706.2001.930301.x.

Koller, M., 2016. Robustlmm: an R package for robust estimation of linear mixed-effects
models. J. Stat. Softw. 75 (6), 1-24. https://doi.org/10.18637/jss.v075.i06.

Korkama, T., Fritze, H., Pakkanen, A., Pennanen, T., 2007. Interactions between
extraradical ectomycorrhizal mycelia, microbes associated with the mycelia and
growth rate of Norway spruce (Picea abies) clones. New Phytol. 173 (4), 798-807.
https://doi.org/10.1111/j.1469-8137.2006.01957.x.

Lausen, E.D., Emilsson, T., Jensen, M.B., 2020. Water use and drought responses of eight
native herbaceous perennials for living wall systems. Urban For. Urban Green. 54,
126772 https://doi.org/10.1016/j.ufug.2020.126772.

Lenth, R. (2023). Emmeans: estimated marginal means, aka least-squares means. R package
version 1.8.8. (https://CRAN.R-project.org/package—emmeans).

Liu, M., Yue, Y., Wang, Z., Li, L., Duan, G., Bai, S., Li, T., 2020. Composition of the
arbuscular mycorrhizal fungal community and changes in diversity of the
rhizosphere of Clematis fruticosa over three seasons across different elevations. Eur.
J. Soil Sci. 71 (3), 511-523. https://doi.org/10.1111/ejss.12884.

Lundholm, J., Maclvor, J.S., MacDougall, Z., Ranalli, M., 2010. Plant species and
functional group combinations affect green roof ecosystem functions. PLoS ONE 5
(3). https://doi.org/10.1371/journal.pone.0009677.

Lundholm, J.T., Weddle, B.M., Macivor, J.S., 2014. Snow depth and vegetation type
affect green roof thermal performance in winter. Energy Build. 84, 299-307. https://
doi.org/10.1016/j.enbuild.2014.07.093.

Madre, F., Clergeau, P., Machon, N., Vergnes, A., 2015. Building biodiversity: vegetated
fagades as habitats for spider and beetle assemblages. Glob. Ecol. Conserv. 3,
222-233. https://doi.org/10.1016/j.gecco.2014.11.016.

Martins, A.C.M., Willig, M.R., Presley, S.J., Marinho-Filho, J., 2017. Effects of forest
height and vertical complexity on abundance and biodiversity of bats in Amazonia.
For. Ecol. Manag. 391, 427-435. https://doi.org/10.1016/j.foreco.2017.02.039.

Mesimaki, M., Hauru, K., Kotze, D.J., Lehvavirta, S., 2017. Neo-spaces for urban
livability? Urbanites’ versatile mental images of green roofs in the Helsinki
metropolitan area, Finland. Land Use Policy 61, 587-600. https://doi.org/10.1016/
j.landusepol.2016.11.021.

Miroshnyk, N.V., Likhanov, A.F., Grabovska, T.O., Teslenko, LK., Roubik, H., 2022.
Green infrastructure and relationship with urbanization — importance and necessity
of integrated governance. Land Use Policy 114, 105941. https://doi.org/10.1016/j.
landusepol.2021.105941.

Moon, D.C., Barnouti, J., Younginger, B., 2013. Context-dependent effects of
mycorrhizae on herbivore density and parasitism in a tritrophic coastal study system.
Ecol. Entomol. 38 (1), 31-39. https://doi.org/10.1111/j.1365-2311.2012.01399.x.

Moore, J., Gardiner, B., Sellier, D., 2018. Tree mechanics and wind loading. In:
Geitmann, A., Gril, J. (Eds.), Plant biomechanics: from structure to function at
multiple scales. Springer International Publishing, pp. 79-106. https://doi.org/
10.1007/978-3-319-79099-2 4.

Nagase, A., Dunnett, N., 2011. The relationship between percentage of organic matter in
substrate and plant growth in extensive green roofs. Landsc. Urban Plan. 103 (2),
230-236. https://doi.org/10.1016/j.landurbplan.2011.07.012.

Nassar, J.M., Khan, S.M., Villalva, D.R., Nour, M.M., Almuslem, A.S., Hussain, M.M.,
2018. Compliant plant wearables for localized microclimate and plant growth
monitoring. Npj Flex. Electron. 2 (1), 1-12. https://doi.org/10.1038/541528-018-
0039-8.

Nath, M.K., Dutta, S., Datta, H.S., 2022. A review on cultivation of hop shoots (Humulus
lupulus). Int. J. Econ. Plants 9 (3), 240-244. https://doi.org/10.23910/2/
2022.0475.

Obrecht, T.P., Premrov, M., Leskovar, V.Z., 2019. Influence of the orientation on the
optimal glazing size for passive houses in different European climates (for non-
cardinal directions). Sol. Energy 189, 15-25. https://doi.org/10.1016/j.
solener.2019.07.037.

Okafor, C.V., Okolie, K.C., Cyril, M.E., Okafor, C.P., 2017. Analysis of wind effect on
high-rise building for different terrain category. Eur. J. Eng. Res. Sci. 2 (12), 23-30.
https://doi.org/10.24018/ejers.2017.2.12.550.

Parke, J.L., Linderman, R.G., Trappe, J.M., 1983. Effects of forest litter on mycorrhiza
development and growth of Douglas-fir and western red cedar seedlings. Can. J. For.
Res. 13 (4), 666-671. https://doi.org/10.1139/x83-095.

Parzych, A., Mochnacky, S., Sobisz, Z., Pollakova, N., Imansky, V., 2018. Needles and
bark of Picea abies (L.) H. Karst and Picea omorika (Panci¢) Purk. as bioindicators of
environmental quality. Folia For. Pol. Ser. A 60 (4), 230-240. https://doi.org/
10.2478/ffp-2018-0024.


https://doi.org/10.1016/j.ufug.2024.128280
https://doi.org/10.1016/j.landusepol.2020.104898
https://doi.org/10.1016/j.landusepol.2020.104898
https://doi.org/10.1002/fee.1480
https://doi.org/10.1002/fee.1480
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1080/07352681003617285
https://doi.org/10.1080/07352681003617285
https://doi.org/10.1146/annurev.micro.091208.073504
https://doi.org/10.1146/annurev.micro.091208.073504
https://doi.org/10.1007/s00299-021-02759-5
https://doi.org/10.1007/s00299-021-02759-5
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref7
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref7
https://doi.org/10.3390/land10121281
https://doi.org/10.1080/03071375.2014.950861
https://doi.org/10.1016/j.jenvman.2012.04.003
https://doi.org/10.1016/j.jenvman.2012.04.003
https://doi.org/10.1007/s00572-008-0195-0
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref12
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref12
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref13
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref13
http://refhub.elsevier.com/S1618-8667(24)00078-5/sbref13
https://doi.org/10.1080/11263504.2018.1435577
https://doi.org/10.1080/11263504.2018.1435577
https://doi.org/10.1016/B978-0-12-812150-4.00004-5
https://www.ilmatieteenlaitos.fi/tuuliruusut
https://www.ilmatieteenlaitos.fi/tuuliruusut
https://commons.bcit.ca/greenroof/files/2019/01/FLL_greenroofguidelines_2018.pdf
https://commons.bcit.ca/greenroof/files/2019/01/FLL_greenroofguidelines_2018.pdf
https://doi.org/10.1016/j.rser.2023.113231
https://doi.org/10.1016/j.rser.2023.113231
https://doi.org/10.1016/j.jenvman.2011.01.012
https://doi.org/10.1016/j.jenvman.2011.01.012
https://doi.org/10.1111/j.1600-0587.1984.tb01098.x
https://doi.org/10.3389/fpls.2018.01335
https://doi.org/10.1016/j.ufug.2015.07.009
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1016/j.landurbplan.2012.07.002
https://doi.org/10.1016/j.landurbplan.2012.07.002
https://doi.org/10.1078/0176-1617-00917
https://doi.org/10.1078/0176-1617-00917
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1016/j.ecoleng.2020.105970
https://doi.org/10.1034/j.1600-0706.2001.930301.x
https://doi.org/10.18637/jss.v075.i06
https://doi.org/10.1111/j.1469-8137.2006.01957.x
https://doi.org/10.1016/j.ufug.2020.126772
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1111/ejss.12884
https://doi.org/10.1371/journal.pone.0009677
https://doi.org/10.1016/j.enbuild.2014.07.093
https://doi.org/10.1016/j.enbuild.2014.07.093
https://doi.org/10.1016/j.gecco.2014.11.016
https://doi.org/10.1016/j.foreco.2017.02.039
https://doi.org/10.1016/j.landusepol.2016.11.021
https://doi.org/10.1016/j.landusepol.2016.11.021
https://doi.org/10.1016/j.landusepol.2021.105941
https://doi.org/10.1016/j.landusepol.2021.105941
https://doi.org/10.1111/j.1365-2311.2012.01399.x
https://doi.org/10.1007/978-3-319-79099-2_4
https://doi.org/10.1007/978-3-319-79099-2_4
https://doi.org/10.1016/j.landurbplan.2011.07.012
https://doi.org/10.1038/s41528-018-0039-8
https://doi.org/10.1038/s41528-018-0039-8
https://doi.org/10.23910/2/2022.0475
https://doi.org/10.23910/2/2022.0475
https://doi.org/10.1016/j.solener.2019.07.037
https://doi.org/10.1016/j.solener.2019.07.037
https://doi.org/10.24018/ejers.2017.2.12.550
https://doi.org/10.1139/x83-095
https://doi.org/10.2478/ffp-2018-0024
https://doi.org/10.2478/ffp-2018-0024

X. Shu et al.

Pérez, G., Coma, J., Martorell, 1., Cabeza, L.F., 2014. Vertical Greenery Systems (VGS) for
energy saving in buildings: a review. Renewable and Sustainable Energy Reviews 39,
139-165. https://doi.org/10.1016/j.rser.2014.07.055.

Pérez-Urrestarazu, L., Fernandez-Canero, R., Franco-Salas, A., Egea, G., 2015. Vertical
greening systems and sustainable cities. J. Urban Technol. 22 (4), 65-85. https://
doi.org/10.1080/10630732.2015.1073900.

R Core Team. (2023). R: a language and environment for statistical computing. In R: A
language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. R Foundation for Statistical Computing.

Razzaghi, F., Obour, P.B., Arthur, E., 2020. Does biochar improve soil water retention? A
systematic review and meta-analysis. Geoderma 361, 114055. https://doi.org/
10.1016/j.geoderma.2019.114055.

Relf, D., & Appleton, B. (2000). Selecting Landscape Plants: Conifers . Virginia Cooperative
Extension. (https://vtechworks.lib.vt.edu/bitstream/handle/10919/23458/
VCE426_605_2000.pdf?sequence=1).

Relf, D., & Appleton, B. (2001). Selecting landscape plants: ornamental vines. Virginia
Cooperative Extension. (https://vtechworks.lib.vt.edu/server/api/core/bitstreams/
937ddféc-c254-420c-bee8-85e3cc11713a/content).

Sadeghian, M.M., 2016. A review on green wall, classification and function. Int. J. Sci.
Res. Sci. Technol. 2 (2), 47-51. (https://ijsrst.com/IJSRST162218).

Safikhani, T., Abdullah, A.M., Ossen, D.R., Baharvand, M., 2014. A review of energy
characteristic of vertical greenery systems. Renew. Sustain. Energy Rev. 40,
450-462. https://doi.org/10.1016/j.rser.2014.07.166.

Shackleton, S., Chinyimba, A., Hebinck, P., Shackleton, C., Kaoma, H., 2015. Multiple
benefits and values of trees in urban landscapes in two towns in northern South
Africa. Landsc. Urban Plan. 136, 76-86. https://doi.org/10.1016/j.
landurbplan.2014.12.004.

Shu, X., Kotze, D.J., Timonen, S., Lehvévirta, S., Xie, L., 2023. Improving runoff quality
in vertical greenery systems: substrate type outweighed the effect of plant growth
promoting microbes. Sci. Total Environ. 904, 166718 https://doi.org/10.1016/].
scitotenv.2023.166718.

Shu, X., Mesiméki, M., Kotze, D.J., Wales, M., Xie, L., Benicke, R., Lehvavirta, S., 2022.
Needs and expectations of German and Chinese children for livable urban green
spaces revealed by the method of empathy-based stories. Urban For. Urban Green.
68, 127476 https://doi.org/10.1016/j.ufug.2022.127476.

Sirrine, J. (2010). Sustainable hop production in the Great Lakes region. Michigan State
University Extension. (https://vtechworks.lib.vt.edu/bitstream/handle/10919/
23458/VCE426_605_2000.pdf?sequence=1).

Stoll, P., Weiner, J., 2000. A neighborhood view of interactions among individual plants.
In: Dieckmann, U., Law, R., Metz, Johan A.J. (Eds.), The geometry of ecological
interactions: simplifying spatial complexity. Cambridge University Press, pp. 11-27.
https://doi.org/10.1017/cb09780511525537.003.

Subiza-Pérez, M., Hauru, K., Korpela, K., Haapala, A., Lehvévirta, S., 2019. Perceived
environmental aesthetic qualities scale (PEAQS) — a self-report tool for the
evaluation of green-blue spaces. Urban For. Urban Green. 43, 126383 https://doi.
0rg/10.1016/j.ufug.2019.126383.

Sukanen, H., Taylor, J., Castano-Rosa, R., Pelsmakers, S., Lehtinen, T., Kaasalainen, T.,
2023. Passive mitigation of overheating in Finnish apartments under current and
future climates. Indoor Built Environ. 32 (7), 1372-1392. https://doi.org/10.1177/
1420326 x231160977.

11

Urban Forestry & Urban Greening 94 (2024) 128280

Tulonen, L., Karjalainen, M., Emre Ilgin, H., 2021. Tall wooden residential buildings in
Finland: what are the key factors for design and implementation? In: Gong, M. (Ed.),
Engineered Wood Products for Construction. IntechOpen. https://doi.org/10.5772/
intechopen.98781.

Veldhuis, E.R., Skinkis, J., Verheyen, K., Smolders, A.J.P., Smit, C., 2022. Mycorrhizal
fungi improve growth of Juniperus communis but only at sufficiently high soil
element concentrations. Basic Appl. Ecol. 65, 78-85. https://doi.org/10.1016/j.
baae.2022.11.001.

Wahid, A., Gelani, S., Ashraf, M., Foolad, M.R., 2007. Heat tolerance in plants: an
overview. Environ. Exp. Bot. 61 (3), 199-223. https://doi.org/10.1016/j.
envexpbot.2007.05.011.

Wang, X., Gard, W., Borska, H., Ursem, B., van de Kuilen, J.W.G., 2020. Vertical greenery
systems: from plants to trees with self-growing interconnections. Eur. J. Wood Wood
Prod. 78 (5), 1031-1043. https://doi.org/10.1007/s00107-020-01583-0.

Wang, Y., Niemela, J., Kotze, D.J., 2022. The delivery of cultural ecosystem services in
urban forests of different landscape features and land use contexts. People Nat. 4 (5),
1369-1386. https://doi.org/10.1002/pan3.10394.

Wattenhofer, D.J., Johnson, G.R., 2021. Understanding why young urban trees die can
improve future success. Urban For. Urban Green. 64, 127247 https://doi.org/
10.1016/j.ufug.2021.127247.

Weiner, J., 1990. Asymmetric competition in plant populations. Trends Ecol. Evol. 5
(11), 360-364. https://doi.org/10.1016/0169-5347(90)90095-U.

Xie, L. (2020). Application of plant growth-promoting microbes on urban building vegetated
envelopes, from lab to field [Dissertation]. University of Helsinki.

Xie, L., Lehvévirta, S., Timonen, S., Kasurinen, J., Niemikapee, J., Valkonen, J.P.T., 2018.
Species-specific synergistic effects of two plant growth-promoting microbes on green
roof plant biomass and photosynthetic efficiency. PLoS ONE 13 (12), e0209432.
https://doi.org/10.1371/journal.pone.0209432.

Xie, L., Lehvavirta, S., Valkonen, J.P.T., 2020. Case study: planting methods and
beneficial substrate microbes effect on the growth of vegetated roof plants in
Finland. Urban For. Urban Green. 53, 126722 https://doi.org/10.1016/j.
ufug.2020.126722.

Xie, L., Shu, X., Kotze, D.J., Kuoppamaki, K., Timonen, S., Lehvavirta, S., 2022a. Plant
growth-promoting microbes improve stormwater retention of a newly-built vertical
greenery system. J. Environ. Manag. 323, 116274 https://doi.org/10.1016/j.
jenvman.2022.116274.

Xie, L., Timonen, S., Gange, A.C., Kuoppamaéki, K., Hagner, M., Lehvavirta, S., 2022b.
Effect of weather conditions, substrate pH, biochar amendment and plant species on
two plant growth-promoting microbes on vegetated roofs and facades. Heliyon 8 (6),
€09560. https://doi.org/10.1016/j.heliyon.2022.e09560.

Zhang, X., Duan, G., Hao, L., Liu, T., Zhang, Y., Zhang, S., 2022. Responses of the non-
structural carbohydrates and rhizosphere soil enzymes of Clematisfruticosa to
nitrogen deposition and inoculation mycorrhizal fungi. J. Nanjing For. Univ. 46 (1),
171-178. https://doi.org/10.12302/j.issn.1000-2006.202103006.

Zubek, S., Mielcarek, S., Turnau, K., 2012. Hypericin and pseudohypericin
concentrations of a valuable medicinal plant Hypericum perforatum L. are enhanced
by arbuscular mycorrhizal fungi. Mycorrhiza 22 (2), 149-156. https://doi.org/
10.1007/500572-011-0391-1.


https://doi.org/10.1016/j.rser.2014.07.055
https://doi.org/10.1080/10630732.2015.1073900
https://doi.org/10.1080/10630732.2015.1073900
https://doi.org/10.1016/j.geoderma.2019.114055
https://doi.org/10.1016/j.geoderma.2019.114055
https://vtechworks.lib.vt.edu/bitstream/handle/10919/23458/VCE426_605_2000.pdf?sequence=1
https://vtechworks.lib.vt.edu/bitstream/handle/10919/23458/VCE426_605_2000.pdf?sequence=1
https://vtechworks.lib.vt.edu/server/api/core/bitstreams/937ddf6c-c254-420c-bee8-85e3cc11713a/content
https://vtechworks.lib.vt.edu/server/api/core/bitstreams/937ddf6c-c254-420c-bee8-85e3cc11713a/content
https://ijsrst.com/IJSRST162218
https://doi.org/10.1016/j.rser.2014.07.166
https://doi.org/10.1016/j.landurbplan.2014.12.004
https://doi.org/10.1016/j.landurbplan.2014.12.004
https://doi.org/10.1016/j.scitotenv.2023.166718
https://doi.org/10.1016/j.scitotenv.2023.166718
https://doi.org/10.1016/j.ufug.2022.127476
https://vtechworks.lib.vt.edu/bitstream/handle/10919/23458/VCE426_605_2000.pdf?sequence=1
https://vtechworks.lib.vt.edu/bitstream/handle/10919/23458/VCE426_605_2000.pdf?sequence=1
https://doi.org/10.1017/cbo9780511525537.003
https://doi.org/10.1016/j.ufug.2019.126383
https://doi.org/10.1016/j.ufug.2019.126383
https://doi.org/10.1177/1420326&times;231160977
https://doi.org/10.1177/1420326&times;231160977
https://doi.org/10.5772/intechopen.98781
https://doi.org/10.5772/intechopen.98781
https://doi.org/10.1016/j.baae.2022.11.001
https://doi.org/10.1016/j.baae.2022.11.001
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1007/s00107-020-01583-0
https://doi.org/10.1002/pan3.10394
https://doi.org/10.1016/j.ufug.2021.127247
https://doi.org/10.1016/j.ufug.2021.127247
https://doi.org/10.1016/0169-5347(90)90095-U
https://doi.org/10.1371/journal.pone.0209432
https://doi.org/10.1016/j.ufug.2020.126722
https://doi.org/10.1016/j.ufug.2020.126722
https://doi.org/10.1016/j.jenvman.2022.116274
https://doi.org/10.1016/j.jenvman.2022.116274
https://doi.org/10.1016/j.heliyon.2022.e09560
https://doi.org/10.12302/j.issn.1000-2006.202103006
https://doi.org/10.1007/s00572-011-0391-1
https://doi.org/10.1007/s00572-011-0391-1

	Kansilehti_Urban_Forestry_2024_Influence_of_facade_orientation
	1-s2.0-S1618866724000785-main
	Influence of façade orientation, floor height, substrate pH, and microbial inoculation on woody plants’ performance in vege ...
	1 Introduction
	2 Materials and methods
	2.1 Study site and experimental design
	2.2 Data collection
	2.3 Statistical analyses

	3 Results and discussions
	3.1 Plant visual appearance and size
	3.2 The impact of façade orientation and floor height on plant performance
	3.3 The impact of substrate pH and mycorrhizal inoculation on plant performance
	3.4 Limitations

	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References



