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Twenty two substrates were developed and tested for two different green roof plant
production methodologies. Growth rate analysis of Sedum sp. revealed distinct differences in
performance of the mat substrates across a two year time frame with substrate water holding
capacity (v/v) being a primary promoter of rapid mat coverage. Tray substrate analysis revealed
numerous component options provided similar production speeds, with diverse and beneficial
physical properties being described. Zebra and Quagga mussel shells proved to be a sustainable
and beneficial component option for both mat and tray substrates. Further substrate component
identification resulted in Biochar being investigated for its potential use in green roof media
mixtures. The additions of incremental amounts of biochar into control substrates reduced bulk
density by up to 20%, while simultaneously increasing volumetric water holding capacity to
54%, 12% greater than that of the control. Sedum plant growth in biochar revealed the lowest
shoot dry weights resulting from no biochar additions. Substrate and plant water relationships
were explored further with four substrates being planted with four diverse herbaceous and
succulent plant communities. Substrate composition and plant community was observed to
significantly affect dry down rates.
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GENERAL INTRODUCTION
A green roof is a roofing structure that has been partially or completely covered by a
waterproof membrane, drainage layer, layer of growing substrate, and plant community. The
modern development of green roofs has been spurred by the increased recognition of their
positive effects on the buildings they populate, and the urban centres which the buildings occupy.
Green roofs have been shown to reduce the energy usage for building cooling, as well as
reducing urban heat island effects (Castleton et al., 2010). They have also been shown to be
important tools for storm water management within cities, as well as providing urban wildlife
habitats (Obernorfer et al., 2007).

Green roofs have also been linked to improving the

stormwater quality of runoff by reducing heavy metal leaching associated with other commercial
roofing types (Van Metre and Mahler, 2003). Over the last decade North America has enjoyed a
continuously growing green roofing industry, through the continued recognition of beneficial
attributes, as well as the initiation of government subsidies and mandates for their use. Current
research priorities, to further facilitate the widespread adoption, include investigation of plants
suitable for green roof environments, and the development of sustainable lightweight growing
substrates to support them.
Green roof substrates have a number of functions to perform which are vital to the
success of the green roof. Growing mediums must supply the plants with adequate water, and
oxygen, while physically being able to support the plants (Handreck & Black, 2002). They must
also supply the plant with adequate nutrients, while at the same time preventing nutrients from
leaching out. While satisfying these basic requirements, other criteria must be taken into account
including the long term stability of the medium, achieving a low bulk density, maintaining a
water conductivity within a specific range, pH, as well as the source and cost of available
1

materials to construct it. With all the factors that must be taken into account, final design is often
a compromise between what is optimal for plant growth, and what is achievable with the
resources available. Recommendations for these parameters are realized from successful green
roofs in Europe, and documented in the FLL guidelines (FLL, 2010), and to a lesser degree in
North America (Rowe, 2006).
Many buildings have weight requirements which must be met for substrate design, and
many lightweight mineral components have been investigated for use, including expanded slate
(Rowe, 2006), expanded clay (Dunnet et al., 2005), pumice (Long et al., 2006), scoriae
(Williams et al., 2010), lava rock (Emilsson, 2005), crushed tiles (Emilisson, 2008), and furnace
slag (Williams et al., 2010). Choice of material is often an economic decision, coupled with
availability issues dependent on geographical location. The most popular aggregate products
used in North America have been the heat expanded mineral products which carry a cost that
reflects the large energy investment necessary for their manufacturing and shipment. These
“lightweight” components are frequently still too heavy to accommodate the needs of the
underlying structure, and the functioning of the vegetated roof is compromised through a
reduction in depth of the final substrate. This reduced depth limits the plants which can be
grown, and reduces the system’s ability to retain stormwater (Dunnett and Nolan, 2004). Another
essential requirement of a substrate is that it must remain stable and resist decomposition, a
process which results in reductions in volume over long periods. It is not practical to continually
introduce new substrate to a roof due to cost, so substrates are primarily composed (80-100%) of
these mineral components, while the remainder of volume is organic materials (Rowe et al.,
2006).
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Mixing organic matter into a green roof substrate has many benefits, including improving
water holding capacity (Nagase et al., 2011), retaining and supplying nutrients, and binding the
other components together (Retzlaff et al., 2008a; Miller, 2003). The German FLL reports that
the proportion of organics should be within 4-8% by volume for extensive green roofs (FLL
2010), and many reports from North America substantiate this (Beattie & Berghage, 2004;
Dunnett & Kingsbury, 2008; Miller, 2003). Issues associated with the overuse of organics
include substrate shrinkage and compaction over time, resulting in reduced aeration to the root
zone with impacts on plant health. High levels of nutrient rich composts pose the risk of
leaching N and P into the environment (Hathaway et al., 2008; Retzlaff et al., 2008b), losing a
large proportion of available nutrients in first flush scenarios (Berndtsson et al., 2009).
Mitigating this is possible by using more nutrient inert organic amendments such as composted
pine bark, or peat moss (Alsup et al., 2010; Retzlaff et al., 2008a). Individual organic
components, or mixtures of them, should be selected to impact positively on the physical and
chemical (pH) properties of the substrate. Regardless of which organic material is utilized,
normal vegetation turnover will probably stabilize the organic content of the substrate to about 25% by volume (Beattie and Berghage, 2004).
Producing a substrate with specific and desirable physical properties may require the
addition of other organic or inorganic “conditioner” type components. Some may be added to
better facilitate drainage (such as sand) or to provide buffering from acid deposition (limestone).
Increasing the nutrient retention of the substrate through additions of expanded clays (turface) or
zeolites has been explored; however, they are often not cost effective (Kotsiris et al., 2012). In
the production of mat substrates a plant fiber conditioner may be added to better facilitate the
intermingling of roots to form a mat with high tensile strength. Regardless of the conditioners
3

added, the long term success of a green roof mixture is more a factor of how the mixture and all
its components work as a whole, and less dependent on the selection of individual components.
There is currently very little published literature on substrate component options for
northern climates. With the continued growth of the industry in North America, it is essential
that options for substrates are realized which reliably support plant growth, while compromising
as little as possible in satisfying the requirements of growing on the unique conditions of a roof.
The use of locally available and, if possible, recycled components would reduce the cost of green
roofs and further contribute to the industries growth and positive contribution to the environment
(Oberndorfer et al., 2007). Identification and examination of new component options and
analysis of their performance within the greater context of the green roof system is essential.
Objectives of this research aim to satisfy the growing industry’s desire for sustainable
and high performance growing substrates. General objectives for this research include the
development of an array of substrate options that perform as well or better than industry
recognized products. Some of these substrates will be more cost effective, others will have
reduced bulk densities, while others will include differing quantities of locally available and
sustainable component materials. In most cases all beneficial and desired criteria will not fully be
met; however, it is hypothesized that depending on circumstance and customer desire, a substrate
can be constructed utilizing one or more of the benefits which have matched levels of industry
recognized performance. Accomplishing this objective relies not only on utilizing components
which are recognized within the green roofing industry, but also components which have not
been documented to have been used, or investigated to a limited extent. It is an objective to
closely examine the potential contribution these components could have in the green roofing
industry as a component option. One material being examined will be the use of biochar as a
4

substrate component. Inclusion of biochar into green roof substrates will be investigated as it
relates to Sedum plant growth and the impact on substrate physical properties. Furthermore, a
selection of substrates will be examined for their ability to support plant growth as it relates to
the substrates water holding capacities. It is an objective to realize the extent different substrates
have on water release and determine if these differences impact the growth of an assortment of
plant communities.

5

CHAPTER 1: SUBSTRATE DESIGN FOR PREVEGETATED TRAY
GREEN ROOFS

1.1

Introduction
Tray production systems for green roofs have proven to be a popular and efficient means

of green roof installation in Canada. Trays are produced off site in a nursery facility, shipped on
specially designed racks, and simply laid out on top of the area to be greened. The tray design
does not require the typical drainage layer, as it is a fabricated feature of the tray design.
Installation is typically a rapid process, and the roof is considered fully vegetated immediately
after installation is complete. The popularity of this type of system has resulted in multiple
variations of depth available, ranging from 10 cm to 30 cm. The deeper the tray option, the
greater the diversity of plants that can be grown. Depth restrictions, however, are often imposed
due to the structural limitations of the building.
The development of new substrate options for the North American green roofing industry
has a great potential to amplify the beneficial qualities a green roof endows on the urban
environment. Little is known as to what options are available regionally, often limiting the
impact green roofs can have. Development of lighter weight substrates opens the opportunity to
increase substrate depth, allowing a greater diversity of species to be planted (Dunnet et al.,
2004; Rowe et al., 2012) and generally improving the performance of the green roof itself
(Lundholm et al., 2010; Blanusa et al., 2012). Utilizing recycled materials, either completely or
partially, affords an opportunity to reduce the ecological and fossil fuel inputs required in green
roof installations.
A well designed green roof substrate is crucial to the long term survival of the
installation. The design of suitable substrates must take into account the plants they support, the
6

climate of the region, availability and cost of components, the planned depth of the substrate, as
well as the structural integrity of the building which the green roof covers. Once these factors
are taken into account, components can be sourced and blended to create a medium with precise
and optimal dry and wet bulk densities, nutrient holding capacities, pH, aeration, water quality of
runoff (Bilderback et al., 2005), particle size distribution, water permeability, decomposition
resistance and cost (Beattie & Berghage, 2004; Dunnett & Kingsbury, 2008; Getter, 2006;
Miller, 2003). Recommendations for these parameters are realized from successful green roofs
in Europe, and documented in the FLL guidelines (FLL, 2010), as well as to a lesser degree in
North America (Rowe, 2006). Suitable green roof substrates generally contain between 80% to
100% lightweight mineral aggregate materials such as crushed brick or expanded clay, as well as
<20% organic matter. The ideal aggregates used simultaneously create pore space and retain
water (Miller, 2003). An assortment of materials have been documented to have been used in
green roof substrates such as expanded slate (Rowe, 2006), expanded clay (Dunnet et al., 2005),
brick (Oberndorfer et al., 2007; Villarreal et al., 2005), pumice (Long et al., 2006), scoriae
(Williams et al., 2010), sand (Durhman, 2007), lava rock (Emilsson, 2005), crushed tiles
(Emilsson, 2008), and artificial aggregates made from sewage sludge, paper ash, and carbonated
limestone (Molineux et al., 2009). Sourcing of these raw materials is often challenging and
expensive, and choice is often based on geography and availability.
It was hypothesized that an assortment of green roof substrates can be fabricated which
reflect a range in cost, sustainability, and physical properties, while maintaining a high degree of
support for the developing plant community. The objectives of this study were to 1) develop an
array of green roof substrate mixtures utilizing a diverse number of previously tested, as well as
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untested components available to Ontario, and its surrounding locations, and 2) determine the
substrates suitability in supporting conventional green roof plants in North America’s climate.

1.2

Materials and Methods

1.2.1 Experimental Design
This experiment was conducted in an outdoor growing area located behind the University
of Guelph’s Bovey greenhouses in Guelph Ontario (Lat. 43°31’38.28”N, Long. 80°13’46.64”W).
The experiment included a total of 12 substrates with 3 replicates for a total of 36 experimental
units. Each experimental unit consisted of a Standard LiveRoof® tray (600 x 300 x 10 mm),
growing medium and plants. The control substrate used was obtained from LiveRoof® Ontario
(Mount Brydges, Ontario). The LiveRoof® substrate was chosen as it has displayed excellent
performance as a roof substrate after years of use. Eleven other substrates (Table 1.1) were
designed and constructed from components obtained within southern Ontario, Canada. Table 1.2
details component cost. Granulometric distributions of primary aggregates used differed (Table
1.3). Substrates were uniformly mixed by hand. Trays were arranged into blocks 3 trays wide by
4 trays deep and situated on a well drained gravel bed. Trays were placed at experimental site on
September 6, 2010 and covered with a shade cloth for 2 weeks to facilitate rooting of the Sedum
cuttings and reduce transplant stress. Trays were irrigated frequently from September 6 th till
November 1st, receiving fertilized water (20-8-20, at 200 mg.) every two weeks. Five grams of
Nutricote (18N-6P-8K, Asahikasei Co, Tokyo, Japan, 180 day time release) fertilizer was applied
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to each tray in March of 2011, and trays were irrigated on an as-needed basis, with Guelph city
water of pH 7.6 from March-November 2011.

Table 1.1 Substrate component mixtures expressed as a percent of volume at time of mixing.

⁴
Substrate Haydite¹ Hydrocks² Shells ³
Control
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11

Brick

Substrate Components ᶻ
Composted¹ Limestone¹
pine bark

x
x
x
x
x
x
x

x
x
x
x
x
x

x
x

x
x
x
x
x
x
x
x
x

x

x

x
x
x

x
x

Peat¹

Sand¹

x
x
x
x
x
x
x
x
x

x
x
x
x

5

Substrate components marked with x when present in described substrates
1

Gro-Bark Organics (Milton, Ontario)

2

All Treat Farms Inc. (Arthur, Ontario)

3

Lennix Generating Station (Napanee, Ontario)

4

Sedum Master (Princeton, Ontario)

5 Burt’s Greenhouses (Odessa, Ontario)

9

Turface¹ Biochar⁵

Topsoil¹ Yard waste ¹
Compost

x
x
x
x
x
x
x
x
x
x
x

x

Table 1.2

Green roof substrate component cost in Southern Ontario, Canada.

Component
Cost (CDN$/m³)
Haydite
100
Hydrocks
105
Brick
45
Sand
48
Limestone
38
Turface
313
Peat
30
Compostd pine
30
Yard waste compost
14
Topsoil
25
Shells
n/a
Biochar
n/a

Table 1.3.

Granulometric distributions of primary aggregates, and substrate conditioners
used in substrate formulations
Screen diameters

Substrate <0.25mm
Brick
20.5
Hydrocks
1.6
Haydite
8.8
Sand
1.9
FLLᶻ
0-15

0.25mm

0.5mm

1mm

2mm

3.35mm

6.7mm

13.3
1.9
5.7
5.3
0-20

17.2
12.3
8.8
13.1
0-35

23.7
28.5
13.3
28.1
0-50

16.5
28.2
13.3
23.1
0-55

8.8
18.8
33.9
27.3
0-50

0.0
8.7
16.2
1.2
0-30

ᶻ FLL recommended values of granulometric distributions expressed as a percent of total mass.
Values represent 3 replications of 200g air-dried substrate.

1.2.2

Plant Material

Thirty-five grams of sedum cuttings were spread on each tray on September 5, 2010. The
density of cutting application was well below that recommended by commercial producers (1.24
10

kg·m-2) to better facilitate any potential observational differences in surface cover over the time
of the experiment. Sedum cuttings were acquired from Sedum Master (Princeton, Ontario) and
ranged in size from 20-50 mm and included S. album L., S. sexangulare L., S. reflexum ‘Blue
Spruce’, S. kamstschaticum, and S. spurium ‘Dragons Blood’. Uniformly sized pre-grown plants
of Creeping Thyme (Thymus serpyllum), Butterfly Blue Pincushion (Scabiosa caucasica), and
Max Frei geranium (Geranium sanguineum) were obtained in 76 x 76 x 76 mm cubed pots from
Sheridan Nurseries (Caledon, Ontario). One of each species was removed from the pot, nursery
substrate washed off, then transplanted into the trays in random locations on the same day the
sedum cuttings were spread. These plants were chosen for their drought tolerance and low
growth habit. The authors could not find any published reports of their use on green roofs,
although personal correspondences had indicated that they had been grown on green roofs in the
past.
1.2.3

Physical Properties

Physical properties of the green roof substrates were determined in three replications.
Maximum media density (wet bulk density), dry density, air filled porosity, and permeability
factor KMMD were determined using ASTM methodology E2399-11 (ASTM International, 2011)
with the only difference in procedure being the use of PVC cylinders, not the specified stainless
steel. To verify air filled porosity at time of maximum media water retention, the bottom of the
cylinder was sealed, and a measured amount of water was slowly reintroduced until reaching just
below the substrate surface. Gravimetric water holding capacities (u) were obtained from the
following equation: u=(Bulk Densitywet-Bulk Densitydry)/Bulk Densitydry.

Substrate pH

determinations were achieved using a portable pH and EC meter (Oakton PC 300; Oakton
Instruments, Vernon Hills, IL, USA) at time of planting by mixing substrate samples with de11

ionized water in a ratio of 1:1.5 (Sonneveld et al., 1974), and again in June 2011 from 50 ml
substrate samples obtained from the trays. Particle size distribution was analyzed using screens
of diameters 10, 6.7, 3.35, 2, 1, 0.5. and 0.25 mm. Substrate organic matter content was
evaluated using ASTM D2974-07a (ASTM International, 2007) described methods.

1.2.4

Plant Growth Measurements

To evaluate plant coverage, trays were photographed from a height of 94 cm using a
Canon PowerShot G6 7.1megapixel camera (Canon Inc., Tokyo, Japan) once a month, starting
on the day of planting (September 6, 2010). Photos were imported into Photoshop CS3 (Adobe
Systems Inc., San Jose, CA) where total coverage was assessed by calculating the number of
pixels occupied by plants within the boundaries of the tray. Coverage was calculated for Sedum
species, Max Frei, Butterfly Blue Pincushion, and Thyme, individually and as a total for each
time period. With this method we were able to determine the contribution of each species, and
groups of species (Sedums), to the total coverage of the trays, and their relative fitness in each of
the substrates being tested.
1.2.5

Data Analysis

All data sets were analyzed using GraphPad Prism version 5.00 (GraphPad Software Inc.,
La Jolla, CA). D'Agostino & Pearson omnibus normality test was used to test the absolute
coverage data for normality. A one-way analysis of variance (ANOVA) was conducted for plant
growth data at each time point, with significant differences among means determined using a
Tukey multiple means comparison test. Treatment effects were evaluated using a significance
level of P = 0.05.
12

1.3

Results
1.3.1

Substrate physical properties

Substrates constructed contained mixtures of diverse primary aggregates, as well as
multiple organic and inorganic substrate conditioners. Hydrocks and shells were used as a
substitute for the control substrates Haydite in an attempt to reduce substrate bulk densities.
Haydite and Hydrocks were partially substituted for brick in an attempt to utilize more locally
available and recycled components. Despite having a high bulk density, sand is a frequently
added substrate conditioner as it ensures adequate drainage of the substrate, as is limestone as it
provides buffering against acid deposition. The inclusion of shells in substrates was investigated
as a substitute for both sand and limestone, providing a lightweight and recycled alternative to
both. There was a broad spectrum of dry and wet bulk densities achieved by using different
primary aggregates and substrate conditioners (Table 1.4).
Substitutions of different primary aggregates and substrate conditioners resulted in
differing substrate granulometric distributions and are displayed (Table 1.5) for all substrates,
with FLL approved ranges displayed below (FLL, 2010).
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Table 1.4.

Substrate
C
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11

Physical properties of the developed green roof tray substrates

Saturated bulk
Dry bulk
Organic
Air filled
Vol. Water Grav. Water Substrate Permeability
density (g·cm¯³) density (g·cm¯³) matter (%) porosity (%) content (%) Content (%)
pH
factor (mm·s¯¹)
1.35 a
0.93 ab
6.81
10.2
42 b
45 d
6.5
0.130
1.04 c
0.68 d
6.72
10.5
36 de
53 c
6.4
0.252
1.33 a
0.89 b
4.97
10.4
44 b
49 cd
6.0
0.146
1.29 a
0.88 b
4.33
10.5
41 bd
47 d
6.5
0.196
0.96 d
0.59 e
6.59
11.3
37 cde
63 b
6.6
0.368
1.3 a
0.89 b
5.58
10.3
41 bcde
46 d
6.8
0.105
1.12 b
0.77 c
5.74
11.1
35 e
45 d
7.0
0.237
1.41 a
0.94 ab
4.80
6.1
47 ab
50 cd
7.5
0.060
1.26 a
0.80 c
6.32
6.4
46 ab
58 bc
7.7
0.076
1.37 a
0.95 a
6.76
10.2
42 b
44 d
6.9
0.099
1.13 b
0.77 c
9.98
14.8
36 de
47 d
7.3
0.424
1.11 cb
0.62 de
12.73
13.6
49 a
79 a
7.8
0.765

ᶻBulk densities, water holding capacity, porosity and permeability data are means with 6
replications, organic matter data are means with 3 replications. Differing data with the same
letter are not significantly different (P = 0.05).

1.3.2

Plant growth in different substrates

Six points in time were chosen to represent growth and coverage of trays (Figure 1.1).
Initial coverage was measured in the fall of 2010, and at four times in the summer of 2011.
Further analysis occurred in the spring of 2012 to determine winter survival and coverage
changes. At the time of plantings, there was no significant difference in total coverage among
treatments, nor differences in proportion of coverage by plant type.
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Table 1.5.

Substrate granulometric distributions expressed as percent mass retained by
representative screen.
Screen diameters

Substrate <0.25mm
C
6.3
T1
2.7
T2
5.8
T3
6.4
T4
2.8
T5
5.2
T6
3.4
T7
12.4
T8
14.5
T9
7.5
T10
4.1
T11
4.9
FLLᶻ
0-15

0.25mm

0.5mm

1mm

2mm

3.35mm

6.7mm

6.1
6.0
5.2
5.1
2.9
5.6
2.8
10.6
9.8
5.5
4.7
6.9
0-20

11.5
10.1
11.5
10.0
8.0
8.0
5.4
11.9
14.6
9.2
10.1
14.0
0-35

17.8
22.3
20.9
19.3
19.0
14.6
11.6
18.4
22.8
15.9
19.2
21.0
0-50

18.1
25.6
17.4
16.3
22.3
16.7
17.3
19.0
20.9
18.1
21.9
16.3
0-55

28.6
19.8
29.1
30.2
26.9
36.6
37.1
19.3
11.5
32.0
24.8
23.7
0-50

11.7
13.3
10.2
12.8
18.2
13.5
22.4
8.5
5.9
11.8
15.2
13.2
0-30

ᶻ FLL (2010) recommended values of granulometric distributions expressed as a percent of total
mass. Values are means of 3 replications of 200g air dried substrate

Coverage increased between the time of planting and the last measurement on Oct. 30
(data not shown), and as expected was less the following year, a result from seasonal die back of
the Max Frei and Pincushion plants. Although it is not common for producers to plant trays so
late in the season, this experiment provided the opportunity to analyze winter survival of late
planted species Max Frei, Pincushion, Creeping Thyme, as well as the Sedum response to late
planting. The first measurements of the season (May 19) revealed no complete losses of any
species planted, and no significant difference among treatments in extent of die back. June 13
2011, measurements revealed significantly less coverage of the S10 treatment compared to all
other substrates. This was attributable to an observed reduction in sedum, Max Frei, and
Pincushion coverage. Reduced coverage was again observed for S10 during the July 7 analysis,
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Figure 1.1

a

a

C

a

a a

S9
S1
0
S1
1

100

a

Coverage (%) of green roof trays at six time periods with significant differences
realized

Total coverage (mean + se) of 3 replications. Differing columns with the same letter are not
significantly different (P = 0.05).
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with significant coverage reductions in Sedum and Creeping Thyme growth compared to the
other substrate treatments. July 7 total coverage of all treatments, except S10, reached 80%, an
acceptable level for sale or installation. August 22 was the last measurement of the season as
complete coverage was nearly reached for all treatments except S10. Over the 2011 growing
season, Sedum was the only plant form which consistently increased in proportion of tray
coverage over time, while the other plant forms on only a few trays surpassed their original
planted size. Further analysis of coverage was completed on May 20, 2012 to again assess winter
survival and after winter coverage. Despite surviving the first winter many trays exhibited death
of non-sedum species. Although there was no significant difference among treatments in terms of
plant coverage, survivability differed. Every treatment exhibited one or more deaths of Creeping
Thyme with substrates S1, S4, S10, and S11 having no survivors, substrates S2, S3, S6, S8, and
C having one survivor, and substrates S5, and S7 having two survivors among the 3 replicates.
Even in the cases where Creeping Thyme was still alive, it appeared to be in the process of being
encroached upon by the spreading sedum. From these results it appeared that the planting of
Creeping Thyme on a green roof is possible, but its placement must be separate from that of
sedum communities. Creeping Thyme’s very low growth form makes it easily susceptible to
being overrun by spreading sedum. Max Frei plants appear to be much less vulnerable to
Sedums. In contrast to Creeping Thyme, Max Frei plants survived into spring 2012 in most
treatments and their representative replicates. Max Frei was lost in all replicates of S10, two
replicates of S11, and only one replicate was lost for S4 and C. The remainder of experimental
units contained Max Frei. Under typical soil conditions Max Frei Geraniums are prolific
growers, often reaching heights of more than 40 cm and spreading profusely when the shoots are
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not cut back. When grown in 10 cm of green roof substrate however, it maintained a relatively
low growth form (10-20cm) and did not display the same traits of spread or height.

1.4

Discussion
1.4.1

Substrate physical properties
1.4.1.1

Substrate Bulk Densities

Weight reductions of 23% were realized utilizing Hydrocks (expanded clay) as the
primary aggregate in Substrate 1 (S1) over the control, whose primary aggregate component was
Haydite (Expanded slate). When shells were used as a primary aggregate (S11) bulk densities
were reduced further. Inclusion of brick into substrates S7 and S8 as a partial primary aggregate
did not reduce substrate bulk densities; however, when brick was mixed with Hydrocks (S8) the
resulting bulk density was not different than that of the control substrate. This would indicate
that an equal mixture of Hydrocks and brick would be an acceptable option to using Haydite
exclusively. Additionally, a mixture of Hydrocks and brick would be more sustainable as it
utilizes locally available building waste.
Limestone is a frequently utilized component within green roof substrate mixtures, as it
provides the substrate with buffering against acid deposition. Although once a significant issue
in northern climates, social and political reform have resulted in dramatically reduced sulfur
deposition into the atmosphere over the last two decades. Consequently, the removal of a
limestone conditioner from substrate mixtures had an effect on overall bulk densities. When
limestone was replaced with an equal proportion of shells, the dry and wet bulk density of the
control was reduced by 4.5%, while not significantly changing the volumetric water holding
capacity of the substrate. The same trend was evident when shells replaced the limestone
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component of S1, bringing both the dry and wet bulk densities of S4 to significantly lower levels.
Due to the shells high calcium carbonate concentrations, a similar buffering capacity can be
expected as from the limestone additives, facilitating a low weight option for substrate buffering
in locations where acid deposition is still prevalent.
When sand was removed from the control substrate and replaced with shells (S5), a
lowering of bulk density without a reduction in volumetric water holding content was observed.
Sand was present in the control to ensure drainage and adequate porosity of the substrate. S5
retained the control substrates measured levels of both porosity and drainage with the addition of
shells, indicating again that shells are a lightweight alternative to sand. Substrate 6 had both
sand and limestone replaced with shells resulting in the lowest bulk density measurements made
for a substrate containing Haydite as its main aggregate material. However, the maximum water
holding capacity (v/v) of the substrate was significantly reduced. The reduction in bulk density
resulting from replacing both the sand and lime fractions of the control substrate mix represents
an opportunity to increase the depth of substrate, if load bearing were the prime factor limiting
an increase of depth.
Substrates S7 & S8 were created to examine the impact of introducing locally available
recycled crushed brick into the control substrate and substrate 1. Crushed brick was added to
replace both the sand and limestone components present in mixes C and S1, as well as half the
haydite (C) and hydrocks (S1) content of the substrates. Analysis revealed no significant
difference in dry weight for the control substrate and its counterpart S7, but an increase in water
holding capacity (v/v) was observed, resulting in a greater wet bulk density. Both wet and dry
bulk densities increased for substrate 8; however, water holding capacity significantly increased.
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Introduction of shells into green roof substrates appears to benefit the substrates bulk density
without any witnessed negative effects.

1.4.1.2

Substrate granulometric distributions and porosity

Granulometric distributions are important features of a green roof substrate as course
materials tend to reduce water holding capacities and increase permeability, while too fine
components can become overly saturated and anaerobic (Miller and Narejo, 2005).
The FLL (2010) recommendations are quite broad and all but two of the formulated substrates
fell within the German recommended range (Table 1.5). Substrates S7, and S8 were outside of
the range beginning with amount passed through the 2mm screen. The larger than recommended
(FLL) amount of substrate material passing through these screens is reflected in the proportions
recovered in the lower diameters fractions, down to the 0.5mm screen. The amount passing
through the 0.25mm screen was still within the FLL recommended range, however. Particle size
distribution of the brick material used was quite different than that of the components it replaced
in the substrates, having a greater proportion of its mass found in the lower-sized fractions (Table
1.2). There were no noticeable effects on plant growth performance of these substrates that fall
outside the FLL recommended range.
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1.4.1.3

Substrate Permeability Factor KMMD

The German FLL reports only a minimum requirement for water permeability, and all
substrates except S7 and S8 were below its recommended minimum infiltration rate of
0.01cm·s¯¹. Permeability standards for northern climates have yet to be realized in North
America and will largely depend on detailed reporting within the literature of substrate properties
and how they relate to green roof performance. The lower permeability rate for S7 and S8 were
strongly related to their granulometric distribution differences. The brick used in this study had
the majority of its mass in the 1mm and <0.25 screen fractions, resulting in a low air-filled
porosity at field capacity and the resulting low infiltration rates observed. Although below the
recommended values, performance of these substrates as measured by plant growth did not differ
from the other substrates in the trial. Low infiltration rates would be more critical if the green
roof was being vegetated on site, as erosion of substrate would be a greater concern. When
grown in trays on site in a nursery, however, erosion is confined within the boundaries of the tray
and advantages with water use in production may be realized with the increased water holding
capacities associated with these substrates. Green roof substrates are rarely selected based
entirely on their infiltration rates, yet knowledge of such rates is valuable in the context of local
rainfall patterns. Substrates created in this study covered a spectrum of such rates, with no effect
on plant growth observed, indicating that the limits for permeability rates in this climate could
have a lower end than those adopted from German standards. The low rates experienced by S7
and S8 could be mitigated by altering the granulometric distribution of the brick component.
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1.4.1.4

Water holding capacity (v/v)

Water holding capacity of a substrate is an important consideration when choosing a
suitable substrate mixture capable of maintaining a particular plant habitat. Significant changes
were seen in water holding capacities (v/v) of the substrates in conjunction with substitutions of
components within the mixture. Water holding capacity (v/v) covered a broad spectrum, from
35%-49%. A reduction was seen when hydrocks were used instead of haydite (C vs S1). A
significant increase was seen when crushed brick replaced the sand, limestone, and half the
haydite in the control substrate. Similarly, the water holding capacity increased when brick was
introduced in substrate S1, again replacing the sand, lime, and to a partial extent the primary
aggregate. The resulting water holding capacity (v/v) of S8 was more than 10% greater than S1.
These results indicate that crushed brick is a good additive to a substrate if the desire is to
increase water holding capacity (v/v) without introducing more organics into the mix. The
particle size distribution was small for the brick (Table 1.3), and it is expected the results would
not be similar if larger screened crushed brick was used. Substrate 11 had the highest volumetric
water holding capacity recorded for any substrate at 49%, which might be attributed to a number
of factors. Substrate 11 was composed primarily of shells. When shells were used as
replacements for sand and limestone (S3, S4), there was a reduction in bulk density but no
reduction in water holding capacity. This would indicate, that although the shells are not porous,
they do convey a degree of water holding potential. Many shells within the substrate remain
completely intact and are often positioned with their concave surface facing up, forming little
reservoirs of water.
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1.4.1.5

Water holding capacity (u)

Water holding capacity based on volume of water in volume of substrate is an important
physical property as its value is used to determine the maximum dead load of the system on the
roof at full saturation, as well as provide values for the system’s ability to retain storm water. It
is a typical phenomenon of substrates that as the bulk density of a substrate is reduced, so is its
maximum volumetric water holding capacity. In contrast, measurements of water holding
capacities in terms of substrate mass (gravimetric water holding capacity (u)) represents the
efficiency of a substrate to retain moisture on a weight to weight basis. The gravimetric water
content is especially important in the context of a green roof, as it is desirable that a substrate be
lightweight, while also retaining as much water as possible.
The water holding capacity based on mass (u) of our substrates varied drastically ranging
from 45% to 79% (Table 1.2). Recognition of these values highlights the effects of component
substation on the water holding abilities of the substrates. When comparing the control substrate
which contained haydite as the primary aggregate, to substrate 1 which replaced haydite with
hydrocks, it is clear from the data that there was a significant reduction in bulk densities as well
as a reduction in maximum water holding capacity (v/v). However, the gravimetric water
holding capacity (u) significantly increased with S1, indicating that the Hydrocks content of S1
improved the overall efficiency of the substrate to retain water. Addition of brick into the
substrates 7 & 8 had a similar effect, increasing the water holding capacities (u) significantly.
Water holding capacity based on substrate mass (u) is an important factor to consider when
designing a green roof for a specific function. The more efficient a substrate is at retaining water
on a mass to mass ratio, the more versatile that substrate is from a green roof design perspective.
The water holding capacities (u) of substrates S3 and S4 is 46.8% and 60.9% respectively. At
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maximum field capacity, the dead load of substrate S3 on a green roof 10 cm deep, would be 129
kg·m¯2, retaining 41 L·m¯2 of water. Substrate S4 would weigh 96 kg·m¯2, while retaining 39 L of
water at 10 cm depth. Substrate S4 could increase in depth to 13.5 cm to match the weight of
substrate S3, supporting a more diverse plant community, while retaining over 52L of water.
When brick is added to the control at a rate of half the haydite added, bulk density increases, but
the substrate water holding capacity (u) increases. Similar results were found with the addition
of brick to S1. Interestingly, substrate S8, whose primary aggregate was a mixture of crushed
brick and hydrocks, had a gravimetric water holding content of 58%, while that of the control
was at 43%. Bulk densities of S8 and C were not significantly different.

1.4.2

Shells in Substrates

Currently in central North America the primary aggregates used in green roof substrates
are lightweight heat expanded products, clay, shale, and slate being the most common (Frederich
et al., 2005). Our results indicated that collected shells from the Great Lakes made suitable
components for green roof substrates, satisfying the requirements of a number of needed
characteristics. Shells proved to be adequate substitutes for sand, being an additive which
facilitates substrate drainage while lowering bulk density and not effecting water holding
capacities. Shells are also a lightweight substitute for limestone. When shells replaced both
limestone and sand in our substrates, no negative effects on plant growth were observed. The
only substrate which showed significant reduction in coverage and plant growth had its primary
aggregate being shells (S10). However, substrate S11 contained an equal amount of shells yet
performed to a similar level as the control substrate. The reduction in growth of S10 was more a
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result from the other components in the mixture. Substrate S10 contained only pine bark and
topsoil while substrate S11 contained an equal amount of yard waste compost and biochar. Due
to the physical nature of the shells, they lack the observed cation exchange capacity of other
products such as expanded clay (Owen et al., 2008); however, published work by Alvarex et al.
(2012) reports increases in soil CEC with additions of mussel shells. It is believed that with the
proper component mixtures any lack of nutrient retention abilities of the shells can be overcome
through appropriate addition of substrate conditioners, such as biochar (Beck et al., 2011) or
turface.
1.4.3

Substrate cost

Cost of green roof substrate components within North America varies greatly depending
on location and availability. Ontario has no present manufacturing infrastructure in place for the
essential primary aggregates such as lightweight expanded shale or clay. Consequently, these
products must be shipped from locations such as Indiana (Haydite), and Ohio (Hydrocks), USA,
at a significant cost. The desire for the local green roof industry to minimize substrate
manufacturing cost is ever present, as is the attempt to maximize the associated benefits
achievable with the minimum expense. To fully appreciate the cost of green roof substrate, it is
necessary to compare this cost to the desired physical properties of the resulting substrate. As
such, material costs of substrates constructed for this trial (Table 1.7) cannot be taken in to
context without examining the potential benefits of utilizing the substrate itself. For example,
when comparing the control substrate which uses Haydite as a lightweight aggregate to S1 which
makes use of Hydrocks, S1 represents a ~$2.00·m¯3 increase in price yet posses a bulk density
which is desirably reduced. The inclusion of Hydrocks can therefore be seen as a economically
justifiable substitute for Haydite when the need for substrates possessing reduced bulk densities
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is required. This reduction in bulk density facilitates the option of including more local products
in the mixture such as was the case with S8 and the introduction of brick, resulting in a substrate
which was reduced in cost compared to the control yet with a bulk density the same as the
control.

Table 1.6

Substrate
Control
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11

Substrate material cost per cubic meter expressed in Canadian dollars

Cost (m³)ᶻ
84.35
86.8
84.45
80.55+
83.3+
81.95+
78.15+
73.9
75.65
68.7+
9.75+
7.40+

ᶻ + symbol next to cost represents components used which are not commercially available and
currently do not have a cost associated with their use, either biochar and/or shells
Two components used in this study have not been documented to have been used before,
or used to such an extent that no value can be associated with their purchase and use. Currently,
many shells harvested from the power generating stations surrounding the Great Lakes region
eventually get relocated to landfall sites; however, it is difficult to speculate the cost of
redirection of these shells. Additionally, collection of shells from select beaches in Ontario
would require the development of a cost-efficient shell collection infrastructure. These costs,
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eventually including storage, would be the only costs associated with the use of this recycled
product. Unlike the expanded stone products such as shale, slate and clay, there would be no
significant energy investment in the production post initial collection. The fact that the large
amount of energy required to expand stone products in a rotary kiln would not be required,
which adds more value to the use of shell aggregates as a green lightweight substrate component.
Additional value to the community with the green roof substrates use of shells is present as the
industry could actively remove the shells from beaches along the great lakes, where they are
frequently deposited in bulk and considered a nuisance.
Biochar was used in this trial as a substitute for turface, as it has been reported to be
beneficial in retaining plant essential nutrients in green roof substrates (Beck et al., 2011). The
use of turface constitutes a significant portion of the overall substrate cost, though it constitutes
only 5% of the volume of the substrate. Biochar’s recent emergence as a material which endows
beneficial properties on a growing substrate brings much uncertainty into cost of acquisition.
There is no established and dedicated production of agriculturally-used biochar products in
Ontario, making direct cost comparisons to turface difficult. The potential of farm-based
production facilities is an exciting potential for green roof plant producers, as residual heat from
production can be used to heat the facilities infrastructure. In this context, determining a price for
biochar is further confounded, as it would be based on the efficiency of production, and the
extent to which it can produce energy savings for those utilizing its creation to heat production
facilities.
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1.5

Conclusion
The relative homogeneity of performance among the substrates is evidence that suitable

green roof substrates can be constructed utilizing a variety of materials available to Ontario, and
its northern climate. The substrates created for this trial represented the culmination of previous
research and insight into component options, yet the mixtures of the components has not been
described before. Results indicated that the performance of a green roof substrate is based on the
sum of its parts, rather than the suitability of just one component. This is in contrast to reports
similar to Thuring et al. (2010) who indicated that stonecrop growth was superior when
substrates were made with expanded clay over shale at 60mm depth. They also speculated that
this was due to the reduced nutrient holding of slate over clay, but could be augmented through
additions of other components.
The substantial differences between the substrate physical properties as determined here
was an indication that substrates should be paired to the plant community that occupies it.
Several trials have investigated the survivability of an assortment of species suitable for Northern
climates (e.g. Dvorak et al., 2010) revealing important insight into plant species options for
shallow substrates. How the results of these trials would be affected by altering the substrates, in
terms of water holding capacity, or permeability, is unknown. Much more insight could be
realized through more detailed observations in this regard, or even mention of these properties
within the authors’ described reports. Green roof systems should not be seen purely from
observations made into plant survivability, but should be analyzed as a whole, including the
substrate support system the plant occupies.
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The utilization of lightweight substrates at greater depths also holds potential for
diversifying green roofs in northern climates.

Results indicated that design of lightweight

substrates is possible with locally available components. These lightweight substrates were
shown to be more efficient holders of water on a mass/mass basis which would facilitate
increased water holding at greater depths with little change in weight on the roof. Plant species
tested, such as the Max Frei Geranium, survived in 10 cm of substrate but did not necessarily
reach their ground level counterparts in terms of growth vigor. Species such as this could
potentially be more vigorous if grown in 15 cm of the lightest substrate designed in this study. At
this depth the system would have the same saturated weight as the control used.
In this study there was a deliberate attempt to limit outside factors from affecting the
growth and coverage of the plants, beyond the effects of the substrate itself, such as providing
adequate water and fertilizer. Others have observed that supplemental irrigation during the first
year establishment period can significantly benefit plant performance (Dunnett and Nolan, 2004;
Monterusso et al., 2005). Further research needs to highlight differences in substrates under
differing conditions (i.e. substrate performance under drought conditions).
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CHAPTER 2. GREEN ROOF SUBSTRATE DESIGN FOR THE
PRODUCTION OF PRE-VEGETATED SEDUM MATS

2.1 Introduction

Various methods and options exist for the North American consumer when choosing an
extensive green roof and choice is often made based on cost, availability, and intended
functionality. Of primary importance, and differing in execution amongst the options, is the
establishment of the plant material on the roof. Options available in North America include
planting on site, or bringing pre-vegetated material on to the roof. When planting on site the
growing substrate is first installed over a drainage layer, and plants are distributed using pregrown plugs, spreading of seeds or cuttings, or allowed to be naturally colonised. Despite a
higher cost, the use of pre-vegetated mat systems has grown substantially in North America over
the last decade. Pre-vegetated mat systems offer many advantages over on-site plant
establishment, the primary being that it ensures instant and nearly complete plant cover at the
time of installation (Dunnett and Kingsbury, 2004; Emilsson et al., 2005). Having complete plant
coverage at the time of installation reduces the risk of green roof failure by preventing the
erosion of the substrate, reduces the initial maintenance required in propagating from seed, and
restricts the growth of weeds amongst sparsely planted plugs. These savings in labour are
valuable in themselves when considering the initial investment into the green roof, and should
always be taken into perspective when choosing an establishment option.
Pre-vegetated mats for green roofs are composed of the plant material, and a thin layer of
substrate (2-3 cm) carried by a support mat, such as a geo-textile plastic or nylon tangle mat, and
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coconut fiber mat material. The support mat with substrate is then planted with sedum cuttings,
which when grown to maturity have the roots tangled with the substrate and underlying support
mat forming a secure matrix. The resulting product can then be cut to manageable sizes, and
rolled up for transport onto the roof. To achieve the maximum benefits from the green roof, the
mats are typically installed on an additional 5-10 cm layer of substrate. This depth ensures the
roof retains adequate water as well as providing the necessary support for the sedum species used
(Getter et al., 2009).
Very little exists in terms of substrate recommendations for the production of sedum
mats, and no documentation exists in the literature for mixtures. Typical green roof substrates
are designed to be lightweight, with minimal organic matter to resist compaction over time. The
characteristically low exchange capacity of green roof substrates results in rapid depletion of any
nutrients present within the mix (Emilsson et al., 2008), necessitating a fertilization regime using
slow release products (Barker et al., 2012). The high cost of heat expanded aggregates used to
achieve a lightweight substrate also raises the price of sedum mats for the consumer. The design
of substrates for mat production should be seen as different from the design of traditional green
roof substrates. Substrates should be formulated for mats which facilitate the production of the
product, composed of differing components than traditional substrates with different resulting
physical properties. This study was designed to examine locally available substrate mixtures for
the production of green roof mats using an assortment of available components.
The diversity in components from which mat substrates could be manufactured are
extensive, and each contributes uniquely to functionality. Larger amounts of organic
components, for example, could be used. The theoretically higher exchange capacity resulting
from more organics would facilitate better fertilizer use efficiency during production. Addition
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of organic fibers to the mix would help bind the substrate together before the sedum roots had a
chance to extensively mix with the media, therefore preventing any potential erosion during the
early stages of plant growth. The use of high cost heat-expanded light weight aggregates was
avoided, and main components used consisted of only locally available crushed brick, sand, and
lightweight mussel shells. The substrate designs used in this experiment were based on the
considerations of the producer’s needs, both in terms of availability and resulting physical
characteristics.
In designing substrates for mat production, it was hypothesized that substrates could be
created entirely from locally available components. The objectives of this research were
1) explore substrate options and develop a range of mixtures that utilized a variety of local and
common materials, 2) evaluate Sedum growth response to developed substrate types in Ontario’s
climate based on common production methodologies, and 3) reveal any beneficial substrate
properties which could be exploited.

2.2 Materials and Methods
2.2.1

Experimental design

This experiment was conducted in an outdoor growing area located behind the University
of Guelph’s Bovey greenhouses in Guelph Ontario (Lat. 43°31’38.28”N, Long. 80°13’46.64”W).
The experiment had a total of 10 substrates (Table 2.1) tested in triplicate and arranged into three
blocks. Sedum Master (Princeton, Ontario) provided the control substrate, which has
demonstrated satisfactory results after a number of years of mat production. Substrate
components were all obtained locally in Southern Ontario, Canada. Each block had dimensions
of 5m long by 1m wide and was constructed out of a wooden frame made from 20 mm x 38 mm
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Table 2.1. Substrates designed for use in production of pre-vegetated Sedum mats

Substrate
C
1
2
3
4
5
6
7
8

Sand¹
x
x
x

x
x

Yard waste
Brick² Peat Moss¹ Compost¹
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Substrate Componentsᶻ
Mixed
Coir
Compost¹
fiber¹
x
x
x

Hemp
Fiber³

Top
Soil¹

Shells⁴

Water
Polymer⁵ Biochar⁶

x
x
x
x
x
x
x

x
x
x
x

x

x

x

x
x

______________________________________________________________________________
ᶻ Substrate components present in mix denoted by an x
¹ Gro-Bark Organics (Milton, Ontario)
² Sedum Master (Princeton, Ontario)
³ Stemergy (Ilderton, Ontario)
⁴ Lennix Generating Station (Napanee, Ontario)
4

Sedum Master (Princeton, Ontario)

⁵ JRM Chemical Inc (Cleveland, Ohio)
⁶ Burt’s Greenhouses (Odessa, Ontario)

spruce lumber. The frame was laid on a slightly graded gravel bed and was divided into 10
sections (0.5m wide by 1m in length) with similar lumber. It was orientated with an open end on
the low side of the grade to ensure proper drainage. Each frame was lined with a single piece of
water proof plastic moisture barrier (6 mil Vapour Barrier, Polytarp Products, Toronto, ON),
which was secured to the top of the frame with staples. The elevated edges created from the
frame in conjunction with the moisture barrier, ensured that each unit was never in contact with
an adjacent unit, and that pooling of water did not occur (Figure 2.1). A 1m x 0.5m support mat
was placed inside each experimental unit. The mat was composed of a tangle of nylon filaments
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Figure 2.1

Mat trial apparatus framed with wood, and lined with polytarp vapour barrier
containing vegetated mat substrates. in each of the 30 experimental units.

bonded to a geo-textile fabric on one side with total thickness of 1.5 cm (Sedum Master,
Princeton, Ontario). Substrate was placed on top uniformly, achieving a total depth of 2.5 cm on
all the experimental units, with regular depth checks to maintain consistency on October 1st
2010. No manual compaction of the substrate was attempted as the planting procedure attempted
to simulate a commercial planting as much as possible.
2.2.2

Plant Material

Mixed sedum cuttings (115 g fresh wt.) were evenly distributed over each mat (0.5·m¯2)
on October 2nd 2010.

Rate of cutting application was well below that recommended by

commercial producers (~1.2 kg·m¯2) as it was the intention to clearly record the increase in plant
cover over the time of the experiment. Cuttings varied in size from 15 mm and 40 mm in length
and species present included Sedum album, S. sexangulare L., S. reflexum ‘Blue Spruce’, S.
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kamtschaticum, S. spurium ‘Dragons Blood’, S. acre, and S. immergrunchen . Each block was
covered in two layers of white shade cloth for a period of 12 days to facilitate rooting and
minimize transplant stress. Mats were irrigated as needed with city water (~pH 7.5) until Nov
25th 2010. From May 1st 2011 till Nov 25 2011, mats were irrigated every 2-3 days as needed
based on visual assessment of the control substrate. All plots were fertilized on May 15, 2011
with 28 g Nutricote (18N-6P-8K, 180 day controlled release fertilizer, Arysta LifeScience,
America) achieving a rate of 10g Nitrogen·m¯2.

2.2.3

Substrate Physical Properties

Substrate physical properties were measured following the NCSU Porometer methods, as
described by Fonteno et al. (1995) using 76 mm tall by 76 mm (inner diameter) aluminum
cylinder porometers. Wet and dry bulk density, total porosity, and air filled porosity at maximum
saturation were determined in triplicate. This method was chosen over the ASTM methodology
E2399-11 (ASTM Standard Test Method for Maximum Media Density for Dead Load Analysis
of Vegetative Roof Systems, 2011) as the ASTM test limits substrate testing when organic
content of the substrate is over 30%. Substrate pH determinations were achieved using a
portable pH and EC meter (Oakton PC 300; Oakton Instruments, Vernon Hills, IL, USA) at the
time of planting by mixing substrate with de-ionized water in a ratio of 1:1.5 with three
replications (Sonneveld et al 1974), and again on June 12, 2011 from 50 ml soil samples
obtained from each mat in triplicate. Substrate organic matter content was evaluated using
ASTM D2974-07a (ASTM International, 2007) described methods.
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2.2.4

Plant Growth Measurements

To evaluate plant coverage, mats were photographed from a height of 940 mm using a
Canon PowerShot G6 7.1 megapixel camera (Canon Inc., Tokyo, Japan). Photos were taken on
Oct 13 2010, Nov 14, 2010, and monthly from May 5, 2011 to November 1, 2011. Pictures were
imported into Photoshop C S3 (Adobe Systems Inc., San Jose, CA) where total coverage was
realized by calculating the number of pixels occupied by plants within the boundaries of the mat.
On May 20 2012 mats were rolled simulating harvesting and shipment of the completed product.
A rating of 1-4 was given to each mat with the following criteria based on how it rolled: 1- Mats
did not roll easily, and there was severe damage to product (loss of substrate, loss of plants), 2Mats rolled easily with severe damage to product, 3- Mats easily rolled with minimal damage, 4Mats rolled easily with no apparent damage to product. All mats were dry upon rolling.
2.2.5

Data Analysis

All data were analyzed using GraphPad Prism Version 5.01 (GraphPad Softwas Inc., La
Jolla, CA). Percent coverage data was tested for Normality using the D’Agostino and Pearson
omnibus normality test. One way analysis of variance (ANOVA) was used to determine any
difference in rate of coverage and a Tukey multiple means comparison analysis was used to
recognize any differences in coverage means and substrate physical properties. Prisms
correlation function was used to assess the relationship between substrate water holding
capacities and coverage. Treatment effects were evaluated using a significance level of P = 0.05.
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2.3

Results
2.3.1

Substrate and plant coverage

Substrate had a significant effect on the rate and extent of coverage recorded. At the time
of planting the mean coverage was 12.74 %, with no significant differences among experimental
units. The initial coverage was significantly lower than what would be expected from the
commercial cutting application rate of ~1.2 kg/m2 (~55-65% coverage), as substrate impacts on
increasing coverage over time would be more clearly measured (Figure 2.2). Differences in
coverage between substrate treatments were first apparent in the May 5, 2011 sampling and
became more pronounced through June, July, and August. The greatest rate of coverage increase
for all the mat treatments was measured from June 19 to July 17, 2011, with the most distinct
differences in mat coverage occurring with the July 17 analysis.
Previous literature has indicated that when Sedum plug plant establishment in northern
climates is attempted in the fall, as was the case with this trial, plant survival was reduced to 23%
when planted in Sept. (Getter and Rowe, 2007). When measurements of coverage (on Oct 13 and
May 5) were used to determine winter survival rate of Sedum on mats, there was no observed
decrease (data not shown). Increase in coverage from the July measurement to August
measurement was lower than that from the May measurement to June, indicating that the Sedum
species used favored the cooler early summer months over the heat of late July-August.
The July 17 measurements revealed 6 substrate mat treatments with mean vegetative
cover exceeding 80%, making them viable for installation. Two of the remaining three substrate
treatments had a significantly reduced coverage at this time.
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P < 0.05.
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2.3.2

Substrate Physical Properties

Substrates used in this trial were developed to satisfy a spectrum of physical requirements
required in the supporting of plant growth and maintenance of a mat structure. Some substrates
were developed to optimize cost efficiency while others were created to use more sustainable
component alternatives. The result was a series of substrates which displayed a diverse range in
physical properties and observed differences in plant growth (Table 2.2).
To explain the significant differences in coverage recorded at the July and August
measurement periods, a correlation analysis of physical properties and coverage was undertaken.
Results indicated that a strong correlation occurred between substrate water holding capacity
(v/v) and % coverage. The correlation was strongest on July 19 when the most significant
coverage differences were apparent (Figure 2.3).

Table 2.2.

Mat substrate physical properties

Physical properties
Wet Bulk
Dry Bulk
Water holding
Substrate Density (g·cm¯³) Density (g·cm¯³) capacity (v/v %)
C
1.43 a
0.81 a
62.22 a
1
1.35 ab
0.78 b
57.44 b
2
0.63 f
0.63 c
57.87 b
3
0.89 d
0.89 a
46.27 cd
4
0.78 e
0.27 f
50.85 c
5
1.36 ab
0.86 a
50.33 c
6
1.10 c
0.53 d
56.23 b
7
1.30 b
0.69 c
60.81 ab
8
0.91 d
0.49 e
41.53 d
9
1.41 a
0.78 b
63.21 a

Air Filled
Total
Organic
Porosity (%) Porosity (%) Matter (% mass)
5.76
67.97
16.86
4.03
61.47
17.12
8.06
65.93
17.41
19.57
65.84
6.44
35.97
86.82
31.50
15.54
65.87
10.55
20.14
76.37
28.41
12.66
73.47
16.81
32.52
74.04
34.18
6.12
69.33
15.83

ᶻBulk densities, water holding capacity, porosity, and organic matter data are means with 3
replications. Differing data with the same letter are not significantly different (P = 0.05).
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Figure 2.3.

Relationship between percent Sedum coverage of mats and maximum substrate
water holding capacity (v/v) on July 19, 2011.

2.3.3

Mat roll test

Mats showed differing characteristics when rolled, yet no substrate was implicated in
significantly contributing to immediate or latent plant mortality (Table 2.3). Generally, rolling
was not an issue for any of the different substrate treatments. Plant coverage at the time of rolling
was between 95-100% which better facilitated the rolling in all cases, making the results
generated from this test not necessarily applicable to sedum mat products with less coverage.
Mats containing shells were initially resisting a tight radius roll; however, rolling was not an
issue once initial resistance was overcome. The easiest mats to role were those that most closely
resembled the control substrate in component mixtures. Mats containing topsoil were those that
had substrate come loose following the rolling procedure. Despite the relative difficulty in
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rolling, the shell substrate mats were the preferred products as their weight made handling much
more convenient.
Table 2.3.

Substrate
c
1
2
3
4
5
6
7
8
9

Mat rolling test scores

Roll
scoreᶻ
3.4 a
3.5 a
3.5 a
3.1 ab
3.1 ab
3.3 a
2.6 b
3.6 a
2.5 b
3.6 a

ᶻ Scores expressed as mean of 3 replicates. Mat Scores; 1- Mats did not roll easily, and there was
severe damage to product (loss of substrate, loss of plants), 2- Mats rolled easily with severe
damage to product, 3- Mats easily rolled with minimal damage, 4- Mats rolled easily with no
apparent damage to product. Substrates with the same letter are not significantly different (P =
0.5).

2.4

Discussion
2.4.1

Substrate physical properties

The lightest substrates were those that contained the shells as an aggregate, while those
that contained the topsoil were the heaviest, both saturated and unsaturated. Unsaturated weights
for pre-vegetated mat are of significant importance as mats are shipped from the production site
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relatively dry to facilitate ease of handling, shipping and installation. The use of topsoil in
growing mediums is a low cost and readily available option; however, its use resulted in the
highest bulk densities recorded. Mixture 3 which contained 75% topsoil also proved to be on the
low end of the developed substrates water holding capacities with only substrate M8 having a
lower water holding capacity. Substrate 8 did, however, have a saturated bulk density of 0.93
g/cm3 compared to substrate 3 which measured 1.36 g/cm3. Heavy topsoil was revealed to be a
useful component when it was used in lower quantities, such as with substrate 5 and 6, where it
represented 35% volume of both substrates. Substrate 5 had topsoil replaced by a combination of
sand and brick resulting in a similar dry bulk density but increasing the water holding capacity of
the substrate.
The correlation results from Figure 2.2 suggest that water availability is a limiting factor
for vegetative growth on green roof mats. The mat plots were irrigated on an as-needed basis
over the summer of 2011 (every 1-3 days) with the control mats being the primary indicator
treatment for water necessity. The poorest performers were substrates 3 and 8, with volumetric
water holding contents of 46.01 and 41.53% respectively, significantly lower than the volumetric
water holding content of the control, 63.31%.

2.5

Conclusion

The green roofing industry continues to grow at a significant rate in North America,
making efficient production of green roofing products like pre-vegetated mats a necessity. There
currently exists no research into substrate options in North America specifically for the
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production of pre-vegetated sedum mats. Formulation of substrates for the production of mats
has largely followed the recommendations outlined in the FLL (FLL, 2010) for the mixing of the
primary green roof substrates. Formulating substrates specifically for the production of mats,
however, should be seen as distinct from that of formulating for a permanent base green roof
substrate. Often the physical requirements of the substrate were not optimal for the growth of the
plants, compromising between achieving a reduced substrate weight and the best conditions for
plant growth. Substrates used for mat production should not have to sacrifice the attaining of one
trait over another, such as achieving a reduced bulk density at the cost of reducing plant fitness
or substrate water holding. Mat substrates should possess properties that most efficiently cater to
the rapid growth of the resulting pre-vegetated mat product in a sustainable manner. Substrates
should use locally available materials whenever possible, and avoid the use of expensive heat
expanded aggregates. Typical green roof substrates utilize an assortment of these heat expanded,
or naturally occurring lightweight aggregates to satisfy the weight restriction on roofs, but also to
facilitate adequate drainage. In the production of mats, weight restrictions are not present, and
the thin substrate regardless of its aggregate components, facilitates drainage. For efficiency to
be improved in pre-vegetated mat production, locally sourced substrate components need to be
realized, and physical properties that contribute most to rapid growth need to be exploited.
Substrate retention of water was revealed to make a significant difference in the rate of
coverage of the sedum mats, indicating this may be a potential physical characteristic worth
exploiting to reduce production water usage, but also to increase product turnover times. Despite
the reported characteristics of sedum preferring a well drained soil habitat, it appears an ideal
compromise needs to be established, maximizing water holding while still facilitating maximum
rate of sedum growth. No ill effects on sedum growth were realized even with the highest
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recorded maximum water holding capacities, indicating the maximum water holding capacity
tolerable in a mat substrate is above those recorded here. Inclusion of more organic matter, in the
form of composts would increase water holding capacities (Nagase et al. 2011) and also provide
more plant available nutrients. Issues typically associated with high organics, including
shrinkage and compaction, are not an issue with mat production, as the mat should be placed
over an underlying base substrate.
Despite no significant differences in rate of coverage increase for the majority of the
substrates described, there were still be significant advantages to some substrates over others,
advantages which could additionally be exploited. For example, some substrates utilized hemp
fibers to replace coir. Although the hemp was slightly more difficult to mix uniformly into the
substrate, it represented a greater degree of sustainability as it could theoretically be produced on
site of the nursery for use in the growing substrates. Materials that contribute to reduced bulk
densities, preferably natural materials such as shells, should be incorporated as much as possible
as the reduction in labor associated with installation would undoubtedly be appreciated by those
shipping the product, and those installing it.
It has been a technique in certain geographical regions of the world where green roofs
represent the soil and plant layer of the mat entirely, installed over no supplemental substrate
layer. In light of the harsh climate of Ontario and similar northern regions, combined with the
support of green roof installations as a means of rain capture, it does not appear the stand-alone
mat option for green roofs is maximizing the potential of green roofs and their services.
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CHAPTER 3: BIOCHAR AS A COMPONENT IN GREEN ROOF
SUBSTRATES: PLANT PERFORMANCE AND SUBSTRATE
PROPERTIES
3.1

Introduction
Improving green roof substrates for use in Ontario, and similar northern areas involves

the identification of new component options that not only benefit the growth, but also contribute
to the function of the installation as a whole. An assortment of materials have been documented
for use in green roof substrates, such as expanded slate (Rowe, 2006), expanded clay (Dunnet et
al., 2005), brick (Oberndorfer et al., 2007, Villarreal et al., 2005), pumice (Long, et al., 2006),
scoriae (Williams et al., 2010), sand (Durhman, 2007), lava rock (Emilsson, 2005), crushed tiles
and artificial aggregates made from sewage sludge, paper ash, and carbonated limestone
(Molineux et al., 2009). Despite the research which has been accomplished concerning substrate
component options, there remains a desire to establish new, more sustainable components for use
in green roof substrates. Utilizing locally available and, if possible, recycled components would
reduce the cost of green roofs and further contribute to the industry’s growth and positive
contribution to the environment. One such component that has the potential to be a beneficial
addition to green roof substrates is the use of “biochar.” Similar in appearance to charcoal
produced from natural burning, biochar is a black, fine-grained and porous substance. Biochar
(BC) is produced by thermal decomposition of organic matter such as wood chips, in the partial
or complete absence of oxygen, through a process called pyrolysis.
Positive attributes brought on by the addition of BC into the soil have been recognized
for thousands of years, and early agriculturalists have devised and manipulated BC formation to
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be more efficient and effective at increasing soil fertility (Glaser et al., 2000; Steiner et al.,
2007). Modern research on the incorporation of biochar into field soils is producing a growing
body of literature describing beneficial chemical and physical effects resulting from its
incorporation. BC utilization has been broadly categorized into four main reported benefits and
applications: as a means for improving agricultural productivity (Ogawa et al., 2006), as a
management option for reducing pollution and eutrophication potentials of leached nutrients
(Laird, 2010), as a tool used to remediate damaged soils or improve infertile soils (Liang et al.,
2006; Cheng et al., 2008), and as a potential means to sequester atmospheric CO2 (Lehmann
2007a). Within these broad categories biochar has been shown to have a high CEC (Cheng et al.,
2008), provide a favorable habitat for soil microorganisms (Warnock et al., 2007), increase water
holding capacity and aeration of soils (Chan et al., 2006), resist compaction (Demirbas et al.,
2004), and possess a low bulk density (Downie et al., 2009). BC has also been shown to have
exceptional stability in soil, ranging from hundreds to thousands of years (Sohi et al., 2009).
The reported benefits of BC application to field soils has indicated that application to
green roof substrates

may be of significant benefit. Minimal research has been done

investigating the potential of BC in green roof substrates. Beck et al. (2011) reported that
incorporation of 7% by weight of BC into green roof substrates had positive effects on water
holding and nutrient retention; however, it is unknown how incorporation of BC effects green
roof plant growth and the physical properties of the substrate.
It is hypothesized that incorporations of BC into green roof growing mediums would
endow the growing medium with the beneficial and documented properties. The objectives of
this study were to, 1) evaluate effects on the growth of four common green roof Sedum sp.
species in substrates incorporating different rates of BC, 2) define and evaluate the physical
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property changes of the BC amended growing mediums, 3) determine if BC reduces leaching of
infused substrate nutrients.

3.2

Materials and Methods
3.2.1

Biochar and substrate

This experiment was conducted at the University of Guelph’s Bovey greenhouses in
Guelph Ontario (Lat. 43°31’38.28”N, Long. 80°13’46.64”W). Approximately 0.3 m3 of green
roof substrate was obtained from LiveRoof® Ontario and divided equally into 5 groups.
Substrate was a proprietary mixture containing Haydite, sand, and organics. Each group was
given a measured amount of biochar at rates of 0 (Control), 5, 10, 15, and 20% by volume.
Biochar was obtained from Burt’s Greenhouses (Odessa, Ontario). Burt’s Greenhouses installed
a pyrolysis boiler unit in 2008 to heat the properties 4500 m2 greenhouse space. The boiler was
modified to control gas concentrations in the combustion chamber, allowing for the manufacture
of biochar in controlled conditions. Biochar feed stock was mixed hard wood and softwood and
had a retention time of roughly 20 min at a temperature of 400-500°C. The pH of the biochar
before incubation was 9.1, and had a dry bulk density of 0.16 g·cm¯3. Granulometric distribution
was 65% > 1mm in size and 35% < 1mm.
Substrate and biochar were mixed thoroughly by hand for approximately 30 min with 4
litres of de-ionized water added to partially saturate the mixed medium. Each substrate was then
immediately placed into clear plastic 55 L bag and sealed. Roughly 18 litres of substrate was left
out of the bag and allowed to air dry for a period of 3 days for column packing and analysis.
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Bags were then placed into a darkened warm room to incubate, where the temperature ranged
from 40-50°C for a period of 4 months. Previous literature has indicated that the natural
oxidization of the BC surface is amplified with elevated temperatures, and this oxidation
increases the acid functional groups present on the outer surface (Cheng et al., 2006). Increasing
the number of functional groups increases charge density of the BC particle which corresponds
to an increase in cation exchange capacity (CEC) (Liang et al., 2006). Following incubation,
each of the five rates of BC substrates were placed into 20, 400 ml round green plastic pots (100
mm top and 68 mm bottom diameter), creating a total of experimental100 units.
3.2.2

Column Preparation

18 L of each substrate treatment was allowed to air dry after the wet mixing process for
packing into columns. 80 columns were constructed out of 73 mm inside diameter PVC pipe cut
into 305 mm lengths. End caps with 12.7 mm holes drilled into the middle were glued onto one
end of the pipe. A piece of circular filter paper was placed into the bottom of each column with
150 g of low pH sand placed on the filter paper.
Each of the five previously prepared rates of biochar substrate received four nutrient
infusion treatments. 800 ml of each dry substrate type was remoistened with either 200ml of 0x,
½x, 1x, or 2x strength Hoagland’s solution and packed into each column. To pack each column,
substrate was loosely placed inside column and dropped 5 times from a height of 100 mm. Each
substrate type and Hoagland infusion rate was represented with four replications resulting in a
total of 80 columns. A 73 mm in length PVC tube was than affixed into the pre-drilled end cap
hole to direct drainage. Columns were randomly placed into two identical racks (40
columns/rack) constructed from wood in such a way to allow the drainage tubes to be 15 cm
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from table surface when rack is on table. The moistened and racked columns were then wrapped
in plastic wrap (Seran, USA) to prevent evaporation of the moisture within the columns. Column
racks were then placed into the same warm room (40-50ᵒC) as the bagged substrates for four
months.

3.2.3

Plant material and treatments

The following four species of sedum were evaluated for growth in the five rates of
biochar; S. album L., S. sexangulare L., S. reflexum ‘Blue Spruce’, and S. hybridum with five
replications of each. Stock plants were obtained from trays grown in Bovey greenhouse. The
greenhouse was maintained at day/night temperatures of 22/27°C ± 2°C, and 55% relative
humidity, with roof shade-curtains programmed to close and open when global radiation was >
500 W∙m-2 and < 150 W∙m-2, respectively. Conditions were kept continuous for the duration of
stock propagation and course of experiment.
Three, 40 mm cuttings of S. album, S. reflexum, and S. hybridum were placed into each
substrate with five replications, while 1.3 g of S. sexangulare was placed into each of the
substrates. S. hybridum and S. reflexum were placed into an erect position on the substrate
surface with the lower ~5 mm buried. S. album and S. sexangulare were laid on to the surface.
Pots were positioned on a bench in a completely random block design with a spacing of 50 mm
between. Two layers of white translucent shade cloth was positioned over the plot for a period
of 1 week after planting to facilitate rooting of the cuttings. After shade cloth removal, two of the
three cuttings of S. album, S. reflexum, and S. hybridum in each pot were culled to establish
uniformity among plantlets in their respective substrate treatments. Pots were irrigated every 3
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days with de-ionized water, fertilized every two weeks with 24N-8P-20K soluble fertilizer with
micronutrients (Miracle-Gro, Marysville Ohio), and randomly rearranged at time of each
fertilization. Plants were grown for a total of 9 weeks, including the week of being shaded.
3.2.4

Substrate Physical Properties

Physical properties of the BC green roof substrates were determined in three replications.
Maximum media density (wet bulk density), dry density, air filled porosity, and permeability
factor KMMD were determined using ASTM methodology E2399-11 (ASTM International, 2011),
with the only difference in procedure being the use of PVC cylinders, not the specified stainless
steel. To verify air filled porosity at time of maximum media water retention, the bottom of the
cylinder was sealed, and a measured amount of water was slowly reintroduced until reaching just
below the substrate surface. Substrate pH determinations were achieved using a portable pH and
EC meter (Oakton PC 300; Oakton Instruments, Vernon Hills, IL, USA) before incubation, after
incubation, and after plant harvest by mixing substrate with de-ionized water in a ratio of 1:1.5
(Sonneveld et al., 1974). Particle size distribution was analyzed using screens of 6.7, 3.35, 2, 1,
0.5, 0.25 mm with three replications per substrate. Substrate organic matter content was
evaluated using ASTM D2974-07a (ASTM International, 2007) described methods utilizing
100g of substrate with 3 replicates.
3.2.5

Plant growth measurements

The different growth forms of the Sedum species selected for this experiment resulted in
measurements being applied to some, but not all of the species used. S. hybridum and S. reflexum
had height and shoot measurements made at weeks 5 and weeks 9, while S. album and S.
sexangulare did not. All aboveground shoot material was harvested after exactly 9 weeks total
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growth and its mass recorded. Plant material was then oven dried at 60°C for three days to obtain
dry weights.

3.2.6

Data analysis

All data was analyzed using GraphPad Prism Version 5.01 (GraphPad Softwas Inc., La
Jolla, CA). Dry shoot weight data was tested for normality using the D’Agostino and Pearson
omnibus normality test. One way analysis of variance (ANOVA) was used to determine any
difference in treatment shoot dry weights and Tukey multiple means comparison analysis was
used to recognize any differences shoot weight means. Regression analysis was used to
determine the slope of column leaching EC values. Treatment effects were evaluated using a
significance level of P = 0.05.

3.3

Results and Discussion
3.3.1

Substrate Physical Properties

Additions of biochar to the control substrate resulted in marked changes to the substrate
physical properties. Results indicated that biochar addition to substrates was an effective means
to reduce bulk density of a growing substrate, without compromising the substrate’s water
holding capacity. With increasing percentage of biochar included into the substrate, dry and wet
bulk densities decreased (Table 3.1). Bulk density of raw BC was low, 0.16 g·cm¯3; however, its
water holding capacity (61% v/v) was significantly higher than that of the haydite (20% v/v)
which the BC was substituting. Despite the reductions in bulk densities there was no reduction in
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water holding capacities. Past literature has reported an increased water holding capacity of soils
from inclusion of BC (Chan et al., 2007; Beck et al., 2011) with which our research is consistent
on a water volume to substrate mass comparison. The similar volumetric water contents observed
in relation to the wet and dry bulk densities do have important implications for the planning of
green roofs; however, at 10 cm depth, the control substrate and the 20% BC substrate did not
hold significantly different quantities of water, but did have different saturated bulk densities.
The reduction in wet bulk density of the 20% BC substrate represented a potential opportunity to
increase depth of growing substrates when BC was added, further increasing the volume of water
which the green roof system can hold without increasing the overall weight of the system. No
significant differences in substrate porosity were observed with the additions of biochar.
Table 3.1. Biochar amended green roof substrate physical properties
Dry Bulk
Wet Bulk
Substrate Density (g/cmᵌ) Density (g/cmᵌ)
0% BC
0.98
1.47
5% BC
0.96
1.46
10% BC
0.92
1.44
15% BC
0.92
1.42
20% BC
0.89
1.40

Vol. Water
Content (%)
49.05
50.22
51.30
50.50
50.58

Gravametric
wat. Content
0.50
0.52
0.56
0.55
0.57

Air filled
Total
Organic Permeability
Porosity (%) Porosity (%) Matter (%)
(mm/s)
6.14
55.19
5.2
0.130
6.18
56.40
5.6
0.11
6.20
57.50
5.5
0.13
6.32
56.82
5.7
0.19
6.28
56.86
4.8
0.12

Bulk densities, water holding capacity, porosity and permeability data are means with 6
replications, organic matter data are means with 3 replications. Data with the same letter are not
significantly different (P = 0.05). Water holding Capacity (u)=(WetBulk Density-DryBulk
Density)/DryBulk Density.

3.3.2 Substrate pH
Incubation significantly changed pH of substrates containing the biochar with no
significant change for the control which did not have BC (Table 3.2). Reductions of pH
following incubation have been reported in previous literature (Shenbagavalli et al., 2012) and
are believed to result from the oxidation of the BC surface which results in increased acid
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functional groups (Cheng et al., 2008). BC naturally shows an extensive variation in pH values
and is influenced by production parameters and feedstock materials (Chan and Xu, 2009).
However, it can be manufactured to possess a pH range from 4.5-12 depending on the conditions
of manufacture and its incubation period parameters (Lehmann et al., 2007b). This variability
can be beneficial and utilized by designers and producers of green roof substrates to achieve a
desired pH for specific plant communities. The pH range of all the substrates produced in this
trial were within the acceptable range as outlined in the FLL (2010).
Table 3.2.

pH of biochar amended substrates before incubation, after incubation, and after
plant growth

(% BC)
0%
5%
10%
15%
20%
100%

Initial
7.21 aA
7.43 bA
7.48 cA
7.54 dA
7.63 eA
9.38 fA

Mean pH
Post Inc.
7.03 aB
6.94 aC
7.12 bB
7.16 cB
7.25 dB
8.31 eB

Post Plant
6.98 aB
7.00 aB
7.09 bB
7.11 bC
7.16 cC
n/a

*pH values are means with 6 replications, taken at time of mixing, immediately after incubation,
and after plant growth (9 weeks after incubation. pH values followed by the same lower case
letter represents no significant differences between biochar rate treatment (rows), while mean pH
values followed by upper case letter represents no significant differences between columns (time
of sampling) at P = 0.5.
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3.3.3

Plant growth in response to Biochar inclusion

There were significant differences in plant wet and dry weights resulting from inclusions
of BC into the control substrate. All Sedum species trialed had the lowest dry (Figure 3.1) and
fresh weights (Table 3.3) recorded for the 0% BC substrates. Results were consistent with Jeffery
et al., (2010), who performed a meta-analysis on nine studies concerning the effects of BC
addition to soil and associated crop production. The authors’ results suggested that all specific
application rates were found to significantly increase plant productivity when compared to
controls, while some application rates that fall within the range of those statistically significant
rates showed no effect on plant yield. This demonstrated to Jeffery et al. (2010) that while BC
addition to soil may increase individual crop productivity, it is not lineally correlated. Individual
Sedum species grown in the BC substrates here showed a similar non-linear trend, with the
control substrate consistently producing plants of lower fresh and dry weight. Plant response to
BC additions differed in magnitude between the Sedum species used in this trial. S. hybridum
showed the least response to additions of BC with no significant differences in fresh shoot
weight detected between treatments, while S. sexangulare and S. reflexum responded more to the
inclusion of BC.
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Figure 3.1.

S. album L., S. sexangulare L., S. reflexum ‘Blue Spruce’, and S.
hybridum dry weights as well as mean all-plant response to incremental
increase of biochar concentration with the substrate.

Data (Mean + se) of five replications followed by the same letter above bar columns are not
significantly different at P = 0.05.
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Table 3.3. Sedum shoot fresh weight resulting from additions of biochar to substrate

0
Species
S. album
S. sexangulara
S. reflexum
S. hydridum

Biochar Concentration
5
10
Shoot wet weight (g)ᶻ

15

20

15.88 + 1.81 b

23.85 + 3.13 a

22.71 + 2.77 a

27.56 + 2.93 a

26.05 + 3.93 a

11.58 + 1.02 c

18.43 + 1.83 b

24.98 + 2.82 a

19.96 + 3.54 ab

21.43 + 4.60 ab

10.05 + 3.07 b

9.987 + 1.72 b

16.24 + 2.53 a

17.04 + 2.10 a

14.51 + 2.46 a

19.45 + 3.90 a

24.15 + 3.54 a

21.47 + 1.93 a

24.37 + 2.88 a

23.41 + 1.12 a

ᶻ Shoot fresh weight (mean + se) from five replications, weighing occurred when plant material
was free from standing water. Fresh weights in each row followed by the same letter are not
significantly different (P = 0.05).

Multiple mechanisms have been described in previous literature that would contribute to
the observed increase in plant productivity. One such possibility is the increase in water available
to the plants. Increasing volumetric water holding capacity (v/v) has been documented with
inclusion of BC (Iswaran et al., 1980). However, only the gravimetric water holding capacity (u)
of the substrate increased with inclusion of BC into the present study (i.e. bulk densities
decreased but volume of water did not). Although this water holding capacity (u) is a very
beneficial characteristic for green roof designers, the volume of water available to the plants was
not changed. It has also been reported that additions of BC can improve nutrient use efficiency
through reduced leaching of the applied fertilizers (Lehmann et al., 2003). Soluble fertilizer was
used in this study intentionally to facilitate recognition of this possibility. Also reported has been
increased plant growth resulting from decreases in soil strength (Chan et al., 2007). Although
specific values were not obtained in this trial for soil strength, it is known a distinct relationship
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exists between bulk density and soil strength, with reductions in bulk density corresponding to
reductions in strength (Busscher et al., 2001).

Results indicated here showed significant

reductions in saturated and dry bulk densities resulting from inclusions of biochar.
3.3.4

Column leaching

Previous literature has reported reductions of nutrient leachate following inclusions of
BC into green roof substrates (Beck et al., 2011). Recorded vales of EC showed a relatively
consistent trend between nutrient strength treatments. 0% BC substrates treatments produced
higher EC values across time points and regardless of nutrient strength, compared to the 20% BC
substrates. This indicated that soluble ions were retained to a greater degree in the 20% BC
substrate compared to the 0% substrate (Figure 3.2). Slopes generated from EC data for the 5, 10
and 15% BC substrates were all less than that from the 0% biochar (Table 3.3), indicating the 0%
BC substrate leachate consistently had a greater EC than those supplemented with BC. This
would imply that the rate of release of soluble ions for those BC concentrations were
progressively less than those of the 0% fraction, potentially explaining the increased fresh and
dry weights of sedum shoots recorded. It appears the data collected in this study is in agreement
with research done by Beck et al. (2011), although detailed analysis of the leachate collected
through the columns is beyond of the scope of research here.
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Table 3.4

Cumulative slope realized from EC of leachate over 6 weeks for substrates
containing differing rates of biochar.

Substrate
0% BC
5% BC
10% BC
15% BC
20% BC

Y-interceptᶻ

Slope

r²

1348 ± 33.50 c

-97.11 ± 6.93 d

0.6787

1528 ± 34.13 a

-130.9 ± 7.06 b

0.7870

1535 ± 30.06 a

-140.6 ± 6.25 a

0.8436

1426 ± 26.64 c

-117.3 ± 5.53 c

0.8269

1315 ± 26.99 d

-105.0 ± 5.60 d

0.7885

ᶻ EC values of Y intercept (1st leaching event)
Slope generated from combined leachate events of 4 replicates of each Hoaglands
concentration, representing a total of 16 replicates per each of the 6 time points. Values followed
by the same letter are not significantly different (P=0.5).
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Electrical Conductivity (mS·cm-1)
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Figure 3.2. Electrical conductivity (mS·cm1) from column leaching of substrates
containing 0 and 20% biochar (BC) infused with .5x, 1x, and 2x Hoaglands solution.
Data are means of 4 replications of each substrate biochar (BC) % and Hoagland solution rate.

3.4

Conclusion
Results suggest incorporation of BC into green roof substrates benefits the growth of the

Sedum species tested here, as well as reduces the bulk density of the substrate, while still
retaining adequate water. Although the incorporation of BC did not produce a linear increase of
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shoot dry or wet weights, the overwhelming increase from incorporation was positive. Additional
substrates were produced that contained 50% BC by weight, although plant growth tests were not
done with these. Dry and wet bulk densities of the 50% BC were 0.75 g·cm¯3 and 1.29 g·cm¯3
respectively, significantly lower than the values recorded for the control substrate to which the
BC was added. The 50% BC mix demonstrated the improved water holding ability of these
substrates, with the highest water holding capacity (v/v) at field capacity recorded, 54%. The
resulting improvements in physical properties realized here, as well as improved plant
performance and nutrient retention, suggested that BC may be a good candidate as a sustainable
green roof substrate component in North America. In contrast to other lightweight aggregate
products produced in rotary kilns, the production of BC has been documented as a source of
usable energy, rather than a consumer. Laird (2008) describes the use of BC as a win-win-win
scenario where its production results in creating bio-energy, sequestration of carbon, and a
beneficial soil additive. It is possible to imagine a similar winning scenario with the green roof
industries use of biochar. Green roof nurseries could simultaneously produce the biochar
substrate component, while incorporating the production infrastructure into heating and energy
production on the premises.
Biochar’s recent emergence as a product that endows beneficial properties on a growing
substrate has much uncertainty regarding the cost of acquisition. There is no established and
dedicated production of agriculturally-used biochar products in Ontario, making direct
comparisons to the cost of currently used lightweight aggregate difficult. The potential of farm
based production facilities is an exciting potential for green roof plant producers, as residual heat
from production can be used to heat the facilities. In this context, determining a price for biochar
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is further confounded as it would be based on the efficiency of production, and the extent to
which it can produce energy savings for those utilizing its creation to heat production facilities.
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4.1

Introduction
Having a green roof that exhibits the numerous documented environmental, economic

and social benefits requires that all components of the system be considered collectively during
the planning of the system. A successful green roof’s performance is measured against how well
it deals with the numerous environmental stresses to which it is subjected. Extreme
environmental conditions such as drought, prolonged exposure to direct sun, high temperatures
and strong winds must be tolerated by the green roof system (Getter and Rowe, 2006; Dunnett
and Kingsbury, 2004). Further confounding the establishment of roof top vegetation is the
typical use of shallow (<10 cm), light weight growing substrates which provide a limited space
for root development and relatively poor moisture retention properties.
A relatively limited diversity of plant species make up the majority of plantings on green
roofs in North America. This has resulted from the restrictions placed on the roof top, including
loading, weather, and lack of water. Succulents, particularly from the genus Sedum, have
established themselves as a tolerant species for roof top planting in North American temperate
climates, with extensive research into survivability and maintenance when utilized in substrates
of <10 cm (Berghage et al., 2007; Dunnett and Nolan, 2004; Durhman et al., 2006, 2007;
Emilsson, 2003; Getter and Rowe, 2006; Kircher, 2004; Latocha and Batorska, 2007;
Monterusso et al., 2005; VanWoert et al., 2005). Numerous studies have found that herbaceous
species do not tolerate roof conditions when planted in <10 cm of substrate and irrigation was
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not sustained past the initial watering period of a couple weeks to a month (Hauth and Liptan,
2003; Monterusso et al., 2005; Rowe et al., 2005; Schroll et al., 2009). Research has highlighted
two main ways of facilitating survival for herbaceous species: through providing supplemental
irrigation (Schroll et al., 2011; Thuring et al., 2010), and by increasing the substrate depth (Licht
and Lundholm, 2006; Lundholm et al., 2009; Simons et al., 2008; Bousselot et al., 2010). When
these two methods are combined, it has been found that a diverse range of native herbaceous
plant species can be successfully used on a green roof (Butler and Orians, 2009; Compton and
Whitlow, 2006; Dvorak and Carroll, 2008; Hauth and Liptan, 2003; Livingston et al., 2004;
Martin and Hinkley, 2007; Scholl et al., 2009; Sutton, 2008; Wanielista and Hardin, 2006; Wolf
and Lundholm, 2008).
Diversifying the plant options for green roofs is increasingly being recognized as
desirable. A growing body of literature is indicating that the cooling performance and stormwater
retention of a green roof is increased when more diverse growth forms are established, relative to
less diverse Sedum only roofs (Lundholm et al., 2010; Blanusa et al., 2012). Additionally, the use
of diverse species mixtures increases wildlife habitat and biodiversity within urban centers
(Dunnet and Kingsburry, 2004; Snodgrass and Snodgrass, 2006; Tallamy, 2007). Preventing
future issues associated with monocultures is also achievable through diversifying green roof
plant options. Sedum monocultures have been described as unvarying and monotonous in effect
(Dunnett and Nolan, 2004), while others have described diverse plantings as being significantly
greater in aesthetic value while simultaneously reducing the potential for pest problems
associated with reduced species diversity (Altieri, 1999).
Obtaining the maximum benefits associated with diversely-planted extensive green roofs
requires maintaining a healthy, actively growing plant population. For temperate regions such as
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those found in Southern Ontario, Canada, it is suggested that irrigation is only needed for the
establishment of the roof, provided it has been designed properly (substrate type, substrate depth,
and plant selection) (Dunnett and Kingsburry, 2004; Getter and Rowe, 2006; Miller, 2003;
Snodgrass and Snodgrass, 2006). Consequently, most roofs constructed are extensive (<10 cm
substrate depth) with sedum populating the vast majority of roof surface area. It has been
predicted that unless supplemental irrigation is provided to more diversely planted roofs, the long
term survivability and functioning of the roof is improbable (Bousselot, 2010; Miller, 2003).
Although the need for an irrigation infrastructure to support diverse ecosystems on extensive
roofs is present, it should not distract from the associated benefits plant diversity confers on
green roof performance and aesthetics. Maximizing the efficiency of irrigation for green roofs
offers the potential to support diverse green roofs while simultaneously reducing the water
needed to do so. This maximization requires a detailed understanding of both plant requirements
and substrate water performance characteristics.
With recognition that drought tolerant herbaceous species can be grown successfully on
green roofs, provided a provision is made for irrigation, substrate depth, or both (Dvorak and
Volder, 2010), this study was designed to examine an assortment of objectives: 1) to evaluate the
characteristics of different substrates relevant to irrigation requirements, 2) examine the effect of
four plant communities (containing a total of 24 species) on the irrigation requirements of each
substrate type, 3) assess the impact of diverse plant communities on substrate physical
properties, and 4) assess substrate physical considerations as a contribution to green roof species
diversity.
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4.2 Material and Methods
4.2.1

Experimental design and substrate selection

Four species combinations were planted in triplicate in four substrate mixtures on July 27
2011 at the University of Guelph’s Bovey green houses in Guelph Ontario (Lat. 43°31’38.28”N,
Long. 80°13’46.64”W). The 48 experimental units were planted in 61 x 30 x 10cm deep from
LiveRoof® Ontario trays (Mount Brydges, Ontario). Control substrate was a LiveRoof®
standard extensive mixture, and the three remaining substrates were formulated to incorporate a
diverse selection of components (Table 4.1). The primary aggregate in the control substrate was
Haydite, an expanded shale (Haydite, Indiana), while the remaining three substrates (G1, G2, and
G3) were composed of Hydrocks (Garick LLC, Ohio), an expanded clay aggregate. Quaga and
Zebra mussel shells were obtained from Lennix Generating Station (Napanee, Ontario) and
incorporated into mixture G1 in an attempt to reduce substrate bulk density, acting as a natural,
and recycled locally available aggregate.
Table 4.1.

Substrate
C
G1
G2
G3

Substrate mixtures

Haydite Hydrocks
x
x
x

Brick

x

Substrate Components
Pine compost
Sand
limestone
x
x
x

x

Substrate components are present in mix with an x
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Shells

Peat

x

x
x
x

Biochar

Turface
x
x

x

4.2.2

Substrate Physical Properties

Physical properties of the green roof substrates at time of mixing were determined in six
replications. Maximum media density (wet bulk density), dry bulk density, air filled porosity,
and permeability factor KMMD were determined using ASTM methodology E2399-11 (ASTM
International, 2011) with the only difference in procedure being the use of PVC cylinders, not
the specified stainless steel.

To verify air filled porosity at time of maximum media water

retention, the bottom of the cylinder was sealed, and a measured amount of water was slowly
reintroduced until reaching just below the substrate surface. Water holding capacity expressed in
terms of substrate mass (u) was obtained from the following equation: u = (Bulk Densitywet-Bulk
Densitydry)/Bulk Densitydry. Particle size distribution was analyzed using screens of diameters
10, 6.7, 3.35, 2, 1, 0.5. and 0.25mm and 200g of air dried substrate material with three
replications. Substrate organic matter content was evaluated using ASTM D2974-07a (ASTM
International 2007) described methods.
Substrates were tested initially after being mixed, and again at the end of the trial. Upon
completion, six intact core samples from each treatment were extracted and evaluated for
physical properties. Each treatment tray had its vegetation carefully cut back to the surface of the
substrate. Substrate was removed completely from the tray, remaining entirely intact. A piece of
galvanized steel piping, having the same inner diameter as the ASTM E2399-11 Porometer, was
depressed into the tray substrate to extract a complete core sample. The intact core sample was
placed into the ASTM Porometer to assess the resulting differences in substrate physical
properties (water holding capacities, bulk density, porosity) when the substrate has an intact
mass of roots and possessing a naturally occurring packed density. Six cores were taken from
two replications out of the 16 treatment trays. Once saturated weights were taken, cores were
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extracted from the cylinder and roots were removed, patted dry with paper towel, weighed, and
subtracted from overall saturated mass.
4.2.3

Plant Material

Trays were planted with one of four species combinations using seeds for the herbaceous
species, and cuttings obtained from research stock Sedum plants. Four species groups, a natural
Meadow mix (M), a Xeriscaping mix (X), an only Sedum mix (S), and a half Xeri-scaping half
Sedum (XS). Meadow and Xeri-scaping seed contained a mixture of herbaceous annuals and
perennials as well as grasses which have been documented to be drought tolerant. A complete list
of species originally planted is presented in Table 4.2. One gram of each of the M and X seed
mixtures was placed onto each of the different substrate filled trays in triplicate on July 27, 2011
in the outdoor growing area behind the Bovey Greenhouses at the University of Guelph. For the
XS trays, cuttings were applied randomly at a rate of 60 g per tray, and seeds at ½ gram per tray.
The all sedum tray treatments received 120 g of mixed sedum cuttings, evenly spread over the
surface of the tray. After seed application to the trays, ½ cup of vermiculite grounds was spread
on each tray evenly over the applied seeds/cuttings. Trays were arranged into three blocks and
each block was covered in two layers of white shade cloth, suspended 8 inches above the surface
of the trays for a period of two weeks. Trays were irrigated as needed with city water to facilitate
seed germination and rooting of cuttings. Trays were fertilized with soluble fertilizer (20-8-20)
every two weeks for the duration of the experiment. On November 2, 2011 trays were
transported into the Bovey Greenhouses and allowed to acclimatise for 23 days, while the green
house maintained a 12 hour day length, day/night temperatures of 22/27°C±2°C, and 55%
relative humidity, with roof shade-curtains programmed to close and open when global radiation
was > 500 W∙m-2 and < 150 W∙m-2, respectively. Trays were positioned on 3 green house
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benches into three blocks and were rearranged daily within blocks when measurements began on
November 25 2011.
Table 4.2.

Plant species combinations planted from seed and cuttings .

Species Planted
Bachelor buttons (C. cyanus )
Black Eyed Susan (R. hirta )
California Poppy (E. rhoes )
Evening scented Primrose (O. biennis )
Hard Fescue (F. brevipila )
Lance Leaf Coreopsis (C.lanceolata )
Scarlet Flax (L. rubrum )
Sheeps Fescue (F. ovina )
Wild Lupine (L. perennis )
Yellow Prarie Coneflower (R. columnifera )
Buffalo Grass (B. dactyloides )
Dwarf Plains Coreopsis (C. tinctoria )
Hoary Vervain (V. stricta )
Sand Dropseed (S. cryptandra )
Ticklegrass (A. scabra )
White Yarrow (A. millifolium )
S. reflexum 'Blue Spruce'
S. album
S. sexangulare L.
S. kamtschaticum
S. spurium 'Dragons Blood'

4.2.4

Sedum

~25g
~25g
~25g
~25g
~25g

Plant Tray Treatments
Meadow
Xeriscaping Xeri-Sedum
10%
10%
11%
11%
10%
10%
11%
11%
10%
10%
11%
11%
10%
10%
10%
10%
11%
11%
11%
11%
11%
11%
11%
11%
11%
11%
11%
11%
~12g
~12g
~12g
~12g
~12g

Substrate and plant community measurements

Before initiation of measurements on November 25, 2011, each tray was surveyed for
species present. Six complete dry downs were performed on the M, X, and XS treatments, and
three complete dry downs for the Sedum only trays. Each dry down began with manually
irrigating the tray with city water until maximum field capacity was reached. It was ensured that
the substrates’ field capacity was reached by watering each tray individually, three times, over
the course of 2 hours. All trays were weighed daily using two scales (Mettler Toledo PM16,
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Mississauga, Canada) side by side with a ridged plastic bridge being used to dissipate tray weight
evenly over both. The first weighing of each dry down cycle occurred 1 hour after completion of
irrigation, and an attempt was made to weigh each tray exactly 24 hours after previous weigh in.
Vegetation response to gradually reducing substrate moisture level was monitored and
recorded for each experimental unit when noticeable differences in plant wilting appeared.
Wilting points of individual species were monitored in each tray. New irrigation events were
initiated when ~50 % of all existing trays showed signs of wilting plants. Sedum trays underwent
three complete cycles from being fully saturated to showing signs of plant stress. Sedum plant
stress is inherently difficult to define; however, clear signs of plant distress were apparent with
three Sedum sp. used. Sedum reflexum ‘Blue Spruce’ was observed to respond to prolonged
moisture distress by curling its individual leaflets up and becoming less erect. S. sexangulara
similarly curled its leaflet and was noticeably less turgid to the touch. Dragons blood Sedum
displayed moisture stress over time through noticeable changes in its leaves, becoming less
turgid and slightly wrinkled, acquiring a generally unhealthy look.
4.2.5

Data analysis
All data sets were analyzed using GraphPad Prism version 5.01 (GraphPad

Software Inc., La Jolla, CA). A Shapiro-Wilk test was used to test data for normality. A one-way
analysis of variance (ANOVA) was conducted to compare dry down slopes and water holding
capacities with differences determined using Tukey multiple means comparison test. Regression
analysis was done to determine slopes representing rates of dry down time for each treatment.
Treatment effects were evaluated using a significance level of P = 0.05.
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4.3

Results
4.3.1

Substrate physical properties

Initial substrate physical properties varied across the spectrum of what has been outlined
as acceptable in the German green roofing guidelines (FLL, 2010). Three unique substrates were
used with a commercially available and well tested control substrate obtained from LiveRoof
Ontario. Two of the unique substrates (G1 and G2) were developed and tested previously at the
University of Guelph, while the third was constructed specifically for this trial. Substrate G1
contained a mixture of hydrocks and incorporated zebra mussel shells to achieve a reduced bulk
density, while substrate G2 contained equal parts crushed brick and haydite in an attempt to
utilize more locally available components. Substrate G3 contained a portion of biochar in
addition to the Hydrocks, as it has been reported in the literature that biochar aids in substrate
nutrient and water retention (Beck et al., 2011). Resulting physical properties revealed a diverse
range of dry and wet bulk densities was achieved in the substrates the University of Guelph
developed (Table 4.3).
Table 4.3.

Substrate
C
1
2
3

Physical properties of substrates used in the growth of four species combinations

Saturated bulk
Dry bulk
density (g·cm¯³) density (g·cm¯³)
1.35 a
0.93 a
0.96 c
0.59 c
1.26 b
0.80 b
0.95 c
0.51 d

Substrate physical propertiesᶻ
Water holding Water holding
capacity (v/v)
capacity (u )
42 c
45 d
37 d
63 b
46 a
58 c
44 b
86 a

Organic
matter (%)
6.81
6.59
6.32
6.92

Air filled
porosity (%)
10.2
11.3
6.4
10.8

Substrate
pH
6.5
6.6
7.7
7.2

ᶻBulk densities, water holding capacity, porosity and permeability measured are means with 6
replications, organic matter with 3 replications. Values with the same letter are not significantly
different (P = 0.5).
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Permeability
factor (mm·s¯¹)
0.13
0.37
0.08
0.21

4.3.2

Plant establishment

Seeds applied from the mixtures described in Table 4.1 began germinating as early as
four days after sowing. Vegetation development occurred at markedly different rates depending
on substrate type and seed mixture treatment. Plant development proceeded the quickest with the
xeriscaping seed mixture in substrate G3, achieving uniform coverage after 30 days. Substrate
G2 consistently appeared to suppress growth of all plant species except sedum, while the control
substrate and substrate G1 fell midway in progress of vegetation development. Initial assessment
of plant populations occurred when the trays were brought inside the greenhouse, revealing
certain herbaceous species had not initially established (Table 4.4).
4.3.3

Substrate water holding capacity (v/v)

Substrate volumetric water contents were calculated as a percent mass difference between
the lowest recorded treatment tray weight (0% v/v), and the tray weights when treatment was
fully saturated after irrigation. Results indicated that there were significant differences between
substrate treatments; however, the recorded values of water holding capacity calculated after
irrigation events were substantially below the water holding capacities measured with described
ASTM E2399-11 methodologies (Table 4.5). The values that most closely resembled the ASTM
E2399-11 obtained values were those substrates that were populated by sedum only. In each
substrate treatment, the sedum communities achieved the greatest water holding capacity (v/v)
from irrigation events, suggesting results which compare to findings of Lundholm et al (2011),
where communities which possessed less complex root systems had an increased capacity to
retain water as a limited number of roots occupied the substrate pore spaces. Contradictory to
this, however, were results obtained from taking intact core samples from the
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Table 4.4.

Species absent at time of initial plant population assessments on Nov. 25, 2011.

Treatments
TC-M

Species failed to establishᶻ
Evening scented Primrose (O. biennis )
Yellow Prorie Coneflower (R. columnifera ) x2
Bachelor buttons (C. cyanus ) x2
Lance Leaf Coreopsis (C. Lanceolata ) x2
Bachelor buttons (C. cyanus )
Evening scented Primrose (O. biennis )
Bachelor buttons (C. cyanus ) x2
Evening scented Primrose (O. biennis )
All Present
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )
Ticklegrass (A. scabra )
Dwarf Plains Coreopsis (C. tinctoria )
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )
Lance Leaf Coreopsis (C. Lanceolata ) x2
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )
Landce Leaf Coreopsis (C. Lanceolata ) x2
Hoary Vervain (V. stricta )
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )
Evening scented Primrose (O. biennis )
Hoary Vervain (V. stricta )

T1-M
T2-M
T3-M
TC-X

T1-X

T2-X

T3-X
TC-XS
T1-XS
T2-XS
T3-XS

ᶻ Entries with an x and number represent number of treatment replications with listed species
absent.

trays. The intact core findings suggested an increase in substrate water holding capacity (v/v)
resulting from diverse plant species populations (Table 4.5). There was no measurable reduction
in substrate air filled porosity with the core samples.
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4.3.4 Substrate moisture loss
When the six dry down events were combined to generate a single release curve, the rate
of water loss was not found to be significantly influenced by the different herbaceous
communities within each of the four substrates tested (Figure 4.1). Substrate type itself, however,
was found to significantly influence the use/loss of water, with release rate comparisons
revealing observed differences (Figure 4.2). Substrate G2 in particular, regardless of plant
community treatment, produced a slope indicating it released water at a reduced rate (Table 4.6).
The consistently reduced rate of dry down for substrate G2 was believed to be a result of its
decreased porosity and possessing a granulometric distribution that lies outside of the range
recommended by the FLL (Table 4.7). Monitoring of plant communities indicated the reduced
rate had a positive effect on limiting drought stress of plants occupying G2. All trays were
irrigated when a majority of the herbaceous populated trays showed significant signs of wilt. At
the time of irrigation, an average of 55% of the trays were producing plant communities with
multiple species at wilting point, while the remaining 45% showed no signs of moisture stress.
Significant differences were found in which substrate types constituted the 45% of trays not
showing signs of wilt (Figure 4.3). These differences correlated with the mean moisture release
rates (slopes) of the substrate type over the six separate dry down events (r=.6375).
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Table 4.5

G1-X
G1-M
G1-XS
G1-S
G2-X
G2-M
G2-XS
G2-S
G3-X
G3-M
G3-XS
G3-S
C-X
C-M
C-XS
C-S

Comparison of substrate water holding capacities

Substrate Physical Properties ᶻ
Saturated bulk
Dry bulk
Air filled
Water holdingᵃ
Water holdingᵇ
Water holdingᶜ
Difference (%)ᶻ Difference (%)ᶧ Difference (%)ᵋ
density (g·cm¯³) density (g·cm¯³) Porosiy (%)
capacity ASTM (%) capacity (Core)(%) capacity (irrigation)(%) Core-ASTM Irrigated-ASTM Core-Irrigated
1.15 c
0.64 d
11.1
37 d
51 b
32 cdef
14
0
19
1.05 e
0.59 d
11.0
37 d
46 b
32 cdef
9
0
14
1.14 c
0.61 d
11.2
37 d
53 ab
33 cde
16
0
20
1.09 d
0.60 d
11.4
37 d
49 b
36 bcd
12
0
13
1.38 b
0.83 c
6.2
46 a
55 a
26 g
9
20
29
1.37 b
0.85 bc
6.2
46 a
52 ab
28 efg
6
18
24
1.36 b
0.80 c
6.1
46 a
56 a
25 g
10
21
31
1.34 b
0.82 c
6.4
46 a
52 ab
31 cdefg
6
15
21
1.09 d
0.53 e
10.2
44 b
56 a
37 bc
12
7
19
1.09 cd
0.52 e
10.4
44 b
57 a
41 ab
13
0
16
1.10 cd
0.53 e
10.4
44 b
57 a
40 ab
13
0
17
1.05 e
0.53 e
10.7
44 b
52 ab
45 a
8
0
7
1.36 b
0.90 b
10.0
42 c
46 b
25 g
0
17
21
1.44 a
0.96 a
9.8
42 c
48 b
27 fg
6
15
21
1.40 ab
0.90 b
10.1
42 c
50 b
27 fg
8
15
23
1.37 b
0.91 b
10.0
42 c
46 b
29 efg
0
13
17

ᵃ Water holding capacity (v/v) realized from sampling newly mixed substrate and following ASTM E2399-11 methods for physical
property determination with 6 replications.
ᵇ Water holding capacity (v/v) realized from taking of intact core samples from green roof growing trays and utilizing ASTM E239911 for determination of physical properties with 6 replication per substrate/plant treatment.
ᶜ Water holding capacity (v/v) realized from 6 irrigation events and 3 replications per treatment (n=18)
ᶻ Percent increase in water holding capacities observed from core sample inspection. Value of zero represents less than 5% difference
observed.
ᶧ Percent decrease in water holding capacity observed 1 hour after direct irrigation of green roof trays. Value of zero represents less
than 5% difference observed.
ᵋPercent decrease in water holding capacity observed 1 hour after direct irrigation of green roof trays over water holding capacity
observed from core sample analysis using ASTM E2399-11.
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Figure 4.1.
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Cumulative substrate weight reductions associated with three species mixtures

M- Meadow plant community
X- Xeri-scaping plant community
XS- Xeri-scaping plant community with Sedum plants
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Figure 4.2.

Comparison of cumulative weight reductions from water loss of same plant
communities in differing substrate

G1- Substrate composition 1 developed at the University of Guelph.
G2- Substrate composition 2 developed at the University of Guelph.
G3- Substrate composition 3 developed at the University of Guelph.
C- Control substrate mixture obtained from LiveRoof Ontario.
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Table 4.6.

Cumulative substrate soil moisture release slopes for 3 species combinations and
significant differences in slopes resulting from substrate treatment

Treatments
Meadow
S1
S2
S3
C
Xeriscape/sedum
S1
S2
S3
C
Xeriscape
S1
S2
S3
C

Slope

r²

-751.9 ± 38.79 c

0.7386

-708.7 ± 29.60 a

0.8116

-955.4 ± 32.29 d

0.8682

-715.7 ± 33.22 b

0.7773

-822.3 ± 29.33 d

0.8552

-637.2 ± 27.29 a

0.8039

-813.8 ± 37.79 cd

0.7772

-757.8 ± 28.53 b

0.8414

-743.2 ± 28.33 b

0.8380

-640.6 ± 34.22 a

0.7249

-755.6 ± 31.78 c

0.8095

-743.7 ± 27.51 b

0.8461

ᶻ Mean (slope + se) calculated from 6 dry downs (n=18). Values with the same letter are not
significantly different within each plant species grouping (Meadow, Xeriscape/Sedum,
Xeriscape) (P =0.5)

Table 4.7.

Substrate granulometric distributions with recommended ranges as outlined by the
FLL (2010), expressed as percent mass retained by representative screen.

Screen diameters
Substrate 0.25mm
G1
2.75
G2
14.46
G3
3.55
C
6.26
FLL
0-15

0.5mm

1mm

2mm

3.35mm

6.7mm

10mm

5.61
24.26
8.11
12.37
0-20

13.65
38.81
14.86
23.88
0-35

32.65
61.65
34.61
41.64
0-50

54.95
82.57
52.27
59.78
20-75

81.82
94.09
84.2
88.34
50-100

100
100
100
100
70-100

Values expressed as a mean with 3 replications of 200g dry substrate material
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Figure 4.3.

Mean number of trays at the end of dry down period (n=6) not showing wilt for
each substrate treatment.

4.3.5

Herbaceous species response to moisture deficit

Tray irrigation occurred when 50% or more of the trays were showing signs of wilting.
Relative drought tolerance of species within each tray was realized and consistent within
substrate treatments. From the plant species used in this experiment we were able to determine
an order for showing signs of drought stress. Black Eyed Susan and Yellow Prairie Coneflower
were the first to display signs of drought, followed closely by Coreopsis species, Bachelor
Buttons, and Evening Scented Primrose. Among the last plants to display drought stress were the
Scarlet Flax, Wild Lupine then the Yarrow. The monocots were the last to display drought stress
and generally the order in which they did was indistinguishable, with the exception of the Hard
Fescue. Throughout the course of the experiment Hard Fescue was the only plant to not display
any noticeable symptoms of moisture deficiency.
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4.3.6

Sedum response to substrate dry down

Cumulative moisture release rates of the Sedum occupied trays differed significantly
among substrate treatments (Table 4.8). Over the course of the three saturated to dry cycles, there
was no clear consensus as to which substrate bestowed the greatest benefits. The first dry down
cycle revealed moisture stress was evident in the control substrate on day 18 with Blue Spruce
Sedum showing signs of wilt. By the end of the 30 day period in the control substrate, the three
Sedum indicator species were all showing moisture stress symptoms, while those symptoms were
not evident to the extent in the other substrates. The same trend was witnessed on substrate G3
during the second dry down, and again to two replicates of substrate 3 on the third.

Table 4.8

Cumulative moisture release slopes from three dry down periods for different
substrate treatments

Sedum
G1
G2
G3
C

-230.2 ± 4.801 a
-240.3 ± 7.756 b
-284.4 ± 11.45 c
-225.7 ± 8.956 a

.9231
.8911
.8864
.9085

ᶻ Slopes (Mean + se) result from 3 dry down events (n=9). Values with the same letter are not
significantly different (P = 0.5).
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Despite the similar success in moisture stress tolerance, there were significant differences
in mean total water lost for substrate 3 compared to the others (Table 4.9). All substrates weight
reductions over time suggested more water was lost than was available from the substrates. The
greatest discrepancy between the recorded water loss, and both the standard ASTM E2399-11
obtained values using raw substrate and core, was for substrate G3.
Table 4.9

Mean water loss from substrates planted with Sedum over three saturated to dry
down cycles, with calculated maximum substrate water available from raw
substrates and from calculated saturation from tray core samples

Substrate
G1
G2
G3
C

Actual
Calc. substrate available water (ml)
water loss (ml) Substrate
Substrate/root core
7417 + 294.8 b
5550
7350
7415 + 391.3 b
6900
7800
9164 + 823.2 a
6600
7800
7152 + 150.4 b
6300
6900

Water loss (Mean + se) result from 3 dry down events (n=9). Values with the same letter are not
significantly different (P = 0.5).

4.4 Discussion
4.4.1

Substrate physical properties

The diverse range of dry and wet bulk densities of the substrates tested highlighted the
opportunities for improving the sustainability and performance of substrates. The lightest
substrate (G3), composed of Hydrocks and biochar, was nearly 46% lighter than the control at its
driest, while 30% lighter still at maximum water holding capacity. It has been recognized that the
potential for green roof plant diversification increases as substrate depth increases (Lundholm et
al., 2009, Bassoulette, 2009), primarily resulting from greater water availability and also greater
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space for roots to propagate. The design of suitable substrates that satisfy a building’s structural
integrity, as well as provide an added depth, is an important consideration in attempting to
expand the available plant palate for green roof designers. Little attention has been placed in the
literature on describing attempts to grow diverse green roof species utilizing substrates thatdiffer
in their design and properties. It is apparent from the diverse properties exhibited here that
substrate design has much to offer in terms of contributing to diverse plantings. Many of the
substrates outlined to have been used are those that have been designed for traditional Sedum
plantings, and possess properties which may not be necessary for diverse plantings, such as water
holding capacity or drainage rates.
4.4.2

Plant establishment

Plant species which did not germinate and grow were relatively consistent among
substrate treatments, indicating seed viability issues were primarily responsible. Particular
species, such as Evening Scented Primrose and Hoary Vervain were absent in all the Xeriscaping and Xeri-scaping/sedum treatments, with the exception being Substrate G3, which
contained Evening Scented Primrose. Evening Scented Primrose and Bachelor Buttons were also
primarily absent from the Meadow treatment, again with the exception of substrate G3. Although
representatives from each Sedum species planted were present in the XS plant treatments upon
initial greenhouse inspection, their relative numbers diminished significantly over the duration of
the experiment. The high prevalence of grasses within the XS trays led to an obvious crowding
out of the sedum, resulting in Sedum primarily existing along the outsides of the trays. The
exception to this was the Blue Spruce variety, whose growth characteristics allowed it to
propagate above the grass canopy in most cases.
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4.4.3

Substrate water holding capacity (v/v)
In each substrate treatment, the sedum communities achieved the highest mean water

holding capacity (v/v) following irrigation events, suggesting results that compared to findings of
Lundholm et al. (2011), where communities that had less complex root systems exhibited an
increased capacity to retain water. In contrast to these findings, however, was the observed
increase in water holding capacities when intact core samples were taken and analyzed with
ASTM E2399-11 (ASTM International 2011). It is hypothesised that this contradictory finding
was a consequence of the ASTM protocol. ASTM E2399-11 requires a substrate to be submersed
in water for a period of 24 hours, achieving thorough saturation. As Lundholm et al. (2011) point
out, diverse root systems occupy more pore space within the substrate, pore space which would
otherwise store water. The development of complex root systems may be reducing the size of
pore spaces, although no differences were measured.

4.4.4 Sedum response to substrate dry down
Many studies have indicated the genus Sedum to be drought tolerant, and this tolerance to
be based in part on substrate depth (Vanwoert et al., 2005). Generally, at 10cm substrate depth,
the Sedum communities, regardless of substrate, proved to be resilient of moisture deficit. Those
trays which did show signs of stress quickly recovered after irrigation.
All substrates’ weight reductions over time suggested more water was lost than was
available from the substrate retention alone within the trays occupied by Sedum alone. The
greatest discrepancy between the recorded water loss, and both theoretically-obtained values,
was for substrate G3. Substrate G3 showed signs of wilting in two out of the three dry down
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sessions suggesting the differences were potentially resulting from a reduction in Sedum shoot
water content. Differences were also seen, however, in the other substrate treatments that had not
shown signs of Sedum stress. Furthermore, tray mass was consistently brought to the same level
for the Sedum trays immediately after an irrigation event which would suggest that a sedum
community is able to both more efficiently facilitate water transfer into the soil, and also able to
retain water in the canopy. These results could contribute to explaining previous reports of
Sedum facilitating neighbouring plant performance (Butler et al., 2011). The significantly
reduced moisture release slopes from the sedum communities, also suggests the possibility that
neighbouring plants, after depleting readily available water reserves, would have access to
reserves of water from a neighbouring Sedum population within close proximity.

4.5

Conclusion
Substrate design was found to significantly influence the dry down rates of all plant

treatments tested. The reduced rate of substrate G2 dry down resulted in a noticeably reduced
need for irrigation in the three species combinations containing non-sedum plants. Sedumplanted substrates had a water release rate that was significantly reduced compared to that of the
other species combinations. Initial retention of water from the sedum planted substrates was
greater than both the ASTM E2399-11 calculated field capacities of all substrate treatments,
suggesting sedum cultures are better than the herbaceous treatments at retaining water above
surface in the canopy and also in the growing substrate. Intact core samples from each treatment
revealed that diverse plant root systems increased the water holding capacity of the substrate.
This was not found to be expressed in values that were obtained for water holding capacity
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immediately after irrigation events, except for the sedum only populations. This would indicate
that although a diversely planted population can retain more water than a mono culture of sedum,
it is not exploited unless prolonged and continued saturation is present. Furthermore, Sedum only
communities were able to retain significant amounts of water in the canopy region.
Substrate considerations will contribute extensively to populating green roofs with more
diverse species. Substrates formulated to have a reduced bulk density, such as G3, can be applied
to roofs at greater depths, which captures more water and provides greater space for root growth.
With carefully chosen components, this can be accomplished without increasing the loading on
the building structure.
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5.1

GENERAL CONCLUSION
The continuing development and growth of a sustainable green roof industry will rely

heavily on continued research into all aspects of green roof technologies. Research conducted
here has produced a diverse array of substrate options for Ontario markets, utilizing unique
components options and mixtures. Substrates were tested through growing a diverse mixture of
Sedum and herbaceous plant species for the production of Sedum mats and pre-vegetated green
roof trays. It has been revealed that acceptable substrates can be constructed with locally
available materials, achieving variable levels of sustainability. New component options realized
include the reuse of the invasive Zebra and Quagga mussel shells, lightweight shells which are
found in great quantity on select Great Lakes beaches and ultimately landfill sites. These shells,
when incorporated into mat and tray substrates, reduced substrate bulk density considerably
without lowering the substrate field capacities of the tray substrates. The use of these shells as a
green roof aggregate substrate component also holds the potential to divert an existing waste
stream while also providing an additional incentive to clean beaches.
Additional substrate components investigated included the use of biochar. Biochar use
increased dry and wet shoot weights of all Sedum species trialed. Although there was no linear
increase in shoot weights with increased biochar concentrations, all species had the lowest mean
shoot weight in the 0% biochar substrate treatment. Additionally, biochar reduced bulk density
of substrates and increased water holding capacity. This is the first research of its kind
documenting the influence of biochar on green roof substrate physical properties and its impact
on plant growth and performance. Previous research has indicated biochar reduces nutrient
runoff from green roof substrates (Beck et al., 2011), and our research reaffirmed this through
column leaching analysis. Limited infrastructure exists with respect to biochar production in
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Ontario, making a cost/benefit analysis of its incorporation into green roof substrates difficult.
However, the few examples of production occurring incorporate the manufacturing of biochar
with green house heating, potentially indicating an on-farm production potential for green roof
plant producers. Green house plant production facilities being heated with the pyrolysis of farm
borne organic waste, resulting in the generation of a lightweight substrate component with
demonstrated performance advantages, is a foreseeable development of a sustainable green
roofing industry. Research conducted here documented the performance advantages resulting
from incorporation of biochar into green roof substrates.
Recent literature on green roof performance is continuing to document the advantages of
roofs planted with more diverse plant species. Little of this research has examined the impact of
differing substrate mixtures on accommodating these diverse plant groups. Research conducted
here examined the growth of four distinct plant consortia in four different substrate types.
Substrate type was found to significantly influence the rate at which water was held and used by
the plant communities. Intact cores of substrate and root complexes were analysed and it was
found that water retention increased in all cases over the values obtained for the soil only
samples; however, only the Sedum plant communities were found to attain these theoretical field
capacity values. Moisture release from Sedum occupied substrates occurred at a significantly
reduced rate than those planted with herbaceous plants. It was hypothesized that these results
explained previous literature documentation that non-sedum plants showed reduced moisture
stress symptoms when planted in proximity to Sedum plants, as they were able to capitalize on
neighbouring Sedum plots which stored more water both in the substrate and above the surface.
Information obtained from this study will contribute to the efficient maintenance of diversely
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planted green roofs, as irrigation timing was found to be influenced not only by plant species, but
by substrate composition as well.
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