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= increased amounts of rice hulls in the substrate mixture had a significant effect on reducing bulk density up to 24%, increasing organic matter
content up to 67%, and maximum water holding capacity (WHC) of the substrate, but also had the lowest volumetric moisture values in the field

measurements due to increased porosity and permeability of the substrate;

= substrate mixtures with higher rice hull content experienced greater temperature fluctuations during the study period, which have resulted in
increased plant mortality and stress for certain plant species during the study;

= as the organic part of the substrate, rice hulls caused a decrease on the salinity of the substrate by about 28% and and provided higher survival rates
and lower stress levels for most of the plant species;

= rice hulls may have potential for use in the green roof substrates, mainly due to their low bulk density, lower salinity and resistance to degradation,
which may also lead to a reduction in the environmental impact of green roof construction.
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Abstract. The use of waste and locally available materials could improve the sustainability of green roofs.
Therefore, a study was conducted to evaluate the potential of a rice hulls in the organic and inorganic por-
tion of green roof substrates. Three substrate mixtures were prepared at the site by mixing locally available
materials. The substrate mixtures were designated as RPZV (rice hulls 6:1; pumice and zeolite mixture 2:1; ver-
micompost 2:1 by volume), PZR (rice hulls 2:1; pumice and zeolite 8:1), and PZV (pumice and zeolite 8:1; ver-
micompost 2:1). Measurements were performed including plant growth index, chlorophyll fluorescence, bio-
mass accumulation on native and exotic plant species. Increased amounts of rice hulls in the substrate mixture
had a significant effect on reducing bulk density up to 24%, increasing organic matter content up to 67% and
maximum water holding capacity (WHC) of the substrate, but also had the lowest volumetric moisture values
in the field measurements due to increased porosity and permeability of the substrate. Adversely, substrate
mixtures with higher rice hull content experienced greater temperature fluctuations during the study period,
which have resulted in increased plant mortality and stress for certain plant species during the study. As the
organic part of the substrate, rice hulls caused a decrease on the salinity of the substrate by about 28% and
provided higher survival rates and lower stress levels for A.schoenoprasum, C.creticus, L.spectabilis, D.chinensis
and Sedum species. The results of the study suggested that, rice hulls may have the potential to be used in
appropriate proportions due to their low bulk density, low salinity and resistance to degradation, leading to a
reduction in the environmental impact of green roof construction.
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1. Introduction

The importance of green roofs in urban areas is increasing
due to their ability to reduce runoff (Zhang et al,, 2021;
Leite & Antunes, 2023), mitigate the urban heat island ef-
fect Jamei et al., 2023), sequester carbon (Perillo et al.,
2023) and provide wildlife habitat (Benedito Dura et al,
2023).

Green roofs substrates consist of organic and inorgan-
ic portions (Getter & Rowe, 2006; Vijayaraghavan et al.,
2019). The inorganic portion is primarily responsible for
the structure and stability of the substrate while the or-
ganic portion is responsible for plant nutrition and wa-
ter retention. Most of the benefits of green roofs depend

on the substrate and the plants (Lundholm et al., 2010).
Substrate type and depth affect the water holding capac-
ity and nutrients needed by plants for growth, drainage,
evaporation, and weight of the roof (Ampim et al,, 2010;
Conn et al., 2020).

Substrate materials can be produced from a variety of
sources using different manufacturing techniques such as
mining, thermal expansion, or other energy-intensive pro-
cesses (Ampim et al., 2010; Young et al,, 2014). Moreover,
as stated by Nagase and Dunnett (2011), engineered sub-
strates often imported from far away, and sometimes even
from overseas which is expensive and not environmen-
tal friendly. In that regard, implementing locally available
or recycled materials could provide benefits to implement
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a sustainable green roof, by reducing embedded energy,
transportation costs or carbon footprint of the green roof
materials, benefiting both environmental and economic
development (Getter & Rowe, 2006; Molineux et al., 2009;
Voyde et al., 2010; Krawczyk et al., 2017; Chen et al., 2018;
Xue & Farrell, 2020). Currently, there is growing interest in
the use of locally available materials in green roof systems.
However, still there's a limited knowledge and research
available about green roof substrates. Therefore, it is ob-
vious to perform several studies to acquire appropriate
information related to locally available materials.

Rice hull or husk is the coating on a seed or grain
of rice, usually considered a waste byproduct of the rice
milling and processing industry (Gomez & Robbins, 2011),
which is a readily available material due to extensive rice
cultivation in Turkiye (Akbasak & Koral, 2014) on approxi-
mately 130 thousand hectares, is mostly used as an agri-
cultural waste material to heat source or litter for livestock.

Rice hulls have a complex crystalline structure com-
posed of lignin and cellulose (Thiyageshwari et al., 2018;
Bazargan et al., 2020), contain significant amounts of silica
(Stroeven et al., 1999; Yalcin & Seving, 2001; Ndazi et al.,
2007) which makes rice hulls resistant to natural degrada-
tion (Meng et al., 2018). As a soil amendment, rice hulls
could contribute to reducing mineral fertilization inputs
(Singh et al.,, 2019), could be a substitute for expanded
perlite for the production of several ornamental species
(Bonaguro et al., 2017), positively influence plant height
and dry weight (Dueitt & Newman, 1994), minimize the
adverse effects of salinity (Kaniz & Khan, 2013), and re-
duce the weight of the substrates (Xiao et al.,, 2014). There-
fore, using rice husks in green roof substrates could be a
disposal method to reuse and reduce this waste product
(Liberalesso et al., 2021).

Therefore, as a locally available material the aim of this
study was to investigate the performance of rice hulls in
both organic and inorganic parts of green roof growing

Figure 1. Experimental setup of the study
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substrates on seven native and exotic plant species with
different structures and habitats.

2. Materials and methods

The study was conducted at the Istanbul University-Cer-
rahpasa Green Roof Research Project (IUCGRP) site be-
tween 15 May 2018 and 7 May 2019 in an open field.
The research site is located in the northern part of Istan-
bul in the Bahcekdy — Sariyer Region, 41.10°N, 28.59°E.
Plastic crates measuring 60x80 c¢cm (inner dimensions
55.5x75 c¢m; 0,05 m3 in volume) were placed on metal
benches, on top of a thermal insulation layer and each
crate replicated a typical extensive green roof. Each crate
was set at 1% slope along with the benches below and
a drainage hole was drilled from the lower side of the
slope to allow excess water to drain. The roofing layers
were installed directly in the plastic crates and consisted
of a moisture retention fleece (SSM45, Onduline Avrasya
A.S., Istanbul; Zinco Gmbh, Germany), a plastic drainage
mat (Maxidrain25, NetYapi, istanbul), filter sheet (TenCate
Polyfelt TS10, Koninkljke Ten Cate NV, Holland) and grow-
ing substrate.

The substrate mixtures are designated as RPZV, PZR
and PZV. The RPZV treatment consisted of 60% of raw
rice hulls (obtained from local farmers in Corum, Turkiye;
86-114 kg/m3) and 20% homogeneous mixture of pumice
(3-8 mm, Agac ve Peyzaj A.S., Istanbul Metropolitan Mu-
nicipality; 460 kg/m3), zeolite (clinoptilolite; 1.6-3 mm, Rota
Mining Inc., Istanbul; 640 kg/m3) and 20% of vermicom-
post (EkosolFarm, Manisa, Turkiye; 245 kg/m3) by volume
as the organic portion. Vermicompost is a locally available
and renewable material, obtained from the organic waste
digestion by earthworms (Aratjo de Almeida & Colombo,
2021). In PZR treatment, the organic portion of the sub-
strate consists of raw rice hulls with a ratio of 20% by
volume and the inorganic part consist of homogeneous
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mixture of pumice and zeolite. PZV treatment, formed
as a traditional mixture, consisted of 80% homogeneous
mixture of pumice and zeolite and 20% vermicompost by
volume (Figure 1). Each treatment was replicated three
times resulting in nine crates randomly distributed among
platforms plots and filled to 10 cm depth for each of the
substrate blends.

Seven plant species were tested in the study. Native
plant species included Allium schoenoprasum L., Cistus
criticus L., Stachys thirkei C.Koch, Sedum album L. and Se-
dum lydium Boiss. Exotic plant species tested in the study
were Lampranthus spectabilis (Haworth) N. E. Brown and
Dianthus chinensis L. Stachys thirkei seedlings were col-
lected as bare-rooted between September 29 — October 2
2016 from the slopes of the Istanbul University-Cerrahpasa
Research Forest in Bahgekdy (41°10'23.0" N, 29°00'46.8"
E). Cistus creticus was propagated from the seeds in the
greenhouse, which were collected from the same location
as the S.thirkei seedlings. Allium schoenoprasum was in
plastic pots (10.5x8x9.5 ¢cm), Sedum lydium and Sedum
album seedlings were in flats (5.5x5.5x7 cm x 48/flat) ob-
tained from Nergis Peyzaj (Nergis Peyzaj Nursery, Yalova,
Turkiye). Exotic plant species in the study including Lam-
pranthus spectabilis and Dianthus chinensis seedlings were
in pots (10.5x8x9.5 cm) obtained from Yesil Vadi Nursery,
Istanbul. Plugs were planted on May 15, 2018, 7.5 cm from
crate edges with three plants in a row and 10.0 cm apart,
resulting in five rows. Sedum species were planted in the
middle of all four plant species. Plants were randomly dis-
tributed in each crate and replicated three times, resulting
in 23 plants per crate, and 9 crates were randomly distrib-
uted at the site (Figure 1).

Weather data were continuously recorded at the study
site by an automated weather station (DeltaOhm HD2003
Three axis Ultrasonic Anemometer, Delta OHM S.r.L., Pa-
dova/ltaly, measurement accuracy +1 °C) and precipita-
tion measurements were collected using a rain gauge (Del-
taOhm HD 2003 tipping bucket, measurement accuracy
+1%).

Plant growth index (PGI) was calculated for each plant
by measuring plant height and width in two directions to
form a growth index [(L x W x W)/3] (Whittinghill & Rowe,
2011) at the time of planting. Ratio of variable fluores-
cence to maximum fluorescence (Fv/Fm) was measured by
attaching clips to randomly selected leaves of each plant
for a minimum of 20 min to provide the dark adaptation
(Getter et al, 2009) and using a chlorophyll fluorimeter
(Hansatech HandyPEA, Plant Efficiency Analyzer, Hansat-
ech Instruments Ltd., Norfolk, UK). Ratio of variable fluo-
rescence (Fv/Fm) demonstrates the indirect plant stress
measurement (Maxwell & Johnson, 2000; Pichakum & Pi-
chakum, 2021) and values below 0.600 are an indication of
plant stress (Ritchie, 2006). Biomass accumulation of plant
species was measured by obtaining plant dry weights at
the initiation and the end of the study. Initial dry weights
were obtained from three samples of each plant species.
Plants were removed from the substrate, separated into

roots (below-ground) and shoots (above-ground), washed,
and then dried for 144 h. at 60 °C. Biomass accumulation
was calculated as the difference between the mean initial
and final dry weights (Evanylo et al., 2008; Benvenuti &
Bacci, 2010). Substrate moisture content (VMC) was re-
corded at four points in each plot by inserting a Theta
probe (ML2x; Delta-T Devices, Ltd., Cambridge, UK) with
6.0 cm rods into the substrate. The Theta probe instrument
has a range of 0.0-1.0, with an accuracy of £0.01 m3.m™,
Substrate temperatures were also monitored between 27
March 2019 and 14 May 2019 at 30-min intervals by tem-
perature probe (Testo 0613 1212, Testo AG, Germany). At
the initiation of the study, substrate samples were taken by
using soil steel cores with a volume of 100 cm3 from each
plot and each substrate mixture was analyzed to deter-
mine particle size distribution, bulk density, maximum wa-
ter-holding capacity (WHC), pH, soluble salts and nutrient
content in laboratory setting (Istanbul University-Cerrahpa-
sa Faculty of Forestry Soil and Ecology Lab). Field measure-
ments were collected initially at the time of planting, then
once every three weeks for the duration of the study. All
plots were fertilized on the day of planting with controlled-
release fertilizer (Osmocote Exact, 15N+9P+11K,0+2MgO
5-month release, Everris International BV) at a rate of 6 g per
crate (11 g/m?) and watered to field capacity. Further irriga-
tion was performed to all plots during the following 15 days
for plant establishment and no further supplemental irriga-
tion was provided. All data were checked for normality prior
to analysis of variance by using the Kolmogorov-Smirnov
test (Minitab, Inc., State College, PA, Microsof Excel® 2016).
Significant differences among plots were analyzed by One-
Way ANOVA tests using Fisher's LSD comparison (Little &
Hills, 1978; Underwood, 1997).

3. Results

3.1. Weather conditions

During the study period, average monthly maximum and
minimum ambient air temperatures ranged from 6,09 °C
in February 2019 to 24.95 °C in August 2018. Mean ambi-
ent air temperatures were similar to the temperature data
obtained from the climate norms of the Turkish State Me-
teorological Service (2016). Exceptions were May 2018 and
March 2019, which were 4.26 °C and 2.00 °C warmer than
long-term records, respectively. Total precipitation was
1258.4 mm, which was 411.1 mm higher than the long-
term precipitation records. Differences in precipitation re-
cords occurred mostly in September, November and De-
cember 2018, which were above the climate normals. The
hottest day of the study period was July 23, 2018 when the
daily average ambient temperature reached up to 28.9 °C
and the hottest week of the study period was recorded
between August 5 and 11, 2018 with an average ambient
temperature of 25.4 °C. The heaviest rainfall occurred on
September 6, 2018 with a value of 73.9 mm. The longest
dry spell lasted for 18 days between June 30 and June July
16, 2018 (Figure 2).
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Figure 2. Weather conditions during the study period (May 15, 2018 and May 7, 2019): a) Monthly mean, maximum and
minimum air temperature and climate norms; b) monthly total precipitation; c) weekly ambient mean air temperature and
rainfall during the experiment. Local weather data were obtained from the Istanbul University-Cerrahpasa Green Roof Research

Project (IUCGRP) site. Long-term climate data (1950-2015) derived from the Turkish State Meteorological Service National
Weather Service database
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3.2. Substrate physical and chemical
properties

Among the substrate mixtures, the RPZV substrate had a
slightly higher finer particle content than the remaining
treatments (Table 1). RPZV had the lowest bulk density.
It contained the highest amount of organic matter and
had the highest maximum water holding capacity (WHC),
twice as much as the remaining substrates. In addition,
the soluble salt concentrations (measured as electrical
conductivity) of RPZV treatments were also higher. On the
contrary, PZV treatments had the highest bulk density and
nitrogen content. The maximum water holding capacity
(WHCQ) of PZV and PZR substrates were similar, but PZV
substrate had the lowest organic matter content among
the substrate mixtures. The lowest electrical conductivity
(EC) values were observed on PZR substrates (Table 1 and
Figure 3).

3.3. Substrate volumetric moisture content
(VMCQ)

Environmental conditions (rainfall, air temperature) and
substrate type influenced the volumetric moisture content
(VMC) of the substrates during the study period. Substrate
VMC was generally greater in PZV treatments (80% pumice
and zeolite + 20% vermicompost) than in RPZV (60% of
rice hulls + 20% pumice and zeolite + 20% vermicom-
post) or PZR (80% pumice and zeolite). Surprisingly, the
VMC measurements showed opposite results to the WHC
measurements in the laboratory. There was an inverse

Table 1. Substrate physical and chemical properties
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Figure 3. Particle size distribution of the substrate mixtures
in comparison with FLL Guidelines (grey field represents
left and right curve limits for single layer substrates of

FLL Guidelines / RPZV represents 60% of rice hulls + 20%
pumice and zeolite + 20% vermicompost; PZR represents
80% pumice and zeolite + 20% rice hulls; PZV represents
80% pumice and zeolite + 20% vermicompost, respectively)

relationship between RPZV and PZR treatments in terms
of VMC and WHC measurements, where RPZV had the
highest WHC in the laboratory setting but had the low-
est values in the field measurements. The same was true
for PZR and vice versa. In addition, the VMC of the RPZV
and PZR treatments were very similar throughout the

Bulk Density Organic Maximum
Characteristic > (dry w.elght atter Nitrogen EC WHC pH Silt-clay content
basis)
Unit > g/lt g/lt mag/L g (KCh/L % Vol pH Mass (%)
RPZV 165.00 38.08 44.4 0.60 326.13 6.9 3.9%
PZR 496.23 18.13 60.3 0.13 108.65 74 6.0%
Substrate
mixtures PZV 563.67 12.22 728 0.32 101.22 74 5.0%
FLL
- - <40 <80 <3,5 35-65 6.0-8.5 <10% by Mass
Guidelines*
NCR-13 Loss-on- Kjeldahl Saturated Paste |[ISO NCR-13 ASTM D6913/
1998 ignition? Method3 Method* 11461:2001> | 1998" D6913M-17°

Notes: Analysis performed by Istanbul University Faculty of Forestry Soil Ecology Laboratory, Istanbul, Tirkiye. WHC stands for Water Holding Capacity.
RPZV: Raw rice hulls (80%) and homogeneous mixture of pumice and zeolite (20%); PZR: Raw rice hulls (20%) and a homogenous mixture of pumice
and zeolite (80%); PZV: homogeneous mixture of pumice and zeolite (80%) and vermicompost (20%)

*Forschungsgesellschaft Landschaftsentiwicklung Landschaftsbau, 2008. FLL Guidelines are for single-course extensive green roofs.

"Brown, J. R. (1998). Recommended chemical soil test procedures for the North Central Region (No. 1001). Missouri Agricultural Experiment Station,

University of Missouri--Columbia.

2Loss-on-ignition pp. 57-58 from Recommended Chemical Soil Test Procedures for the North Central Region; J. R. Brown; North Central Regional

Research Publication No. 221; Revised January, 1998, pp. 57-58.

3Kjeldahl, J., Neue Methods zur Bestimmung des Stickstoffs in Organischen Korpern, Z. Anal. Chem. 22: 366-382 (1883).
4Saturated Paste Method, pp. 60-61 from Recommended Chemical Soil Test Procedures for the North Central Region; J. R. Brown; North Central

Regional Research Publication No. 221; Revised January, 1998.

51SO 11461:2001 Standart: Soil quality — Determination of soil water content as a volume fraction using coring sleeves: Gravimetric method.
6ASTM D6913/D6913M-17 Standard Test Methods for Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis.
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Figure 4. Mean volumetric moisture content of the substrate mixtures over the study period. (RPZV represents 60% of rice
hulls + 20% pumice and zeolite+ 20% vermicompost; PZR represents 80% pumice and zeolite + 20% rice hulls; PZV represents
80% pumice and zeolite + 20% vermicompost, respectively. Week 1 = 15-19 May 2018; Week 3 = 27-31 May 2018; Week 9 =
8-14 July 2018; Week 24 = 21-27 Oct 2018; Week 40 = 3-9 Feb 2019; Week 45; 10-16 Mar 2019)

study period. By week 9 (July 8-14, 2018), VMC values of
all substrate treatments were negatively affected by high
ambient temperature and limited rainfall, and VMC of all
substrate mixtures approached zero. By week 24 (October
21-27, 2018), VMC values of all substrate mixtures began
to increase due to an increase in rainfall. Differentiation in
VMC of PZV treatment among substrate mixtures became
evident after week 24 and continued until the end of the
study period (Figure 4).

3.4. Plant growth index

8 points in time (weeks 1, 3, 9, 14, 18, 24, 40 and 45) be-
tween 15 May 2018 and 16 March 2019 were chosen to
evaluate the plant growth in the different substrates. An
increase in PGl values of C.creticus and L.spectabilis was
observed until week 14 (August 12-18, 2018). Growth on
A.schoenoprasum continued until week 24. Sedum spe-
cies steadily increased in size throughout the study pe-

riod. Growth of D.chinensis and S.thirkei was not favorable
throughout the study period. There was a continuous de-
crease in plant growth after week 9, which continued until
the end of the study period (Table 2).

By week 3 (May 27-31, 2018), differences in PGI
values began to appear between treatments, with
A.schoenoprasum growing in PZV treatments expe-
rienced a nearly two-fold increase in size. By week
9 (July 8-14, 2018) similar growth was observed on
A.schoenoprasum grown in RPZV and PZV treatments
and through week 24 (October 21-27, 2018). The least
growth was observed on A.schoenoprasum growing in
PZR treatments. Although A.schoenoprasum exhibited
relatively slow growth in the PZR treatments, all plants
grown in the substrate mixes almost doubled in size.
By week 40 (February 3-9, 2019), there was a strong
decrease in plant growth due to the seasonal condi-
tions of winter. No plant mortality was observed on
A.schoenoprasum regardless of substrate type.

Table 2. Plant growth index over time of plant species in substrate mixtures

Weeks > n 1 3 9 14 18 24 40 45
A.schoenoprasum

RPZV 9 83 | Ad | 86 Bd | 132 | Ab | 140 | Ab | 140 | Ab | 167 | Aa 3.6 Ae | 111 Ac

PZR 9 62 | Bd | 64 | Ccd | 87 Bb | 11.1 Ba | 119 | Ba | 127 | Ba 2.5 Be 7.9 Bbc

Pzv 9 6.4 Be [ 11.5 | Ad 142 | Abc | 13.7 | Abc | 15.1 | Aab | 169 Aa 4.4 Af 124 Acd

C.creticus

RPZV 9 7.6 |Cabc| 9.2 Ba 9.6 | Bab | 99 Ba 32 Bd 44 | Bbcd | 42 | Bdc | 45 | Bbcd

PZR 9 87 | Bd | 91 | Bed | 9.7 |Bbed | 11.1 [ Babc | 11.7 | Aab | 125 | Aa | 128 | Aa | 134 Aa

PZV 9 93 | Abc | 12.6 | Aabc | 15.6 | Aab | 16.1 | Aa 6.5 | Abc | 7.7 | Abc | 80 | Abc | 87 Abc
D.chinensis

RPZV 9 85 | Ac | 127 | Aa | 111 | Aab | 99 | Abc | 1.1 Bd

PZR 9 87 | Ad | 100 | Bbc | 9.7 | Bbc | 112 | Aa | 10.1 | Ab | 103 | Ab 94 Ac 9.7 Abc

pPzv 9 8.7 Ac | 122 Aa 10.3 Bb 9.1 Ac
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End of Table 2

Weeks > n 3 9 14 18 24 40 | 45
L.spectabilis

RPZV 156 | Ae | 216 | Bd | 240 | Bed | 280 | Bc | 256 | Bed | 347 | Bb | 397 | Ba | 354 | Bab

PZR 165 | Aa | 176 | Ca | 170 | Ca | 171 | Ca | 158 | Ca | 159 | Ca | 153 | Ca | 160 | ca

PZV 163 | Af | 328 | Ae | 359 | Ade | 389 | Acd | 422 | Abc | 469 | Aab | 487 | Aa | 506 | Aa
S.album

RPZV 12 | 48 [ Bf | 69 | Be | 81 | Bde | 92 | Bcd | 98 | Boc | 107 | Bab | 114 | Ba | 120 | Ba

PZR 12 | 59 | Ae | 64 | Bde | 7.7 | Bcd | 86 | Boc | 85 | Bbc | 90 | Cab | 91 | Cab | 101 | Ca

PZV 12 | 57 |Abe | 96 | Ad | 118 | Ac | 124 | Abc | 127 | Abc | 148 | Aa | 135 | Aab | 143 | Aa
S.lydium

RPZV 12 [ 43 [Ad [ 78 [ Bc | 103 Bb | 121 | Ab | 143 | Aa | 141 | Ba | 148 | Aa | 153 | Aa

PZR 12 | 38 | Af | 56| Ce | 77 | cd | 96 | Bc | 101 | Boc | 11.1 | Cab | 107 | Babc | 119 | Ba

PZV 12 | 38 | Ad [ 116 | Ac | 131 | Ac | 131 | Ac | 158 | Aab | 171 | Aa | 153 | Ab | 167 | Aab
S.thirkei

RPZV 9 [ 82 | Aa | 93| Aa | 77 | Aa | 65 | Ab

PZR 9 | 91 | Aa| 23| Bb | 20 | Ab | 25 | Ab | 26 | Ab | 31 | Ab | 29 | Ab | 31 | Ab

PZV 9 | 104 | Aa | 119 | Aa | 63 | Ab | 39 | Ab

Notes: Plant growth index (PGI) was calculated for each species at each substrate type by averaging the three individual growth measurements
including plant height and two-dimensional width of seedlings.

Week 1 = 15-19 May 2018; Week 3 = 27-31 May 2018; Week 9 = 8-14 July 2018; Week 14 = 12-18 Aug 2018; Week 18 = 9-15 Sept 2018; Week 24 =
21-27 Oct 2018; Week 40 = 3-9 Feb 2019; Week 45; 10-16 Mar 2019.

Mean separation in rows and columns for each species by least significant difference (P = 0.05).

Uppercase letters in rows denote differences among species in individual substrates (n = 9).

Lowercase letters in columns denote comparisons among species over time within individual substrate types and species (n = 8).
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Figure 5. Mean absolute Plant Growth Index (PGI) over time of five plant species on substrate mixtures (the x-axis represents
weeks after initiation and the y-axis represents PGl values)



Differences in plant size between substrate treatments
became apparent after week 3 (May 27-31, 2018). C.creticus
growing in PZV treatments were significantly larger than
those growing in the remaining substrate mixtures by week
14 (August 12-18, 2018). By week 18 (September 9-15,
2018), there was a large decrease in plant growth in PZV
and RPZV treatments for C.creticus. By this week, six of the
C.creticus individuals in the RPZV treatments and five in the
PZV treatments had died. In contrast, plants grown in PZR
treatments continued their growth increase without any
mortalities until the end of the study period.

Week 18 (September 9-15, 2018) was a breaking point
for D.chinensis and all plants except those in the PZR treat-
ments failed to survive. Plants grown in PZR treatments
maintained their growth until the end of the study period.
Similar results were observed for S.thirkei, although plant
loss was earlier, occurring at week 14.

L.spectabilis and Sedum species (S.album and S.lydium)
growing in PZV treatments were larger than those in RPZV
and PZR treatments during the study period. Differences
in PGl values of L.spectabilis among substrate mixtures
were more distinctive. PGl values of L.spectabilis grown in
PZR treatments were stable throughout the study period
and four seedlings were reported as dead on this treat-
ment. No plant mortality was observed on the remaining
substrates. Moreover, both Sedum species survived on all
substrate treatments (Figure 5).
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3.5. Chlorophyll fluorescence

Initial Fv/Fm values of the plant species were below 0.700,
after transplantation regardless of the substrate type. The
Fv/Fm values of the plant species recovered rapidly by
week 3 (May 27-31, 2018) with the help of favorable envi-
ronmental conditions. However, a strong decrease in mean
Fv/Fm values was observed in all plant species in week 9
(July 8-14, 2018), which can be interpreted as an indication
of stress (Figure 6).

Among the plant species, mean Fv/Fm values of
A.schoenoprasum increased steadily throughout the study
period, reaching their peak Fv/Fm levels at week 40
when the lowest PGl was observed. The Fv/Fm values of
C.creticus correlated with the PGl values. By week 18 (Sep-
tember 9-15, 2018), there was a strong decrease in Fv/Fm
values of plants grown in PZV and RPZV treatments, while
there was very little evidence of stress in plants grown
in PZR treatments. The Fv/Fm values of D.chinensis and
S.thirkei followed the same pattern as the PGI values. Fv/
Fm values of surviving plants in PZR treatments were be-
low 0.6 for D.chinensis and 0.4 for S.thirkei, indicating plant
stress. Despite their stable growth pattern, Sedum species
experienced extreme stress in weeks 9 and 14. However,
this did not result in plant loss or growth suppression. In
addition, Fv/Fm values of L.spectabilis never reached up
to 0.600 during the study period despite its significant
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Figure 6. Mean Fv/Fm values of seven plant species over time (the x-axis represents weeks after initiation and the y-axis

represents Fv/Fm values observed on plant species)
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Table 3. Mean Fv/Fm values of plant species

Plant | >uPs- 1 3 9 14 18 24 40 45
trate
Aschoe | RPZV | 037 [£0.19] 052 [+025| 040 [+0.18| 0.65 [£0.15| 0.45 [+025| 0.60 [£0.09| 0.70 | +0.13| 066 | 0.08
nop- |PZR | 054 |+022| 0.50 | £0.16| 0.43 | +0.10| 0.62 | +0.10| 0.54 |+0.16| 0.61 | +0.19| 0.77 | +0.03| 0.65 | £0.07
rasum  [pzy | 067 | +0.06| 0.66 | £0.20 | 0.46 | +0.17| 045 | +021| 0.62 |+0.10| 0.72 | £0.07| 0.78 | +0.02| 0.65 | £0.08
RPZV | 0.58 |£0.18| 0.65 | +0.19| 0.46 | +030| 0.55 |+0.26| 0.25 | +0.38| 0.32 | +038| 0.32 |£0.38]| 0.17 | +0.27
ECCJSQ PZR | 0.56 |0.16| 0.48 | +0.11| 0.56 | +0.18| 0.71 |+0.08| 0.65 | +0.08| 0.62 |+0.17 | 0.63 | £0.07 | 057 | 0.12
PZV | 068 | £0.07| 0.80 | +0.05| 048 |+0.23| 043 |+0.27| 034 |+0.40| 035 |+042| 026 | +0.34| 032 | +0.38
~ |RPzv | 066 |£0.14| 0.62 |+022| 066 |+0.07| 060 |+0.27| 0.08 |£0.25| 0.09 [+0.26| 0.00 |+0.00| 0.08 | +0.24
S;hs‘lfs PZR | 0.60 |£0.16| 059 | +0.16| 0.59 |+0.19| 0.67 |£0.14| 057 |+0.25| 0.70 | +0.06 | 0.52 | £0.20| 0.46 | +0.15
PZV | 0.62 |£0.20| 0.78 | +0.05| 041 |+0.23| 0.28 |£0.19| 0.00 | +0.00| 0.00 |+0.00| 0.00 | £0.00| 0.00 | +0.00
RPZV | 0.28 |£0.08| 036 |+021| 030 |+0.12| 042 |+0.17 | 0.46 |+0.16| 047 |+0.12| 027 |£0.13| 026 | 0.16
i;lf’if;' PZR | 035 |+0.13| 029 | +0.18| 0.19 |+0.14| 030 |£0.14 | 034 |+024| 038 |+0.20| 037 |+0.20| 030 | +0.19
PZV | 037 |£0.14| 058 | +0.17 | 0.17 |+0.06| 0.14 |£0.15| 048 |+023 | 0.47 |+0.18| 046 |0.15| 048 | +0.16
RPZV | 024 |+0.12| 027 | +0.18| 0.10 |+0.06 | 0.35 |£0.21| 0.55 |+056 | 0.47 |+0.18| 0.52 | £0.15| 030 | +0.10
Salbum |[PZR | 027 |+0.13| 030 |£0.21| 023 |+021| 0.24 |+0.13 | 0.34 |£0.16 | 043 | +0.15 | 040 |+021]| 0.37 | £0.15
PZV | 032 |£0.13| 057 |+0.14 | 014 |+0.17| 023 |£0.20| 0.62 |+0.13 | 0.58 |+0.09 | 0.55 |+0.14 | 036 | 0,10
RPZV | 046 |+0.11| 041 |+028| 0.10 |0.09| 052 |+0.12 | 0.66 |+0.08 | 0.63 |+0.11| 053 |+0.17 | 043 | +0.15
Slydium [PZR | 049 |£0.08| 030 [+0.17 | 0.16 |£0.12] 0.36 |+0.12 | 0.43 |+0.13 | 0.50 [+0.14 | 0.55 |+0.15 | 0.43 | +0.14
PZV | 059 |+0.16 | 0.65 |+0.17 | 0.16 |+0.12| 020 |£0.25 | 0.69 |+0.07 | 0.68 |+0.11| 0.60 |£0.17 | 0.49 | +0.18
RPZV | 057 |+0.31| 044 |+037| 034 |+0.27| 0.50 |£0.38 | 0.00 |+0.00 | 0.00 |+0.00 | 0.00 |£0.00 | 0.00 | +0.00
Sthirkei |PZR | 0.54 |+024 | 0.12 |+0.24 | 033 |+030| 031 |+034 | 036 |+0.36| 041 |+0.39 | 029 |+035| 0.28 | +0.35
PZV | 060 |+0.14 | 074 |+0.13| 021 |0.23| 025 |+0.28 | 0.00 |+0.00 | 0.00 |+0.00 | 0.00 |+0.00 | 0.00 | +0.00

Notes: Chlorophyll fluorescence (Fv/Fm) was calculated for each species at each substrate type by averaging the three individual measurements. Week
1 = 15-19 May 2018; Week 3 = 27-31 May 2018; Week 9 = 8-14 July 2018; Week 14 = 12-18 Aug 2018; Week 18 = 9-15 Sept 2018; Week 24 = 21-27

Oct 2018; Week 40 = 3-9 Feb 2019; Week 45; 10-16 Mar 2019.

growth pattern in PZV and RPZV substrates. The maxi-
mum mean Fv/Fm value was recorded in PZV treatments
at week 3 (0.58) during the study (Table 3).

3.6. Biomass accumulation

Biomass accumulation of plant species was recorded sepa-
rately for roots and shoots at the beginning and the end
of the study. After the initial planting, the biomass accu-
mulation of A.schoenoprasum grown in PZV treatments
accumulated the total biomass (10.67). In contrast, the
lowest root: shoot ratio for A.schoenoprasum was calcu-
lated in RPZV treatments (0.25). C.creticus experienced a
twenty-six fold increase in total biomass accumulation in
PZV substrates from 0.78 g to 21.61 g (Table 4).
Moreover, C.creticus generated higher root and shoot
biomass in PZV treatments resulting in a lower root: shoot
ratio. In terms of root, shoot and total biomass accumu-
lation, L.spectabilis grown in PZV treatments was signifi-
cantly higher. Root: shoot ratios in RPZV and PZR treat-
ments were very similar whereas higher root: shoot ratios
were recorded in PZR treatments. Among the substrate
mixtures, S.album partitioned more growth to the root
system relative to shoots in PZV treatments, resulting in
a higher root: shoot ratio. The lowest root: shoot ratio for
S.album was observed in RPZV treatments. In addition, to-
tal biomass accumulation was also higher for S.album in
PZV treatments. The total biomass accumulation and the

lowest root: shoot ratio for S.lydium were higher in the PZV
substrate. Final biomass accumulation of D.chinensis and
S.thirkei in RPZV and PZV substrates could not be reported
due to plant mortality during the study.

4. Discussion

The results of the study showed that the increased amount
rice hulls had a significant impact on reducing the bulk
density of the substrate mixtures, which is consistent with
the findings of previous studies (Papafotiou et al., 2001;
Evans & Gachukia, 2007). The use of materials is often
limited by the bulk density of the substrate materials and
depth due to structural weight restrictions over existing
buildings (Van Mechelen, 2015; Shafique et al., 2018). The
bulk densities of the PZV and PZR substrates were higher
due to greater amounts of mineral content such as pum-
ice and zeolite and a limited amount of rice hull addition.
In addition, increased amount of rice hull content had a
positive effect on substrate organic matter (Linam et al.,
2023), which is also correlated with cation exchange ca-
pacity (CEC) (Lax et al.,, 1986).

In terms of the water retention ability of the substrate
mixtures, conflicting results were observed between mean
VMC and maximum WHC measurements. RPZV treatments
had the highest maximum WHC while PZV treatments had
the highest mean VMC during the study period. Although
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Table 4. Initial and final shoot and root dry weight biomass accumulation (g) and root: shoot ratios for plant species grown in
substrate mixtures (RPZV 60% rice hulls + 20% pumice and zeolite + 20% vermicompost; PZR 80% pumice and zeolite + 20%

rice hulls; PZV 80% pumice and zeolite + 20% vermicompost)

Root Shoot Total R:S Ratio
Substrate Plant
Initial Final Initial Final Initial Final Initial Final
D.chinensis 2.52 - 3.49 - 6.01 - 0.72 -
L.spectabilis 0.88 1.24 2.13 11.64 3.01 12.88 0.41 0.11
S.thirkei 0.44 - 1.36 - 1.80 - 0.32 -
RPZV A.schoenoprasum 0.34 1.42 0.29 5.61 0.63 7.03 1.17 0.25
C.creticus 034 2.94 0.44 3.68 0.78 6.62 0.77 0.80
S.album 0.32 0.60 0.50 0.98 0.82 1.58 0.64 0.61
S.lydium 0.35 0.22 0.33 0.32 0.68 0.54 1.06 0.69
D.chinensis 2.52 9.37 349 9.64 6.01 19.01 0.72 0.97
L.spectabilis 0.88 2.00 2.13 3.52 3.01 5.52 0.41 0.57
S.thirkei 0.44 043 1.36 0.87 1.80 1.30 0.32 0.49
PZR A.schoenoprasum 0.34 1.20 0.29 2.14 0.63 3.34 1.17 0.56
C.creticus 0.34 393 0.44 533 0.78 9.26 0.77 0.74
S.album 0.32 0.60 0.50 0.55 0.82 1.15 0.64 1.09
S.lydium 0.35 0.59 0.33 0.55 0.68 1.14 1.06 1.07
D.chinensis 2.52 - 3.49 - 6.01 - 0.72 -
L.spectabilis 0.88 736 2.13 51.55 3.01 58.91 0.41 0.14
S.thirkei 0.44 - 1.36 - 1.80 - 0.32 -
pzv A.schoenoprasum 0.34 3.77 0.29 6.90 0.63 10.67 1.17 0.55
C.creticus 0.34 6.63 0.44 14.98 0.78 21.61 0.77 0.44
S.album 0.32 1.05 0.50 0.58 0.82 1.63 0.64 1.81
S.lydium 0.35 0.55 033 0.90 0.68 1.45 1.06 0.61

both substrate mixtures contain the same amount of ver-
micompost and different proportions of pumice and zeo-
lite, the distinguishing component was the rice hulls in the
RPZV substrate. Previous studies have shown that the ad-
dition of rice hulls has an influence on increasing the total
and highly air-filled pore space (Evans & Gachukia, 2007;
Buck & Evans, 2010), which increases the porosity (Njoku
& Mbah, 2012; Liberalesso et al., 2021) and permeabil-
ity of the substrate mixtures by allowing excess water to
drain easily. Therefore, greater amount of rice hull content
caused an increase on porosity of the RPZV substrates,
which is negatively correlated with the water-holding ca-
pacity of substrates (Ondofio et al., 2015). Since water is
held in the pore space of the soil or growth medium by
capillary forces (Sims et al., 2016), low water holding forces
resulted in lower mean VMC in the RPZV substrate, despite
its higher maximum WHC measurement in the laboratory
setting. Furthermore, as reported by (Liberalesso et al.,
2021) natural rice husk has hydrophobic properties due
to its chemical composition, which reduces the water re-
tention capacity of the material in the substrate. In this re-
gard, the VMC values of PZR treatments were also limited
when rice hulls were designated as the organic portion of
the substrate. The lower water content of the substrate
resulted in a higher plant root: shoot ratio and more allo-
cation to roots due to the limited water status of the plant
(Gioannini et al., 2018). Furthermore, nitrogen concentra-
tion were also positively correlated with root allocation

(Lloret et al., 1999; Kanmegne et al., 2017), which may
have an influence on root allocation of several plant spe-
cies in PZR and PZV treatments. However, with only initial
substrate data, it is difficult to make such an inference.
Nevertheless, the lowest stress levels and the highest plant
survival rates were detected in PZR treatments.

On the contrary, the addition of vermicompost to the
PZV substrate allowed it to retain a greater volume of wa-
ter for a longer period of time due to its lower hydraulic
conductivity, as reported in a previous study (Matlock &
Rowe, 2017). The results of our study showed that ver-
micompost amendment positively influenced the nitro-
gen content of the PZV treatments (Jusselme et al., 2019),
which also positively influenced plant growth during the
study period due to its higher enzyme activity, and micro-
bial biomass, rich nutrient content and metabolic activ-
ity (Jusselme et al, 2019; Ramnarain et al., 2019) and soil
properties (Atiyeh et al., 2000). However, vermicompost
content in PZV and RPZV substrates have caused increas-
ing salinity levels in the substrate mixtures (Azarmi et al,,
2008), but also depending on the source of vermicom-
posting (Motamedi et al., 2022). On the contrary, the low-
est electrical conductivity (EC) values were observed when
organic portion of the substrate amended with rice hulls
(Gachukia & Evans, 2008; Kaniz & Khan, 2013).

Among tested plants in the study, drought tolerance
and survival ability of A.schoenoprasum were reported in
several studies (Egert & Tevini, 2002; Kohler, 2006; Nagase
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et al., 2013). Moreover, high leaf relative water content and
high percentage of open stomata bring most endurance
and high esthetic appeal to the plant which was reported
by (Pichakum & Pichakum, 2021). Thus, A.schoenoprasum
was well-adapted to the test environment, especially in
substrate mixtures amended with vermicompost (PZV)
where the least growth was observed in PZR treatments.
A.schoenoprasum grown in PZV substrates allocated great-
er biomass on roots and shoots, experienced less stress.
PZV substrates promoted higher growth for the plant.
Higher mean VMC of PZV substrate provided greater
moisture to the plants during dry periods, which turned
out as greater growth (Van Mechelen, 2015).

C.creticus is a small, semi-deciduous and aromatic
shrub (Cowling et al., 1996), that grows naturally in the
Mediterranean region (Amac, 2021). Cistus species can
adapt to stressful environments (Bartoli et al.,, 2014) by
partially avoiding drought through a marked reduction
of their transpirational surface through leaf abscission
during summer (Werner et al., 1999). However, C.creticus
is not a common plant for extensive green roofs. The
results of our study correspond to the findings of Schroll
et al. (2011) who reported that C.creticus suffered un-
der low irrigation, partly reflecting adaptive responses to
drought stress in 5 inch (212.5 cm) depth substrate in
Pacific Northwestern, US (Schroll et al., 2011). Drought
stress was prominent for C.creticus during dry periods
in 10 cm substrate depth, especially in RPZV and PZV
treatments throughout the study period. Furthermore,
C.creticus could not reached up to its regular growth
form as shrub or semi-shrub in shallow substrate depths,
as well. Even today, planted seedlings of C.creticus are
still alive in PZR substrates, but in smaller and herba-
ceous forms. Nevertheless, C.creticus plants in PZR treat-
ments (80% pumice+zeolite and 20% rice hulls) exhibited
slower but consistent growth and demonstrated slight
signs of stress, especially during dry periods resulting
in a high survival rate. This is also true for the S.thirkei
and D.chinensis species in the study. We were unable to
determine the exact cause, but it is likely that the low
salinity content (EC levels) of the PZR substrates played
a role. Susceptibility to soil salinity has been observed in
some Cistus species (C.monspeliensis) (Torrecillas et al.,
2003), as well as in D.chinensis (Zhang et al., 2019). Soil
salinity was also effective on the reduced chlorophyll
content and Fv/Fm ratio of S.byzantine, according to re-
search by Sharifi et al. (2021). Furthermore, as Nektarios
et al. (2011) suggest a requirement of 15 cm of substrate
depth for a similar genus, D.fruticosus. Therefore, it is as-
sumed that the substrate depth in the study may not be
sufficient for D.chinensis to withstand droughts.

Similarly, S.thirkei plants in our experiment did not
meet the desired parameters due to very low survival,
particularly during dry periods. Certain Stachys species
(such as S.byzantina and S.thirkei) are typically classified
as a well-suited plant species in green roof systems due
to their surface cooling (Blanusa et al,, 2013) and rainfall
retention abilities (Kemp et al., 2019). However, substrate

depth may have negatively affected the plant, as Dunnett
et al. (2008) indicated that substrate depth is an essential
factor for the growth and survival of S.byzantina in the
United Kingdom climate. However, rather than substrate
depth, substrate composition may have had a greater ef-
fect on the plant, as in a previous study (Eksi et al., 2020)
S.thirkei demonstrated a better growth pattern in a shal-
lower substrate of 8 cm.

L.spectabilis have been tested in several green roof
studies. As reported by Dvorak et al. (2013), L.spectabilis
showed acceptable growth in an 11.4 cm substrate with
a relatively lower survival rate of 56% in the subtropical
climate of Texas. In the Mediterranean climate of Greece,
Marouli et al. (2022) stated that L.spectabilis demonstrated
better growth and considerably better survival rate in sub-
strates deeper than 12 cm, which can benefit from deeper
growing media in a Mediterranean climate. However, in
another study conducted in of Mediterranean climate of
Spain, Pérez et al. (2012) reported that L.spectabilis exhib-
ited no sign of water stress throughout the study in shal-
lower substrate (5 cm). Findings of the study demonstrated
that L.spectabilis demonstrated signs of stress, especially in
dry periods despite its favored growth and biomass ac-
cumulation in PZV substrates. Therefore, the results of the
study correspond to the findings of Marouli et al. (2022)
study and it can be concluded that L.spectabilis may need
deeper substrates to achieve healthier growth. Similar find-
ings were observed in PZV treatments for Sedum species
(S.album and S.lydium). The performance of Sedum species
was also acceptable in the remaining treatments, which are
already known as successful plant species in terms of plant
coverage and survival in green roofs (Starry et al., 2014).

RPZV treatments experienced greater temperature
fluctuations during the study period, reaching up to
8.7 °C, 17.3 °C and 16.4 °C in March, April and May, re-
spectively. This may have resulted in increased evapora-
tion (Staniec & Nowak, 2016) and root zone tempera-
ture. According to Heinze et al. (2017), an increase in
soil temperature negatively affects the soil microbial ac-
tivity and root architecture which limits the interaction
between plants and soil biota. Warmer substrates during
prolonged drought may also lead to patchy plant cover-
age (Matlock & Rowe, 2016), and may have an unfavor-
able impact on the heat-stress threshold temperature of
certain plant species (Reyes et al., 2016). Furthermore,
sudden fluctuations in substrate temperature may cause
plant damage, particularly in shallower substrates (Boivin
et al,, 2001). As a result, diurnal temperature changes in
the substrate may have resulted in increased plant mor-
tality and stress for certain plant species during the study,
particularly in RPZV substrates (Figure 7).

5. Conclusions

Our results show that the addition of rice hulls can re-
duce the substrate weight, but also reduce the water
holding capacity by increasing the porosity and perme-
ability of the substrates, depending on the amount. In a
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Figure 7. Monthly temperature fluctuations of substrate
mixtures (calculated from daily maximum and minimum
values)

Mediterranean climate, the dry periods in summer and the
lack of supplemental irrigation provide harsh conditions
in the extensive green roof systems. Therefore, the rice
husk content in the inorganic part of the substrates may
be limited in Mediterranean climates due to longer dry
periods. When used as the organic portion of the sub-
strate, rice hulls provided higher survival rates and lower
stress for most of the plants, including A.schoenoprasum,
C.creticus, L.spectabilis, D.chinensis and Sedum species.
Thus, rice hulls may have potential for use in the green
roof substrates as an amendment, mainly due to their low
bulk density, lower salinity and resistance to degradation,
which may also lead to a reduction in the environmental
impact of green roof construction. The results of this study
suggest that A.schoenoprasum, C.creticus and L.spectabilis,
together with the Sedum species, could be considered as
good candidates for extensive green roofs in the Mediter-
ranean region according to the results of our study. On
the contrary, S.thirkei was strongly affected by drought,
substrate composition and substrate temperature along
with D.chinensis which did not show healthy growth during
the study period regardless of the substrate type.
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