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1 Executive Summary 
Green roof technology is emerging internationally as a viable low impact design (LID) 

method for stormwater management in ultra-urban centres. Rooftops comprise a large 

proportion of the total impervious area in urban settings; significant opportunity exists 

to reduce runoff volume and peak flow by retrofit of existing building stock. Green 

roofs offer two advantages for urban stormwater management: they act as source 

control to prevent runoff generation from an otherwise impervious area, and they 

provide stormwater management opportunity in an otherwise usually unusable space 

(rather than valuable ground space). This report documents four years of research into 

developing green roof design specifically for stormwater management. 

The term green roof is meant to imply a vegetation covered roof.  Also known as eco-

roofs or living roofs, a green roof typically consists of multiple layers, each of which 

plays an important role in the overall system function. Typically (from bottom to top), 

layers include an insulation layer (optional, depends on roof type); a waterproof 

membrane; a root barrier; a drainage layer; a filter fabric; an engineered growing 

medium or substrate; and plant material. Extensive green roofs are low profile with 

thinner layers (drainage, growing media, and plants) than other types of green roofs. 

Low growing plants are established in 20 – 150 mm of growing media (substrate). 

These green roofs are usually less expensive and lower maintenance when compared 

to other types of green roofs (Dunnett and Kingsbury 2004). Roof structural 

requirements are lower than other green roof configurations, with saturated weights 

reported at 70 – 150 kg m-2 reported in the literature, but the thinness of the substrate 

limits how much water can be retained in the system, and hence the diversity and 

height of plants that can be grown in the absence of irrigation (which is considered an 

important design goal). Extensive green roofs are generally not meant to support foot 

traffic, other than for occasional maintenance. Extensive green roofs are typically 

designed for function rather than form. 

Green roofs are an accepted stormwater management device for the Auckland region, 

according to Chapter 12 of the 2003 Auckland Regional Council (ARC) Stormwater 

Management Devices Design Guidelines Manual (Technical Publication 10). Credit is 

given for 75% TSS removal and a curve number (CN) of 61 is recommended for 

hydrologic calculations. However, the lack of locally detailed design, operation and 

maintenance information is considered to be a significant barrier to uptake and 

widespread implementation of green roof technology for stormwater control. As 

evidence of the environmental benefits of green roof implementation is rapidly 

growing in the international arena, the ARC Stormwater Action Team sought to 

significantly revise Chapter 12 and demonstrate green roof benefits for stormwater 

management in the local context. Thus, funding was provided to the University of 

Auckland (UoA) Department of Civil and Environmental Engineering and Landcare 

Research to develop extensive green roof design standards suitable for new and 

retrofit construction, to quantify stormwater mitigation under Auckland’s climate 

conditions, and to promote technology uptake. The outcomes of the research are 

intended to provide a scientific and rational basis for updating Chapter 12. 
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The research project centres around design and retrofit of an extensive green roof 

constructed on the roof of the UoA School of Engineering on the edge of Auckland’s 

Central Business District. The 235 m2 green roof promotes side-by-side testing of 

multiple substrates and plants. Substrate combinations were developed in the 

laboratory during 2006, with three mixes implemented on the trial UoA green roof, 

each at two different depths. The UoA green roof was planted with a combination of 

native and non-native plants. Lessons learned during construction lead to revision of 

the substrate specification in 2007/08. The revised substrate blend was installed on 

four garden sheds at two different depths for additional field monitoring at the 

Landcare Research site in Tamaki. A suite of native and ornamental plants were 

planted on the Tamaki ‚mini-roofs‛. 

An extensive green roof substrate mix comprised of locally sourced components has 

been developed to balance stormwater control objectives and plant viability subject to 

the Auckland climate. Setting design objectives enabled initial decision-making for 

substrate design. While stormwater management was the primary design goal, 

constraints imposed by retrofit potential (namely wet system weight) were the most 

limiting design factor for substrate depth. The relative mix of aggregate and organic 

fraction and types were selected based on results of extensive core testing to evaluate 

physical parameters primarily contributing to weight and permeability, and a suite of 

chemical tests reflecting an ability to support plant life. The recommended mix is 70% 

4-10 mm pumice, 10% 1-3 mm zeolite, 15% pine bark fines plus mushroom farm 

compost, and 5% sphagnum peat. Development of the substrate blend is detailed in 

Sections 5.1 to 5.6. While a scientific approach to material selection was rigorously 

followed, quality assurance in material supply and blending as well as cost emerged as 

the predominant decision-making variables.  

Cost of raw materials for the recommended substrate mix was $68.25 per cubic metre 

(based from 2006 costing). Additional site-specific costs are incurred for shipping and 

blending of components. Blending on a per-job basis is not cost-effective for the 

aggregate suppliers. Creation of a stockpile (several hundred m3) of blended substrate 

would significantly reduce blending costs, as the aggregate suppliers with whom the 

research team worked indicated space was available for storage. Blending and 

stockpiling during the summer would also address some of the issues encountered 

with quality assurance. Stockpiles should always be covered to maintain substrate 

integrity and prevent wind-blown weed germination. Materials extracted from 

stockpiles should be scooped from top, middle, and bottom and remixed prior to 

installation. 

Quality assurance in source material generation and blending is critical to satisfying 

design objectives. Quality assurance considerations are detailed in Section 5.9. In the 

event that a commercial market emerges in New Zealand for green roof substrates (as 

it has in North America), a standard approach to testing must be specified, and 

suppliers must be required to provide reliable values. The research herein followed the 

methodology of the German green roof standard, the ‚FLL‛ Guidelines for the 

Planning, Execution, and Upkeep of Green-Roof Sites (2002). The American Society of 

Testing Materials (ASTM) has since published similar standard procedures, but they do 

not recommend design objectives as does the FLL (refer to Section 4). Key physical 

parameters include maximum system weight and saturated hydraulic conductivity. 
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Testing must be done on the bulk mixed product; as the blending process may 

compromise suitability of materials susceptible to compaction or physical degradation. 

Testing of the mixed product gives confidence in these key parameters, allowing 

extensive green roofs to be constructed and retrofit onto lighter-weight structures. 

The recommended substrate blend results in a dry bulk density of 539 kg m-3, 

maximum water capacity or field capacity of 63%, and saturated permeability of 0.04 

cm s-1. The mass at maximum water capacity ranges from 78 kg m-2 to 193 kg m-2 for 

an extensive green roof of 50 mm to 150 mm substrate depth, including fully 

developed, high density robust sedum plants and a specialty extensive green roof 

drainage mat with ‚cups up‛ for additional water retention.  

Plant establishment and viability have been assessed for a variety of native and non-

native species. A recommended list of plants suitable for green roofs up to 300 mm 

depth is presented in Appendix 5, but it should be used under advisement of Section 

7.7. Based on the field trials on the UoA and Waitakere City Civic Centre green roofs, it 

appears that extensive green roofs with less than 100 mm substrate depth will support 

a variety of non-native sedum species. If native New Zealand plants are a desired 

design feature, then at least 100 mm substrate depth is required. Extensive green 

roofs with less than 100 mm substrate depth will likely require some irrigation during 

extended dry periods in the summer, whereas systems with a minimum of 100 mm 

substrate depth are likely able to sustain plants for a week to 10 days without 

irrigation. If shallow media and consequently irrigation is absolutely necessary for a 

particular project, then design should consider incorporating a reuse system or other 

non-potable source for irrigation water supply.  

Section 8 provides guidance for a structural engineer to interpret green roof physical 

characteristics alongside the AS/NZS 1170 (2002) Structural Design Actions (SNZ and 

SAA 2002) in association with the New Zealand Building Code. Additional guidance for 

other elements of green roof construction (e.g., providing for drainage, waterproofing, 

or installations on pitched roofs) as well as information on specialty green roof 

products currently available in New Zealand is detailed in Section 9. 

Performance monitoring to date indicates that extensive green roofs constructed from 

locally available materials in New Zealand present a viable option for stormwater 

control in urban areas for both new and retrofit construction. While data collection and 

analysis is on-going, results from the UoA green roof over  13 months and 1035 mm of 

rainfall indicate that a either a 50 mm or 70 mm green roof will retain 69% and 66%, 

respectively of cumulative rainfall (183 paired events - 9 events occurred during which 

data from only the 70 mm roof was available). Statistically, there is no difference in 

hydrologic performance between the 50 mm and 70 mm green roof. Mean event-

based retention is 77%, while median retention is 82% for events greater than 2 mm 

of rainfall, regardless of substrate depth. Based on the assumption that runoff from a 

conventional rooftop mimics rainfall intensity, the 50 mm and 70 mm green roofs 

resulted in an average peak flow reduction of 88%, or a median peak flow reduction of 

91%, regardless of substrate depth. Statistically, there is no difference in performance 

between 50 mm or 70 mm substrate depth for either retention or peak flow reduction. 

The design objective set for this project was complete retention of the water quality 

storm depth (according to TP108 1999). The majority of events (total number) resulted 
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in less than 10 mm of rainfall, which only represents 33% of the cumulative rainfall 

over the period, although 62% of events were less than the water quality storm depth 

of 25 mm in Auckland City. For 80 events 2-25 mm (inclusive) of rainfall, mean event-

based retention is 79% while median event-based retention is 85%.  Statistically, there 

is no difference in response between the 50 mm and 70 mm depth green roofs. 

Runoff coefficients (runoff depth/rainfall depth) were determined as 0.21 for storms up 

to 25 mm rainfall (based on 80 events), and 0.46 for storms greater than 25 mm rainfall 

(based on 10 events). 

Coupling plant needs with stormwater control objectives defined for this project 

(complete retention of 25 mm event) yields a design depth for retrofit applications at 

70 mm. While there is no significant difference compared to a 50 mm green roof with 

respect to stormwater retention, at 70 mm only periodic irrigation is likely necessary to 

sustain plants through the summer, but weight during and immediately after storm 

events is maintained at ~100 kg m-2 (another design objective specific to this project). 

Increased substrate depth over load-bearing walls or columns may provide a storage 

reservoir for unusually dry periods. For new construction, a minimum of 100 mm 

substrate depth is recommended to sustain plants for over a week in summer without 

rain or irrigation. At depths greater than 100 mm, the added precipitation storage 

potential is probably superfluous when considering Auckland rainfall frequency and 

typical evapotranspiration. There may however, be additional benefits in terms of urban 

habitat and insulation potential with substrate depth greater than 100 mm. 
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2 Introduction 
Green roof technology is emerging internationally as a viable low impact design (LID) 

method for stormwater management in dense urban centres. Rooftops comprise a 

significant proportion of the total impervious area in urban settings; significant 

opportunity exists to reduce runoff volume and peak flow by retrofit of existing building 

stock. Green roofs offer two advantages for urban stormwater management: they act 

as at-source control to prevent runoff generation from an otherwise impervious area, 

and they provide a stormwater management opportunity in otherwise usually unusable 

space (rather than valuable ground space). 

Internationally, green roof research in a water resources engineering context is still an 

emerging field; design for stormwater runoff control is not yet fully understood. More 

is known about other environmental and economic benefits, such as reduced energy 

demand, potential to mitigate the urban heat island effect, creation of urban habitat, 

extending the life of roof surfaces, and providing amenity space. Implementation is 

rapidly growing in North America, Asia, and the UK as the all-around benefits are 

supported by high-level champions in government and credit in building sustainability 

rating systems such as Leadership in Energy and Environmental Design (LEED, USA). 

Many cities now legislate for or subsidize green roofs for their environmental benefits 

including Washington DC, Toronto, Chicago, Sheffield, and Stuttgardt. The 2008 

industry survey from the North American industry association, Green Roofs for Healthy 

Cities, indicates a US growth rate of more than 35 % over 2007, representing more 

than 288,000 m2 installed in 2008. (It is estimated that the survey represents 

approximately 65-75% of all major green roof installations for a given year) (Green 

Roofs for Healthy Cities 2008). 

Very few examples of extensive green roofs are found in Auckland or throughout New 

Zealand, and until the current project, it is believed that none have been designed 

specifically for stormwater control. Most systems are found on domestic dwellings 

and use non-specialized components. New Zealand’s geographic isolation and absence 

of an existing green roof ‚market‛ creates challenges in obtaining materials suitable 

for green roof implementation.  Developers shy away from building new, ‚risky‛ 

technologies when there is little information on the ‚how-to‛. Likewise, in order to 

permit and encourage the construction, the regulatory community requires information 

on design vs. stormwater performance. 

In New Zealand, branches of international companies provide a range of waterproofing 

options, plastic drainage mats, root barriers and filter geotextiles, or have parent 

companies to supply these materials for specific projects.  The landscaping industry 

has broad experience with containerized or balcony gardens, but most are commonly 

at-grade or cover below ground car parks. However, there are no proprietary growing 

media (substrate) mixes as are found overseas, and few suppliers of specialist green 

roof plants, let alone information on maintenance, performance, or cost.  

Green roofs are an accepted stormwater management device for the Auckland region, 

according to Chapter 12 of the 2003 ARC Stormwater Management Devices Design 

Guidelines Manual (Technical Publication 10). With respect to green roof design, 

Chapter 12: 
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 Outlines components of a green roof system. 

 Discusses waterproofing. 

 Discusses structural loading based on overseas examples. 

 Lists desirable characteristics for the growing medium (substrate) and plants. 

 Comments on general irrigation and maintenance requirements. 

 States (greened) roof area does not require supplemental treatment (for 

stormwater quality). 

 Recommends assigning a curve number (CN) of 61 for hydrologic design. 

The information provided is somewhat generic overall, without instructional guidance 

on materials available in New Zealand, or design considerations specific to the 

Auckland climate. While desirable characteristics for growing medium and plants are 

presented, specific examples of appropriate media or plant species are not detailed. 

Testing methods, drainage design, and construction considerations relevant to 

performance are not discussed. Operational aspects such as expectations for plant 

establishment, or irrigation and maintenance needs are not well defined in terms of the 

relationship(s) between substrate characteristics, planting depth, plant species, and 

climate, Quantification of loads relevant to the New Zealand Building Code, while not 

specifically a component of a typical stormwater management design project, would 

also be considered helpful. 

Altogether, the lack of locally relevant design, operation and maintenance information 

is considered to be a significant barrier to uptake and widespread implementation of 

green roof technology for stormwater control. As evidence of the environmental 

benefits of green roof implementation is rapidly growing in the international arena, the 

ARC Stormwater Action Team (now disestablished) and the Auckland Council 

Stormwater Technical Services Team sought to significantly revise Chapter 12 and 

demonstrate green roof benefits for stormwater management in the local context. 

Thus, funding was provided to the University of Auckland (UoA) Department of Civil 

and Environmental Engineering and Landcare Research to develop extensive green 

roof design standards suitable for new and retrofit construction. The primary outcomes 

of the research are intended to provide a scientific and rational basis for updating 

Chapter 12. 

The research project centres around design and retrofit of an extensive green roof 

constructed on the roof of the UoA Faculty of Engineering on the edge of Auckland’s 

Central Business District. The 235 m2 green roof promotes side-by-side testing of 

multiple substrates and plants. Substrate combinations were developed in the 

laboratory during 2006, with three mixes implemented on the trial UoA green roof, 

each at two different depths. The UoA green roof was planted with a combination of 

native and non-native plants. Lessons learned during construction lead to revision of 

the substrate specification in 2007/08. The revised substrate blend was installed on 

four garden sheds at two different depths for additional field monitoring at the 

Landcare Research site in Tamaki. A suite of native and ornamental plants were 

planted on the Tamaki ‚mini-roofs‛. 

The different combinations of substrate and plants have been assessed for the 

capacity to retain stormwater and reduce peak flows from the UoA green roof. 
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Measurements from the Tamaki mini-roofs include hydrologic control and water quality 

impacts. A detailed methodology for assessing substrate characteristics has been 

investigated, and results explained in context of the New Zealand Building Code. A 

substrate specification has been developed to meet stringent weight and permeability 

criteria, while balancing needs for stormwater retention, plant viability, and 

considerations for maintaining quality assurance in the supply and blending process. 

Measurement of plant establishment and viability under various conditions has led to 

recommendations for planting schemes, and a description of alternative methods. 

Potential irrigation and maintenance needs have been assessed. Information contained 

herein should provide the technical support for extensive green roof design and 

construction for stormwater control, as well as initial guidance to stormwater 

engineers and regulatory authorities on quantifying stormwater mitigation. 

Key questions addressed in this report are: 

1. What locally available materials and in what combination are appropriate for green 

roofs for stormwater management? 

2. What plants are viable for green roofs for stormwater management in the 

Auckland climate? 

3. What depth of substrate is appropriate? 

4. How is the structural load determined for a green roof, in accordance with the 

New Zealand Building Code? 

5. How do drainage and roof pitch (slope) affect design and construction? 

6. What precautions are needed to ensure proper drainage? 

7. How effective are green roofs for stormwater hydrologic control in the Auckland 

climate? 

2.1 Green Roofs in New Zealand 

A few isolated examples of green roofs have been found around New Zealand. 

Examples are shown in Figure 1. In September 2006, the Waitakere City Council 

installed a green roof on their new Civic Centre. The design intent was to provide a 

demonstration site using native vegetation, but the design itself did not strive to 

provide any specific environmental management function. The site was later retrofit to 

correct some issues with the original installation and increase habitat potential. The 

UoA/Landcare Research team assumed responsibility for stormwater monitoring in 

2009 to contribute to the hydrologic evaluation contained herein. 

The green roof on a toilet block in Maori Bay (Muriwai) serves to protect the toilets 

from rocks falling from the cliff above. The Hundertwasser public toilets in Kawakawa 

are a significant tourist attraction. Historic examples such as the water reservoir buried 

under Mt. Hobson (Auckland) and camouflage for WWII lookouts protecting the 

Waitemata Harbour might be considered ‚unintentional‛ green roofs. Several high 

profile examples provide aesthetic and amenity value. New Zealand’s 2009 House of 

the Year in the >$1 Million Sustainable Building Class in Wharewaka is one such 

example, which compliments commercial examples such as Michael Hill’s 

Queenstown golf course club rooms, and Wither Hill’s Blenheim vineyard buildings. 
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Several publically prominent green roofs are planned in Auckland, for example in Aotea 

Square and the Viaduct. While environmental benefits will certainly be realized from all 

of these installations, they were or are unlikely the specific design intent, and therefore 

do not provide a reliable design basis or rational cost basis for widespread 

implementation for green roofs stormwater control. 

Figure 1 

Examples of New Zealand Green Roofs 

 

 

          (a) Waitakere City Civic Centre 

 

 

(b) Public Toilets: Maori Bay, Muriwai (left), Hundertwasser Toilet Kawakawa (right) 
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Figure 1 (Continued) 

Examples of New Zealand Green Roofs  

      

 

 

 

(c) Prominent displays: Michael Hill Golf Course, Queenstown (top), 2009 New Zealand 

House of the Year, Wharewaka (bottom) 
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Figure 1 (Continued) 

Examples of New Zealand Green Roofs 

 

 

 

(d)Unintentional adornment? Nelson (top); Auckland: Remuera residence (middle),  

Manukau barn (bottom) 
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Figure 1 (Continued) 

Examples of New Zealand Green Roofs 

 

  

 

 

(d) Unintentional adornment? continued: Remuera garage (top), Takapuna residence (bottom) 

Figure 1 (Continued) 

Examples of New Zealand Green Roofs 

 

 

(d) Historical Places: Bastion Point WWII guard station, Auckland (left) Subsurface water 

reservoir, Mt Hobson, Auckland (right) 
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2.2 System Overview 

The term green roof is meant to imply a vegetation covered roof.  The term green roof 

implies that the vegetation is always green (Emilsson and Rolf 2005), but this may not 

be the case. A variety of colourful flowers may be found amongst green roof 

vegetation, and the foliage may also change colour depending on season and 

dormancy periods. The Bureau of Environmental Services in the City of Portland, 

Oregon (USA) has adopted the term eco-roof to emphasize the functionality of green 

roof systems, to differentiate it from a roof painted green or with green shingles, and 

to avoid pre-conceived notions about plant colour.  Likewise, the term living roof is 

used commonly in England and Switzerland to describe green roofs that are designed 

for stormwater retention and/or biodiversity while acknowledging that systems may 

turn brown in the summer and/or winter when plants are dormant, and may have a 

significant proportion of non-vegetated surface. 

A green roof typically consists of multiple layers (Figure 2 next page), each of which 

plays an important role in the overall system function. Typically, layers include (from 

bottom to top):  

 An insulation layer (above or below roof structure or waterproofing layer); 

 A waterproof membrane; 

 A root barrier; 

 A drainage layer; 

 Filter fabric (separation layer); 

 An engineered growing medium or substrate suitable for horticulture; 

 Plant material.  

In Germany, where green roofs have been incorporated into the urban environment 

since the 1970’s, green roofs may be a single layer, without any specific drainage layer 

or filter fabric. In this case, substrates have a very high permeability and low fraction of 

fines (refer to Section 5). 
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Figure 2 

(a)Typical green roof composition and component function. Components are not to scale;                

 

(b)Cross section of UoA extensive green roof 

 

 

Stormwater benefits differ according to system depth, composition, and vegetation 

characteristics. Precipitation falling on the surface of a green roof is first intercepted 

by plant leaves. The engineered substrate is designed to hold a significant amount of 

water (rainfall), while maintaining high permeability. The engineered substrate is 

usually a predominant mix of porous aggregate plus a small fraction of organic 

matter. Substrate composition may influence discharge water quality, if/when runoff 

occurs. Precipitation in excess of the substrate storage capacity follows an extended 

flow path, infiltrating through the media to discharge via the drainage layer (if 

present), and ultimately to the roof’s vertical drainage system. In many green roof 

systems, the drainage layer is a commercially available product, often in the shape of 

a dimpled or corrugated plastic covered by a non-woven geotextile. Many green roof 

specific drainage mats will have a filter fabric (often felt) bonded to the lower surface. 

The fabric below the drainage mat acts as a cushion, preventing edges of the 

~60 mm 
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drainage mat from puncturing the underlying waterproofing membrane. The 

geotextile holds media in place, the drainage mat ensures no water ponds within the 

root system, i.e., air is supplied to the roots. Additional features may be included 

within the green roof design to enhance stormwater function and vegetation health, 

such as drainage mats designed to capture water, and moisture retention fabrics. 

The fabric in this case will overlay the drainage mat where plants can access the 

water. In the context of this research project, stormwater retention is considered the 

overall goal of the extensive green roof, thus opportunities to enhance mitigation 

within all components of the design should be considered.  

Green roofs include three basic types: extensive, semi-extensive, and intensive. The 

classification terms come directly from German translation. The definitions provided 

below are in draft form from an international task committee on green roofs for 

stormwater control, which falls under the umbrella organization of the American 

Society of Civil Engineers (ASCE). They are presented herein as the concepts are 

being defined primarily for a stormwater engineering audience: 

 Extensive: (Figure 3[a]) Also known as eco-roofs or living roofs, extensive roofs 

are low profile with thinner layers (drainage, growing media, and plants) than 

semi-extensive and intensive green roofs. Low growing plants are established in 

20 – 150 mm of growing media (substrate) (ASTM 2008b). These green roofs are 

usually less expensive and lower maintenance when compared to other types of 

green roofs (Dunnett and Kingsbury 2004). Roof structural requirements are lower 

than other green roof configurations, with saturated weights reported at  70 – 170 

kg m-2 (Dunnett and Kingsbury 2004; Peck and Kuhn 2003), but the thinness of the 

substrate limits how much water can be retained in the system, and hence the 

diversity and height of plants that can be grown in the absence of irrigation (ASTM 

2008b). Extensive green roofs are generally not meant to support foot traffic, 

other than for occasional maintenance. Extensive green roofs are typically 

designed for function rather than form.  

 Semi-extensive: These green roofs are designed to be low maintenance, but with 

deeper layers (drainage, growing media, and plants) than extensive but not as 

deep as intensive. Typical substrate layers range 100-200 mm. A larger variety of 

plants can grow on this roof when compared to an extensive roof (ASTM 2008b; 

Dunnett and Kingsbury 2004). Irrigation is typically infrequent or absent. These 

green roofs provide function plus a wider plant biodiversity, but are not typically 

for occupied spaces. 

 Intensive: (Figure 3[b]) Intensive green roofs have the deepest layers (drainage, 

growing media, and plants) and a wider plant variety, including herbaceous plants 

to shrubs or trees. The growth media is typically > 200 mm in depth, which 

promotes deeper potential root depth, and hence accommodates a wider height 

and variety of plant species (ASTM 2008b). The associated high saturated weight 

(300 – 1000 kg m-2) requires significant structural support for the roof. Larger 

plants requiring deep rooting depth (e.g. shrubs in 300-500 mm or trees in 500-

1000 mm) may be located over the building’s load-bearing elements, with 

shallower substrate in between, rather than strengthening the entire roof. 

Intensive green roofs are also sometimes called landscape over structure. Regular 

irrigation is usually a required design element. Many intensive roofs are designed 
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to be at least partially accessible (Dunnett and Kingsbury 2004). Design 

emphasizes form and accessibility. 

 Rooftop Gardens: (Figure 3[b]) Rooftop gardens are accessible areas on the roof 

with containerized plants instead of layers of membranes and growth media that 

are installed directly on the roof deck (Dunnett and Kingsbury 2004). Rooftop 

gardens may sometimes be considered intensive green roofs. Where aesthetic 

requirements are high or particularly important, rooftop gardens will usually be 

irrigated. 

Figure 3 

(a) Extensive green roof in Raleigh, North Carolina (USA);  

  

 

 

(b) intensive rooftop garden in London (UK) 

 

Green roof construction in the urban environment gained momentum in Germany in 

the 1960’s and 1970’s where the initial motivation was for fire prevention (Roehr, 

2010, personal communication) and aesthetic effect: to re-introduce green space in 

cities. One of the earliest designs documented with respect to the role of green roofs 

in site water management is the DaimlerChrysler Potzdamer Platz project in Berlin. The 

project was initiated in 1993, with green roofs being an essential element to address 

planning laws pertaining to ecological functions and stormwater management in cities 

(Roehr 2004). Completed in 1999, the complex incorporates 19 buildings with a 

mixture of commercial and residential spaces, and 2500 car parks; 30% of the 48,000 

m2 roof area is greened. The green roofs work in combination with rainwater 
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harvesting systems used for toilet flushing, garden irrigation, and to maintain water 

levels in a nearby lake. Altogether water savings are estimated at 20,000 m3 per year 

(Zinco 2004). 

While Germany still is considered to be a world-leader in green roof construction (in 

terms of overall extent of greened rooftops), installation is rapidly increasing 

throughout Europe and the UK, Japan, and North America. Although the scale or 

extent of benefits varies from roof to roof, green roofs have been shown to provide 

many environmental, economic, and aesthetic benefits, such as: 

 Reduce energy consumption by:  

 enhancing building insulation (when dry) and thermal mass (when wet); 

and 

 improving air conditioning efficiency and reducing operational cost where 

vents are located above the vegetation, as intake air temperature is cooler 

than ambient air. 

 Mitigate the ‚urban heat island‛ effect (i.e. lower ambient temperatures) by: 

 reducing the amount of solar energy absorbed by building materials;  

 creating a cooling microclimate by evapotranspiration; and 

 reducing reflected heat. 

 Extend the useful life of a roof surface by protecting it from damaging UV rays 

which cause mechanical breakdown of surfaces. 

 Create urban habitat by: 

 mitigating removal of habitat from modifying existing land use; and 

 providing ‚green corridors‛. 

 Provide amenity and aesthetic value and/or blend a building into a sensitive 

landscape. 

 Absorb airborne pollutants, including dust. 

 Reduce sound/noise transmission 

 Mitigate stormwater runoff volume, and retard peak flows when precipitation is in 

excess of system storage. 

Some of these benefits are valued in ‚sustainable‛ or ‚green‛ building assessment 

programs, such as New Zealand’s Green Star rating, or the USA LEED. Energy demand 

mitigation is a strong driver in the USA and Canada. Mitigating the urban heat island 

effect is significant to adoption in Singapore and Korea. Urban habitat creation is highly 

valued in England and Switzerland. Initial drivers in Germany in the 1970s included 

(Roehr 2010, personal communication): opening up areas for car parking in dense 

urban centres, the rise of the Green Party, amenity and aesthetics, and fire prevention 

(particularly in Berlin). Extensive green roof design was motivated by a requirement to 

retrofit historic buildings which had limited load bearing capacity. Environmental 

benefits have recently assumed more significance.  
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While the potential environmental benefits of green roofs address many aspects of 

sustainable development, the focus of the current study was to document the capacity 

to mitigate urban stormwater runoff. A significant barrier to implementation is lack of 

understanding of how the system functions to control stormwater, and the frequent 

(mis)conception that a green roof is only beneficial for small and/or infrequent rain 

events when available storage is greater than precipitation. The field monitoring 

programme was designed to address these questions specifically within the Auckland 

environment. 

A key contributor to overcoming information hurdles has been to establish links with 

researchers overseas. Peer reviewed conference papers and presentations, 

attendance at and contribution to professional development workshop sessions, and 

visiting research groups has provided significant insights to the green roof industry 

development. As green roof implementation specifically as a stormwater mitigation 

technology is somewhat new, there is a lack of comprehensive information in 

academic publications. Many of the lessons learned or failures that lead to innovation 

are not well-documented, but arise from discussion amongst professionals. In return, 

the Auckland research programme continues to contribute significant scientific 

discovery in terms of characterizing system behaviour in a civil engineering context, 

quantifying evapotranspiration (a key component of green roof hydrology), developing a 

reliable monitoring methodology which delivers high accuracy without extravagant 

expense, and compiling a long-term data set on a full scale extensive green roof.  

Detailed investigation of green roof hydrology continues in Auckland; however, the 

research to date has provided sufficient information on the likely magnitude and 

mechanisms of hydrologic mitigation and the technical ‚how-to‛ for design and 

construction of extensive green roofs using locally available materials. Observations of 

the green roof markets in North America and the UK provide insight as to the 

important role of regulatory services or government in promoting green roof 

implementation. 
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3 Objectives and Scope 
The primary goal of the project was to determine design specifications for extensive 

green roof systems suitable for new and retrofit application in the Auckland Region to 

mitigate urban stormwater runoff.  The intended outcome was to refine the 

information in the 2003 edition of TP10, Chapter 12: Green Roof Design, Construction, 

and Maintenance (ARC 2003) to make the technology accessible for the local industry. 

A research programme was therefore designed with the general objectives to: 

 Identify suitable locally available materials for green roof construction (including 

substrates and plants); 

 Empirically quantify the impacts on stormwater runoff quantity and quality; 

 Develop a methodology and guidelines for modelling green roof hydrology; 

 Assess water quality impacts from green roofs; 

 Identify and address (where feasible) implementation challenges;  

 Construct and operate a demonstration site; 

 Promote industry and student education. 

As the general objectives are rather broad, specific goals subject to several constraints 

were imposed to enable system design. These specific goals and constraints are 

clearly defined in the relevant sections of this report. Cost, industry and student 

education, issues associated with design and construction, and assessment of other 

environmental and/or economic benefits were given lower priorities than the technical 

objectives surrounding stormwater management. Overall, for the purposes of the 

proposed research project, successful design means that the following characteristics 

are demonstrated: 

 Low to moderate mean annual runoff volume for Auckland City conditions; 

 Low reflectance and moderated air temperature above the green roof compared 

to a conventional roof surface; 

 Non-weedy, and preferably indigenous plant cover; 

 Light weight system, with target wet weight of 50-100 kg m-2; 

 Quantified costs, including installation and irrigation (if any); 

 Low maintenance requirements (defined activities); 

 Use of materials readily available in New Zealand, and preferably locally produced 

rather than imported. 

The scope of the investigation was limited to the Auckland climate, and to design for 

stormwater mitigation. The research plan was intended to construct and monitor 

performance of only a single demonstration site at UoA. Supplemental funding was 

obtained by Landcare Research from the Foundation for Research Science and 

Technology (FRST) to construct additional testing sites (the Tamaki mini-roofs) and 

monitor plant performance and substrate characteristics of the Waitakere City Civic 

Centre green roof. 
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Prior to this project, no research has been completed on the technical operation of 

green roofs in New Zealand. International studies on stormwater mitigation have 

focused on either rainfall vs. runoff or on evapotranspiration using a black-box type 

methodology, without providing full understanding of a green roof’s hydrologic budget.  

The intention of the current long-term monitoring program is to contribute a robust 

data set on a full-scale extensive green roof that demonstrates stormwater retention 

efficiency, peak flow reduction, and hydrograph timing as applicable to the Auckland 

environment, and promotes sound scientific understanding of the system’s hydrology. 

Green roof runoff water quality characterisation has been considered also in the overall 

research project. Water quality monitoring of the Tamaki mini-roofs and the Watiakere 

City Civic Centre green roof is discussed in TR 2010/018, ‚Extensive Living Roofs for 

Stormwater Management. Part 2: Performance Monitoring‛ (Fassman et al. 2010).  
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4 FLL and ASTM Standards 
Currently, the only complete green roof ‚standards‛ for designing green roofs and/or 

testing materials are contained in the German FLL Guidelines for the Planning, 

Execution, and Upkeep of Green-Roof Sites  (2002; FLL 2008) (heretofore referred to 

simply as the FLL and available from http://www.fll.de). The FLL specifically describes 

rigorous laboratory testing methods, apparatus, and target numerical values for 

suitable substrates. The American Society of Testing Materials (ASTM) issued testing 

standards in 2005; however, target values for design are not yet published (ASTM 

2008a). Communication with the ASTM task chairman indicated that the committee 

hopes to adopt numerical standards eventually; however, the numerical objectives are 

likely to be identical to the FLL until additional research is performed (Gibbons 2009, 

personal communication).  

While the FLL guidelines are very specific in terms of methodology and numerical 

objectives, they lack explanation or rationale behind objectives.  The substrate testing 

methodology is specific to green roof applications, without necessarily relating to 

typical testing methodologies in agricultural science, soil science, or geotechnical 

engineering. Thus differences between ‚known‛ test procedures for many design 

professionals and the FLL methodology can lead to difficulties in interpreting results. 

Some of the chemical analyses use reagents that are not used in New Zealand due to 

high toxicity. International research to date has not revealed any investigation to relate 

FLL numerical objectives to actual field performance or testing procedures, or to 

varying climates. Hence, the industry is left somewhat unsupported when attempting 

to adapt requirements to suit local climate, consider locally available materials, or 

specify alternative (locally familiar) methodology. 

Regardless of the outstanding questions, the 2002 FLL guidelines were adopted as a 

starting point for the current investigation to identify suitable substrates to meet the 

design objectives. While the rationale for some of the numerical objectives required by 

the FLL and ASTM may not be clear, the authors of this report strongly encourage 

adoption of the testing methodology for physical characteristics to ensure consistency 

in a (hopefully) new industry in New Zealand, as well as maintain comparability with 

international best practice. As the local knowledge base grows, numerical objectives 

may be revised to suit the climate and native plants, but the methodology may not 

necessarily change. The discussion and procedures herein are based on the 2002 FLL 

guidelines. The FLL was updated in 2008, but it does not present any changes to the 

2002 version, as far as the specific tests on substrates used in the current research are 

concerned. 

In North America, at least three laboratories claim expertise in testing according to FLL 

guidelines. Suppliers may send samples to testing centres for a fee. The UoA and 

Landcare Research have both developed capability to perform FLL testing on green 

roof substrates. 

It is also of note that in addition to substrate testing methodology, the FLL provides 

guidance on plant selection, waterproofing and drainage, and compliance with the 

German building code. Adoption or adaptation of the FLL guidance was limited to 

substrate characterization in the current research. Information on interpretation of 

results with respect to the New Zealand Building Code is presented in Section 7.  

http://www.fll.de/


 

Extensive Green (Living) Roofs for Stormwater Mitigation Part 1: Design and Construction 21 

 

 

 

4.1 Physical Parameter Definitions 

During the course of the investigation, it has become apparent that there is a 

potentially significant difference in terminology between soil scientists, geotechnical 

engineers, stormwater engineers, and the interpretation of the (translated) FLL 

guidelines.  

To attempt to put testing procedures and results into context, Table 1 presents the 

physical testing parameters specified by the FLL with comparable standard New 

Zealand soil science tests and definitions (often based on agriculture and production 

forests industry approaches). Figure 4 depicts the meaning of some parameters. 

Several key physical parameters have implications for determining structural loading 

requirements (which are further discussed in Section 8) and stormwater retention 

capacity. These are described in detail below: 

 Dry bulk density: The bulk density (mass/volume) is determined from a sample 

which has been oven-dried (103-105 oC) for 24 h. The measure is used to 

determine the lowest probable substrate weight during drought conditions, and 

conversion of gravimetric water content to volumetric water content. 

 Saturated weight: Substrate saturated weight is determined from a sample with 

all pore space occupied by water (Figure 4, saturated soil). A properly designed 

green roof substrate combined with appropriate drainage layer will have very high 

permeability, hence it is unlikely (and unintended) that a green roof should ever 

reach or maintain saturated conditions under Auckland rainfall conditions (see 

Permeability). 

 Permeability: Substrate permeability is indicative of the rate at which rainfall flows 

through the substrate. The FLL guidelines target a lab-measured permeability of 

≥0.1 cm s-1 (≥60 mm min-1 or 3600 mm h-1) for ‘single-course’ extensive green 

roofs (without a formal drainage layer), and > 0.001 cm s-1 for extensive green 

roofs with a formal drainage layer (as per Figure 2, the design approach 

recommended in this report). The importance of maintaining a high permeability is 

to prevent ponding (Kohler 2010, personal communication), which would add 

excess weight, may float and/or scour substrate through overland flow, or drown 

plants. The FLL required lab-based permeability was established based on rainfall 

intensity and (presumably) potential for substrate degradation or compaction over 

time (i.e. a safety factor).  Adjustment to suit local climate is recommended by 

Krupka (1992) and two German green roof experts (Bruenig and Kohler 2010, 

personal communication). Peak 10-min rainfall intensity in central Auckland ranges 

from 0.0008 cm s-1 for a 3-month, 24-hr event to 0.003 cm s-1 for a 100-yr, 24-hr 

event (Auckland Regional Council 2010 draft). Thus, a substrate that meets the 

FLL target range for extensive green roofs is unlikely to ever sustain saturated 

conditions and would drain freely during an extreme local rainfall event. 

 Maximum water capacity: The term ‚maximum water capacity‛ per FLL 

terminology is considered equivalent to field capacity in soil science or 

geotechnical engineering terms, or the upper boundary of readily available water 

in horticulture terms (Figure 4, field capacity). The water capacity is a density term 

(mass/volume) that gives a measure of the ability of a substrate to hold (store) 

water against gravity. It is used to determine the maximum probable substrate 

weight during and immediately after a significant storm event (significant meaning 
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the storm depth exceeds the storage capacity of the substrate). For example, a 

100 mm depth substrate with a maximum water capacity or field capacity of 45% 

will (theoretically) store 45 mm of rainfall. Not all of this water is available for 

evapotranspiration (ET), the mechanism by which a green roof restores rainfall 

retention capacity between storm events. More detailed investigation into 

substrate retention characteristics indicates that the green roof’s capacity to 

continually capture rainfall also must consider the plant stress point and 

permanent wilting point. 

 Readily Available Water: Water within the substrate matrix which is available for 

use by plants and evaporation is called ‚readily available water‛. It is the 

difference between the maximum water capacity (field capacity) and the 

permanent wilting point. The lower boundary of readily available water (the 

permanent wilting point) is not considered in the FLL. 

 Plant Stress Water: ‚Stress water‛ (survival water in Figure 4) and readily 

available water are the main components of storage for rainfall events. Stress 

water is held tightly to the substrate matrix and will take much longer to be lost 

via evapotranspiration (ET) compared to the readily available water. 

 Permanent Wilting Point: The permanent wilting point is the moisture content 

below which wilted plants cannot recover viability. At moisture content below the 

stress point, the plants are wilted and some will die. Soil-bound water 

(hygroscopic water in Figure 4) is held so tightly to the matrix that it is unlikely to 

ever be lost, thus it will be a misleading component in the FLL water capacity 

metric in terms of potential stormwater storage capacity. 

 Consideration of all of the above physical characteristics has been integral to the 

substrate development by the research team. In the event that a commercial 

market emerges in New Zealand for green roof substrates (as it has in North 

America), a standard approach to testing must be specified, and suppliers must be 

required to provide reliable values for each of these parameters on installation-

ready products.  
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Table 1 

FLL Green Roof Physical Specifications for Substrates Used for Extensive Green Roofsa   

FLL ‘Property 
reference value’ 

Rationale and 
Target Value (TV)

b
 

FLL Method  New Zealand 
Equivalent 

Water permeability
b
  

 
Avoid ponding of 
water on green roof 
TV ≥ 0.001 cm s

-1 

Rate of water flow 
through saturated 
media using falling 
head (mean 40 mm) 
and specified base 
plate.  

Saturated Hydraulic 
Conductivity (Ksat) is 
measured using a 
static head of 10 to 
50 mm (Clothier and 
White 1981; Dando 
1998; Klute and 
Dirksen 1986) 

Maximum water 
capacity

c
 

 

Establish „normal‟  
operating weight for 
assessing structural 
support required 
(refer to Section 8) 
and upper boundary 
of moisture available 
to plants 
TV = 35 – 65% v/v  

Water content 2 hr 
after draining from 
saturation

d 

„Field Capacity‟ 
measured at less 
than 1/10

th
 of the 

usual 10 kPa suction 
(Gradwell and Birrell 
1979).   
Maximum Water 
Capacity for plant 
available growth 
would subtract water 
held in soil that is 
unavailable for growth 
(typically water held 
at >1500 kPa tension) 

Apparent density  
Determined under 
conditions: 

 Dry 

 Cool damp  

 Maximum water 
capacity 

“cool damp‟ = weight 
of material as 
delivered if stored 
under cover 
 

Dry – 48 hours in an 
80 °C oven 
Cool damp – as 
mixed  
 

Dry – 48 hours in an 
105 C oven 
measured (Gradwell 
and Birrell 1979) 
 

Air volume at 
maximum water 
capacity

c
 

Confirm adequate air 
volume at „field 
capacity‟ for plant 
growth.   
TV ≥ 10% v/v 

Difference between 
total pore volume and 
water content at 
maximum water 
capacity 

Variation on Air 
Capacity (measured 
at -10kPa) (Gradwell 
and Birrell 1979) 
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Table 1 (Continued) 

FLL ‘Property 
reference value’ 

Rationale and 
Target Value (TV)

b
 

FLL Method  New Zealand 
Equivalent 

Air volume at pF
e
 1.8

c
 TV ≥ 20% v/v  Difference between 

total pore volume and 
water content at pF 
1.8 

Variation on 
Macroporosity, which 
is typically measured 
at 5 kPa tension, not 
6.3 kPa suction 
(equivalent to pF 1.8) 

Granulometric 
distribution by dry 
weight

c
 

TV ≤ 15% w/w 63 m  
TV ≥ 50% gravels 
(>4mm) 
0% > 12 mm for flat 
roofs <100 mm depth 
0% >16 mm for flat 
roofs >100 mm depth 
Applies to post-
installation, thus each 
installation should 
consider potential for 
wind-blown particle 
deposition.  
 

Oven-dry sample 
shaken for 20 
minutes through 
stacked  sieves with 
diameters of 0.06, 
0.2, 0.6, 1, 2, 4, 6, 10, 
12 and 16 mm (hole 
shape not identified) 

As for FLL using 63 

m sieve to identify% 
silt+clay and 0.21, 
0.6, 1, 2, 4, 5.6 and 
9.5 mm (square grid).  
Sieve hole diameters 
at larger sizes vary, 
but curves are similar.  
This differs from NZ 
soil texture analysis in 
which soil is wet-
sieved to remove the 
<2mm fraction  
(Claydon 1989) which 
is then dispersed in 
water with an 
ultrasonic probe and 
<2, 2-63 and >63 μm 
fractions separated 
by sedimentation 
(Day 1965; Landcare 
Research 2008) 

a. All tests are performed on compacted samples; method of compaction is particular 

to FLL specification. Roofs designed to create specific ecosystems do not conform 

to FLL textural criteria, particularly if they use natural soils. 

b. % v/v indicates measurement by volume,% w/w indicates measurement by weight 

c. Proof of conformance with the TV is required for the FLL prior to delivery for these 

parameters. 

d. Where plastic drainage mats with water storage cups and/or filter cloth that stores 

water are used, this water available to support plant growth or retain stormwater 

should be included, along with the actual installed depth.   

e. pF is a measurement of soil suction or tension; it is the log of tension in cm of water 

(e.g., 100 cm = 10 kPa = 2 pF).  Wet soils have a low pF (near 0); dry soils have a 

high pF. 
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Figure 4 

Soil characteristics with respect to influence on plant viability.  

 

Source: (Hawkes Bay Regional Council 2006) Note: ‚Survival water‛ in figure 

corresponds to ‚plant stress water‛ in preceding text. 

4.2 ASTM Standards 

The new ASTM standards are in the 2008 Annual Book of ASTM Standards, Volume 

04.12. Standards are available for purchase via download from http://www.astm.org/ or 

may be available from local libraries. While the testing methodology for the research to 

date has followed the 2002 FLL procedures, the ASTM methods are recommended for 

further investigation, as they are fully documented in English, hence issues with 

translation encountered by the research team may be avoided in the future. As of 

2011, the ASTM standards only include a testing methodology and do not indicate 

suitability for the intended application. The methodology in ASTM E2399-05 Standard 

Test Method for Maximum Media Density for Dead Load Analysis of Green Roof 

Systems (ASTM 2008e) is very similar to the FLL tests for characterizing physical 

properties of substrates. A brief comparison of methodologies is presented in Section 

4.3. 

http://www.astm.org/
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The core ASTM standards are (ASTM 2008b; ASTM 2008c; ASTM 2008d; ASTM 

2008e; ASTM 2008f):1 

 ASTM E2396 - 05 Standard Test Method for Saturated Water Permeability of 

Granular Drainage Media [Falling-Head Method] for Green Roof Systems. The 

procedure determines the water permeability of coarse granular materials used as 

drainage layers of a green roof system (e.g. pumice, gravel, or rock in lieu of a 

synthetic drainage product [refer to Section 9.2]). It does not apply to 

characterising substrate (growing media) or synthetic drainage layers. 

 ASTM E2397 - 05 Standard Practice for Determination of Dead Loads and Live 

Loads associated with Green Roof Systems. Note that any structural load analysis 

should be performed in New Zealand in accordance with the New Zealand 

Building Code. Structural requirements for New Zealand buildings are dictated by 

AS/NZS 1170 (2002) Structural Design Actions (SNZ and SAA 2002). Procedures 

for green roof load determinations according to the New Zealand Building Code 

are presented in Section 8 of this report. 

 ASTM E2398 - 05 Standard Test Method for Water Capture and Media Retention 

of Geocomposite Drain Layers for Green Roof Systems. The procedure applies to 

a synthetic sheet, mat, or panel that is specifically designed to convey water 

horizontally toward a roof deck, drains, gutters, or scuppers (examples are shown 

in Section 9.2). 

 ASTM E2399 - 05 Standard Test Method for Maximum Media Density for Dead 

Load Analysis of Green Roof Systems (includes tests to measure moisture 

retention potential and saturated water permeability of media). Note that any 

structural load analysis should be performed in New Zealand in accordance with 

the New Zealand Building Code. Procedures for green roof load determinations 

according to the New Zealand Building Code are presented in Section 7 of this 

report. Methodology in ASTM E2399-05 is very similar to the FLL (2002; 2008) for 

substrate physical characteristics testing (see Section 4.3) 

 ASTM E2400 - 06 Standard Guide for Selection, Installation, and Maintenance of 

Plants for Green Roof Systems (further discussed in Section 7.0) 

Additional relevant standards may include (ASTM 2008a): 

 ASTM E631 - 06 Standard Terminology of Building Constructions 

 ASTM C29 / C29M - 07 Standard Test Method for Bulk Density ("Unit Weight") and 

Voids in Aggregate 

 ASTM E2114 - 08 Standard Terminology for Sustainability Relative to the 

Performance of Buildings 

 ASTM WK7319 - New Standard Guide for Use of Expanded Shale, Clay or Slate 

(ESCS) as a Mineral Component in Growing Media for Green Roof Systems 

(standard still in development as of June 2009). 

                                                           
1 Standards E2396 through E2399 were updated in 2011, with new designations of E239x-11. 
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4.3 Comparison of Methods 

A small investigation to compare FLL and ASTM methods with respect to substrate 

physical characteristics was performed in 2010. Table 2 summarizes the minor 

differences between the procedures according to each source (ASTM E2399-05 or 

FLL) (FLL methodology is detailed in Section 5 of this report). Side-by-side testing 

according to the different standard methodologies was performed on the same 

substrate. The results of physical characteristics procedures from two ASTM tests 

with duplicate cores (four cores total) and two FLL tests with triplicate cores (six cores 

total) were compared within each standard’s test procedures, and between the two 

standards. Table 3 shows that little difference was measured between duplicate or 

triplicate cores within each source method, or between the methods, except for the 

permeability test. Expressed as a percent difference, there appears to be greater 

variability for permeability tests. Permeability measurements are on the order of 

hundredths of a second; a 0.01 cm s-1 difference between cores may be a considerable 

amount expressed as a percent but is not considered significant in terms of absolute 

magnitudes. Altogether, it is suggested that ASTM E2399-05 and FLL methods provide 

comparable results. 

Table 2 

Differences between FLL (2008) and ASTM E2399-05 (2008) substrate physical characteristics 

testing procedures. 

Test/Procedure FLL ASTM E2399-05 

All core tests Performed in triplicate and 
results averaged. 

Performed in duplicate; 
required additional tests if 
results from the first two tests 
differ by more than 5%. 

 Determine initial water 
content before commencing. 

No specification. 

 Measure four cross-wise 
depths after compaction. 

Measure one cross-wise depth 
after compaction. 

24-hr soaking/2-hr drainage Fill up the basin until the 
water level is 10 mm below 
the surface of the substrate, 
then dampen the surface 
thoroughly before adding 
more water until the level is 
10 mm above the surface of 
the substrate. 

Add water until the water level 
is 12.5 mm above the surface 
of the substrate. 

 No specification. Weights should be removed 
after the 2-hr draining period. 

Permeability Maintain water level between 
10 to 20 mm above the 
sample immediate prior to 
test start. 

 

Maintain water level between 
12.5 to 25 mm above the 
sample immediate prior to test 
start. 

 Time required for water to fall 
from 45 to 35 mm above 
sample. 

Time required for water to fall 
from 50 to 38 mm above 
sample. 

 No specification. Record the temperature of the 
water (although never used in 
calculations) 
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Table 3 

Physical characteristics of the same substrate as determined by FLL (2008) or ASTM (2008)  

Procedure 

Difference Between Cores of 
Same Test Method (%) 

Relative Difference 
ASTM vs FLL (%) 

ASTM E2399-05 FLL 

Substrate density at max. water 
holding capacity 1% 4% 1% 

Dry bulk density 0% 3% 0% 

Maximum water holding capacity  2% 4% 2% 

Permeability 14% 14% 16% 
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5 Substrate Development 

5.1 Background 

Typical extensive green roof growing media, or substrate, is comprised of 80-90% (by 

volume) light-weight aggregate (LWA) and 10-20% (by volume) organic matter. LWA 

provides pore space for air, water, and gas exchange, and ensures rapid drainage. 

However, the coarse texture and low organic content of most LWA means that key 

functions for plant growth must be supplemented, e.g. cation exchange capacity (CEC) 

for nutrient retention and chemical buffering and moisture storage and supply 

(Friedrich 2005). Selection of appropriate materials is critical to system viability. 

Characteristics of an extensive green roof substrate include moderate water holding 

capacity (for runoff storage volume) while maintaining permeability and air space, low 

system saturated weight, adequate bearing strength (to prevent compaction), 

resistance to degradation, and the ability to support plant life (Cantor 2008). The 

desirable qualities are often at odds with each other. Saturated weight increases with 

substrate depth, yet plant viability improves in deeper substrates (Durhman et al. 2007; 

Getter and Rowe 2008; Rowe et al. 2006). Shallower substrates are less able to store 

water for plant growth and experience more extreme temperatures. Excess 

decomposition of organic matter will increase nutrient leaching from the media as the 

decomposition may be faster than the plant uptake (Moran et al. 2005), and ultimately 

reduces moisture, nutrient storage, and substrate depth. A high proportion of fines 

increases moisture storage and may benefit plant growth but decreases permeability 

and increases weight. Maintaining high permeability of the substrate media is 

important to prevent ponding and excess weight. 

5.1.1 Lightweight Aggregate 

The primary LWA component of many overseas installations is a form of expanded 

clay, expanded shale, expanded slate, or similar material. The ‚expanded‛ form 

indicates rapid heating to 1000-1200 oC. The organic substances inside burn, 

expanding raw materials and creating pores. High heat also melts the outer shell, 

resulting in a glaze that is air permeable. The final product is a light-weight ceramic 

with high compressive strength, some water holding capacity, is chemically inert, 

maximizes permeability, and improves aeration within a growing medium. Examples of 

specific commercially available products and characteristics are described in Table 4. 

Little information is actually presented by the vendors on the specific composition of 

commercially-available substrates. Aggregates are usually mixed with sand and/or 

organic materials in order to provide an adequate proportion of fine particulate matter 

to support the plants. 

Recycled clay bricks and crushed concrete are used as aggregate components in 

Europe and especially in the UK. Abundant supply represents sustainable reuse of 

materials (Fentiman and Hallas 2006). They are not lightweight, but do have high 

permeability where particle size is coarse. Better porosity and chemical characteristics 
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for plant growth render bricks a more favourable growing media than crushed 

concrete. 

Table 4 

Properties of Example Commercially Available Substrate Blends 

Media Product Dry Bulk Density* 

Expanded Clay Hydroton® 
(www.oekotau.com) 

450-600 kg m
-3

 

 HydRocks® 
(www.hydrocks.com) 

593-673 kg m
-3

 

Expanded Slate PermaTill® 
(www.permatill.com) 

769-881 kg m
-3

 

Expanded Shale Haydite® 
(www.buildex.com) 

560-753  kg m
-3

 

* Depends on particle size distribution. 

5.1.2 Organic Matter 

The amount and type of organic matter to use in an extensive or semi-extensive green 

roof substrate are greatly debated within the green roof industry. Organic material 

must be present in the substrate mix in order to support plant life by storing and 

providing nutrients (especially nitrogen) and moisture. It also provides some cushioning 

and physical resistance to compaction. Extensive green roof substrate mixes are 

typically 5-20% (by volume) organic material. The FLL (2008) recommends a maximum 

organic content of 65 g/L. The 20% maximum organic matter was originally specified 

by German fire regulations, to prevent smouldering burns in green roofs with sparse 

vegetation cover or during dry periods in summer (Roehr 2010, personal 

communication). Current industry thinking is that high organic content is usually 

associated with greater level of substrate shrinkage over time, and may contribute 

substantially to overall weight. Very low organic content is associated with high 

nitrogen stress. Organic matter is often fine or silty in size, which can hinder 

permeability, long-term stability, and aeration of substrate mixes (FLL 2008). When 

combined with a low fraction of fine material overall (the FLL recommends a maximum 

15% by volume of particles smaller than 63 m), water storage is also greatly reduced. 

However, once plants are established, plants suited for extensive green roof 

installation will provide their own organic material over the medium term through 

decomposing roots and foliage. Lower organic material usually requires a longer 

establishment time for vegetation, or more supplemental irrigation and fertilization. 

The types of organics specified for use vary; components can be anything from peat 

moss to composted bark (FLL 2002). Waste or recycled local resources are 

increasingly popular, e.g., composted bark, shredded wood waste (tree pruning), 

coconut coir fibre, and macadamia husks. An organic component must be free of 

weeds seeds and pathogens, low in salts and heavy metals, and relatively stable so as 

not to decompose within 5 years (American Hydrotech Inc 2006). Although the organic 

fraction of an extensive green roof is small, the generally fine particle size and high 

moisture retention typical of organic matter contributes significantly to saturated 

weight and reduces permeability. Organic matter will usually be screened to remove 

excessively large fragments (particles greater than 5-10 mm). 
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Aged compost is often used to provide the organic fraction. While roofliteTM (a 

commercially available product in the USA) indicates use of a generic compost certified 

by the US Composting Council’s Seal of Testing Assurance Program (STA), which may 

be widely sourced, research at North Carolina State University (NCSU) has shown that 

manure-based (cow, chicken, or pig) or agriculturally derived composts leach significant 

nutrient loads, particularly nitrogen and phosphorus. Friedrich (2005) reports that the 

instability of green waste/lawn clipping-generated composts may generate high 

nitrogen leachate, cause runoff discoloration, and may contain herbicides and 

pesticides. Conversely, NCSU’s research in conjunction with a commercial LWA 

manufacturer (Carolina Stalite) concludes that yard-waste derived compost minimizes 

nutrient leaching from green roof substrates. The key factor in nutrient leaching 

appears to be the age and stability of the compost. Organic matter and natural soils 

may also contain weeds, as was found in significant quantity in the garden mix used in 

the trial Waitakere City green roof plots (Simcock et al. 2006). Uniform composting at 

temperatures that kill weed seeds is important. Composted pine bark may be acidic. 

Leaching organic matter discolours runoff, and may stain building elements, although 

the effect may be temporary or may occur only during establishment or after extended 

dry periods (Hunt 2007, personal communication; Simcock et al. 2006). Commercial 

products in the USA tend to be region specific with respect to organic matter; local 

compost suppliers are identified to keep shipping costs low. Water quality of green 

roof runoff is addressed in TR 2010/018 (Fassman et al. 2010). 

A range of potential organic materials was reviewed for application in Auckland 

extensive green roofs. A relatively high organic fraction (15-20%) was deemed 

necessary for nitrogen supply as atmospheric nitrogen deposition rates in New Zealand 

are low, and the sub-tropical climate promotes an annual growing season for green 

roof plants, hence can sustain a relatively high carbon level. Local, readily available 

garden mixes with soil components were ruled out, as previous work indicated either 

inconsistent composition, significant weed content, and/or unacceptable organic and 

nutrient leachate generation (Simcock et al. 2005). However, individual components 

were feasible in isolation, including: composted processed waste bark (supplied by the 

forestry industry based on the exotic softwood, Pinus radiata), peat, sphagnum moss, 

tree fern fibre, imported coconut coir, and some suitably composted green wastes. 

5.2 Design Objectives for Extensive Green Roof Substrates 

From the outset, specific design objectives were imposed to dictate a minimum 

expected level of stormwater control, while also minimizing structural loading to 

maintain suitability for retrofit (i.e. how thin can an extensive green roof be whilst also 

achieving a meaningful measure of stormwater control). Elaborated on below, the 

objectives for substrate development were defined as: 

 Low to moderate mean annual runoff volume for Auckland conditions; 

 Complete retention of the mean daily rainfall event; 

 Light weight system, with target system weight at maximum water holding 

capacity (field capacity) of < 100 kg m-2
 and substrate dry bulk density of < 800 kg 

m-3 ; 
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 Substrate depth 30-70 mm (for retrofit suitability), with > 50% lightweight 

materials; 

 Use of materials readily available in New Zealand. 

The design objectives for stormwater control and system weight were somewhat 

arbitrary, and were established during discussion between the ARC and the project 

team. Recognizing a potential to introduce stormwater management in space-limited 

urban settings, it was decided to constrain the design for retrofit suitability. This 

constraint narrowed potential design for stormwater management because of system 

weight. A survey of the relatively limited literature available in 2005/2006 indicated a 

range of weight for extensive green roofs at ~70-150 kg m-2 and depth of less than 150 

mm. A target weight was chosen at < 100 kg m-2 as a reasonable loading that might be 

achieved and yet be on the ‚light‛ side with respect to the international literature. 

Substrate depth was back-calculated from allowable weight. 

The design goal to fully retain (e.g. no runoff from the rooftop) the mean daily rainfall 

event was generated from Low Impact Design or Development (LID) literature, which 

indicates that the impacts to receiving waters are generated from frequently occurring 

events. The conventional approach of reducing post-development flow rates to pre-

development levels for a 2-yr and greater storm events has not generally succeeded in 

protecting receiving waters from environmental impacts. Overseas design for LID 

focuses on control of small storms (e.g. 1- or 2- month frequency). A detailed rainfall 

analysis was outside of the project scope, nor was relevant information available from 

overseas. Hence, in the absence of more detailed guidance at the project outset (local 

rainfall information has since been updated (Auckland Regional Council 2010 draft)), 

back-of-the-envelope analysis was conducted to define an ‚every day‛ event for the 

Auckland region. Analysis of a 35-yr daily rainfall record at Albert Park provided by the 

ARC in 2005 indicated that the average daily rainfall is only 3.2 mm. A design rainfall 

depth of 3.2 mm seemed unreasonable as the system cost would unlikely justify the 

benefits of controlling only 3.2 mm, nor would 3.2 mm of water holding capacity likely 

support plant life for extended dry periods. Instead, the research team targeted 

complete retention of the water quality design storm (25 mm for Auckland City per 

ARC (1999)) as a goal. The goal would completely retain the mean daily event, while 

fitting within existing guidelines for stormwater design for ease of application. 

Little, if any, international guidance specifically presents green roof design with 

stormwater control as the driving design factor, although it may be the intended 

application.  It appears that green roof design is based more on balancing an ability to 

support plants with structural requirements and cost. Credit for stormwater 

management is then awarded in some manner based on resultant depth (rather than 

designing with an initial stormwater management objective). The approach adopted to 

develop design based on specific stormwater management objectives is considered as 

a significant contribution to the field of stormwater management internationally.  

At the outset of the current project, the substrate was considered to be the most 

important component for providing rainfall retention. Therefore, water holding capacity 

was deemed a crucial physical characteristic. Field study and recent literature prove 

the plants play a significant role in the green roof’s hydrologic budget, which is 

discussed further in TR 2010/018 (Fassman et al. 2010). 
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5.3 Substrate Component Selection 

A critical design objective of the current project is to develop a cost-effective design. 

Light-weight aggregates (LWA) comprise the majority of the components of substrates 

suitable for extensive green roof implementation. Substrate aggregates such as 

expanded clay, slate and shale, crushed brick or scoria were immediately ruled out due 

to lack of local supplier and/or weight. The project team sought to use local materials 

to avoid high international shipping costs and the potential for delivery delays, 

complications with MAF, etc. Furthermore, the energy requirement to create 

expanded aggregates is considered contrary to sustainable development. It is not 

recommended to pursue facilitating development of such a product locally or importing 

it.  

Fortunately, New Zealand has large deposits of light-weight volcanic material in the 

Central North Island including: 2000-year-old pumice (quarried primarily for concrete) 

and pumicite; zeolite (used in golf course greens), and raw materials for perlite and 

vermiculite (supplied for horticultural applications). Locally available LWA were 

identified primarily via Internet searches for suppliers of aggregates and/or horticultural 

products. Materials are described by suppliers as having high levels of water retention 

while maintaining void space for permeability, and otherwise generally demonstrating 

characteristics suitable for extensive green roofs when compared with proprietary 

substrates marketed overseas (American Hydrotech Inc 2006; Appel 2006; Inpro 2006; 

Simcock et al. 2006).  

With respect to the organic component, garden mixes and plant growth media were 

evaluated for components, particularly those developed for high-value sports turfs, 

which also need to balance rapid drainage with water holding for plant growth as well 

as high bearing strength. New Zealand subsoils were excluded due to generally high 

proportions of clay and silt and overall inconsistent composition. New Zealand soils 

tend to contain fines (silt and clay) in excess of 25% (by volume), and can be as high as 

90% in Auckland (Landcare Research unpublished; Malloy 2008). High bulk density 

associated with natural soil will contribute significant weight. Soil will self-compact 

over time, leading to inadequate aeration and low permeability. Vertical migration of 

excessive fines may clog the geotextile between the drainage layer and substrate, 

thus promoting lateral flow, and possibly surface flow and erosion. Finally, weed seeds 

and other propagules may be found in viable quantities. These propagules may be 

desirable for deeper green roofs that are designed to blend into the adjacent 

environment, but may be undesirable in an urban environment. 

Detailed descriptions of materials tested in the current research are included in 

Appendix 1. Information originates from individual suppliers, and is specific to materials 

from those suppliers unless otherwise stated. The specific suppliers sourced in this 

project are not necessarily the only suppliers of the materials in New Zealand; 

however, they were chosen largely based on the amount of readily available product 

information and ability to supply product in 2006. Types, sources, and costs of all 

components considered are summarized in Table 5 (next page). 
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Table 5 

Raw Materials Tested for Substrate Development 

Component Source Comments Raw Material Cost (as 

at 2006)
a 

Light Weight Aggregate 

Pumice  

(multiple 

gradations) 

Inpro Ltd. (Atiamuri 

quarry, Waitakere 

operations) and 

Perry Aggregates, 

Ltd. (Horotiu) 

Raw materials donated for 

lab trials. 

Visual inspection of pumice 

from Perry combined with 

particle size distribution 

requirements precluded 

actual laboratory testing 

(refer to Section 5.9.1). 

Inpro source: $24/m
3
 

Packaging: $25/m
3
 bag 

Pumicite Inpro Ltd. Raw materials donated for 

lab trials. 

$27/m
3
 

Expanded Perlite Inpro Raw materials donated for 

lab trials. 

$29/100 L (estimate) 

Zeolite 

(NuGreen, 

Newfirt and 

larger 

gradations) 

Blue Pacific Minerals 

(Ngakuru quarry, 

Matamata 

operations) 

Raw materials donated for 

lab and field trials. 

NuGreen $250/m
3
 

1-3 mm $180/m
3
 

1-7 mm $256/m
3 

Hydroton 

Expanded Clay 

Perry Aggregates 

Ltd. (Horotiu) 

Raw materials donated for 

lab tests. Raw materials for 

field trials obtained at 

substantially reduced rate. 

$487/m
3
 (reduced rate 

for testing) 
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Table 5 (continued) 

Raw Materials Tested for Substrate Development 

Component Source Comments Raw Material Cost (as 

at 2006)
a 

Organic Matter
b 

Composted pine 

bark 

(multiple 

gradations) 

Motuere River 

Company (Nelson) 

and Bark Processors 

(Nelson) 

Bark Processors operates 

bulk supply. Motuere River 

Co. donated materials for 

lab trials. 

$25/m
3
 from Motuere 

River Co. 

$15/m
3
 from Bark 

Processors 

Sphagnum moss 

petals 

GROPacific and 

Pacific Wide 

(Christchurch) 

  

Punga fibre Sutton Mosses Ltd Initial supply was unable to 

be continued. A variety of 

grades and fibre sizes is 

available. 

 

Pine bark mixed 

with mushroom 

farm compost 

Bark Processors 

(Nelson) and 

Dalton‟s (Waikato) 

a.k.a. “mushroom bark” for 

the remainder of this report 

$15/m
3
 from Bark 

Processors 

Sphagnum peat Pacific Growers 

Supplies, Ltd. Mount 

Wellington, Auckland 

North Island peat has 

unsuitable characteristics 

for the current application 

(see Appendix 1). 

 

Coconut coir GROPacific 

(Christchurch) 

Imported material, but a by-

product from coconut 

industry. Popular in 

horticulture as an addition to 

potting mixes and un-

amended in glasshouse 

crop production. 

 

a. Excluding shipping. 

b. Composted green waste has not been investigated to date. Recent product 

development (within the last 6 months) within the New Zealand green roof industry 

suggests that suitable (stable, composted) organic products may soon be available. 

 

Substrate blends were investigated in 2006, and again in 2007. Initial work in 2006 was 

used to specify blends for field trial on the UoA Faculty of Engineering extensive green 

roof. Several valuable lessons were learned during field implementation, directly 

related to raw materials sourcing and the blending process (detailed in Section 5.9), 

which led to the revising the substrate specification in 2007. The revised substrate 

was installed on the Tamaki mini-roofs in 2008 for field testing.  

Altogether, seven LWA and eight organic components were trialled in isolation and/or 

in at least one of 30 blends. Physical characteristics of 37 core samples, each 

replicated at least three times, were assessed for compliance with FLL numerical 

objectives and/or meeting stormwater design goals under laboratory conditions. 

Selected blends were implemented in field trials, as per the previous paragraph.  
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Samples of field blends were also tested according to FLL methodology, to assess any 

changes in physical characteristics and chemical composition over time. 

5.4 Laboratory FLL Testing Methodology for Physical Characteristics 

Methodology for physical testing performed in development of the substrates are 

described herein, as FLL procedures are unlikely to be widely known in New Zealand. 

These procedures are not meant to substitute for the actual documentation; any future 

producer of green roof substrates should consult the full reference or send samples to 

an accredited laboratory. Physical characteristics of the green roof substrates under 

investigation included: 

 dry bulk density 

 saturated weight 

 water holding capacity 

 water permeability 

 particle size distribution (PSD) 

 

According to the 2002 FLL specification, equipment for testing substrate samples 

consisted mainly of 12 PVC ‚core‛ sample containers of internal diameter 150 mm, as 

shown in Figure 5. Each core is sealed on one end with a PVC cap perforated with a 

shower rose configuration. The perforation lay out and number of holes is stipulated in 

the FLL. Other test equipment consists of: 

 600 micron mesh for placement underneath and on the top of the sample to avoid 

loss of particles; 

 Non-woven filter fabric for placement over the sample during saturation to hold 

lightweight substrates in place; 

 A base for sealing the end cap as shown in Figure 5(b) to allow weighing of a fully 

saturated sample; 

 Metal prongs as shown in Figure 5(c) for the measurement of permeability via the 

falling head principle; 

 Large basin for soaking/saturating samples. 
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Figure 5 

Sample Testing Apparatus Constructed According to FLL Methodology 

 (a) core container showing ‘shower rose’ perforated base – the number, size, and distribution are 

specified; (b) sealed base and cap; (c) metal prong for measuring permeability 

(a)  (b)    

(c)  

 

The FLL testing procedure requires significant attention to detail; practice tests were 

conducted with media consisting of a mixture of coarse gravel and sand. Minor 

adjustments were required to seal leaks (the apparatus in Figure 5[b]). All other 

systems and methods produced repeatable results amongst replicate cores. The FLL 

requires that all tests be performed in triplicate; that is, for each parameter, three cores 

filled with the same media are tested, and the results averaged. In the current 

research, logistics usually resulted in testing six cores concurrently; however, in any 

given test, no two cores were of the same material to reduce bias. 

All candidate LWA were individually assessed for physical parameters. Subsequently, 

various substrate blends of LWA and organic matter were proposed and trialled. 

Components for each sample were mixed by hand in a bucket unless the sample 

consisted of 100% of a component. A sample was then scooped evenly (rather than 

poured) into the core container to maintain a homogeneous blend. Pouring the sample 

from the bucket into the core container tended to leave fine particles at the base of the 

bucket, thus core samples may have been slightly more coarse (and therefore more 

permeable and lighter weight). 

All testing for permeability and maximum water capacity were performed on samples 

compacted using the consistent and repeatable method specified in the FLL. 

Compaction is an important parameter because it simulates the effects of weathering, 

maintenance and installation (foot traffic and storage) on the substrate. After filling 

cores, media depth was measured at four points around the container, obtaining an 

average uncompacted depth. The sample was then covered by a 7 mm steel plate that 

fitted inside the container, and subject to six blows using a 4.5 kg proctor hammer 

from a height of 450 mm. The depth was then measured again to obtain an average 

compacted depth. To assess potential for media swelling, depth was also measured 

after soaking had occurred for the maximum water capacity test (detailed below). 

Compaction was done in accordance with the 2002 FLL guidelines. 
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5.4.1 Maximum Water Capacity 

Testing for maximum water capacity is used to establish the field capacity of each 

substrate blend. The test identifies the total volume of water (precipitation) that can be 

normally stored by the green roof in relation to the design depth of the substrate for 

plant availability. For a given depth of substrate, a high water capacity is usually 

associated with low permeability, low aeration, high total weight, and can be 

detrimental to plant survival. The target values as stated in the FLL guidelines is a 

minimum of 20% by volume and a maximum of 65% by volume. 

To perform the test, weighed, compacted sample cores are set on struts in an empty 

basin. The wire mesh and non-woven filter fabric are placed on top of the media and 

clean weights were then added to hold the material in place. The basin is slowly filled 

with water allowing the sample absorption time as the water level rises until it reaches 

~10 mm above the sample surface. After ensuring the sample surface is wet, it was 

left to soak for 24 hr. Water level is monitored during soaking to ensure it does not 

drop below the media surface. After 24 hr, the water level is drained to be even with 

the surface of the substrate. The sample is weighed with the special sealed base 

(Figure 5[b]). The sample drains for 2 hr before the outside of the container is 

thoroughly dried and reweighed. Figure 6 demonstrates the procedure. 

Subsamples are collected after thoroughly mixing the contents of an entire core on a 

tray to maintain homogeneous moisture content. Subsamples are weighed and dried 

at 105 °C for a minimum of 24 hr. Data is used to calculate the weight of the original 

sample using the following equations: 

w

m
ms

1
    (Equation 1) 

where:  

ms  = mass of solids (g) 

m  = total mass (g) 

w   = water content (unitless fraction) 

 

d

dw

m

mm
w     (Equation 2) 

where: 

mw = weight of subsample before drying (g) 

md  = weight of subsample after drying (g) 

 

The calculation of the dried weight of the sample is used to calculate the maximum 

water capacity using: 

s

ds

V

mm
WC

100
max

    (Equation 3) 

where:  

WCmax  = maximum water capacity (% by volume) 

ms  = mass after 2 h drainage period (g) 

md  = mass in dry condition (g) 

Vs  = sample volume after the 2 h drainage period (cm3) 
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Figure 6 

Sample Saturation and 2-hr draining for Water Capacity Test 

 
 

5.4.2 Permeability 

Substrate permeability is indicative of the rate at which water flows vertically through 

the substrate. The FLL guidelines target a lab-measured permeability of ≥0.001 cm s-1 

to > 0.1 cm s-1 for extensive green roofs. The importance of maintaining a high 

permeability is to prevent ponding, which would add excess weight and may float 

and/or scour substrate if it were to move laterally across the surface. The FLL required 

lab-based permeability was established based on rainfall intensity and (presumably) 

potential for substrate degradation over time (i.e. a safety factor).  Adjustment to suit 

local climate is recommended (Krupka 1992). Peak 10-min rainfall intensity in central 

Auckland ranges from 0.0008 cm s-1 for a 3-month, 24-hr event to 0.003 cm s-1 for a 

100-yr, 24-hr event (Auckland Regional Council 2010 draft). Thus, a substrate that 

meets the FLL target range for extensive green roofs is unlikely to ever sustain 

saturated conditions and would drain freely during an extreme local rainfall event. 

Immediately following the 2 hr drainage and weighing in the maximum water capacity 

test (Section 5.4.1), the two-pronged metal ring shown in Figure 5(c) is placed on top 

of the sample. Water is continually added to the top of the sample core maintaining a 

constant level until water flows freely out of the perforated base (Figure 7[a]). 

Permeability is then calculated based on the time taken for the water level to drop 

from the 45 mm to the 35 mm height prong (Figure 7[b]). Timing is measured three 

times to obtain an average permeability for each sample core by the following 

equation:

Weights hold media 
in place while 

soaking for 24 h 

Struts elevate cores 
to for water to enter 
via perforated base 

Samples drain for 2 h 
before weighing 
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4.0

1

h

h

t
K f

   (Equation 4) 

where:  

Kf  = coefficient of water absorption (cm s-1) 

t  = time required for water level to drop from a height of 45 mm to 35 mm 

above the core sample surface (sec) 

h  = depth of the compacted test sample (cm) 

0.4 = average depth of water above the compacted test sample (cm) 

 

Figure 7 

Permeability Test 

(a)  Ensuring Constant Discharge for Permeability Test; (b) Test in Progress 

(a)  

(b)  

5.4.3 Dry Density 

Dry density is determined by: 

h
d

md

4

2dry     (Equation 5) 

where: 

dry = dry bulk density (kg m-3) 

md  = mass of oven-dried sample (kg) 

d  = core diameter (m) 

h   = depth of sample in compacted state (m) 
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5.4.4 System Saturation Weight 

Saturated system weight is the total weight of the green roof including fully grown 

vegetation, substrate, drainage mat, any filter cloth or other fabric layers. As the same 

plants and drainage mat will be used across the entire test roof, the remaining variable 

is the substrate weight, which depends on depth. Limited literature and information on 

proprietary products suggest a range of saturated weights for extensive green roof 

systems between 70 and 170 kg m-2 (Dunnett and Kingsbury 2004; Peck and Kuhn 

2003). The authors of this report question the value of the available information as it is 

generally sourced from proprietary products without reference to the methods being 

used. Since one of the objectives of the present research is to develop a system 

suitable for retrofit applications, minimising weight was considered the overriding 

design constraint. The maximum target system saturated weight for the project was 

therefore set at 100 kg m-2. It is determined by: 

 

dvsat

s

sat mmm
h

h
M    (Equation 6) 

where: 

Msat = system saturated weight (kg m-2) 

h   = substrate depth 

hs  = soaked height of core sample 

msat  = mass of saturated core sample (obtained during water capacity test) (kg m-

2) 

mv  = mass of fully grown vegetation (assumed 10 kg m-2 [FLL 2002]). 

md  = mass of saturated drainage mat (1.6 kg m-2) obtained from soaked and 

drained sample 

 

5.4.5 Particle Size Distribution 

The FLL indicates that the combined clay and silt content (d < 0.063 mm) of an 

extensive green roof should not exceed 15% by mass. Substrate depths up to 100 

mm should restrict maximum grain size to 12.0 mm, whereas substrate depths greater 

than 100 mm should restrict maximum grain size to 16.0 mm (FLL 2008). Excessive 

fine particles will reduce substrate permeability and increase weight; whereas it is also 

necessary to maintain a sufficient fraction of fine particles to promote vegetation 

growth through holding and supplying nutrients and water, and buffering 

contaminants. A shallow substrate with particle sizes above 12 mm will encourage 

piping by the runoff through the substrate creating a non-uniform permeability, and 

potential for excessive migration of fines down to the base of the substrate, where 

they may impede drainage vertically through the geotextile. An overall PSD envelope is 

provided in the FLL (2002;2008). 

In the current project, PSD of individual components was obtained using the dry 

sieving method New Zealand S4402, Pt 1 (Australian/New Zealand Standard 1986) test 

9 (b) and standard sieve sizes. Distributions were combined depending on component 

percentage to make up the PSD of a substrate blend. 
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5.5 Chemical Analysis 

As well as evaluation of substrate physical characteristics, the FLL dictates analysis of 

substrate chemistry to assess the potential to support plant life. In the current testing, 

some deviations from FLL procedures were implemented to facilitate interpretation 

according to typical local growing conditions.  For example, in New Zealand, the 

general absence of acid rain combined with a native flora adapted to naturally acidic 

soils means the FLL specification of minimum pH (in CaCl2) of 6.5, approximately 

equivalent to pH (water) of 7 to 7.5 is likely too high to promote growth for native plant 

species.  Also, some of the German chemical tests use reagents (e.g., barium) that 

New Zealand labs now avoid due to their hazardous properties and difficulty disposing 

of the material.  Additional tests were carried out to allow comparison of results with 

those of a large number of New Zealand soils and substrates available in the New 

Zealand Soils Database (http://sindi.landcareresearch.co.New Zealand/).  Test 

procedures and target outcomes are summarized in Table 6. The FLL standards for 

extensive roofs are in Chapter 12, Tables 7 and 9 of that document. Deutsche Industry 

Norm (DIN) refers to a German standard testing procedure, similar in concept to an 

ASTM procedure.  

Chemical tests were carried out by Landcare Research on the < 2 mm fraction 

(samples are sieved, then ground) and results were reported on a dry mass basis. 

Chemical activity is dominated by finer particles (clay and silt). Hence results were 

assessed by taking into account the proportion of fines by weight in the sample.  The 

majority of soil chemistry test methods are after Blakemore et al. (1987), which are 

briefly described on the Landcare Research website:  

http://www.landcareresearch.co.New 

Zealand/services/laboratories/eclab/eclabmethods_soils.asp. Methods for testing Total 

Carbon and Total Nitrogen are after Leco (Laboratory Equipment Corporation, undated), 

also briefly described on the Landcare Research website. 

http://sindi.landcareresearch.co.nz/
http://www.landcareresearch.co.nz/services/laboratories/eclab/eclabmethods_soils.asp
http://www.landcareresearch.co.nz/services/laboratories/eclab/eclabmethods_soils.asp
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Table 6 

Chemical Analysis for Extensive Green Roof Substrates 

German Term or ‘Property 
Reference Value’ 

Purpose and/or Target Value  FLL Specification New Zealand Equivalent 

Organic Content
a
 (% w/w) ≤ 8% where BD

b
 ≤ 0.8 T m

-3
 

≤ 6% where BD > 0.8 T m
-3

 
≤ 4% for single course roof 
To minimise settling over time 

DIN 19684 Part 3, VDLUFA 
5.1.1 
By ash content/loss on ignition 
@    550

o 
C or CHN analyzer 

Organic content = „mass of 
organic substance x 0.58‟ (for 
mineral soils)‟ 

Total carbon measured, same conversion 
factor can be used 

pH (in CaCl2)
a
 6.5 - 8.0  

6.5 – 9.5 for single course roof 
DIN 19684 Part 1, VDLUFA 
5.1.1 

Results 0.5 to 1 pH unit lower than when 
measuring using water. 
The standard is high for natural New Zealand 
soils, which range pH from 4.5-6.5 (with the 
exception of limestone soils). 

pH (KCl) 
Amount of soluble salts (KCl 
extract)

a
 

≤ 2.5 g/l (3.5 for water extract) 
Used to detect presence of specific 
mineralogy clay soils which are 
uncommon in New Zealand 

DIN 19684 Part 3, VDLUFA 
10.1.1 

 

Nutrient Content
a
 

 nitrogen (in CaCl2) 

 phosphorus (P2O5) in 
CAL) 

 potassium (K2O in CAL) 

 magnesium (in CaCl2) 

Balance plant needs vs potential 
leaching of these into runoff water 
≤ 80 mg L

-1 

≤ 200 mg L
-1

 
 

≤ 700 mg L
-1

 
≤ 160 mg L

-1
 

VDLUFA 6.1.3.1 
(readily soluble N = nitrates + 
ammonium) 

Measure nitrates and ammonium using KCl 
extract.  CAL

c
 extracts also aren‟t routinely 

used in New Zealand. New Zealand would 
use Total P, Bray P, and Olsen P (in order of 
increasing plant availability).   

C:N Ratio Unspecified criteria; a calculation. 
Indication of nitrogen availability to 
plants and breakdown rate 

 C:N ratio of fertile pasture is 10-12. An 
indicator of the carbon source stability, and 
impact of N-leaching potential. 

Adsorptive Capacity (Cation 
Exchange Capacity [CEC]) 

Unspecified criteria.  Used to 
estimate plant availability of 
important nutrients. 

ONORM L 1086 which uses 
barium ions which matches 
exchange capacity Instead of 
determining the exchangeable 
cations (Ca, Mg, K, Na)  

Direct measure of exchangeable cations with 
modern machines and toxicity of barium 
waste to aquatic environments 

Anion Capacity (P retention) Not FLL test, but useful to indicate 
potential attenuation of metals by 
binding with the soil. 

 P retention is a routine measurement used in 
agriculture to estimate how much of applied 
phosphate is available to plants. 

a. Proof of conformance with the target value is required for the FLL.  b. BD= bulk density c. CAL = calcium-acetate-lactate 
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5.6 Core Testing Results 

Seven LWA and 15 substrate blends were tested in laboratory cores in 2006 according 

to FLL procedures (Section 5.4) for physical characteristics. All cores were tested in 

triplicate. Blends were adjusted systematically until physical properties satisfied FLL 

and stormwater management objectives, while also not exceeding the target weight 

limit. Objectives for 2006 substrates included: 

 Saturated permeability > 0.1 cm s-1 (FLL objective) 

 PSD within a specified range with particles smaller than 63 m comprising < 7% 

[by mass] (FLL objective – specific range is indicated in results) 

 Maximum water holding capacity (stormwater management objective measured 

using FLL water holding capacity metric) 

 Maximum wet weight < 100 kg m-2 at 30 mm minimum substrate depth (30 mm 

was suspected as the minimum depth at which plants would survive while 100 kg 

m-2 was the objective total system weight when wet, as per Section 3) 

 

Revising the substrate blend in 2007 focused on maintaining a consistent product 

between laboratory hand mixes and bulk supply operations, and additional types of 

organic matter based on new information since 2006. 

Interpretation of substrate chemistry indicates whether values are high, medium or low 

compared to soils using Blakemore et al (1987), and New Zealand soils database. 

Conclusions are presented on the ability of substrate blends to support plant life. The 

pre-screening tests of the main potential constituents (by volume) of green roof 

substrates identify: 

 pH: Some potential native New Zealand plants are adapted to saline conditions 

(estuaries, e.g. Selliera radicans) and limestone outcrops; however, natural New 

Zealand soils are predominantly moderately to highly acidic (pH 4.5 to 6).  German 

standards likely account for natural soils generally being derived from calcareous 

materials (e.g., limestone) and subject to significant acid rain deposition (from 

sulphuric and nitric acids). Where acid rain occurs, substrate would benefit from a 

basic initial pH. A green roof could therefore buffer pH and reduce and availability 

of metals (most metals are increasingly water-soluble at low pH, hence substrates 

that increase the pH of stormwater are beneficial). The ability of a green roof to 

neutralise acid rain is a primary benefit in parts of Europe and America, but 

depends on the initial pH of the substrate and, as the roof gets older, the 

substrate buffering capacity, with the extent of pH modification usually reducing 

over time. 

 Longevity of substrate materials: The potential for shrinkage of a green roof 

substrate over time is indicated by total organic carbon content and C:N ratio.  

Shrinkage is undesirable as it is linked to reduced substrate depth, reduced 

nutrient and moisture storage leading to increased plant stress (Emilsson and Rolf 

2005).  Friedrich (2005) expresses concern that break down of organic matter can 

generate fines that can be washed into an underlying filter fabric and adversely 
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affect drainage either physically, or through stimulating growth of ‘slimes’.  Plants 

of extensive, non-irrigated green roofs have relatively low biomass production and 

are likely to sustain relatively low carbon contents in soils, especially when also 

under conditions of nitrogen stress.  Organic materials with low C:N ratio (<12-15) 

will generally be more rapidly oxidized; this ratio is also used as an index of 

compost maturity.  There is debate about the acceptable level of total carbon in a 

green roof substrate, particularly in the United States where very high-organic 

content, coir-based green roof substrates have been developed. Although most 

extensive green roof substrates have relatively low organic contents (5 to 20% by 

volume) some individuals and companies are promoting substrates with much 

higher organic contents (Compoton 2006), particularly where the organic source is 

coir fibre (50% by volume is being trialled by the University of Hawaii 

www.greenroofs.com/projects/pview.php?id=704). The authors of this report are 

not aware of any published research on the sustainability of green roof substrates 

with carbon contents in excess of 30%. 

 Likely short and medium-term supply of major plant nutrients P and N 

 A C:N ratio <12 is typical of topsoils under fertile pastures and indicates 

likely leachable levels of plant available nitrogen, at least in the short 

term, and greater susceptibility to rapid breakdown. 

 Olsen P indicates readily-available phosphate.  Olsen P >20 support 

rapid plant growth – soils supporting horticultural crops and dairy farms. 

However, many native New Zealand ecosystems have low Olsen P (1 to 

10) so native plants are generally tolerant of low P status. 

 Storage and supply of macronutrients potassium (K), magnesium (Mg), calcium 

(Ca), and sodium (Na): A high cation exchange capacity (CEC) is favourable, 

indicating the substrate can store and supply macronutrients.  Tests of these 

exchangeable bases also checks for imbalances in these cations which can impact 

plant health (via deficiencies) through displacing each other. High sodium levels 

can be toxic. Base saturation indicates how much of the potential cation storage 

capacity is ‘available’; a high base saturation and high CEC indicates a fertile 

substrate and potentially high nutrient leaching. 

5.6.1 Substrate Development for UoA Extensive Green Roof (2006) 

Table 7 summarizes chemical analysis of substrate components for materials tested in 

2006.  None of the LWA contained significant amounts of N or P, showing the 

important potential role of organic components in supplying these nutrients. Perlite and 

pumice met the FLL pH standards but had little contribution to cation or anion storage. 

Hence, if the coarse pumice size or perlite were used as the dominant green roof 

component, the organic component would probably need to be about 15% (by volume) 

to provide adequate plant nutrient storage and supply for a dense plant cover.  Pumice 

has an extremely low CEC (indicating the ability to hold positively-charged plant 

nutrients) of <2 cmol(+)/kg, which is within the typical range (mean CEC of 4 2 

[standard deviation]) for New Zealand pumice deposits (Landcare Research 

unpublished). Base saturation is a percentage of the CEC value, hence substrates with 

a low CEC are very easily saturated; very low concentrations of cations are needed to 

http://www.greenroofs.com/projects/pview.php?id=704
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exceed 100% base saturation, which explains the pumice base saturation calculation 

of 215% in Table 7 

Only the zeolites had an appreciable ability to store and supply plant nutrients, having a 

high CEC and high exchangeable Ca.  As zeolite is more resistant to loss of volume 

over time, unlike most organic sources, zeolite has value as a component of extensive 

green roof substrates to minimize shrinkage and maintain high volumes of large pores 

(interstitial spaces).  However both zeolite products were 0.8 units more acidic than 

the minimum standard of pH 6 (in CaCl2). The zeolites also had a high proportion of Na 

on the exchange sites, which can be damaging to seedlings and reduce aggregate 

stability.   

Sphagnum moss, composted bark fines, pine bark fines and punga fibre were 

considered for organic matter. Coconut coir fibre was later considered.  As the organic 

components comprise only 10-20% of the final mix, the relatively low pH values would 

not be a concern, unless the buffering capacity of the other components was lower. 

Lime may need to be added in that case. All the materials had carbon resistant to 

decomposition reflected in high C:N ratios (>40). They would be expected to break 

down slowly with short term and/or mild discoloration of water compared to the 

youthful organic component used in the Waitakere green roof (Garden Mix, C:N ratio = 

23).  Moderate readily-available Olsen P levels (>20) show P is unlikely to limit growth 

of native plants, which generally have a low P requirement, and P is not needed during 

the establishment phase. When slow release fertilizers are required as part of green 

roof maintenance, low P retention values in all organic components (nil in punga fibres 

and sphagnum) indicate that most applied P will be available to plants.  Slow release N 

fertilizers will be needed during establishment and over the first few years to promote 

a full vegetative cover. Due to moderate to high C:N ratios and Olsen P levels, key 

competitive weeds are likely to be legumes (N fixing clovers and lotus species). 

From a chemical perspective, composted bark fines were identified as the best 

potential organic component, followed by punga fines and sphagnum.  Composted 

bark fines have a favourable pH (despite uncomposted pine bark usually being acidic), 

capacity to store both anions and cations and macronutrients relatively in balance with 

useful Ca.  Screened bark, with a dominant particle size >5 mm, is less favoured due 

to extreme C:N ratio and likely poor water-holding/supplying characteristics.  Punga 

fines have a favourable CEC but the lowest pH and no P retention. Bark naturally 

contains chemicals that retard breakdown and protect plants against insect and fungal 

attack. A composted wood chip product that would have lower levels of these 

chemicals was not able to be sourced at the time of testing. 
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Table 7 

Chemical Analysis of Substrate Components for 2006 Blendsa 

     Exchangeable (cmol(+)/kg) Na as Cation Exchange 
Capacity

b  

(cmol(+)/kg) Substrate Component Ca Mg K Na 
% of 
CEC 

Zeolite 'Newfert' ZIC*F  44.9 4.56 29.7 27.6 25 112 

Zeolite 1-8 mm diameter 28.7 14.6 29.4 35.8 33 109 

Perlite 0.13 0.04 0.13 0.58 17 3.3 

Pumice 4-10 mm 
diameter  2.49 0.23 0.30 0.28 18 1.5 

Composted, screened 
pine bark 31.8 12.1 1.80 3.03 4 71.3 

Sphagnum moss 'petals' 15.3 16.0 5.81 9.36 8 117 

Punga fibre 26.0 7.96 1.84 0.37 0 103 

Composted bark fines 24.4 10.5 1.27 2.95 7 43.9 

a. Bold values = very high, underline values very low and low. 

b. CEC: Higher is better: normal soil ranges very high (>40) to very low (<10). 
 

Table 7 (Continued) 

 pH Base 
Saturation

c
 

(calculation) 
(%) Substrate Component (water) (CaCl2) (KCl) 

FLL Standard   6-9.5 ≤ 2.5   

Zeolite 'Newfert' ZIC*F  6.30 5.19 4.05 95 

Zeolite 1-8 mm diameter 6.75 5.25 3.93 99 

Perlite 7.99 6.85 6.06 26 

Pumice 4-10 mm diameter 8.40 7.37 7.99 215 

Composted, screened pine bark 5.50 4.68 4.17 68 

Sphagnum moss 'petals' 4.65 3.54 3.15 40 

Punga fibre 4.50 3.59 3.12 35 

Composted bark fines 5.95 5.27 5.01 89 

a. Bold values = very high, underline values very low and low.  

c. Base saturation: Low levels (<30) indicate high leaching in soil; >100 indicates 

leaching of bases will occur. 

 
Table 7 (Continued) 

Substrate Component 

Phosphate Olsen Total Total   

retention P C (%) N (%) C:N 

FLL Standard     <4     

Zeolite 'Newfert' ZIC*F  6.00 0.00 0.03 0.00 0 

Zeolite 1-8 mm diameter 4.00 0.10 0.03 0.00 139 

Perlite 0.00 0.20 0.04 0.00 0 

Pumice 4-10 mm diameter 1.00 0.10 0.06 0.01 8 

Composted, screened pine bark 26.00 27.00 40.6 0.32 128 

Sphagnum moss 'petals' 0.00 38.00 50.6 0.77 66 

Punga fibre 0.00 20.00 51.8 1.10 47 

Composted bark fines 25.00 22.00 19.4 0.35 55 

a. Bold values = very high, underline values very low and low. 
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Table 8 presents physical characteristics of various substrates and blends, presented 

as averages of replicate testing. Multiple blends were developed and trialled based on 

results of the previous round of testing. All blends were primarily composed of 

pumice; however, alternative LWAs were included in a smaller proportion (primarily 

based on cost) for some blends. Blends are identified in the table according to a unique 

LWA component, such as the presence of zeolite, but the blend name doesn’t 

necessarily indicate the dominant component. A small quantity of Hydroton brand 

expanded clay was available to the research team. In order to directly compare 

performance to overseas systems, it was decided to include expanded clay as a 

substrate component in the field trials. PSD of all substrate blends tested in the 

laboratory is presented in Appendix 2, as results only had significant implications for 

bulk blended substrates for field trial installation (refer to Section 5.9). PSD affects 

moisture retention, air volume (for roots), and weight. Strict adherence to the FLL PSD 

boundaries was not considered to be the most critical design element, but its effects 

on these other characteristics were of importance. Generally following the shape of 

the distribution was considered important, as a skewed or uniform distribution may 

limit plant development. 

System weight depends on substrate depth; hence weight was calculated for a range 

of possible depths and including the drainage layer (1.6 kg m-2 based on lab 

measurement) and plants (10 kg m-2 for sedum roofs (FLL 2002)). Anecdotal evidence 

suggested that some plants may be able to grow in as little as 30 mm (primarily a 

narrow range of sedum species (Durhman et al. 2007)); the pertinent question being is 

even a very thin green roof with potentially low plant cover better than no green roof at 

all? The maximum depth of 70 mm was identified based on weight (maximum target 

value of 100 kg m-2), and the middle value of 50 mm was selected based on reports in 

the literature of similar systems, and an expectation that some native plants could 

survive in such a shallow substrate. Results in Table 8 show that while locally available 

materials such as pumice and zeolite may weigh slightly more than expanded materials 

from overseas, they have a greater ability to store water, and hence, reduce 

stormwater impacts. 

Several materials were ruled out, despite helping to achieve design objectives. 

Expanded perlite is extremely light-weight and tended to float during testing. On an 

actual roof installation, it might wash off or be blown away by the wind prior to full 

plant coverage. The material also showed very low bearing strength; it could be 

crushed between two fingers, and hence suffer significant compaction on a green 

roof. Although perlite is used in overseas green roof installations, the locally sourced 

New Zealand perlite must have significantly different properties to other sources and 

was deemed unsuitable for the current application. 

Implementation factors proved useful for omitting two sources of organic matter. 

Inability to identify a long-term, consistent supply ruled out punga (tree fern) fibre. The 

stringy, fibrous nature of sphagnum moss presented issues for ensuring 

homogeneous mixing, and it was therefore excluded. 

Selection of three substrate blends was targeted, as configuration of the UoA Faculty 

of Engineering roof enabled installation of six hydraulically isolated plots. The intention 

was to field trial three substrate blends concurrently, each at two different depths. 

While the 4-10 mm pumice blends showed excellent overall qualities (in terms of the 

current measures and evaluation procedure), samples did not contain enough fine 
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particles to support the vegetation. It was therefore decided that a blend of smaller (1-

7 mm) and larger (4-10 mm) pumice was required for two of the mixes. As previously 

stated, the expanded clay blend was selected to benchmark performance against 

typical substrates found overseas. Combined with the results of the chemical testing 

(refer to Section 5.6.1), final blends selected for implementation in the field trial on the 

UoA Faculty of Engineering roof were Pumice F, Zeolite D, and Expanded Clay E. 

These blends are indicated by bold font in Table 8  
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Table 8 

Substrate Physical Characteristics: 2006 Blends 

Blend 
Components                                                                                                                            

(% by volume) 

System Weight at Maximum Water 
Capacity

a
 and Depth (kg m

-2
) Dry Bulk Density

b
 

(kg m
-3

) 
Max Water 

Capacity (%) 
Permeabilty

c
 (cm s

-1
) 

50 mm 70 mm 

Auckland scoria
d 

scoria 100%   1200 7.0  

Expanded Perlite expanded perlite 100% 47.2 61.5 147.4 56.6 0.004 

Pumicite 1-7 mm  pumicite 1-7 mm 100% 52.6 69.0 329.7 49.1 0.783 

Pumice 1-7 mm  pumice 1-7 mm  100% 71.9 96.0 765.1 44.0 0.301 

Pumice 4-10 mm pumice 4-10 mm 100% 59.5 78.6 540.1 41.8 0.794 

Zeolite 1-8 mm zeolite 1-8 mm 100% 72.2 96.5 651.6 60.2 0.076 

NuGreen NuGreen 100% 74.6 99.8 587.9 67.1 0.006 

Expanded clay expanded clay 100% 45.9 59.6 547.5 13.9 5.000 

Zeolite A pumice 4-10 mm 60%, zeolite 1-8 mm 30%, bark fines 10% 63.7 84.6 583.7 46.0 0.196 

Zeolite B pumice 4-10 mm 60%, zeolite 1-8 mm 30%, composted bark 2-5 mm 10% 59.0 77.9 540.4 40.9 0.481 

Perlite A pumice 4-10 mm 60%, exp perlite 30% bark fines 10% 64.2 85.3 481.2 57.3 0.015 

Perlite B pumice 4-10 mm 60%, exp perlite 30%, composted bark 2-5 mm 10% 59.8 79.1 468.5 49.5 0.056 

Pumice A pumice 4-10 mm 90%, bark fines 10% 61.8 81.9 545.7 45.8 0.398 

Pumice B pumice 4-10 mm 90%, composted bark 2-5 mm 10% 56.5 74.5 510.5 38.8 1.202 

Zeolite C pumice 4-10 mm 60%, zeolite 1-8 mm 30%, sphagnum petals 10% 64.1 85.1 598.4 45.2 0.155 

Zeolite D pumice 4-10 mm 50%, zeolite 1-8 mm 30%, bark fines 20% 64.7 86.0 580.5 48.2 0.096 

Pumice C pumice 4-10 mm 80%, sphagnum petals 20% 62.4 82.8 524.5 49.2 0.317 

Pumice D pumice 4-10 mm 80%, bark fines 20% 62.3 82.6 551.5 46.3 0.222 

Expanded Clay D pumice 4-10 mm 50%, expanded clay 30%, bark fines 20% 58.9 77.8 569.4 37.7 0.246 

Pumice E pumice 4-10 mm 50%, pumice 1-7 mm 30%, bark fines 20% 68.7 91.5 634.4 50.7 0.092 

Zeolite E pumice 4-10 mm 40%, pumice 1-7 mm 20%, zeolite 1-8 mm 20%, bark fines 20% 67.3 89.6 610.0 50.4 0.055 

Expanded Clay E pumice 4-10 mm 20%, pumice 1-7 mm 20%,   exp clay 40%, bark fines 20% 61.3 81.1 622.5 37.1 0.216 

Pumice F pumice 4-10 mm 60%, pumice 1-7 mm 20%,  bark fines 20% 65.0 86.4 585.8 48.3 0.101 

Shaded values violate target design objectives. Bold type indicates blends selected for field trial on the UoA green roof.    a. Includes 1.6 kg m-2 of drainage layer + 10 kg m-2 

plants. Target value < 100 kg m-2.       b. Target value < 800 kg m-3         c. Target value > 0.1 cm s-1.   d. Limited data on scoria presented for reference against pumice and zeolite. 
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5.6.2 Revised Substrate Blends for Tamaki Mini-Roofs (2007) 

Blends tested in the lab in 2007 maintained 60-80% pumice (by volume) as the primary LWA. 

Additional materials included the NuGreen zeolite and various types of organic matter (10-20% 

by volume) either alone or in combination. To satisfy concerns regarding particle size 

distribution to encourage plant growth, small sized zeolite (1-3 mm) was used to compliment 

the large size (4-10 mm) pumice. The large pumice was used as an existing product with 

consistent quality, in particular, low contamination with other rock and very low fraction of 

particles less than 4 mm. Since zeolite cost (~$180 per cubic metre) is substantially greater 

than pumice ($24 per cubic metre), and zeolite is heavier than pumice, mixtures of only 10-

20% (by volume) zeolite were considered. 

Extensive testing (using the same procedures as in 2006) revealed generally insignificant 

differences amongst the blends for the parameters tested. Physical characteristics are 

presented in Table 9 The table is coded to show how well (or not) a mix meets design criteria. 

At a depth of 70 mm, all mixes satisfy the target maximum wet loading of 100 kg m-2, including 

1.6 kg m-2 for the drainage mat and 10 kg m-2 for fully grown plants. Lab tests used an existing 

supply of the NuGreen zeolite (0.5-2.0 mm), which is likely heavier than the 1-3 mm which was 

specified for the Tamaki mini-roof field trials. In the interest of expanding the data set for 

hydrologic monitoring and trying to maximize depth to promote plant viability while still within 

the design constraints, consideration was given to increasing substrate depth. 

When depth increases to 75 mm, a few mixes are considered marginal and one is 

unacceptable with respect to the weight at maximum water holding capacity. Ultimately, 

differences between mixes were relatively small, hence standard deviations were used to 

assess consistency of each mixture and confidence bounds were used to determine ‚worst 

case scenarios‛. In a worst-case scenario (upper bound of confidence limit), at 70 mm depth, 

all mixes still meet maximum wet load targets. Increasing to 75 mm depth however causes 

several of the mixes to exceed the maximum acceptable conditions with the NuGreen zeolite. 

It may likely be the case that mixes still satisfy the maximum wet load with the 1-3 mm zeolite 

at 75 mm depth and worst-case scenario.  

Only a few of the blends satisfied the target permeability of 0.1 cm s-1. However, substantial 

variation in results was observed, evidenced by the high standard deviation and large 

confidence intervals on the mean value. Mixing the mushroom bark with peat gave the most 

consistent results, and at an adequate rate with respect to permeability. Considering expected 

peak 10-min rainfall intensities for central Auckland (0.0008 cm s-1 [3-month storm] to 0.003 cm 

s-1 [100-yr storm] (Auckland Regional Council 2010 draft), the target criteria was slightly 

relaxed: a saturated permeability measured at 0.05-0.10 cm s-1 was deemed acceptable for the 

local conditions while still providing an order-of-magnitude factor of safety. The high factor-of-

safety is considered important as permeability is based on lab conditions which may 

overestimate actual field performance. 

Chemical testing for the ability to support plant life was performed for a few of the mixes 

(Table 10). The mushroom bark + fine coir blend has a high C:N ratio,  which means it should 

be resistant to break-down, however combined with the low Olsen P rating, it is more likely to 

require a fertilizer addition. High Olsen P for the mushroom bark and mushroom bark + peat 

mixes indicates no fertilizer is likely needed. Both also show a high CEC which suggests ability 

to retain nutrients and metals (e.g. from deposition). Because the mushroom bark + peat blend 
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showed greater consistency in the physical testing, it was selected as the organic component 

for the Tamaki mini-roof field trials.  

Ultimately, neither the physical testing nor the chemistry clearly identified an outstanding 

blend. Finally, cost was used as the deciding factor. Assuming materials are mixed on-site 

(rather than bulk blended by a supplier), and considering raw material costs only (as per Table 

5), a blend of 70% 4-10 mm pumice, 10% 1-3 mm zeolite, and 15% mushroom bark + 5% 

peat would result in $68.25 per cubic metre at 2008 pricing whereas increasing the zeolite 

fraction to 20% and decreasing the organic matter to 10% results in a unit cost of $92.85 per 

cubic metre. Zeolite and peat have significantly greater unit costs than pumice or mushroom 

bark, but their added benefits to the overall system are a deciding factor for inclusion of a small 

fraction of the total volume.  
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Table 9 

Substrate Physical Characteristics: 2007 Blends 

Components (% by volume) 

Organic Matter Type 

System Weight at Maximum 
Water Capacity  (kg m

-2
 @ 

substrate depth) 

Dry 
Bulk 

Density 

Maximum 
Water 

Capacity 

Saturated 
Permeability 

Pumice 
4-10 mm 

NuGreen 
Zeolite 

Organic 
Matter 

50 
mm 

70 
mm 

75 
mm 

100 
mm 

(g cm
-3

) (%) (cm s
-1

) 

80 10 10 mushroom bark + peat (1:1) 66.1 87.9 93.4 120.6 0.466 56 0.07 

70 10 20 mushroom bark + peat (1:1) 67.4 89.7 95.3 123.2 0.475 59 0.05 

70 20 10 mushroom bark + peat (1:1) 67.1 89.4 94.9 122.7 0.479 57 0.05 

60 20 20 mushroom bark + peat (1:1) 65.6 87.2 92.6 119.5 0.468 59 0.08 

80 10 10 mushroom bark 66.7 88.7 94.2 121.8 0.549 52 0.32 

70 10 20 mushroom bark 66.5 88.5 94.0 121.4 0.510 56 0.22 

70 20 10 mushroom bark 68.0 90.6 96.3 124.5 0.527 56 0.08 

60 20 20 mushroom bark 65.0 86.4 91.7 118.4 0.485 58 0.07 

80 10 10 mushroom bark + fine coir (1:1) 65.6 87.2 92.6 119.6 0.546 56 0.28 

70 10 20 mushroom bark + fine coir (1:1) 66.9 89.1 94.6 122.3 0.508 62 0.13 

70 20 10 mushroom bark + fine coir (1:1) 67.6 90.1 95.7 123.7 0.525 61 0.09 

60 20 20 mushroom bark + fine coir (1:1) 66.9 89.0 94.6 122.2 0.578 55 0.09 

80 10 10 coir chunky 73.0 97.5 103.6 134.3 0.867 38 0.09 

70 20 10 coir chunky 59.1 78.1 82.9 106.6 0.381 58 0.40 

60 20 20 coir chunky 62.3 82.6 87.6 113.0 0.558 47 0.21 

Test Result Interpretation 
 

Parameter 
Accep
table 

Exceeds 
Target Bold type indicates blend selected for field trial on 

Tamaki mini-roofs Weight at Water Holding Capacity 
(kg/m

2
) 

<95 > 100 

Dry Bulk Density (kg/m
3
) 

< 
0.800 

> 0.800 
 

Water Holding Capacity (%) > 50 < 40 
 

Sat. Permeability (cm/sec) > 0.1 < 0.05 
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Table 10  

Chemical Characteristics of Substrate Blends 2007 

 

  Water pH Total Total C:N KCl-extractable 

Substrate Component or Blend Content (water) C N ratio NO3-N NH4-N 

  (method 104) (method 106) (method 114) (method 114) (calc) (method 118) 
  (% dry wt)   (%) (%)   (mg kg

-1
) 

Organic Components Only
1
 

       Composted bark fines (2006 analysis) n.a. 6.0 19.4 0.35 55 
  

Composted screened pine bark (2006 analysis) n.a. 5.5 40.6 0.32 128 
  

50:50 mushroom & composted bark 196 6.1 34.2 0.88 39 9.56 13.5 

50:50 moist peat & mushroom bark 254 4.9 41.8 1.01 41 13.7 78.9 

50:50 fine coir & mushroom bark 385 6.1 41.5 0.57 72 3.03 14.8 

Standard soil analysis
2 

       

20% NuGreen zeolite: 60% pumice: 20% mushroom bark 93 6.4 3.50 0.07 51 3.51 24.8 

20% NuGreen zeolite: 60% pumice: 20% 1:1 peat/mushroom 
bark mix 

94 5.6 7.77 0.16 47 4.33 60.3 

20% NuGreen zeolite: 70% pumice: 10% 1:1 fine 
coir/mushroom  

62 6.6 2.85 0.04 71 3.24 11.4 

Whole sample
3 

       

20% NuGreen zeolite: 60% pumice: 20% mushroom bark 93 7.2 3.27 0.05 64 3.15 8.8 

20% NuGreen zeolite: 60% pumice: 20% 1:1 peat/mushroom 
bark mix 

94 6.4 3.26 0.05 67 2.55 17.0 

20% NuGreen zeolite: 70% pumice: 10% 1:1 fine 
coir/mushroom bark mix 

62 7.3 0.70 0.01 73 0.70 3.5 
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Table 10 (Continued) 

 
Chemical Characteristics of Substrate Blends 2007 

 

  Olsen Total 0.5M H2SO4- Organic 
Substrate Component or Blend P P Soluble P P 

  (method 124) (method 130) (method 128) (method 130) 

  (mg kg
-1

) (mg kg
-1

) (mg kg
-1

) (mg kg
-1

) 

Organic Components Only
1
 

    Composted bark fines (2006 analysis) 22 
   

Composted screened pine bark (2006 analysis) 27 
   

50:50 mushroom & composted bark 248 1870 1157 713 

50:50 moist milled peat & mushroom/bark 190 784 405 379 

50:50 fine coir & mushroom/bark 175 737 553 184 

Standard soil analysis
2 

    

20% NuGreen zeolite: 60% pumice: 20% mushroom bark 37 290 190 100 

20% NuGreen zeolite: 60% pumice: 20% 1:1 peat/mushroom bark mix 28 177 125 52 

20% NuGreen zeolite: 70% pumice: 10% 1:1 fine coir/mushroom  8 160 151 10 

Whole sample
3 

    

20% NuGreen zeolite: 60% pumice: 20% mushroom bark 28 202 145 57 

20% NuGreen zeolite: 60% pumice: 20% 1:1 peat/mushroom bark mix 17 134 105 28 

20% NuGreen zeolite: 70% pumice: 10% 1:1 fine coir/mushroom bark mix 5 125 111 14 

 

1. Samples hand mixed, leached, 3 week incubation, and leached again with some loss of fines. 

2. < 2 mm fraction sieved and analysed. 

3. Whole sample ground to < 2 mm prior to analysis. 
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Table 10 (Continued) 

 

Chemical Characteristics of Substrate Blends 2007 

 

      Exchangeable CEC Base Na as 

Substrate Component or Blend Ca Mg K Na   Saturation % of CEC 

  (method 143  -  1:20) (method 145) (calculation)   

  (cmol(+)/kg) (cmol(+)/kg) (%)   

Organic Components Only
1
 

       

Composted bark fines (2006 analysis) 24.4 10.5 1.27 2.95 43.9 89 7 

Composted screened pine bark (2006 analysis) 31.8 12.1 1.8 3.03 71.3 68 4 

50:50 mushroom & composted bark 43.0 7.85 3.76 0.79 67.6 82 1.2 

50:50 moist peat & mushroom/bark 31.4 9.08 2.28 0.74 78.0 56 0.9 

50:50 fine coir & mushroom/bark 31.5 9.61 7.23 2.60 67.7 75 3.8 

Standard soil analysis
2 

20% NuGreen zeolite: 60% pumice: 20% mushroom bark 26.5 5.69 18.5 17.2 70.4 96 24.4 

20% NuGreen zeolite: 60% pumice: 20% 1:1 peat/mushroom bark mix 27.0 6.86 17.5 11.5 72.8 86 15.8 

20% NuGreen zeolite: 70% pumice: 10% 1:1 fine coir/mushroom 19.1 4.72 15.6 16.1 58.5 95 27.6 

Whole sample
3
 

20% NuGreen zeolite: 60% pumice: 20% mushroom bark 13.0 3.07 5.86 5.17 28.9 94 17.9 

20% NuGreen zeolite: 60% pumice: 20% 1:1 peat/mushroom bark mix 9.0 2.79 5.81 5.23 27.5 83 19.0 

20% NuGreen zeolite: 70% pumice: 10% 1:1 fine coir/mushroom bark mix 4.4 1.37 3.12 3.08 13.3 89 23.1 

 

1. Samples hand mixed, leached, 3 week incubation, and leached again with some loss of fines. 

2. < 2 mm fraction sieved and analysed. 

3. Whole sample ground to < 2 mm prior to analysis. 
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5.7 Post-Installation Substrate Testing 

Substrate chemical composition on five green roofs were analysed (Table 10).  The substrates on 

the Waitakere City Council Civic Centre and UoA green roof were assessed after 1 year and 3 years 

to help quantify the need for fertilisation.  Cores were taken from at least six sites in each plot on 

the UoA green roof, and on the Waitakere roof.  All analysed substrates had slightly to moderately 

acidic pH (not requiring amendment) and most had less than 6% total carbon contents. The 

influence of zeolite in one of the UoA green roof substrates was reflected in a substantially higher 

CEC than substrates without zeolite.  All but one substrate sample had moderate to high available P 

(Olsen P >20), and high Base Saturations (>60%), indicating a low potential for storing additional 

cations. Therefore, no P was added, and fertilization was primarily a 9-month, slow-release nitrogen 

with low concentrations of cations.  

In addition, two older Auckland green roofs were sampled: Quay West and The Parc apartments in 

the Viaduct.  Quay West is about 15 years old  and was constructed using an organic ‘garden mix’ 

blend varying in depth from 300 to 600 mm, within which large containers planted with pohukutawa 

were placed (to constrain the roots of the trees) (Cleary 2009, personal communication).  The 

containers allow accurate measurement of the decrease in substrate volume: over the 300 mm 

depth, 50 to 75% of the volume has been lost. The current depth ranges 100 to 150 mm. An area 

originally 600 mm deep is now approximately 250 mm deep (Cleary 2009, personal communication). 

Even at age 15, the organic content of the substrate is high, with Total Carbon 11.8% (Table 11).  

Plant cover in planted areas remains high with dense Mondo grass and the native Poor Knights lily.  

The Parc green roof is about 5 years old. This regularly mown turf roof had a very low organic 

content (Total Carbon 0.2%), comprising  300 mm of sand surfaced with instant lawn (grown in 

approx 25 mm natural topsoil which was brought onto the site as part of the turf mat).  The absence 

of visible shrinkage of this area, compared with landscaped areas with higher organic contents, over 

the 5 year life of the roof is consistent with the low organic content; however, the very low CEC 

means this turf requires regular fertilisation to maintain an actively growing plant cover. 
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Table 11 

Substrate Chemical Characteristics: Installed Green Roofs 

Substrate 
  

pH Total Total C:N Total Olsen CEC
1
 Base

2 

(water) C N ratio Kjeldahl P P (25°C)   Saturation 
(method 

106) 
(method 

114) 
(method 

114) (calc) (method 122) 
(method 

124) (method 144) (calculation) 

    (%) (%)   (mg kg
-1

) (mg kg
-1

) (cmol(+)/kg) (%) 

UoA green roof age 1 yr               

Pumice: Bark 
Fines 

Plot 1 6.29 2.6 0.09 28 189 11 11.6 81 

Plot 4 5.81 2.8 0.09 31 163 33 13.3 68 

Mean 6.05 2.7 0.09 29 176 22 12 75 

Pumice: Zeolite: 
Bark Fines 

Plot 6 5.38 5.6 0.17 32 289 50 54.1 83 

Plot 3 6.38 5.4 0.25 22 362 34 60.4 91 

Mean 5.88 5.5 0.21 26 326 42 57 87 

Pumice: 
Expanded Clay: 
Bark Fines 

Plot 5 5.44 4.6 0.13 34 314 59 18.8 66 

UoA green roof age 3 yr         

Pumice: Bark 
Fines 

Plot 1 6.2 2.7 0.09 31 280 15 10.5 98 

Plot 4 6.0 3.1 0.08 38 320 25 12.3 82 

Mean 6.05 2.9 0.08 34 300 20 11 90 

Pumice: Zeolite: 
Bark Fines 

Plot 3 6.3 6.4 0.31 20 470 34 52.6 90 

Plot 6 6.0 5.1 0.13 39 300 21 54.8 96 

Mean 6.13 5.7 0.22 26 385 28 54 93 
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Table 11 (Continued) 

Substrate 
  

pH Total Total C:N Total Olsen CEC
1
 Base

2 

(water) C N ratio Kjeldahl P P (25°C)   Saturation 
(method 

106) 
(method 

114) 
(method 

114) (calc) (method 122) 
(method 

124) (method 144) (calculation) 

    (%) (%)   (mg kg
-1

) (mg kg
-1

) (cmol(+)/kg) (%) 

Other green roof 
substrates                 
Tamaki revised zeolite 
substrate 5.8 10.5 0.28 37 358 35 56.6 82 

Waitakere revised substrate
3
 6.2 4.6 0.21 22 1470 178 26.6 121 

Waitakere original substrate 
age 3 yrs  6.6 4.7 0.31 15 670 53 18.5 121 

Quay West age 15 yrs 6.0 11.8 0.65 18 1860 129 53.9 94 

The Parc (lawn) age ~ 5 yrs 5.8 0.2 0.01 23 400 11 2.3 51 

Non-green roof plant growth media               
Central Landscapes "lawn 
mix' 6.2 2.4 0.25 9   10 0.63 0.41 

Living Earth Garden Mix  7.3 20.1 0.88 23   280 16.5 3.7 

1. Medium value considered 12-25 cmol/kg 

2. High value considered 60-80% 

3. Additional substrate was added to the Waitakere roof mid-2009. The substrate mix was based on the revised zeolite mix used on the 

Tamaki mini-roofs; however, it used a North Island source of composted bark fines and lower proportion of zeolite as not enough 1-3 mm 

zeolite was available.  The reduction in zeolite component lowered the CEC; the new compost had higher P concentrations. 
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5.8 Laboratory Water Holding Metrics: Implications for Stormwater Storage and Irrigation 

Needs 

As stormwater control is the primary design point, significant consideration was given 

to the maximum water capacity. From an engineering perspective, the maximum 

water capacity provides a simple metric for estimating stormwater storage for a given 

substrate depth. While almost all blends easily met the stormwater design objective, a 

scientific basis for selection of the ‚best‛ blend was still sought. At the time the 

research started, it was assumed that the substrate was the primary mode of storage 

for precipitation. 

A breakdown of water holding capacity in terms of standard soil science and 

horticultural definitions provides additional insight (presented in Figure 8 for the Zeolite 

D blend on the UoA green roof). As per Section 4.1, free water alludes to saturation; a 

condition which should not be met in an extensive green roof (inferred from the high 

permeability requirements of the FLL, coupled with considering the excess loading 

saturation would generate). ‚Stress water‛ and readily available water are the main 

components of storage for rainfall events. Stress water is held tightly to the substrate 

matrix and will take much longer to be lost via evapotranspiration (ET) compared to the 

readily available water. Below the stress point, the plants are wilted and some will die. 

Soil-bound water is held so tightly to the matrix that it is unlikely to ever be lost, thus it 

will be a misleading component in the FLL water capacity metric. 

The capacity of the substrate to attenuate (or store) rainfall is proposed as the water 

held between 10 and 1500 kPa, i.e. ‘readily available water’ and ‘stress water’ in Figure 

8.  Figure 8(a) shows the pore volume and mm equivalent water held in the 

zeolite:pumice:composted bark substrate at 70 mm depth. The attenuation volume 

should be equal to 25.8% (39.6% @ 1500 kPa – 13.6% @ 10 kPa) or 18.0 mm. Soil 

moisture sensors are being used to measure actual moisture stored on the UoA green 

roof (details of monitoring equipment are contained in TR 2010/018 (Fassman et al. 

2010)). Data is currently under analysis to determine if this approach to a laboratory 

assessment of water storage capacity for green roof substrates is a closer 

approximation to behaviour during and immediately after a storm event compared to 

the FLL water holding capacity or field capacity test.  

Interpreting the breakdown in Figure 8(b) in terms of plant survival, fairly frequent 

rainfall events are needed to keep green roof plants actively growing in a thin 

extensive green roof (50 mm). However, a 100 mm substrate will likely sustain plants 

for over a week in summer before reaching the stress point, at which stage most 

plants may wilt. At depths greater than 100 mm, the added storage potential is unlikely 

to be used when considering high Auckland rainfall frequency (average 137 days per 

year with more than 1 mm rainfall [NIWA 2000]) and typical ET. 

The analysis has significant implications with respect to satisfying design objectives. 

Under ideal conditions (dry substrate), even a thin green roof should capture the water 

quality storm. Realistically, depth should be greater than 50 mm for consistent 

stormwater control (e.g. for back-to-back events). The 100 mm depth for plant survival 

with minimal irrigation violates the maximum weight objective (100 kg m-2 arbitrarily set 
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for this research project), which is not relevant for new construction. Reducing 

substrate depth to 70 mm should satisfy both stormwater and maximum weight 

requirements, but periodic irrigation is more likely to be needed during the summer 

(Section 7.7.3 discusses potential irrigation requirements). Design guidance from 

Portland, Oregon (USA) requires a minimum substrate depth of 100 mm (Bureau of 

Environmental Services 2008). It is thought that the specification is aimed to support 

plant viability, rather than for stormwater management objectives. Conversely, ASTM 

(2008b) and Dunnet and Kingsbury (2004) suggest plants can be sustained in extensive 

green roofs as shallow as 25 mm; however, the risk of extensive plant death and poor 

aesthetics is very high, the potential for stormwater mitigation is reduced, and only 

sedums and mosses are likely to survive. 

 

Figure 8 

Substrate Moisture Retention 

(a) 70 mm deep pumice-zeolite-composted bark fines mix (UoA green roof Zeolite D); 

(b) Tamaki mini-roofs blend 

(a) (b)  

    

         

 

 

 

5.9 Lessons Learned 

Supply of materials for construction of the UoA green roof in 2006 and post-installation 

substrate testing of bulk blended materials yielded important lessons for the practical 

implementation of extensive green roofs in New Zealand. PSD of bulk blended 

substrates shows a significantly increased fraction of smaller particles in the bulk 

blends (Figure 9), which resulted in heavier and less permeable substrates (Table 12).  

Although the PSD falls generally within the ‚acceptable‛ range according to the FLL 

guidelines (FLL 2002), the greater proportion of small particles  
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(particularly < 1 mm, Figure 9) influenced density, weight, and permeability such that 

all design constraints were exceeded2. 

Post-installation in-situ permeability testing was performed in 2008 for the UoA green 

roof using double ring infiltrometer methodology. Testing was performed with rings 

inserted to approximately 50 mm depth, and approximately 50 mm head maintained, 

on a day after heavy rains, ensuring substrates were at field capacity when tested. 

Results (Table 13) show the impact of consolidation and the smaller particle size of 

field substrates compared to the laboratory core FLL tests on hand-mixed samples.  

Similar results were obtained on the Waitakere City green roof, although the FLL 

laboratory permeability requirement was not necessarily followed in development of 

that substrate. 

The source of the issues was subject to significant investigation, with cooperation 

from the suppliers to identify solutions and opportunities for the future of green roofs 

in New Zealand. Challenges and (potential) solutions are detailed in Sections 5.9.1 - 

5.9.8. 

Figure 9 

Substrate particle size distribution comparison between laboratory and bulk blends implemented 

in the field. 
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2 The fraction of particles ~ 2.5-3.5 mm in the pumice + zeolite mixes falls slightly below the right boundary 

recommended by the FLL; however, the implications of all physical and chemical characteristics were considered 

together in selecting substrates for field trial. 
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Table 12 

Comparison of Laboratory and Bulk Mixed Substrates: 2006 Blends 

Substrate Dry Density (kg 
m

-2
) 

Water Holding 
Capacity (%) 

Saturated 
Weight at 50 
mm (kg m

-2
) 

Permeability 
(cm s

-1
) 

Lab Field Lab Field Lab Field Lab Field 

Pumice 594.3 988.9 48.3 46.6 73.5 87.2 0.101 0.005 

Zeolite 598.4 856.7 48.2 49.6 73.5 80.9 0.096 0.007 

Ex Clay 628.7 819.7 37.1 40.8 72.0 83.2 0.216 0.034 

Table 13 

Double-Ring Infiltrometer Testing on Field Installed Substrates 

Site 
Metric 

University of Auckland (July 2008) Waitakere 
City Civic 

Centre 
(June 2007) Plot 1 Plot 3 Plot 4 Plot 5 Plot 6 

Number of Tests 4 4 4 2 4 8 

Mean Infiltration 
(cm/sec)

a
 

0.02 0.04 0.04 0.08 0.05 0.06 

Standard Deviation 0.02 0.01 0.02 n/a
b
 0.02 0.02 

a. FLL target permeability for laboratory cores is 0.1 cm s-1. 

b. Insufficient number of samples to calculate a standard deviation. 

 

5.9.1 Light Weight Aggregate Sourcing 

Pumice is typically quarried for application in the concrete industry, which has a much 

greater tolerance for variation in acceptable particle sizes, particularly sand and fine-

sand fractions. With regard to locally available, naturally occurring LWAs, physical and 

chemical characteristics will vary when extracted from different deposits (Brathwaite 

2003; Malaghan 2007, personal communication). Investigations of two sources of 

pumice for this project confirmed a significant difference in PSD and material 

composition from two different sources, which would result in variation of weight and 

bulk density. 

Pumice composition may vary within an isolated source. Pumice is stored in large piles 

outside, where small particles are able to migrate through to the centre or bottom of 

the pile. Small particle fractions which were not represented in hand-samples supplied 

by the quarry (and presumably removed from the outer and lower parts of stockpiles 

where coarser material accumulates) were substantial when a front-end loader was 

used to extract several cubic meters of material for the bulk supply. Hence, bulk 

density, weight, and permeability of the sample varied accordingly.  

Constraints associated with design objectives, namely formulation of a substrate with 

minimized weight and consistent composition, will require significantly detailed 

specifications, and post-blended, pre-installation testing. The primary concern is 

meeting weight restrictions or allowable loadings for each specific roof. The second 
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major concern is the ability to support plant life while retaining stormwater (e.g., 

changes in particle size distribution affects plant establishment potential as well as 

pore space for moisture retention). 

5.9.2 Substrate Bulk Blending 

The blending process for the UoA green roof substrates is illustrated in Figure 10. Raw 

materials transported to the site in special 1 m3 capacity bags (a) are emptied into a 

large blending machine (b). Few blending machines capable of mixing the substrate in 

bulk were identified. All materials were shipped to Perry Aggregates, Ltd in Horotiu 

despite the fact that none of the materials were sourced from that company3. Rapidly 

rotating metal tines (c) blend materials (mixing time was about 1 min for the small 

quantity of raw materials present), while the mixed substrate discharges via a 

conveyor belt on the bottom of the machine (d). A front-end loader was initially used to 

fill the specialty bags with blended material (e), but precision was poor. The method 

was abandoned in favour of filling bags by hand with shovels. 

Figure 10 

Substrate Bulk Blending for UoA Field Trial 

(a)  (b)   

(c)  

                                                           
3 The pumice material sourced from Perry’s had significant contamination with heavy non-pumice rock, likely due to 

the location of the deposit along the Waikato River compared to the Inpro supply. Additional processing to reduce 

fines (by washing and re-screening) and to remove non-pumice material (by floating) is not routinely carried out to 

the level required for a high-specification green roof mix. 
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(d)  (e)  

Several issues arose with respect to the blending process. They are summarized as 

follows: 

 Substrate mixes were specified on a %-by volume basis, as per international 

practice.  The blending machine is limited by mass (which also dictates blending 

time). The pumice contained significant amounts of water, as it had rained in the 

few days prior to blending. Therefore, calculations converting volume to mass 

were significantly affected. 

 Perry’s blending machine is a large vat, which is not necessarily cleaned between 

different blends. During the blending process, material tends to accumulate on 

ribs in the vat basin. Material is left behind, reducing delivery volume and 

contamination is likely to occur (Figure 11[b] shows expanded clay in what should 

have been the zeolite mixture). Cleaning prior to mixing invokes an additional 

charge, which is significant for small volumes <5 to 10 m3.   

 The mixing process itself is achieved by metal arms rotating on a shaft along the 

length of the vat centre (Figure 10[c]). The rapid mix process (blending occurred 

over 30-60 sec) likely contributed to crushing material. 

 Excess water caused the organic material to coat the surface of aggregates, 

rather than creating a homogeneous, uncompacted mixture (Figure 11). 

 In terms of volume, significantly less substrate was delivered to the site, even 

though an additional 10% had been factored into individual component order, 

likely due to effects of the previous two bullet points. A second blending process 

had to be arranged for later completion of the construction. 

 The blending machine discharges material to a pile on a sandy ground surface 

(Figure 10[d]). Sand is picked up by the loader used to scoop substrate from the 

pile and fill bulk bags for shipping.  

 Filling of bags for shipping was labour-intensive. The loader was somewhat larger 

than the bulk bags, causing material to spill over sides, and ultimately for bags to 

be filled by hand at a cost of $25 per cubic metre bulk bag. 
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Figure 11 

Zeolite Mix  

(a) lab blend;  (b) bulk blend 

(a)  (b)  

5.9.3 Solutions 

Working with the suppliers to better understand the entire source and supply process 

led to a consistent final product for an extensive green roof substrate mix. Rather than 

create additional cost by imposing stricter quality control on the supply, the research 

team worked within the imposed limitations of the existing industry to develop a viable 

mix. The aggregate combination in the revised blend is comprised of only large sized 

pumice and small sized zeolite. It is assumed that the required small particle fractions 

to support plant life will be provided by the zeolite and supplemented by the pumice 

contamination. Mixing was achieved using a tractor with bucket attachment, rather 

than the hopper with rotating tines. 

Post-testing of the field blended substrate for FLL physical characteristics are 

compared to laboratory blends in Table 14. Data from field implemented blends in 

2006 is also presented for comparison. Altogether, the changes made to the substrate 

blend yield better consistency between lab and field bulk blending. While still not quite 

meeting all original design targets, results are closer, and more consistent between 

replicate tests. Visual observation of the media is more satisfactory than the previous 

blends, with no apparent evidence of contamination. 

Subsequent consultation with Perry’s and Inpro has occurred to address how to 

improve consistency. A market for green roof substrates does not yet exist, but 

interest from the aggregate industry in the green roof market is substantial. Parties 

were willing to invest time and some resources in helping the project team to develop 

a consistent substrate media suited to the design objectives. However, overall, it is not 

commercially viable (at this time) for them to invest heavily in improved quality 

assurance for pumice grading. 

The turf and golf course industry encounters similar problems. As such, the industry 

restricts activity to October-April when pumice is generally drier and confounding 

effects of excess moisture are less significant. It is recommended to wait until dry 

months to supply products. The recommendation conflicts with recommended ‚good‛ 
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times for planting. Summer conditions put significant stress on plants. Recommended 

planting time is April-September.  

Suggestions to consider: 

 Multiple types of substrate mixes, specified for summer and winter conditions. 

Winter mixes would be based on high moisture content and likely poorer quality 

product. Since construction occurs year-round, and installation (for new buildings) 

is cheaper if a crane is already on-site, substrates could be installed in summer, 

but balanced with planting in autumn or winter. 

 Create shed-storage, as is done in the concrete industry. Mix large quantities 

(>500 m3) in summer or twice per year, as blending on a per-job basis is not cost-

effective. For a commercial interest, suppliers would need assurance of significant 

near-future demands for the product. Space is plentiful on most bulk material 

supply yards. However, care must be taken if stockpiles are held for lengthy 

periods. Storage in stockpiles open to wind and/or rain allows weed seeds to get 

in (and possibly germinate), nutrients may be washed out (leached) by rain, and 

small particles may migrate to lower portions of the pile. Material extracted after 

recent rains will likely be heavy, potentially affecting installation techniques. 

Altogether, stockpiles should always be fully covered. Materials should be 

scooped in equal portions from the top, middle, and bottom of the pile and mixed 

well before installation. If fertilizer is to be included in the blended substrate, it 

should only be done immediately prior to installation (not stockpiled). 

 Specify a maximum moisture content of individual components prior to mixing. 

Suppliers may need to dry materials. 

Additional comments: 

 Pumice specification: Inpro suggests that when orders are placed, it should be 

specified that the grade should be screened for fines removed. Supply for the 

concrete industry is 0-20 mm, hence the required 4-10 mm with little to no 

contamination required for green roof substrate requires more diligent quality 

control. 

 Blending: Inpro has a trommel rotary blending machine that does not contain 

blades. It is currently not in use at the Waitakere plant. Inpro is willing to 

investigate whether it would be suitable for use as-is or might need some 

modification. It was recognised as being very similar to a picture of the 

AccuBlender from Plaisted Companies which is used to create a commercially 

available substrate in the USA. In the meantime, small jobs can be mixed using a 

tractor with bucket attachment, as was followed in bulk blending substrates for 

the Tamaki mini-roof construction (refer to Section 6.3). Else, it would be 

worthwhile to pay the extra cost for cleaning out Perry’s rotary blender prior to 

use.
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Table 14  

Comparison of Laboratory and Field Implemented Substrates 

Blend Name Composition (% by volume) 
Dry Bulk 
Density 

 
(kg m

-3
) 

Maximum 
Water 

Capacity 
 

(%) 

Weight at Max. 
Water 

Capacity @ 70 
mm Depth

a
 

(kg m
-2

) 

Saturated 
Permeability 

 
(cm s

-1
) 

Substrate Mixes 
2006 

Pumice 
4-10 mm 

Pumice 
1-7 mm 

Zeolite 
1-8 mm 

Bark Fines 
 

Field Pumice 2006 60 20 
 

20 
 

839 47 98 0.005 

Field Zeolite 2006 50 
 

30 20 
 

1003 50 98 0.007 

                

Substrate Mixes 
2008 

Pumice 
4-10 mm 

  
Zeolite 
< 3 mm 

Bark Fines 
+ 

Mushroom 
Compost 

Sphagnum 
Peat 

Dry Bulk 
Density 

 
(kg m

-3
) 

Maximum 
Water 

Capacity 
 

(%) 

Weight at Max. 
Water 

Capacity @ 70 
mm Depth

a
 

(kg m
-2

) 

Saturated 
Permeability 

 
(cm s

-1
) 

Lab Zeolite 2008 70 
 

10
b
 10 10 475 57 90 0.05 

Field Zeolite 2008 70 
 

10
c
 15 5 539 63 92 0.04 

a. Includes 1.6 kg m-2 for drainage mat and 10 kg m-2 for plants. 

b. 0.5-3 mm 

c. 1-3 mm 
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5.9.4 Aggregate Mixture 

Pumice is the primary LWA in all of the UoA green roof plots. Its low cost ($24 per 

cubic metre), light weight, and abundant supply makes it a desirable component. A 

few concerns were identified after installation on the UoA green roof. After the first 

several precipitation events after installation, the 80% pumice plots developed a thin, 

relatively impermeable crust. It is thought the crust was simply pumice dust forming a 

concrete-like layer after wetting (noted also on earthworked subdivisions in the Taupo 

region) and exacerbated by inclusion of significant fines in the pumice. Simple tilling of 

the surface restored permeability; however, it is considered to be problematic with 

unknown consequences for plant growth if not remediated. As described above, 

quality control of the pumice supply is less than desirable; however, the reality is that 

the concrete industry will dominate manufacturing. In the 2006 substrate mixes, a 

combination of small and large size pumice fractions were specified (Inpro stocks piles 

according to particular particle size distributions). To remedy the issue of fine materials 

clogging pores, adding weight, and crusting, the revised mixes in 2007 specified only 

the larger sized Inpro pumice (assuming there would be some contamination of fine 

particles). Furthermore, laboratory tests were performed on samples collected from 

deep within stockpiles rather than on top, to be more representative of an extraction 

for bulk mixing.  

Crusting has not been observed on the UoA green roof zeolite plots (50% pumice, 

30% zeolite). Qualitative observation suggests that plant growth is better in the zeolite 

plots. Altogether, the inclusion of zeolite in the substrate mix is anticipated to provide 

substantial benefits to an extensive green roof system.  

5.9.5 Compaction and Consolidation During Construction 

Consolidation during blending and compaction after installation led to reduced 

substrate volume and depth on an extensive green roof. Consolidation of raw materials 

during bulk blending led to significantly less material delivered for construction of the 

UoA green roof as well as the Waitakere City Civic Centre green roof. In other words, 

0.5 m3 of pumice + 0.3 m3 of zeolite + 0.2 m3 of organic matter yielded significantly 

less than 1 m3 of blended substrate, as small particles filled in void space between the 

larger aggregates. It is recommended to blend at least 20% more volume of raw 

materials to account for consolidation. 

Extensive green roof substrates should be hand-spread using rakes (with small tines 

so as not to break the geotextile) or other methods which do not promote compaction. 

Nonetheless, some compaction will occur over time, Even though extensive green 

roofs are not generally meant for foot traffic, planting and weeding activities will likely 

require people to step on substrates, causing some compaction. The substrate 

materials will also settle due to self-weight and plant mass. Compaction of 10% was 

anticipated, hence substrate depth was increased by 5-8 mm during installation, 

Substrate depth was measured one month after installation of the UoA green roof 

(Nov 2006), 17 months after installation (March 2008) and approximately 2.5 yrs after 

installation (July 2009). As expected, substrates settled by about 10% immediately 
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after installation (Table 15), but little change has been observed since then. The slightly 

lower depth overall for Plot 3, which was intended to be 70 mm, is due to the 

consolidation issue, and hence less material delivered to the site. Plant conditions 

(namely tussock growth) might have confounded the ability to measure depth at 

certain points (which was an issue especially for plot 6). Depth was not measured for 

Plot 2, as it was planted with a pre-grown mat, which adds to apparent substrate 

depth. Plot descriptions are provided in Section 6.1. 

Table 15 

Compaction Assessment: Substrate Depth on UoA Green Roof (all units in mm) 

Plot  

(design final 

depth) 

Sept/Oct 2006 

(installation 

depth) 

Nov. 2006 March 2008 June 2009 

Plot 1 (50 mm) 55 48.5 54.5 49.4 

Plot 3 (70 mm) 78 62.7 63.5 57.9 

Plot 4 (70 mm) 78 71.0 67.5 66.7 

Plot 5 (70 mm) 78 68.4 70.7 69.7 

Plot 6 (50 mm) 55 48.4 n/a 48.8 

 

5.9.6 Organic Matter Treatment for Weed Prevention 

For a green roof designed for function rather than form (i.e. as a stormwater device 

rather than an aesthetic feature) weeding will likely be necessary for at least the first 

year after installation of a green roof, or until plants are well established. Weeds are 

undesirable as they may take over during plant establishment, but not necessarily have 

the proper adaptations to survive over the long term on a rooftop. Care should be 

taken to remove weed roots. A systemic herbicide may be directly applied to weeds 

(but are not encouraged for general environmental considerations), but should not be 

sprayed over the entire greened area. Maintenance crews should be trained to identify 

weeds vs. desirable species for specific green roof projects, as they are likely different 

from on-the-ground landscaping projects. 

‚Solarising‛ or heat treating substrate organic matter prior to blending should reduce 

the potential to introduce weeds on a green roof. One process is to spread the organic 

matter to a depth of ~1.5 m and covered with a black plastic (or other suitable) 

tarpaulin in a sunny area. Heat generated (to ~70 oC) within the pile will kill undesired 

weed seeds after at least 3 days. This process should be done before organic matter is 

blended with aggregates. Cantor (2008) recommends a supplier specification 

documenting that organic matter has been tested for weed germination and oxygen 

respiration to ensure it is stable. 

5.9.7 Blending and Shipping Cost 

Raw materials costs for substrate components were relatively low, with the exception 

of zeolite (whose overall costs are minimized due to low volume of addition). However, 
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significant cost in relation to material cost were encountered from shipping materials 

between the various suppliers, the blending location, and finally to the construction 

site.  For example, shipping of the organic material from Nelson to Horotiu (Perry’s 

Ltd.) for blending was $679 on a pallet, whereas the raw materials would have only 

been $75 for 3 m3 of material from Motuere River Company (materials were donated 

for the trials). Trucking pumice from Inpro to Perry’s for blending cost $35 per cubic 

metre, which was a special rate for the current project, whereas the raw material was 

only $24 per cubic metre. 

It may be worthwhile to tie into existing distribution networks to save cost on shipping 

and blending. Inpro currently supplies pumice to Living Earth and Dalton’s for their 

horticultural mixes. In May 2009, a pine bark + mushroom compost product was 

sourced from Dalton’s (Waikato). It is currently being tested by the research team for 

comparison against the product from Bark Processors (Nelson), although Bark 

Processors reports that they regularly ship material to Auckland. Quality assurance 

issues identified in working with Living Earth for the Waitakere City green roof would 

need to be further addressed (Simcock et al. 2005). 

As none of the raw materials were obtained from Perry’s, charges were assessed 

against the blending process at approximately $125 per cubic metre for the pumice 

and zeolite mixes. As described in Section 5.9.3, Inpro may have a suitable blending 

machine at their Waitakere site. Further development of the industry would likely be 

needed for the company to invest in the machine (assuming they still own it). 

5.9.8 Industry Testing of Green Roof Substrates 

While the rationale for some of the numerical objectives required by the FLL and 

ASTM may not be clear, it is strongly encouraged to adopt the testing methodology to 

ensure consistency in a new industry in New Zealand, as well as maintain 

comparability with international best practice. Cantor (2008) considers it critical for 

substrates to be tested for compliance with specifications, as green roof systems have 

less tolerance for error and cannot easily be modified once installed on a roof. 

As the local knowledge base grows, numerical objectives may be revised to suit the 

climate and native plants. Results of testing herein indicate that the FLL objective of 

0.1 cm/s saturated permeability is not readily achievable, but since the rate is 

significantly greater than the peak 10-min rainfall intensity for Auckland City in a 100-yr 

event, it is suggested to relax the criteria to a minimum of 0.05 cm/s. Consultation 

with two German green roof experts in 2010 (Bruenig and Kohler 2010, personnel 

communication) confirms that locally-specific criteria are appropriate. While neither 

expert has suggested a methodology for determining acceptable criteria, Professor 

Kohler has confirmed the intention of the standard is to prevent ponding. 

Interpretation of a suite of tests is required, as not all metrics are complimentary. The 

outstanding example is that a substrate blend that falls into an FLL-acceptable PSD 

range may violate other objectives for physical characteristics. Small size particles 

which are important to support plant life occupy void spaces between larger aggregate 

particles. The result is that weight increases and saturated permeability decreases. 

Testing should always include the full suite of parameters. 
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It is strongly recommended that substrate testing be performed on bulk-blended 

materials prior to any installation. Should a proprietary industry develop in New 

Zealand, suppliers ought to provide clear evidence of product testing with repeatable 

results. In the USA, independent testing facilities are emerging: for example, Penn 

State University performs substrate testing according to FLL/ASTM procedures for a 

fee to the supplier. Both the UoA and Landcare Research have developed the required 

equipment and skills for testing according to FLL methodology. 

5.10 Recommended Substrate Mix 

Implementing changes based on lessons learned from the field installation of the UoA 

green roof resulted in significant improvements in maintaining a consistent substrate 

between laboratory hand-mixing and bulk blending for field installation of the Tamaki 

mini-roofs. 

The blend of materials recommended for extensive green roofs is given in Table 16, 

with resultant characteristics in Table 17. The weight when dry, at maximum water 

capacity (field capacity), and at saturation (a condition which should never be met if 

substrate permeability is maintained at or above the target value) for various settled 

substrate depths is given in Figure 12. The weight includes 3.6 kg/m2 for the drainage 

mat, and 17 kg/m2 for fully established, high density plant coverage. Plant mass and 

drainage mat weight included in Figure 12 is greater than was used in determining 

weights for the UoA green roof in 2006 (10 kg/m2). Plant mass estimates in 2006 were 

based on FLL guidance whereas glass house experiments yielded information from 

locally derived data (refer to TR 2010/018 (Fassman et al. 2010)). Estimates of the 

installed weights across the UoA green roof (Section 5.6.1) are still based on 10 kg m-2 

as plant coverage is significantly less than the robust coverage which generated the 17 

kg m-2 measure and would be the goal for most extensive green roofs. The drainage 

mat weight in Figure 12 is based on testing of a specialty extensive green roof 

drainage mat that is now locally available (but wasn’t at the time of the UoA green roof 

construction). Information on drainage mats is presented in Section 9.2 and Table 28. 

The density of the recommended mix at the maximum water capacity of 1150 kg m-3 is 

significantly less than would be expected for a wet, well drained sandy loam (topsoil) 

of 1922 kg m-3 (Cantor 2008). 

Table 16 

Recommended Extensive Green Roof Substrate Components 

Component 
Pumice 

4-10 mm
b
 

Zeolite 
1-3 mm

c
 

Composted 
Pine Bark plus 

Mushroom 
Compost 

Sphagnum 
Peat 

% by volume 70   10  15  5  

a. Specific products identified herein meeting the design criteria. b. supplied by Inpro 

c. supplied by Blue Pacific Minerals 
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Table 17 

Physical Characteristics of Recommended Substrate Mix 

Dry Bulk Density Maximum Water Capacity Saturated Permeability 

539 kg m
-3

 63% 0.04 cm s
-1 

 

Figure 12 

Extensive Green Roof System Mass (kg/m2) at Various Moisture Contents 
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6 Demonstration Site Construction 

6.1 UoA Green Roof 

The primary field testing site to quantify the ability of an extensive green roof to 

mitigate stormwater runoff in Auckland is on level 13 of the UoA Faculty of 

Engineering at 20 Symonds St in Auckland City. The extensive green roof occupies      

~235 m2 of the total 250 m2 roof, including a typical gravel edge. 

6.1.1 Site and Materials Preparation 

In September 2006, UoA Property Services gave permission to install a trial extensive 

green roof. Significant resources were required to clear the roof of old experimental 

equipment (Figure 13[a]), to prepare the existing bituminous asphalt membrane, and to 

hydraulically isolate trial plots. To protect the dark coloured membrane from UV 

damage over time, light-coloured gravel ballast had to been spread over the entire 

surface. Much of the gravel had melted into the asphalt (Figure 13[b]), but any free 

gravel was swept up. Any significant cracks in the asphalt were sealed with a primer 

and bitumen sealant.4 

Figure 13  

Roof Clean Up   

(a) Debris removal; (b) Gravel ballast melted into bituminous asphalt membrane 

 

(a)  (b)  

The experimental green roof is comprised of six hydraulically isolated plots. Plot 

configuration was based on results of a roof survey performed on a 1 m x 1 m grid. 

The roof is generally flat and symmetric; however high points in the middle of each 

side of the building provide a minor slope (generally ~1.2%) towards four gutters 

located on the outside of the roof balustrade, as shown in Figure 14. The plot 

                                                           
4 Access to the roof for testing was only granted for a period of 5 years, hence the existing roof bituminous asphalt 

waterproofing membrane was not replaced prior to installation. For permanent installations, a bituminous asphalt 

waterproofing membrane would not likely be adequate protection for the building structure. Likewise, since the 

installation was to be temporary, leak testing was not performed. 
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configuration is shown in Figure 15. A timber frame was constructed to hold green 

roof substrates in place around the perimeter of the building, separate plots where 

high points did not exist, and to protect plot edges from expected high foot traffic 

along the gravel walkway around the centre of the building, as shown in Figure 15 and 

Figure 16. Where necessary, the timber frame was sealed to the bituminous asphalt 

surface using a flexible polypropylene membrane purchased from Permathene. 

Observation of plot edges during storms since construction has not revealed problems 

with leaks around the perimeter that might affect runoff measurements. 

Figure 14 

Roof Survey 
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Figure 15  

Configuration of Hydraulically Isolated Green Roof Plots  

(Length dimensions in mm) 
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Figure 16  

Other Details of Green Roof Configuration 

 

 



 

Extensive Green (Living) Roofs for Stormwater Mitigation 78 

 

 

Figure 16  (Continued) 

 
 

 

Many of the design details were incorporated to facilitate data collection, and would 

not necessarily be required in a ‚normal‛ green roof installation. For example, when an 

edge is needed to hold substrate in place, many green roofs will use a brick or paver-

type border for aesthetics. In the current application, it is necessary to concentrate 

flow from each plot to a single point to facilitate measurement. Hence, plot edges are 

sealed rather than let runoff seep out all around the perimeter towards the drains 

(noted in details of Figure 16 Section B-B and C-C). Likewise, the gravel walkways 

(Figure 15) were included to prevent damage to the plots from visitors, and to allow 

the research team access all around plots without having to step on plants. Extensive 

green roofs are generally not meant to have significant foot traffic.  

A root barrier was not installed for several reasons, namely that information available at 

the time from researchers at Penn State University indicated that it is not strictly 

necessary if using plants with shallow root systems (Beattie 2006, personal 

communication). In addition, UoA Property Services requires that the green roof be 

removed at the end of the trial period; hence root growth is not expected to be 

extremely aggressive over the duration of the project. Current (2010) information 

suggests that a root barrier should be included for all green roof projects, as the cost of 

the layer is small compared to the potential damage caused by aggressive root 

systems which may be introduced to the system from wind-blown seeds and may be 

overlooked by maintenance crews (Roehr 2010, personal communication). 

Delta NP drainage mat was purchased from Permathene for the drainage layer. Shown 

in Figure 17, the mat is a dimpled plastic with nonwoven geotextile attached. Although 

the typical application (according to product literature) is installation as a vertical 

drainage layer (for example, behind a retaining wall), the advertised drainage capacity 

was adequate for the current application, and the system would not crush under 

expected loads. The drainage layer comes as a 2 x 20 m roll and does not require any 

tools for installation, other than a cutting implement. The product was selected based 

on the above characteristics which promote easy installation, light-weight, and being 

readily-available. At the time of materials selection (2006), no other product suitable for 

a green roof drainage mat with these characteristics was available. Since 2007, several 
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New Zealand companies have begun to import specialty green roof drainage mats. 

These products are described in more detail in Section 9.2.   

 

Figure 17 

Delta NP Drainage Mat 

 
 

 

6.1.2 Construction 

The main installation occurred on 15-16 September 2006. Figure 18 through Figure 22 

illustrate installation.  

Substrates composition and blending were described in Section 5.3 and 5.9.2.  

Blending occurred only a few days before installation, and substrates were trucked in 1 

m3 bags to the project site on the day of construction. 

NZ Crane Hire met with the project team approximately one month in advance to 

discuss project details, including site access and crane size. The height of the building 

and existing trees along Symonds St dictated a larger crane than would have been 

necessary according to lifting weight. NZ Crane Hire obtained permits and provided 

road crew for managing road closure along Symonds St. The company also assisted by 

picking up border gravel from Stephenson’s and delivering it on the day of 

construction, which saved the project team from separate rental, storage, and delivery 

charges. Furthermore, they arranged for skip delivery and later debris pick-up.  

Gravel edging was made from Stephensons’ Kaiaua Brown pebbles, which were 

selected primarily based on large aggregate size and low cost. Stephensons provided 

discount pricing to assist with the research programme. Gravel edging was spread out 

prior to the substrate. A temporary timber frame provided guidance for how much 

gravel to spread along the perimeter, and held it in place until the substrate was 

installed. 

A total of six hydraulically isolated plots were created. Each of the three substrates 

selected for field trial was installed at two depths: 50 mm or 70 mm. Plots of like 

materials were installed on opposite sides of the roof. Figure 15 provides the as-built 

plans. The pumice and zeolite plots are each ~40 m2, whereas the expanded clay plots 
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are each 20 m2 due to the significantly increased cost of the material. Substrates and 

gravel were spread by raking in each plot to the required depth. Some compaction of 

materials was expected, hence plots were installed at 55 mm and ~80 mm, to achieve 

an end result of 50 mm and 70 mm, respectively. Depth was checked in multiple 

locations around each plot. A 1 m wide section of one zeolite plot (Figure 15, plot 3, 

along the gravel border edge from the centre of the tower extending northeast) and 

one pumice plot (Figure 15, plot 1, along the gravel edge of the northwest end) were 

each installed at a depth of 30 mm. These areas are not specifically indicated in Figure 

15. 

Plants were provided mainly by Blackdown Horticultural Consultants (BHC), who are 

now called Greenroofs, Ltd. The company provided general advice and assistance for 

installation, and sourced the vegetation from a list provided by Dr Simcock. All 

decisions on design, materials, and configuration were performed by the research 

team. 

A strict planting scheme was followed. Individual plant plugs were installed at a 

density of 18 plugs/m2. Each plot was planted with the same strategy: 1/3 is planted 

with sedum-only, 1/3 with New Zealand native species-only, and 1/3 with a 

combination of natives and sedums to allow competition amongst species. A 

consistent number of each type of plant was put in each square meter, regardless of 

plot, with the exception of the 1 m wide x 30 mm deep segments. These segments 

were planted with only sedum varieties. Section 7 of this report provides full detail 

with respect to the planting scheme, species planted, and methods for planting. 

While most plants were provided as individual plugs, one plot was installed using a 

pre-grown sedum mat, which had been prepared by Greenroofs, Ltd. The base for the 

sedum mat is a coconut-coir based mainly biodegradable fabric (with the exception of 

plastic netting to hold the coir in place). Sedum cuttings are spread at random over the 

coir mat and allowed to grow for ~ 6 months. On the day before installation, plants 

were cut back, and the mat rolled into easily-handled sections. The mat was hoisted on 

a pallet to the rooftop, where it was unrolled, similarly to a carpet, as shown in 

Figure 21(c). Extra sedum mat was available, so it was installed in the plots adjacent to 

the main mat installation. A slow-release fertilizer was applied to the entire roof. 

Extreme consolidation of materials during the blending process (refer to Section 5.9.5) 

resulted in insufficient substrate delivery. Additional substrates were delivered three 

weeks later. Materials were hauled by hand via the elevator in small landscaping bags 

to the rooftop to complete the installation (plots 1 and 3). 

Construction costs are presented in Appendix 3. Construction costs are considered 

atypical. Some cost savings were realized as a substantial amount of materials were 

donated. Students and technicians from the UoA Dept of Civil and Environmental 

Engineering contributed labour. All design aspects were performed by the research 

team directly, with the exception of the structural evaluation of the building. On the 

contrary, because of the need for monitoring, the green roof’s configuration is 

significantly more complicated than would be expected in a ‚normal‛ installation. NZ 

Crane Hire, costs for structural evaluation by a certified structural engineer, and plant 

purchase are likely the only costs that could be considered typical. As the green roof 

industry is only in infancy, it is anticipated that costs are likely to undergo rapid change 
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in a short period of time to overcome the learning curve associated with any new 

practice. 

 

 

Figure 18 

Framing plots and installing drainage mat. 

(a)  

(b)  (c)  
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Figure 19 

Crane to Hoist Bagged Substrates to Level 13 at 20 Symonds St 

 

(a)   (b)  

 

Figure 20 

Substrate Installation 

(a) Bags emptied into wheelbarrow; (b) Substrate spread around using rakes with very short tines 

 

(a)  (b)  
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Figure 21 

Planting 

(a) Organisation; (b) Arranging by square meter; (c) Sedum mat installation 

 

(a)  

 

(b)  

 

(c)  
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Figure 22 

Finished Plots 

(a) Pumice 70 mm in far view, expanded clay 70 mm in centre; (b) Zeolite 50 mm 

 

(a)  

 

(b)  
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6.2 Tamaki Mini-Roofs 

The 70% pumice/ 10% zeolite / 20% organic matter substrate blend described in 

Section 5.6.2 was installed in May 2008 on 4 ‚mini‛ green roofs at Landcare Research 

Tamaki office location. The mini green roofs are built on kit-set garden sheds 

purchased from Placemaker’s which were reinforced to support the green roof loading. 

External funding was obtained by Landcare Research from the Foundation for Science 

Research and Technology to purchase and construct the sheds, monitoring equipment, 

and materials for the green roofs (e.g., drainage mat, substrate and plants). The mini-

roofs provide an opportunity to implement and test changes to the systems 

implemented on the UoA green roof (i.e., test what changes the research team would 

recommend based on lessons learned to date). 

 

Figure 23 shows the sheds under construction. Sealed flashing installed around the 

shed edges isolate runoff. Runoff is collected on the downstream (back) edge of the 

roof in a gutter, which subsequently discharges through a vertical downpipe containing 

a custom made flow measurement device (refer to Section 6.3.2). Runoff is collected 

from each shed in 189 L plastic storage bins for water quality analysis (reported in TR 

2010/018). Precipitation is measured directly elsewhere on site.  An irrigation system 

has also been installed (the white pipes in Figure 23[k] and [n]). 

 

Two green roof configurations have been installed with substrate depth of 100 mm or 

150 mm (two roofs at each depth). Substrate depth was determined to complement 

the hydrologic monitoring results of the UoA green roof: to enable quantifying 

stormwater control over the range of substrate depths expected for extensive green 

roofs (50-150 mm). 
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Figure 23 

Tamaki mini green roof garden shed construction at Landcare Research: 

(a) sheds; (b) scaffolding erected for construction; (c) foam seal and drainage mat;  

(d) substrate mixing  

 

 

(a)  (b)  

(c)  (d)  
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Figure 23 (Continued) 

(e)-(g) substrate mixing; (h)-(i) substrate placement; (j) planted sheds. 

 

(e)  (f)  

(g)  (h)  

(i)  (j)   
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Figure 23 (Continued) 

 (k-n) planted sheds. 

 

(k)  (l)  

(m)  

(n)  
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6.3 Performance Monitoring 

The intent of the field monitoring program is to quantify the UoA green roof’s 

hydrologic budget in detail. A hydrologic budget balances all of the inputs and outputs 

of water within a system with the change in volume of stored water. The balance 

provides the governing equation for determining how much rainfall might be captured 

by a green roof at any given time. The equation has few terms for a green roof 

(Equation 7). The only inflow of water is from precipitation (assuming the roof does not 

receive direct runon from other rooftop areas); outflow (or losses) is from roof runoff, 

evapotranspiration and interception. Water storage occurs in the substrate, but high 

permeability prevents surface ponding. The basic hydrologic budget equation as it 

applies to a green roof is: 

Equation 7 

 

 

Where  

P = precipitation 

S = storage 

QR = roof runoff 

ET = evapotranspiration, the combined moisture loss via evaporation from bare 

surfaces and transpiration by plants 

I =interception  

The storage component represents the potential for precipitation retention (volume 

control) at any time. Rainfall in excess of the substrate and plant storage capacity 

discharges from the roof as runoff. ET between rainfall events is the process which 

restores storage capacity to the system and has an integral role in green roof 

stormwater retention efficiency. Most studies found in the literature to date quantify 

only rainfall vs. runoff, or measure ET in isolation. Altogether, the lack of existing 

information or thorough scientific investigation contributes to the intent of the field 

monitoring program to quantify the UoA green roof’s hydrologic budget in detail. 

The current design process for most ground-level stormwater devices typically 

assumes that the device is empty, and full storage capacity is available to capture 

runoff. Storage capacity is easily calculated based on capture volumes for detention 

structures or pore/void space for media-filled systems. Stormwater retention in a green 

roof is not as easily quantified. The engineered substrate has unique water holding 

properties not simply explained by pore space. The shallow substrate depth limits 

storage capacity, and the effects of antecedent moisture conditions clearly cannot be 

ignored. The fraction of rainfall retained during a 10-yr or 100-yr event (i.e. the amount 

of rainfall retained compared to total storm depth) will be smaller than for a water 

quality event or 2-yr event; however, a green roof may still significantly affect peak 

flow rate for these large events. Thus, while empirical evidence to date is only 

presented in terms of rainfall versus runoff, the long-term monitoring program is 

designed to quantify the entire hydrologic budget with direct measurement to 

understand system dynamics.  
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6.3.1 Brief Literature Review 

Stormwater retention in a green roof system depends on the composition and extent 

of plant coverage, water holding capacity and depth of substrate, antecedent 

conditions, and rainfall intensity or precipitation depth (Getter et al. 2007; Mentens et 

al. 2006; Villarreal and Bengtsson 2005).  

Field monitoring of full scale extensive green roofs show a significant contribution to 

site runoff volume control, citing retention of 50-68% of annual precipitation 

determined over extended periods of data collection (Hutchinson et al. 2003; Mentens 

et al. 2006; Moran et al. 2005; Villarreal and Bengtsson 2005). Shorter duration studies 

(<6 months) tend to report a lower fraction of retention compared to precipitation 

(DeNardo et al. 2005; Liu 2003; Moran et al. 2005), but this is likely a function of the 

math involved in calculating a %-reduction, notably that fewer storms were captured. 

Modelling studies predict 45-55% annual runoff retention (Berghage et al. 2007; US 

Environmental Protection Agency 2000). Regardless of the differences reported, 

volume reduction is an undeniable benefit that is not always afforded by ‚on the 

ground‛ LID devices. Many jurisdictions are advocating and/or endorsing the LID 

approach and volume control; however, the concept of controlling peak flow rate at 

predevelopment levels for particular design storms remains the typical regulatory 

design approach mandated to a stormwater engineer. 

Hutchinson et al. (2003) report an 80% peak flow reduction for individual storm events 

from a Portland, Oregon (USA) green roof over a 15-month period, and Moran et al. 

(2005) saw an average 87% and 57% reduction compared to peak rainfall for two 

different sites in North Carolina (USA). Differences are likely attributed to a shorter 

period of monitoring (67 events vs. 13 events, respectively). Berghage et al. (2007) cite 

German studies reporting ~50% peak flow reduction.  Pennsylvania (USA) studies 

conclude that extensive green roofs reduce pressure on storm sewer systems to ease 

or reduce nuisance flooding (Berghage et al. 2007). Villarreal et al. (2004) suggest that 

green roofs were not very effective at reducing storm peaks; however, the conclusion 

was based on extrapolated literature values rather than actual data. A later study by 

Villarreal and Bengtsson (2005) in Sweden indicates that there are continuing 

abstractions for the duration of the hydrograph from a green roof, implying that unit 

runoff rate should be less than rainfall intensity at any given time. 

Additional literature review regarding green roof hydrology is provided in TR 2010/018 

(Fassman et al. 2010). However, the scope of the current project does not include 

documenting why control of runoff volume or peak flow is important. 

6.3.2 Rainfall-Runoff Measurement 

Description of the field monitoring programme is detailed in TR 2010/018 (Fassman et 

al. 2010), as is a more comprehensive analysis. As data collection is on-going, a brief 

summary of the set-up and results to date are presented herein. While the six UoA 

green roof plots are configured to generate individual runoff hydrographs, data analysis 

to date has been performed only for assessing impacts of the 50 mm plots together as 

a group compared to the 70 mm plots together as a group. 
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Rainfall on the UoA green roof is measured using a Sigma 2149 0.25 mm tipping 

bucket rain gauge. Accuracy is assessed via comparison with NIWA data from the 

Khyber Pass station (~1 km from the field study site). Runoff from each plot flows 

through an orifice restricted device (ORD) with data-logging Global Water WL16USB 

pressure transducer (Figure 24). The ORDs were custom designed for the current 

application through laboratory trials to enable measurement over a range from 10 

mL/min (0.0002 L s-1) up to 1 L s-1. The Global Water pressure transducers are rated for 

+ 2 mm accuracy over a range of 0-0.91 m water depth. Data is measured at 5-min 

intervals, and must be downloaded manually from each transducer. Data is 

manipulated using HEC-DSS, free software which was designed specifically to 

accommodate long records of hydrologic time-series data.  

 

Figure 24 

Custom designed orifice restricted device and pressure transducer for flow measurement 

 

6.3.3 Preliminary Results  

Results of hydrologic monitoring are encouraging. Although the project was initiated in 

2006, several modifications to the runoff measurement technique were required to 

yield confidence in low flow values (>10 mL min-1). For a reliable measure of runoff 

volume retention, it is considered important to accurately measure the very low flows 

which may discharge for an extended period of time from an extensive green roof. 

Continuous rainfall and runoff data is available from 5 September 2008; 192 individual 

rainfall events ≥0.2 mm have been recorded on the UoA roof and analysed to 14 

October 2009. Individual events have been analysed based on the depth of substrate: 
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50 mm (111 m2 plot area) or 70 mm (124 m2 plot area). For nine of the events, runoff 

data is only available for the 70 mm depth extensive green roof.  

The depth, duration and frequency of occurrence of 192 consecutive rainfall events, 

with a total depth of 1035.0 mm, are given in Figure 25. For the purposes of this 

project, a rainfall event is defined by the accuracy of the rain gauge and may be as 

small as 0.2 mm over a five min duration. Very small events are considered because 

the overall goal is to determine the complete hydrologic budget of an extensive green 

roof with views to continuous modelling of the system. Larger events are defined by 

an inter-event dry period of at least six hrs (Huber et al. 2006). In the cases where 

runoff from the previous rainfall event is still discharging from the green roof at the 

start of the next rainfall event, events are combined as one larger event. The majority 

of events resulted in less than 10 mm of rainfall, which only represents 33% of the 

cumulative rainfall depth over the period. 

Figure 25 

Total depth and duration of 192 rainfall events and 1035 mm between Sept 2008 and Oct 2009. 

0

10

20

30

40

50

60

70

80

00:00 00:12 01:00 01:12 02:00 02:12 03:00 03:12

Rainfall Duration (dd:hh)

T
o

ta
l 

R
a
in

fa
ll

 D
e
p

th
 (

m
m

)

All rainfall events

Data for 70 mm plots only

2-yr 24-hr ARI

Water Quality Volume

Rainfall 

(mm)

Frequency

(# of 

events)

Cumulative  

Proportion of 

Total Rainfall 

(%)

0.2 - 2.0 105 7

2.2 - 5.0 32 17

5.2 - 10.0 24 33

10.2 - 15.0 15 51

15.2 - 25.0 6 62

25.2 - 40.0 6 81

> 40.0 4 100

Total 192

 

Comparative performance between the 50 mm plots and the 70 mm plots for rainfall 

retention (runoff volume control) is presented on a per event basis in Figure 26. The 70 

mm extensive green roof had a cumulative retention efficiency of 66% of rainfall over 

all 192 events. When analysed using the 183 paired rainfall events (data available from 

both the 50 and 70 mm plots), the 50 mm and 70 mm green roofs retained 69% and 

67% of cumulative rainfall, respectively. These values are at the higher end of the 

range of 50-68% presented in the literature (Hutchinson et al. 2003; Mentens et al. 

2006; Moran et al. 2005; Villarreal and Bengtsson 2005). On a per event basis, there is 

statistically no difference in response between the 50 mm depth and 70 mm depth 
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green roofs. Considering only storms greater than 2 mm depth5, the overall green roof 

per event average retention efficiency was 77%, but ranged from 16% to 100%. 

Median overall green roof event retention for events ≥2 mm depth was 82%. There 

was a total of 90 rainfall events ≥2 mm depth. 

The design objective set for this project was complete retention of the water quality 

storm depth (according to TP 4 (Auckland Regional Council 1992) and TP 108 (Auckland 

Regional Council 1999) methodology. Isolating results for storms in the range of 2 - 25 

mm (inclusive), overall green roof mean event-based retention was 79%, while the 

median was 85% based on 80 events. Based on data collected to date, it appears that 

in most cases, a 50 to 70 mm extensive green roof eliminates runoff from a rooftop for 

the water quality design storm. There is statistically no difference in response between 

the 50 mm depth and 70 mm depth green roofs. 

The difference in retention rates for each method of analysis (total retention vs. per 

event retention) demonstrates the benefit of an extensive green roof operating with 

frequent, relatively small events typical of the Auckland climate. The total retention is 

less than the average per event retention indicating that greater proportions of small 

events can be retained by plants (through interception) and substrate and released 

back to the atmosphere via evaporation and transpiration. 

Runoff coefficients (runoff depth/rainfall depth) determined according to storm size are 

presented in Table 18. For each storm, runoff depth was averaged across all plots. For 

storms up to the water quality design storm, the average runoff coefficient measured 

is 0.21, whereas larger storms produce an average runoff coefficient of 0.46. While 

runoff coefficients vary according to climate, soil types, etc., generally, the runoff 

coefficients from the UoA green roof are in the ranges reported for parks, cemeteries, 

and lawns (2-7% slope) for storms up to 25 mm depth, and in the range of detached, 

multi-unit residential areas (Viessman and Lewis 1996). For reference, the runoff 

coefficient from impervious areas is usually considered >0.9. 

Twelve events (out of 183 paired events) exhibited a difference of greater than 20% 

between the 50 mm and 70 mm depth green roof (Figure 26). Rainfall volumes for the 

twelve events ranged from 2.2 – 43.8 mm, with antecedent dry periods from six hours 

to 3.7 days. In seven cases, the 50 mm green roof showed much greater retention 

efficiency than the 70 mm green roof, and in five cases the reverse was true. Based 

upon the current dataset, there is no obvious cause for the differences in retention 

efficiency for these 12 events. Data from 20 Decagon EC-5 ECH20 soil moisture 

sensors is being collected to investigate substrate moisture distribution across the 

green roof. Additional analysis incorporating antecedent conditions and climatic 

parameters is in progress to gain a better understanding of green roof hydrology. 

Regardless, based on the data to date, both depths of green roof are contributing 66-

69% retention of rainfall. There is statistically no difference in response between the 

50 mm depth and 70 mm depth green roofs. 

Comparative performance between the 50 mm plots and the 70 mm plots for peak 

flow reduction are presented on a per event basis in Figure 27. Based on the 

                                                           
5 Field monitoring of asphalt surfaces by the research team suggests that rainfall events less than 2 mm are unlikely 

to produce runoff from impervious surfaces (herein assumed equivalent to a conventional roof surface). 
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assumption that runoff from a conventional rooftop mimics rainfall intensity, the green 

roof demonstrated an overall average peak flow reduction of 88% per storm, based on 

90 rainfall events ≥2mm depth. Median event peak flow reduction was 91%. When 

comparing individual rainfall events, with the exception of one event with a difference 

in peak flow of 53.1%, the maximum difference between 50 mm and 70 mm plots 

was no greater than 18.3%. The one outlier may be attributed to the fact that, due to 

equipment error, the 70 mm depth data is based on only one plot. 

 

Table 18 

50-70 mm Extensive Green Roof Runoff Coefficients Measured for Storms Sept. 2008-Oct. 

2009 

Rainfall (mm) 
Avg. Runoff 
Coefficient 

Number of storms 

2.0 – 5.0 0.08 35 

5.2 -10.0 0.26 24 

10.2 – 15.0 0.36 15 

15.2 – 25.0 0.45 6 

25.2 – 40 0.52 6 

>40.0 0.37 4 

Storms ≤25 0.21 80 

Storms >25.2 0.46 10 
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Figure 26 

Comparative retention from the UoA green roof Sept 2008-Oct 2009 
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Figure 27 

Comparative peak flow reduction from the UoA green roof Sept 2008-Oct 2009 
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7 Plants 
ASTM (2006) has produced a standard regarding plant species, installation, and 

maintenance for intensive and extensive green roofs: E2400-06 Standard Guide for 

Selection, Installation, and Maintenance of Plants for Green Roof Systems (ASTM 

2006). The standard was not readily available at the time the UoA extensive green roof 

was designed. The standard reinforces information presented in this section, and 

would serve as a useful summary document for the New Zealand industry. While the 

discussion is somewhat brief, topics include: design intent, aesthetics, climate, plant 

characteristics (including rate of establishment, longevity, disease and pest resistance), 

and growing media composition (with respect to plant viability). The standard also 

provides guidance for the installation and maintenance of plants for green roofs. An 

important exception for the New Zealand industry is that the standard suggests that 

sedum species will not become invasive; contrarily, in the context of this research 

programme, ARC Biosecurity identified some undesirable sedum species because of 

their potential to spread, which should therefore not be included on planting lists (refer 

to Section 7.3.1.2). The ARC Technical Report 2009/083, ‚Landscape and Ecology 

Values within Stormwater Management‛ provides an Auckland-specific plant list and 

discussion of opportunities to enhance ecology for living roof systems (Lewis et al. 

2010), which compliments the information presented in this chapter. 

7.1 The Role of Plants in Green Roofs 

In most extensive green roofs the primary role of the plants is to ensure the surface of 

the substrate is stable – resistant to rain, wind and animals.  Stems and leaves 

physically protect the surface from impact while roots bind and hold the substrate in 

place.  Plants also provide up to 40% stormwater attenuation (Berghage et al. 2007) by 

intercepting rain (from where it evaporates directly from the leaf and stem surfaces) 

and through evapotranspiration, cooling the air above green roofs.  A dense, self-

repairing plant cover is therefore usually highly desirable.  Plant cover is likely to be 

discontinuous or patchy only for roofs designed to enhance invertebrate, lizard and bird 

biodiversity, particularly where the ecosystems being mimicked are ruderal (urban 

‘wastelands’).  Bare, or sparsely-vegetated areas are desirable when biodiversity 

enhancement is an aim because some species of invertebrates, birds and lizards 

require such areas for nesting, burrowing or basking.  

Unlike most gardens, visual appearance of an extensive green roof is usually 

secondary to the functional role for stormwater management.  Plants first have to 

survive in shallow substrate and a droughty, fairly hostile environment, so the list of 

potential plants for extensive green roofs is relatively short, particularly in the absence 

of irrigation and regular fertilisation.  Aesthetic values have greatest importance if the 

green roof is able to be viewed – generally the closer the view, the more important 

visual appearance. Extensive roofs can be very attractive, particularly when not under 

summer moisture stress (Klinkenborg 2009), and specific strategies can be adopted to 

enhance visible extensive roofs (Section 7.5). 
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7.2 Design Objectives: Plants for Extensive Green Roof for Stormwater Control 

The primary intention of the current research project is to develop design guidelines for 

extensive green roofs to manage, minimize, or prevent stormwater runoff. Therefore, 

for the UoA green roof test site, the design emphasis with respect to plants is on 

function (will it survive?) rather than form (does it look nice?). Objectives with respect 

to selecting and evaluating plants included: 

 Minimal irrigation or fertilizer needs. 

 Shallow root depth. 

 Dense, self-repairing foliage cover. 

 Low mature plant height (to reduce effects of wind exposure which may 

desiccate plants). 

 Drought and wet season tolerance. 

 Full sun tolerance. 

 Unlikely to spread off roof to neighbouring properties. 

The predominant plant species used on extensive green roofs overseas are sedums, 

which are a genera of succulent plants. Sedums generally achieve the design 

objectives identified for the current research. Despite being readily available, they are 

not native to New Zealand. As native plants are less likely to be weeds,  more likely to 

also promote habitat creation for native invertebrate and bird species, and to promote 

technology uptake, it was desired to also field test various New Zealand plant species 

on the UoA green roof. Native species for field testing were identified based on natural 

habitats which might be reminiscent of extreme conditions on an extensive green roof. 

These characteristics are described in detail in Section 7.7.1. 

The deeper substrate depth of the Tamaki mini-roofs (100 and 150 mm) allows 

assessment of ornamental plants, perhaps considered to provide greater choice or 

variety for designers with respect to aesthetics. 

7.3 Measurement of Plant Survival and Growth on the UoA Extensive Green Roof and 

Tamaki Mini-Roofs 

This section identifies the species planted, first discussing native species, then sedum 

species, and finally commenting on the role of adventive and non-native species.  The 

performance of plants on the UoA green roof is the main focus of this report.  Limited 

performance information is presented about the Tamaki mini-roofs, as typically three 

years of establishment is required before assessment. 

Plant performance has been monitored since construction of the UoA green roof in 

2006 and the Tamaki mini-roofs at Landcare Research in 2008 (refer to Section 6). 

Plants include both slower-growing ‘accent plants’ and faster growing, long-lived 

groundcovers.  Most will suppress weeds, promoting low maintenance.   
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7.3.1 Initial Planting Schemes 

On the UoA extensive green roof, as per Section 6.1.2, individual plant plugs were 

installed at a density of 18 plugs/m2. Each plot was planted with the same strategy: 1/3 

is planted with sedum-only, 1/3 with natives-only, and 1/3 with a combination of 

natives and sedums to allow competition amongst species. The UoA green roof was 

constructed in late spring 2006, details of which are included in Section 7 of this 

report. Specific details of plantings are further described below. 

The planting scheme for the Tamaki mini roofs differed substantially from the UoA 

green roof; the aim was to test the performance of 40 species of native and exotic 

plant species. The greater substrate depth (100-150 mm) allowed for testing of a wider 

range of species. The Tamaki mini roofs were planted in May 2008. 

7.3.1.1 Native Species on the UoA Green Roof 

Photographs of individual species are presented in Figure 28.  The native species 

planted on the UoA green roof were: 

 Acaena microphylla ‘purpurea’ – a purple-leafed variety of bidibid (9% of plants) 

 Coprosma acerosa ‘Hawera’ - a prostrate variety of sand dune coprosma (9% of 

plants) 

 Cotula australis  

 Crassula sieberiana and C.colligata  - annual succulents found on scoria rock walls 

in Central Auckland (less than 2% of plants) 

 Disphyma australe – New Zealand iceplant (35% of plants) 

 Festuca coxii – a small tussock found on the Chatham Islands (9% of plants) 

 Libertia peregrinans – New Zealand iris (15% of plants) 

 Mazus pumilo – groundcover with purple flowers (less than 2% of plants) 

 Pyrrosia eleagnifolia – a fern that grows on tree branches, trunks, walls and 

shaded clay-tile roofs in central Auckland (less than 2% of plants) 

 Selliera radicans – a groundcover with white flowers found in estuaries and 

coastal turfs (15% of plants) 

Most plants were established using root trainers (50 by 50 mm area and 70 mm deep, 

Figure 29). Cotula and Mazus were established using divisions from larger plants (PB5 

grade) while Crassulas and Pyrossia were divisions from plants collected from various 

walls. Selliera was established using large plugs. Native plants were purchased in bulk; 

individual plant cost is estimated at $2.75 each. Most plants were supplied by 

Blackdown Horticultural Consultants; the exceptions being divisions mentioned above. 

The density of planting for both native and sedum areas of plots was 18 individual 

plants per m2; in areas with 50% native and 50% sedum, nine individuals of each were 

planted in a randomized manner.  Iceplant (35%), Selliera (15%) and Libertia (15%) 
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together comprised the majority of the native planting; Acaena, Fescue and Coprosma 

each comprised 9%; while Crassula, Cotula, Pyrossia and Mazus together comprised 

8% of the plants.  The size of the plants meant initial cover was approximately 5%, 

with the expectation that >75% plant cover would be established within two years. 

Plants were soaked briefly immediately before planting, and watered on the day of 

planting with hoses to reduce planting shock, in accordance with standard green roof 

practice.  Wind gusts meant empty root trainer and plug containers needed to be 

placed in weighted buckets to prevent them being blown from the roof during the 

installation. 

Because Selliera had very shallow root mass (<20 mm in general) it was hard to anchor 

them into the substrate. Many plants (including the root mass) were blown out of the 

substrate during the first month or so, as were any Sedum plugs (generally 26 by 26 

mm area and 45 mm depth) that were not planted as deeply as possible. 



 

Extensive Green (Living) Roofs for Stormwater Mitigation 100 

 

 

Figure 28 

New Zealand native plants 

 

Festuca coxii 

 

Coprosma acerosa Hawera’ 

 

Disphyma australe 

 

Acaena microphylla & Selliera 

radicans 

 

Crassula colligata & C. 

sieberiana (shorter) 

 

Pyrossia serpens & Festuca 

coxii 

 

Crassula spp** 

 

Cotula australis** 

 

Mazus pumilio** 

** Indicates plant species established in small numbers for initial planting but absent 

from the roof in October 2009. 
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Figure 29 

Native species as sourced from nurseries: all are root trainers approx 50 by 50 by 70 mm deep; 

Selliera radicans (centre front) was supplied as large plugs.* 

 
 

*Key native species as supplied for planting into the green roof. From left to right, top 

row: Acaena microphylla (bidibid); Festuca coxii ; Libertia peregrinans (New Zealand 

iris); bottom row: Coprosma acerosa, Selliera radicans, Disphyma australe (New 

Zealand ice plant). 

7.3.1.2 Sedum Species on UoA Green Roof 

Sedum species were established using 26 by 26 by 45 mm deep plugs established at 

18 plugs/m2 in all but plot 2, which was planted with a pre-grown sedum mat.  The 

following planted species were deemed by ARC Biosecurity as having posing no or 

low threat for wind-blown spreading, which might be considered detrimental to short, 

open native New Zealand ecosystems. Anecdotal evidence suggests that the very 

slow growth of sedums is in part what makes the plants so hardy and able to survive 

in the harsh conditions; however, it has been suggested that despite the hardiness, 

sedums will not outcompete lawn (Snodgrass 2007, personal communication). Photos 

of sedum species planted are presented in Figure 30. Sedum plugs were supplied in 

bulk by Blackdown Horticultural Consultants at $0.75 each. Planted species were: 

 

 Sedum x rubroctinctum 

 Sedum rupestre 

 Sedum spurium ‘Dragons Blood’ 

 Sedum spathufolium 

 Sedum murabilis 

 Sedum mexicanum 

 Sedum dasphyllum 

 Sedum murabilis 

 Sedum paxacanum 

 Sedum hintonii 
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Figure 30 

Non-native plants (sedums) established with plugs 

 

Sedum hintonii 

 

Sedum rupestre 

 

Sedum spurium ‘Dragons 

Blood’ 

 

Sedum spathufolium 

 

Sedum paxacanum 

 

Sedum murabilis 

 

Sedum album 

 

Sedum mexicanum (yellow, 

occ. red)* 

 

Sedum dasphyllum* 

* Indicates photos taken at times of the year other than November 2008. 

 

Plot 2 was vegetated using a 25 mm deep sedum mat that had greater than 90% 

cover at the time it was rolled out.  The sedum mat was made by spreading cuttings of 

five Sedum species (S. rubroctinctum, S. rupestre, S. mexicanum, S. spurium and S. 

album over approximately 10 mm of substrate in a coconut (coir) mat reinforced with 

plastic polymer netting (figure 31).  The mat was cultivated and supplied by Blackdown 

Horticultural Consultants. The mat was particularly well-received by early visitors to the 

roof as it was the only area to have an immediate visual impact.   
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Figure 31 

Propagation of sedum mat; sedum mat as delivered for installation on the University roof 

(a)    (b)  

7.3.1.3 Tamaki Mini-Roofs 

The plantable area on each mini-roof was approximately 1.6 m x 2.0 m. The species list 

is given in Table 19. Plants include slower-growing ‘accent plants’ (e.g., a neoregelia 

Bromeliad, Celmisia major and Astelia banksii), faster growing, long-lived groundcovers 

(e.g., Sedums and Coprosma acerosa) and annual species (e.g. chives and native 

Crassula).  Most will suppress weeds, promoting low maintenance.  The best-

performing plants from the Waitakere and UoA green roofs were also included.  

Figure 33 and Table 19 describe the planting scheme, which was based on Sheffield 

University plant trials by Dunnett et al. (2008). At least six individual plants of each 

species (three or four replicates of each species on each of two depths) were planted 

at 20 cm spacing, representing 25 plants/m2.  Plants were a mixture of plugs, root 

trainers and plants salvaged from rock walls.  Individuals of each taxa were the same 

size, health and root ball as much as possible; exceptions are noted.  Each roof had 

four replicate blocks of 20 plants each; plants within each block were randomly 

allocated locations (using http://stattrek.com/Tables/Random.aspx) as below. Where 

only six plants were available, an upright form of Coprosma acerosa was inserted, 

allowing comparison of the two growth forms.  

Prostrate varieties of manuka (Leptospermum scoparium) and kanuka (Kunzeae 

ericoides), e.g. from geothermal areas, coastal cliffs, and sandstone pavements were 

unable to be sourced for the trial in time as supplied ‘prostrate’ plants were 500 mm 

tall on delivery. The flowers of these two species are of particular value for pollinating 

insects, including native species, and are a priority for additional testing. In spring 2009 

Ficinia (prev. Isolepis) nodosa and Festuca matthewsii were planted into the roofs in 

place of dead plants (further discussed in Section 7.4.2, Table 23).  The former, a rush, 

was selected because it has self-established on the Waitakere roof and persisted 

through two summers. 

Most tubes and root trainers were $1.20 each, most pots $2 each.  The exceptions 

were exotic plants: Bromeliads ($7), Calocephalus brownii ($6) and Armeria maritime 

($6) – the latter because they were bought at standard garden centres rather than 

wholesale suppliers and were relatively large grades.  Most native plants were sourced 

http://stattrek.com/Tables/Random.aspx
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from Taupo Native Plant Nursery or Oratia Native Plant Nurseries.  Most plants from 

Oratia arrived with a thin surface mulch of wood shavings which was removed prior to 

planting. Likewise, the surface 3 to 5 mm of potting mix of plants was removed to 

remove potential weed seeds and seedlings (learning from the experience of weed 

introductions to the Waitakere roof in particular). 

Woolly aphids were found on the root systems of two Celmisia and four Lavendula 

angustifolia.  The lavender were discarded and replaced with Calocephalus, the 

Celmisia were drenched with a soil insecticide the day after planting.   

Figure 32 

Planting non-native species into a 150 mm depth green roof in winter 2008.  Numbered tags 

identify where each plant species should be planted.  

 
 
 
 
 

Figure 33 

Mini-roof planting scheme.*  

Roofs with 100 mm substrate depth    Roof Depth Plants 
A – 4, 8, 17, 10, 1, 7, 20, 2, 9, 13, 19, 15, 12, 6, 11, 18, 3, 14, 5, 16  1 100 native 
B – 17, 3, 7, 20, 15, 10, 9, 14, 19, 12, 13, 5, 4, 11, 16, 2, 18, 8, 1, 6 2 150 exotic 
C – 4, 8, 2, 17, 11, 15, 1, 14, 20, 7, 19, 6, 5, 13, 12, 16, 18, 3, 9, 10 3 100 exotic 
D – 9, 14, 20, 1, 2, 19, 12, 5, 7, 18, 17, 3, 11, 15, 16, 8, 6, 4, 13, 10 4 150 native 
 
Roofs with 150 mm depth substrate depth 
E – 18, 6, 20, 10, 17, 9, 11, 19, 2, 8, 4, 1, 16, 12, 14, 7, 3, 15, 13, 5 
F – 16, 18, 19, 5, 11, 8, 1, 15, 3, 17, 6, 14, 9, 20, 7, 12, 4, 13, 2, 10 
G – 18, 1, 5, 3, 15, 7, 16, 2, 17, 9, 12, 14, 8, 20, 4, 10, 13, 11, 19, 6 
H – 6, 1, 18, 12, 17, 3, 5, 15, 9, 2, 11, 4, 13, 16, 7, 20, 10, 8, 14, 19 

 

*Plant identifiers correspond to the list in Table 19. Each block is planted with the randomized list of plants 

as one of A-D (if 100 mm depth) or E-H (150 mm depth).
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Table 19 

Mini Roof Plant Species 

Native species  
Code Pot type Species 

1 tubes Astelia banksii  

2 tubes Calystegia soldanella  

3  2 PB3 & 4PB5 Celmisia major var. major (Piha)  

4 tubes Coprosma acerosa, very prostrate form 

5 root trainers Disphyma australe  

6  6 tubes Coprosma petriei  

7 transplants Crassula sieberiana (Auckland rock walls)  

8 tubes Dichondra repens (Waitakere source)  

9 tubes Disphyma australe   

10 tubes Festuca mathewsii  

11 pots Festuca actae „Banks Peninsular Blue‟ 

12 tubes Hebe obtusata (Waitakere source) 

13 pots Leptinella perpusilla 

14 tubes Leptostigma setulosa (Opoutama swamp)  

15 tubes Libertia peregrinans  

16 root trainer Machaerina sinclarii  

17 tubes Pimelea prostrate # (Karekare source) 

18 transplants Pyrrosia serpens (Auckland rock walls) 

19 PB3 divided into 3 Selliera radicans 

20 tubes Wahlenbergia albomarginata 

*One native species was included in the non-native block to enable the statistical evaluation method. 

(Green, local wholesaler, blue from Oratia Native Plants Nursery, yellow supplied by Taupo Native 

Plants Nursery) 

 
Table 19 (Continued) 

          Exotic species  

Tag # Number of Plants Species 

1 divisons (4 herb pots) Aloe thompsoniae (aloe) 

2 tubes Agapanthus (mini, white sterile) 

3 large pots Armeria maritima (white seathrift) 

4 500 ml pots Boragao officionalis (borage) 

5 herb pots Bromeliad Neoregelia „Red of Rio‟ 

6 divisions (4 PB3) Crassula dubia (Elephant ear) 

7 8 herb pots Crassula  

8 herb bags Mesembryathem spp (iceplant) 

9 Divisions from tray Dianthus deltoids 

10 herb pots Echeveria agavoides 

11 divisions (4 herb pots)  Halworthia retusa  

12 8 tubes Ophiopogon japonicas (mondo grass) 

13 8 tubes Liriope muscari (grape hyacinth) 

14 herb pots Lavendula angustifolia  

15 500 ml pots Calocephalus brownii  

16 Plugs Sedum mexicanum „gold mound‟ 

17 4*4cm mat extracts  Sedum x rubroctinctum 

18 mats extracts Sedum rupestre 

19 Divisions from tray Allium schoenprasum (garden chives) 

20 Seedlings from tray Tetragonia implexicoma (native species) 
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7.3.2 Assessment Methodology 

7.3.2.1 UoA Extensive Green Roof 

Several plant assessment methods were used to collect the following data: 

 Presence/absence of all species in each plot.  This method was used to ensure all 

species of self-establishing (adventive) plants were recorded. 

 Number of live planted natives in each plot for readily identifiable individuals (e.g., 

tussock, New Zealand iris, New Zealand daphne).  Plant species such as iceplant 

and mercury bay groundcover grew into and through each other, making 

differentiation of individual plants inaccurate. 

 Absolute cover by plant species using a point intercept method. A purpose-built 1 

m2 quadrat divided into 100 mm2 cells using two layers of nylon to form overlying 

grids (Figure 34). The lower grid layer is approximately 80 mm below the upper 

layer, ensuring a probe can be positioned vertically at every intercept (i.e. 81 

points per quadrat).  The first plant touched with a thin metal probe at each point 

was recorded.  At least two quadrats were randomly placed in the native-only 

section of each plot and two in the sedum-only sections of each plot (excluding 

the outer 300 mm of the plot). Quadrats were placed at a density of 1.5 to 2 per 

10 m2 of plot.  Percent plant cover for each quadrat is expressed as (n/81)*100% 

where n is the number of records of an individual plant species. The FLL (2002) 

requires a minimum of 60% plant coverage for extensive green roofs.  

 The number and species of adventive sedums was recorded in each 1 m2 quadrat 

within areas initially planted only in natives, as an indication of the weed potential 

of the sedum species. 

Figure 34 

Plant measurement 1  m2 quadrat on section of plot 5 planted with Sedum species.  

 

7.3.2.2 Tamaki Mini-Roofs 

As each mini-roof is only approximately 4 m2, assessment using the 1 m quadrant was 

not appropriate. Plant establishment and growth were assessed by an absolute count 
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of number of plants surviving and by measurement of plant diameter. Plant diameter is 

determined from two perpendicular measurements, with the first measurement being 

located along the greater diameter of the plant as per Figure 35. The plant’s mean 

diameter is the average of the two measurements. 

 

Figure 35 

Measurement of mean plant diameter on Tamaki mini-roofs. 

 
 

7.4 Results 

7.4.1 Native Plants on UoA Extensive Green Roof 

Results are presented chronologically, to show development of the roof plants, i.e. 

within three months of planting, after one year, and in December 2008 (just over two 

years).  The December 2008 results focus on Festuca coxii, as this was the sole 

perennial native species that maintained a significant cover.  

Initial native plant mortality was restricted largely to Crassulas, Pyrossia and Selliera.  

These species were blown out of the substrate; application of biodegradable erosion 

netting (e.g. coir fibre) or a ‘glue’ (e.g. hydromulch or pectin-based soil binding product) 

probably would have greatly reduced mortality.  Selection of the extremely prostrate 

Coprosma acerosa cultivar ‘Hawea’ (less than 50 mm height) and planting so that the 

surface of the potting mix was slightly below the surface of the green roof substrate 

meant that collar rot was largely avoided.  Collar rot had caused mortality of Coprosma 

acerosa seedlings on the Waitakere Civic Centre roof, particularly those with a more 
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upright form (to 300 mm height) and where a single stems branched above the 

substrate surface. 

After one year, Disphyma australe and the Crassulas established new seedlings in all 

plots, including areas of plots where they were originally absent (Figure 36).  In August 

2007, Festuca, Disphyma and Libertia had the largest numbers of surviving individuals 

and some individual plants of all native species survived the first two summers (Figure 

35).  Acaena, Cotula, Mazus and Selliera experienced near-total summer mortality 

under the sparing summer irrigation regime. Disphyma was the most promising native 

species.  

By winter 2009, Festuca coxii and Crassula sieberiana/C. colligata were the only 

planted native species to maintain a low to moderate plant coverage in all plots, 

achieving this largely through establishment of new individuals.  Surviving individuals 

of the fern Pyrossia were healthy in all but plot 1, but had spread slowly, with individual 

plants approximately doubling in area, but no new individuals establishing.  Despite an 

average one-third of nursery-grown Festuca dying in summer 2007/08 and 2008/09 

(Table 21), widespread self-established seedlings have contributed to a high and 

increasing cover of Festuca coxii in parts of most plots.  Seedling densities of Festuca 

are highly variable: the overall average of 27 seedlings/m2 is heavily influenced by 

extremely high densities of seedlings in parts of plots 4 and 6 (Table 21).   

Festuca coxii seedlings have established in areas where only sedums were planted, 

including the sedum mat (Table 22).  The mean density of Festuca seedlings is four 

times higher in areas where Festuca was planted in 2006 than areas where only 

sedums were planted (Table 22).  Both Crassula species are present in all plots at low 

to moderate densities but being an annual plant, contribute to cover (and 

evapotranspiration) from late autumn through to seeding in summer.  Less than ten 

Disphyma seedlings, generated from planted individuals, persist in plots 4 and 6.  The 

Libertia and Mazus plants that had survived to November 2008 perished in the dry 

summer of 2008/9.  In winter 2009, a single patch of Selliera and one Coprosma was 

present on the roof, in plot 5 and plot 1 respectively. Clumps of Pyrossia were slowly 

increasing in density and size.    

Several native vascular plants have naturally established.  The most numerous species 

is Pseudognaphalium luteoalbum, an annual species.  Two perennial plants are Ficinia 

nodosa and the orchid Microtis unifolia, an Australasian species with a single leaf 20 to 

50 cm high and many small lime-green flowers along a single flower spike. 
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Figure 36 

Native plant section of plot 2, spring 2007, about one year after establishment*. 

 
* Crassula sieberiana (right and background) with iceplant (light green succulent in foreground), 

New Zealand iris (orange spikey foliage on left) and fescue (blue tussock grass in the centre).   

 

Table 20 

Total number of established individual native plants in all plots on the University of Auckland 

green roof in August 20071 and the number of planted Festuca coxii surviving through to June 

2009.2,3  

Plant Species 

Number of established individuals by plot,  August 2007
1 

Total 1 3 4 5 6 

Festuca coxii 115 21 23 38 9 24 

Acaena microphylla 
'purpurea' (patches) 

30 13 2 10 1 4 

Libertia peregrinans 62 13 14 28 3 4 

Coprosma acerosa 
'Hawea' 

30 10 8 8 2 2 

Mazus pumilo (patches) 10 0 0 7 0 3 

Selliera radicans (patches) 28 6 10 7 2 3 

Disphyma australe* >83 12 11 >20 >20 >20 

TOTAL plants (excluding 
iceplant) 

275 63 57 98 17 40 

Festuca coxii June 2009 76 15 10 28 7 16 

Festuca coxii % survival 
2007-2009 

67 71 43 74 78 67 

1. Approximately one year after planting. 

2. Because plants inter-twine, once the number of plants exceeds 20, the number of 

individual plants cannot be accurately assessed. 

3. Native species were not planted in plot 2 (sedum mat). 
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Table 21 

Density of adventive Festuca coxii seedlings and mean number of sedum species present in 

individual plots in December 2008 

Plant Species  

Plot number, sampled in December 2008 

1 2 3 4 5 6 

Festuca coxii   

Mean no. of adventive 
seedlings / m

2
 7 2 15 27 1 49 

Standard deviation 6 1 8 17 1 36 

Sedum species  

Mean no. / m
2
 4.8 4.3 5.7 4.5 4.7 2.7 

Standard deviation 1.3 1.2 1.5 2.0 0.6  

Table 22 

Density of adventive Festuca coxii seedlings and sedum species in December 2008, in areas of 

plots where only native, only sedum, or sedums and natives were initially planted* 

Establishment 
Treatment 

Plant Parameter  

Adventive Tussock Seedlings / 
m

2
 Sedum species / m

2
 

 Mean Range Std dev Mean Range Std dev 

Natives only planted 34 0-90 29 2.2 0-4 1.3 

Natives and 
sedums planted 

26 2-90 28 5.1 1-7 1.9 

Sedums only 
planted 

9 0-28 9 5.1 3-6 0.9 

Sedum mat (plot 2) 2 2-3 0.6 4.3 3-5 1.2 

Grand Mean 20 0-90 24 4.4 0-7 1.8 

* measured using a 1 m2 quadrat 

 

7.4.2 Native Plants on the Tamaki Mini-Roofs 

In autumn 2008, 21 native plant species were established as root trainers or half-litre 

pots into 100 and 150 mm substrate depths on the Tamaki mini roofs exposed to full 

sunlight with no shade at any time of the day. The plant species being trialled and 

observations on their first-year’s performance are shown in Table 23. The growth of 

creeping groundcover species <30 mm tall, e.g., Leptostigma setulosa, Leptinella 

perpusilla, Dichondra repens and Selliera radicans was visually denser and taller in the 

shade provided by larger (100 to 300 mm tall) plants such as Festuca, Hebe, Astelia 

and Libertia. This shows the value of combining species that have contrasting growth 

forms, and the value of some shade.  To date the most successful species with 

upright growth form have been Hebe and Festuca., however, plant performance is 

best assessed after a more than two years (Dunnett et al. 2008), as interactions 

between species are maximised once full vegetation cover is achieved. 
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Table 23 

Native species trialled in the Tamaki mini-roofs , survival rates and diameter in spring 2009, aged 

18 months   

Species  
Survival 

(%) 

Mean 
Diameter 

(mm) Performance Comments 

Astelia 
banksii 

100 120 Plants healthy 

Calystegia 
soldanella 

75 n.a. 
Sprouting from winter dormancy at the time of 
assessment 

Celmisia 
major var 

75 145 Plants healthy and flowered in summer,   

Coprosma 
acerosa 

50 185 Prostrate plants (height <50 mm) 

Coprosma 
petriei 

75 65 
Very slow growing but healthy; developing shoots at 
the substrate surface 

Crassula 
sieberiana / c. 
colligata 

100 n.a. 

Annual nature means growth of individuals is not 
assessed. Seedlings of both species established 
across the roofs from original populations in spring 
2009 

Dichondra 
repens 

50 210 
Surviving plants in the shade of larger species such 
as tussock 

Disphyma 
australe 

75 275 
Death of some plants appeared to be from a fungal 
attack; plants flowering in spring 2009 

Festuca coxii 100 310 
Dense tussock s up to 150 mm height; new 
seedlings have established across the roof 

Festuca 
„Banks 
Peninsular 
Blue‟ 

100 280 
Tussocks up to 260 mm height (leaves only); greater 
dieback during the first summer than F. coxii 

Hebe 
obtusata 

100  

Performing extremely well with new stems 
developing at the base of the plant rather than from 
original tall branches (plant becoming prostrate); 
large, abundant flowering 

Leptinella 
perpusilla 

80 5 
Inconspicuous, <10mm height, rapidly spread 
across most of the roof from source plants but 
concentrating in shade of taller plants 

Leptostigma 
setulosa 

100 175 
Performs best with some shade; resprouting after 
dieback in summer 

Libertia 
peregrinans 

75 170 
Spreading through rhizome extension but suffered 
from summer dieback 

Machaerina 
sinclarii 

25 80 Most plants died in the first summer 

Pimelea 
prostrate 

75 250 
Maximum 70 mm height. Plants that survived the 
first summer are healthy and flowering 
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Table 23 (Continued) 

 

Species  
Survival 

(%) 

Mean 
Diameter 

(mm) Performance Comments 

Pyrrosia 
serpens 

50 105 
Plants in part shade of taller plants have survived 
the first summer and have dense, healthy foliage. 

Selliera 
radicans 

75 87 
Has not performed as well as plants on the 
Waitakere roof; plants spreading much more slowly 
than those on the Waitakere roof 

Tetragonia 
implexicoma 

50 250 
Plants that have survived are shaded by taller plants 
but are still stressed, although flowering and fruiting 

Wahlenbergia 
albomarginata 

75 n.a. 
Largely annual nature means growth of individuals is 
not assessed. Seedlings established in parts of 
roofs from the original populations in spring 2009 

 

7.4.3 Sedum Species on the UoA Green Roof 

The dominant sedum species across all plots by the end of December 2008 was 

Sedum mexicanum (Table 24), with mean cover of 22%.  Its dominance was largely 

due to its superior short-term growth rate and height which allows it to spread quickly 

and smother other sedums.  The bright yellow to vivid green leaves of Sedum 

mexicanum contrasted with the pumice substrate, unlike the grey-leafed Sedums (S. 

rupestre, S. dasphyllum and S. spathufolium). Supplemental planting of Sedum 

mexicanum plants in the second and third years also enhanced the spread of this 

species into parts of plots originally planted with native species. This sedum is 

particularly easy to propagate vegetatively and grows quickly.  A small strip of plot 3, 

planted a month or so later than the rest of the plots, included Sedum murabilis. This 

was only plot planted with this species; two years later it had spread into the adjacent 

plot 4 (but not plot 2 – sedum mat). 

Table 24 

Presence of each planted Sedum species in the UoA green roof, by plot in December 2008 

Sedum species  

Percentage of plots with specified sedum species 
by plot number, sampled in December 2008 

Grand 
mean 
(%) 1 2 3 4 5 6 

Sedum mexicanum 100 100 100 100 100 83 96 

Sedum rupestre 100 100 100 66 66 66 82 

Sedum spurium 100 100 66 66 100 50 75 

Sedum spathufolium 50 0 66 66 100 17 50 

Sedum dasphyllum 25 0 66 66 100 17 46 

Sedum album* 25 66 66 50 0 17 39 

Sedum x 
rubtoctinctum 

25 66 33 0 0 17 
21 

Sedum X (green 
variety) 

50 0 33 17 0 0 
18 

Sedum murabilis 0 0 33 17 0 0 11 
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* Sedum album was not planted as seedlings in any plot, but was brought onto the roof within 

the Sedum mat in plot 2 (circled), but potentially may also spread from seed or small leaf 

fragments within some plugs. 

 

Sedums spread from planted areas throughout most plots in low densities.  By April 

2008, a mean 1.8 individual adventive sedum plants per square meter established into 

areas planted only with native plants.  Most sedums appear to have spread 

vegetatively from cuttings dislodged from parent plants and blown across the roof 

surface; this is particularly evident for Sedum mexicanum which roots readily in humid 

conditions (as seen in field and glasshouse experiments). The most common adventive 

sedum species were S. mexicanum, S. dasphyllum and S. album (Table 25). S. Album 

had <1 % cover on average over the whole roof in December 2008, with the highest 

mean plot cover (4%) in the Sedum mat (plot 2). A second source of S. album was 

contaminated plugs. The leaves of S. album are very small, and are unlikely to have 

been noticed if contaminating other plugs. Sedums that fracture easily appear to have 

high tendency to spread, for example S. dasphyllum and S. hintonii. 

Two and a half years after construction, plants covered an average of 85% of the 

green roof surface with an overall mean height of 40 mm reflecting the dominance of 

sedums and low-growing adventive groundcovers (Table 26).  Coverage exceeds the 

minimum coverage required by the FLL (2002) of 60%. Sedum cover reflected planting 

density, with the lowest mean cover in areas planted only in natives, and twice the 

cover in areas planted at approximately twice the initial density (Table 26– sedum vs. 

mixed native and sedum plots).  Snodgrass and Snodgrass (2006) recommend planting 

plugs at a density of 21 plugs/m2
, with an expectation that plants will grow at least 15 

cm in the first year.  As the best performing sedums on the UoA roof only achieved 

half this growth rate, results indicate sedums should be planted with at least 20, and 

up to 30 plugs/m2 to achieve cover that is dense enough to largely exclude adventive 

groundcovers (which colonise bare substrate) within two years.   

Table 25 

Percentage of 100 by 100 mm quadrats in areas of each plot initially planted only in native 

species that had one or more sedums present in April 2008, before supplementary planting of 

sedums 

Sedum species % of 100 cm
2
 quadrats in native parts of plots with sedum present 

S. mexicanum 50 

S. dasphyllum 29 

S. album 21 

S. spurium 7 

S. rupestre & others  57 
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Table 26 

Total plant cover and Sedum cover (%) and plant height (mm) in December 2008 by plot and by 

original planting regime: native species only, mixed native and sedums, and only sedums.   

Establishment 
Treatment 

Vegetation in plots  
by plot number, sampled in December 2008 

Grand 
mean 
(%) 1 2 3 4 5 6 

Mean plant height (mm) 25 31 36 31 54 46 40 

Total plant cover, all species (%) 

Natives only planted 66 n.a. 94 84 77 80 80 

Natives and sedums 
planted 

77 n.a. 94 86 94 89 88 

Sedums only planted  74 90 93 79 95 85 86 

Total plant cover by 
plot  

72 90 93 83 89 84 85 

Sedum cover, all sedum species (%) 

Natives only planted 21 n.a. 17 5 37 1 16 

Natives and sedums 
planted 

18 n.a. 38 29 65 21 34 

Sedums only planted 50 75 49 63 94 62 65 

Sedum mexicanum cover (%) 

Natives only planted 11 n.a. 22 3 27 1 13 

Natives and sedums 
planted 

5 n.a. 6 5 47 20 17 

Sedums only planted 23 51 36 18 69 54 42 

 

 

In December 2008, an average 20% of plant cover was contributed by two adventive 

groundcover species: Polycarpon tetraphyllum and Sagina procumbens (Table 27).  

Photos of adventive species are presented in Appendix 4. These species largely 

supplanted Euphorbia peplus and Senecio vulgaris, taller species that were visually 

dominant in early spring, and Veronica persica.  All but Sagina procumbens have 

behaved as annual species, dying back in mid- to late- summer after seeding, and re-

establishing from seed in winter and spring. Areas with high cover of planted species 

generally had the lowest cover of adventive weeds, e.g. the two main weed species 

has only 3% cover in the plot with 75% Sedum cover, established using Sedum mat 

(Table 27).  The Sedum mat was, however, a key reservoir of exotic grasses, 

particularly Paspalum dilatatum and tap-rooted rosette weeds, Taraxacum officionale 

(dandelion), Plantago major (broad leaved plantain), Leontodon taraxicoides (hawkbit) 

and P. lanceolata (narrow-leafed plantain), along with Sonchus oleraceus (sowthistle) 

and Picris echioides (Bristly ox tongue). The removal of these species before they 

flowered and set seed was an important maintenance activity.  Weiler and Scholz-

Barth (2009) suggest weeds and adventive plants should make up no more than 10% 

of the plant cover – the UoA green roof does not yet meet this criterion. While the UoA 

roof has more adventive plant cover than 10%, in this case, the adventive plants are 

not considered weeds as they are not displacing desirable species, they do not 

adversely impact aesthetics, and they do not pose a threat to the roof’s waterproofing 

or structural integrity. 
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Table 27 

Main adventive species cover (%) in December 2008.  Sedum album and combined Polycarpon 

tetraphyllum and Segina procumbens cover by plot and by original planting regime: native 

species only, mixed native and sedums, and only sedums.   

Establishment 
Treatment 

Vegetation in plots  
by plot number, sampled in December 2008 

Grand 
mean 
(%) 1 2 3 4 5 6 

Sedum album cover (%) 

Natives only planted 1 4 1 2 0 0 1 

Natives and sedums 
planted 

0 n.a. 0 1 0 0 
0 

Sedums only planted 1 n.a 0 0 0 1 0 

Polycarpon tetraphylum and Segina procumbens cover (%) 

Natives only planted 20 n.a. 28 41 33 15 27 

Natives and sedums 
planted 

30 n.a 40 16 0 20 
21 

Sedums only planted 11 3 32 10 0 12 11 
 

7.5 Extensive Green Roof Planting Alternatives 

General information on approaches to installing plants in new extensive green roofs is 

presented, along with considerations for design and cost. Details on appropriate plants 

for green roofs in the Auckland region are presented in Section 7.7. 

7.5.1 Plugs/Root Trainers 

Planting using plugs or root trainers offers the most design control in terms of visual 

effect, other than pre-grown modules. Installation cost is greater than spreading 

cuttings or a pre-grown mat due to the time required to plant individual seedlings.  If an 

erosion mat is placed over the roof surface, the cost of planting will be even more 

costly, as netting may need to be cut to create space to insert plants.  

In the current trials, plant plugs and root trainers varied in cost from $1.20-$2.75 per 

plant, with the exception of some larger exotics used on the Tamaki mini roofs at $6-

$7 each. Some cost savings were realized in the planting of the UoA green roof due to 

bulk purchase. 

Natives should be planted at 15 to 20 plugs/m2, with the exception of Festuca coxii 

(tussock), which should be planted at a maximum of 4 to 5 plugs/m2, as the mature 

plants are 300-400 mm diameter.  Sedum plugs should be planted at 20-25 plugs/m2, 

with higher densities used where growth rates are expected to be slower, or the 

maintenance period is required to be shorter (perhaps due to a high potential for weed 

invasion). Snodgrass and Snodgrass (2006) suggest a planting density of  21.5 

plugs/m2 with an anticipated growth rate of at least 15 cm in the first year. In 

preparation for installation, 5 to 10% more plants than required should be purchased, 

as some plugs may not prove viable, particularly Sedums that are brittle and leaves 

may separate from the root mass on handling. 
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On a roof subject to high winds, initial plantings should be held in place using a 

biodegradable erosion mat (or one that can later be removed). Straight-sided, or gently 

tapering plugs should be specified, as this shape is more stable and resistant to wind 

than bowl-shaped or pyramid-shaped plugs.  If an erosion mat is not used, deep 

planting, frequent inspections and plant replacement during the first 1-2 months may 

be required.  

Nurseries may inconsistently identify sedums species; identification by photograph or 

physical check in the nursery is advised for any small-leaved Sedums that resemble 

Sedum album or Sedum acre.   Before planting, each plug should be visually inspected 

to enable removal of any weed species; if plugs are removed from trays on the roof 

top, the underside of trays should be inspected for slugs, snails and other potential 

pests and not stored on the roof.  The removal of plugs on a hard surface or 

groundsheet will reduce the inadvertent delivery of slugs, snails and weed propagules. 

7.5.2 Cuttings 

Many sedum green roofs overseas are established by spreading cuttings. As sedum 

plants are extremely hardy, many species will readily sprout from stems or leaves that 

break from the parent plant and are able to anchor into the substrate. Cuttings offer 

low design control in terms of visual effect, but installation cost is greatly reduced 

compared to planting plugs or root trainers due to low labour requirements. Cuttings 

are only recommended for sedum green roofs; the installation of temporary irrigation 

together with timing establishment in autumn or spring will reduce the risk of poor 

establishment. 

Cuttings should be spread at a density of 0.12 kg m-2.  Cutting establishment is likely to 

be reduced where substrates may form a crust. 

Cuttings do not need to be inserted into the substrate, but they must be held down by 

an erosion mat at least until plants take root. The time to establishment of roots 

depends largely on temperature and moisture availability, and extent of contact of the 

stems with substrate. Generally, wetter, more humid, and warmer conditions favour 

establishment from cuttings. Under Auckland autumn conditions, rooting took less 

than a month. Faster root anchoring will occur with greater contact (area and length of 

time) that cuttings have with the substrate; contact is promoted by holding the 

cuttings in place with an erosion mat. Sedum cuttings are likely to remain viable for 

months.  

7.5.3 Mat and Pre-grown Modules 

Pre-grown mats and modules offer an instantaneous effect upon installation. The 

sedum mat used in the current trials was purchased at $150/m2. Cost is significant due 

to most of the labour having been performed in advance. As sedum mats are generally 

established from cuttings, there is usually limited control over design. 

Sedum mats require 6-8 months lead time to establish before installation. During 

installation, pre-grown mats should not be left rolled up for longer than 1-2 days and 
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should be protected from sunlight. Thus, if a mat is specified, careful coordination 

between the mat supplier and the rest of the green roof installation team is required (if 

the supplier is not the installer). Ideally, the mat should arrive on-site on the day it is to 

be installed.  

On the UoA green roof, the sedum mats was found to be a source of weeds and 

invertebrates; the earthworm population on the green roof has spread from the plot 

established with Sedum mat, and the mat was probably a main source of slugs and 

snails (all non native). The plastic mesh which holds the coir together is non-

biodegradable (although the coir is biodegradable). 

At present, there is no known supplier of a pre-grown mat with New Zealand native 

plants. 

In 2011 two pre-grown modular systems were introduced to the New Zealand market.   

7.6 General Green Roof Maintenance 

Most extensive green roof installations take 12 to 18 months to establish and this is 

the critical time for maintenance as it impacts the long-term success of the roof 

(Snodgrass and Snodgrass 2006).  Many of the maintenance requirements are the 

same as for any landscaping project (Weiler and Scholz-Barth 2009). Maintenance 

during establishment (the near-term after initial planting) primarily includes plant 

replacement. Typical long-term green roof maintenance activities may include 

weeding, irrigation, clearing of gutters, and cleaning other drainage points in the roof 

(for example calcium carbonate deposits can be problematic in concrete roofs).  

Maintenance over the first three years of the UoA and Waitakere green roofs 

concentrated in the winter through early summer period when substrate moisture is 

generally high, and has involved weeding, additional planting and fertilization.  Very 

little summer watering has been carried out to 2009.  Although drainage outlets are 

regularly inspected to ensure there is no impedance to flow from the roofs by 

vegetation, litter or plant material, there has been almost no clearance needed.   

The greatest ‘establishment’ maintenance effort has been on the 150 mm deep 

Tamaki mini-roofs where some substrate (pumice and stone edging) was washed or 

kicked into the gutters by early intense rainfalls and birds, respectively.  The Waitakere 

roof has required removal of wind-blown dead plant material (largely Coprosma 

acerosa and Libertia peregrinans) and litter deposited initially by seagulls, and latterly 

empty root trainers that were left behind after additional planting; there has been no 

movement of substrate.  Together with monitoring of plant health, particularly to time 

irrigation in summer and application of fertilizer, the inspection and clearance of drains 

and flashing is a minimal cost.   

Weeding and additional planting are the most costly maintenance activities, with 

weeding being the most important activity. Weiler and Scholz-Barth (2009) a weedy 

roof is a common reason for public perception of a ‘failed’ green roof.  Aggressive root 

system plants need to be removed regularly. Given the UoA green roof and Tamaki 

mini roofs are designed for stormwater mitigation, not aesthetics, weeding has 
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focused on removal of aggressive adventive species that have the potential to smother 

planted vegetation, which might then die during drought to leave large bare patches on 

the roofs.  Adventive non-native grasses and legumes (Trifolium repens white clover, 

Lotus pedunculatus and L. suaveolens, hairy trefoil among others) were consistently 

weeded from the green roofs.  Although legume cover was negligible during 

monitoring, in the absence of regular weeding, both groups of plants would have 

contributed significantly to plant cover.  Legumes have demonstrated an ability to 

smother both sedum and native species and are the most aggressive adventive 

species on the Tamaki mini roofs and the Waitakere roof.  Maintenance must be 

frequent enough to allow removal of legumes and other undesirable weeds before 

they set seed; in addition, removal of established populations of legumes with 

underground rhizomes (e.g. Trifolium repens) is very time consuming.  In the second 

year, at least two-monthly visits were required to remove undesirable weeds given the 

significant areas with low vegetation cover suitable for weed establishment.  The UoA 

green roof and Tamaki mini roofs have not yet reached the consistently high plant 

cover with little exposed growing media that signals a low level of weed maintenance, 

although weeding is currently only several hours per month. 

Weeds that could grow to a size whereby the green roof may be compromised either 

by root invasion, or exposure of the drainage mat have also been removed – examples 

from these roofs are tap-rooted species (noted above) and pampas (Cortaderia 

species), broom (Cytisus scoparius) and butterfly bush (Buddleja davidii).  The latter is a 

common weed of the paved edges of conventional and extensive green roofs in 

London.  The Waitakere roof is adjacent to a source of native shrub land species. Self-

established plants that have been removed due to stability concerns include Coprosma 

robusta, Cordyine australis and Kunzea ericoides. Annual visits are adequate to ensure 

removal of large weeds. 

The weeding effort has decreased over the three years on the UoA green roof as the 

vegetation cover has increased. Weeds have mainly colonized bare and sparsely-

vegetated areas on the roof.  None of the substrates contained weed seeds or 

propagules, so weeding was not required initially, with the exception of the sedum 

mat.    

Supplemental fertilization has been restricted to a slow-release nitrogen fertilizer 

applied in spring of the second year as substrate tests indicated adequate available 

phosphate levels in year 1 (as indicated by Olsen P >10) continuing to year 3.  Low 

phosphate (13-5.7-10.8 N-P-K), 9 month slow-release fertiliser was applied at 25 g m-2, 

which is half the recommended rate for bedding plants of 5 kg/100m2. 

Snodgrass and Snodgrass (2006) recommend maintenance includes removal of dead 

flower spikes or stems to maintain appearance, and removal of built-up dead grass 

leaves to reduce the potential for fire spread.  The only species on the green roofs with 

appreciable dead leaf biomass is Festuca coxii ; however the dead material is bound 

with live stems, and removal may damage the plant as well as reduce the value of 

these as invertebrate habitat. 

Weiler and Scholz-Barth (2009) include as maintenance assistance with or supervision 

of activities occurring on the roof which may not be directly related to the green roof. 

The integrity of the plants, drainage and waterproofing must be protected whenever 
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anyone works on the building roof. For example, plants may need to be replaced after 

repair of other parts of the roof or flashing. Workers and their equipment should be 

kept off of plants as much as possible – creating obvious paths can help reduce 

damage. Cutting or sharp tools, equipment, or footwear should never come into 

contact with the waterproofing membrane. 

7.7 Selecting Plants for Auckland Green Roofs 

7.7.1 Identification of Potential Native Plants for Extensive Green Roofs  

Low mat-forming or cushion-forming plants naturally found in harsh, exposed, droughty 

environments with limited rooting depth were targeted as being potentially suitable for 

extensive green roofs.  These included plants of cliffs, saline environments (salt 

marshes), sand dunes, and dry turfs.  In cities, plants naturally exploiting old walls and 

clay tile roofs were targeted, especially the harshest sites, i.e., north to west aspects 

with little shade and very limited rooting depth near the top of a wall.  Plants that 

tolerate droughts by storing water in above-ground tissues (succulents, e.g. Disphyma 

australe which also have thick waxy cuticles to reduce water loss) are common on 

extensive green roofs, as are species that can utilize a Crassulacean Acid Metabolism 

(CAM) for photosynthesis.  Sedums and Crassulas are CAM plants that are able to 

store carbon dioxide in their leaves during dark, cool hours; they can then close their 

stomata during daylight (photosynthetic) hours, reducing moisture loss.  Small 

tussocks have been successful on green roofs around the world; their rolled leaves 

reduce water transpiration losses, their form promotes water harvesting and many can 

re-sprout from a central base after a summer drought.  Many green roof plants have 

leaves with fine hairs or a waxy coating that gives them a grey or silver appearance.   

Not all plants that are adapted to these harsh environments are suitable for extensive 

green roofs.  Plants growing on rock faces can often have very long and extensive root 

systems that exploit fissures to access water and maintain cool root runs with limited 

competition from other plants – these are unsuitable for fully-vegetated green roofs, 

especially those underlain by materials with high thermal mass.  Likewise many plants 

of sand dunes that tolerate drought through having extensive root systems or large 

tubers (especially tap roots) may not be suitable for green roofs (e.g. native Aciphylla or 

spear grasses).  Species that survive moisture stress by becoming dormant in summer 

(e.g., some bulbs or tuberous plants including brightly-coloured south African bulbs) are 

generally used in low densities to provide colour at key times of the year; those 

species that avoid drought by adopting an annual growth form with mass seeding in 

summer, are usually found on roofs where seasonally brown areas are acceptable and 

particularly on green roofs designed to promote biodiversity.  Annual plants are 

sometimes used in the establishment phase to add interest (colour) and speed 

development of groundcover.  These annual species are expected to decrease in cover 

as perennial species develop a persistent cover, covering bare areas needed for annual 

species to establish..  
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Plant structure is important – green roofs can be extremely windy places, especially on 

taller buildings, and where wind is deflected or accelerated by adjacent hard surfaces 

(i.e. wind-tunnels).  Most extensive green roof plants should be less than 300 mm 

height.  Short plants are more resistant to wind damage, excessive water loss, and 

easier to maintain; plants with tall flower stalks are more likely to require annual 

maintenance to remove dead material, especially in areas with potential fire hazard.  

Suitable plants will either have a fine leaf structure that disperses wind (e.g. Poa  

grasses and Festuca tussocks, Libertia), a compact form of tightly-bound interlocking 

branches with small leaves (e.g., prostrate Coprosma and Pimelea, and Muehlenbeckia 

species) or are anchored at internodes (e.g. Selliera radicans, Disphyma australe, 

Acaena and Leptinella species). 

7.7.2 Plant Selection for Individual Green Roofs 

Plant selection for green roofs should be based on an assessment of each individual 

green roof, and parts of green roof where the features listed below vary across a roof.  

Asterixed items (**) are discussed in more detail in subsequent paragraphs: 

 Severity of summer moisture stress.  

Moisture stress is determined by substrate depth, moisture storage (which can be 

enhanced with amendments, fabrics or drainage cups), underlying thermal mass, 

duration and timing of shade, wind exposure (including discharges from air 

conditioners), and local climate.  On sloping roofs the aspect and location on the 

roof influence water availability and moisture stress, with stress higher towards 

the ridgeline and on north-facing aspects and lower near the eaves and south-

facing roofs in the Southern Hemisphere. 

 Substrate depth. 

A shallow substrate can only support (anchor) low-growing plants.  The plants 

listed in Appendix 5 are suitable for extensive green roofs.  Taller plants require 

deeper substrate, provided by mounding over structural supports or as specially 

constructed troughs below grade (tree pits), and individual plants may need to be 

anchored to the surface (see Weiler and Scholz-Barth (2009) for comprehensive 

details on creating green roofs with tall vegetation, including trees).   

 Aesthetics**. 

The typical extensive green roof is overlooked from a distance from other 

buildings, and rarely seen or visited ‘up close’.  In such cases the aesthetic 

requirement is generally low and enhanced using large, simple patterns that may 

be based on groups of species, substrate depth, mulches or pavers.  Where an 

extensive green roof is viewed from close proximity, e.g. outside windows or 

from another level of the same building, aesthetics is generally an important 

consideration and will impact species choice and tolerance of weed species.  A 

shorter time to full cover may also be required, depending on client demands (for 

example, full coverage may be desired quickly if the green roof is visible to the 

public). 
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 Method of establishment, density and plant growth rate. 

The plant palate will generally include a high proportion of species that provide a 

moderate to rapid cover (e.g. 75% cover within two years), and relatively few 

species that are slow-growing. The latter may be clustered near access points to 

allow more regular maintenance.  In New Zealand most green roofs are 

established using plugs or small root trainers.  Large plants (e.g. PB2 or 3) should 

generally not be used , except on roof gardens (>200 mm depth).  Strategic 

clustering of smaller plants, especially with bright flowers or foliage and use of 

contrasting mulches can also boost short term aesthetics.  Larger plants should 

be grown in light-weight, low organic-content green roof substrates as the most 

propagation mixes have a high organic component that may increase the weight 

of the roof, and reduce or slow root exploration into the green roof media, 

especially when  potting media shrink on drying, creating an air gap.  A few New 

Zealand growers can supply pre-grown mats that are rolled out like ready lawn.  

These provide an ‘instant’ result, as do pre-grown modular systems which contain 

plants (refer to Section 7.5.3), substrate and drainage system (usually 30 to 50 cm 

square modules).  Two complete modular (self-contained tray) systems were 

released onto the New Zealand market in 2011.  

 Substrate.  

Extensive green roof substrates are typically light weight and contain no natural 

soil, as per Chapter 5.  Components should be weed-free to minimise the 

maintenance required during establishment; this means organic components 

should be heat-treated (composted), and supplying quarries should be free of 

weeds, particularly pampas (Cortaderia species) and butterfly bush.  However, 

some biodiverse roofs may deliberately use local soils to make use of local seed 

burdens, as many roofs are designed to blend vegetation of the roof into the 

landscape (e.g. tussocks and pasture). If natural soils are used, the initial weed 

maintenance required will be high, and erosion control fabrics or organic mulches 

may be needed to ensure no movement of surface water across the roof, as 

natural soils have much lower permeability and infiltration rates than engineered 

green roof substrates. The use of local, natural soils is very likely to also increase 

the weight compared to an engineered extensive green roof substrate.  

 Risk**. 

Key risks should be assessed, particularly those relating to the impact of plant 

replacement, i.e. access, cost and client acceptance.  Where access is difficult 

(e.g. no lift to the roof top), plants are expensive or difficult to source, there are 

few precedents, maintenance is not ensured, and/or aesthetics are important, it is 

important to decrease risk of plant failure.  In a young, extensive green roof 

industry, a major risk is differing interpretations of what the green roof will look 

like.  Many architect drawings of green roofs look like mown lawn.  Roof lawns 

are high maintenance, requiring regular irrigation and fertilization, and not 

necessarily efficient mitigators of stormwater volume discharge.  Alternative 

low(er) maintenance native plant options include no-mow, native groundcovers 

Selliera radicans, Dichondra brevifolia, Leptostigma setulosa, and some Leptinella 

species. These species typically require higher initial maintenance until a dense 
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cover is achieved, and create a slightly undulating surface. Sedum varieties will 

also provide low maintenance cover after establishment. Design and client 

communication should also consider that green roofs are living systems, for 

example plant colour is likely to change at least seasonally. Overall, it is important 

to remember that ‚green roofs are not natural‛ (Roehr 2004) and all green roofs 

will require maintenance. On the other hand, all conventional roofs also require 

maintenance. 

7.7.3 Strategies to Minimise the Risk of Poor Plant Growth  

Four key strategies reduce risk of poor plant establishment or growth: 

1. Use a variety of species including plants that spread or seed into gaps; 

2. Use a minimum 100 mm depth of substrate (preferably with some localized 

increases to 150 mm) unless sedums will be the dominant plant cover; 

3. Install an irrigation system or a water supply that reaches all parts of the roof; 

4. Create and enforce an effective maintenance contract. 

Using a variety of plant species reduces the risk of poor cover due to  any single 

species failing.  About a dozen native plant species have been trialled on extensive 

green roofs for more than three years, and these have been primarily in the Auckland 

region.  If weight restrictions dictate that less than 100 mm of substrate is able to be 

supported, and the client requires a fully-vegetated system with no or minimal 

irrigation, the plant palate should include some of the non-native, non-weedy species 

that have performed consistently on green roofs in temperate parts of Europe and the 

United States – these are dominated by sedum species and succulents.  However, S. 

acre and S. album are confirmed weeds in New Zealand (and should not be used), 

other sedums and many succulents have naturalized on coastal cliffs, and identification 

of sedums is inconsistent.  To minimize the risk of S. acre and S. album spreading, 

sedums that have similar leaf shape to S. album or S. acre should not be used, and 

structures near vulnerable natural environments such as coastal or inland cliffs, or sub 

alpine areas should use native species.   

Risk of poor plant growth is also reduced by providing irrigation, particularly over the 

first summer. Temporary irrigation is essential if plants are being established in 

unfavourable times of the year when they are more likely to be stressed (late spring 

through early autumn). To minimize potable water consumption, irrigation system 

design (if needed) should consider re-use or non-potable supply. Irrigation system 

design may be influenced by the non-cohesive nature of a green roof substrate: 

moisture wicking common to natural soils will not necessarily occur to the same 

extent in an engineered substrate. 

The requirement for 'normal' irrigation is dependant primarily on the gap between the 

substrate moisture levels needed to sustain plants in a green and healthy condition and 

the moisture supply of the roof.   If client demands a 'green' aesthetic, then irrigation 

must fill this gap, once the building is designed.  If a 'green aesthetic' 

is specified during the design phase, several options are available to reduce the 
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requirement for irrigation including: substrate depth, plant selection, provision of 

afternoon shade (e.g. by placement of plant rooms and aspect) or use of a water-

retaining drainage board, coir mat or substrate amendment.  In every case, some 

supplemental irrigation should be designed for during the establishment phase, and in 

case of severe drought to protect the investment in plants. 

A ‘construct and maintain’ contract with a green roof construction company or 

landscaping firm with a minimum 18 month duration (two growing seasons) and 

budget for monthly visits during the first 6 months, then quarterly visits, will also help 

early identification and fixing of potential problems.  A maintenance contract is ideally 

linked to a person on site who will observe the roof on a weekly to monthly basis, 

depending on substrate water holding capacity, especially during summer (including 

Christmas to New Year period) when timing of any supplementary irrigation may be 

important to ensure plant survival in Auckland’s climate. 

A key risk, especially in the young extensive green roof market, is differential 

interpretation of what ‘poor growth’ and ‘weeds’ constitute.  This is explored in the 

following section on aesthetics. 

7.7.4 Aesthetics and Extensive Green Roofs 

A recommended plant list presented in Appendix 5 (refer to Section 7.8 before using 

the list) and includes species that are particularly suited to green roofs for stormwater 

mitigation that are not visible, and ‘living’ or biodiverse green roofs.  Living or 

biodiverse roofs are typified by a range in substrate depth from 50 to 200 mm, and an 

absence of irrigation.  Such roofs are common in parts of Switzerland (e.g., Basel) and 

London (particularly the Docklands and Canary Wharf).  In both cities they are designed 

to mitigate removal of brown field, ruderal habitat.  Their aesthetic appeal is generally 

low for most of the year, with the roofs having colourful flowers and being green in 

spring and autumn, but brown and even largely devoid of green plants in summer and 

winter. Native species suited to these roofs include annual or partly-annual species 

that produce seed – Sonchus kirkii, Haloragis erecta, Hibsicus richardsonii, and some 

Crassula species.  Trials with most of these species began only in 2009.  Crassulas 

were established using wildings in mid-2007 on the UoA green roof, and have self-

sown in each of the subsequent winters.  Some species may be mistaken for weeds 

by general landscaping contractors, or are considered weeds in most gardens – some 

non-tussock grasses fall into this category, e.g. Lachnogrostis filiforme, Microlaena 

stipoides and Oplismenus hirtellus, along with native plantain (Palntago species) and 

Wahlenbergia. 

In Europe, particularly Germany, it is accepted that green roofs for stormwater 

mitigation may be brown for months of the year.  However, in an emerging market 

such as New Zealand where there are few green roofs, and great interest in new roof 

projects, visible green roofs will be more rapidly accepted if they are aesthetically 

pleasing.   This means relatively high planting density, using predominantly sedums for 

non-irrigated, unshaded roofs with less than 100 mm substrate depth.  Roofs that have 

bare areas are likely to become weedy and require a higher maintenance requirement 

to prevent aggressive plants such as legumes invading the roof. 
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7.8 Recommended Species 

A plant list contained in Appendix 5 identifies 40 native species most suitable for light-

weight (100 to 300 mm depth) non-irrigated green roofs in the Auckland environment.  

The list is not exclusive or exhaustive.  Images of nearly all the plants can be seen on 

the New Zealand Plant Conservation Network (www.nzpcn.org.nz).  This list should be 

considered in conjunction with recommendations and the discussion in the ARC 

Technical Report 2009/083, ‚Landscape and Ecology Values within Stormwater 

Management‛ (Lewis et al. 2010). When selecting plants it is important to note the 

following: 

 Some plants are available in a variety of forms and leaf sizes.  Generally the most 

prostrate and dense forms are preferred for green roofs as they are less 

susceptible to collar rot and lower maintenance (as they suppress weeds).  

 Some species have many available varieties and cultivars, e.g. manuka, coprosma, 

New Zealand iris (Libertia).  Plants sourced from exposed, droughty sites, are more 

likely to perform well, as are the least ‘bred’ forms. 

 The list includes plants that are suitable only for shaded areas of roofs, and moister 

areas of roofs (e.g. lower edge of a south-facing sloped roof or shaded areas 

receiving runoff from higher surfaces). 

 Notes in the plant list indicate special features, particularly with regard to 

maintenance, flower and/leaf colour, and growth rate.  They also identify the 

species that have been tested over three years on flat, extensive green roofs with 

50 to 100 mm substrate depth at the University of Auckland (indicated by **), 

Waitakere Civic Centre (indicated by *) and over one year at 100 and 150 mm depth 

at Landcare Research, Tamaki campus (viewable from Morrin Rd).    

 Maximum heights in natural soil conditions are given; heights of the taller plants, 

e.g. Apodasmia similis, Haloragis erecta will be suppressed.  

 Frost tolerance has not been considered.  Roofs, unless at grade, are not frosted or 

subjected to snow in Auckland conditions.   

 The list includes species from outside the Auckland Ecological Districts, in particular 

it includes some from offshore islands, e.g. Festuca coxii that have been trialled – 

local species may perform as well. 

 All species can be found from specialist native plant nurseries; some are commonly 

propagated and have widespread availability. 
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8 Structural Analysis According to New 
Zealand Building Code 
Structural requirements for New Zealand buildings are dictated by AS/NZS 1170 (2002) 

Structural Design Actions (SNZ and SAA 2002). As there is no current mention of 

green roofs in AS/NZS 1170, Associate Professor Charles Clifton (Department of Civil 

and Environmental Engineering, University of Auckland) was consulted to help 

elucidate calculation procedure for determining structural design requirements for 

green roof support. Associate Professor Clifton served on the AS/NZS 1170 (2002) 

Standards Committee, contributing primarily to the seismic design section. His 

expertise as a structural engineer is invaluable to the current project. 

It is assumed that the reader/user has access to the standard. The information 

contained herein is meant to provide supplemental or explanatory information; it does 

not replace anything in the standard, nor should a structural assessment proceed 

without the standard. It is beyond the scope of this project to address determining 

structural loading from roof elements other than the green roof system, such as the 

concrete or timber of construction, air conditioning units, vents, or any other 

mechanical plant features that are often located on rooftops. The information 

contained herein has not been formally reviewed by the Standards Committee.  

The following discussion specifically relates to Part 0-General Principles, with the 

exception of Section 8.3 below, which refers to Part 1-Permanent, imposed, and other 

Actions. It is meant to define how load factors such as permanent (G) or imposed 

action (Q) (formerly referred to as ‚dead‛ and ‚live‛ action or load) are determined for 

a green roof system. 

8.1 Permanent Action 

The permanent action, G, is the mean weight of the ‚regular‛ roof plus the 

components of the green roof system under normal operating conditions. The 

components of a green roof system include a water-proofing layer, root barrier, 

drainage layer, geotextile, substrate, and plants. The water-proofing layer should be 

impermeable to water; hence its weight should not change due to a storm event. The 

root barrier, drainage layer, and geotextile may have some capacity to store water 

(e.g., they may act like a sponge). The field capacity of these layers is likely to be 

minimal compared to the substrate and plants; nonetheless their contribution to the 

total load should be considered in both dry and wet conditions. 

Since a green roof is specifically designed to maintain high permeability (i.e., free 

drainage), saturation should not be reached; substrate that meets FLL permeability 

criteria for extensive green roofs would not reach saturation even during a 100 yr event 

for Auckland rainfall. During a storm, it is likely that the substrate weight will increase 
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to a maximum determined by the maximum water holding capacity (Section 4.1 and 

Equation 3).  

Plant mass will change as the system becomes established. For determining the 

permanent action, mass should be assessed for fully mature plants. Furthermore, 

plants may have a significant ability to intercept rainfall; that is, water stored on the 

plant leaves during a storm event may increase the total load. Future experiments are 

planned to measure the extent of rainfall interception by plants, so an estimate for this 

loading cannot be provided at this stage. 

Hence, under normal operating conditions, G must be calculated as: 

 

G = average(Gdry; Gwet)     Equation 8 

Gdry  = RB + DLdry + GEOdry + Sdry bulk density + Pdry + WM + Mregular roof  Equation 9 

Gwet = RB + DLwet + GEOwet + Swater holding capacity + Pwet + WM + Mregular roof            Equation 10 

Where: 

RB  = load due to root barrier  

DLdry, DLwet  = load due to drainage layer under dry or wet conditions, 

respectively 

GEOdry, GEOwet  = load due to geotextile under dry or wet conditions, 

respectively 

Sdry bulk density = load due to substrate under dry conditions, calculated from dry bulk 

density 

Swater holding capacity = load due to substrate under wet conditions, calculated from 

maximum water capacity (field capacity) 

Pdry, Pwet  = load due to mature plants under dry or wet conditions, respectively 

(recommended 17 kg m-2 for well established plants with > 80% 

coverage) 

WM = load due to waterproofing membrane 

Mregular roof  = load (mass) due to the ‚regular‛ roof. Further breakdown of this 

term is beyond to scope of this project. 

8.2 Imposed Action 

AS/NZS 1170.1 §3.5 addresses requirements for structures to withstand imposed 

action, Q. Minimum support for non-greened roofs depend on accessibility and the 

potential for people to be present on the roof: 

1. A non-trafficable roof accessed for maintenance only must support Q = 25 kg m-2 

(0.25 kPa). 

2. A roof accessible for any kind of congregation must support: 
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a) Q = 150 kg m-2 (1.5 kPa) if people can climb onto it (e.g., during  a parade, 

the public is known to climb atop bus stop shelters for a better view); or 

b) Q = 400 kg m-2 (4.0 kPa) if the roof is designed for general access (e.g., with 

the same imposed load for a normal floor). 

Extensive green roofs are not normally intended for people to walk directly on the 

greened areas, except perhaps for limited maintenance. Intensive green roofs are 

often aesthetic features and may be used as public space, picnic areas, etc. The value 

of Q should be determined based on the access planned and/or provided. 

8.3 Static Liquid Pressure and Rainwater Ponding 

AS/NZS 1170.0 §4.2.3(b) is the applicable consideration for static liquid pressure, Su for 

a green roof. Su is determined by the maximum water level that can be achieved if the 

primary drainage system is blocked. The primary drainage system includes the gutters 

or downpipes of the roof as well as the drainage layer which supports the green roof 

substrate. If the primary drainage system is clogged, then the substrate may reach 

saturation. This is considered a ‚worst-case scenario‛ for a green roof system, in 

terms of structural loading, and is unlikely to be encountered if properly designed and 

constructed. Nonetheless, the load is determined by the saturated system weight, per 

the description in Section 4.1. 

AS/NZS 1170.0 §4.2.3(d) refers to the influence of rainwater ponding and §4.4 of 

AS/NZS 1170.1. As described above, a green roof is designed for high permeability. 

Hence, the height of any impermeable boundary should be the only factor influencing 

the potential for rainwater ponding. For a green roof, the action resulting from 

rainwater ponding, Fpnd, is determined by the height of any impermeable layer on the 

perimeter of a green roof. In many installations, substrate edging is actually permeable. 

For example, the perimeter of the UoA green roof is made from river rock. However, if 

a formal edge (e.g., flashing or a balustrade) prevents water from seeping from the 

edges of the substrate, or as overland flow over the top of the substrate, the height of 

the impermeable boundary must be taken into account. 

The physical load for a saturated system will always be greater than the calculations 

which consider ponding. If the strength is determined to support a saturated green 

roof, then the ponding calculation is not required. 

8.4 Strength 

AS/NZS 1170.0 §4 sets requirements for structure strength to support specific 

combinations of loadings with relevant safety factors. Cases §4.2.2(b) and (g) of these 

combinations are the critical determinations for strength of a structure to support a 

green roof. These combinations rely on the definitions of G, Q, and Su as per above. 

Per Table 4.1 of AS/NZS 1170.0, the value of the combination factor, c, depends on 

the provision of access, per Section 0: 
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 For condition 1 or 2(a): c=0.0; or 

 For condition 2(b) (general access roof): c=0.4.

8.5 Wind Loads 

Wind loads must be considered for long-term design as well as during construction. 

The layered green roof structure of waterproof membrane, root barrier, and drainage 

layer may be subject uplift from wind. The FLL (2002) recommends gravel or slabs to 

be placed on edges and corners. While overall minimizing weight (load) from a green 

roof is a typical design goal, certain design circumstances related to wind loads may 

suggest that depth should be increased or heavier materials used to secure edges or 

corners. Design calculations related to wind loads should be considered for dry 

conditions, when the green roof will impose the least weight. 

Part 2 of AS/NZS 1170 (2002) Structural Design Actions specifies wind loads, and Part 

0 specifies load combinations (SNZ and SAA 2002). 

8.6 Wind Serviceability 

A green roof may provide a damping effect on a building’s response to wind loads if 

the drainage layer is flooded with water. Technically, the damping phenomenon is 

referred to as wind serviceability acceleration mitigation. The water in the drainage 

layer provides a mass damper function under in-service high wind loading conditions, 

which might exceed the occupant acceleration limits specified in the appropriate 

standard or design guide. The place for such a limit would be in Appendix C of AS/NZS 

1170.0 however there is no limit specified. A potentially useful and relevant equation is 

given in the HERA Steel Design and Construction Bulletin (New Zealand Heavy 

Engineering Research Association 2002), along with the graphical representation of 

that equation. However, at this stage, further investigation is considered beyond the 

scope of this project. 

In the case of a green roof, damping is enabled by the water layer in the drainage layer; 

however, the substrate could be described by a range of moisture conditions. Under 

normal operating conditions, the drainage layer should not be flooded; however, a 

temporary flooded condition might be enabled by an irrigation system triggered by high 

wind loads, and might be worthwhile if the damping benefits prove to be significant.  

This is a new state for green roofs and will require new definition, range of operating 

conditions, control and monitoring mechanisms. It will affect the above calculation of 

various loadings. 
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9 Technical Implementation  

9.1 Objectives 

The primary objective of the following sections is to provide advice on extensive green 

roof configuration and construction, with special considerations for implementation on 

sloped (pitched) roofs and other challenges (for example, around protrusions). In 

consequence, many sections provide examples of specific products that have been 

developed to address challenges of green roof installations. 

The research undertaken herein has not been aimed at testing any of the products sold 

by these companies, but two of the drainage mats discussed in Section 9.2 are being 

used in the field trials. These products were largely selected due to availability at the 

time of installation. In any of the following sections, the information presented is not 

intended to endorse any particular product or company. As the market is rapidly 

growing in New Zealand, it is acknowledged that other products may become available 

(or have become available since the time of writing). 

9.2 Drainage and Edging 

There are two primary components of drainage from a green roof: the mechanism to 

convey runoff from the greened area(s), and building infrastructure including gutters 

and downspouts (vertical drainage to ground level). 

In most extensive green roof applications, a formal drainage layer will be placed 

between the waterproof membrane and the substrate (Figure 2). At the time of the 

planning of both the Waitakere City Council’s green roof and the UoA demonstration 

site, specialty products for green roof drainage mats were not available in New 

Zealand. Other solutions were devised, but the products used were not entirely 

satisfactory for the purpose. The Waitakere City Council green roof used a heavy, rigid 

interlocking plastic board called Ausdrain. Since a geotextile was not fixed to the board, 

windy conditions on the day of installation caused trouble for the construction team to 

keep components in place until covered by substrate. The Delta NP mat used on the 

UoA green roof is intended for use in vertical drainage (e.g. retaining walls). As the 

UoA roof has very low slope (~1.2%) and the surface has localized depressions, in 

retrospect, a deeper drainage layer would be preferable to prevent potential puddles 

from forming under the substrate and keeping plant roots wet. 

In the last two years, several specialty drainage mats have been introduced or 

imported to New Zealand. A sample of products available as of 2010 in New Zealand is 

shown in Figure 37, whereas other innovative products from overseas are shown in 

Figure 38. Overseas products are sometimes made from recycled materials. Specialty 

products almost always have an integrated geotextile (filter fabric), and may also 

contain a root barrier. Many drainage mats are in the shape of a dimpled plastic, or 
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resemble an egg crate. These shapes may provide additional water retention capacity 

if installed with ‚cups up.‛ Designing for any such installation must consider the added 

weight if cups are filled with water (refer to Section 8 for determining structural 

burden). ‚Cups up‛ configuration does not necessarily mean that additional water is 

available to plants, as the cups are usually separated from the substrate and roots by a 

filter fabric. If the substrate is not in direct contact with the water, it is not likely to 

extract stored water. Once cups are filled, usually the only means of emptying is by 

evapotranspiration. This also means that capability to supplement stormwater function 

may be limited on a day-to-day basis. Plastic mesh products such as in Figure 37 (b) 

would likely promote good air circulation for roots. 

The weight and water holding capacity of the Nuralite drainage mat (8 mm version 

used on the Tamaki mini-roofs), the Delta NP drainage mat (used on the UoA green 

roof), and ELT Easy Green are summarized in Table 28. The mats have not been tested 

according to the ASTM E2398-05, as the standard was not available at the time of 

testing (refer to Section 4.2). To determine the characteristics (weight and water 

holding capacity), all drainage mats were soaked for at least 24 hr. The mats were 

placed under water in a tray on a balance. The balance was tared and the mats lifted 

out keeping them level with a string cradle where necessary.  The wet weight of the 

Delta NP drainage mat was highly variable depending on how much water was trapped 

between the filter fabric and impermeable plastic drainage mat – on even a very gentle 

slope it does not hold any free water, unlike the cups-up systems of the other drainage 

mats. Overall, the different products have a significant range of weight when wet, 

which must be factored into the loading analysis, as per Section 8. In comparison, 

commercial products available overseas are reported to hold 4.1-20.4 L m-2 or kg m-2 of 

water when properly installed (Cantor 2008). 

Figure 37 

Drainage Mats Available in New Zealand (at time of writing) 

(a) 25 mm system for intensive green roofs (8 mm version available for extensive green roofs; 

both incorporate root barrier and may be placed with ‚cups up‛ for added moisture retention); (b) 

moulded plastic mesh with moisture mat; (c) foam drainage layer/substrate retention system; (d) 

‚cups up‛ system  

(a)   (b)  
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(c)  (d)  

 

Figure 38 

Overseas Drainage Innovations 

(a) Significant variety in size and water retention capacity available overseas; (b) Drainage layer 

made from recycled shoes (USA); (c) Moisture mat (Canada); (d) Drainage layer to promote water 

retention (USA); (e) Full assembly with significant water retention capacity configuration (USA) 

(a)  (b)  

(c)       
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(d)  (e)  

 
 

Table 28 

Moisture Retention and Weight of Specialty Drainage Mats in New Zealand 

Type of drainage board 

Load Wet Load Air-Dry 
Free Water 

Storage 

(kg m
-2

) (kg m
-2

) (mm) 

Nuralite 8 mm (cups up) 3.62 0.97 2.65 

Nuralite 25 mm (cups up) 5.44 1.05 4.39 

Delta NP Drainage Mat  0.79 0.55 0.25 

ELT Easy Green 11.68 5.47 6.21 

 

The drainage layer is not strictly necessary, if sufficient vertical and horizontal 

permeability can be maintained in the substrate, and roof slope promotes free drainage 

to prevent standing water (ponding) during storm events. In fact, lack of a drainage 

layer may increase peak flow reduction, as runoff will have to flow through porous 

media to reach the gutter rather than freely flow over a smooth surface. The drainage 

layer does have other benefits, such as physically protecting the waterproof 

membrane from shovels or other gardening implements that might cause punctures 

during planting or maintenance (see Section 9.3), providing air circulation for plant 

roots, and helping to keep roof insulation dry. For roofs with slope less than 2%, or 

retrofits on uneven rooftops, a formal drainage layer is strongly recommended. Else, as 

the building settles, puddles can form in local depressions which may cause damage 

to plant roots. 

The presence of a green roof does not preclude the need for gutters and downspouts. 

Vertical drainage elements must be flush with or below the roof deck. Care must be 

taken to maintain visibility for drainage points. Drainage features (inlets, gutters, pipes) 

should be kept free from vegetation growing over (Figure 39 a, b) or from substrate 

washing into it. Blocked drains will create standing water on rooftops with 
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unanticipated structural burden, even for conventional roofs (Figure 39 c, d). Open 

drainage points are most readily maintained by incorporating edging materials (gravel 

or paver blocks). Edging material also provides visual cues to keep maintenance staff 

or visitors off of plants (Figure 40). 

Formal edging using gravel or pavers (not organic mulch) is considered important to 

provide the following functions (Figure 40): 

1. Visual cues for maintenance staff or visitors. 

2. Provides a pervious edge. In the unlikely event that a properly designed substrate 

eventually loses permeability, an aggregate edge will provide an ‚emergency‛ 

drainage function. 

3. Captures substrate migration. 

4. Protects metal flashing from contact with wet substrate. 

5. Provides UV protection for waterproofing membrane.  

6. Reduces risk of substrate slipping underneath drainage mat. 

7. May reduce fire risk (FLL 2008, Roehr 2004). The FLL (2008) indicates that 

extensive green roofs are ‚adequately resistant to sparks and radiated heat‛ if a 

minimum 0.5 m aggregate edging separates the vegetation and any openings in 

the roof (skylights, windows) or any vertical elements such as a wall with windows 

if the balustrade is at least 0.8 m above the level of the green roof substrate. 

Additional fire protection considerations are provided in the FLL (2008) pertaining 

to substrate characteristics (namely maximum organic matter and minimum overall 

thickness), vegetation characteristics, and requirements for non-flammable breaks 

for every 40 m of greening. 

Edging must not generate undue pressure on the waterproofing, root barrier, or other 

lining layers. 
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Figure 39 

The Need for Positive Drainage and Maintenance: (a) Edinburgh, Scotland; (b-d) Waitakere City 

Civic Centre roof drains in need of maintenance; only (b) shows the green roof drains, whereas 

(c-d) demonstrate that even conventional roof gutters require maintenance  

(a)   (b)  

(c) (d)  
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Figure 40 

Importance of Edging Material 

(a) Protrusion protection; (b) edging material to promote drainage; (c) extensive green roof edge 

with inadequate drainage  

 

(a)    

(b)  

(c)  
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Figure 40 (Continued) 

(d) substrate migration under drainage mat; (e) rusting metal flashing from direct contact with 

organic material; (f) rusting metal flashing from direct contact with organic material; (g) exposed 

membrane subject to UV or other physical damage 

(d) (e)  

(f) (g)  

9.3 Waterproofing 

Protection of the building structure from leaks is a critical aspect of construction 

regardless of the presence of a green roof. The waterproofing membrane is installed 

between the building structure and the drainage layer of a green roof (Figure 2). A 

properly designed and installed green roof should extend the useful life of the 

waterproofing membrane, as the green roof physically blocks incoming UV rays which 

cause mechanical breakdown of the membrane eventually resulting in the need for 

repair. Several key considerations have been observed in specifying and installing 

waterproofing membranes. 

1. It is strongly recommended to specify at least a double-ply waterproofing 

membrane of high quality. While the initial cost may be somewhat higher than the 

current typical New Zealand practice of single-ply installations, the up-front 

investment in a higher-quality product will help prevent future failure. A purpose-

made (for green roofs) heavy-duty single ply membrane with felt layer can be 

imported into New Zealand. Conventional roofs are replaced in as little as 10 yrs in 

New Zealand due to UV damage. With a properly designed, installed, and 

maintained green roof, the system should last for at least 20-30 years (a 

conservative estimate). Anecdotally, the oldest known green roof in Germany is 90 

years old, while many systems have been in place since the 1970s.  

2. Protection of the waterproofing membrane throughout construction is paramount. 

Most damage to waterproofing membranes occurs during the construction phase. 
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Nails, screws, or cutting implements should not be present on the rooftop when 

the membrane is being laid, or ideally at any time during the construction. Drainage 

mats provide a physical block for shovels or other gardening implements which 

could poke holes. A drainage mat designed with a geotextile on the bottom (which 

may contain a root barrier) helps protect the membrane from sharp edges of the 

mat itself. 

3. Test the integrity of the waterproofing layer in place before installing any other 

features. It is much more cost-effective to spend a bit more up-front to ensure the 

waterproofing achieves its purpose, rather than having to repair or retrofit once the 

substrates and plants have been installed. Testing should be performed by an 

unbiased third party, rather than the membrane installer. Testing methods are 

elaborated upon below. 

4. Flashing or substrate should completely cover the waterproofing membrane. Any 

exposed membrane is susceptible to premature UV damage. Even small defects 

can cause a leak. 

5. Extra caution should be used when sealing around protrusions. For new 

construction, roof design should minimize protrusions when a green roof is to be 

built. Protrusions typically provide significant opportunity for leaks. 

Several methods for leak detection have been developed: 

 Flood test: A standard approach for assessing integrity of a newly installed 

waterproofing membrane is via flood testing. The basic approach is to fill the 

roof with several centimetres of water and measure water level drop over a 

period of approximately 24 hrs. The method only works for flat roofs before 

installation of drainage mat, substrate, or vegetation. Accuracy is subject to 

relatively coarse measurement limitations. Very small penetrations may not be 

detected. The method itself can cause damage to the roof if the membrane 

integrity was compromised. 

 Electric Field Vector Mapping (EFVM): EFVM relies on electrical conductance. A 

low electrical voltage is applied over thin layer of water which has been spread 

over the surface to be leak tested. A watertight membrane will prevent 

detection of electric potential using a potentiometer. Compromised membrane 

integrity is indicated when voltage is detected. The technology enables isolating 

the location of the breach, and may also identify potential future failures (e.g., 

small punctures which may not have yet fully penetrated the membrane 

surface). EFVM is a non-destructive or invasive method, and may be performed 

on a sloped roof. It may be conducted between layers of green roof installation 

(e.g., to verify that drainage mat installation has not compromised the integrity 

of the waterproof membrane) and/or any time after the green roof has been 

installed. This method is available in New Zealand. 

The best approach is to take extra care with specification and installation of the 

waterproofing system as prevention is almost always less costly than repair. 
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The North American industry association, Green Roofs for Healthy Cities, provides 

training workshops and information on waterproofing for green roofs. The information 

is available from www.greenroofs.org.  

9.4 Root Barrier 

Aggressive plant roots can penetrate a waterproofing membrane, which can be 

avoided by using a commercial root barrier. Some drainage mats are available with the 

root barrier already attached. A root barrier is always necessary (Roehr 2010, personal 

communication). Early root barriers developed for green roof systems contained 

copper. These systems have since been banned by the US Environmental Protection 

Agency because of the potential for copper to leach into runoff. Alternative methods 

have been developed overseas. At this point, the options for or the active ingredient in 

root barriers available in New Zealand is unknown. Plants with aggressive root 

structures, such as bamboo, should never be specified for a green roof. Aggressive 

roots can penetrate membranes or otherwise puncture the roof structure. 

A root barrier can be incorporated into the waterproofing membrane. An integrated 

system has the advantage of one less layer and installation step; however, the 

installation is more difficult than a separate membrane + root barrier system. Suitability 

of specification is a site-specific decision that should consider expertise or experience 

of the installer. 

9.5 Roof Slope 

Green roof installation is not limited to flat or non-pitched roofs (Figure 41), although 

low slope provides easier installation and configuration. For new buildings, it is 

recommended to provide a minimum roof slope of 2% to ensure free drainage. For 

retrofits with roof slope less than 2%, a formal drainage layer is strongly encouraged 

(refer to Section 9.2).   

http://www.greenroofs.org/
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Figure 41 

Curved and Pitched Green Roofs 

(a) California Academy of Science, San Francisco, USA; (b) Atlanta, USA  

 

(a)   

 

(b)  
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Figure 41 (Continued) 

 (c) Sheffield, England; (d) Waikato University, New Zealand  

 

 (c)  

 

(d)   

 

Design and installation on pitched roofs should follow best practice for erosion control 

and slope stability, and considerations for working with low-cohesion soil (the 

substrate).According to the FLL (2008), for green roofs with greater than 5o (8.8%) 

pitch, a biodegradable mat to hold plants in place until establishment is recommended. 

Green roofs up to 15o (26.8%) pitch are unlikely to require special structural anti-

shear/slip protection measures. However, Roofmeadow (a specialty living roof 

company and installer in the USA) suggests a maximum pitch of only 9o (15%) without 

anti-shear/slip protection measures (Miller, 2011, personal communication). 

Roofmeadow’s maximum recommendation is derived from consideration of the 

friction angle between a PPE fabric and a waterproofing membrane. 

The FLL (2008) suggests that structural anti-shear/slip protection measures be installed 

for roof pitch greater than 20o (36.4%). A batten structure can promote substrate 

stability (Figure 42).  Figure 42(c) illustrates significant slumping of substrate on a 

steeply pitched roof in Atlanta, which exposed the retaining battens. This roof requires 



 

Extensive Green (Living) Roofs for Stormwater Mitigation 141 

 

 

additional substrate and plants, which should then be held in place with an erosion 

control mat. 

Various companies distribute a flexible plastic matrix for green roof installations on 

pitched roofs. Design of custom battens should consider effects of long-term moisture 

conditions. For example, untreated wood is likely to rot quickly, but treated wood 

products may contain chemicals harmful to the environment which may leach during 

rain events, or damage green roof plants. 

Roofs with pitch in excess of 30o (57.7%) require greater structural control still, and a 

different approach to construction (FLL 2008). As roofs with such a high pitch are not 

considered typical for green roofs, they are not explored further in this report. 

For most green roofs, regardless of pitch, covering new plants with a coarse erosion 

control mat will help with plant establishment (Figure 43). For installations on roofs 

with greater than 5% slope, an erosion control mat is strongly encouraged. The high 

wind speeds typically encountered on a rooftop easily dislodges new plugs or cuttings 

before roots take hold. The erosion control mat reduces supplemental replanting and is 

easily removed at a later stage, or can be left in place indefinitely. 

Figure 42 

Sloped Green Roof Stability Matrices 

(a) Wooden trays at the Ellerslie Flower Show (Christchurch 2009); (b) American Hydrotech 

flexible matrix (overseas product); (c) horizontal battens in situ; (d) alternative batten design. 

(a)  (b)  
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(c)  (d)  

Figure 43 

Erosion Control  

(a) Biodegradable coir mats; (b) permanent plastic lattice; (c) moulded plastic mat. 

(a)   

(b)  (c)  

 

9.6 Ready-to-Install Systems: Drainage, Substrate + Plants 

Several ‚ready-to-install‛ extensive green roof systems have been developed, which 

include the drainage layer, substrate, and pre-grown plants. These systems are usually 

modular, and encompassed in some sort of tray or pouch which is set in place on the 

roof. Several examples are shown in Figure 44. Pouches or bag systems (Figure 44[a] 

and [d] provide a light-weight mechanism to hold material together (compared to a 

tray); plants can grow through the pouch. Rigid trays (Figure 44[c] and [d]) usually offer 

an interlocking mechanism. Biodegradable trays (Figure  44[b]), require formal edging 
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on the roof, as the system breaks down over time (subject to New Zealand sunlight, a 

biodegradable tray system will break down very quickly). 

Most permanent tray systems (i.e. plastic or metal) only permit vertical drainage. 

Therefore, in terms of stormwater management, it is likely that the potential for peak 

flow reduction is less than would be by a system which allows for horizontal flow 

through the media (e.g. conventional green roof construction). 

Anecdotal evidence from the USA suggests that plants in tray systems suffer from 

edge effects. Coir basket edges act as wicks, accelerating substrate drying and 

decreasing moisture availability to plants. Basket bottoms rot. Rigid walled trays tend 

to dry out around the edges, and create piping opportunities for rainfall to short-circuit 

the extended flow path through the substrate (Snodgrass 2009, personal 

communication).  

Pre-planted green roof systems ready for installation are likely to have higher cost 

(most of the labour is performed in advance by the supplier), but the primary advantage 

is an instant aesthetic with high plant coverage. In terms of stormwater management 

function, tray systems are not currently perceived to provide any specific benefit(s) 

over a continuous green roof system. 
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Figure 44 

Ready-to-Install Modular Systems  

(a) Coir and husk ‚pouch‛ (photo courtesy of Gro Pacific); (b) coir trays (USA);  (c) GreenGrid and 

GreenBlocks 100 mm (USA); (d) Greentech 220 mm and Greenpacs 100 mm Modular Bag (USA); 

(e) coir and husk pouch installation (photo courtesy of Gro Pacific) (f) GreenGrid installation in 

Chicago (USA). 

(a)  (b)  

(c)  (d)  

(e)  (f)  
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9.7 Installation 

Physically getting green roof materials onto a rooftop provides several challenges. 

Substrate installation may be independent of planting. As substrate installation likely 

requires mechanized equipment, new construction should coordinate (at least) 

substrate installation with the presence of other mechanized equipment (e.g. crane or 

blower – see below) on site to save cost. Two primary options are available for 

installing substrate: 

1. Crane hoist of 1 m3 bags. 

Cranes are usually readily on-site for new construction. It is strongly encouraged to 

coordinate green roof installation while a crane is already available. As the building 

shell is often the first task for completion, a green roof can/should be installed as 

soon as the waterproof membrane is installed and leak-tested, thus allowing 

several months (to years) for plants to become established while the building 

interior is completed. The green roof is then ‚ready‛ when the occupants take up 

residency. 

For retrofit installations, the crane must be able to get close enough to the 

building. During construction of the UoA green roof, the limiting factor in specifying 

crane size was reach, rather than lift (weight) capacity in order to avoid damage to 

street trees. 

Bagging of substrate in 1 m3 bags is a typical operation for most media suppliers 

(refer to Figure 10). Despite the substrate being characterised as ‚light-weight‛, a 

1 m3 substrate-filled bag may weigh in excess of 800 kg m-2. Thus, bags should not 

be emptied as a point load directly onto the roof (unless the roof is designed to 

manage such a load). 

2. Blowing or spraying substrate to height. 

Specialty pneumatic blowers are often used in erosion control to rapidly seed bare 

surfaces. The same type of equipment can be used to transport substrate to a 

rooftop. The length of the hose may limit the height to which substrate can be 

blown, and is specific to the service provider. 

Contingency costs should be incorporated for blower installation, as substrate may 

coat building facades (and thus require post-installation cleaning) (Roehr 2004). 

Operation of blowers may be compromised in cold weather, as the system may 

clog (in which case bag hoists would be a preferred option). Operator safety is also 

a concern as a powerful blower can lift the operator off the ground. 

Success of planting depends significantly on season. Vegetation should be planted in 

early spring or late autumn. If substrate must be installed in summer or winter, it is 

recommended to cover the substrate with an erosion control mat, and delay planting 

until the appropriate season. Feasibility depends on building configuration. Plants can 

generally be carried to the roof in an elevator (perhaps in multiple lifts), but the method 

would not be viable for buildings without direct roof access from the lift. 
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In terms of construction sequencing, plant cuttings, plugs, or pre-grown mats may only 

have limited viability. Plant providers are likely to wait until the last possible minute to 

harvest plants for installation. It is not recommended to have plants sitting on site for 

more than two days awaiting planting. 

For more information on planting, refer to Section 7.5 - 7.7. 

9.8 Facilitating Technology Uptake 

A key contributor to overcoming information hurdles has been to establish links with 

researchers overseas. Peer reviewed conference papers and presentations, 

attendance at and contribution to professional development workshop sessions, and 

visiting research groups has provided significant insights to the green roof industry 

development. As green roof implementation specifically as a stormwater mitigation 

technology is somewhat new, there lacks comprehensive information in academic 

publications. Many of the lessons learned or failures that lead to innovation are not 

well-documented, but arise from discussion amongst professionals. In return, the 

Auckland research programme has contributed significant scientific discovery in terms 

of characterizing system behaviour in a civil engineering context, quantifying 

evapotranspiration, developing a reliable monitoring methodology which delivers high 

accuracy without extravagant expense, and compiling a long-term data set on a full 

scale extensive green roof. Several enquiries from overseas have been received 

regarding the orifice restricted device for measuring runoff. The following academic 

publications and presentations have been produced to date from the research team: 

 Journal publications 

 Voyde, E.A., Fassman, E.A., Simcock, R. (2010) ‘Hydrology of an Extensive Living Roof 

under Sub-Tropical Climate Conditions in Auckland, New Zealand’ Journal of Hydrology, 

394(2010):384-395. 

Voyde, E.A., Fassman, E.A., Simcock, R., Wells, J. (2010). Quantifying 

Evapotranspiration Rates for New Zealand Green Roofs. Journal of Hydrologic 

Engineering, 15(6):395-403. 

 Conference proceedings 

Voyde, E., Fassman, E.A., Simcock, R. (2010) ‚Stormwater Mitigation by Living Roofs 

in Auckland, New Zealand.‛ Proceedings of the 2010 EWRI Low Impact Development 

Conference, San Francisco, California 11-14 April 2010. 

Voyde, E., Fassman, E.A., Simcock, R. (2010) ‚Stormwater Mitigation by Living Roofs 

in Auckland, New Zealand.‛ Proceedings of the 17th IAHR-APD Congress incorporating 

the 7th International Urban Watershed Management Conference, Auckland 21-24 Feb 

2010. 

Voyde, E., Fassman, E.A., Simcock, R. (2009) ‚Hydrologic performance of Auckland 

Green Roofs.‛ H2O09: 32nd Hydrology and Water Resources Symposium 2009 

Newcastle, Australia 30 November -3 December 2009. 
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Voyde, E., Fassman, E.A., Simcock, R. and Wells, J. (2009) ‚Evapotranspiration Rates 

from New Zealand Green Roofs Plant Species.‛ H2O09: 32nd Hydrology and Water 

Resources Symposium 2009, Newcastle, Australia, 30 November - 3 December 2009. 

Voyde, E.A., Fassman, E.A., Simcock, R. (2009) ‘Stormwater Mitigation by Extensive 

Green Roofs in a Temperate Climate’ Greening Rooftops for Sustainable Communities. 

Atlanta, Georgia, USA, 3-5 June. 

Voyde, E.A., Fassman, E.A., Simcock, R. (2009) ‘Stormwater Mitigation by Auckland 

Green Roofs’ Proceedings of the 6th South Pacific Stormwater Conference. Auckland, 

New Zealand 29 April – 1 May. 

Fassman, E., Simcock, R., and Voyde, E. (2009) ‘Achieving Multiple Outcomes with a 

Single Technology: Stormwater and Energy Benefits of Green Roofs’ EWRI Thailand 

2009; An International Perspective on Environmental & Water Resources Conference, 

Bangkok, Thailand 5-9 Jan. 

Fassman, E., Simcock, R., Voyde E., and Wells, J. (2008) ‘Quantifying 

Evapotranspiration Rates for New Zealand Green Roofs’ EWRI 2008 International Low 

Impact Development Conference, Seattle, Washington, 16-19 Nov. 

Fassman, E. and Simcock, R. (2008) ‘Development and Implementation of a Locally-

Sourced Extensive Green Roof Substrate in New Zealand’ World Green Roof 

Congress, London 16-17 Sept.  

Fassman, E. (2008) ‘Effect of Roof Slope and Substrate Depth on Runoff’ Greening 

Rooftops for Sustainable Communities, Baltimore, Maryland, 30 April – 2 May.  

Fassman, E.A. and Voyde, E. (2007). ‘Extensive Green Roof Design and 

Implementation’ Environmental Research Event, James Cook University, Australia, 

Dec. 2007 

 Conference abstracts and oral presentations (where full papers are not in 

proceedings) 

Fassman, E.A. and Simcock, R. (2008) Optimizing Green Roof Media for Stormwater 

Retention, Presented at the World Water and Environmental Resources Congress, 

Honolulu, Hawaii, May. 

Simcock R. (2008). A tale of three extensive green roofs: developing resilient local 

substrates and plants Paper presented at 2nd Annual Green roofs Australia 

Conference, Brisbane, Australia 18-20 June. 

Simcock, R., Ross, C., Trowsdale, S. and Dando, J. 2008: Soil management to optimize 

retention and treatment of stormwater in urban greenspace. Soil 2008. Soils: the living 

skin of planet earth. Massey University, Palmerston North, 1 to 5 December 2008. 

Conference Programme and Extended Abstract M55 227-N (CD). 

Simcock, R., Toft, R. and Smale., M. 2008. Conservation in the sky: the role of Green 

Roofs in urban conservation. New Zealand Ecological Society 2008 Conference 

‘Ecology on our Doorstep’ 28 September to 2 October, Auckland. Abstract.  p74.   
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Fassman, E.A., Simcock, R, Mountfort, C. (2007) ‘Retrofit Extensive Green Roof 

Design and Impact’ Presented at the 2007 South Pacific Stormwater Conference, 

Auckland, New Zealand 16-18 May. 

 

 Student projects 

Five undergraduate projects have been completed since 2005. Two student interns 

from Europe have contributed to the project. Specific citations for project reports are 

not listed herein, as all results have been incorporated into this report and the TR 

2010/018 (Fassman et al. 2010). 

Four Master of Engineering Studies research projects were completed in November 

2009. A Ph.D. thesis is due for completion near the end of 2010. 

On-going research in 2010 contributes to two undergraduate projects and the 

specification of the demonstration project at the Auckland Botanic Gardens, one 

Master of Engineering thesis, and one new Ph.D. programme (to commence in 

December). 

Installation of the UoA green roof gained significant attention in the New Zealand 

media, which hopefully serves to help promote adoption of green roof technology,   

Usually, each public media release (particularly newspapers, radio, and UoA media 

releases) resulted in significant positive feedback from the public, as well as private 

companies. Interest from private citizens has ranged from strong support for the 

project to those interested in constructing green roofs on their own homes. Most of 

the information presented in Section 9 on locally available products and services has 

been private companies’ response to media releases. Media coverage includes: 

 Television interviews  

 TV3 (7 October 2006)  

 One News Breakfast programme (10 July 2007) 

 Radio interviews  

 Radio New Zealand Nine-to-Noon (late 2006) and Our Changing World 

programmes (24 May 2007) 

 bFM (late 2006) 

 Newspaper coverage 

 The New Zealand Herald (7 October 2006) 

 The Central Leader (and associated papers) (15 September 2006) 

 The Pakuranga Times  

 The Dominion Post (4 July 2009) 

 Magazines and Newsletters 

 Next magazine (October 2009) 
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 Soil Horizons (March 2006) 

 ENew Zealand (IPENew Zealand magazine) (2007) 

 Build magazine (2007) 

 Unlimited magazine (November 2006) 

 The New Zealand Garden Journal (2007) 

 URBAN (December 2008) 

 Architecture New Zealand (December 2008) 

 Terrafirma (2008) 

 Several press releases and features from the University of Auckland, including a 

highlight in the coffee table book published in honour of the University’s 125th 

anniversary in 2008 (Reid, N. 2008. The University of Auckland. The First 125 Years. 

Auckland University Press, Auckland, New Zealand). 

 A chapter contributed to A Deeper Shade of Green: Sustainable Urban 

Development Building and Architecture in New Zealand, J. Bernhardt (ed). 

Balasoglou Books, Auckland, New Zealand. 

 

It is considered of importance include designers, engineers, students, and policy 

makers in the research project. Tours of the UoA green roof were given to any (and all) 

companies (and some private citizens) who requested to see it. The research team 

structured tours to include a formal presentation and discussion about the research 

programme, to emphasize the learning aspects and offer support for the design 

community. Tours are frequently arranged for UoA students, and a 2-hr lecture and 

assignment are incorporated into a postgraduate urban stormwater management 

course in the Department of Civil and Environmental Engineering. In addition to design 

companies, tours have been given to a landscape architecture class from UniTec, 

Auckland City representatives, and representatives from the Ministry for the 

Environment. 

Between July 2007 and July 2009, tours and discussion of the UoA green roof were 

given to representatives from: 

 Boffa Miskell  

 Peddle Thorpe 

 Woodhams Meikle Zhan Architects 

 Nuralite Waterproofing Ltd. 

 Pacific Environments Architects (two occurrences) 

 Daniel Marshall Architects 

 Fifth Creek Architects (Adelaide, Australia) – the visitor serves as advisor to South 

Australian Government planning and is Adjunct Associate Professor with the 
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University of Adelaide’s School of Architecture, Landscape Architecture and Urban 

Design 

 Pattle Delamore Partners 

 SKM (Auckland) 

 Ministry of Education 

 Ministry of the Environment 

 Secondary school teacher from Hong Kong 

 UoA Deputy Vice Chancellor (Research) 

 

In the teaching environment, tours and guest lectures have been conducted at the 

University of Auckland: 

 Faculty of Engineering (Civil and Environmental Engineering Years 2, 4, and 

postgraduate) 

 Business School 

 National Institute of Creative Arts and Industries (postgraduate class in the Planning 

Department) 

 School of Geography, Geology and Environmental Science (postgraduate class in 

the Geography Department) 

 

Other miscellaneous activities to promote uptake include: 

 Contribution to a half-day workshop: ‘Ecological green roof design’ at the Greening 

Rooftop for Sustainable Communities Annual conference, awards and tradeshow, 

June 3 to 5 2009, Atlanta, GA.  

 Contribution to field trips: 

 30 April 2009 New Zealand WWA Stormwater Conference to Waitakere Civic 

Centre (raingardens and green roof) - 30 participants 

 24 June 2009 LIUDD ‘Its intense: brownfields’ – 24 participants 

 Both field trips were supported by a detailed ten page 'Waitakere City' field 

handout (available on as a pdf, www.landcareresearch.co.New 

Zealand/research/built/liudd/auckland.asp which includes the associated 

workshop talk on urban greenspace, including green roofs 

http://www.landcareresearch.co.New 

Zealand/research/built/liudd/documents/LUIDD_Briefings_Auckland.pdf pp 

26-27) 

 Provided assistance/review for Christchurch Botanic Gardens green roof 

demonstration site (2008). 

http://www.landcareresearch.co.nz/research/built/liudd/auckland.asp
http://www.landcareresearch.co.nz/research/built/liudd/auckland.asp
http://www.landcareresearch.co.nz/research/built/liudd/documents/LUIDD_Briefings_Auckland.pdf
http://www.landcareresearch.co.nz/research/built/liudd/documents/LUIDD_Briefings_Auckland.pdf
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 Currently (July 2009) providing design assistance to the University of Otago 

 Presentation to Auckland City staff (~70 attendees, including 4 councillors, June 

2009) with follow up meetings with policy staff (on-going) 

 Presentation to Engineers for Social Responsibility (Nov. 2009), advertised on 

IPENew Zealand website. 

 Websites created:  

 Landcare Research www.landcareresearch.co.New 

Zealand/research/built/liudd/greenroofs.asp 

 University of Auckland (initial site only) www.cee.auckland.ac.New 

Zealand/EFassman/green_roof.aspx 

9.9 International Industry Development 

While it is beyond the scope of the current technical investigation to delve into policy 

and incentive frameworks overseas which promote green roof implementation, it has 

become inherently obvious that government leadership is driving implementation. A 

few examples highlight that regardless of the driver (stormwater mitigation, climate 

change, habitat), the consensus appears to be that the benefits of green roofs are 

substantial enough across multiple indicators to warrant allocation of significant 

resources, policy changes, and/or incentives.   

In Germany and Austria, green roof implementation on flat roofs has long been 

required by law in many states. Since 1997, Munich has requires greening of all 

‚suitable‛ flat roofs with surface area greater than 100 m2. The Rotterdam City Council 

aims for 160,000 m2 of greened rooftops by 2014, aided by financial incentives. 

Significant expansion of the North American green roof market is demonstrated by the 

statistics in Table 29 and Table 30. Cities including Chicago (Illinois) New York (New 

York), Philadelphia (Pennsylvania), Washington, DC., Toronto (Canada), Portland 

(Oregon), and Seattle (Washington) all offer policy or financial incentives which 

contribute significantly towards implementation. 

Toronto (Canada) passed a bylaw in May 2009 whereby up to 50% green roof 

coverage is required for all new construction on multi-unit residential dwellings over six 

storeys tall, as well as schools, non-profit housing, and commercial and industrial 

buildings. Larger-scale residential projects will be required to have anywhere from 20 

to 50% of the roof area covered with a green roof (Greenerbuildings.com 2009). 

Chicago’s adoption of green roof technology was initially instigated by energy demand 

mitigation. The City requires green roofs on almost all projects that receive public 

funding or other public assistance (City of Chicago 2005). Chicago’s largest green roof 

is the Millennium Park, a 10 ha public park which includes an amphitheatre and 

botanical gardens, and sits above a parking garage. 

New York State passed a tax abatement measure in 2008 that will provide up to 

US$100,000 per green roof to improve stormwater management and reduce the urban 

heat island (Green Roofs for Healthy Cities 2008). Starting in July 2009, Portland 

http://www.cee.auckland.ac.nz/EFassman/green_roof.aspx
http://www.cee.auckland.ac.nz/EFassman/green_roof.aspx
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(Oregon) has offered US$1 million in grant dollars per fiscal year (FY) for eco-roof 

projects. For FY 2008-2009, the city allocated grants of US$400,000 on 22 eco-roof 

projects (Liptan 2009 , personal communication). Portland also provides a Floor-Area-

Ratio benefit to incentivize eco-roof construction on all projects. One of the key drivers 

for implementation in Portland is to reduce pressure on its storm sewer system. 

Seattle (Washington) incorporates green roofs into a Green-Area-Factor, which can 

speed up regulatory review processes among other incentives. Minneapolis 

(Minnesota) provides a deep discount on annual stormwater utility fees. The City of 

Chicago offered US$5000 grants for green roof construction on residences and small 

businesses less than 930 m2. Grant recipients had to provide a written commitment to 

maintain the green roof for 5 years. Twenty grants were awarded in 2005, and forty 

grants were awarded in 2006. 

The municipality of Linz (Austria) developed a scheme which combines compulsory 

construction with financial support limited to €7000 annually regardless of the number 

of projects. Between 1989 and 1999, funding was adequate to cover 30-35% of 

eligible costs. In 2005 and 2008, the number of projects grew so significantly, that the 

funding only covered 5% of eligible costs. Regardless, the relatively small city of 

~190,000 people boasted 450 green roofs covering 480,000 m2 in 2007 (Maurer 2008). 

Green roofs play an integral role in London’s climate change adaptation strategy. While 

construction of green roofs in the UK overall has been largely driven to date to protect 

habitat for the black redstart (a bird), the Greater London Authority credits future green 

roof implementation with resilience in the face of climate change. Mitigating flood risk, 

the urban heat island effect, and energy demand are key factors leading to a policy 

statement of ‚The Mayor will and boroughs shall expect major developments to 

incorporate living roofs and walls where feasible and reflect this principle in LDF 

policies…Boroughs should also encourage the use of living roofs in smaller 

developments and extensions where the opportunity arises.‛ (Design for London 

2008). Expansion of the green roof market in London indicates that the extent of 

planned green roof area is approximately six times that of installed area (Table 31). 

Green roof implementation in Asia is also rapidly growing, aided by government 

incentives. Motivated by creating city green space, Seoul, Korea began providing a 

range of subsidies in 2002, which saw 202,449 m2 over 446 green roofs project 

installed by 2010. The projection for 2011 is 51,527 m2
 in 109 installations with a 

budget of ~US$10 million. Likewise, Singapore set a goal of 50 ha of ‚skyrise‛ 

greenery by 2030. Financial and technical assistance incentives are provided by the 

government (International Green Roof Association 2011).  
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Table 29 

North American Green Roof Industry Expansion 2007-2008* 

 2007 Survey 2008 Survey Growth Rate 

Total Projects (#) 367 532 45% 

Total Area (m
2
) 223659 295611 32% 

USA Only (m
2
) 181390 245939 36% 

Canada Only (m
2
) 42269 48279 14% 

Extensive Projects (#) 319 480 50% 

Extensive Area (m
2
) 198370 253588 28% 

Intensive Projects (#) 30 29 -3% 

Intensive Area (m
2
) 17305 22506 30% 

Semi/Mixed Projects (#) 18 23 28% 

Semi/Mixed Area (m
2
) 7984 19517 144% 

 * Source: (Green Roofs for Healthy Cities 2008) (estimated representation for 65-75% 

of entire industry in North America) 
 

Table 30 

Recent Green Roof Implementation in North American Cities 

Metropolitan Area Total Installed Area (m
2
) Number of Projects 

Chicago, Illinois
1
 49,656 84 

Washington, D.C.
 1
 46,547 67 

New York, NY
1
 33,350 35 

Vancouver, British Columbia
1
 29,728 1 

Philadelphia, Pennsylvania
1
 18,285 19 

Baltimore, Maryland
1
 13938 21 

Montreal, Quebec
1
 7,033 17 

Grand Rapids, Michigan
1
 6,947 16 

Princeton, New Jersey
1
 5,226 4 

Newtown Square, Pennsylvania
1
 4,471 1 

Portland, OR
2
 111,207 370 

Toronto, Ontario
3
 36,517 135 

1. 2008 Top Ten List (Green Roofs for Healthy Cities 2008) (estimated representation 

for 65-75% of entire industry in North America) 

2. Liptan 2010, personal communication. Just under half the total area is extensive 

green roofs. 

3. http://www.toronto.ca/greenroofs/experience.htm accessed Nov. 2010 
 

Table 31 

London Green Roof Implementation – Areal Extent 2004-2008 

 2004 2005-2008 

Installed (m
2
) 76882 163234 

Planned (m
2
) 16000 764758 

Source: (Gedge 2008)   

http://www.toronto.ca/greenroofs/experience.htm%20accessed%20Nov.%202010
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9.10 Recommended References 

Information on green roof design and construction is rapidly emerging. Several useful 

references are recommended herein, but the following list is not necessarily all-

inclusive. References herein specifically exclude proprietary listings. 

Books 

Cantor L. S. 2008:  Green roofs in Sustainable Landscape Design. W.W. Norton & 

Company, New York. London. 352pp. 

Brief synopsis: Beautiful pictures of many ‚famous‛ green roofs. This book includes a 

section on Europe to contrast with North America.   

 

Dunnet, N. and Kingsbury, N. 2004. Planting Green Roofs and Living Walls. Timber 

Press. Cambridge, UK. 

Brief synopsis: This fully revised second edition comprehensively presents the case for 

incorporating living roofs in cities.  The sections on plant selection, designing with 

plants and descriptions of plants suited to different substrate depths in United 

Kingdom climates is ‘must read’ and is based on trials at Sheffield University.  Sections 

on green walls and facades show how the three technologies can be integrated to 

achieve stunning outcomes demonstrated in short case studies. 

 

Earth Pledge 2005 Green roof ecological design and construction. Schiffer Books. 

Brief synopsis: This book showcases 40 building case studies from Europe, North 

America and Asia and 7 metropolitan studies of cities promoting green roofs and living 

roofs, with stunning photographs.  A good book to use to demonstrate the wide range 

of living roofs and encourage sceptics by showing ‘working’ green roofs. 

 

Gedge D & Little J 2008: The DIY guide to green and living roofs. E-book available 

online (no specified publisher). 

Brief synopsis: The DIY guide targets British people wanting to retrofit their garage, 

garden shed, or lean-to. This slim e-book is one of the few references that provides 

specific weight ranges, materials and design drawings.  It begins with a comparison of 

different green roof types to help guide selection, then shows how to structurally 

reinforce a shed, the practicalities of waterproofing (including minimum thicknesses of 

pond liners) and drainage.  Applicable to mild climates in New Zealand, but promotes 

the use of natural ‘rubble’ soils and regeneration from soil seed banks for biodiversity 

benefits.  Rubble substrates are generally heavy, may not meet FLL criteria, and 

unlikely to contain New Zealand native species that can compete with the non-native 

adventive flora.  
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Snodgrass, E.C. and McIntyre, L. 2010. The Green Roof Manual: A Professional Guide 

to Design, Installation, and Maintenance. Timber Press. Portland, Oregon. 

Brief synopsis: This comprehensive, readily-accessible book on green roofs presents 

the case for green roofs (with reference to research) and then brings together lessons 

from successful (and unsuccessful) green roofs, with a particular focus on North 

America. Key points are summarised at the beginning of each chapter, and in the titles 

of each subsection – and reinforced with colour photographs and case studies.  The 

chapter on maintenance is excellent. Suitable for those wanting to know more about 

green roofs, inform others about green roofs and experienced designers. 

 

Weiler, S.K. and K. Scholz-Barth 2009: Green Roof Systems.  A guide to the planning, 

design and construction of landscapes over structure. John Wiley & Sons, Inc. 

Hoboken, New Jersey. 314pp 

Brief synopsis: This book provides detailed, technical and practical advice on design, 

construction and maintenance of all green roofs, with a particular emphasis on 

landscape over structure (intensive roofs over concrete structures) including weights 

of trees and commonly used paving and drainage materials.  Entirely in black and 

white, it contains detailed cross-sections of key design features (rare in most green 

roof books) and in-depth information on design and documentation, bidding and 

construction, performance evaluation and managing risk. 

  

Websites 

 Green Roofs for Healthy Cities: www.greenroofs.org 

The Green Roofs for Health Cities Network (GRHC, the North American Industry 

Association) was established in 1999 with the mission to develop the green roof 

industry infrastructure in North America. GRHC conducts research on the benefits of 

green roofs, educates industry stakeholders and the public, and works with policy 

makers to create public incentives for the adoption of green roofs. GRHC provides a 

quarterly electronic magazine, ‚The Living Architecture Monitor‛ and an online 

searchable library (full articles are available for a fee). They also organize an annual 

conference and tradeshow: Greening Rooftops for Sustainable Communities 

 Greenroofs.com: www.greenroofs.com  

The industry ‚resource portal‛, which provides a clearinghouse of information to 

promote green roof interest and development. The website includes the history, 

technical details, international and North American projects and case studies, and a 

comprehensive annotated bibliography of green roofs literature. 

 The Sheffield Green Roof Centre: www.thegreenroofcentre.co.uk  

'The Sheffield 'Green Roof Centre' provides comprehensive information on green roof 

policy, planning, research, training and practice in the UK. Sheffield City recently 

required green roofs to be installed on large buildings to aid control of stormwater 

runoff. The site has free download including a FAQ fact sheet and DIY home green 

http://www.greenroofs.org/
http://www.greenroofs.com/
http://www.thegreenroofcentre.co.uk/
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roof factsheet, and some great case studies that include two school projects. The DIY 

Gallery pages allow the viewer to see and submit one’s own, 'home green roof' - from 

bird boxes to sheds. 

 International Green Roof Association: www.igra-world.com/index.php 

The International Green Roof Association is a global network, for the promotion and 

dissemination of information on green roof topics and green roof technology. It is a 

multi-national, non-profit organisation. The website provides a large number of case 

studies to support the green roof market on an international level. Typical activities of 

IGRA include workshops, conferences, publications and newsletters. 

 Living Roofs.org: www.livingroofs.org 

An independent United Kingdom resource for green roof information. 

 Green roofs Australia: greenroofs.wordpress.com 

Urban Agriculture and Green Roofs for Healthy Australian Cities host site. 

 Living Roofs: livingroofs.org.nz 

Living Roofs is an independent green roof organisation that is promoting the uptake of 

green roofs and walls in New Zealand.  LivingRoofs.org.nz is a New Zealand resource 

for information on green roofs, supported and sponsored by leading authorities, green 

roof companies and agencies.  The website provides the latest information, research 

and case studies of green roof projects in New Zealand. 

http://www.igra-world.com/index.php
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10 Continued work: performance monitoring 

10.1 Hydrology – UoA green roof, Tamaki mini-roofs, WCC green roof 

Data collection from the UoA green roof continued through 2010. The companion 

technical report on performance (TR 2010/018) presents a more in-depth of data 

collected through December 2010. 

Initial hydrologic data collection and analysis from the Tamaki mini-roofs was 

performed during March-May 2009. As with the case of the UoA green roof, 

modifications to the measurement technique were required to ensure data accuracy. 

The mini-roof instrumentation was reconfigured in October 2009. Analysis of data 

collected December 2009-approximately April 2010 is in TR 2010/018 (Fassman et al. 

2010).  

While data collection from the Waitakere City Civic Centre green roof was not 

specifically within the project scope, in the interest of providing the best empirical 

performance evidence across the region, the research team assumed responsibility for 

managing data collection and analysis. The WCC green roof was retrofit in June/July 

2009 with the primary intent of improving urban habitat potential. Substrate was added 

to portions of the existing green roof, and native plants were revegetated. The 

substrate used was based on the recommended substrate mix developed herein (refer 

to Section 5.10 for the specification). The UoA team reconfigured stormwater 

monitoring equipment over summer 2009/2010 for data collection. Data analysis is in 

TR 2010/018 (Fassman et al. 2010). 

10.2 Water quality from Tamaki mini-roofs 

Logistics of data collection from the UoA green roof precluded capturing runoff for 

water quality testing. However, the Tamaki mini-roofs were configured such that 

runoff is captured in plastic boxes to form volumetric flow-weighted composite 

samples for water quality analysis and determination of event mean concentrations 

(EMCs). 

Flow-weighted composite samples were captured from each of the four mini-roofs 

plus a control (non-greened) shed roof. Samples were analyzed by Landcare 

Research’s Palmerston North laboratory and Watercare. Three replicate samples from 

one shed were analyzed for each storm event to ensure data quality, for a total of 

seven samples per event. Up to ten storm events were analyzed. As the greened mini-

roofs are duplicated in terms of substrate depth, the data set provides some measure 

of variability for a given roof configuration. Minimum storm depth for water quality 

testing was set at 10 mm. 

Analytical parameters included TSS, turbidity, pH, total and dissolved zinc, total and 

dissolved copper, phosphate (PO4), nitrate/nitrite (NOx), and ammonium (NH4). 
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Parameters were selected based on relative concern over receiving water impacts in 

the Auckland region (TSS and heavy metals) or because of prevailing evidence in the 

literature regarding leaching potential (nutrients). 

Information gleaned from water quality testing may be used for further refinement to 

the substrate mix. Namely, the organic fraction may create potential for staining, or 

influence long-term nutrient supply. Investigations would manipulate both the size 

fraction distribution and blends of different material, e.g., green waste and coconut coir 

fibre to address these issues. Leaching from other materials within the system (e.g. 

the drainage mat or geotextile) may have implications for potential reuse and is worthy 

of further study. 
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13 Appendix 1: Substrate Components 

13.1 Light Weight Aggregates 

13.1.1 Pumice Supplied by Inpro 

Industrial Processors, Ltd. (Inpro) operates a quarry in Atiamuri, in the central North 

Island to mine pumice, sand, and perlite. Inpro’s quarry supplies bulk raw materials 

which have been washed and graded, or which may be transported to a plant in 

Waitakere for further processing. Pumice has been placed on the Atiamuri site through 

the meanderings of the Waikato River over many years. The pumice is found on site at 

2-3 m deep (Malaghan 2007, personal communication). Pumice is typically used in light 

weight concrete, horticulture, abrasives, and garment processing. 

According to Inpro, pumice is an LWA formed as a result of explosive volcanic activity. 

Basalt, andesite, dacite and rhyolite magma can form pumice. It is a network of voids 

created from gas bubbles encompassed inside reasonably fragile volcanic glass and 

minerals known as crystalline silica. Typically, pumice contains 3.4% total carbon and 

is capable of 60% water absorption. The materials safety data sheet (MSDS) provided 

by Inpro also states pumice to be stable and non-combustible, reducing any fire risk.   

When there is a larger percentage of gases present during the pumice formation, a 

grade of finer pumice is formed known as pumicite (Wikipedia, 2006). At the Atiamuri 

site, pumicite is sourced from fly ash found at 2-3 meters below the surface. It is free 

from silica and metal and therefore very light (~500 kg m-3).  

Raw pumice or pumicite may be graded to remove fines and/or achieve a particular 

grain size distribution. The concrete industry accepts a general grading of pumice at 1-

20 mm; however, grades of 4-10 mm or 7-10 mm may be relatively easily screened 

(Malaghan, 2007). The current research tested Inpro pumice graded at 1-7 mm and 4-

10 mm and pumicite graded at 1-7 mm. Each are pictured in Figure 45. 

In 2006 and 2008, Inpro pumice was available at $24 per cubic metre. Additional $35 

per cubic metre (bagged material) was incurred for shipping pumice to an external site 

for bulk blending for field trials. A firm cost for pumicite was not obtained (materials 

were donated for testing), but it is suspected that cost is much higher than pumice. 

Based on a visit to the quarry by Dr. Simcock in October 2007, the pumicite deposit is 

beneath the pumice (requiring deeper excavation for extraction) and would require 

significant processing to obtain the size fraction desirable for a green roof substrate. 
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Figure 45 

Inpro Pumice (a) Pumice 1-7 mm; (b) Pumice 4-10 mm; (c) Pumicite 1-7 mm. 

(a)  (b)  (c)  

 

13.1.2 Zeolite Supplied by Blue Pacific Minerals 

Blue Pacific Minerals (BPM, formerly New Zealand Zeolite) operate a zeolite resource 

in the Ngakuru area of the Taupo volcanic zone. Zeolite is a natural deposit formed by 

interaction between volcanic ash and intense geothermal activity. BPM operates out of 

Matamata in the Waikato Region. 

The zeolite mineral is crystalline, hydrous aluminosilicate that contains alkali and 

alkaline-earth metals.  The structure is based on a three dimensional framework 

structure of silica-oxygen tetrahedra. The crystal framework is in a porous honeycomb 

network, which results in a large internal surface area of up to 145 m2 g-1. The porous 

LWA has a typical dry bulk density of 670 kg m-3, which can absorb water up to 70% of 

its own weight as liquid. The mineral attracts negative charges which are balanced 

with cations such as calcium, magnesium, potassium and sodium, resulting in high 

cation exchange capacity (CEC). Zeolite is used in the manufactured/proprietary 

stormwater treatment device called the StormFilter (one of the few ARC ‚accepted‛ 

manufactured devices which is sold in NZ by Stormwater 360), sports turf installations, 

oil spill market and pet litter for the absorption of odours and moisture (Brathwaite 

2003). 

BMP and Stormwater 360 suggest that zeolite can: 

 Absorb soluble nutrients making them available for plant demand. 

 Absorb soluble heavy metals. 

 Increase the water holding capacity of the substrate media through absorption 

without influencing pore space or infiltration rates. 

American Hydrotech suggests the use of zeolite in their substrate media mixes for 

green roofs. In addition to supporting plant life, a green roof installation whereby runoff 

from an ungreened copper or zinc roof was directed to a greened section may be able 

to provide water quality improvement (although this hypothesis has not specifically 

been tested herein). 

A brief review of the literature suggests that zeolite has several potential benefits with 

respect to encouraging plant growth; it is often used as an additive in golf greens and 

high performance turfs (with a high proportion of sand) because it improves 



 

Extensive Green (Living) Roofs for Stormwater Mitigation 167 

 

 

permeability (infiltration), water availability, aeration, and CEC (Ming and Allen, 2001). 

Petrovic (1990) showed permeability, water availability, and aeration were maximized 

with amendments consisting of smaller particle sizes (0.1-1 mm). Huang and Petrovic 

(1995) measured plant available water for sand amended with zeolite < 0.047 mm at 

10-17 g kg-2, which decreased to 6 g kg-2 for larger particles (> 1 mm). These benefits 

were balanced by a decreasing saturated hydraulic conductivity with decreasing 

particle size and increasing material addition. Ming and Allen (2001) provide an 

extensive discourse of the potential benefits of zeolite amendments. 

Similar to pumice sources, the location of the mineral deposit affects its 

characteristics, hence all zeolites may not be suitable for green roof applications. The 

Ngakuru resource contains two zeolite quarries with different characteristics. One 

quarry contains a deposit with a high cation exchange capacity, ability to absorb liquids 

but is very resilient to mechanical breakdown (sold under the label Zeotec), whereas 

the other quarry is primarily used for odour, liquid, and chemical absorption 

applications. The total BPM Ngakuru resource is estimated at 10 million tonnes. 

Blue Pacific Minerals provides multiple gradations of zeolite. ‚NuGreen‛ zeolite is 0.5-

2.0 mm (Figure 46) and has a high QA specification because it is mostly used in golf 

courses and other turf applications. As a consequence, cost is approximately $250 per 

cubic metre. Investigations by the New Zealand Sports Turf Institute (NZSTI) indicate 

that a 10% addition of the NuGreen brand to PGA golf specification sand does not 

influence water infiltration rates. Furthermore, NuGreen additions increase germination 

rates, enhance sward establishment and reduce irrigation and fertilizer requirements. 

NuGreen is included in the Westpac Wellington Stadium and Waikato Stadium in 

Hamilton playing surfaces. 

Consultation with the manufacturer indicates that the next standard product size-wise 

is a 4-8 mm grade (Figure 46). The company is willing to co-produce a 1-3 mm grade 

(what falls through the mesh for the 4-8 mm), while maintain the same QA as 

NuGreen for green roof supply. The cost is estimated at $180 per cubic metre (Novack 

2007, personal communication).  Zeolite also can be pre-loaded with nutrients to assist 

early growth and establishment of plants. Larger-sized gradation promotes low weight 

and high permeability in a mixture.  

All zeolite materials for laboratory and field testing were donated by Blue Pacific 

Minerals. 
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Figure 46 

Blue Pacific Minerals Zeolite: (a) 1-8 mm; (b) 1-3 mm (NuGreen). 

(a)  
 

(b)  
 

13.1.3 Expanded Perlite Supplied by Inpro 

In addition to pumice, Inpro controls a perlite resource in the central North Island which 

supplies perlite for the horticultural industry in NZ and overseas. The estimated 

extractable volume is over 1,000,000 m3. Graded perlite ore mined is transported to 

Inpro’s Waitakere factory for further processing. 

MSDS provided by Inpro describes perlite as an amorphous, hydrated glassy volcanic 

rock of rhyolitic composition, containing mainly fused sodium potassium aluminium 

silicate. Expanded perlite (pictured below in Figure 47) selected for testing in the 

current project is created by rapidly heating perlite to above 850°C. Rapid heating 

vaporises internal water causing the softened rock to expand, creating a porous, light 

weight structure with good water holding capacity. The expanded form is up to 25 

times the volume of the original ore. The specific gravity reduces from 2-2.1 g mL-1 as 

an ore to 0.055-0.30 g mL-1 in its expanded form, thus greatly reducing bulk density. 

The expanded form shows trace heavy metals because of its volcanic composition and 

has a moisture content of 0.3%. The organic content of the expanded perlite is <0.1%.  

Inpro states that its expanded perlite is beneficial for use in horticultural soil due to the 

following characteristics contributing to an ideal air-water balance in the soil structure: 

 High air holding capacity. 

 Provides adequate drainage. 

 Drought and saturation losses are reduced due to surface structure of perlite 

particle, which retains 3-4 times its weight in water without penetrating the 

particle. Any excess water will be expelled. 

 Plant root systems are more evenly distributed throughout the soil media. 

 Soil surface cracking and crusting is reduced or prevented. 

 Horticultural perlite has a neutral pH and will not noticeably affect the pH of the 

media (Perlite Institute, 2006) 
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Figure 47 

Expanded Perlite 

 

 

13.2 Organic Material 

Similar to the process used to identify LWA, searches for suitable organic components 

began with an Internet search in horticultural products. Final selection of materials 

relied on availability of materials, chemical analysis of components, and Dr. Simcock’s 

previous experience with developing a mix for the semi-intensive Waitakere City green 

roof. Organic components chosen for testing within the scope of this research include 

punga fibre (tree fern), sphagnum moss petal products and pine bark. Both tree fern 

and sphagnum have excellent decay resistant qualities, while sphagnum moss 

products are well known for their water holding qualities (Ultragro (NZ) Ltd, 2006).  

Multiple types of organic matter were investigated. A useful summary of the 

characteristics and suitability of various organic materials is provided by Friedrich 

(2003). 

13.2.1 Sphagnum Moss Petals 

Sphagnum moss petals are a product of the sphagnum moss drying process. The 

petals are swept off the floor after becoming detached from the strands of sphagnum 

moss during the drying process. These petals are then compressed into sheets and 

used as a growing medium in seedling planters. Once the compressed form is soaked 

and dried the petals take on a similar consistency to sawdust as pictured in Figure 48. 

Sphagnum petals were chosen over sphagnum moss because it was thought that the 

long strands of sphagnum moss would create preferential flow paths reducing 

stormwater mitigation (this theory was not tested). 

Sphagnum petals have the same physical and chemical properties as sphagnum moss 

and were chosen because sphagnum can hold up to 20 times its own dry weight in 

water and has a high CEC (Brown, 2006). Initial testing of sphagnum moss petals 

found that any moisture present in other components, such as pumice, would cause 

the petals to adsorb the moisture and clump together during the blending process. 

Clumping together of the petals creates a heterogeneous blend of substrate that is 

undesirable in a green roof. 



 

Extensive Green (Living) Roofs for Stormwater Mitigation 170 

 

 

Figure 48 

Saturated Sphagnum Moss Petals 

 

13.2.2 Punga Fibre 

Literature suggests that tree fern fibre or punga fibre has excellent decay resistant 

qualities, fixes more nitrogen and has high levels of aeration when compared with peat 

(Ultragro (NZ) Ltd, 2006). Contact with the supplier (Sutton Mosses Ltd) indicated that 

harvesting of their punga fibre had ceased. Further investigations failed to find an 

alternative supplier so it was decided not to include punga fibre as an organic 

component in the substrate testing. A chemical analysis of the punga fibre was 

performed regardless to ascertain its attributes compared with the literature and other 

organic components being investigated. An example of punga fibre is pictured below in 

Figure 49. 

Figure 49 

Punga (Tree Fern) Fibre 

       
 

13.2.3 Composted Pine Bark Pieces  

The composted bark investigated has been stockpiled in Nelson for a period of 15-20 

years where it has weathered into a stable state (Brown, 2006). Raw material is 

processed through a dryer at 900 oC, then through a stone separator and orbital 

screens producing three grades. The grades are ‚carpeted‛ to remove any long stringy 

material or sticks. The same process is repeated before bagging or bulk delivery. The 

grading process consists of five stages to produce a clean media that has a pH 6.5 
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with no apparent nutrient levels (Brown, 2006). The SS sized bark (2-5 mm) was tested 

in the current research and is pictured in Figure 50. 

13.2.4 Pine Bark Fines  

Pine bark is used in growing media because of its high internal porosity of around 43% 

which can store water for plants. Naturally composted bark also has a high CEC which 

benefits the growth of vegetation (Ultragro (NZ) Ltd, 2006). The pine bark selected for 

research is pinus radiata and is composted naturally through stockpiling over a period 

of 15-20 years. The fines are extracted from lumber when it is debarked prior to 

milling. The extracted bark is then screened to remove wood pieces and cambium 

(layer of generative tissue between bark and trunk) before grading (Brown, 2006). The 

pine bark is a reddish brown colour and is available in a range of grades. Research for 

this project has centred on a 0-3 mm grade (pictured in Figure 50), initially sourced 

from the Moutere River Company Ltd., in Nelson. The particular stock pile of bark is a 

double-waste product. Large pieces removed during grading are sold primarily as an 

orchid-growing media, whereas materials tested for green roof suitability is the 

remaining small fraction. The original source supply was later determined to be from 

Bark Processors (also in Nelson), which is discussed in more detail in Section 13.2.5. 

Pine bark fines from the Moutere River Company were purchased at $25 per cubic 

metre. Materials were donated for the research project, but cost $679 for shipping to 

the site for bulk blending for field trials in 2006. 

Figure 50 

(a) Composted Bark Pieces (2-5 mm); (b) Pine Bark Fines (0-3 mm). 

(a)  (b)  

 

          

13.2.5 Pine Bark + Mushroom Compost (aka Mushroom Bark) 

Consultation with Motuere River Company eventually revealed that the original pine 

bark source is owned and sold by Bark Processors (also in Nelson). Subsequent 

dealings were all directly with Bark Processors. Bark Processors supplies various 

organic products to major nurseries around NZ, and is likely the largest supplier in the 

South Island. Approximately 500,000 m3 of pine bark fines is available. It has been 

sitting in an outdoor pile for 30-50 years. It is therefore considered a very stable and 
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consistent product. The bark itself may have very little nutritional value, although the 

testing by the research team performed in 2006 suggested otherwise.  

Bark Processors regularly create various products based on customer needs. In 

general, when supplying a large scale nursery with something that might be used for a 

potting mix, pine bark is blended with compost from a nearby mushroom farm. The 

mushroom compost is considered to be a consistent product, unlike the generally 

unstable green waste compost. The blend is typically 1/3 compost + 2/3 pine bark. The 

company has its own large scale blending machines. The mix should supply nutrients 

for 12-18 months, by which time the plants ought to be supplying their own nutrients.  

Although a more local supplier (i.e., North Island) is likely desirable to reduce shipping 

costs, identifying a consistent and abundant supply is equally as important. Bark 

Processors regularly sends materials to Auckland. The raw materials are obtained at 

$15 per cubic metre. The pine bark + mushroom compost blend was selected for the 

current trials; it was called mushroom bark in laboratory notation. 

13.2.6 Sphagnum Peat 

Peat is the product of fossilisation of decayed vegetation matter from 1000 to 2500 

years. Sphagnum peat comes from peat mosses growing in the South Island. To 

protect its renewable character, its harvesting is based on a sustainable management 

program approved by New Zealand's Department of Conservation. Peat has desirable 

characteristics for application on a green roof: high water holding capacity, high air 

capacity, low bulk density and a high CEC. The final product is a milled sphagnum peat 

with a particle size of 0 to 30 mm, dried and compressed to 50% of final wetted 

volume and compacted in blocks. The blocks were broken into bits before mixing in 

the current trials. 

Although the current peat tested originates from the South Island, it is readily available 

in Auckland. North Island peat is derived from a rush-plant, which is coarser and not as 

beneficial to the plants as the sphagnum-derived peat from the South Island. 

13.2.7 Coir 

Coir is a thick coarse fibre obtained from the tissues of the outer shell of a coconut. 

The fibrous layer forms a strong, shock-absorbing mesh that is resistant to 

degradation. Coir is commonly used as a natural growing media in soil-less cultivation 

as well as a soil improver due to its excellent water and air retention properties. 

Product specification obtained from GROpacific (a Christchurch based company: 0800 

GROPACIFIC) indicates that coir is completely organic, it comes from renewable 

resources and it is a consistent and stable product. Cut, crushed coconut husks are 

treated with a calcium and magnesium solution to avoid build up of potassium and 

sodium in the final media. The material it is sun-dried until 15% moisture content is 

left. It is then segregated by particle size. No toxic material is used in the process of its 

production. 
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Unfortunately, all coir in NZ is imported; however, it was still considered due to its 

popular use in horticulture. 

Two types of coir were tested. The coarser chunky coir has a higher air/water 

proportion and is more permeable than the finer one. The coir currently tested was 

sourced from GROpacific. It comes as a dried block that only requires crushing prior to 

use. A North Island supplier of coir provides a material that requires soaking to leach 

salts prior to use. This added step for production was considered prohibitive in 

implementation, so the South Island supply was preferred for testing. 
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14 Appendix 2: Particle Size Distribution of 
2006 Substrate Blends 
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Figure 51  
Particle Size Distribution for 2006 Pumice Blends 
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Figure 52  

Particle Size Distribution for 2006 Zeolite Blends 
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Figure 53  

Particle Size Distribution for 2006 Expanded Clay Blends 
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15 Appendix 3: UoA Green Roof Construction Costs 
Table 32 

UoA green roof construction costs 

 

Material/Service Supplier Unit Cost 
 

Total Cost Costs exclusive of GST 

River gravel Stevensons  $     128.34  /m
3
  $            288.76  special price 

Drainage mat (Delta NP) Permathene  $       11.50  /m
2
  $         3,220.00  purchased in bulk rolls 2mx20m 

Misc sealing materials Permathene  $        6.60  /m
2
  $         1,004.29  unit cost for FPP liner only 

Timber edging Misc. 
  

 $         1,536.49   

Crane & operators NZ Crane Hire 
  

 $         4,345.00   

Traffic Management NZ Crane Hire 
  

 $         1,200.00   

Bin & Hiab for gravel pick up NZ Crane Hire 
  

 $            900.00  
pick up river gravel from Stevensons 
and skip for hoisting 

Installation - labour BHC 
  

 $         4,530.00  excludes 4 volunteers 

Drafting Student-A. Hood 
  

 $            150.00   

Consultation BHC 
  

 $            600.00   

Structural engineer evaluation Structure Design 
  

 $         3,025.00  
includes several meetings and 
evaluation of 2 sites 

Substrate blending Perry Aggregates  $     125.00  /m
3
  $         1,770.00  special price 

Substrate blending-expanded clay? Perry Aggregates  $     486.76  /m
3
  $         1,031.93  special price 

     
 

Media - Raw Materials 
    

 

Bark fines Moutere River Co.  $       25.00  /m
3
  $            100.00   

Pumice 4-10 mm Inpro  $       24.00  /m
3
  $            264.00    

Pumice 1-7 mm Inpro  $       24.00  /m
3
  $              48.00   

Zeolite  BP Minerals  $     256.00 /m
3
  $            768.00   
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Table 32 (Continued) 
 

    
 

Media - Shipping/Freight 
    

 

Bark fines - shipping to Perry's Moutere River Co.  $     165.67  /m
3
  $            679.25  

unit cost estimated from 2 separate 
shipments 

Pumice - bulk bagging Inpro  $       25.00  /bag  $            325.00  cost for actual bag itself 

Pumice - freight to Perry's  Inpro  $       35.00  /bag  $            140.00   

     
 

Plants 
    

 

sedum plugs @~18 plugs/m
2
 BHC  $       19.44  /m

2
 

 

unit cost estimated from bulk charge 
at $0.75 each 

sedum mat BHC  $     150.00  /m
2
  $        30,000.00   

natives @~18 plants/m
2
 BHC+Robyn  $       40.06  /m

2
 

 

unit cost estimated from bulk charge 
at $2.75 each 

     

 Note: had to purchase more plants 
than were actually used.  

TOTAL 
   

 $        55,925.72   

unit cost (/m
2
) 

   
 $            239.00   
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Table 32 (Continued) 
 

    Total number of sedum plugs 
(approx) 

    330 each of Sedums Purpreum, Casa Blanca, Reflexum, Espanicum (Major and Minor), Gold Mound, 
Mexicana and Kamtchoticum 

     Total number of natives delivered to site as follows; 
   272 Disphymae (ice plant) plugs 

 
Scientific name (common name) 

300 Disphymae (ice plant) tubes 
 

Disphyma australe 
 245 Libertia tubes 

 
Libertia peregrinans (NZ iris) 

115 Festuca Banks peninsula blue tubes Festuca 'Banks Peninsula Blue' 

115 Comprosma Hawera 
 

Coprosma acerosa 'Hawera' (sand 
dune Coprosma) 

115 Acaena Pupurea tubes 
 

Acaena microphylla 'purpurea' 
(bidibid) 

115 Liptenella Plugs 
 

Selliera radicans 
 Added from other sources Source 

   

 
wildings Crassula sieberiana  

 
wildings Pyrossia serpens 

 

 

divisions of nursery 
plants Mazus pumilo 
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16 Appendix 4: Adventive Species of the UoA 
Extensive Green Roof 
Most photos were taken in November 2008, showing early summer foliage under 

minimal moisture stress when plants were 2.5 years old (exception, Festuca coxii, 

where adventive seedlings are shown. Libertia peregrinans is absent.  

 

Figure 54  

Adventive species of the UoA extensive green roof 

 

Polycarpon tetraphyllum 

allseed  

 

Veronica persica 

 

Euphorbia peplus 

milkweed 

 

Sagina procumbens 

pearlwort 

 

Epilobium ciliatum 

 

Senecio vulgaris common 

groundsel code 

Prunella vulgaris Parentucellia viscose 

tarweed  

Senecio skirrhodon gravel 

groundsel 
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Cerastium fontanum 

mouse-eared chickweed 

 

Cymbalaria muralis ivy-leaf 

toadflax 

 

Liverwort 

 

Lotus suaveolens hairy 

trefoil 

 

Lotus pedunculatus greater 

bird‟s-foot-trefoil  

 

Trifolium repens white 

clover 

 

Taraxacum officionale, 

dandelion 

 

Picris echioides bristly 

oxtongue 

 

Sonchus oleraceus 

sowthistle 

Plantago major hawbit   

 

Leontodon officinale 

broadleaved plantain 

 

Conyza albida fleabane 
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Poa annua annual 

meadow grass 

 

Isolepis sernua   
Oxalis corniculata horned 

oxalis 

 

Plantago lanceolata 

 
 
Paspallum dilatatum  

 

  
   
Auckland University Roof Adventive Plants, July 2008 
** = dominant weeds by % cover 
Cardmine hirsute **    Cerastium fontanum ** 
Conyza albida     Epilobium ciliatum 
Euphorbia peplus    Festuca rubra ** 
Geranium molle     Lotus pedunculatus   
  
Oxalis corniculata     Paspallum dilatatum  
Plantago lanceolata     Prunella vulgaris  
Poa annua     Polycarpon tetraphyllum ** 
Segina procumbens    Senecio skirrhodon 
Senecio vulgaris    Sonchus oleraceus  
Taraxacum officionale    Veronica persica** 
 

 

 



 

Extensive Green (Living) Roofs for Stormwater Mitigation                                                                                       184 

    

 

17 Appendix 5: Suggested Plant Species for 
Auckland Green Roofs  
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Top 40 species for Green 
Roofs 100 to 300 mm depth 
in the Auckland Region *** 
read with accompanying 
notes ***

1 Acaena species Piripiri Ground Cover ** 0.2 1 Y Y Y Y Y Y Various coloured foliage (purple, red, green with attractive spikey balls of seed heads). 

Vigorous groundcover. 

2 Anaphaloides bellidiodes Everlasting flower Ground Cover * 0.2 0.5 Y Y N Y Y White conspicious daisies flower in summer. Main stems are prostrate and root.

3 Apodasmia similis Oioi,  Jointed Rush Sedge & Rush-

like

1 1

Y Y N Y Y Y

Very hardy and spread moderately slowly through rhizomes. 

4 Arthropodium species Rengarenga Lily & Iris-like # 1 0.8 Y Y Y Y N N White flowers (spring) and strap-like grey-green glaucous foliage. Frost tender. Coastal. 

Clump-forming

5 Astelia banksii Wharawhara Lily & Iris-like * 1 1.5 Y Y N Y N N Fine silver flax-like leaves. Coastal. Clump-forming

6 Blechnum penna-marina Alpine hard fern Fern 0.2 1 Y Y Y Y Y Y Forms a dense mat. Very hardy in both sun or shade. An excellent ground cover.

7 Calystegia soldanella Shore bindweed, 

rauparaha

Ground Cover ** 0.1 5 Y N N Y N N Coastal ground vine with large bright green leaves, deciduous with large mauve to pink 

flowers in summer.

8 Carex pumila Blue dune sedge Sedge & Rush-

like

0.3 2 Y N N Y Y Y Vigorous rhizome spreading sand sedge. Sunny well drained site

9 Carex raotest Orange dune sedge Sedge & Rush-

like

0.6 1 Y Y Y Y Y N Bright green-orange coastal tussock. This handsome and hardy tussock is ideal for sun 

or shade and most soils.

10 Centella uniflora Ground Cover 0.1 1 Y Y Y Y Y Y Common hardy ground cover. Fast growing. Forms tough mats in lawns or rockery.

11 Coprosma acerosa Coastal coprosma Ground Cover ** 0.4 1 Y Y N Y Y N Sprawling coastal plant with wiry orange branches, small green leaves and round fleshy 

fruit. Varying colours, height and density of branches from different eco-sourced plants.

12 Coprosma brunnea Ground Cover 0.4 1 Y Y N Y Y N Openly sprawling coastal ground cover. Blue berries amongst dark brown foliage.

13 Coprosma pumila Ground Cover 0 0.5 Y Y N N Y Y For wetter sites. Grows in high montane grasslands and herbfields, forming mats in 

damper sites. Provide full sun and plenty of moist humus.  Also consider C. petrei, as a 

slow-growing mat.

14 Dichondra brevifolia Mercury Bay 

groundcover

Ground Cover ** 0 1 Y Y N Y Y Y Very flat ground cover suitable for a 'lawn' look. Coastal. Far-creeping and will crawl 

beneath Coprosma acerosa and amongst Libertia, so useful to colonise bare spaces.

15 Disphyma australe Native Iceplant Ground Cover ** 0 1 Y N N Y N N Coastal creeping succulent forming mats. Large white-pink-mauve flowers (summer). 

Frost tender. Self-seeding. Has been susceptible to near-complete dieback in the second 

year on two trial roofs.

16 Doodia australis Pukupuku Fern 0.3 0.5 Y Y Y Y Y N Short creeping. Pink new fronds in the sun. Good pot plant. Very hardy fern in sunny, dry 

conditions. Was named Doodia media.

17 Einadia triandra Herb 0.1 1 Y Y N Y Y N An endemic coastal plant from throughout NZ. Bright red berries provide food for lizards 

and birds.

18 Festuca actae Banks Peninsular 

Festuca

Tussock 

Grass

* 0.3 0.4 Y Y N Y N N Endemic to Banks Peninsular. Fine blue colour, with a graceful form.

19 Festuca coxii Chatham Island Blue 

Grass

Tussock 

Grass

** 0.4 0.5 Y Y N Y Y N Fine, rolled blue-grey leaves with graceful seed heads.  Seeds will establish as new 

plants. Outstanding survivor on two trial roofs. 

20 Festuca matthewsii Blue Grass Tussock 

Grass

# 0.3 0.3 Y Y N Y Y N Keeps good colour and vigour with graceful seed heads.

21 Ficinia nodosa Knobby club rush, 

Wiwi

Sedge & Rush-

like

# 1.5 1.5 Y Y N Y Y N A fine green-orange sedge that forms fountain like clumps on dry rocky coastal 

headlands. Self-established on trial greenroofs.  Formerly called Isolepis nodosa.

22 Hebe obtusata Waitakere coastal 

hebe

Shrub * 0.5 1 Y Y N Y Y N Prostrate habit; bright-green leaves. 'Bottle brushes' of mauve flowers (summer-winter). 

Found on windy cliff sites on Auckland's West Coast.
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23 Hibiscus diversifolius Shrub 1.5 2 Y Y N Y N N Select the prostrate form. Large yellow flowers . Coastal. Frost tender.

24 Hydrocotyle species Ground Cover 0.1 1 Y Y N N Y N Far-creeping ground covers with soft herbaceous foliage. Very attractive and tropical-

looking. Have great landscaping potential.

25 Leptinella aff. Dioica Shore Leptinella Ground Cover # 0.1 1 Y Y Y N Y Y Also L. perpusilla.  Feathery, soft spreading groundcovers suitable as mown lawn 

alternatives.  L. dioica is extremely variable.  Coastal, including margins of saltmarshes, 

and inland up to 1000 m a.s.l..

26 Leptospermum White Prostrate Manuka Ground Cover 0.5 1.5 Y N N Y Y N Very attractive weeping habit. White flowers (spring and autumn). Ensure the most 

prostrate forms are selected from the driest sites.

27 Leptostigma setulosa Ground Cover ** 0.1 0.5 Y Y Y Y Y Y Small green leaves creates slight mounds to 0.1 m high. Vigorous and resprouts from 

summer dieback. Tolerant of wide range of conditions.

28 Libertia cranwelliae Native Iris Ground Cover ** 0.4 1 Y Y Y Y Y N Also Libertia peregrinans . Variety of leaf colours from green to yellow to orange. Spread 

slowly by rhizomes.  C. 20 mm wide white flowers (Spring) on short  flower spikes. 

Attractive orange pods remain on the plant for months.

29 Lobelia anceps Punakuru Ground Cover 0.1 0.3 Y Y Y Y Y Y Dark green creeping foliage. Light pink-mauve flowers (spring-autumn). Easy to grow in 

sun and drier soils.

30 Microlaena stipoides Rice Grass Grass 0.3 1 Y Y Y Y Y N Finer-leaved grass than M.avenacea. Vigorous gowth. Turf forming. A taller lawn 

alternative than other species; may be perceived as 'weed-like' in mixed plantings.

31 Microsorum pustulatum Hounds Tongue Fern 0.3 1.5 Y Y Y Y N N Fern with distinctive thick glossy bright green leaves. Slow to establish and spread. 

Climbs over rocks and up trees.

32 Muehlenbeckia axillaris Pohuehue Ground Cover ** 0.2 1 Y Y N Y Y N Forms a dense dark green mat of interlaced branches with small white/green flowers 

(summer) and fleshy opaque fruits. 

33 Oplismenus hirtellus Basket Grass Grass 0.2 3 Y Y N Y Y Y Prostrate grass with a loose spreading habit. Will tolerate light foot traffic.

34 Pimelea species Toroheke, NZ daphne Ground Cover ** 0.2 1 Y Y Y Y Y N Pointed grey to green foliage.  Choose the most prostrate forms to achieve a dense, 

weed- and wind- resistant mat.  Clusters of white flowers (spring-autumn).

35 Polytrichum juniperinum Moss Moss # 0 0.2 Y Y Y N Y Y Prefers sheltered and shady conditions but is tolerant of more open sites as well.

36 Pteris tremula Turawera Fern 1 1 Y Y Y Y Y N Easy to grow vigorous fern, often colonises under decks or in rockeries. Good hardy pot 

plant.

37 Rubus x Barkeri Bush lawyer hybrid Ground Cover 0.2 2 Y N N Y Y N Reddish-brown trifoliate foliage on this sterile hybrid makes a good groundcover. 

Vigorous and slightly prickly.

38 Scandia rosifolia Native Angelica Shrub # 1 1.5 Y Y N Y Y N Aromatic glossy dark green foliage. Dill-like flower head. Probably stunted to <0.5 m 

height on green roofs.

39 Selliera radicans Ground Cover ** 0 2 Y Y N N Y Y Small, strap-like, bright green foliage develops lush, carpet-like undulating 'lawns'.  

Variable leaf size and shape. White scented 7 to 10 mm flowers (summer). Drench with 

salt water to control weeds.

40 Tetragonia implexoma Ground Cover * 0.1 1 N Y Y Y Y N Semi-succulent bright green leaves turn yellow/red when stressed. Large red berries. 

Coastal. Prefers some shade.

41 Trisetum arduanum Grass 0.3 0.3 Y Y N Y Y N A coastal plant that likes to be on cliffs. Attractive flower heads. Foliage usually hangs 

down slopes of cliffs. Uncommon for the Auckland area.

Annual or semi-annual species 

suited for living roofs or roofs 

planned for summer dieback 

(seasonal bare ground)

1 Crassula sieberiana ground cover * 0.1 0.1 Y Y Y Y Y N Green feathery herb forming dense patches in winter and spring; insignificant flowers and 

fruit. Some other native crassulas are perennial.

2 Haloragis erecta Toatoa Herb 1 1 Y Y Y Y Y N Spreading bright green bushy species. Very hardy, fast growing but probably best treated 

as an annual on green roofs.
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3 Hibiscus richardsonii Puarangi Herb 0.5 0.3 Y Y N Y N N Previously known as Hibiscus trionum this yellow flowered Mercury Islands form is now 

recognised as the true native species. Easy to grow.

4 Whalenbergia albomarginata NZ bluebell herb * 0.2 0.3 Y Y N Y Y N Attractive mauve flowers on thin stalks above a dense mound of vegetation; spreading 

Additional species worth 
trialling, especially for roofs 
with less moisture stress 
(deeper and/or irrigated)

Anemanthele lessoniana Gossamer Grass Grass 0.8 1.3 Y Y N Y N N Forms large, fine-leaved tussocks. Fine pink feathery flower head.

Asplenium haurakiense Hauraki Asplenium Fern 0.5 0.5 Y Y Y Y N N Although best in shade it is an incredibly tough fern for those hot dry sunny places that 

very few ferns can survive in. It loves rich guano or compost and makes a great pot plant. 

Coastal rock dweller it forms a dense clump of hundreds of fronds.

Asplenium obtusatum Fern 0.3 0.4 N Y N Y N N A coastal fern. Lush green  prefers dry dappled shade. An excellent pot plant.

Atriplex cinerea Silver salt bush Ground Cover 0.7 2 Y Y N Y N N Low spreading dense bush. Silvery grey foliage. Coastal. Keep well pruned.

Bromus arenarius Grass 0.4 0.4 Y Y N Y Y N This is a rare annual grass with glaucous leaves with soft hairs all over it. The flower 

heads are delicate and drooping.

Carex hectorii Sedge & Rush-

like

0.2 0.3 Y Y N N Y Y An attractive alpine Carex with blue-green foliage. Shortly rhizomatous, loosely tufted 

sedge of open damp ground in tussock grassland, or fringing cushion bogs, tarns and 

ponds.

Carex muelleri Sedge & Rush-

like

0.4 0.2 Y N N N Y Y This is an attractive erect rather brick coloured sedge. Slow growing and has good 

landscaping potential.

Celmisia major Herb 0.2 0.2 Y N N Y N N Normally Celmisia are alpine plants, but this form is coastal. Full sun, rocky well drained 

situation. Not always available.

Centipeda species New Zealand 

sneezewort

Herb 0 0.3 Y N N N Y Y An opportunist herb that colonisers the beds of freshly drained dams and ponds . It is 

shortlived but seeds rapidly to recolonise other damp areas. Recently recognised as a 

distinct species endemic to New Zealand.

Cheilanthes species Rock Fern Fern 0.2 0.3 Y N N Y N N Small dark green fern with linear fronds. Short creeping. Frost hardy. Lives in full sun on 

dry rocks. Seldom available.

Chionochloa bromoides Coastal tussock Grass 0.5 0.8 Y N N Y Y N Northern coastal tussock with lax flower spikes. Normally hangs on cliffs in full sun or 

under shade of Pohutukawa.

Chionochloa conspicua Hunangamoho Grass 1 1 Y Y N Y Y N Tall open flowering spike. Broad Toetoe-like foliage. Sun or light shade and dry to moist 

soils.

Corokia cotoneaster North Cape Ground Cover 0.4 0.6 Y Y N Y N N An amazingly slow growing Corokia from North Cape. It remains low and will hang over a 

cliff - but it takes ages.

Crassula ruamahanga Ground Cover 0 0.5 Y Y N N Y Y An opportunistic species which can be expected to occur in any suitably damp, open 

habitat.

Dichelachne inaequiglumis Grass 0.6 0.4 Y Y N Y Y N When in flower this grass looks beautiful due to its grace and detail. Ours is sourced 

from Waitakere and it is a threatened species for the Auckland area.

Disphyma papillatum Chatham Is. Iceplant Ground Cover 0 1 Y N N Y N N Small-leaved iceplant from the Chatham Islands with a dense habit. Ideal for rock 

gardens or hanging over walls.

Elymus solandri Blue Grass Grass 0.2 0.4 Y Y Y Y N N Stunning blue-grey foliage that forms wide clumps. Coastal.

Epilobium species Herb 0.7 0.5 Y Y Y Y Y Y Several species will tolerate rooftop conditions. Rapid growing and selfseeding the 

population will fluctuate.

Eryngium vesiculosum Sea holly, coastal 

eryngo

Herb 0.1 0.5 Y Y N Y Y Y Matt green groundcover with prickly leaves. Dense and fast-growing.
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Euphorbia glauca Herb 0.5 2 Y Y N Y Y N Colour varies from pastel green to vivid blue-grey foliage. Coastal plant of ecological 

importance with a wide creeping habit. The species is now in serious decline due to 

coastal development and weed competition.

Festuca novae-zelandiae Tawny tussock Grass 0.4 0.4 Y Y N Y N N Fine-leaved tufted, tawny tussock. Spiky in habit.

Fuchsia procumbens Creeping fuchsia Ground Cover 0.2 2 Y Y N Y Y N Creeping habit will cover large areas prefers light shade. Large pink berries (autumn). 

Good hanging pot plant.

Geranium species Herb 0.2 0.4 Y Y Y Y Y N Branches trail along the ground bearing small white/pink flowers. Best for natural 

plantings or collections.

Gonocarpus species Herb 0.2 1 Y Y N Y Y N Hardy mat-forming groundcovers that tolerate impoverished soils. Often develop an 

intense red colour.

Hebe elliptica prostrate Ground Cover 0.3 1.5 Y N N Y N N A low coastal Hebe suitable for the edge of garden borders.

Hebe pimeleoides Shrub 0 0 Y N N Y N N Occurs in exposed rocky outcrops and cliff faces. Small bushy shrub growing up to 70cm 

tall. Inflorescences have between 4 and 12 flowers. The flowers are mauve but fade to 

pale pink (or almost white) after pollination.

Hebe speciosa Shrub 1 0.8 Y Y N Y Y N Dark green foliage. Magenta flowers in winter. Grows mainly on West Coast headlands 

and needs windy, sunny, dry sites. A threatened habitat means this species is 

endangered.

Hebe treadwellii Shrub 0.5 0.5 Y N N Y Y N Alpine species with dark green leaves. Occasional white flowers. Grows naturally west of 

the main divide in subalpine shrubland. Synonym Hebe brockiei.

Heliohebe hulkeana Shrub 0.5 1.5 Y Y N Y Y N Strikingly handsome long lavendar flower spikes set against glossy purple-green foliage. 

Spreading shrub  from the rocky windswept  Seaward Kaikoura Ranges.

Hypericum aff japonicum Herb 0 0.4 Y Y Y Y Y Y This is an unclassified species from the Central Plataeu area. It is a collectors plant and 

may be one of New Zealands rarest plants. Limited avaliability.

Lachnagrostis billardierei Wind Grass Grass 0.3 0.3 Y Y N Y Y N A blue/green grass with dense fairy-land like flower heads. Fast growing and hardy. 

Usually found on sand dunes and cliffs.

Lachnagrostis filiformis Wind Grass Grass 0.5 0.3 Y Y N Y Y Y This is a grass that’s good for natural plantings as it will seed everywhere and grows 

rather sparsly. However it is a grass that is being pushed out of its habitat in Auckland 

and should be spread around.

Lagenifera montana Herb 0 0.3 Y Y N N Y N A rare species of daisy that forms dense patches in friable soil in shady areas. Thin light 

green leaves with tiny white flowers. Grows reasonably well in warmer areas but does not 

like competition.

Lepidium oleraceum Cooks scurvy grass Herb 0.3 0.4 Y Y N Y Y N Edible herb. White flowers, and glossy serrated leaves. Coastal. Demands high nutrients 

such as guano.

Leptospermum Wairere Manuka Ground Cover 0.3 0.8 Y N N Y Y N Prostrate manuka. Single pale pink flowers (summer). Cascading habit.

Lobelia Woodhill Ground Cover 0 0 Y Y Y Y Y N A recently described form from Woodhill. Previously included in the genus Pratia.

A rapid spreading groundcover with attractive white flowers and pink fruit.

Ophioglossum petiolatum Herb 0.2 0.3 N Y N N Y N A rare summer-green relative to ferns. Vulnerable to slugs and pests . Rather attractive. 

Usually found around bogs and swamps.

Pachystegia insignis Marlborough rock 

daisy

Shrub 0.5 0.5 Y N N Y N N Bold silver/grey foliage. White daisy-like flower (summer). Needs good drainage

Paspalum orbiculare Grass 0.4 0.3 Y Y N Y Y N A rare non invasive species. Soft green clumping leaves with slightly red bases. Does not 

self seed everywhere.

Pellaea rotundifolia Button Fern Fern 0.3 0.3 N Y N Y Y N Drought tolerant but grows better in moist free draining soil. Slow creeping habit.

Pellaea falcata Fern 0.4 0.4 N Y N Y Y N Drought tolerant but grows better in moist free draining soil. Slow creeping habit.

Peperomia blanda Herb 0.3 0.4 N Y Y Y Y N A rare species from the Kermadec Islands. Larger than other native species. Light green 

leaves 2x 3 cm, with flower spikes up to 5 cm long. Fast growing and easy but rather cold 

sensitive. Very tropical and attractive.

Peperomia urvilleana Herb 0.2 0.3 N Y Y Y Y N Shiny, succulent leaves. Slow spreading. Frost tender. Coastal rock faces in shade.
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Pittosporum cornifolium Tawhiri karo Shrub 2 1 Y Y Y Y Y N Open habit. Interesting leaf arrangement (whorls). Often epiphytic on trees or on rocks. 

Has sweet scented red flowers and the open capsules are orange. Fast growing.

Pittosporum pimeleoides Shrub 1.5 0.4 Y Y Y Y Y N This is a compact column forming shrub with dense light green leaves and very sweet 

scented flowers. An endangered species from Northland.

Plantago species Native Plantain Herb 0 0.1 Y Y N Y Y Y Compressed forms making interesting low rosettes. Self seeds. Does well in rockery.

Poa cita Silver tussock Grass 1 1 Y Y N Y Y N Graceful silver  tussock grass. Thrives in poor soil and dry sunny conditions.

Pyrrosia eleagnifolia Leatherleaf Fern Fern 0.1 0.3 Y Y Y Y N N Creeping epiphyte on tree trunks, branches, or on coastal rocks. Thick, simple fronds 

and very hardy.

Raoulia hookerii Scabweed Ground Cover 0 0.3 Y N N Y Y N Alpine species. Silver foliage. Needs good drainage and full sun in a rock garden.

Scleranthus biflorus Herb 0.1 0.5 Y N N Y Y N Intriguing, conspicuous bright yellow-green mounds on rocks and coastal cliffs. Provide 

full sun and gritty soil. It is not a moss.

Sicyos aff. australis Herb 5 5 Y N N Y N N This is the native cucumber from Auckland's offshore Islands. It is fast, rare and an 

interesting annual.

Sonchus kirkii Puha Herb 1.5 0.5 Y N N Y Y N Broad silver-green edible foliage. Very fast growing. Bears yellow daisy-like flowers. 

Endangered.

Trisetum antarcticum Grass 0.4 0.4 Y Y N Y Y N An attractive rare grass for difficult conditions like rock gardens or coastal areas. May not 

get to same size in cultivation as in the wild.

Vittadinia australis Herb 0.2 0.2 Y N N Y N N A glaucous leaved plant that has cute little white daisy flowers. A threatened species. 

Usually found by coast.

Zoysia minima Grass 0.1 1 Y N N Y Y N This grass is good for species enhancement projects and erosion control. Spreads by a 

robust rhizome.
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