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Abstract

The establishment of native vegetation on green roofs may reduce maintenance
requirements and increase local biodiversity and ecosystem services. In Nova Scotia,
native species from coastal barrens have been selected for green roof use due to
their adaptations to harsh climates; yet the persistence of dominant native species
(Vaccinium angustifolium and Empetrum nigrum) on green roof systems is
unexplainably low. To test whether commercial green roof substrate is limiting
shrub growth, shrub health and survivorship were monitored in an experimental
study using four different substrate treatments. Under greenhouse conditions,
survival, growth (height and number of leaves) and a categorical ranking of health
were compared between plants grown in four substrate compositions: (1) control,
or 100% commercial green roof growing medium; (2) control+peat moss, (3)
control+native soil inoculum; and (4) control+peat moss+native soil inoculum. After
12 weeks, the control treatment for both species had significantly higher height,
number of leaves and health scores than the other treatment, with the exception of
V. angustifolium in the peat moss treatment. The mixture treatment had the lowest
pH and highest organic matter content of all treatments, making it the closest
treatment to resemble two of the three characteristic factors of coastal barren soils:
high organic matter content; low pH; and low nutrient levels. However, the mixture
treatment had the lowest height, number of leaves and health scores apart from V.
angustifolium’s number of leaves in the inoculum treatment. Plant growth and
health was lower in mixture substrates due to increased nutrient levels, high
organic matter levels in soils with a relatively basic pH to coastal barrens, or water-
logged roots due to increased decomposition of added organic matter. The results
indicate that substrate composition may not be limiting dominant native shrub
growth on green roofs. However, before substrate composition is omitted as a
potential explanation for shrub deficiency in green roof systems, this study must be
replicated: (1) with a mixture treatment that has a lower pH, as pH is a leading
factor in determining nutrient levels in soil; and (2) on an outdoor green roof
system due to potential effects environmental factors have on shrub growth and
health.

Key Words: Green Roof, Commercial green roof substrate, Native plant
communities, Low-bush blueberry, Crowberry, Inoculum, Peat moss, Organic matter,
pH.
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1.0 Introduction

1.1 Motivation

The potential benefits of establishing native ecosystems on green roof
systems are difficult to examine due to the inability to successfully reproduce native
community structures on green roof systems. However, reproducing native
ecosystems on green roof systems has the potential to reduce maintenance
requirements, increase local biodiversity and enhance ecosystem services. In Nova
Scotia, native species from coastal barrens have been selected for green roof use due
to their adaptations to harsh climates; yet the persistence of dominant native
species, specifically low-bush blueberry (Vaccinium angustifolium) and crowberry
(Empetrum nigrum), on green roof systems is unexplainably low. This study will
explore one of the potential explanations for dominant native species’ deficiency in
these systems in hopes to discover a clear limiting factor and propose mitigation, or

to better understand barriers.

1.2 Overview on Green Roofs

Successful green roofs are capable of providing ecosystem services such as
storm-water management, cooling buildings and pollutant removal from air and
water (Oberndorfer et al., 2007). However, the efficiency of these services is directly
tied to the type of green roof, namely extensive, containing up to 20 cm substrate, or

intensive, containing greater than 20 cm of substrate, and its supported vegetation.
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The environment on a green roof however is very harsh and the number and
types of species that can establish themselves on these systems in limited.
Conditions on rooftops vary due to climatic differences in geographic regions, but in
general green roof species are subject to drought, extreme temperatures, high winds
and high light intensities (Oberndorfer et al., 2007). These stressors are heightened
on extensive green roofs due to their shallow substrate, making plants more
susceptible to freezing in the winter and desiccating in the summer. Consequently,
the majority of extensive green roofs support a small number of non-native species,
typically in the Sedum genus, due to their drought-tolerance and ability to survive in
these harsh conditions.

The traditional consideration of green roof functionality, which focuses on
balancing economic benefits with engineering and architectural challenges (Dunnett
& Kingsbury, 2007), typically ignores the role vegetation plays in regulating the
efficiency of green roof services. As a result, since green roof origination in Europe,
there has been little new or localized research on which species would be better
suited to flourish on green roofs in North America (Oberndorfer et al. 2007).

Though it is inconclusive whether North American native species are better
adapted to green roofs within North America than non-native species (Butler, Butler
& Orians, 2012); it has been determined that a habitat template approach, or using
species from ecosystems within a particular geographic region that have
characteristics similar to green roof can be successful (Lundholm, 2006). Thus, the
introduction of certain native species could aid the advancement of green roof

systems as well as increase the native biodiversity in urban environments.
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1.3 Why Encourage Natives1?

The addition of native species to green roof systems is preferable to non-
native species because they can increase various ecosystem services, such as roof
temperature reduction and storm water capture (Lundholm, Maclvor, MacDougall &
Ranalli, 2010), and do not pose risks of biological invasion. Despite these potential
benefits, the use of native species in current landscape design is lacking. The limited
use of native species is due to certain limitations, such as the absence of native
species commercially available in nurseries and a deficiency in understanding the
dynamics of native plant communities (Dunster, 2010). Nonetheless, it is likely that
there is a native species suitable for any landscape situation; they just have not been
identified (Simmons, Venhaus, & Windhager, 2007).

If appropriate native species are discovered, the ecological services of green
roofs can be amplified while the whole ecological health of urban landscapes is
enhanced. Use of native species on green roofs can increase the ecological function
and diversity of a fragmented landscape by introducing corridors or islands of
habitat (Simmons, Venhaus, & Windhager, 2007). Corridors or islands would
increase pollination, food and habitat resources for native insects, birds and small
mammals. In fact, recent research indicates that current Sedum-carpeted roofs have
little biodiversity value compared to roofs dominated with other vegetation types

(Dunnet & Kingsbury, 2007). Increased diversity has been shown to increase the

I Native being defined as a plant that arrived and evolved over thousands of years in
a particular region without human agency (Kendle & Rose, 2000).
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thermal efficiency and rainwater absorption services of green roofs (Dunnet &
Kingsbury, 2007). Thus, usage of diverse native species on green roofs not only

increases native biodiversity in an area but also augments their ecosystem services.

1.3 A Habitat Template Approach in Nova Scotia: the Coastal Barrens

The coastal barrens of Nova Scotia are open areas within a forest matrix that
are dominated by dwarf shrubs (Burley & Lundholm, 2010). Coastal barren
habitation and persistence is influenced by high elevation, shallow soils, extreme
temperature, and wind exposure (Burley & Lundholm, 2010; Oberndorfer et al.,
2007). Consequently, coastal barren communities exhibit many parallels with green
roof environments; using the theory of the habitat template approach, it is
presumed that coastal barren communities will perform well and persist on green
roofs.

Coastal barren communities are desirable on green roof systems because
they would increase the diversity in these systems. Coastal barren communities
have been recorded to support 173 different species and a variety of different life-
forms despite the harsh growing conditions (Oberndorfer, 2009). This diversity is

much greater than the current Sedum monocultures found on many green roofs.

1.4 Knowledge Gaps
Though theoretically justifiable, it is unknown how coastal barren

communities actually perform on green roof systems. A prevailing problem in



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

establishing these communities on green roofs is that native shrubs are being
outcompeted by grass species before their services can be quantified (Lundholm,
Maclvor & Ranalli, 2009). An additional discontinuity in determining coastal barren
performance on green roof systems is the cause of this trend of grassy plant
dominance is unknown. Based on theories within the literature, current commercial
green roof substrate seems to be the most probable cause of native shrubs inability

to thrive on green roofs; however, this has not yet been studied.

1.5 Research Problem
This study will focus on investigating the role of current commercial green
roof substrate on native shrub growth, health and survival in Nova Scotia. It will
seek to determine if green roof substrate is limiting shrub growth and health, or, if
not, then eliminate one of the possible causes of shrub deficiency in these systems.
The study will be focused on answering the following research questions:
1. Can we modify the organic matter content, pH and nutrient levels in green
roof substrates to more closely resemble coastal barren soils?
2. Will V. angustifolium and E. nigrum have greater growth? in green roof
substrates that more closely resemble coastal barren soils?
3. Will V. angustifolium and E. nigrum have improved health and survivorship in

green roof substrates that more closely resemble coastal barren soils?

2 Growth will be measured through plant height and number of leaves

10
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1.6 Study Approach

Under greenhouse conditions, this study will explore and quantify the
success of the two major native shrubs on coastal barrens, low-bush blueberry
(Vaccinium angustifolium) and crowberry (Empetrum nigrum), in four different
substrates: a control of just commercial green roof substrate; green roof substrate
with peat moss added; green roof substrate with an inoculum of native soil added;
and green roof substrate with both peat moss and an inoculum added. It will test the
hypotheses that the current commercial green roof substrate is limiting plant
success and that both V. angustifolium and E. nigrum will be more successful in the
mixture substrate (65% commercial green roof substrate, 25% humus from coastal
barrens and 10% peat moss) compared to the others because it will have higher

organic matter and lower pH.

2. Literature Review

2.1 Introduction

The replacement of typical Sedum species with native species on green roof
systems has been debated within current green roof research. In an analysis of 410
green roof papers, Butler, Butler and Orians (2012) found that 26% supported the
use of native species on green roofs; the other 74% were either against the use of
natives or did not recognize the importance of natives in their paper. In addition,

through a thorough examination of the literature, it was found that scholarly

11



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

literature on reconciliation ecology, through Biological Abstracts, Science Direct and
Web of Science databases, shows that there is a growing body of literature on
incorporating native species into green roof systems (Francis & Lorimer, 2011).
This review will explain the importance of green roofs and native plant usage
in reconciliation ecology. It will then examine the current studies involving native
species on green roofs and will address the theory and practicality behind native
success on these systems in general and then focus to green roofs within Nova
Scotia. Finally, it will examine the significance of substrate type on plant success and

parallel this to the potential success of coastal barren communities on green roofs.

2.2. Reconciliation Ecology and Green Roofs

Reconciliation ecology aims to modify urban environments to increase the
diversity, number, and range of species, without compromising the functional aspect
of these urban environments (Francis & Lorimer, 2011). Green roofs are an
important step towards reconciliation ecology as they improve urban biodiversity
and can be created directly by urban citizens (Francis & Lorimer, 2011). Green roofs
help achieve five of the goals of reconciliation ecology and urban biodiversity
conservation identified by Dearborn and Kark (2009), green roofs: (1) provide
ecosystem services (Dearborn & Kark, 2009; Oberndorfer et al., 2007); (2) improve
human well-being through the improvement of water and air quality (Yang, Yu &
Gong, 2008; Monterusso, Rowe, Rugh & Russel, 2002); (3) tentatively create
corridors for natural populations that increase pollination, food and habitat

resources for native insects, birds and small mammals (Simmons, Venhaus, &

12
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Windhager, 2007); (4) connect people with nature while providing environmental
education, as the public’s attitudes towards green roofs are generally positive
(Jungles, Rakow, Allred, & Skelly, 2013), and (5) provide new opportunities for
increased education about nature and green roof systems.

Some of these goals include using native species and increasing biodiversity
conservation while others place importance on functionality and cost-effectiveness
(Dearborn & Kark, 2010). Nevertheless, reconciliation ecology can incorporate
ecological restoration by using native species in urban landscape design; further
improving ecological value and reducing ecological damage to urban landscapes
(Simmons, Venhaus, & Windhager, 2007). However, there are complications with

the establishment and performance of native species on green roof systems.

2.3 Native Species on Green Roofs

There has not been conclusive evidence on how native species will thrive on
green roofs. Much of the theory supporting native species on green roofs is based on
assumptions that natives are better adapted and associated with enhanced
environmental benefits (Butler, Butler, & Orians, 2012). People assume that because
natives are favorable on ground-level environments, they will perform the same on
rooftops (Butler, Butler, & Orians, 2012). However, this cannot just be assumed; the
performance of natives on green roof systems is directly tied to the methods used to
establish natives on green roofs (Sutton, 2008), their ability to adapt to harsh
environments (Simmons, Venhaus, &Windhanger, 2007), and the natural

environment the native plant originated from (Bousselot, Klett, & Koski, 2009).

13



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

Some past studies assessing native success on green roofs have found
sedums had greater survival than native species. Native species were found to be
unsuitable for the drought-induced harsh environmental conditions on green roofs
(Montersusso, Rowe, & Rugh, 2005). The factor that seems to have the greatest
effect on plant survival is the water limitations on roofs (Moonterusso, Rowe, &
Rugh, 2005; Martin & Hinkley, 2007). However, subsequent studies have
determined that study design and plant selection are paramount. Premature
discontinuance of supplemented water before roots structures establish masks the
tolerance properties of a plant by promoting plant failure (Sutton, 2008).
Additionally, selecting plants that whose natural habitats involve shallow soil
structures and low annual precipitation lead to native success on green roof systems
(Bousselot, Klett, & Koski, 2010). Many studies do not take into consideration the
physiological traits of the native species they test on roofs, which augments their
failure. Phenotypic plasticity of plants proves more predictive of plant performance
than the type (native or non-native) or life-form (monocots, dicots, shrubs, herbs,
etc.) of the plant (Farrell, Szota, Williams, & Arndt, 2013). The extent of plasticity in
plants can be determined by looking at their natural environments and its variable
conditions, which would demand quick morphological, behavioral or physiological
changes in its supported vegetation.

One approach to examine potential plant plasticity and to increase the
amount of native biodiversity on green roofs is to use a habitat template approach
when choosing species (Lundholm, 2006). This approach uses the ideology that

many urban environments have natural analogs. Thus, by matching environmental

14
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conditions in the natural and urban environments it can then be determined which
plant communities would be most successful (Lundholm, 2006). In terms of green
roofs, it would be ideal to find a natural environment that has shallow substrates as
well as extreme temperature and moisture variations to determine which plant

communities would be most successful in green roofs' harsh environment.

2.4 Green Roofs in Nova Scotia and the Coastal Barrens

In Nova Scotia, the use of native species from coastal barren habitats on
green roofs has been recommended by Licht & Lundholm (2006) due to parallels
between the two extreme environments. Both green roof and coastal barren species
are subject to drought, extreme temperatures and high winds (Licht & Lundholm,
2006; Oberndorfer et. al., 2007). Thus, based on the theory behind the habitat
template approach, coastal barren species would thrive on green roofs within Nova
Scotia.

Plant communities characteristic of coastal barrens are dominated by
ericaceous vegetation, typically of the dwarf shrub life-form (Oberndorfer &
Lundholm, 2009). Further, the most dominant species on the coastal barren is E.
nigrum. However, another species characteristic of costal barrens in Nova Scotia,
but less abundant, is V. angustifolium. The dense shrub cover on Nova Scotia coastal
barrens results in little grassland invasion, as the few grass species found within the
barrens have low abundances (Oberndorfer & Lundholm, 2009).

Green roof research in Nova Scotia has successfully cultivated coastal barren

species on green roofs. However, there has been difficulty sustaining the intended

15
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shrub dominated communities on these systems (Lundholm, Maclvor, & Ranallj,
2009). Within a year the plant communities are taken over by grassy natives, which
is not characteristic of natural coastal barrens (Oberndorfer & Lundholm, 2009). On
green roof systems, shrubs such as E. nigrum and V. angustifolium demonstrated
slow growth rates compared to grasses such as red fescue (Festuca rubra) (Maclvor
& Lundholm, 2011). Grassy species are outcompeting shrubs before shrubs’
establishment on green roofs. This makes the assessment of shrubs on green roofs
difficult to study unless shrubs are grown in monocultures.

Current studies looking at shrub performance on green roofs are inconsistent.
Shrubs have been found to either perform similarly to or underperform other life-
forms. A study by Nardini, Andri and Crasso (2011) found that there was no
significant difference between grass-covered and shrub-covered roofs when it came
to storm water runoff capture, both storing more than 90% of rainfall. Conversely,
Maclvor & Lundholm (2011) found that native grass species performed better than
shrubs for most ecosystem services. However, in both studies the experimental
units were grown in monocultures, which are not characteristic of native
environments. Only being able to examine shrub performance through
monocultures makes the assessment of shrub dominated, but not exclusive, native
plant communities on green roofs difficult. The lack of assessment of polycultures of
shrub and grasses withholds information on how these species will perform

together.

16
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2.5 Plant success and Growth Medium

The performance of coastal barren communities on green roofs cannot be
effectively studied until dominant coastal barren shrubs can be successfully
established on these systems. It has been hypothesized that green roof substrate can
limit plant growth due to its differences to natural soil composition(Dunster, 2010).
Green roof substrate needs to be lightweight and porous to meet the needs of the
plants without compromising the structural integrity of the building (Nagase &
Dunnett, 2011). The main factors that determine green roof substrate composition
involve trade-offs between weight, water-holding capacity, oxygen-holding capacity
and long-term stability of the substrate (Emilsson, 2008). Consequently, green roof
substrate lacks natural soil horizons (Dunster, 2010), is highly mineral based
(Oberndorfer et. al, 2007), contains low volumes of organic matter (Lundholm et al.
2010), and is deficient in essential microbiota communities (Dunster, 2010). These
composition characteristics are inconsistent with natural soil configurations
(Dunster, 2010) and can be limiting plant persistence.

In a study by Maclvor and Lundholm (2011), shrubs had the lowest growth
rate of all the 15 coastal barren species tested. In particular, V. angustifolium and E.
nigrum had very low growth rates (Maclvor & Lundholm, 2011) despite their
characteristic and dominant nature on natural coastal barrens (Oberndorfer &
Lundholm, 2009). However, the green roof substrate utilized in this study was a
common green roof substrate, Sopraflor X (Maclvor & Lundholm, 2011), which has a
pH around 6.0-7.0 and a dry organic matter content of 5-10% (Lundholm et al.

2010; Maclvor, Ranalli & Lundholm, 2011). Unlike common green roof substrates,
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soil in the coastal barrens is acidic, having an average pH of 4.3 (Oberndorfer, 2006),
and is composed of thick organic layers, around 55-60% organic matter by volume
(Oberndorfer, 2006; Burley, Harper, & Lundholm, 2010). These differences in soil
composition could explain why these shrubs did not perform well in a green roof
system when in theory they should thrive.

The lack of microbiota (Dunster, 2010) and organic matter in green roof
substrate can limit the health of green roof ecosystems and plant growth. Microbiota
can aid plant growth and health in harsh environments by regulating the
decomposition of organic matter, nutrient cycling, and activity rates within the soil
to levels that promote plant health (Rumble & Gange, 2012; Schloter, Dilly & Munch,
2003). Organic matter increases soil characteristics beneficial for plant growth, such
as increased water retention (Tisdall & Oades, 1982) and decreased element
leaching through increased cation exchange capacity (Nagase & Dunnet, 2011).

Fortunately, changing the composition green roof substrate can have
beneficial effects on the growth of plants. It has been found that the addition of
native microbes into green roof substrate can aid the growth of native grasses
sedges and forbs within the Midwestern United States (Sutton, 2008). Additionally,
a study by Nagase and Dunnet (2011) found the addition of 10% organic matter to
green roof substrate was optimal for all species tested.

There have been examples of successful manipulations of green roof
substrate to enhance plant growth on green roofs. Thus, there is reason to believe if
current green roof soils were manipulated to represent coastal barren soils through

inoculation with native soil or organic matter additives, then success of native
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coastal barren community structures, including the persistence of shrub species, on

roofs could be examined.

2.6 Conclusion

The use of native species that already thrive in areas with shallow soils and
little annual precipitation has proven successful on green roof systems. Within Nova
Scotia the plants found on the coastal barrens are analogous to plants that survive in
these harsh environments. However, the discrepancy between soil composition
between green roof and coastal barrens is immense. There have been examples in
other regions that reflect the importance of manipulation of green roof soils to help
aid native plant growth. Therefore, modifying green roof soils to resemble coastal
barren soils could promote enhanced plant growth, especially in shrubs, which

would facilitate the establishment of natural community systems on green roofs.

3.0 Materials and Methods

3.1 Experimental Design
The experiment ran for 12 weeks, starting on the 22nd of November 2013 and
finishing on the 14th of February 2014. 15 plants of each species were assigned to
four treatments:
1. Control, which contained, by volume, 100% commercial green roof
substrate.

2. Peat moss, which contained, by volume, 90% commercial green roof
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substrate and 10% peat moss.

3. Inoculum, which contained, by volume, 75% commercial green roof
substrate and 25% humus from coastal barrens.

4. Mixture, which contained, by volume, 65% commercial green roof

substrate, 25% humus from coastal barrens, and 10% peat moss.

Pots were arranged in a complete randomized design (Figure 3.1). Over the
study period, all plants were watered to field capacity (~17.3 mL) twice a week
(Monday and Friday). The commercial green roof substrate used for this
experiment was Sopraflor X (From Soprema Inc. Drummondville, QC, Canada),
which is composed of expanded shale, sand, vegetable compost, perlite and blond
peat and has a total porosity of 50-69% and bulk density of 1100-1200 kg/m3. A
part of the four substrates were reserved for pH, levels of organic matter, P, K, and N
analysis at the Harlow Institute on the Dalhousie Agricultural Campus (for complete

analysis see Appendix I).
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ure 3.1. Completely Randomized design in a 12x10 pot layout for control, peat
moss, inoculum and mixture treatments located in a greenhouse at Saint Mary’s
University, Halifax, NS.

Fig

3.1.1 Rationale of Additives in Substrate Treatments

Peat moss was used to increase the amount of organic matter and lower the
pH of the sample. The volume of organic matter added to the sample (10%) has
been determined by Nagase & Dunnett (2010) as optimal amount for plant growth.
Only 10% organic matter was added rather than 58%, which is typical of coastal
barren soils, due to the consequences of increased organic matter on rooftops.

Organic matter lacks stability due to decomposition, which can lead to the
reduction and compaction of green roof substrate (Nagase & Dunnett, 2011). The
reduction in volume of green roof substrate would require supplementary
maintenance to place additional material on the roof. The compaction of green roof
substrate can impede water drainage, which leads to plant stress (Friedrich, 2005).
Additionally, increased organic matter could be a water quality issue, by increasing

nutrients in output water if the plants cannot absorb them all, and a fire safety issue,
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by increasing the volume of flammable material. It was expected that a 10%
increase would be the least amount of organic matter needed to see a response in
plant growth and health without making the large-scale implementation of a
potential successful substrate impractical.

An inoculum was used to increase the organic matter and microbial activity
in the sample (Dunster, 2010). The inoculum used was coastal barren humus
collected from Chebucto head in October of 2013. Collected humus was taken from
various areas within Chebucto head with E. nigrum or V. angusitfolim cover. The top
two inches of soil directly under these shrubs were removed, mixed together, and
stored in a refrigerator (4°C) back at Saint Mary’s University until the soil
treatments were prepared in November 2013. In the inoculum and mixture
treatment treatment, 25% native soil inoculum was added by volume based on

methods from Andonian et al. (2012) for successfully inoculating soil.

3.2 Site and Species Selection

The experiment was conducted in the greenhouse on the green roof testing
facility at Saint Mary’s University, Halifax, NS to investigate the relationship between
plant growth and substrate type as well as the relationship between plant health
and substrate type. A greenhouse was be used to enable the study to be performed
during the winter months of the year as well as to accurately control other
environmental factors to ensure variance in plant growth and health is due to

substrate type.
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The two species used in this study, V. angustifolim and E. nigrum, are found
on the coastal barrens of Nova Scotia, Canada and are of a dwarf shrub life-form.
They were germinated from berries collected from Chebucto Head, Nova Scotia

during the summer months of 2013.

3.2.1 Plant Germination and Transplantation

Collected berries were stored in a refrigerator (4°C) for up to three months
to simulate a dormancy period before germination. The berries of each species were
then blended separately with ~250 mL of water for approximately 10 seconds to
separate the seeds from the fruit. After about two minutes, the majority of the seeds
settled to the bottom and the fruit floated that the top and was removed. The water-
seed mixture was then poured into a sieve (0.42mm). The remaining seed sludge
was spread over a tray full of moistened peat moss substrate and was then covered
with ~1 cm of moistened peat moss. This process was repeated for each species.
The trays were then placed in a growth chamber set to optimal conditions for V.
angustifolium germination (12 hours of dark at 15°C and 57% humidity and 12
hours of light at 20°C and 57% humidity) until their second set of true leaves
formed.

After 3 months, 60 plants of each species, 120 plants in total, were
transplanted into 200 mL plastic pots containing 150 mL (added by volume) of the
assigned treatment soil described in Section 3.2. During transplantation, a mix of
relatively large and small plants were be used in each treatment to control for size

differences. One week after initial transplantation, 31 plants were replaced due to
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death via transplantation shock and an additional week was given to guarantee their

true establishment before measurements began.

3.3 Plant Growth and Health Measurements

Plant growth was measured using height and number of leaves. Height (from
the soil line to the highest leaf apex) and number of leaves of each individual plant
was measured every two weeks during the study period, six times in total. Plant
health was determined using a standardized categorical scale and survivorship. The
relative appearance of each plant was be evaluated using a categorical scale from 0
to 5: 0=dead, 1= stressed plant showing visible wilting or browning, 2= a plant that
shows little change since planting, 3= slow growth, 4= healthy plant exhibiting a
large amount of growth, and 5= exceptional growth and fullness (Monterusso, Rowe,
& Rugh, 2005) during each measurement period. Final growth measurements and

survival data were recorded on February 14th, 2014, the last day of the study.

3.4 Statistical Analysis

Differences in soil composition were analyzed within treatments using a one-
way ANOVA for each soil parameter: Nitrate, Phosphate, pH, Organic Matter, CEC,
and Na. Tukey’s Honest Significant Difference test was used to determine the pair-
wise comparisons between each treatment for each soil parameter.

Differences in plant height and number of leaves were analyzed within
species using one-way ANOVA. Differences in relative appearance were analyzed

within species with a Kruskal-Wallis one-way ANOVA. Significance level was
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determined at a=0.05 for all statistical analyses. All analyses were performed using

the statistical software, R.

4. Results

4.1 Soil Analysis

4.1.1 Similarity with Coastal Barren Soil

Some of the amendments to the soil resulted in substrate similar to coastal
barren soil, though no one treatment shared significantly similar quantities to all
parameters of the coastal barren soils. The inoculum treatment most resembled
coastal barren soils, only having significant differences to coastal barren soils in four
of the six soil parameters, compared to the mixture and peat moss treatment, which
had five significant differences, and the control, which had six significant differences
(Fig 4.1). The inoculum treatment was not significantly different from coastal barren
soils in nitrate quantities (Tukey’s adjusted p-value= 0.678) and cation exchange
capacity (CEC) (Tukey’s adjusted p-value=0.518).

The parameters that had the greatest difference between coastal barren soils
and all treatments were phosphate (differences ranging from 449 to 930 kg/ha), pH
(differences ranging from 1.46 to 3.36), and organic matter (differences ranging
from -47.5 to -52.34%) (Fig 4.1). The inoculum treatment had the lowest phosphate
quantities (Mean # SE: 492.7 + 9.2). The mixture treatment had the lowest pH (Mean
+ SE: 5.76 * 0.04) and highest organic matter content (Mean * SE: 11.07 = 0.78). The

treatment that had the greatest difference for all parameters was the control
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treatment, except the mixture treatment had a greater difference with coastal

barren soil for nitrate quantity (Fig 4.1).
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Figure 4.1 Soil Parameters for substrate treatments and coastal barren (coast bar) soils. Data
from coastal barren from Oberndorfer 2006. Data from substrate treatments from soil
analysis by Harlow Institute on Dalhousie Agricultural Campus. n=3 for substrate
treatments. n=>5 for coastal barren soils.
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4.2 Plant Growth

Treatments showed variable growth responses in both species. After 12
weeks, there was a significant difference between treatments in V. angustifolium
height (F3,50=4.15, p=0.016) and number of leaves (F3,50=3.23, p=0.015). Height and
number of leaves were significantly greater in the control (Mean * SE: 58.18+2.32
mm and 20.80+2.45 leaves) and peat moss (Mean # SE: 55.78+3.70 mm and 18.3
4.18 leaves) compared to the inoculum (Mean * SE: 43.82+2.15 mm and 10.47+1.65
leaves) and mixture (Mean# SE: 44.16+2.58 mm and 13.23 +1.77 leaves) treatments
(Figure 4.2 & Figure 4.3). Throughout the 12 week period, the inoculum and
mixture treatments had a moderately constant height around 45 mm, while the
control and peat moss treatments had variable heights, peaking on December 20th,
2013 and February 14th, 2014 (Figure 4.2).

E. nigrum showed similar patterns to V. angustifolium; demonstrating
significant differences between treatments in height (F3,50=6.90, p=0.0007) and
number of needles (F350=17.40, p=2.50e-7), though E. nigrum heights were
significantly lower than V. angustifolium. Unlike V. angustifolium, only the control
treatment had significantly greater height (Mean + SE: 37.68 + 1.59 mm and 71 + 8.5
needles) than the other treatments, whose heights and number of leaves were
approximately 28 + 2 mm and 30 * 3 needles, respectively (Figure 4.2 & Figure 4.3).
Over the 12 weeks, the control’s number of needles varied greatly compared to the
other treatments, peaking on December 20t, 2013 and February 14t, 2014 (Figure
4.3). The control’s height showed a slightly higher fluctuation compared to the other

treatments, peaking again on December 20, 2013 and February 14t, 2014 (Figure
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4.2). However, this fluctuation was not as substantial as the variability in V.

angustifolium heights.
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Figure 4.2. Average height (in mm) of low-bush blueberry (Vaccinium angustifolium) and
crowberry (Empetrum nigrum) grown in various substrate treatments over 12
weeks under greenhouse conditions at Saint Mary’s University, Halifax, NS. CB= V.
angustifolium in control treatment, CC= E. nigrum in control treatment, [B=V.
angustifolium in inoculum treatment, IC=E. nigrum in inoculum treatment, PB= V.
angustifolium peat moss treatment, PC=E. nigrum in peat moss treatment, MB= V.
angustifolium in mixture treatment, MC= E. nigrum in mixture treatment. n=3-15
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Figure 4.3. Average number of leaves of low-bush blueberry (Vaccinium angustifolium) and
crowberry (Empetrum nigrum) grown in various substrate treatments over 12
weeks under greenhouse conditions at Saint Mary’s University, Halifax, NS. CB= V.
angustifolium in control treatment, CC= E. nigrum in control treatment, [B=V.
angustifolium in inoculum treatment, IC=E. nigrum in inoculum treatment, PB= V.
angustifolium peat moss treatment, PC=E. nigrum in peat moss treatment, MB= V.
angustifolium in mixture treatment, MC= E. nigrum in mixture treatment. n=3-15
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4.3 Plant Health

Variability in plant health was only seen in V. angustifolium, not E. nigrum.
After 12 weeks, only V. angustifolium had a significant difference in health scores
(x23=11.99, p=0.007). The control treatment for V. angustifolium had a significantly
higher health score (Mean * SE: 3.47+0.26) than the other V. angustifolium and E.
nigrum treatments (Figure 3). Overall there was a parallel between how both
species were affected by the treatments, as the same treatment for both species
resulted in the highest, medium and lowest health scores. The control treatments
had the highest health scores, followed by peat moss and inoculum treatments, then
the mixture treatments (Figure 3). However, this relationship was not seen with
survivorship.

Both species acted differently in the various treatments in terms of survival.
In V. angustifolium, both the control and inoculum treatment had the highest
survivorship (100%), while the peat moss treatment had the lowest survivorship
(73.3%). The E. nigrum showed the opposite, the peat moss treatment had the
highest survivorship (80%), while the control and mixture treatments had the
lowest survivorship (66.7%).

Most species decreased in survivorship within the first three weeks of the
study period; however, the control treatment for E. nigrum, inoculum treatment for
E. nigrum, and mixture treatment for E. nigrum showed significant declines in the
later weeks (Figure 4). Overall, V. angustifolium showed higher survivorship over

than the E. nigrum during the study period.
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Figure 4.4. Average Health Score of low-bush blueberry (Vaccinium angustifolium) and
crowberry (Empetrum nigrum) grown in various substrate treatments over 12
weeks under greenhouse conditions at Saint Mary’s University, Halifax, NS.
O=dead, 1= stressed plant showing visible wilting or browning, 2= a plant that
shows little change since planting, 3= slow growth, 4= healthy plant exhibiting a
large amount of growth, and 5= exceptional growth and fullness (Monterusso,
Rowe, & Rugh, 2005). CB= V. angustifolium in control treatment, CC= E. nigrum in
control treatment, IB= V. angustifolium in inoculum treatment, IC=E. nigrum in
inoculum treatment, PB= V. angustifolium peat moss treatment, PC=E. nigrum in
peat moss treatment, MB= V. angustifolium in mixture treatment, MC= E. nigrum
in mixture treatment. n=3-15
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Figure 4.5. Survivorship (%) of low-bush blueberry (Vaccinium angustifolium) and
crowberry (Empetrum nigrum) grown in various substrate treatments over 12
weeks under greenhouse conditions at Saint Mary’s University, Halifax, NS. CB=
V. angustifolium in control treatment, CC= E. nigrum in control treatment, IB= V.
angustifolium in inoculum treatment, IC=E. nigrum in inoculum treatment, PB= V.
angustifolium peat moss treatment, PC=E. nigrum in peat moss treatment, MB= V.
angustifolium in mixture treatment, MC= E. nigrum in mixture treatment. n=15
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5.0 Discussion

5.1 Modifying Green Roof Substrate to Resemble Coastal Barren Soil

[t is possible to modify green roof substrate to resemble coastal barren soils;
however, a greater quantity of peat moss, inoculum, or another substance with high
organic matter and low pH must be added. The inoculum treatment was found to
have more soil parameters similar to coastal barren soils than the other treatments;
however, it was missing two characteristics of coastal barren soils (i.e. low pH and
high organic matter). The mixture treatment had the lowest pH and highest amount
of organic matter, but had higher CEC and nitrate than the inoculum treatment and
coastal barren soils (Fig 4.1. a & Fig 4.1. e).

The mixture treatment had two out of the three characteristics of coastal
barren soils; however, it was missing the low nutrient characteristic. A higher CEC
means the soil has more storage capability for nutrients, such as calcium,
magnesium, potassium and ammonium, increasing the pool of nutrients available
for plant uptake (Mengel, 1993). Nitrate is a form of nitrogen that can be easily
taken up by plants. Typically, nitrogen is a limiting nutrient in ecosystems and
regulates the construction and maintenance of plant cells (Forde & Clarkson, 1999).
[t is likely that the mixture treatment exhibited high nutrient availability compared
to the inoculum treatment and coastal barren soil due to organic matter and pH
relationships.

Major determinants of soil CEC are organic matter (Hunt, 1981), soil

moisture, and pH (Barton & Karathanasis, 1997). As organic matter increases, the
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CEC of soil also increases (Kweon, Lund & Maxton, 2013; Mengel, 1993). However,
as the pH of soil decreases, the CEC of soil decreases (Carter & Gregorich, 2008). It is
likely that the high variability of CEC seen in coastal barren soils (Figure 4.1 e) is
due to varying pH and organic matter levels in different locations on the barrens.
The mixture treatment had a significantly higher pH (F38=30.65, Tukey’s adjusted p-
value=0.0e-7) than the coastal barren soils (Figure 4.1 c) and higher organic matter
levels than the inoculum treatment (Figure 4.1 d); it is likely that the mixture
treatments’ CEC was representative of its higher organic matter and was not at a
low enough pH to see the relationship between CEC and pH. It is possible that if the
mixture treatment’s pH was lower, it would have been at a CEC level closer to
coastal barren soils.

The significantly higher pH level of the mixture treatment also explains the
large amount of nitrate available in the treatment. Nitrate is a product of the
nitrogen cycle, which is controlled by soil temperature (Toosi, Schmidt, & Castellano,
2014), pH, and microbial activity (Kemmit, Wright, Keith, & Goulding, 2006). Nitrate,
in particular, is oxidized from ammonium by nitrifying bacteria in neutral or basic
soils (Forde & Clarkson, 1999). However, in acidic soils, many of these bacteria
cannot survive and the majority of nitrogen is typically in the form of ammonium
(Forde & Clarkson, 1999). Further, increased nitrate production is a result of high
organic matter, as there is more organic nitrogen to be broken down into
ammonium and oxidized to nitrate. This is consistent with the soils analysis, which
shows that the mixture treatment had the highest organic matter as well as the

highest nitrate concentration (Figure 4.1 A & Figure 4.1 D). The high amount of
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nitrate in the mixture substrate is a result of a too basic soil as well as its high
organic matter content.

The low pH of the coastal barrens appears to have the greatest influence on
the nutrient availability of the soil by retarding organic matter decomposition
(Kemmit, Wright, Keith, & Goulding, 2006), reducing the CEC of the soil, and limiting
the oxidation of ammonium into nitrate. Thus, there is reason to believe that
decreasing the pH of the mixture substrate would be the most successful step in
replicating coastal barren soils in green roof substrates, as the mixture treatment is
already the most similar treatment to the two other defining characteristics of

coastal barren soils.

5.2 Plant Response to Substrate Treatments

Overall, the control treatments had greater growth and health scores than
the amended substrates, demonstrating that commercial green roof substrate may
not be limiting shrub growth. Other than blueberries in the peat moss treatment,
control treatments for both species resulted in significantly better growth in terms
of height and number of leaves (Figure 4.1 and Figure 4.2). Further, the control
treatments were the only treatment to possess significantly higher health scores
than the other treatments (Figure 4.3). Survival however showed different trends.
The inoculum treatment and control treatment resulted in the highest survival for V.
angustifolium. Additionally, the peat moss treatment resulted in the highest survival
for E. nigrum, which was 13.3% greater survival than the control treatment. Growth

and health score results are inconsistent with the initial assumption that modifying
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green roof substrate to mimic coastal barren soils would enhance shrub growth and
health due to the immense differences between coastal barren soil and commercial
green roof substrates. However, it was shown that modifying green roof substrate
can increase survival in shrub species.

Soil analysis results confirmed the addition of peat moss and a native soil
inoculum to green roof substrate significantly decreased the pH (F38=68.23, Tukey’s
adjusted p-value=6.98e-8) and increased the organic matter content (F3,s=11.49,
Tukey’s adjusted p-value=1.6e-4) of the substrate. Nonetheless, crowberries and
blueberries in the mixture treatment exhibited some of the lowest plant heights,
number of leaves, health scores and survival, with the exception of blueberry
survival in this treatment. However, although the mixture treatment was closest to
the coastal barren soils in terms of pH and organic matter concentrations, its
nutrient levels were significantly higher than in coastal barren soils (for more detail
see section 5.1).

Other studies, not on green roofs, have found that nutrient addition does not
stimulate growth in E. nigrum (Chapin & Shaver, 1989). Further, E. nigrum has
greater survival in areas with low concentrations of nitrate and phosphate (Bell &
Tallis, 1973). The mixture treatment had the highest nitrate concentration (Figure
4.1a); this explains why E. nigrum had lower growth, health and survival; however,
the control had the highest phosphate concentrations (Figure 4.1b), so it is
unknown why E. nigrum had higher growth and health in this treatment.

Unlike E. nigrum, V. angustifolium has been observed to exhibit improved

growth and health in response to increased nitrogen (Smagula & Hepler, 1980).

34



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

However, this response is only seen when V. angustifolium is transplanted correctly
(Smagula & Hepler, 1980). Additionally, V. angustifolium more readily utilizes the
ammonium form of nitrogen rather than nitrate (Hall, Forsyth, Aalders, & Jackson,
1972), thus the increased nitrate concentration in the mixture treatment would not
show the same results even if V. angustifolium was transplanted correctly. These
factors explain why V. angustifolium did not exhibit greater growth or health in the
mixture treatment, but does not explain why growth in the mixture treatment was
inferior to the control treatment.

It is possible that the levels of nitrogen were too high for E. nigrum and V.
angustifolium growth. Due to low nutrient availability in their natural environment,
both species have adapted to establish relationships with mycorrhizae fungi, which
allows them to utilize all forms of organic nitrogen (Jonasson & Shaver, 1999; Hodge,
Cambell & Fitter, 2001). The mixture treatment had significantly higher nitrate and
total nitrogen concentrations than all other treatments (Fig. 4.1a & Appendix I).
Assuming the added inoculum transferred mycorrhizae fungi to the substrates, both
species would be able to uptake both inorganic and organic forms of nitrogen. These
high concentrations of nitrogen available for V. angustifolium and E. nigrum uptake
are antithetical to nitrogen availability in coastal barren soils; thus species growth
and persistence would decline in these conditions.

Survivorship of E. nigrum was increased due to additives in the soil. The peat
moss treatment resulted in 80% survivorship compared to 66.7% in the control
treatment. Survivorship could have been higher due to the peat moss treatment

having the lowest nitrate levels and E. nigrum survival is higher in low nitrate
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conditions (Bell & Tallis, 1973). However, when compared to other studies, E.
nigrum had survival of 99.4% when grown in commercial green roof substrate
(Maclvor & Lundholm, 2009; Lundholm et. al, 2010). The soil amendments did not
raise E. nigrum survivorship to its potential levels. It is possible that survivorship of
E. nigrum was lower in this experiment due to differences in environmental
conditions between greenhouse conditions and the natural environment.

Greenhouse conditions lack wind activity, have high moisture concentrations
and have fairly stable day to night temperatures, which are all opposite of the
extreme environments typical of coastal barrens (Oberndorfer & Lundholm, 2009)
and green roofs (Nagase & Dunnet, 2011). One possible way environmental
conditions can affect plant growth, health and survival is through changed
decomposition rates. Substrate composition dictates the water storage capacity of a
substrate (Nagase and Thuring, 2006) and the moisture level controls plant success
(Monterusso, Rowe & Rugh, 2005); however, moisture level also plays a crucial role
in determining decomposition rates (Friedrich, 2005). Thus, plant growth and
survival is dependent on the most favorable substrate composition for moisture
levels (Thuring, Berghange, Beattie, 2010).

Friedrich (2005) has demonstrated that organic matter acts differently
depending on climate and moisture levels. When moisture and temperature levels
are high, there is increased decomposition of organic matter. This leads to a
production of fine particles creating a low-permeability mat, which can impede
drainage, causing water build up and stress in plants. Dissimilarly to other forms of

organic matter, peat moss has a high water storage capacity (Friedrich, 2005),
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which allows decomposition to occur at slower rates (Ise, Dunn, Wofsy & Moorcroft,
2008). E. nigrum , in particular, is vulnerable to death via water logging and cannot
survive prolonged periods of inundation (Bell & Tallis, 1973). This explains why E.
nigrum survivorship was higher in the peat moss treatment than treatments with
added organic matter that was not peat moss. However, when peat moss is exposed
to higher temperatures and is inundated, this can increase the decomposition rates
of peat moss (Ise, Dunn, Wofsy & Moorcroft, 2008). This could explain why E.
nigrum survival was lower in greenhouses than previous studies on green roofs and
do to E. nigrum’s water logging sensitivity, why V. angustifolium had greater survival
than E. nigrum in all treatments (Figure 4.5). It is possible that moisture levels in the
greenhouse were higher than what is typical of the outside environment,
encouraging plant stress, especially in E. nigrum, and decreased survival in

treatments with added organic matter.

5.3 Research Limitations and Future Research

This study was limited to a greenhouse experiment, which allowed for the
control of other environmental factors; however, those environmental factors could
be crucial to the growth and health of coastal barren shrubs. Another potential
limitation is that the high nitrate concentration in the mixture treatment could be a
result of a biased subsample. The control treatment had high variation (standard
deviation=3.12 ppm) in nitrate concentration. It is possible that the mixture
treatment was produced using a subsample of the control substrate with uniformly
high nitrate concentrations, which resulted in significantly higher nitrate

concentrations in the mixture treatment compared to the others. Future studies are
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needed to compare the differences in environmental factors to determine if they are
indeed significant as well as to replicate the experiment to assess any subsample

biases.

5.3.1 Additional Future Research: Other Factors Promoting Shrub Failure on
Green Roof Systems

Opportunities for future research to determine what other factors could be
limiting shrub persistence on green roofs include examining the effects of salt spray,
transplantation timing, and shading on shrub growth and health. Burley and
Lundholm (2010) have determined salt spray to be a deterministic factor in coastal
barren community structure. Based on the soil analysis in this study, sodium levels
were not significantly higher in coastal barren soils compared to the control
treatments. This suggests that sodium was not a limiting nutrient when previous
studies failed to sustain E. nigrum and V. angustifolium on green roofs systems;
however, this could be further studied. Time of transplantation has the potential to
play a huge role in the success of shrubs, especially V. angustifolium, on green roof
systems. It has been found that V. angustifolium is more successful when
transplanted in the early spring during its dormancy than directly before the
growing season (Lafond, n.d.). Lastly, E. nigrum and V. angustifolium are both shade-
intolerant species (Burley, Harper, & Lundholm, 2010); a comparative study
between sunlight intensity and duration between green roofs and the coastal

barrens could provide insight into the shrubs’ deficiency on green roof systems.
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6.0 Conclusion

This experimental study was performed to determine if substrate
composition was inhibiting Nova Scotian shrub persistence on green roof systems.
The study was designed to verify or refute a potential explanation for the
reoccurring issue of dominant shrubs being outcompeted by grass species when
trying to establish natural coastal barren communities on green roof systems.
Theoretically, coastal barren communities would increase diversity on green roofs,
consequently increasing many of its’ ecosystem services. However, without the
successful establishment of the coastal barrens’ dominant species, shrubs, on green
roofs, it is unknown how these community structures will actually perform on green
roof systems.

Based on theories within the literature and the incongruity between coastal
barren soils and green roof substrate compositions, current commercial green roof
substrate seemed to be the most probable cause of native shrubs inability to thrive
on green roof systems. Thus, this study sought to answer to following questions:

1. Can we modify the organic matter content, pH and nutrient levels in

green roof substrates to more closely resemble coastal barren soils?

2. Will V. angustifolium and E. nigrum have greater growth in green roof

substrates that more closely resemble coastal barren soils?

3. Will V. angustifolium and E. nigrum have improved health and

survivorship in green roof substrates that more closely resemble coastal

barren soils?
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Based on soil analysis, it was determined that green roof substrates can be
modified to resemble coastal barren soils, but the addition of a substance with low
pH and high organic matter is necessary. The mixture treatment was most
characteristic of coastal barren soils as it had the lowest pH and highest organic
matter. Analysis suggests that a low pH is crucial in determining the low nutrient
concentrations in soil as it slows the decomposition of organic matter, reduces the
cation exchange capacity, and sustains higher levels of organic nitrogen necessary
for mycorrhizal functioning. If this study were to be replicated, it would be
recommended that a substance with low pH be added to the mixture treatment in
order to obtain a substrate representative of coastal barren soil.

The control treatments for both species had the greatest growth and health
of all treatments. The mixture treatment, which most closely resembled coastal
barren soils, had some of lowest growth and health of all treatments. The failure of
species in the mixture treatment could have been due to: high nutrient
concentrations when plants prefer low nutrient conditions; unavailable
concentrations of ammonium because the oxidation of ammonium to nitrate
occurred too quickly; water-logged roots due to insufficient water drainage as a
result of organic matter decomposition; or pathogens present in the native soil
inoculum.

The results suggest that green roof substrate is not limiting E. nigrum and V.
angustifolium growth and health. Further, modifying green roof substrates to
resemble coastal barren soils decreases, rather than increases, E. nigrum and V.

angustifolium growth and health. However, the study being limited to a greenhouse
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experiment may have impacted the results by removing essential environmental
conditions for species growth. Consequently, substrate composition cannot be
removed as a potential factor until a green roof study is performed. Future studies
should repeat this study on a green roof to see if the results stay consistent as well
as examine other potential explanations for shrub deficiency in these systems such
as: salt sprays’ influence on coastal barren community structure; transplantation
methodology; and the effects of shading on E. nigrum and V. angustifolium growth
and health.

Despite the previous studies that found soil modification can enhance plant
persistence and the variation between coastal barren soils and green roof substrate,
green roof substrate does not seem to be limiting shrub growth and health in these
systems. However, before substrate composition is omitted as a potential
explanation for shrub deficiency in green roof systems, this study must be

performed on a green roof.

41



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

7.0 References

Andonian, K., Hierro, J. L., Khetsuriani, L., Becerra, P. L., Janoyan, G., Villareal, D., et al.
(2012). Geographic mosaics of plant-soil microbe interactions in global plant
invasion. Journal of Biogeography , 39, 600-608.

Barton, C. D., Karathanasis, A. D. (1997). Measuring cation exchange capacity and
total exchagneable bases in batch and flow experiments. Soil Technology, 11, 153-
162.

Bell, J. N. B, Tallis, J. H. (1973). Empetrum Nigrum L. Journal of Ecology, 61 (1), 289-
305

Bousselot, J. M., Klett, ]. E., & Koski, R. D. (2010). Extensive green roof species
evaluations using digital image analysis. HortScience, 45 (8), 1288-1292.

Burley, S. T., Harper, K. A., & Lundholm, ]. T. (2010). Vegetation composition,
structure and soil properties across coastal forest-barren ecotones. Plant Ecology,
211, 279-296.

Burley, S. T., Lundholm, ]. T. (2010). Environmental predictors of forest expansion
on open coastal barrens. Biodiversity and Conservation, 19, 3269-3285. Doi:
10.1007/s10531-010-9891-0

Butler, C., Butler, E., & Orians, C. M. (2012). Native plant enthusiansm reaches new
heights: Perceptions, evidence, and the future of green roofs. Urban Forestry &
Urban Greening, 11 (1), 1-10.

Carter, M. R,, Gregorich, E. G. (2008). Soil Sampling and Methods of Analysis (Eds. 2).
Boca Raton, FL: CRC Press.

Chapin, F. S. & Shaver, G.R. (1989). Differences in growth and nutrient use among
arctic plant growth forms. Functional Ecology, 3, 73-80.

Dearborn, D. C., & Kark, S. (2010). Motivations for conserving urban biodiversity.
Conservation Biology , 24 (2), 432-440.

Dunnet, N., & Kingsbury, N. (2007 24-APR). Planting options for extensive and semi-
extensive green roofs. Greening rooftops for sustainable communities, 16. Portland,

OR.

Dunster, K. (2010). Improving biodiversity values on green roofs in BC. Cities Alive:
Eighth Annual Green Roof & Wall Conference , 12. Vancouver, BC.

42



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

Emilsson, T. (2008). Influence of substrate compsition, establishment method and
species mix. Ecological Engineering, 33, 265-277.

Farrell, C, Szota, C., Williams, N. S., & Arndt, S. K. (2013). High water users can be
drought tolerant: using physicological traits for green roof plant selection. Plant Soil,
372,177-193.

Forde, B. G., Clarkson, D. T. (1999). Nitrate and ammonium nutrition of plants:
physiological and molecular perspectives. Advances in Botanical Research, 30, 1-90.

Francis, R. A., & Lorimer, ]. (2011). Urban reconiciliation ecology: the potential of
living roofs and walls. Journal of Enviornmental Management, 92, 1429-1437.

Friedrich, C. R. (2005). Principles for selecting the proper components for a green
roof growing media. Greening rooftops for sustainable communities. 13, Wasington
D.C.

Hall, I. V,, Forsyth, F. R, Aalders, L. E., Jackson, L. P. (1972). Physiology of the
lowbush blueberry. Economic Botany, 26(1), 68-73.

Hodge, A., Campbell, C.D, Fitter, A.H. (2001). An arbuscular mycorrhizal fungus
accelerates decomposition and acquires nitrogen directly from organic material.
Nature, 413, 297-299.

Hunt, C.D., (1981). Regulation of sedimentary cation exchange capacity by organic
matter. Chemical Geology, 34(1-2), 131-149.

Ise, T., Dunn, A.L., Wofsy, S.C., Moorcroft, P.R. (2008). High sensitivity of peat
decomposition to climate change through water-table feedback. Nature Geoscience.
doi:10.1038/ngeo331

Jonasson, S., Shaver, G. R. (1999). Within-stand nutrient cycling in arctic and boreal
wetlands. Ecology, 80(7), 2139-2150.

Jungles, J., Rakow, D. A, Allred, S. B., & Skelly, S. M. (2013). Attitudes and aesthetic
reactions toward green roofs in the Northeastern United States. Landscape and
Urban Planning, 117, 13-21.

Kemmitt, S. ], Wright, D., Goulding, K. W. T,, Jones, D. L. (2006). pH regulation of
carbon and nitrogen dynamics in two agricultural soils. Soil Biology & Biochemistry,
38,898-911.

Kendle, A. D., & Rose, . E. (2000). The aliens have landed! What are the justifications

for 'native only' policies in landscape plantings? Landscape and Urban Planning , 47
(1), 19-31.

43



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

Kweon, G., Lund, E., Maxton, C. (2013). Soil organic matter and cation-exchange
capacity sensing with on-the-go electrical conductivity and optical sensors.
Geoderma, 199, 80-89.

Lafond, J. (n.d.). Filling bare spots in wild blueberry fields. Wild blueberry Production
Guide in a Context of Sustainable Development. Quebec: CRAAQ

Licht, J., Lundholm, J. (2006). Native coastal plants for Northeastern extensive and
semi-intensive green roof trays: substrates, fabrics and plant selection. Greening
rooftops for sustainable communities, 13. Boston, MA.

Lundholm, ].T. (2006) Green roofs and facades: A habitat template approach.
Urban Habitats 4: 87-101.

Lundholm, J. T., Maclvor, J. S., & Ranalli, M. A. (2009 3-5-Jun). Benefits of green roofs
on Canada's east coast. Greening rooftops for sustainable communities , 17. Atlanta,
GA.

Lundholm, ., Maclvor, |. S., MacDougall, Z., & Ranalli, M. (2010). Plant species and
functional group combinations affect green roof ecosystem functions. PLoS ONE, 5
(3),€9677.d0i:10.1371 /journal.pone.0009677.

Maclvor, S.]., & Lundholm, J. (2011). Performance evaluation of native plants suited
to extensive green roof conditions in a maritime climate. Ecological Engineering, 37
(3),407-417.

Maclvor, S.]., Ranalli, M. A, Lundholm, J. T. (2011). Performance of dryland and
wetland plant species on extensive green roofs. Annals of Botany, 107, 671-679.

Mengel, D. B. (1993). Fundamentals of soil cation exchange capacity. Agronomy
Guide. West Lafayett, IN: Purdue University.

Monterusso, M. A., Rowe, D. B,, Rugh, C. L. (2005). Establishment and persistence of
Sedum spp. and native taxa for green roof applications. Horticulture Science, 40 (2),
391-396.

Monterusso, M. A., Rowe, D. B., Rugh, C. L., & Russel, D. K. (2002). Runoff water
quantity and quality from green roof systems. XXVI International Horticultural
Congress: Expanding Roles for Horticulture in Improving Human Well-Being and Life
Quality, 639, 369-376.

Nagase, A., & Dunnett, N. (2011). The relationship between percentage of organic

matter in substrate and plant growth in extensive green roofs. Landscape and Urban
Planning , 103, 230-236.

44



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

Nagase, A. & Thuring, C. (2006). Plant responses to drought on extensive green
roofs: the effects of temperature, substrate type and substrate depth. Greening
rooftops for sustainable communities, 16. Boston, MA.

Nardini, A., Andri, S., Crasso, M. (2012). Influence of substrate depth and vegetation
type on temperature and water runoff mitigation by extensive green roofs: shrubs
versus herbaceous plants. Urban Ecosystems, 15, 697-708. DOI1 10.1007 /s11252-
011-0220-5

Oberndorfer EC (2006) Plant, macrolichen and moss community structure and
species richness in the coastal barrens of Nova Scotia. MSc Thesis, Saint Mary’s
University, Halifax

Oberndorfer, E. C., & Lundholm, J. T. (2009). Species richness, abundance, rarity and
environmental gradients in coastal barren vegetation. Biodiversity Conservation, 18,
1523-1553.

Oberndorfer, E., Lundholm, ]., Bass, B., Coffman, R. R,, Doshi, H., Dunnet, N., et al.
(2007). Green roofs as urban ecosystems: ecological structures, functions and
services. BioScience, 57 (10), 823-833.

Rumble, H., & Gange, A. C. (2013). Soil microarthropod community dynamics in
extensive green roofs. Ecological Engineering, 57, 197-204

Schloter, M., Dilly, O., & Munch, J. C. (2003). Indicators for evaluating soil quality.
Agriculture, Ecosystems & Environment, 98 (1-3), 225-262.

Simmons, M. T., Venhaus, H. C., & Windhager, S. (2007). Exploiting the attributes of
regional ecosystems for landscape design: The role of ecological restoration in
ecological engineering. Ecological Engineering, 30 (3), 201-205.

Smagula, ]. M., Hepler, P. R. (1980). Effect of nitrogen status of dormant rooted
lowbush blueberry cuttings on rhizome production. Journal of American Society for
Horticultural Science, 105 (2), 283-285.

Sutton, R. K., (2009). Media modifications for native plant assemblages on green
roofs. Greening Rooftops for Sustainable Communities, 13, Baltimore, MD.

Thuring, C.E., Berghange, R.D., Beattie, D.J. (2010). Green roof plant responses to
different substrate types and depths under various drought conditions. Horticulture

Techonology. 20(2), 395-342.

Tisdall, ].M., Oades, ].M. (1982). Organic matter and water-stable aggregates. Soil
Science, 33, 141-163.

45



Charlotte Brown 2014 Green Roof Substrate and Shrub Growth and Health

Toosi, E. R., Schmidt, |. P., Castellano, M. J. (2014). Soil temperature is an important
regulatory control on dissolved organic carbon supply and uptake of soil solution
nitrate. European Journal of Soil Biology, 61, 68-71.

Yang, ], Yu, Q.,, Gong, P. (2008). Quantifying air pollution removal by green roofs in
Chicago. Atmospheric Environment, 42, 7266-7273.

46



Charlotte Brown 2014

Appendix I

Green Roof Substrate and Shrub Growth and Health

Table 1. Nutrient and pH in four different substrate treatments and respective ANOVA
analysis, significance value at a=0.05.

Treatments

Paramete

r Mixture Inoculum Peat Moss Control Statistical Results
Nitrogen p-value
(%) 0.42 +0.01 0.39 +0.02 0.47 +0.03 0.28 +0.02 F3,8=9.047 =0.006
pH (pH p-value
Units) 5.76 + 0.04 6.72 + 0.05 6.15+0.10 7.66 = 0.04 F3,8=181.9 =1.07e-7
Buffer pH p-value
(pH Units) 7.65+0.01 7.90 £ 0.01 7.74 £ 0.03 8.05+0.01 F3,8=89.2  =1.72e-6
Organic
Matter p-value
(%) 11.07 £ 0.78 9.5+0.15 11.00 £ 0.20 6.20+0.12 F38=30.65 =9.77e-5
Phosphate p-value
(kg/ha) 541 +23.58 492.67 £9.24 742.33 +44.20 974.00+53.41 F38=35.37 =5.78e-5
K20 p-value
(kg/ha) 346.33 +13.31 320.33+4.96 405.67+12.84 522.00+31.05 F38=24.18 =2.3e-4
Nitrate-N p-value
(ppm) 8.68+0.77 1.59+£0.42 1.41+0.24 4.70 + 1.80 F38=11.38 =2.9e-3
Base sat. K p-value
(%) 2.2+0.06 2.5+0.00 2.47 +0.03 3.13+0.07 F38=70.46 =4.29e-6
Required
Nutrient
(kg/ha) N, P205,K20 N, P205,K20 N, P205, K20 N, P205, K20
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