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Abstract: Green façades can provide cooling benefits through the shading of walls, evapotranspira-
tion, and insulation. These benefits depend on good plant coverage and tolerance of heat stress. This
requires sufficient rooting volume for plant growth and an adequate supply of moisture. On high-rise
buildings, plants can be constrained by small rooting volumes due to engineering weight limits and
cost. We assessed effects of rooting volume (21, 42, and 63 L) on the growth and coverage of Akebia
quinata and Pandorea pandorana and leaf stress (chlorophyll fluorescence) in response to increasing
air temperatures. We showed that 42 and 63 L rooting volumes significantly increased early plant
growth and the percentage wall coverage for both species. Specific leaf area was significantly greater
when grown in 63 L compared with 21 L. Shoot/root ratio did not change with rooting volumes.
Regardless of rooting volume, higher air temperatures on west-facing aspects led to afternoon leaf
stress. In practice, for each cubic meter of rooting volume, 21 m2 (P. pandorana) and 10 m2 (A. quinata)
canopy coverage can be expected within six months.

Keywords: climbing plants; evapotranspiration cooling; green façades; heat tolerance; percentage
coverage; plant biomass

1. Introduction

Worldwide, increasing urbanisation and densification continue to have negative
environmental impacts in cities, including modification of the urban climate, which leads
to urban heat island effects, increased water and energy consumption, and heat-related
illness and mortality [1,2]. Urban greening is used in cities to mitigate the adverse effects
of increasing urbanization and to improve the environment and residents’ health [3,4].
However, with urban densification, there are limited ground-level green spaces, meaning
that vertical or roof-top urban greening approaches, such as green roofs and green walls,
are being used [3,5]. Vertical greening of building walls can incorporate more vegetation
into our cities [6,7]. Vertical greening can potentially provide numerous benefits, including
improved air quality, increased plant diversity and habitat provision for wildlife, noise
reduction, microclimate improvement, urban heat island mitigation, building thermal
performance improvement, and lower energy costs, as well as improved aesthetics and
psychological well-being of urban residents [8,9]. Moreover, as many of these benefits are
linked to the amount of vegetation cover on buildings, as coverage increases, the positive
effects of vertical greening are also increased [10]. While many diverse environmental
benefits can potentially be achieved with vertical greening, one of the biggest drivers for
their implementation is the cooling benefits they can provide to cities and buildings [6,11].
Vegetation can potentially alleviate the urban heat island effect directly through covering
heat-absorbing surfaces and reducing solar gain, but also through evapotranspiration,
which provides latent heat cooling benefits for the plant and the air surrounding it [12–14].

Vertical greening can be categorized as either façade greening or living walls based
on their methods of growing [15,16]. Living wall systems grow directly into a substrate
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attached to a wall surface, whereas green façades use climbing plants such as vines, lianas,
and scramblers, that grow in either ground-level substrate or in a containerised substrate,
to grow up and cover a wall [16,17]. Green façade systems are further classified according
to whether the climbing plant species are directly attached onto the walls (direct façade)
or indirectly supported by the trellises, mesh, or steel cables (indirect façade) [17,18].
For multi-storey buildings, however, direct façades are not viable as the materials of the
building wall do not provide adequate support for climbing plants to anchor or attach [17].
Therefore, indirect green façade systems are considered better for long-term multi-storey
or high-rise urban greening [19,20]. Indirect green façades have been used in Europe since
the 1880s, and have been more recently introduced to North America and Asian countries,
such as Japan and Singapore [21]. It is important to research how indirect green façades
should be designed so as to ensure they achieve their benefits and have widespread uptake
in these new regions [22].

To support façade plant growth and coverage when grown in containers, it is impor-
tant that there is an adequate substrate rooting volume (growing media) to supply water
and nutrients and to provide sufficient space for root growth [23,24]. Inadequate rooting
volumes can lead to reduced plant growth and development for woody plants such as wax-
apple (Syzygium samarangense (Bl.) Merr. and Perry) [25] and euonymus (E. kiautschovica
Loes. “Sieboldiana”) [26]. Studies in natural ecosystems have shown that some woody
climbing plants have deep and wide root systems to access deeply stored water [27,28].
However, in urban ecosystems, in order to grow woody climbing plants at successive
levels of high-rise buildings, they are planted into lightweight containers with reduced
rooting volumes or with lightweight substrates due to constrained load-bearing limits and
costs [29,30]. Therefore, by limiting the substrate rooting volumes, there may be insufficient
resources for climbing plants to grow well and to achieve good wall coverage [31]. In
addition, under the same growing conditions, climbing plant species with different growth
strategies may respond differently due to differences in growth rates [32]. To sustain rapid
growth, fast-growing species have a greater capacity for resource acquisition compared to
slower-growing species [32].

Few studies have evaluated the effect of the substrate rooting volume on climbing
plant growth. Grapevines grown in isolated buried beds with restricted rooting volumes
produced smaller trunks, shorter shoots, and lower leaf areas than those growing in field
soil; despite irrigation and the fertilisers provided being sufficient for their growth [33].
The effects of reduced substrate volume on plant growth and coverage may also be more
pronounced during hot summer periods, where façade plants are subject to prolonged
sunlight and extreme heat. Studies have suggested that plants grown in the larger rooting
volume outperform plants in the smaller rooting volume under abiotic stress [34,35]. For
climbing plants to provide effective cooling, they need to develop significant vegetation
coverage and volume of foliage [10,12]. However, a high temperature might adversely
affect plant development and could lead to foliage loss, even when water is not limited; for
example, birch trees dropped 33% of leaves under heat stress [36]. Therefore, to determine
the effects of rooting volume on façade growth and coverage in the first growing season, we
undertook an experiment where two climbing plant species with different growth strategies
were grown in three different rooting volumes (the only differentiator being container
depth and not container surface area). We designed a study to answer two hypotheses,
namlely: (1) restriction of rooting volume will limit plant biomass growth and rate of wall
coverage even when water and nutrients are not limiting, and (2) climbing plants grown
in greater rooting volumes will exhibit higher Fv/Fm than the ones in the smaller rooting
volumes under heat stress.

2. Materials and Methods
2.1. Plant Materials and Growing Conditions

Two widely-used green façade climbing plant species with different growth rates
were selected for this study, namely Akebia quinata (Chocolate Vine) and Pandorea pandorana



Land 2021, 10, 1281 3 of 13

(Wonga Wonga Vine). Akebia quinata is a semi-deciduous twining climber with a medium
growth rate that can reach up to 12 m in height by climbing trees [37], and is widely
distributed throughout East Asia, including in China, Japan, and Korea [38]. In contrast,
the second species, Pandorea pandorana, is a fast-growing evergreen twining climber that can
reach up to 10 m in height at maturity [39], and is widespread throughout Australia [40].
There is no published information on the root growth habits of either of these climbing
plant species.

Twelve uniform seedlings of both species (24 plants in total) were purchased from a
commercial nursery (140 mm pot size, Evergreen Nursery, South Silvan, Victoria, Australia)
and were transplanted into containers (Heavy duty crates, Ki-tab, Bell Dies, Sydney,
Australia) with three different volumes in September 2017. These containers had the
same length and width (370 mm long × 550 mm wide), but different depths and, as such,
different volumes, namely, 21 L (103 mm deep), 42 L (206 mm deep), and 63 L (309 mm
deep). A Scoria-based substrate was used in this experiment, which comprised of Scoria
7mm aggregate (20% v/v), Scoria 8 mm minus that includes fines (60% v/v), and horticultural
grade coir (20% v/v). The water holding capacity and the bulk density of the substrate are
46% and 1.26 g cm−3, respectively [41].

In the nursery at the Burnley Campus, University of Melbourne, 24 climbing plants
were grown on stainless steel façade supports on a north–south orientated wall. While
these species can reach 10-12 m high at maturity, this height was not expected in the first
growing season, especially when growing in limited rooting volumes. The supporting
wall comprised three sections, each 6 m (W) by 2.4 m (H). The height of the existing wall
was 2.4 m, which is the standard height of a building storey according to the Australian
Building Code. On each side of the wall (east and west aspect), 12 sections of stainless-
steel mesh (1.45 m (W) by 1.95 m (H); mesh size: 200 mm × 340 mm) were attached at a
distance of 0.1 m from the wall and 0.45 m above the ground. This meant the plants had
a 1.95 m structure to climb, which was sufficient during the establishment period, as the
plants did not exceed the height of the structure. The experiment was a fully-randomised
design, with six climbing plants of both species on east-facing and west-facing aspects
of the same wall (n = 12, per species). Each species had at least three replicates for each
rooting volume treatment. Two climate stations with data loggers (CR1000, Campbell
Scientific Inc., Queensland, Australia) were used, one on the eastern aspect and one on
the western aspect. These climate stations continuously recorded the irradiance (CS300
Pyranometer, Apogee Instruments Inc., Logan, UT, USA), ambient air temperature, and
humidity (HMP60 Temperature and Relative Humidity Sensor, Vaisala, Helsinki, Finland).
The mean values for 1-h intervals were calculated.

The fertiliser and irrigation amounts were applied according to the rooting volume of
each container, based on the standardised approach to grow containerised plants [42]. In
other words, the fertiliser and irrigation applied to the 21 L rooting volume were one-third
of that applied to the 63 L rooting volume. Slow release fertiliser (NPK 15.4-3.5-8.9 + trace
element) (Macracote Coloniser Plus, Langley Fertilizers, Western Australia, Australia) was
applied at a rate of 3.0 kg m−3 substrate (within the recommended range of application
rate 2.5 to 5.5 kg m−3) to all rooting volume treatments at the beginning of the experiment.
Irrigation was applied using drippers, at a flow rate at 0.5 L min−1 for each dripper. Two,
four, and six drippers were installed for 21 L, 42 L, and 63 L rooting volumes, respectively.
To maintain well-watered conditions, irrigation was applied twice daily (07:00 a.m. and
17:00 p.m.) from September to November (spring) and three times daily (07:30 a.m.,
14:30 p.m., and 19:30 p.m.) from December to March (summer), for 2 min each time. Daily
irrigation supplies were 4 L, 8 L, and 12 L during spring, and 6 L, 12 L, and 18 L during
summer for the three rooting volumes, respectively (21 L, 42 L, and 63 L). These irrigation
volumes ensured that all three different rooting volumes were irrigated to field capacity,
and the excess water was drained away after each irrigation event. All of the climbing
plants were well-watered throughout the experiment and did not show signs of water
deficit (as indicated by high leaf water potentials) [43].
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2.2. Plant Growth and Canopy Cover Measurements

Canopy cover was measured every two months (two, four, and six months), using
a high-resolution (2760 × 4912 pixels) digital camera to take photographs of each green
façade at a fixed distance (1.9 m) and a fixed height (0.9 m) using a tripod. Photographs
were taken on cloudy days with diffuse light conditions. Digital image analysis was
performed to calculate the percentage of wall coverage. The background wall and climbing
support were removed from the images manually using PhotoFiltre 7 (freeware, Antonio
Da Cruz), and colour images of plants were then converted into binary images (black pixels
only) to calculate the area of canopy cover in pixels with Image J (free software for image
processing and analysis in Java) (Figure 1). Percentage coverage was the percentage of the
area covered by plants to the area of wall (1.45 m (W) × 1.95 m (H)).
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Figure 1. Image processed for measuring percentage wall coverage. The binary image (black pixels)
of the same individual was used to calculate the percentage wall coverage. Red outline indicates
the area of the wall (1.45 m (W) × 1.95 m (H)) that was examined to determine the percentage
wall coverage.

The climbing plants in all rooting volume treatments were harvested in March 2018
(six months after the experiment commenced), and all plants were separated into leaves,
stems, and roots. Leaf area was measured on a sub-sample of leaves (10% of total fresh
weight). The projected leaf area (one side of the leaves) was measured using a leaf area
meter (LI-3100C Area Meter, LI-COR Inc., Lincoln, NE, USA). The whole root system was
excavated and cut into smaller pieces while washing away the substrate. Plant parts were
oven dried (70 ◦C) for a week to obtain a dry total biomass. From these measurements, the
mean values of the specific leaf area (SLA; the ratio of leaf area to leaf dry mass) and the
shoot/root ratio were calculated.

2.3. Chlorophyll Fluorescence

Chlorophyll fluorescence is a commonly used indicator of plant stress, including
extremes of temperature and light intensity [44,45]. The ratio of variable (Fv = Fm − Fo)
to maximal (Fm) fluorescence of the dark-adapted leaves was measured with a portable
chlorophyll fluorometer (FMS2+ Field Fluorescence Monitoring System, Hansatech Instru-
ments), because of its rapid determination of changes in the maximum quantum efficiency
of PSII photochemistry when plants are under stress [46]. The ratio of variable to maximum
fluorescence (Fv/Fm) was recorded on three fully expanded mature leaves after dark adap-
tion for 20 min. Measurements were conducted at 10:00 a.m., 13:00 p.m., and 16:00 p.m.,
on a hot sunny summer day.
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2.4. Statistical Analysis

Back-transformation was applied to the percentage wall coverage, total biomass, and
total leaf area in order to ensure univariate normality before data analysis. Linear mixed
models were performed in GenStat 16 (2013, VSN International Ltd., Hemel Hempstead,
UK), and the least significant difference (LSD at p ≤ 0.05) was applied to assess the
differences among pairs of treatment means within both climbing plant species. We also
tested significant differences between east- and west-facing aspects for all of the variables.
If the differences were insignificant, data were combined from both aspects; if significant,
data were kept separate (e.g., chlorophyll fluorescence).

3. Results
3.1. Climbing Plant Coverage and Growth Response to Different Rooting Volumes

Rooting volume had no significant effect on the percentage wall coverage of either
climbing plant species in the first two months after transplanting (Figure 2). However,
after four months of growth, the percentage wall coverage of P. pandorana was significantly
greater for plants with a volume of 42 L (+267.4%) or 63 L (+246.7%) compared to 21 L
(p < 0.05). In contrast, there were no significant differences in percentage wall coverage of
A. quinata compared with the three rooting volume treatments after four months of growth.
It was not until after six months of growth that the percentage wall coverage of A. quinata
was significantly greater (+85.7% and +105.6%) in 42 L or 63 L rooting volumes compared
to 21 L (p < 0.05). Similarly, the percentage wall coverage of P. pandorana was significantly
greater when grown in 42 (+104.2%) or 63 L (+138.3%) compared to 21 L (p < 0.001).
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Figure 2. Percentage wall coverage of Akebia quinata (a,c) and Pandorea pandorana (b,d) grown in three
different rooting volumes after two, four, and six months of growth after transplanting. Values are
means ± SE.
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The biomass growth of both climbing plants was strongly affected by the rooting
volume (p < 0.001) (Figure 3a). The total biomass of A. quinata and P. pandorana more
than doubled (+107% and +141%, respectively) when grown in 42 L or 63 L compared
with 21 L. However, there was no significant difference in the biomass of either climbing
plant species for the plants grown in 42 L and 63 L rooting volumes. After six months
of growth, P. pandorana had more than double the biomass of A. quinata under the same
rooting volume treatments.

Land 2021, 10, x FOR PEER REVIEW  6  of  13 
 

   
(c)  (d) 

Figure 2. Percentage wall coverage of Akebia quinata (a,c) and Pandorea pandorana (b,d) grown in three different rooting 

volumes after two, four, and six months of growth after transplanting. Values are means ± SE. 

The biomass growth of both climbing plants was strongly affected by  the  rooting 

volume (p < 0.001) (Figure 3a). The total biomass of A. quinata and P. pandorana more than 

doubled (+107% and +141%, respectively) when grown in 42 L or 63 L compared with 21 

L. However, there was no significant difference in the biomass of either climbing plant 

species for the plants grown in 42 L and 63 L rooting volumes. After six months of growth, 

P. pandorana had more than double the biomass of A. quinata under the same rooting vol‐

ume treatments. 

Shoot/root biomass allocation was unaffected by rooting volume, with no significant 

differences for either climbing plant species (Figure 3b). However, between the two spe‐

cies, P. pandorana allocated more biomass to shoots than A. quinata for all of the rooting 

volume treatments. 

   
(a)  (b) 

Figure 3. Average total biomass (a) and average shoot/root ratio (b) of Akebia quinata and Pandorea pandorana plants grown 

in three different rooting volumes after six months of growth. Values are means ± SE. Different letters represent significant 

differences within species, p < 0.001; lowercase, Akebia quinata; capital, Pandorea pandorana. 

The total leaf areas of A. quinata (p < 0.01) and P. pandorana (p < 0.001) were also sig‐

nificantly affected by the rooting volume (Figure 4a). Both climbing plant species at least 

doubled their  leaf area when grown in 42 L compared to 21 L. However, there was no 

significant increase in leaf area of either climbing plant species between plants grown in 

42 L and 63 L rooting volumes. P. pandorana had a two‐ or three‐fold greater leaf area than 

A. quinata, regardless of rooting volume. Similarly, SLA increased significantly with in‐

creasing the rooting volume for both species (p < 0.001) (Figure 4b). SLA increased from 

0

5

10

15

20

25

30

35

40

45

50

55

Nov Jan Mar

P
er

ce
nt

ag
e 

co
ve

ra
ge

 (
%

)

63 L

42 L

21 L

2                       4                      6

Months after transplanting

*

0

5

10

15

20

25

30

35

40

45

50

55

Nov Jan Mar

P
er

ce
nt

ag
e 

co
ve

ra
ge

 (
%

)

63 L

42 L

21 L

2                       4                      6

Months after transplanting

*

**

*, p < 0.05
**, p < 0.001

0

500

1000

1500

2000

2500

21 L 42 L 63 L

T
ot

al
 b

io
m

as
s 

(g
)

Rooting volumes

a

A b
b

B
B

0

1

2

3

4

5

6

21 L 42 L 63 L
S

ho
ot

 r
oo

t 
ra

ti
o

Rooting volumes

Akebia quinata

Pandorea pandorana

a a a

A

A

A

Figure 3. Average total biomass (a) and average shoot/root ratio (b) of Akebia quinata and Pandorea pandorana plants grown
in three different rooting volumes after six months of growth. Values are means ± SE. Different letters represent significant
differences within species, p < 0.001; lowercase, Akebia quinata; capital, Pandorea pandorana.

Shoot/root biomass allocation was unaffected by rooting volume, with no significant
differences for either climbing plant species (Figure 3b). However, between the two
species, P. pandorana allocated more biomass to shoots than A. quinata for all of the rooting
volume treatments.

The total leaf areas of A. quinata (p < 0.01) and P. pandorana (p < 0.001) were also
significantly affected by the rooting volume (Figure 4a). Both climbing plant species at
least doubled their leaf area when grown in 42 L compared to 21 L. However, there was
no significant increase in leaf area of either climbing plant species between plants grown
in 42 L and 63 L rooting volumes. P. pandorana had a two- or three-fold greater leaf area
than A. quinata, regardless of rooting volume. Similarly, SLA increased significantly with
increasing the rooting volume for both species (p < 0.001) (Figure 4b). SLA increased from
74 to 95 cm2 g−1 for A. quinata and from 69 to 98 cm2 g−1 for P. pandorana grown in 21 L
and 63 L, respectively.
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Figure 4. Average total leaf area (a) and average specific leaf area (SLA) (b) of Akebia quinata and Pandorea pandorana grown
in three different rooting volumes after six months of growth. Values are means ± SE. Different letters represent significant
differences within species, p < 0.001; lowercase, Akebia quinata; capital, Pandorea pandorana.
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3.2. Effects of Air Temperature and Solar Radiation on the Fv/Fm Ratio of Climbing Plants

On a hot sunny day, on the west-facing aspect, the air temperature peaked at ap-
proximately 40 ◦C in the late afternoon and solar radiation peaked above 900 W m−2

(14:00 p.m.; Figure 5b), whereas on the east-facing aspect, the ambient air temperature
reached a maximum of 37 ◦C at midday and the solar radiation reached a maximum of
757 W m−2 (Figure 5a).
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Figure 5. Daytime changes of air temperature and solar radiation of east-facing (a) and west-facing façades (b) on a clear
summer day in March 2018. Variation of the Fv/Fm ratio of Akebia quinata (c,d) and Pandorea pandorana (e,f) grown in
different rooting volumes in response to the changes of air temperature and solar radiation. Values are means ± SE for three
different leaves.

For both climbing plant species, there was no significant effect of rooting volume on
the Fv/Fm ratio (maximum potential quantum yield of PSII) on either side of the wall at
any time of day (Figure 5c–f). However, on the hotter west-facing side, the Fv/Fm ratios
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of both climbing plant species were significantly lower in the late afternoon (16:00 p.m.;
Figure 5d,f) (p < 0.001). On the west side of the wall, the Fv/Fm ratio decreased to a greater
extent between 10:00 a.m. and 16:00 p.m. in P. pandorana (+49% to +64%) (Figure 5f)
compared with A. quinata (+40 to +46%) (Figure 5d). In contrast, on the east-facing aspect,
the Fv/Fm ratio did not change significantly during the day as the air temperature and solar
radiation changed.

4. Discussion

We evaluated the effects of rooting volume (the only differentiator being container
depth and not container surface area) on the growth, coverage, and thermal tolerance of
two climbing plant species in their first growing season. As the container surface area was
constant among all three rooting volumes in this study, the morphological and physiologi-
cal responses of climbing to rooting volume differences indicated sensitivity to changes in
the rooting depth. We hypothesised that restriction of the rooting volume will limit plant
biomass growth and rate of wall coverage while supply of water and nutrients are not
limited. Our study showed that plant growth and coverage of A. quinata and P. pandorana
can be significantly reduced by small rooting volumes. In general, plants grown in re-
stricted rooting volumes have reduced shoot and root growth compared with unrestricted
plants [31]. As woody climbing species tend to develop deep root systems [27,28], the
small rooting volume (21 L, 103 mm deep) may impose physical limitations on the growth
of roots and subsequently restrict the shoot growth [47].

Providing a greater rooting volume led to a significant increase in biomass and area
coverage increase in both climbing plant species, which is likely due to the higher water
and nutrient availability in greater rooting volumes in order to facilitate plant growth [48].
Although a clustering habit of branches and foliage was observed in this study, this did
not hinder plant growth. At the top of the supporting wall, branches of climbing plants
spread horizontally and developed thicker foliage layers. Therefore, biomass growth and
foliage development were not suppressed during the first growing season. Interestingly, a
significant wall coverage response to greater rooting volumes was evident earlier for the
faster growing species P. pandorana than for the slower growing species, A. quinata. Faster
growing species can exhibit a more effective forage behaviour to acquire more water and
nutrients for plant growth, and thus achieve higher growth rate [49]. It can therefore be
assumed that both 42 L and 63 L rooting volumes provided sufficient resources to support
the growth of these two climbing plant species for six months after transplanting. On the
other hand, our results suggested that the smallest rooting volume was not suitable to grow
climbing plants for indirect green façades due to the restriction of plant growth and cover.

Percentage wall coverage of façade plants has been reported as the key trait to deter-
mine the cooling effect that contributes to the thermal performance and energy savings
of buildings [13,50]. At the end of this experiment, approximately one quarter and half of
the wall areas were covered by A. quinata and P. pandorana, respectively, in both 42 L and
63 L rooting volumes. According to the relationship between the percent wall coverage
and wall surface temperature reduction (WTR) investigated by Koyama et al., 2013 [13],
we estimated that WTRs were 3.7 and 4.3 ◦C for A. quinata, and 8.3 and 9.6 ◦C for P.
pandorana with 42 L and 63 L rooting volumes, respectively. Therefore, in this study, the
rooting volume of 42 L appeared to be adequate for wall coverage and growth in the first
growing season, considering there was no significant additional benefit from providing
a 63 L rooting volume, as well as the associated economic costs and benefits of indirect
green façades.

In our study, the approximate vegetation wall coverage was 1.3 m2 for P. pandorana
and 0.6 m2 for A. quinata at the end of six months, when grown in the larger 63 L rooting
volume (data not shown). Therefore, for every cubic metre of rooting volume, P. pandorana
could achieve 21.3 m2 of wall coverage in six months. Whereas, A. quinata could achieve
10.2 m2 of wall coverage in six months per cubic metre of rooting volume. Nevertheless,
these expectations are subject to the vigour and growth of the species and will change over
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time. This does not indicate the final coverage of these species. The ratio of rooting volume
to canopy coverage for planting trees in urban areas has been studied [51]. However, for
green façade climbing plants, no previous research has investigated the ratio of rooting
volume to vegetation wall coverage.

For both climbing plant species, SLA increased with the increasing rooting volume,
which is consistent with a previous study. Research showed that euonymus (E. kiautschovica
Loes. “Sieboldiana”) plants maintained a lower SLA than those in larger containers [26].
This is likely due to increased resource availability in greater rooting volumes as the plants
from higher rainfall or nutrient-rich soils tend to have a higher SLA [52]. On the other
hand, SLA is positively correlated to relative growth rate (RGR) in woody plants [53]. This
may help explain the result that both climbing plant species grown in the smallest rooting
volume had a relatively lower growth rate and SLA compared with those in the greater
rooting volumes.

Despite the increased percentage wall coverage, biomass, and leaf area with the
increased rooting volume, the allocation of biomass to shoots and roots (shoot/root ratio)
was unaffected by the rooting volume. When the roots are confined in a container that
restrains their development, the roots compete for essential resources [31]. With respect to
the shoot/root ratio, increases in the top biomass were linearly correlated with increasing
pot sizes in some woody plants, including Ilex cornuta Lindl. and Paxton, Euonymus
japonica Thunb., Rhododendron x sp. [54], and Syzygium samarangense (Bl.) Merr. and
Perry [25]. In contrast, other studies have demonstrated that the shoot/root ratio remaine
constant as the rooting volume changed for various plant species, such as peach (Prunus
persica) [55], cucumber (Cucumis sativus) [56], soybean (Glycine max (L.) Merr.) [57], salvia
(Salvia splendens) [58], and euonymus (Euonymus kiautschovica Loes. “Sieboldiana”) [26]. In
addition, it has been reported that woody plants might be able to maintain a balance in root
and shoot growth in stable environments as an adaptive mechanism to varying rooting
volumes [26,59]. This is consistent with our study and may be because the provision
of water and nutrients was not limited in our study, which may be the reason biomass
allocation did not change among the different rooting volumes.

In contrast with our second hypothesis, climbing plants grown in the greater rooting
volume did not show a higher Fv/Fm than the ones in the smaller rooting volumes under
heat stress. Regardless of rooting volume, there was a significant decrease in Fv/Fm
observed in both climbing plants exposed to high ambient air temperature and high solar
radiance on the west-facing aspect. During our study period, the highest ambient air
temperature recorded was around 40 ◦C in the late afternoon. Presumably, the decline in
the Fv/Fm ratio under heat stress might be a result of partly reversible inactivation of the
PS II reaction centre [45,60]. A decrease in the Fv/Fm ratio of oak trees was observed when
the air temperature rose above 36 ◦C, which caused a temporary heat-stress-dependent
reduction of the leaf photosynthesis [61]. In addition, research has indicated that water bath
temperature around 60 ◦C led to almost complete inactivation of the PS II reaction centre in
spinach and rice chloroplasts [45]. However, the decline in the Fv/Fm ratio recorded was not
associated with a decrease in either plant biomass or leaf development. Although we did
not measure the Fv/Fm ratio of the same leaves the next day, it is likely that both climbing
species on the west-facing aspect had recovered from heat stress after the temperature
dropped at night.

This study focused mainly on the influence of rooting volume on the above-ground
growth and coverage of two climbing plant species. Although the rooting behaviour
of the two climbing plant species was not investigated in our study, it could be sug-
gested that the root growth of the two climbing plant species was not limited by 42 L
(370 mm (L) × 550 mm (W) × 206 mm (D)) or 63 L (370 mm (L) × 550 mm (W) × 309 mm (D))
rooting volumes during the first growing season. According to Wang et al., 2001 [33], dur-
ing the first year, root growth of Kyoho grapevines were not adversely affected by the
restricted rooting volume, i.e., 50 L (500 mm long, 500 mm wide, and 200 mm deep). While
we investigated the shoot/root allocation, further studies should be undertaken to assess
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the influence of limited rooting volume on root development (e.g., root density, rooting
depth, and root length), as well as the long-term effects of several years on the growth and
coverage of climbing plant species.

5. Conclusions

The aim of this study was to evaluate the effect of rooting volume on initial growth,
coverage, and thermal tolerance of climbing plants for indirect green façades. Our study
showed that the rooting volume affected the development of A. quinata and P. pandorana
over the six-month period of the experiment. Significant increases in percentage wall
coverage, total biomass, and leaf area of both plant species were observed in 42 L or
63 L rooting volume treatments compared with those planted in the 21 L rooting volume.
Interestingly, a significant wall coverage response to greater rooting volumes was evident
earlier for the faster growing species, P. pandorana (after four-month growth), than for the
slower growing species, A. quinata (after six-month growth). In addition, the building wall
area that these climbing plant species can cover when planted in to 1.0 m3 rooting volume
was identified. During the first growing season, P. pandorana could provide 21.3 m2 of
wall coverage, and A. quinata could achieve 10.2 m2 of wall coverage per cubic metre of
rooting volume.

The SLA of both climbing plant species increased as the rooting volume increased;
yet no significant difference was evident in the shoot/root ratio of either species across all
rooting volume treatments. However, there were no significant differences in plant growth
and coverage of either climbing plant species planted in 42 L and 63 L rooting volumes.
On the other hand, the greater rooting volume did not further assist either climbing plant
species under the heat stress condition. A significant decline in Fv/Fm was observed in
both climbing plants across all rooting volume treatments when exposed to high ambient
air temperature and high solar radiance on the west-facing aspect in the late afternoon
on a hot and dry summer day. Taken together, in this study, these results suggested that,
for a wall area of 2.8 m2, these findings indicate that both 42 L and 63 L rooting volumes
can provide sufficient resources to support the growth of both slower- and faster-growing
climbing plant species during the first growing season for their establishments. Therefore,
it could be suggested that, with a wall area of 2.8 m2, a 42 L rooting volume is adequate to
support the plant growth and coverage of indirect green façades during the first growing
season, as the 63 L rooting volume did not yield a material benefit when factoring in the
associated economic costs and benefits of indirect green façades. While it could be expected
that shallow rooting volumes would restrict climbing plant growth in this study, the effects
differed according to the plant growth strategies. As both A. quinata (slower-growing) and
P. pandorana (faster-growing) are commonly used climber species for green façades, their
growth responses to different rooting volumes reflect different resource-use strategies, and
are useful for assisting green façade design and plant selection for species with similar
growth rates. To a large extent, the potential benefits of green façades depend on good
plant coverage and growth. This is particularly true for containerised indirect green façades
that are critically dependent on a sufficient rooting volume. Therefore, to ensure the health
and performance of green façade climbing plants in the long-term, larger rooting volumes
should be recommended.
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