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Acronyms and Abbreviations
ANOVA

One-way analysis of variance

ASTM

American Society of Testing Materials

BD

Bulk density

CAM

Crassulacean acid metabolism

CAN bark

CAN bark is a composted product manufactured from screened bark sourced
from plantation-grown Pinus radiata and sourced from ports, timber mills and
other log storage areas.

CEC

Cation exchange capacity

CR

Control roof

Cu

Copper

DCu

Dissolved copper

DZn

Dissolved zinc

EMC

Event mean concentration

ET

Evapotranspiration

FLL

The German green roof design standards which translate to: Guidelines for the
Planning, Execution, and Upkeep of Green-Roof Sites (2002; 2008)

LID

Low impact design

LN

Natural logarithm

LR

Living roof

LWA

Light-weight aggregate

NOx

Nitrate + nitrite nitrogen

ORD

Orifice restricted device

PSD

Particle size distribution

RO

Reverse osmosis

SRP

Soluble reactive phosphorus

TCu

Total (recoverable) copper

TKN

Total Kjeldahl nitrogen

TN

Total nitrogen

TP

Total phosphorus

TSS

Total suspended solids

TZn

Total (recoverable) zinc
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UoA

University of Auckland

WCC

Waitakere City Civic Centre

WLS

Watercare Laboratory Services

WSD

Water sensitive design

Zn

Zinc
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Executive Summary
Since 2006, several living roofs (a.k.a. green roofs) have been designed, constructed, and studied
across Auckland through support from the former Auckland Regional Council, former Waitakere City
Council, and the Foundation for Research, Science, and Technology. The primary goal of the research
programme was to link extensive living roof design to stormwater management performance (quality
and quantity), thereby promoting design guidance for reliable stormwater management. The term
‘living roof’ was adopted (rather than ‘green roof’) in recognition that plants play a vital role in the
system’s ability to provide environmental and aesthetic benefits. As such, the research program also
documented plant performance in relation to system design (namely substrate [growing media]
characteristics and depth) and measured its effects on the living roof water budget.
The current report documents performance monitoring of up to almost seven years of the extensive
living roof constructed on the roof of the University of Auckland’s (UoA) Faculty of Engineering, five
years of the four “mini” living roofs at Landcare Research (the Tamaki mini-roofs), seven years of the
Waitakere City Civic Centre (WCC) living roof and the Auckland Botanic Gardens living roofs. This
document provides results and analysis of:










Continuous runoff quantity monitoring from four living roof systems (UoA, Tamaki mini-roofs
[two configurations of living roof] and WCC) compared to modelled or monitored
conventional roofs at each site over 8-28 months, depending on the site;
Water quality monitoring of eight storms from each of the Tamaki mini-roofs and WCC living
roof compared to conventional roofs at each site;
Design and construction of the Auckland Botanic Gardens living roofs at Potter’s Children’s
Garden (2010) and the retrofit of the WCC living roof (2009).
Substrate chemical and physical characteristics for all living roofs, including changes over
time and indicators for living roof runoff water quality;
Long-term plant performance on all of the systems, including the effects of substrate
chemistry and physical characteristics, irrigation, fertilization;
Testing and assessment methodologies for candidate components, particularly substrate
materials;
Evapotranspiration measurement and modelling;
Demonstration of a physically-based process model suitable for continuous simulation of
living roof hydrology.

The UoA living roof demonstrated 67% rainfall retention over a 28-month continuous monitoring
period, and 56% retention compared to a conventional roof (modelled as a gravel ballast roof).
Compared to a Colour Steel roof, the 100-mm depth Tamaki mini-roofs demonstrated approximately
39% cumulative runoff retention, while the 150-mm mini-roof retained 53% over approximately two
six-month periods. The WCC living roof showed 57% cumulative retention vs. a conventional roof
with torch-on membrane over an eight-month period. Differences in performance were largely
attributed to differences in overall monitoring periods: when compared over a four-month period
when all four living roofs were monitored concurrently, there were no differences amongst the
magnitude of runoff depth or runoff retention compared to conventional oofs. There were
statistically significant differences in the magnitude peak flow, and the percent peak flow reduction
compared to conventional roofs, which was attributed to the flow path length through the
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underlying synthetic drainage layer to the gutter. Research into granular drainage layers is
recommended to determine if peak flow control can be enhanced for installations with short flow
paths.
On an event-by-event basis, runoff depth and peak flow from all living roof systems monitored were
consistently significantly lower than rainfall and/or conventional roof runoff. For storms with at least
2 mm of rainfall, median runoff retention ranged amongst 76% (UoA), 56% (100 mm Tamaki), 66%
(150 mm Tamaki), and 72% (WCC). Median peak flow reduction ranged amongst 90% (UoA), 62%
(100 mm Tamaki), 74% (150 mm Tamaki), and 84% (WCC). During the majority of rainfall events,
which is dominated by small storms, there was no meaningful runoff from any of the living roofs
monitored. The excellent performance of living roofs in Auckland is attributed to a combination of
substrates designed with high water-holding capacity, good plant coverage, and the predominance of
small yet frequent rainfall events. Slightly reduced retention performance on an individual-event
basis was observed during very large storms (e.g. greater than 75 mm rainfall) and in winter when
evapotranspiration was suppressed; however, significant runoff reductions were always observed
compared to conventional roof surfaces. Likewise, peak flows were always well-controlled.
Several substrate chemistry parameters showed potential to influence runoff water quality from
living roofs. Nitrogen and phosphorus in runoff appeared to be linked primarily to carbon: nitrogen
ratios, Olsen phosphorus, and cation exchange capacity as well as total carbon, total nitrogen, and
total phosphorus measures. Phosphorus did not seem to be limiting in any of the substrates tested;
rather surplus soluble phosphorus was detected in living roof discharge. Greater understanding of
runoff chemistry is required, particularly in terms of nitrogen speciation as it contributes to leaching.
The goal would be to develop indicators for substrate composition that might prevent or minimize
contaminant leaching, and to understand the interactions amongst these potential indicators
(particularly between cation exchange capacity and carbon:nitrogen ratios). As both nitrogen and
phosphorus in living roof runoff occurred typically at orders of magnitude greater than from adjacent
conventional roofs monitored, the hydrologic mitigation, while substantial, does not fully
compensate to reduce the total nutrient load in the living roof runoff. Heavy metals in living roof
runoff was largely affected by non-living roof building materials and the possible presence of residual
copper from fungicides, pesticides, etc. in substrate organic matter. Generally, heavy metals levels
did not differ between living roof and control roof runoff. In this case, the significantly reduced living
roof hydrology suggested that the cumulative load to a receiving water should be lower than a
conventional roof. Suspended solids were detected at less than ~5 mg L-1 from all of the roofs
monitored, suggesting that substrates do not contribute meaningful sediment in roof runoff and
overall, sedimentwas not problematic from any of the roofs monitored. Research is needed to
characterise Auckland’s rainfall quality to gain further insight into living roof runoff quality.
Scientific evaluation and practical implications of physical characteristics, quality control of the
sourcing and blending of raw materials, cost, and maintenance were considered in developing
substrate recipes. A blend of 70% v/v 4–10-mm pumice, 10% v/v 1–3-mm zeolite, and 20% v/v
composted pine bark emerged as the preferred substrate from the testing described in Fassman et
al. (2010). Minor modifications to the recipe were made for the Auckland Botanic Gardens living
roofs, using 80% v/v 1–10-mm pumice, 5% v/v 1–3-mm zeolite, 10% v/v CAN bark, and 5% v/v cococoir fibre. CAN bark is a composted product manufactured from screened bark sourced from
plantation-grown Pinus radiata and sourced from ports, timber mills and other log storage areas.
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Substrates can (and will) be developed using different raw materials in different proportions to
achieve different design intents and for different climates. Consistent testing procedures with
meaningful outcomes are required to promote consistent stormwater management and reduce
perceived components of risk. Laboratory determination of plant available water by tension plate
testing over 10-1500 kPa gave a reasonable estimate of maximum event-based stormwater retention
for planning purposes, as well as an indication of potential irrigation requirements (or lack thereof).
Permeability testing according to FLL (2002 or 2008) or ASTM E2399-11 (2011) did not replicate insitu permeability by double-ring infiltrometry methods, yet substrates that exceed 0.05 cm s-1
permeability are considered unlikely to create waterlogged conditions and are likely to provide
adequate aeration for plants. Bulk density can be measured using a number of standard methods.
Case studies of 8 living roofs over a range of scales (full, shed, small plot) were used to document
changes in the plant communities over several years’ growth in most cases. Factors ranging from
substrate fertility, roof shading or aspect, moisture availability, and proliferation of adventive species
were investigated. Plant establishment method, surrounding landscapes and land uses, and project
objectives influence the initial and long-term maintenance regimes. Potentially problematic
adventive species were identified.
International studies show a clear relationship between substrate depth and plant cover, diversity
and height, and risk of inadequate or unwanted plant cover (Dunnett et al. 2008; Thuring et al. 2010).
Research results in Auckland supported this conclusion for native plants, and adventive plants.A
range of non-native sedum species had similar cover and diversity when grown in 50 or 70 mm depth
on the UoA living roof, but were smothered with adventive weeds in the deeper (150 mm) Tamaki
mini-roof. The sedums survived extreme drought and retained high aesthetic values, as did many
other succulent plant species trialled at Tamaki and UoA (e.g., Echeveria, Crassula and Delosperma
species), and some bromeliads. Only four perennial native species trialled showed similar resilience
at depths of 100 mm in full sunlight, Festuca mathewsii, F. coxii, Hebe obtusata and to a lesser
extent, Astelia banksii and Disphyma australe. Disphyma australe was attacked by fungus and scale
insects on all three living roofs. Summer drought stress reduced the diversity and competitiveness of
adventive weeds.
All trial living roofs, initially planted at a density of 18 plugs m-2 exceeded the FLL (2002) minimum
standard of 60% vegetative cover within two years, however, in the absence of irrigation, severe
droughts caused mortality that reduced plant cover below 60% on the WCC living roof and the
100 mm Tamaki mini-roof planted only with natives. While substrate depth didnot have a significant
impact on long-term stormwater retention in Auckland, it did influence the extent of native plant
cover and aesthetics of a living roof through restricting plant species selection and exacerbating plant
dieback in the absence of irrigation. For new buildings with roofs exposed to full sun, a minimum
substrate depth of 100 mm or ability to irrigate, and/or a high proportion of succulents, sedums or
bromeliads, and/or creating afternoon shade is recommended.
Altogether, laboratory coupled with field monitoring proved that extensive living roofs can be
designed to substantially reduce or prevent runoff-related environmental impacts in Auckland.

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

v

Table of Contents
Acronyms and Abbreviations

i

1.0

Introduction and Objectives

17

2.0

Runoff Hydrology and Water Quality: Study Sites and Analysis Methodology

20

2.1

University of Auckland Living Roof

20

2.1.1 Monitoring equipment configuration

21

2.1.2 Hydrologic data analysis

21

2.1.3 Water quality monitoring and analysis

22

2.2

22

Tamaki mini-roofs

2.2.1 Monitoring equipment configuration

23

2.2.2 Hydrological monitoring and analyses

25

2.2.3 Water quality monitoring and analyses

26

2.3

27

Waitakere city civic centre

2.3.1 Monitoring equipment configuration

30

2.3.2 Hydrologic monitoring and analysis

32

2.3.3 Water quality monitoring and analyses

32

3.0

Living Roof Hydrology

35

3.1

University of Auckland living roof

35

3.1.1 Differences between plots

36

3.1.2 Summary of stormwater mitigation for the monitoring period

39

3.1.3 Cumulative runoff retention

42

3.1.4 Seasonal analysis

44

3.2

47

Tamaki mini-roofs

3.2.1 Differences between sheds

48

3.2.2 Summary of stormwater mitigation for the monitoring period

49

3.2.3 Cumulative runoff retention

51

3.2.4 Seasonal analysis

51

3.3

53

Waitakere City Civic Centre Living Roof

3.3.1 Differences between plots

54

3.3.2 Summary of stormwater mitigation for the monitoring period

55

3.3.3 Cumulative runoff retention

57

3.4

57

Hydrologic performance across a range of living roof designs

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

vi

3.5

Small storms

64

3.6

Physical process-based model development

66

3.7

Summary of evapotranspiration research

68

3.7.1 Direct measurement of evapotranspiration

69

3.7.2 Predicting evapotranspiration using agricultural models

73

4.0

Substrates

79

4.1

Additional substrate development

79

4.2

Analysis of substrate chemistry over time

85

4.2.1 University of Auckland substrate chemistry

86

4.2.2 Tamaki mini-roofs substrate chemistry

89

4.2.3 Waitakere Civic Centre substrate chemistry

90

4.2.4 Auckland Botanic Gardens substrate chemistry

92

4.2.5 The impact of changing carbon content on plants and stormwater

93

4.3

Other chemical properties: total heavy metals content

93

4.4

Other physical characteristics

96

4.4.1 Effects of compaction

96

4.4.2 Potential for movement of fines

98

4.5

100

Can laboratory tests predict field behaviour?

4.5.1 Bulk density

101

4.5.2 Permeability measurements

101

4.5.3 Laboratory measures of substrate moisture storage

105

4.5.4 Laboratory prediction vs. field-measured stormwater storage

106

4.6

Final conclusions/recommendations for substrate composition and depth

110

5.0

Water Quality

112

5.1

Contaminants of interest

112

5.1.1 Total suspended solids (TSS)

113

5.1.2 Total dissolved solids (TDS)

113

5.1.3 Nutrients

113

5.1.4 Heavy metals: zinc (Zn) and copper (Cu)

115

5.2

Literature review: conventional roof runoff quality

116

5.3

Hydrologic characteristics of sampled storms

118

5.4

Overall water quality: EMCs

120

5.5

Is living roof water quality different from conventional roof runoff?

125

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

vii

5.5.1 EMCs

125

5.5.2 Mass loads

128

5.6

Does living roof water quality differ significantly between living roof configurations?

129

5.7

Comparison to other studies

130

5.7.1 TSS

130

5.7.2 TDS

131

5.7.3 Nitrogen

132

5.7.4 Phosphorus

135

5.7.5 Heavy metals

138

5.8

Summary and Conclusions

140

6.0

The Flora of Auckland Living Roofs

143

6.1

Introduction

143

6.2

Tamaki tilted beds

144

6.3

Wynyard Quarter, Te Karanga Plaza Information Centre

150

6.4

Tamaki Shed 5: pre-grown modular tray system

152

6.5

Tamaki sheds 1 to 4

155

6.6

Native shed, central Auckland

162

6.7

Garage roof with non-native and native groundcovers and wild-flowers, central Auckland 166

6.8

Auckland Botanic Gardens

170

6.9

Waitakere Civic Centre living roof

175

6.9.1 Adventive species

180

6.10 Discussion
6.10-1
6.10.1 Plant selection and placement: The importance of available moisture
6.10.1-2
6.10.2 Establishment method
6.10.2-4
6.10.3 Adventive plants and maintenance
6.10.3-5
6.11 Conclusion
6.11-8
7.0

Performance Summary, Conclusions and Directions for Future Research

7-9

7.1

Hydrology
9

7.1-

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

viii

7.2

Water quality
11

7.2-

7.3

Substrates for stormwater management
11

7.3-

7.4

Plants
12

7.4-

8.0

Acknowledgements

8-13

9.0

References

9-14

Appendix A

WCC Rating Curves ...................................................................................................... A-1

Appendix B

Auckland Botanic Gardens Demonstration Projects .................................................... B-1

Additional Pre-construction Preparation ......................................................................................... B-1
Potter’s Children Garden Entrance Living Roof Installation ............................................................ B-4
Toilet Block Living Roof Installation ............................................................................................... B-10
Follow-Up ....................................................................................................................................... B-17
Appendix C

Additional Data - Stormwater Mitigation Per Event .................................................... C-1

Runoff Response: All Storms ............................................................................................................ C-1
Mitigation Per Event ........................................................................................................................ C-4
Seasonal Analysis ............................................................................................................................. C-9
Comparison between Living Roof Sites .......................................................................................... C-13
Appendix D

Physical Process-based Model Development............................................................... D-1

Appendix E

WCC Sampling Hydrographs ......................................................................................... E-1

Appendix F

Water Quality Data ....................................................................................................... F-1

Checks for Normality with LN Transforms ....................................................................................... F-1
Water Quality Per Event .................................................................................................................. F-3
Appendix G

Commercial Living Roof Substrate Chemistry ..............................................................G-1

Appendix H

Research Publications Related to Plant Performance

List of Figures
Figure 1. Living roof configuration describing plot drainage area, substrate depth, and aggregate
composition ........................................................................................................................................... 19
Figure 2. Tamaki mini-roofs in 2010 .................................................................................................... 22
Figure 3. Tamaki mini-roof runoff collection systems .......................................................................... 23
Figure 4. Cross-section of the Waitakere living roof (extract from construction details, Waitakere
Central Civic Centre Greenroof by Architectus) ................................................................................... 27
Figure 5. The location of the two areas amended with additional substrate in 2009 to a depth of
100 mm and the 150 mm „mound edge‟1,2 ............................................................................................ 28
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

ix

Figure 6. WCC Living Roof Aug. 2010 Showing a 2009 Renovated Mound in the Foreground and
Newly Renovated and Planted Central Zone to the Right and Centre (with Dark Brown Surface). The
Yellow Domes Contain Temperature and Humidity Sensors ............................................................... 28
Figure 7. Final WCC living roof monitoring configuration with pvc pipe (left) and 90º v-notch weir
(right)..................................................................................................................................................... 29
Figure 8. WCC control roof December 2012 ........................................................................................ 30
Figure 9. WCC control roof weir box and sampler ............................................................................... 30
Figure 10. Over-irrigation on WCC living roof .................................................................................... 31
Figure 11. Example of WCC runoff hydrograph and sample collection with variable time pace over the
rainfall event* ........................................................................................................................................ 32
Figure 12. Rainfall event summary for the UoA living roof: 22 Sep 2008–27 Dec 2010..................... 35
Figure 13. Total volume of runoff per plot for the UoA living roof for rainfall events with total depth >
2 mm...................................................................................................................................................... 36
Figure 14. Peak runoff flow rate per plot for the UoA living roof for rainfall events with total depth >
2 mm...................................................................................................................................................... 36
Figure 15 Runoff depth–frequency curves based on all events monitored on the UoA living roof: 22
Sep 2008–27 Dec 2010.......................................................................................................................... 39
Figure 16. Peak flow–frequency curves based on all events monitored on the UoA living roof: 22 Sep
2008–27 Dec 2010 ................................................................................................................................ 39
Figure 17. Runoff depth-frequency curves for three types of runoff from the UoA living roof: a
modelled gravel ballast control roof, an extensive living roof (5 combined plots), and an extensive
living roof with coconut coir mat (Plot 2): 23 Oct 2008 to 23 Oct 2009 .............................................. 41
Figure 18. Peak Flow–Frequency Curves for Three Types Of Runoff from the UoA Living Roof: a
Modelled Gravel Ballast Control Roof, an Extensive Living Roof (5 Combined Plots), and an
Extensive Living Roof with Coconut Coir Mat (Plot 2): 23 Oct 2008 To 23 Oct 2009 ....................... 41
Figure 19. Cumulative retention by the UoA living roof: 22 Sep 2008–27 Dec 2010 .......................... 42
Figure 20. Cumulative retention by the UoA living roof for discrete calendar years ........................... 43
Figure 21. Rainfall, living roof and control roof runoff depths for the UoA living roof based on rainfall
events with at least 2 mm depth ............................................................................................................ 44
Figure 22. Percent reduction based on comparison between UoA living roof runoff and modelled
control roof runoff based on rainfall events with at least 2 mm depth .................................................. 45
Figure 23. Auckland's climate by season .............................................................................................. 46
Figure 24. Rainfall event summary for the Tamaki mini-roofs: Dec 2009–May 2010 and Aug 2010–
Mar 2011 ............................................................................................................................................... 46
Figure 25. Total volume of runoff per shed for the Tamaki mini-roofs for rainfall events > 2 mm ..... 47
Figure 26. Peak runoff flow rate per shed for the Tamaki mini-roofs for events with rainfall > 2 mm 48
Figure 27. Depth–frequency curves based on all events monitored on the Tamaki mini-roofs ............ 49
Figure 28. Peak flow–frequency curves based on all events monitored on the Tamaki mini-roofs...... 49
Figure 29. Cumulative retention by the Tamaki mini-roofs: Dec 2009–May 2010 and Aug 2010–Mar
2011 ....................................................................................................................................................... 50
Figure 30. Rainfall, living roof and control roof runoff depths for the Tamaki mini-roofs for events
with at least 2 mm rainfall ..................................................................................................................... 51
Figure 31. Percent reduction based on comparison between living roof and control roof runoff for the
Tamaki mini-roofs for events with at least 2 mm rainfall ..................................................................... 52
Figure 32. Rainfall event summary for the WCC roofs: Aug 2010–Mar 2011 ..................................... 53
Figure 33. Total volume of runoff for the WCC roofs for rainfall events > 2 mm ............................... 53
Figure 34. Peak runoff flow rate for the WCC roofs for rainfall events > 2 mm .................................. 54
Figure 35. Depth–frequency curves based on all events monitored on the WCC roofs ........................ 55
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

x

Figure 36. Peak flow–frequency curves based on all events monitored on the WCC roofs ................. 55
Figure 37. Cumulative retention by the WCC living roof: Aug 2010–Mar 2011 ................................. 56
Figure 38. Design components of both living and control roofs compared qualitatively ..................... 58
Figure 39. Rainfall depth and peak intensity per event, cumulative total precipitation and number of
events over the period............................................................................................................................ 58
Figure 40. Control roof runoff depth and peak flow rates per event for rainfall events >2 mm: Aug-Dec
2010 ....................................................................................................................................................... 60
Figure 41. Living roof runoff depth and peak flow rates per event for rainfall events >2 mm: Aug-Dec
2010 ....................................................................................................................................................... 60
Figure 42. Volume retention and peak flow reduction when living roof runoff is compared with control
roof runoff ............................................................................................................................................. 61
Figure 43. Rainfall depth emerges as an acceptable predictor for runoff depth for planning purposes.
............................................................................................................................................................... 62
Figure 44. Incomparable plot size and differing horizontal flow path length to outlet affects peak flow
control.................................................................................................................................................... 63
Figure 45. Frequency of occurrence of runoff depths for events with 2-30 mm rainfall ...................... 65
Figure 46. Comparison of runoff generated from the regular roof with the flow survey data of living
roof ........................................................................................................................................................ 66
Figure 47. Comparison of simulated vs. observed runoff for the entire study period ........................... 67
Figure 48. Mean hourly ET from S. Mexicanum, D. Australe and bare substrate in the greenhouse trials
............................................................................................................................................................... 71
Figure 49. Mean hourly ET for S. Mexicanum, D. Australe and bare substrate in the bench-scale field
trial ........................................................................................................................................................ 72
Figure 50. Daily evapotranspiration variability under drought conditions ........................................... 73
Figure 51. Comparison between evapotranspiration predicted using agricultural models and
evapotranspiration measured in the field installation of the bench-scale trays ..................................... 74
Figure 52. Effects of modified assumptions in the water balance model on annual cumulative retention
............................................................................................................................................................... 77
Figure 53. Lab (top) and bulk (bottom) blended botanic gardens mixes .............................................. 82
Figure 54. PSD of lab and bulk Botanic Gardens (BG) blends before and after FLL testing procedure
............................................................................................................................................................... 83
Figure 55. Weight at installed substrate depth (assumes 17 kg·m-2 for plants and 6.06 kg·m-2 for the
specific drainage mat used, installed “cups up” and full of water) ....................................................... 83
Figure 56. Moisture release curve for Tamaki zeolite under FLL compaction level and „extra‟
compaction. the boxes show the water content that equates to the FLL maximum water capacity. ..... 97
Figure 57. Concentration of sediment in leachate from cores filled with Tamaki mini-roof substrate
over 24 h of constant irrigation ............................................................................................................. 99
Figure 58. In-situ infiltration measurement on WCC living roof, July 2007 ...................................... 101
Figure 59 Saturated permeability measurements of the UoA and WCC living roof substrates compared
to expected rainfall intensity and FLL target value. Bars show +/- 1 standard deviation. .................. 103
Figure 60 Saturated permeability measurements for the Tamaki mini-roof zeolite ............................ 103
Figure 61. Comparison of laboratory water holding metrics for bulk-blended, field-installed substrates
............................................................................................................................................................. 104
Figure 62. Laboratory vs. field measures of moisture storage. the field measurement is the average
actual storage for all events with rainfall exceeding the laboratory potential maximum storage. bars
show +/- 1 standard deviation. ............................................................................................................ 108
Figure 63. TSS EMCs ......................................................................................................................... 121
Figure 64. TDS content in living roof and control roofs ..................................................................... 121
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

xi

Figure 65. Nutrient EMCs a) Nitrogen; b) Phosphorus ....................................................................... 122
Figure 66. Heavy metal EMCs: a) Copper; b) Zinc ............................................................................ 123
Figure 67. Total suspended solids concentration in roof runoff (mg L-1). *Data not necessarily EMCs.
Compiled studies represent a range of sampling methods. ................................................................. 130
Figure 68. Total dissolved solids concentration in roof runoff (mg l-1). *data not necessarily EMCs.
Compiled studies represent a range of sampling methods. ................................................................. 131
Figure 69. Nitrogen concentration in roof runoff and rainfall (mg L-1). *Data not necessarily EMCs.
Compiled studies represent a range of sampling methods. ................................................................. 134
Figure 70. Phosphorus concentration in roof runoff and rainfall (mg L-1). *Data not necessarily EMCs.
Compiled studies represent a range of sampling methods. ................................................................. 136
Figure 71. Heavy metal concentrations in roof runoff and precipitation (µg L-1). *Data not necessarily
EMCs. Compiled studies represent a range of sampling methods.* ................................................... 139
Figure 72. Bed 1 substrate 50 mm deep, sedums planted. (photograph taken October 2012, aged
approx 3.5 years)................................................................................................................................. 145
Figure 73. Bed 2 substrate 50 mm deep, festuca planted. (photograph taken October 2012, aged
approx. 3.5 years)................................................................................................................................ 146
Figure 74. Bed 3 1 substrate 200 mm deep, sedums planted. (photograph takenOoctober 2012, aged
approx. 3.5 years)................................................................................................................................ 146
Figure 75. Bed 4 substrate 200 mm deep, festuca planted. (photograph taken October 2012, aged
approx. 3.5 years)................................................................................................................................ 147
Figure 76. Bed 1 substrate 50 mm deep, sedums planted. (photograph taken September 2010, aged
approx 18 months (festuca coxii aged 2.5 yrs)) .................................................................................. 147
Figure 77. Bed 2 substrate 50 mm deep, festuca planted. (photograph taken September 2010, aged
approx. 18 months (festuca coxii aged 2.5 yrs.)) ................................................................................ 148
Figure 78. Bed 3 1 substrate 200 mm deep, sedums planted. (photograph taken September 2010, aged
approx 18 months (festuca coxii aged 2.5 yrs.)) ................................................................................. 148
Figure 79. Bed 4 substrate 200 mm deep, festuca planted. (photograph taken September 2010, aged
approx 18 months (festuca coxii aged 2.5 yrs.)) ................................................................................. 149
Figure 80. Wynyard Quarter, Karanga Plaza kiosk before installation showing the four containers that
make up the kiosk ................................................................................................................................ 150
Figure 81. Wynyard Quarter, Karanga Plaza kiosk, October 2012 with rengarenga beginning to flower
............................................................................................................................................................. 150
Figure 82. Wynyard Quarter, Karanga Plaza kiosk at installation showing instant cover provided by
high planting density and 8 weeks pre-installion growth. The pipes were temporary restraints. Photos
81 and 83 courtesy Greg Yeoman. ...................................................................................................... 150
Figure 83. Tamaki modular tray system in August 2012 .................................................................... 153
Figure 84. Tamaki modular tray system in October 2012 with red lampranthus flowers, yellow flowers
and foliage of sedum mexicanum (left front) and s. selksianum (right front) ...................................... 153
Figure 85. Shed 1 100mm depth native plants November 2011 dominated by festucas (native tussock)
and hebe obtusata ................................................................................................................................ 158
Figure 86. Shed 2 150mm depth non-native plants November 2011with high proportion of adventive
euphorbia peplus and plantago lanceolata ......................................................................................... 158
Figure 87. Shed 3 100mm depth non-native plants November 2011 with chives and agapanthus
flowering ............................................................................................................................................. 159
Figure 88. Shed 4 150mm depth native plants November 2011 with high cover of flowering legume
............................................................................................................................................................. 159
Figure 89. Shed 1 100mm depth with native plants November 2012 dominated by festucas (native
tussock)................................................................................................................................................ 160

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

xii

Figure 90. Renovated shed 2 100mm depth with NZ iris, bromeliads, sedums and stachys byzantina
(lambs ears) in November 2012 .......................................................................................................... 160
Figure 91. Renovated shed 4 100mm depth planted mainly with native festuca and sedums, in
November 2012 ................................................................................................................................... 160
Figure 92. October 2012 with the bronze flower spikes of gunnera masking its purple leaves .......... 163
Figure 93. June 2012 showing winter colours of green and purple (photo in mid-afternoon) ............ 163
Figure 94. June 2011. Hoheria can be seen along the left of the shed. Coprosma Spathuifolia in the
foreground has yet to fruit but could be expected to invade the roof. gunnera (purple) spread quickly
across most of the roof ........................................................................................................................ 164
Figure 95. November 2010 about two months after establishment showing the access at right front
(stepping from an adjacent terrace) and denseness of „sods‟ used to plant the roof ........................... 164
Figure 96. October 2010, one month after planting; the circles identify areas that have been seeded; the
coir netting reduces disturbance from birds and cats .......................................................................... 167
Figure 97. June 2011 with linaria flowering ....................................................................................... 167
Figure 98. August 2011 with delosperma flowering ........................................................................... 168
Figure 99. January 2012 with coreopsis flowering ............................................................................. 168
Figure 100. October 2012. lampranthus in full flower; dianthus (carnations) flowering in the nearest
circle .................................................................................................................................................... 169
Figure 101. Native roof at planting in July 2010 (left) and in September 2012 (right) with coir netting
intact (RHS) but the coir matting removed by birds (LHS). ............................................................... 171
Figure 102. Native roof in October 2010, three months after planting ............................................... 171
Figure 103. Native roof in August 2011 showing lack of development of vegetation and absence of
adventive weeds .................................................................................................................................. 172
Figure 104. Native roof in November 2012 showing response of vegetation to application of fertiliser
and continued visual dominance of grasses......................................................................................... 172
Figure 105. Potter Children‟s Garden entrance in November 2010 with yellow ornithogalum dubium
flowers ................................................................................................................................................. 173
Figure 106. Potter Children‟s Garden entrance in November 2012 with pink lampranthus in flower 173
Figure 107. Potter Children‟s Garden entrance in September 2011 with aloe humilis in flower (orange
spikes) flanked by grey tubular-leafed senecio serpens ...................................................................... 173
Figure 108. Vegetation cover from December 2006 to December 2011 based on ten permanent circular
plots. in December 2008 about 30% of planted coprosma acerosa, and most muehlenbeckia complexa
was dead .............................................................................................................................................. 174
Figure 109. Waitakere living roof in October 2007 (left) at about the peak of native plant cover before
drought impacted cover, and in December 2012 two years after renovation ...................................... 176
Figure 110. January 2007, mean plant cover 27% .............................................................................. 181
Figure 111. October 2007, near peak native plant cover prior to renovation ...................................... 181
Figure 112. April 2008 libertia peregrinans and leptostigma setulosa showing dieback from summer
drought ................................................................................................................................................ 181
Figure 113. October 2008; overall cover 50% with high proportion of euphorbia peplus ................. 182
Figure 114. October 2009; recovery of i and muehlenbeckia and green patches of legumes in the midforeground ........................................................................................................................................... 182
Figure 115. January 2010 showing two renovated areas, one against the copper dome in the mid-left of
the photo, and the second in the far right corner. Dense muehlenbeckia planting along the parapet has
died ...................................................................................................................................................... 182
Figure 116. December 2011 showing rejuvenated tussock cover following June 2010 renovation and
irrigation across the bulk of the roof .............................................................................................. 6.9.1-1
Figure 117. December 2012. Adventive hebe are spreading across the roof ................................. 6.9.1-1
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

xiii

List of Tables
Table 1. Tamaki mini-roof characteristics ............................................................................................. 22
Table 2. QA values for assessing field replicates ................................................................................... 25
Table 3. WLS testing methods and parameter detection limits............................................................ 26
Table 4. Substrate depth on the UoA living roof (Fassman Et Al., 2010) .............................................. 37
Table 5. Summary statistics per rainfall event comparing living roof runoff and modelled control roof
runoff ..................................................................................................................................................... 38
Table 6. Median %-reduction when compared with modelled control roof runoff, for rainfall events
>2 mm depth ......................................................................................................................................... 45
Table 7. Summary statistics per rainfall event comparing living roof and control roof runoff from the
Tamaki mini-roofs.................................................................................................................................. 48
Table 8. Tamaki mini-roof median %-reduction when compared with control roof runoff for rainfall
events with at least 2 mm depth........................................................................................................... 52
Table 9. Summary statistics per rainfall event comparing living roof and control roof runoff for the
WCC roofs .............................................................................................................................................. 54
Table 10. Summary of runoff response from the UoA, Tamaki and WCC living roofs for the full
monitored period for each site ............................................................................................................. 56
Table 11. Summary of runoff retention from the UoA, Tamaki and WCC living roofs during Aug-Dec
2010 ....................................................................................................................................................... 59
Table 12. Evidence of statistical differences in peak flow (mm·5-min-1) between living roofs (p values)
............................................................................................................................................................... 60
Table 13. Evidence of statistical differences in peak flow %-reduction (p values) between living roofs
............................................................................................................................................................... 61
Table 14. Living roof runoff statistics by rainfall depth range (mm) ..................................................... 64
Table 15. Living roof water storage potential according to installed depth1 ........................................ 64
Table 16. Summary of daily ET results from the bench-scale trials (all values in mm d-1) .................... 68
Table 17. Average ET and plant contribution via T when water is readily available for all greenhouse
trials ....................................................................................................................................................... 69
Table 18. Percent of total ET contributed via T for the unstressed condition during the bench-scale
field trial ................................................................................................................................................ 69
Table 19. Summary of hourly ET results from the bench-scale trials, all values in mm h-1 .................. 72
Table 20. Pearson correlation coefficient (r) between modelled and measured evapotranspiration for
the well-watered condition, green shading highlights statistically significant correlations at the
p = 0.05 level ......................................................................................................................................... 75
Table 21 Linear equations to find crop coefficients, equations are presented from highest to lowest
R2 ........................................................................................................................................................... 75
Table 22. Living roof retention efficiencies when using different et estimation methods in a water
balance model ....................................................................................................................................... 76
Table 23. Physical characteristics of substrate blends .......................................................................... 80
Table 24. UoA living roof substrate pH, and cCarbon (C), nitrogen (N) and phosphorus(P) chemistry in
2007, 2009, 2011, and 2013 .................................................................................................................. 87
Table 25. UoA living roof substrate base cation chemistry and base saturation in 2007, 2009 and 2011
............................................................................................................................................................... 88
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

xiv

Table 26. Substrate chemistry of the Tamaki mini-roofs in 2008, 2011 and 2013 ............................... 89
Table 27. Tamaki mini-roof substrate base cation chemistry and base saturation in 2008 and 2011 . 89
Table 28. Chemistry of Waitakere Civic Centre substrates in 2007, 2009, 2011 and 2013 .................. 90
Table 29. Exchangeable cation chemistry of Waitakere Civic Centre substrates in 2007, 2009 and
2011 ....................................................................................................................................................... 90
Table 30. Substrate chemistry of Auckland Botanic Gardens in 2011 .................................................. 91
Table 31. Exchangeable cation chemistry of Auckland Botanic Gardens substrate Age Nine Months 92
Table 32. Carbon, pH and heavy metals composition of living roof substrates .................................... 94
Table 33. Effects of Compaction on Physical Characteristics ................................................................ 97
Table 34. Maximum potential water storage by monitoring location according to various laboratory
tests ..................................................................................................................................................... 106
Table 35. Number of field-measured rainfall events with minimum rainfall depth exceeding
laboratory water storage metric for three field sites ......................................................................... 106
Table 36. Evidence (p-values) of statistically significant differences1 between lab measures of
moisture content and field-measured rainfall storage ....................................................................... 109
Table 37. Recommended substrate blends for extensive living roofs for stormwater management in
Auckland .............................................................................................................................................. 110
Table 38. Compilation of roof runoff copper and zinc median concentrations reported in the
literature.............................................................................................................................................. 116
Table 39. Hydrologic characteristics of sampled events ..................................................................... 118
Table 40. Mean and median water quality EMCs from eight sampled events at each site ................ 120
Table 41. Statistical significance values indicating differences amongst mean EMCs or EMC
distributions1,2,3 ................................................................................................................................... 126
Table 42. Pearson Correlation between rainfall characteristics and EMCs ........................................ 126
Table 43. Statistically significant differences (p values) detected for mass loads1 ............................. 128
Table 44. Species Present in Tāmaki Tilted Beds, Mean Height and Diameter (mm) of Festuca Plants
(*= Native Plant, #=Present At Less Than 1% Cover) .......................................................................... 145
Table 45. Native species trialled in the Tamaki mini-roofs; survival, mean diameter and performance
in 2010 and 2011 in 150 mm media depth. Only the 14 species with at least 2 surviving plants in each
substrate depth (of 4 initial replicates) were included in the calculations of height and cover......... 155
Table 46. Species present on Tāmaki sheds in March 2011 (M) and October 2011 (O). * Indicates a
native Species, # indicates the species was also planted on the roof................................................. 156
Table 47. Non-native species present on Ttāmaki sheds in October 2011 (o), their % survival, mean
height (cm, excluding flower stalks) and diameter (cm, live leaves). Only species with >25% survival
are listed. * = one or more plants showed dieback ** halworthia had two growth forms, one being
much larger-leafed .............................................................................................................................. 157
Table 48. The native species in each permanent circular plot and mean plant cover. numbers
increase through new plant establishment, or plants from outside the plot growing into the plot .. 177
Table 49. Performance of the most numerous native species planted on the Waitakere roof with
some supplemental basal irrigation and minimum 100 mm media depth ......................................... 178
Table 50. Adventive species present in October 2009, (#) February 2011 and (^) December 2012. *
Indicates native species....................................................................................................................... 180

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

xv

1.0 Introduction and Objectives
Living roof technology has emerged as a viable water sensitive design (WSD) (may also be known as
low impact design [LID] or sustainable urban drainage systems [SUDS]) method for stormwater
management. Rooftops comprise a significant proportion of the total impervious area in urban
settings; considerable opportunity exists to reduce runoff volume and peak flow by retrofit of
existing building stock. Living 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 stormwater management opportunity in otherwise usually unused space (rather than
valuable ground space).
A living roof is also commonly referred to as green roof, eco-roof, vegetated roof, roof garden or
landscape over structure. Definitions of and distinctions between various forms of living roof are
provided in Fassman et al. (2010). The research team originally used “green roof” as this is one of the
most common terms used internationally to describe the system. After taking many visitors to view
the field installations, the phrase “green roof” seemed to elicit very different expectations. Visitors
expected anything from an actual green roof (i.e. painted) to a lush green lawn, most were surprised
on arrival. A change in terminology was suggested. “Eco-roof” was briefly considered, but was
discarded after discussion with local developers and architects. “Eco-roof” conveys a wide range of
roof types, from “cool roofs” with high solar reflectance to living roofs, and thus did not convey the
specific meaning intended. The final decision was to use “living roof” which inherently incorporates
both plants and associated biota (invertebrates, etc.), and recognizes the natural variations of their
dynamic lifecycle. In addition, it does not provoke false expectations of a lush green “garden” type
roof.
Living roof research in a stormwater or water resources engineering context is an emerging field
internationally; design for stormwater runoff control is not yet fully understood. Implementation is
rapidly growing in North America and the UK, while it has been well-established in Germany,
Switzerland, and Austria for decades as the all-around environmental and aesthetic benefits are
supported by high-level champions in government. The 2008 industry survey from the North
American industry association, Green Roofs for Healthy Cities, indicated a US growth rate of more
than 35% over 2007, representing more than 288,000 m2 installed in 2008. It was estimated that the
survey represented approximately 65–75% of all major living roof installations for a given year
(Green Roofs for Healthy Cities, 2009).
Very few examples of extensive living roofs are found in New Zealand, and until the current project,
it is believed that none have been designed specifically for stormwater control. New Zealand’s
geographic isolation and absence of an existing living roof “market” creates challenges in obtaining
materials suitable for living 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.
To promote implementation, the Auckland Regional Council (ARC) Stormwater Action Team provided
funding for a comprehensive collaborative study by the University of Auckland (UoA) Faculty of
Engineering and Landcare Research to develop design standards and conduct performance
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

16

assessment monitoring for extensive living roofs suitable for new and retrofit construction under
local climate conditions, and with the primary design focus on stormwater control.
The research project centred on design and retrofit of an extensive living roof constructed on the
roof of the UoA Faculty of Engineering on the edge of Auckland’s Central Business District. The
235 m2 living roof promoted 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 living roof, each at two different depths. The UoA living roof was planted with a
combination of native and non-native plants. Additional test sites were constructed at Landcare
Research in East Tamaki in 2008. The design of the “Tamaki mini-roofs” incorporated lessons learned
during the installation of the UoA living roof to simplify the substrate specification and address
quality control issues with bulk supply. Four greened mini-roofs constructed atop reinforced Colour
Steel garden sheds and were monitored in conjunction with an ungreened (control) mini-roof.
Substrate development, plant selection and other design and construction work related to the UoA
living roof and the Tamaki mini-roofs were fully described in the Auckland Regional Council Technical
Report TR2010/017, “Extensive Living (Green) Roofs for Stormwater Management: Part 1 Design and
Construction” (Fassman et al. 2010).
Additional substrate design, field construction, and stormwater monitoring was provided by
opportunities at the Auckland Botanic Gardens in Manurewa and at the former Waitakere City
Council building in Henderson. Two living roof demonstration projects were arranged by the former
ARC for installation at the Auckland Botanic Gardens. An alternative substrate recipe, construction on
a pitched (15°) roof, and plant assessment formed the work for this living roof site. Through funding
from the former Waitakere City Council, the research team assumed responsibility for monitoring the
Waitakere Civic Centre (WCC) living roof and its adjacent control roof for stormwater management
and plant development. As the councils have now amalgamated, all results are reported here in a
single, comprehensive manner to enable comparisons amongst the designs.
Altogether, this document provides the research results and analysis of:











Continuous runoff quantity (hydrologic) monitoring from four living roof systems (UoA,
Tamaki mini-roofs [two configurations of living roof] and WCC) compared to modelled or
monitored conventional roofs at each site over 8-28 months, depending on the site;
Water quality monitoring of eight storms from each of the Tamaki mini-roofs and WCC living
roof compared to conventional roofs at each site;
Substrate design and field construction of two Auckland Botanic Gardens living roofs at
Potter’s Children’s Garden (2010) and the retrofit of the WCC living roof (2009).
Substrate chemical and physical characteristics for all living roofs, including changes over
time and indicators for living roof runoff water quality;
Plant performance on all of the systems except UoA including the effects of substrate
chemistry and physical characteristics, irrigation, fertilization;
Case studies of the evolution of eight living roof plant communities since their establishment,
including opportunities for adventive species and implications for establishment and
maintenance;
Testing and assessment methodologies for candidate components, particularly substrate
materials;
Evapotranspiration (ET) measurement and modelling;
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Demonstration of a physically-based process model for continuous simulation of living roof
hydrology.

The materials and/or products tested during the course of this research were largely selected on the
basis of availability. In any section, the information presented is not intended to endorse any
particular product or company. Evaluations are limited to satisfying specific design objectives.
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2.0 Runoff Hydrology and Water Quality: Study Sites and
Analysis Methodology
2.1

University of Auckland Living Roof

The primary field testing site to quantify the ability of an extensive living roof to mitigate stormwater
runoff in Auckland was constructed in 2006 on level 13 of the UoA Faculty of Engineering at 20
Symonds St in Auckland. The design and construction of the UoA living roof was documented in
Fassman et al. (2010). Briefly, the extensive living roof occupies ~235 m2 of the total 250 m2 roof,
including a typical gravel edge (Figure 1). Roof topography provided for division into six hydraulically
isolated plots, onto which three substrates were installed at two different depths (50 mm and 70
mm)1. Each of the substrates was comprised of 80% by volume (v/v) light-weight aggregate (LWA)
and 20% v/v composted pine bark. A substrate naming convention was adopted such that the
unique LWA, but not necessarily dominant component, was the identifier. LWA in the “UoA pumice”
was entirely pumice (plots 1 and 4), “UoA expanded clay” contained 40% v/v pumice and 40%
expanded clay (plots 2 and 5), and “UoA zeolite” contained 50% pumice and 30% zeolite (plots 3 and
6). Plot 2 was planted with a pregrown sedum mat; all others were initially planted from plugs with
an identical combination of various New Zealand native species and exotic sedum species.

Figure 1. Living roof configuration describing plot drainage area, substrate depth, and aggregate composition

1

Installed depths were back-calculated from the arbitrarily set objective of a maximum of 100 kg m-2 wet weight, which had been approved
by a licensed structural engineer prior to construction.
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2.1.1

Monitoring equipment configuration

Hydrologic monitoring equipment configuration on the UoA living roof was described in detail in
Fassman et al. (2010). Briefly, rainfall data was collected on site using a Sigma 2149 0.254 mm tipping
bucket rain gauge. Runoff was measured from each of the six hydraulically isolated plots using a
pressure transducer and custom-designed orifice restricted device (ORD). All data was logged
continuously at 5-min intervals.
2.1.2

Hydrologic data analysis

The UoA living roof replaced a conventional asphalt roof covered by a thin gravel ballast layer. Site
limitations prevented direct measurement of a conventional roof surface (control roof) at the UoA
site. Volume and peak flow comparisons against a conventional roof surface were enabled by
manipulating rainfall data.
Hydrological analysis of the UoA living roof modeled the control roof runoff volume as 75% of total
rainfall received. This value is representative of a traditional roof surface with 50 mm gravel ballast
(Mentens et al., 2006), which was the condition most similar to the original roof surface at the UoA
study site. Although conventional roof surfaces are designed to be hydraulically efficient, all surfaces
have depression storage where initial abstractions (losses) of rainfall occur before runoff
commences. Some rainfall evaporates from roof surfaces over time, which depletes depression
storage. Based on the literature, from 62–91% of the rainfall volume becomes runoff from
conventional asphalt and gravel ballast roofs (Mentens et al., 2006, Berghage et al., 2009, VanWoert
et al., 2005a).
The rational method (Mulvaney, 1851) is a common method for calculating peak runoff from a small
catchment, such as a roof top. Peak discharge is related to rainfall intensity using a non-dimensional
runoff coefficient calculated as runoff depth/rainfall depth (Eqn.1). The rational method is:
Q  CiA

Where;
Q
C
i
A

Equation 1

= peak discharge
= rational method runoff coefficient
= mean rainfall intensity
= catchment area

The runoff coefficient accounts for the integrated effects of rainfall interception, infiltration, surface
depression storage, and temporary storage in transit on the peak rate of runoff. The accepted range
of values for roofs (excluding living roofs) is 0.75–0.95 (Bedient and Huber, 2002, American Society of
Civil Engineers, 1992, Viessman and Lewis, 2003a). As with runoff volume, the runoff peak flow rate
will not be 100% of the rainfall intensity, but will be the major proportion of it. Peak flow from a
gravel ballast roof is at the conservative end of the runoff coefficient range, thus C = 0.75 was used
herein to model control roof peak runoff flow rates from the UoA living roof.
The UoA living roof was continuously monitored from 22 September 2008 to 27 December 2010.
Rainfall events were defined by an inter-event dry period ≥6 h (Shamseldin, 2010). When runoff from
the previous rainfall event was still discharging from the living roof at the start of the next rainfall
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event, events were combined as one larger event. Of the 396 rainfall events analysed, 28 were
generated by combining two or more individual events with extended runoff durations.
Differences in runoff response between the living roof plots were analysed using the software PASW
Statistics 18 (more commonly known as SPSS) and presented graphically using boxplots. Statistical
analyses are presented in Section 3.1. Shapiro-Wilks and Kolmogorov-Smirnov tests identified the
datasets were not normally distributed (p < 0.05). Multiple transforms failed to provide a normal
distribution thus non-parametric tests were used in statistical analyses. Kruskal-Wallis tests identified
differences in runoff response between plots. Multiple Mann-Whitney tests with Bonferroni
correction identified differences between each living roof and the control roof, but no differences in
runoff response between living roofs (with the exception of Plot 2).
Based on statistical analyses of differences in both peak flow rate and total volume response
between each plot (Section 3.1), data from Plots 1, 3, 4, 5, and 6 were combined using an area
weighted average to present living roof hydrologic response from a single 217.4 m2 living roof. In
some cases, due to equipment malfunction, data was not available for all five plots. Of the 396
monitored rainfall events, 306 used data from all five plots, 59 used data from four plots, 24 used
data from three plots, and seven used data from only two plots.
Plot 2’s runoff was the statistical exception, resulting from its design differences to other plots. Plot 2
was vegetated using a 25 mm deep sedum mat that had greater than 90% cover at the time it was
rolled out, rather than planted with plugs as per the other plots. For detailed planting schemes refer
to Section 7.3.1 of Fassman et al. (2010). The sedum mat consisted of five sedum species (S.
rubrotinctum, S. rupestre, S. mexicanum, S. spurium and S. album) in approximately 10 mm of
substrate on a 12–15 mm thick coconut coir erosion mat reinforced with plastic polymer netting.
Water storage potential of the coconut coir mat in Plot 2, containing entrained substrates and sedum
roots, was measured as the difference between moisture content at field capacity and when air-dry
but containing unstressed plants. The difference between these two states was equivalent to a water
depth of 4.7 mm and approximated the influence of the mat on attenuating rainfall (Fassman et al.,
2010).
Peak rainfall intensity was measured as the sum of all rain gauge tips over a 5-min period, and thus
was a function of the discretisation interval adopted.
2.1.3

Water quality monitoring and analysis

Inaccessibility of the UoA living roof outlets precluded runoff water quality monitoring from the site.

2.2

Tamaki mini-roofs

The 70% pumice/ 10% zeolite/ 20% v/v organic matter substrate blend described in Section 5.6.2 of
Fassman et al. (2010) was installed in May 2008 on four 4 m2 “mini” living roofs at the Landcare
Research office in East Tamaki. The mini living roofs were built on kit-set garden sheds which were
reinforced to support the living 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 living roofs (e.g., drainage mat, substrate and plants).
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The mini-roofs provided an opportunity to implement and test changes to the substrate installed on
the UoA living roof (i.e. test what changes the research team would recommend based on lessons
learned to date) and to collect runoff for water quality characterisation. Mini-roof construction was
detailed in Section 7.2 of Fassman et al. (2010)(Figure 2 and Table 1). The survival and performance
of ~20 native plants (Sheds 1 and 4) and 18 non-native plants (Sheds 2 and 3) were assessed. Plants
were established as plugs, root trainers, pots or plants salvaged from rock walls. An additional shed
(Shed 5) was constructed without a living roof (a control roof) for concurrent monitoring of the
stormwater runoff, internal shed and roof temperature of a ‘conventional’ Colour Steel roof and
shed.

Figure 2. Tamaki mini-roofs in 2010

Table 1. Tamaki mini-roof characteristics
Shed

Depth (mm)

Plants

1

100

Native

2

150

Non-native

3

100

Non-native

4

150

Native

5 (control)

0

None

2.2.1

Monitoring equipment configuration

Similarly to the experience with the UoA living roof, several modifications to the data collection
configuration were required to ensure data quality. The final configuration was similar to the UoA
living roof. Runoff from each mini-roof was collected in a gutter, which drained to a down- pipe
(Figure 3. ). Wire mesh over the opening of the down-pipe prevented stones and large particles from
clogging it. In the down-pipe, runoff was measured using a similar ORD and Global Water pressure
transducer arrangement as on the UoA living roof.
An 180 L plastic bin under each down-pipe captured flow for water quality sampling. The capacity of
the bins was estimated to hold the entire runoff volume from storms up to approximately 50 mm
precipitation. Full capture of all runoff automatically creates a composite sample for water quality
analysis. Water samples were taken for storm events with at least 8 mm of precipitation. Field
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sample collection equipment was cleaned with phosphate free detergent and rinsed with reverse
osmosis (RO) water.

ORD and pressure
transducer in straight
segment

Runoff collection
bin for water quality
sampling

Vertical downpipe

Pressure transducer
cable

Orifice Restricted
Restricted
Devide (ORD)
Device

Figure 3. Tamaki mini-roof runoff collection systems

ORD tubes were cleaned twice per month to ensure that all orifices were clear. Pressure transducers
were removed from ORD tubes prior to cleaning by dismantling part of the guttering system. The
pressure transducers were fixed to part of the guttering system so that they were always replaced in
the same position above the bottom of the ORD tube when the guttering was reassembled.
Roof gutters were cleaned twice per month to prevent substrate from washing into the ORDs.
Substrate wash-off was initially an issue, particularly for the 150 mm sheds because substrate
mounds above the edging. However, wash-off was a minor issue which decreased as plants grew and
held the substrate together.
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Two devices for rainfall measurement were used. From Dec 2009 to May 2010, rainfall was collected
on the roof of the Landcare Research office building adjacent to the mini-roofs using a HOBO 0.2 mm
tipping bucket rain gauge. Measured runoff from the control roof was higher than recorded rainfall
for a number of rainfall events during this period. This was due to inaccurate rain gauge
measurements; the careful design and calibration of the ORDs meant they were an unlikely source of
error. A new Sigma 2149 tipping bucket rain gauge (0.25 mm) was installed 30 September 2010
resolving the problem.
2.2.2

Hydrological monitoring and analyses

Hydrological monitoring of the Tamaki mini-roofs occurred December 2009–May 2010, and midAugust 2010–March 2011. Hydrological data was not collected between June 2010 and mid-August
2010 due to resource limitations. Rainfall events were defined by an inter-event dry period ≥6 h
(Shamseldin, 2010). When runoff from the previous rainfall event was still discharging from the living
roof at the start of the next rainfall event, events were combined as one larger event. Eight of the
166 rainfall events analysed were generated by combining two or more individual events with
extended runoff durations.
Living roof runoff data from the Tamaki mini-roofs was compared directly with measured control
roof runoff. Differences in runoff response between the sheds were analysed using PASW Statistics
18 (previously SPSS) and presented graphically using boxplots.
Statistical analyses are presented in Section 3.2. Shapiro-Wilks and Kolmogorov-Smirnov tests
identified the datasets were not normally distributed (p < 0.05). Multiple transforms failed to provide
a normal distribution thus non-parametric tests were used in statistical analyses. Kruskal-Wallis tests
identified differences in runoff response between sheds. Multiple Mann-Whitney tests with
Bonferroni correction identified differences between each living roof and the control roof, but no
differences in runoff response between living roofs.
Based on statistical analyses of differences in both peak flow rate and total volume response
between each mini-roof (Section 3.2), an average value was used in the hydrological analysis for each
substrate depth (100 mm or 150 mm) for comparison with the control roof.
Over the monitoring period, 166 rainfall events were recorded. Infrequent equipment malfunction
occasionally limited data availability from individual mini-roofs. For the average response from a
100 mm depth living roof, of the 166 rainfall events captured, 139 events used data from both sheds
(Shed 1 and Shed 3), 15 events used data from a single shed, and 12 events had missing data due to
simultaneous malfunction of both sheds’ equipment. For the average response from a 150 mm depth
living roof, 160 events used data from both sheds (Shed 2 and Shed 4), two events used data from a
single shed, and four events had missing data from both roofs so were excluded. Control roof (Shed
5) data was missing for four events. For these events control roof runoff was conservatively assumed
to be equal to 100% of rainfall.
Hydrological comparison between the control roof and living roofs was not affected by the period of
reduced accuracy in rainfall measurement.
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2.2.3

Water quality monitoring and analyses

2.2.3.1 Sample collection
For sampled storms, once the runoff completely stopped, water collected in the bin was stirred
thoroughly using a plastic rod which was pre-washed with phosphate free detergent and rinsed with
RO water. After allowing captured runoff to freely drain for 5 seconds from each bin, samples were
collected through a tap at its bottom using a 2 L bottle provided by Watercare Laboratory Services
(WLS). This 2 L composite sample was then sub-sampled into three small bottles where each sample
was preserved for heavy metal or nutrient content. All samples were stored in a chilly bin with ice
packs until being couriered to WLS for analysis.
At the Tamaki mini-roofs, seven composite samples were collected per event: one sample from each
of the five sheds and two field replicate samples from a random shed. The two additional (replicate)
samples from one random shed were analysed for each storm event to ensure data quality.
Quality assurance checks to ensure that field sampling methods did not interfere with analytical
results were according to the following procedure:
1. Determine “QA value” per condition (Table 2)
2. Compare the length of the 95% confidence interval on the replicate mean to the QA Value
3. If QA value > 95% confidence interval, then replicates are within an acceptable tolerance (i.e.
passes QA check).

Table 2. QA values for assessing field replicates
Condition
replicate mean > 2 x MDL*
2 x MDL > replicate mean > MDL
* Method detection limit

QA Value
0.4 x replicate mean
replicate mean

2.2.3.2 Laboratory analysis
Water samples from the Tamaki mini-roofs and the WCC living and control roofs (Section 2.3) were
analysed by WLS. Water quality constituents for analysis included Total Suspended Solids (TSS), Total
Dissolved Solids (TDS), Nitrate and Nitrite Nitrogen (NOx), Total Kjeldahl Nitrogen (TKN), Soluble
Reactive Phosphorus (SRP) and Total Phosphorus (P), dissolved and total metal for Zinc (Zn),
dissolved and total Copper (Cu). Total nitrogen (TN) was determined as the sum of NOx and TKN.
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 (namely regarding nutrients). Table 3 summarises the testing method and their respective
detection limits.
For the Tamaki mini-roofs, results were determined for individual sheds then averaged for sheds of
the same substrate depth (i.e. Sheds 1 & 3, each at 100 mm substrate depth and Sheds 2 & 4, each at
150 mm depth).
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Table 3. WLS testing methods and parameter detection limits
Parameter
Nitrate & Nitrite
Nitrogen
Total Kjeldahl
Nitrogen
Total Nitrogen
Soluble Reactive
Phosphorus
Total Phosphorus

NOx
TKN

USEPA 351.2

TN

by calculation: NOx + TKN

SRP

APHA (2005) 4500-P F, modified

TP

Suspended solids

TSS

Total dissolved solids
Copper: Soluble or
Total

TDS
SolCu
Cu
SolZn
Zn

Zinc: Soluble or Total

2.3

Method
APHA (2005) 4500-NO3 F, by Cd
Reduction/SFA

APHA (2005) 4500-P B, F,
modified, by Persulphate
Digestion
APHA (2005) 2540 D, High Level
by 125 mm GF/C
APHA (2005) 2540 C, modified
USEPA 200.8, modified, by
ICPMS-Trace
USEPA 200.8, modified, by
ICPMS-Trace

MDL
-1

0.002

mg L N

0.1

mg L N

0.102

mg L N

0.005

mg L P

0.01

mg L P

1

mg L

-1

15

mg L

-1

0.0002

mg L

-1

0.001

mg L

-1

-1
-1

-1

-1

Waitakere city civic centre

Waitakere Civic Centre’s (WCC) living roof was constructed in 2006. The roof was one of the Low
Impact Urban Design technologies installed in Waitakere Civic Centre to promote improved urban
stormwater management. Extensive rain gardens, permeable paving and stormwater capture for
reuse is also found on the site. The WCC living roof and an adjacent control roof were monitored by
the UoA research team for hydrology and water quality through funding from the Waitakere City
Council. Funding for water quality analysis of up to 10 storms was allocated. In the interest of
creating a coherent technical assessment of the potential for living roofs to control stormwater in
Auckland, data from the WCC living and control roof is reported here alongside the UoA living roof
and the Tamaki mini-roofs.
The WCC living roof was constructed on a 500 m2 nearly flat roof (Figure 4). The substrate was
specified by Waitakere City Council to achieve a maximum weight loading of 230 kg m-2 and, mean
depth of 100 mm and up to 150 mm depth in a 1-m wide strip adjacent to a pergola along which a
native scrambler, pohuehue (Muehlenbeckia complexa), was planted. The 85 m3 of “Waitakere
expanded clay” substrate was a blend of 60% v/v pumice (20% 1–4 mm, 40% 4–8 mm from an
unwashed, alluvial Waikato source), 20% v/v expanded clay (Hydrotech 4–8 mm) and 20% v/v
compost-based garden mix2. An additional 2 m3 of 4–8 mm expanded clay was spread as a thin layer
(4–8 mm deep) over the surface of the roof as a mulch to provide an aesthetically pleasing cover
until plants covered the surface. Overnight rainfall on uncovered compost and pumice stockpiles
prior to blending of the substrate, combined with mixing using rapidly-rotating, rigid tines, caused
some degradation of the organic material, observed as coating of pumice and loss of volume. The
2

The specification here differs from older documentation by Waitakere City Council. On the day of substrate blending, wet organic matter
created an unacceptable composition. To rectify substrate texture, additional pumice was added. The actual installed substrate has 10%
v/v more pumice than in the WCC documentation. The substrate component proportions in this document are considered accurate.
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resulting deficit of substrate meant that substrate depth across the roof at construction varied from
approximately 40 mm to 150 mm. Likewise, the mean saturated mass of the substrate at 110 mm
depth was 163 ± 18 kg m-2, well under the maximum target loading.(see Figure 5). The mounds were
intended to support dense vegetation up to 500 mm height as refuges for native skinks and
invertebrate fauna. The two amended areas were replanted with native species and regularly
irrigated throughout summer 2009/10 (Figure 6). No additional substrate was imported and the area
renovated in 2009 was not further disturbed. The whole roof was then regularly irrigated through
summer 2010/11 to allow vegetation establishment, with irrigation continuing through summer
2011/12.

Figure 4. Cross-section of the Waitakere living roof (extract from construction details, Waitakere Central Civic
Centre Greenroof by Architectus)
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1.
2.

“Pumice area” in the legend refers to the newly added Waitakere zeolite substrate.
Blue dots show the location of sampling sites for substrate characterisation (discussed in Section 4).

Figure 5. The location of the two areas amended with additional substrate in 2009 to a depth of 100 mm and
1,2
the 150 mm ‘mound edge’

Figure 6. WCC Living Roof Aug. 2010 Showing a 2009 Renovated Mound in the Foreground and Newly
Renovated and Planted Central Zone to the Right and Centre (with Dark Brown Surface). The Yellow Domes
Contain Temperature and Humidity Sensors
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2.3.1

Monitoring equipment configuration

An estimated 171 m2 of the extensive living roof was previously configured for monitoring
stormwater runoff for comparison against an adjacent 79 m2 conventional roof surface (the control
roof). Sporadic monitoring of the WCC living roof occurred in 2008 by others. The UoA research team
assumed responsibility for monitoring in late 2009 through agreement with Waitakere City Council.
Several retrofit modifications to the data collection configuration were required to ensure data
quality, which were trialled between summer 2009 and autumn 2010.
The capacity of the original monitoring configuration was too great for the generally low volume of
runoff discharged from the living roof. The galvanized zinc channel caused concern for interference
with water quality analysis. The channel was removed entirely. An alternative set up to concentrate
flow depth was configured with a PVC pipe to channel runoff to a small weir box with a 90º v-notch
weir (Figure 7). Samples for runoff water quality assessment were collected from the weir box.
Runoff from the control roof drained into a downpipe and weir box (Figure 8 and 9). The weir box
was cleaned out, but otherwise not substantially changed from the original configuration.
Two ISCO 6712 automatic samplers with a Bubbler 730 were available from WCC to measure runoff
depth and to enable sample collection from the living roof and the control roof. In each weir box, a
standalone Global Logger WL16 pressure transducer was installed alongside the bubbler device to
assess instrument accuracy. Flow in the pipe and weir box was quite turbulent; inspection of data
suggested that the Global Logger yielded better accuracy than the bubbler. Water depth was
recorded by the logger at 5 minute intervals. Water depth was converted into flow using a laboratory
developed rating curve for each roof’s weir box (Error! Reference source not found.). The bubbler
was used to trigger water quality sample collection.

Figure 7. Final WCC living roof monitoring configuration with pvc pipe (left) and 90º v-notch weir (right)
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Figure 8. WCC control roof December 2012
Sampler intake

Pressure transducer

Figure 9. WCC control roof weir box and sampler

An existing rain gauge on the WCC roof recorded rainfall. Anomalies between rainfall recorded onsite and rainfall reported by NIWA (http://cliflo.niwa.co.nz/) suggested that the on-site rain gauge
may have underestimated actual rainfall. For each event, rainfall data from Waitakere Domain rain
gauge was checked against on-site rainfall data. Comparisons directly between the living roof and
control roof runoff allowed performance assessment, regardless of rainfall data accuracy.
The WCC living roof was scheduled for automatic daily irrigation in the absence of rainfall. Data
analysis revealed that irrigation occurred with too great a frequency and/or amount (Figure 10).
Regular runoff hydrographs were detected at times when there was no recorded rainfall. WCC staff
amended the irrigation settings to reduce the irrigation depth.
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Figure 10. Over-irrigation on WCC living roof

2.3.2

Hydrologic monitoring and analysis

Hydrological data was collected from the WCC site August 2010–March 2011. Rainfall events were
defined by an inter-event dry period ≥6 h (Shamseldin 2010). When runoff from the previous rainfall
event was still discharging from the living roof at the start of the next rainfall event, events were
combined as one larger event. Eight of the 79 rainfall events analysed were generated by combining
two or more individual events with extended runoff durations. Living roof runoff was compared
directly with measured control roof runoff and both living roof and control roof data were collected
for all 79 rainfall events.
Differences in runoff response between the plots were analysed using SPSS and presented
graphically using boxplots.
Statistical analyses of differences in both peak flow rate and total volume response between each
plot are presented in Section 3.3.1. Shapiro-Wilks and Kolmogorov-Smirnov tests identified the
datasets were not normally distributed (p < 0.05). Multiple transforms failed to provide a normal
distribution thus non-parametric tests were used in statistical analyses. Kruskal-Wallis tests identified
a statistically significant difference in runoff response between the living roof and control roof runoff
response.
2.3.3

Water quality monitoring and analyses

The ISCO 6712 samplers accommodate 24 x 1 L bottles per event. Discrete samples were collected
from the control roof and the living roof using a time-based sampling method, with samples collected
more frequently in the beginning of an event. To be eligible for analysis, samples had to be collected
over at least 60% of the storm event duration where precipitation was at least 8 mm. Storms
analysed for water quality were sampled such that the entire storm, including rising limb, peak and
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recession limb of hydrograph were represented by the composite. Figure 11 shows an example
hydrograph for one rainfall event with the frequency of sample collection indicated. All sampled
storm hydrographs indicating time of discrete sample collection are presented in Error! Reference
source not found..
Samples were manually composited according to standard volumetric flow-weighting protocol. In
other words, while sample collection was time-based, sample compositing was flow-based. A 2 L
composite sample was sub-sampled into three bottles provided by WLS prepared with preservatives
for metals and nutrients.
At UoA Environmental Laboratory, all bottles for sampling were washed with phosphate free
detergent Decon 90, rinsed with diluted 10% hydrochloric and nitric acid, and a final rinse of DeIonised (DI) water. During mixing of composites, all equipment was also washed according to the
above procedure.
Each sample was tested for the same water quality parameters as the Tamaki mini-roofs. Statistical
analysis procedures were presented in Section 2.2.3.3.

0.60

SAMPLING EVENT 01

CR LOGGER

FLOW (L/S)

0.40

LR LOGGER
CR SAMPLE
COLLECTED

0.20

LR SAMPLE
COLLECTED

0.00
14/12/2010 03:36

14/12/2010 07:12
14/12/2010 10:48
DATE/TIME

14/12/2010 14:24

* CR = control roof; LR = living roof
Figure 11. Example of WCC runoff hydrograph and sample collection with variable time pace over the rainfall
event*

2.3.3.1 Statistical analysis: WCC and Tamaki mini-roofs
SPSS was used to statistically assess event mean concentrations (EMCs) and mass loads between
each living roof and its corresponding control roof at Tamaki and Waitakere City. Potential EMC
differences amongst the three living roofs or the two control roofs were also assessed. Shapiro-Wilks
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and Kolmogorov-Smirnov tests identified that natural log transforms resulted in normal distributions
(p > 0.05) for most datasets that were not already normally distributed (Error! Reference source not
found.).
For normally distributed data sets, one-way analysis of variance (ANOVA) was used to compare
means. Post-hoc Tukey tests were subsequently applied where differences in means were
determined from the ANOVA. For non-normally distributed data, (non-transformed) EMC or mass
distributions were compared using nonparametric Mann Whitney U or Kruskall Wallis tests for
independent samples. All statistical differences were assessed at p = 0.05 level of significance.
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3.0 Living Roof Hydrology
Living roof hydrology is analysed and presented separately across the study sites in Sections 3.1–3.3.
Section 3.4 then compares and contrasts living roof response between the three sites. Section 3.6
demonstrates how the living roof data can be used in a hydrological modelling tool. Section 0
presents a summary of evapotranspiration (ET) research findings; this process is a key parameter in
living roof function as it restores retention capacity within the substrate.
Within this section, the event-based analysis considers data for storms with rainfall events of at least
2 mm. Smaller rainfall events (<2 mm) rarely generate meaningful runoff, but the predominance of
occurrence creates significant skew in the data which might be considered as exaggerating the
summary performance. A conservative event-based analysis is presented by including only events
with rainfall of at least 2 mm. For completeness, data distributions for event-based analysis including
the entire data set are presented in Error! Reference source not found.. Coincidentally, there are no
differences in the results of statistical differences amongst any of the comparisons.
Analysis of cumulative effects of living roofs and frequency analysis consider all data, regardless of
storm depth.
Summary statistics of control roof and living roof hydrology (runoff volumes and peak flows) are
presented as boxplots. The boxplots show the median value as the dark line in the middle of the box;
the 25th and 75th percentiles are the bottom and top of the box, respectively. The whiskers extend
1.5 times the box height or to maximum or minimum values if no cases are within that range. Points
and asterisks are outliers and extreme outliers with values greater than three times the box height.
Statistical evaluations of hydrologic behaviour were limited to non-parametric analysis methods in all
cases. Multiple transforms (logarithm, inverse, square root, power etc.) were attempted but failed to
generate any normal distributions. Data sets considered include rainfall depth and peak intensity,
living roof runoff depth, control roof runoff depth, living roof runoff peak flow, control roof runoff
peak flow, percent retention, and percent peak flow reduction.

3.1

University of Auckland living roof

The UoA living roof was continuously monitored 22 Sep 2008 – 27 Dec 2010. Over the 28 months
monitored, 396 individual rainfall events, equivalent to 2,395.6 mm rainfall, were analysed. Half of
the total number of events delivered less than 2 mm rainfall. Figure 12 summarises rainfall
characteristics for the monitored events.

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

34

Figure 12. Rainfall event summary for the UoA living roof: 22 Sep 2008–27 Dec 2010

3.1.1

Differences between plots

Comparisons were made between modelled control roof runoff and measured runoff data from each
of the six plots to identify the stormwater control capabilities of a living roof. A summary of statistical
differences is:






Kruskal Wallis tests confirmed differences in runoff response among plots at p < 0.001 for
volume and peak flow when all seven datasets were tested (modelled control roof and Plots
1–6). Multiple Mann-Whitney tests with Bonferroni correction indicated living roof runoff
was significantly different to modelled control roof runoff for each plot (Plots 1–6) when
either total volume or peak flow rates were analysed (p < 0.001 in all cases).
Between living roof plots, Plot 2 consistently demonstrated statistically significant differences
in runoff response. Significant differences in living roof total runoff volume per event were
found between Plot 2 and all other plots: Plot 1, Plot 3, Plot 4, Plot 5 and Plot 6 (p < 0.001, in
all cases). Plot 2 retained more runoff than the other plots. The key factor in improving the
retention efficiency of Plot 2 was the 4.7 mm of storage provided by the coconut coir in the
sedum mat. There were no statistically significant differences in total runoff volume per
event between Plots 1, 3, 4, 5, or 6.
With respect to peak flow, statistically significant differences were observed between most
plots (p<0.05 in all cases); however, the analysis is likely confounded by the very small
magnitude of actual peak flow. Factors affecting peak flow are discussed in Section 3.4.

Figure 13 and Figure 14 present plot by plot comparisons for total runoff volume per event and
runoff peak flow rate per event, respectively, for events with at least 2 mm of rainfall. Charts are
presented using a log scale to help improve clarity.
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Figure 13. Total volume of runoff per plot for the UoA living roof for rainfall events with total depth > 2 mm

Figure 14. Peak runoff flow rate per plot for the UoA living roof for rainfall events with total depth > 2 mm

With the exception of Plot 2, there were no statistically significant differences in hydrologic response
from the three different substrate types for runoff retention (at p = 0.05). This implies either of the
locally sourced aggregates provides an effective material compared to the “benchmark” expanded
clay substrate with respect to hydrological performance. In terms of stormwater management, there
is no measurable benefit to importing expanded clay to NZ for living roof installations, which
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increases the cost of the living roof project and of which manufacture and importing is contrary to
principles of sustainable development. The expanded clay substrate was only considered a
benchmark as it has been commonly used in living roofs in Europe, where they have been a regular
feature for decades (particularly in Germany and Switzerland).
From a stormwater management perspective, an increase in substrate depth from 50 mm to 70 mm
did not provide a measureable increase in hydrologic performance. It is noted that some materials’
consolidation occurred, reducing the difference in in-situ depth from the two design depths. When
substrate depths were sampled 2.5 y after installation (June 2009) mean depth for the 50 mm and
70 mm design depth plots was 49.1 mm and 64.8 mm, respectively (Table 4). Plot 2 was not included
in the depth measurements due to the presence of the pre-grown mat which interfered with depth
measurement.
It is hypothesized that Auckland’s typical low rainfall per event is the reason why significant
differences in performance were not measured between plots of different depths. Under ideal
conditions (i.e. starting with an oven dry substrate), the FLL maximum water holding capacity
suggests that shallower depth plots will capture ~24 mm (according to actual measured depths
rather than design depths) while the deeper plots will capture 28–33 mm of rainfall (Fassman et al.,
2010). According to Figure 12, 95% of all events measured delivered less than 25 mm of rainfall, with
almost 88% of all events delivering less than 15 mm of rainfall. Therefore, the additional few mm of
potential storage does not provide additional hydrologic mitigation because of the predominance of
events with rainfall depths substantially less than the total storage capacity. Although a 50 mm depth
living roof may prove less expensive than a 70 mm depth to construct, the 70 mm depth is likely to
improve plant viability. Increased depth increases plant-available moisture, hence reducing irrigation
requirements (Fassman et al., 2010; VanWoert et al., 2005) and allows for taller plants and a wider
range of species to be grown. Plant requirements and performance are addressed in Section 6.
For subsequent analysis, data from the living roof plots was combined, excluding Plot 2, using an area
weighted mean to present runoff data from the 217.4 m2 roof as a whole, as per Section 2.1.2.

Table 4. Substrate depth on the UoA living roof (Fassman Et Al., 2010)
Plot

Design Depth
(Mm)

Plot 1

50

Mean Measured Depth, Mean Measured Depth,
June 2009
March 2011
(Mm)
(Mm)
44.3
49.4

Plot 3

70

57.9

63.9

Plot 4

70

66.7

-

Plot 5

70

69.7

-

Plot 6

50

48.8

-
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3.1.2

Summary of stormwater mitigation for the monitoring period

Analysis of runoff response by the UoA living roof on a per event basis identified substantial variation
(Table 5), evidenced by data ranging from 7–100% (Table 5). Data showed substantial scatter and
was skewed by the large number of small rainfall events with high retention and peak flow reduction
values. Summary statistics in Table 5 demonstrate the effect of considering all storms compared to
storms greater than 2 mm depth. Plots of retention and peak flow reduction per event are given in
Error! Reference source not found..
Due to the variability in response at an individual event scale, depth- and peak flow- frequency
curves have been used to provide a general picture of expected flows, inherently incorporating
antecedent climate conditions, plant condition, and rainfall characteristics (Figure 15 and Figure 16).
Figure 15 shows significantly less (p < 0.001) runoff volume is generated from the UoA living roof
than from the modelled control roof. Likewise, living roof peak runoff flow rates were significantly
less (p < 0.001) than modelled peak runoff flow rates from the control roof (Figure 16).

Table 5. Summary statistics per rainfall event comparing living roof runoff and modelled control roof
runoff
All Storms

Mean*

Storms With P> 2 mm
Retention
Peak Flow Reduction
%
%
71 ± 3.6
87 ± 2.0

Retention
%
85 ± 2.3

Peak Flow Reduction
%
93 ± 1.2

Median

76

90

98

100

Maximum

100

100

Minimum

7

8

100
7

100
8

* ± 95% confidence interval
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Figure 15 Runoff depth–frequency curves based on all events monitored on the UoA living roof: 22 Sep 2008–27
Dec 2010
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Figure 16. Peak flow–frequency curves based on all events monitored on the UoA living roof: 22 Sep 2008–27
Dec 2010
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In a few very high intensity rainfall events, surface flow occurred over the living roof because its
infiltration capacity was overwhelmed; sustained surface ponding was not observed. The substrate
mix installed had a lower saturated permeability than designed due to the bulk blending process and
deviation from the specified particle size distribution of the pumice component. Refer to Section 5.9
and Section 9.2 of Fassman et al. (2010) for detailed discussion. It is possible that the reduced
permeability substrate impeded vertical flow to the underlying drainage mat and thus enhanced
peak flow reduction by the living roof (Voyde, 2011).
Statistically significant differences in runoff response were identified from Plot 2, likely due to the
influence of the coconut coir mat. The depth- and peak flow- frequency curves presented in Figure 17
and Figure 18 compare Plot 2 runoff response to combined data from Plots 1, 3, 4, 5 and 6. Due to
gaps in the Plot 2 dataset, as a result of equipment malfunction, analysis of all datasets (modelled
control roof, combined data, and Plot 2 alone) was from 23 October 2008 to 23 October 2009.
Runoff volumes from Plot 2 were consistently less than or equal to runoff volumes from the
modelled control roof, but not consistently less than runoff from the rest of the living roof (Figure
17). Data corresponding to only the larger rainfall events (≤4% exceedence) shows that runoff from
Plot 2 was greater than runoff from the living roof. For rainfall events >25 mm, the runoff volume
from Plot 2 was higher than from the rest of the living roof, but still significantly less than rainfall or
the modelled control roof. Plot 2 exhibits more volume retention for rainfall events <25 mm.
For small to medium-sized rainfall events, the distribution of runoff peak flow from Plot 2 was similar
to that from the rest of the living roof (Figure 18). However, for data corresponding to medium to
large rainfall events (exceeded 30% or less), peak flow rates from Plot 2 were greater than that from
the rest of the roof. The saturated permeability of the Plot 2 substrate (expanded clay) was five to
seven times greater than from the majority of the rest of the roof, allowing for higher runoff peak
flow rates (Fassman and Simcock, 2008; Voyde, 2011). In addition, Plot 2 has a shorter horizontal
flow path through the drainage layer to the outlet due to plot size and orientation, whereas the
longer horizontal flow paths of Plots 1, 3, 4 or 6 may contribute more to reducing peak flow (Figure
1). Regardless, the distribution of peak runoff flow rates from Plot 2 is consistently significantly less
(p < 0.001) than modelled peak runoff rates from a conventional gravel ballast control roof.
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Figure 17. Runoff depth-frequency curves for three types of runoff from the UoA living roof: a modelled gravel
ballast control roof, an extensive living roof (5 combined plots), and an extensive living roof with coconut coir
mat (Plot 2): 23 Oct 2008 to 23 Oct 2009
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Figure 18. Peak Flow–Frequency Curves for Three Types Of Runoff from the UoA Living Roof: a Modelled Gravel
Ballast Control Roof, an Extensive Living Roof (5 Combined Plots), and an Extensive Living Roof with Coconut
Coir Mat (Plot 2): 23 Oct 2008 To 23 Oct 2009

3.1.3

Cumulative runoff retention

Cumulative retention of rainfall by the living roof was 56% over the 28 month monitoring period
when compared to the modelled control roof (Figure 19). When compared with measured rainfall,
cumulative retention was 67% (Figure 19). Based on 396 rainfall events monitored, 2,395.6 mm of
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rainfall produced 1,796.7 mm of modelled control roof runoff and 791.5 mm of living roof runoff.
There was a clear and considerable reduction in runoff from the UoA living roof compared to the roof
in its original state.
The largest storm monitored was less than the 2-y 24-h return period event, which is 75 mm in
Auckland (Auckland Regional Council, 1999). Although the UoA living roof demonstrated significant
annual retention for the monitored period, the overall volume of rainfall retained would likely
decrease somewhat as the frequency of events increased (prolonged very wet conditions) or if a
large storm event occurs. Large storm events typically occur infrequently. Back-of-the-envelope
estimation suggests that even if the total amount of living roof runoff increased by over 200 mm (for
example, if there were two 100 mm storms in each year of monitoring), and if the living roof
provided no retention for either event (all rainfall becomes runoff), cumulative retention compared
to rainfall would still be approximately 60%. This estimation does not take into account any effects
on subsequent storms, but it is useful to demonstrate that on a cumulative, long-term basis, the
living roof could provide substantial runoff mitigation even if large storms were poorly retained.
Cumulative retention is presented over two discrete calendar years to demonstrate consistency in
living roof runoff response (Figure 20). Annual cumulative retention was 54% for 08/09 and 55% for
09/10 when compared with modelled control roof runoff. Retention was 66% for both 08/09 and
09/10 when compared with measured rainfall. Although the depth of rainfall varied between the two
years, 982 mm for 08/09 versus 1,233 mm for 09/10, annual retention remained comparable.
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Figure 19. Cumulative retention by the UoA living roof: 22 Sep 2008–27 Dec 2010
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Figure 20. Cumulative retention by the UoA living roof for discrete calendar years

UoA living roof cumulative retention was compared with Plot 2 cumulative retention for the period
23 Oct 2008 to 23 Oct 2009. Cumulative retention of rainfall by the living roof was 55% over the 12
month monitoring period. Based on 178 rainfall events, 1,093.4 mm of rainfall produced 820.1 mm of
modelled control roof runoff and 367.2 mm of living roof runoff. Plot 2 (with coir) was missing runoff
data for one event (29.8 mm total depth), but using a worst case scenario (100% runoff from that
event) cumulative retention of rainfall by Plot 2 was 59%. For the best case scenario (100% retention)
cumulative retention of rainfall by Plot 2 was 63%. The coconut coir acted to improve the retention
efficiency of the living roof.
3.1.4

Seasonal analysis

Seasonal variation in living roof performance was originally anticipated from the UoA living roof due
to the change in temperature and rainfall experienced with the change of season. Seasons were
defined based on the calendar year whereby spring is September–November, summer is December–
February, autumn is Mar–May, and winter is June–August. These definitions correspond with those
used by NIWA (2000). The dataset from 22 September 2008 to 27 December 2010 was used for
seasonal analysis, considering storms with at least 2 mm of rainfall. A seasonal analysis incorporating
the full data set (i.e. storms < 2 mm) is presented in Error! Reference source not found.. There are
minor differences in statistical details between the two data sets, but the conclusions are consistent.
When analysed by season, neither rainfall, modelled control roof runoff, nor living roof runoff
datasets followed a normal distribution (Figure 21). Kruskal-Wallis tests indicated there were no
statistically significant differences between the seasons for either rainfall depth (p = 0.790) or control
roof runoff depth (p = 0.790). Significant differences in runoff depth were detected between winter
and spring and winter and summer (p =0.003). These results differ somewhat from the analysis
presented in Fassman et al. (2010) and Voyde et al. (2010) which did not find any seasonal variation
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in performance based on 1 year of data. The change in results demonstrates the importance of longterm monitoring.
When living roof runoff was compared with modelled control roof runoff neither the event-based
percent retention data, nor event-based peak flow reduction data were normally distributed (Figure
22). Kruskal-Wallis tests showed there were statistically significant differences only between winter
and spring, and winter and summer for percent retention or peak flow reduction (all p < 0.006).
Median peak flow reduction in spring (95%) and summer (98%) declines but is nonetheless
substantial in autumn (91%) and winter (87%) (Table 6). Median percent retention per event was
83% in spring, 92% in summer, which decreased to 75% in autumn and 66% in winter. Research in
Rock Springs, Pennsylvania (USA) showed a larger variation in seasonal living roof performance
(Berghage et al. 2009). Pennsylvania, USA experiences >10° C cooler and drier winters compared to
Auckland, in which plant ET will be negligible (Sanderson et al. 2004).
Regardless of statistical assessments, summary performance data indicate that living roofs
monitored control runoff effectively year round in Auckland’s sub-tropical climate (Table 6). Peak
flow reduction and retention results likely reduced in winter due to elevated substrate moisture
levels, as suggested by the lower median for each parameter. Low temperatures and solar radiation
levels meant that ET was suppressed, thus the rate of rainfall storage recovery was reduced.
Conversely, exceptional performance in summer was likely because the substrate was able to dry
substantially between events.

Figure 21. Rainfall, living roof and control roof runoff depths for the UoA living roof based on rainfall events with
at least 2 mm depth
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Figure 22. Percent reduction based on comparison between UoA living roof runoff and modelled control roof
runoff based on rainfall events with at least 2 mm depth

Table 6. Median %-reduction when compared with modelled control roof runoff, for rainfall events
>2 mm depth
Spring

Summer

Autumn

Winter

Retention

83

92

75

66

Peak Reduction

95

98

91

87

Event Count

63

38

32

65

Figure 23 presents near normal (34th to 66th percentile) historic seasonal rainfall and temperature
ranges for Auckland (NIWA Science, 2010). Auckland experiences climate variation between the
seasons, but the overall difference between the most extreme seasons (summer and winter) is
relatively small. While not specifically investigated, it is unlikely that the building (built in the late
1960s) was insultated. Thus the supporting roof surface may also have contributed heat from the
building below which enhanced ET and thus retention performance in winter conditions. It is
reasonable to expect that Auckland’s subtropical climate with relatively narrow variation seasonally,
and frequent small rainfall events, is conducive to effective living roof operation year round.
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Figure 23. Auckland's climate by season

3.2

Tamaki mini-roofs

Hydrological monitoring of the Tamaki mini-roofs occurred December 2009–May 2010, and midAugust 2010–March 2011. Over the 14 month period monitored, 166 individual rainfall events,
equivalent to 1,494.4 mm rainfall, were analysed. Approximately half of the events delivered less
than 2 mm of rainfall. Figure 24 summarises rainfall characteristics for all monitored events.
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Figure 24. Rainfall event summary for the Tamaki mini-roofs: Dec 2009–May 2010 and Aug 2010–Mar 2011
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3.2.1

Differences between sheds

Comparisons were made between living roof runoff from each of the four vegetated sheds and
unvegetated control roof runoff to identify the stormwater control capabilities of each living roof.
Figure 25 and Figure 26 present the shed by shed comparisons for total runoff volume per event and
runoff peak flow rate per event, respectively. Charts are presented using a log scale to help improve
visual clarity of the skewed data.
Kruskal-Wallis tests confirmed control roof runoff was significantly different to living roof runoff for
all sheds when either total volume or peak flow rates were analysed (p < 0.001 in all cases). However,
there were no statistically significant differences between the living roof sheds (Sheds 1–4, at
p = 0.05 level). The conclusion applies to both total volume and peak flow analysis.
For subsequent analyses, data from the living roof sheds were averaged to present runoff response
from living roofs of either 100 mm (Sheds 1 and 3) or 150 mm (Sheds 2 and 4) substrate depth, as per
Section 2.2.2.

Figure 25. Total volume of runoff per shed for the Tamaki mini-roofs for rainfall events > 2 mm
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Figure 26. Peak runoff flow rate per shed for the Tamaki mini-roofs for events with rainfall > 2 mm

3.2.2

Summary of stormwater mitigation for the monitoring period

Hydrology of the Tamaki mini-roofs on a per event basis showed substantial variation, evidenced by
data ranging 1-100% (Table 7). Data showed substantial scatter and were skewed by the large
number of small rainfall events with high retention and peak flow reduction values. Summary
statistics in Table 7 demonstrate the effect of considering all storms compared to storms greater
than 2 mm depth. Plots of retention and peak flow reduction per event are given in Error! Reference
source not found..

Table 7. Summary statistics per rainfall event comparing living roof and control roof runoff from the
Tamaki mini-roofs
Storms With P> 2 mm
Retention
Peak Flow Reduction Retention
(%)
(%)
(%)
100 mm 150 mm 100 mm 150 mm 100 mm

All Storms
Peak Flow Reduction
(%)
150 mm
100 mm
150 mm

Mean*

53 ± 6.5

63 ± 5.5

57 ± 7.7

63 ± 6.5

69 ± 5.5

77 ± 4.3

73 ± 5.7

77 ± 4.7

Median

56

66

62

74

79

86

91

91

Maximum

100

100

100

100

100

100

100

100

Minimum

1

3

2

4

1

3

2

4

* ± 95% confidence interval

Due to the variability in response at an individual event scale, depth- and peak flow- frequency
curves were developed to provide a general picture of expected flows, inherently incorporating
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antecedent climate conditions, plant condition, and rainfall characteristics (Figure 27 and Figure 28).
Figure 27 shows significantly lower distributions of (p < 0.001) runoff volume were generated from
the Tamaki living roofs than from the control roof. Likewise, the living roof peak runoff flow rate
distributions were significantly (p < 0.001) less than peak runoff flow rates from the control roof
(Figure 28). Although there were no statistically significant differences between the four mini-roof
sheds on a per event basis, the frequency curves demonstrate that the 150 mm depth living roof
consistently showed slightly improved performance over the 100 mm depth living roof (Figure 27 and
Figure 28).
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Figure 27. Depth–frequency curves based on all events monitored on the Tamaki mini-roofs
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Figure 28. Peak flow–frequency curves based on all events monitored on the Tamaki mini-roofs
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3.2.3

Cumulative runoff retention

Over 14 months of monitoring, the 100 mm depth living roof retained 39% of control roof runoff and
the 150 mm depth living roof retained 53% of control roof runoff (Figure 29). There was a clear and
considerable reduction in runoff from the Tamaki living roofs compared with runoff from the control
roof.
The monitoring period encompassed five rainfall events larger than the 2-y 24-h return period event
(75 mm for central Auckland). The influence of such larger rainfall events reduced the overall percent
retention for the period.
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Figure 29. Cumulative retention by the Tamaki mini-roofs: Dec 2009–May 2010 and Aug 2010–Mar 2011

3.2.4

Seasonal analysis

Seasonal variation in living roof performance was originally anticipated from the Tamaki mini-roofs
due to the change in temperature and rainfall experienced with the change of season. Gaps in the 14
month monitoring period limited seasonal analysis to spring, summer and autumn datasets.
When analysed by season, neither rainfall, control roof runoff, living roof runoff volume, nor percent
differences between control roof and living roof datasets followed normal distributions (Figure 30
and Figure 31), therefore Kruskal-Wallis tests were used to assess differences in distributions.
Statistical analysis indicated no significant differences amongst spring, summer, or autumn for:



rainfall depth (p=0.029);
control roof runoff depth (after multiple Mann-Whitney tests with Bonferroni correction);
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living roof runoff depth for either 100 mm depth (p=0.111) or 150 mm depth (p=0.357)
systems;
peak flow reduction for either 100 mm depth (p=0.937) or 150 mm depth (p=0.691) systems
compared to the control roof;
volume retention for either 100 mm depth (p=0.238) or 150 mm depth (p=0.538) systems
compared to the control roof.

Results indicate that the living roofs controlled runoff effectively throughout spring, summer, and
autumn (Table 8). Runoff retention ranged 91-98%, while peak flow reduction ranged 80-97%
compared to the control roof.

Figure 30. Rainfall, living roof and control roof runoff depths for the Tamaki mini-roofs for events with at least 2
mm rainfall

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

51

Figure 31. Percent reduction based on comparison between living roof and control roof runoff for the Tamaki
mini-roofs for events with at least 2 mm rainfall

Table 8. Tamaki mini-roof median %-reduction when compared with control roof runoff for rainfall
events with at least 2 mm depth
Metric
Retention

Substrate Depth
100

Spring
85.1

150
80.7
100
66.0
Peak Reduction
150
70.8
Event Count
All
22
* 5 of 12 monitored events had total depth > 20 mm

3.3

Summer

Autumn*

83.1

45.3

87.7
65.6
69.9
16

48.0
63.4
82.1
12

Waitakere City Civic Centre Living Roof

Hydrological data was collected from the WCC site August 2010–March 2011. Living roof runoff data
was compared with that from the control roof. Over the eight months monitored, 79 individual
rainfall events, equivalent to 747.6 mm rainfall, were analysed. 42% of events delivered less than 2
mm of rainfall. Figure 32 summarises rainfall characteristics for all monitored events.
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Figure 32. Rainfall event summary for the WCC roofs: Aug 2010–Mar 2011

3.3.1

Differences between plots

Comparisons were made between control roof runoff and living roof runoff directly. Kruskal Wallis
tests confirmed control roof runoff was significantly different to living roof runoff when either total
volume (Figure 33) or peak flow rates (Figure 34) were analysed (p < 0.001 in both cases). Charts are
presented using a log scale to help improve visual clarity of the skewed data.
Figure 33. Total volume of
runoff for the WCC roofs
for rainfall events > 2 mm
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Figure 34. Peak runoff flow rate for the WCC roofs for rainfall events > 2 mm

3.3.2

Summary of stormwater mitigation for the monitoring period

Analysis of living roof runoff response by the WCC living roof on a per event basis identified
substantial variation in response, evidenced by data ranging 23-100% (Table 9). Data showed
substantial scatter and was skewed by the larger number of small rainfall events with high retention
and peak flow reduction values. Summary statistics in Table 3 demonstrate the effect of considering
all storms compared to storms greater than 2 mm depth. Plots of retention and peak flow reduction
per event are given in Error! Reference source not found..

Table 9. Summary statistics per rainfall event comparing living roof and control roof runoff for the
WCC roofs

Mean*

Storms With P> 2 mm
Retention
Peak Flow Reduction
%
%
66 ± 6.0
78 ± 5.7

All Storms
Retention
%
75 ± 5.7

Peak Flow Reduction
%
84 ± 4.8

Median

72

84

79

93

Maximum

96

99

100

100

23

24

Minimum
23
24
* ± 95% confidence interval

Due to the variability in response at an individual event scale, depth- and peak flow- frequency
curves were used to provide a general picture of expected flows, inherently incorporating
antecedent climate conditions, plant condition, and rainfall characteristics (Figure 35 and Figure 36).
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Figure 35 shows significantly less (p < 0.001) runoff volume was generated from the WCC living roof
than from the control roof. Likewise, living roof peak runoff flow rates were significantly (p < 0.001)
less than peak runoff flow rates from the control roof (Figure 36).
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Figure 35. Depth–frequency curves based on all events monitored on the WCC roofs
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Figure 36. Peak flow–frequency curves based on all events monitored on the WCC roofs
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3.3.3

Cumulative runoff retention

Over eight months of monitoring, the WCC living roof retained 57% of control roof runoff (Figure 37).
There was a clear and considerable reduction in runoff from the WCC living roof compared with
runoff from the control roof (Figure 10). Irrigation could not be incorporated into the hydrological
analysis. Irrigation ensures plant viability and allows for maximum ET potential by the plants.
However, volume retention may have been slightly greater without the irrigation as over-irrigation
meant water would have occupied valuable pore space that would otherwise be available for
stormwater retention.
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Figure 37. Cumulative retention by the WCC living roof: Aug 2010–Mar 2011

3.4

Hydrologic performance across a range of living roof designs

Four living roofs and three control roofs were compared to investigate how living roof configuration
affects stormwater mitigation in Auckland. The UoA, Tamaki and WCC monitoring sites are within
20 km of each other. This section compares and contrasts response from the varied living roof
designs to present general conclusions regarding the effectiveness of living roofs to mitigate runoff in
Auckland’s climate. Table 10 gives a summary of hydrological analyses per monitored site. The sites
exhibited wide variation in retention response, possibly due to differences in monitoring period
length, and thus differences in size, duration and frequency of the rainfall events captured.

Table 10. Summary of runoff response from the UoA, Tamaki and WCC living roofs for the full
monitored period for each site
Location

Substrate
Depth

Monitoring
Length

Cumulative
Seasonal Response
Retention vs.
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(mm)
UoA

50-70
100

Tamaki

WCC

150
100

Control Roof
28 months
Sep 08–Dec 10

56%

1

2

39%
14 months
Dec 20–May 10 &
2
Aug 10–Mar 11 53%
8 months
Aug 10–Mar 11

57%

3

Effective operation year round,
although reduced winter
performance
Effective operation through spring,
summer and autumn. Winter
excluded from analysis due to lack of
data.
N/A

1. Includes no events greater than the 2-yr, 24-h ARI event for central Auckland.
2. Includes 5 events greater than the 2-yr, 24-h ARI event for central Auckland.

3. Includes 1 event greater than the 2-yr, 24-h ARI event for central Auckland.

Each site used slightly different substrate designs, but all four living roofs had >80% plant coverage
indicative of a fully established roof. Relative properties of each living roof design are presented in
Figure 38 (for full design details refer to Fassman et al. (2010) for the Tamaki and UoA roofs and
Section 2.3 of this report for the WCC roof).
In addition to differences in living roof design, there was variation in control roof type. The modelled
UoA control roof runoff is based on a shallow gravel-ballast layer over a bitumous waterproofing
layer, the WCC control roof has a bituminous waterproofing sheet membrane system with a plain
sand finish (Soprema Flam 180 / Soprema Jardine 2 layer torch-on membrane, according to design
drawings), and the Tamaki control roof is a Colour Steel garden shed. Each surface is smoother than
the previous with reduced water retention/detention capabilities (Figure 38).
The period August 2010–December 2010 was monitored concurrently at all three sites. Hydrological
analysis in the remainder of this section refers only to the period August 2010–December 2010 in
order to provide a clear comparison in living roof response between the three monitored sites.
Although each site exhibited localised minor variation in rainfall patterns, overall the three sites
experienced very similar rainfall characteristics (Figure 39, plotted on a log scale for clarity).
Statistically, there were no significant differences in rainfall from Aug–Dec amongst the three sites
according to Kruskal-Wallis tests for either total rainfall depth (p = 0.965) or peak rainfall intensity
(p = 0.233). Comparisons in roof runoff response between the sites are therefore appropriate due to
the similarity in rainfall received over the period Aug–Dec 2010.
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Figure 38. Design components of both living and control roofs compared qualitatively

Figure 39. Rainfall depth and peak intensity per event, cumulative total precipitation and number of events over
the period

Cumulative runoff from all roofs demonstrated volume retention ranging 48%–66% over the
monitored period (Table 11). Despite greater substrate depth (100 mm vs 50-70 mm, respectively)
and maximum water retention capacity on the WCC living roof compared to the UoA roof (~20 mm
compared to ~11-16 mm, measured as plant available water), the UoA and WCC living roofs
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demonstrated the same retention efficiency (66%). The performance result was likely influenced by
the frequency of small events that were entirely captured by all of the roofs, but may have been
partially influenced by the irrigation of the WCC living roof. The 100 mm depth Tamaki living roof had
a retention efficiency of 48% which increased to 57% for the 150 mm depth living roof. It was
expected that the 150 mm depth Tamaki living roof, with greatest substrate depth and water
retention capacity (~36 mm), would provide the best stormwater mitigation response overall and
that the 100 mm depth Tamaki living roof would provide the second highest stormwater mitigation
response. The apparent reduced cumulative retention at Tamaki was likely also influenced by the
control roof materials, with the Colour Steel roof providing little, if any, retention or peak flow
reduction potential.

Table 11. Summary of runoff retention from the UoA, Tamaki and WCC living roofs during Aug-Dec
2010
Location

Substrate Depth
(mm)

Cumulative
Retention

UoA

50-70

66%

100

48%

150

57%

100

66%

Tamaki
WCC

Statistical analysis was completed using the Aug-Dec 2010 datasets for each site with rainfall events
with at least 2 mm depth (Figure 40). Rainfall events with a total depth <2 mm were almost always
completely retained but heavily skewed results complicated interpretation. See Error! Reference
source not found. for charts using the full datasets from Aug-Dec 2010 (including events <2 mm).
Significant differences were not found among sites for control roof runoff depth when analysed from
Aug-Dec 2010 on a per event basis (p = 0.148, Figure 40). There was a significant difference in control
roof runoff peak flow rates only between Tamaki and WCC (p = 0.015). The UoA modelled control
roof peak flow rates demonstrated no significant differences to either the Tamaki or WCC control
roofs (p > 0.05 for both).
Living roof response per event for rainfall events ≥2 mm is compared between sites in Figure 41.
Notably, living roof runoff depth demonstrated no significant differences between sites (p = 0.061).
However, Table 12 shows that the Tamaki roofs demonstrated significantly higher peak runoff rates
than either the UoA or WCC roofs for the same individual storm events. Conversely, the distribution
of the peak flows was not statistically different between the UoA and WCC sites.
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Figure 40. Control roof runoff depth and peak flow rates per event for rainfall events >2 mm: Aug-Dec 2010

Figure 41. Living roof runoff depth and peak flow rates per event for rainfall events >2 mm: Aug-Dec 2010

Table 12. Evidence of statistical differences in peak flow (mm·5-min-1) between living roofs (p values)
UoA
UoA
-Tamaki 100
0.012
Tamaki 150
0.006
WCC
5.766
Statistically significant difference.

Tamaki 100
0.012
-5.586
0.048

Tamaki 150
0.006
5.586
-0.018

WCC
5.766
0.048
0.018
--

Comparisons in runoff response in terms of percent differences are presented in Figure 42 as percent
retention and peak flow reduction for each site. Notably, no significant differences were found
between any sites for percent retention (p = 0.057). However, Table 13 demonstrates that significant
differences were found for peak flow reduction between the Tamaki mini-roofs and the UoA roof, as
well as the 150 mm depth Tamaki mini-roof and the WCC roof (when outliers were excluded from
the WCC data set).
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Figure 42. Volume retention and peak flow reduction when living roof runoff is compared with control roof
runoff

Table 13. Evidence of statistical differences in peak flow %-reduction (p values) between living roofs
UoA
UoA
-Tamaki 100
0.036
Tamaki 150
0.006
WCC*
1.698 (3.786)
Statistically significant difference.
*(Excluding outliers)

Tamaki 100
0.036
-4.374
0.294 (0.144)

Tamaki 150
0.006
4.374
-0.126 (0.030)

WCC*
1.698 (3.786)
0.294 (0.144)
0.126 (0.030)
--

Evaluation of runoff depth and retention amongst the four living roofs ranging 50 mm-150 mm
substrate depth demonstrated that sites were equally effective in reducing runoff volume compared
to a control roof. Data from the entire monitoring period at each site were therefore pooled for
further analysis. Regression analysis shows that runoff depth (Q) can be adequately predicted (R2=
~0.81) by rainfall depth (P), for planning purposes (Figure 43) as per Equation 2:
Q = 0.0046P2+ 0.3603P+0.0242
R2 = 0.8135

Equation 2

The day-to-day influences of factors such as ET (rate of substrate moisture storage depletion, i.e.
drying, which is influenced by solar radiation, temperature, relative humidity, and wind speed) and
duration of antecedent dry period (time for drying) are reflected in the scatter of the data points
around the regression line. Should there be a need for more precise prediction, development of a
continuous simulation method based for example on physical processes or an analytical probabilistic
model would be appropriate.
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The emergence of a single acceptable predictor variable is in contrast to a previously published
statement regarding UoA retention performance based on 1 year of continuous monitoring data
concluding that living roof performance could not be predicted by one factor alone (Voyde et al.
2010a). The current conclusion highlights the importance of long-term monitoring of stormwater
systems. Event-based performance assessment is highly variable, reflecting somewhat the
randomness of individual rainfall events. Larger data sets allow for more robust statistical analyses,
often leading to better confidence in conclusions, and in this case a simple model for performance
prediction.
The extent of peak flow control varied from roof to roof. The Tamaki roofs demonstrated higher
runoff rates than either the WCC or UoA living roofs, and less mitigation compared to its control roof.
Differences were likely due to increased substrate permeability of the Tamaki substrate (Figure 44)
and the smaller plot size, which results in a substantially shorter horizontal flow path length through
the underlying drainage layer to outlet (Figure 44).

200
180
Q = 0.0046P2 + 0.3603P + 0.0242
R2=0.8135

160

Runoff, Q (mm)

140
120
100
80
60
40
20
0
1

10
Rainfall, P (mm)
UoA 50-70

Tamaki 100

Tamaki 100

Tamaki 150

100
Tamaki 150

WCC 100

Regression

Figure 43. Rainfall depth emerges as an acceptable predictor for runoff depth for planning purposes.
Note log scale for the X-axis. Legend indicates substrate depth for each monitored living roof. Duplicate
experiments at Tamaki provide two data sets for each substrate depth.
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Figure 44. Incomparable plot size and differing horizontal flow path length to outlet affects peak flow control

Although the UoA and WCC living roofs presented design differences in media depth and media type,
these differences appeared to be balanced by permeability and horizontal flow path length (Figure
44). Tamaki, although having the greatest substrate depth and water holding capacity, had reduced
cumulative volume retention (not statistically significant on a per event basis) and peak flow
reduction. The main difference in design was that the Tamaki sheds exhibited the shortest horizontal
flow paths through the underlying drainage layer to the outlet. A key point is that although varied
substrate permeability and depth will affect the time it takes water to migrate vertically through the
system (over a length of up to 150 mm), a substantial portion of water movement through the
system will be horizontally within the underlying synthetic drainage layer (over a length of several
metres, except at Tamaki). In addition, the Tamaki mini-roofs were possibly influenced by a higher
proportion of gravel edging to actual planted living roof substrate. The gravel edging has a greater
permeability than living roof substrate and very little water retention capacity. The scale effect at the
Tamaki research site may have meant that if the same depths and media composition had been
trialled at a larger scale, the retention efficiency and peak flow reduction may have improved.
In practice, results suggest that the configuration of a proposed living roof may influence the extent
of peak flow control provided. To maximize peak flow mitigation, design should extend the length of
the horizontal flow path to the vertical gutters as much as possible. Insufficient data has been
collected to date to identify specific design thresholds for peak flow control, and it is recognized that
peak flow control at Tamaki was still significant. However, future research on peak flow control
should identify scaling influences such as flow path length.
Another method to increase peak flow reduction is to introduce physical resistance within the
drainage layer using a granular drainage media rather than the egg-crate type synthetic drainage
layers used at the testing sites. For example, large aggregates (10 to 20 mm diameter at minimum 30
mm depth for an extensive roof [Gedge and Little 2010]) could provide adequate pore space to allow
drainage and air flow (desirable properties of the drainage layer [Fassman et al. 2010]) but
substantially increasing roughness which slows flow rate. Any changes to system weight induced by a
granular drainage media must be accounted for in the total system weight; however, light-weight,
evenly-graded pumice is available in New Zealand at particle diameters much greater than 10 mm.

3.5

Small storms

The limited water storage capacity in a living roof means that it will be relatively more effective for
capture of small storms. Low to no runoff was generally observed small storm events on the living
roofs monitored in Auckland. Runoff data from storms 2- 30 mm rainfall were arbitrarily extracted
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from all sites. Figure 44 demonstrates that for 70% of events in this category, runoff depth was less
than approximately 5-6 mm, while the median (50% percentile) depth was 2 mm and the mode (the
most frequently occurring number across the range) was actually zero (Table 14). Thus across the
enire range, there is little meaningful runoff that occurs from these small storm events.

As expected, when runoff response is broken down according to very narrow rainfall ranges (Table
14), greater amounts of runoff are expected as rainfall depth increases. Empirically, data suggest that
there is a minimum threshold of rainfall that must occur before meaningful runoff begins. Laboratory
measurements of water holding capacity (Table 15) provide insight into this observation. Either of
the analytical methods3 to measure water storage potential suggests that the various media are
capable of fully capturing rainfall from small storm events if the substrate is completely dry at the
beginning of a storm event. Day-to-day performance will vary depending on the substrate’s actual
moisture content when a storm begins.

Runoff Depth*

Table 14. Living roof runoff statistics by rainfall depth range (mm)
Rainfall Depth Range
(min mm – max mm)

2-5

6-10

11-15

16-20

21-25

26-30

All data
2-30

n

150

97

51

32

20

11

361

Mean (mm)

1

3

6

8

18

13

4

Median (mm)

0

3

5

7

18

13

2

Mode (mm)

0

1

5

7

Std. Deviation
1.1
3.0
3.5
4.7
* Runoff depth rounded to nearest integer prior to determining statistic.

12

17

0

6.8

5.5

5.5

Table 15. Living roof water storage potential according to installed depth1
Measure of Water Storage
Potential
Plant-Available Water

2

Maximum Water Holding
3
Capacity
1.
2.
3.

3

50 mm

UoA
70 mm

100 mm

Tamaki
150 mm

WCC
100 mm

11.3-12.0

14.3-16.2

28.9

35.8

20.2

24.2-24.5

28.8-33.3

63.0

94.5

n/a

After Fassman and Simcock (2012)
Tension test (Gradwell and Birrell 1979) over 10-1500 kPa (Hillel 1971).
Moisture content to oven dry at 105 C after 24 hr water-bath soak followed by 2-hr draining (FLL 2008), as
reported in Fassman et al. (2010). Data not available for WCC.

Discussion of differences between the methods with respect to implications for design and planning is presented in Section 4.5.3 and
4.5.4.
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Figure 45. Frequency of occurrence of runoff depths for events with 2-30 mm rainfall

3.6

Physical process-based model development

She and Peng (2010) developed a living roof hydrologic model compatible with either event-based or
continuous simulation. The model was coded for compatibility with the US Environmental Protection
Agency’s (US EPA) Storm Water Management Model (SWMM)4. Rather than repeat work, the
research team entered into a limited collaborative agreement with Nian She, Ph.D. Data from one
plot of the UoA living roof was used to calibrate and verify the model.
The attached paper (Error! Reference source not found.), “Application of a Physically-Based Green
Roof Model to Living Roofs in Auckland, New Zealand”, presented at the 17th Congress of the Asia
and Pacific Division of the International Association of Hydro-Environment Engineering and Research,
incorporating the 7th International Urban Watershed Management Conference, (Auckland, NZ, 21–
24 February, 2010), presents modelling results from Plot 3 (~46 m2) of the UoA living roof (She et al.,
2010).
She and Peng’s (2010) living roof model uses physical processes to model water flow through the
living roof system during a rainfall event. Green-Ampt infiltration equations are applied to quantify
moisture movement vertically through the substrate during unsaturated flow conditions whereas
Darcy’s Law is used for saturated conditions (a condition that should not be achieved with an
appropriately designed living roof substrate). The third process modelled is recession, for the drying
of the substrate. The substrate FLL maximum water capacity is used to trigger different flow models
through the substrate, although technically the condition at maximum water capacity is not the same
as saturation [refer to Section 4.1 and Figure 4.1 of Fassman et al. (2010) for definitions]. ET is set to

4

The current work was completed prior to the release of SWMM version 5.0.022 with LID Controls by the US Environmental Protection
Agency in 2011. Version 5.0.022 models living roofs as a modification of bioretention.
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zero during the rainfall period and takes the form of an exponential decay with moisture content
during the dry period, based on Voyde et al. (2010b).
SWMM’s routing options were applied to model horizontal flow through the drainage layer to the
building’s vertical drainage system, assuming that a free flow path is provided (e.g., a synthetic
drainage mat is used). The model can be applied at a 5-min or longer increment. During a storm
event, the model takes into account the substrate moisture conditions at all times, the rainfall inputs,
ET, and the actual flow path to the roof’s gutter, which will influence runoff discharge rate if/when it
occurs. Interception is not currently accounted for in the model.
To quantify the effectiveness of the Plot 3 as a living roof, it was first modelled as a conventional
roof. The runoff from this conventional roof surface was generated using the SWMMRUNOFF module
using a low Manning’s roughness coefficient (n = 0.015). The total volume of runoff from the regular
roof was compared to the total volume of the flow survey data. Compared to the conventional roof,
the total runoff volume reduction by the living roof was 67%; and the peak flow reduction was 83%.
Figure 46 shows the runoff from the regular roof and the flow survey data.

Figure 46. Comparison of runoff generated from the regular roof with the flow survey data of living roof

To calibrate the model, two storm events were selected for simulations. Only significant storm
events (defined as peak intensity >17.8 mm h-1) were considered for calibration. The 19 February
2009 event was the largest event for the study period (peak intensity 62.4 mm h-1); and the 23
December 2008 event was the smallest of the significant events (peak intensity 19.2 mm h-1). After
calibration, the 24 September 2009 storm event – the second largest storm event (peak intensity
62.4 mm h-1) was used to verify the model settings. Finally, the model was tested using a continuous
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5-min interval simulation for the duration of the flow data record (Figure 47). The volume between
the simulated and observed runoff was about 5%, which indicates that the model is robust. The peak
runoff between the simulated and observed runoff was about 22%, which is acceptable. It appears
that the model more accurately simulates runoff volume than peak flow. However, the model can
capture the characteristics of significant events in general e.g., the shape of the hydrographs.
Although successfully calibrated and verified on Plot 3, the model relies on the traditional
stormwater device hydrologic model of a bowl that fills to capacity and then overflows when there is
too much rain (or runoff). This approach has been appropriate for stormwater pipes, retention ponds
and constructed wetlands, but it does not truly mimic the mechanisms of water movement through a
living roof (i.e. predominantly unsaturated flow through porous media with limited storage capacity)
Unfortunately, the present state of knowledge limits the predictive capability using equations for a
generic living roof system to consider only the retention provided by the substrate – i.e. the
overfilling bowl. In this case, the bowl is the substrate whose capacity can be measured by laboratory
test of maximum moisture storage (plant available water or maximum water capacity). When there is
more rain than the bowl can capture, rain percolates through the substrate to become runoff in the
drainage layer and through to the roof’s downspouts.
The 2011 release of SWMM version 5.0.022 with LID Controls from the US EPA models living roofs as
a modification of bioretention. It has not been trialled within the current research. Its algorithms
differ significantly from the process model by She and Peng (2010).

Figure 47. Comparison of simulated vs. observed runoff for the entire study period

3.7

Summary of evapotranspiration research

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

67

Evapotranspiration (ET) is a key process in the hydrology of a living roof. From a practical standpoint,
and with regard to annual stormwater mitigation by a living roof, it is not necessary to directly
quantify ET from a living roof. However, it is the mechanism by which rainfall retention storage
capacity is reinstated by the living roof system between rainfall events. This section gives an
executive summary of ET research completed as part of Ph.D. research at UoA (Voyde, 2011) to
demonstrate the relative contribution of the process to living roof functionality.
3.7.1

Direct measurement of evapotranspiration

Three approaches were used to quantify ET from the UoA living roof:
1. Direct measurement of ET in greenhouse trials using bench-scale trays (0.07 m2) with the
zeolite based substrate used on the UoA living roof;
2. Direct measurement of ET in a field trial using the bench-scale trays placed on the UoA roof
(Level 13); and
3. Indirect measurement of ET from the UoA living roof using a water balance equation, solving
for ET.
The approaches allowed comparison at bench and field scales; and in greenhouse and field
environments. The greenhouse trials enabled measurement of evaporation (E) from bare substrate,
ET from substrate planted with one of two plant species, and clarification of the environmental
variables driving ET. Plant transpiration, T, was determined as the difference between measured ET
and E.
This section describes the methods and results of direct and indirect measurements of ET. The next
objective was to determine if common methods used to predict ET in agricultural applications can be
used to predict living roof ET. Section 3.7.2 models ET and compares modelled results to measured
ET.
In both the greenhouse and field environments, ET was measured directly using bench-scale trials for
three configurations: unplanted, planted with Disphyma australe and planted with Sedum
mexicanum. In the greenhouse experiments, measurements were initiated from well-watered
conditions (at field capacity) and healthy plants, subsequent to which there were no further inputs of
water over the period of each trial (a few weeks) for the majority of trays. Field experiments were
subjected to naturally and randomly occurring rainfall.
ET rates measured in the greenhouse and ET rates measured on the UoA roof were within similar
ranges (Table 16). Maximum ET values correspond to days when water was readily available and
ranged between 1.54–5.44 mm d-1 (Table 16). At the start of each greenhouse trial, both plant
species exhibited ~9 d of rapid water loss. During this period, ET from planted trays was consistently
greater than E from unplanted trays. The period of rapid water loss was ~5 d in the field trial, with no
statistically significant differences between ET from all tray configurations. When water was readily
available (around the beginning of greenhouse trials, or after natural rainfalls), T contributed 15–45%
of ET (Table 19). Minimum ET values corresponded to days with water-limited conditions (reflecting
multiple days of drying) and range 0.00–0.67 mm d-1 (Table 18). After the period of rapid water loss,
ET rates decreased and became more-or-less constant. ET from planted trays was no longer
significantly different to E from unplanted trays.
-1

Table 16. Summary of daily ET results from the bench-scale trials (all values in mm d )
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Greenhouse

Unplanted
S. mexicanum
D. australe

Field Installation

Trial 1*

Trial 2*

Trial 3*

Trial 4*

Trial 4**

Trial 5**

Max.

1.54

1.91

1.97

3.49

-

3.38

Min.

0.09

0.16

0.00

0.06

-

0.67

Max.

3.12

2.63

4.16

4.93

5.28

3.84

Min.

0.10

0.06

0.05

0.14

0.32

0.59

Max.

3.01

2.28

-

5.44

5.42

4.50

Min.

0.31

0.24

-

0.29

0.59

0.49

*Plants experienced drought conditions
**Plants experienced repeated wet/dry cycles
“Max.” and “Min.” refer to the absolute range of values measured and are indicative of ET rates
when water is available and water limiting conditions, respectively.

Reprinted with permission Voyde (2011).

Table 17. Average ET and plant contribution via T when water is readily available for all greenhouse
trials
Process
Avg. ET
Avg.
T

S. Mexicanum

Units

D. Australe

Trial 1

Trial 2

Trial 3

Trial 4

Trial 1

Trial 2

Trial 3

Trial 4

mm d

-1

2.3

2.2

2.8

2.9

2.3

1.9

-

3.3

mm d

-1

1.1

0.6

1.3

0.8

1.1

0.3

-

1.3

%

45

25

40

23

43

18

-

40

% (SEM)

4

3

5

5

4

2

-

3

Average values are for the periods of rapid water loss identified per configuration per trial
Reprinted with permission Voyde (2011).

Table 18. Percent of total ET contributed via T for the unstressed condition during the bench-scale
field trial
Process

Units

Avg. ET

mm d
mm d

Avg. T

S. Mexicanum

D. Australe

-1

3.1

3.5

-1

0.5

0.9

%

15

24

% (SEM)

2

2

Period of rapid water loss: Day 1 to Day 5 after rain

Reprinted with permission Voyde (2011).
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S. mexicanum and D. australe demonstrated similar strategies overall for dealing with water stress.
Both species stored water in their tissues they could ‘mine’ when stressed and had the ability to
extract water from very dry substrate (>1500 kPa tension). However, S. mexicanum was more
sensitive to substrate moisture content, reducing ET demand earlier, hence conserving substrate
moisture. In contrast, D. australe drew on water reserves in the flesh of the plant to continue
transpiring at the same rate causing desiccation and loss of viability. D. australe survived for a
maximum of 24 d without water before the plants had to be rehydrated to prevent irreversible
desiccation. The S. mexicanum trials lasted for a maximum of 39 d; however, the plants were likely to
have survived longer under drought conditions.
All tray configurations in both the greenhouse and field trials demonstrated clear diurnal variation in
ET and E; however, the planted trays exhibited greater peak ET (Figure 49and Figure 49). The time of
day at which low-intensity rainfall occurs will affect storage recovery via ET for a living roof. ET was
greatest between 12:00 and 16:00 with peak ET up to 0.5 mm h-1, indicating this time period would
be optimal for potential storage recharge during short inter- or intra- event dry periods (Table 19).
Diurnal variation was analysed when water was readily available to plants and in water limiting
conditions.
Some horticultural literature has identified sedums as crassulacean acid metabolism (CAM) inducible
plants when water stressed (Snodgrass and Snodgrass 2006), however, Auckland results did not show
greater ET overnight once plants became stressed (Table 19). It may be that plants were not taken far
enough into moisture stress to change metabolic processes, regardless; results challenge the
hypothesis that CAM plants conserve water all the time.
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Reprinted with permission Voyde (2011).
Figure 48. Mean hourly ET from S. Mexicanum, D. Australe and bare substrate in the greenhouse trials
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Reprinted with permission Voyde (2011).
Figure 49. Mean hourly ET for S. Mexicanum, D. Australe and bare substrate in the bench-scale field trial

Table 19. Summary of hourly ET results from the bench-scale trials, all values in mm h-1
Unstressed

Unplanted
S. mexicanum
D. australe

Stressed

Peak

Overnight

Peak

Overnight

Greenhouse

0.10–0.30

0.02–0.05

0.01–0.08

0.00–0.02

Field

0.26

0.01

0.06

0.02

Greenhouse

0.25–0.46

0.02–0.04

0.01–0.02

0.00–0.01

Field

0.40

0.02

0.05

0.01

Greenhouse

0.22–0.50

0.03–0.04

0.02–0.07

0.01–0.02

Field

0.46

0.02

0.05

0.01

Note: “Greenhouse” data is the range of values for Trials 1 to 4, “Field” data is for Trial 5.
Reprinted with permission Voyde (2011).

3.7.2

Predicting evapotranspiration using agricultural models

Quantifying ET from a living roof using an empirical approach provides valuable information to
supplement current data; however, the process is time and labour intensive. Using models to predict
ET is more practical. Modelled ET can be used in continuous hydrologic simulations to establish the
efficiency and effectiveness of living roofs as a stormwater management tool. To address this issue
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for the UoA living roof, this section first presents a simple empirical model for estimating ET
generated based on data from the greenhouse trials. Next, a comparison between field measured ET
and ET modelled using existing agricultural methods is presented. Both methods for estimating ET
were tested in a daily water balance model from October 2008 to October 2009 for comparison with
measured runoff from the UoA living roof.
Decay curves describing ET over time were presented for trays planted with S. mexicanum and trays
planted with D. australe using data from the four greenhouse trials (Figure 50). The decay curves
were applicable Days 1–24 for D. australe and Days 1–39 for S. mexicanum. The regression equations
are given in Eqn. 3, for the trays planted with S. mexicanum (R2 = 0.7727), and in Eqn. 4, for trays
planted with D. australe (R2 = 0.6122).
Error! Objects cannot be created from editing field codes.

Equation 3

Error! Objects cannot be created from editing field codes.

Equation 4

Unplanted trays were excluded on the assumption that a typical living roof will be vegetated.

Reprinted with permission Voyde (2011).
Figure 50. Daily evapotranspiration variability under drought conditions

Ten different agricultural models were used to estimate ET from the UoA living roof: The Food and
Agriculture Organisation of the United Nations Irrigation and Drainage Paper #24 Blaney-Criddle
method (FAO-24 BC), Hargreaves, Penman (with three wind functions), Kimberly-Penman, FAO-24
Penman (with and without correction), Penman-Monteith, and FAO Irrigation and Drainage Paper
#56 Penman-Monteith (FAO-56 PM). When daily ET estimated using agricultural models was
compared to daily measured ET from the field installation of the bench-scale trays, two defined
operating conditions were identified: when water was available, and when water was limited (Figure
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51). In the well-watered condition, average absolute daily error between modelled and measured ET
was 0.76 mm d-1; models both over- and underestimated measured ET. Average error increased to
1.81 mm d-1 in water-limited conditions (the periods 2–7 April 2009 and 17–18 April 2009) and the
models consistently overestimated measured ET. When plants were not operating under wellwatered conditions, measured ET dropped below that modelled based on climatic parameters, i.e.
the influence of water availability overrode the influence of climatic parameters (Figure 51).
Agricultural models were not appropriate for estimating living roof ET when water was limited.

Reprinted with permission Voyde (2011).
Figure 51. Comparison between evapotranspiration predicted using agricultural models and evapotranspiration
measured in the field installation of the bench-scale trays

Contrary to results from others (Rezaei, 2005, Hickman et al., 2010, Feller et al., 2010, Lazzarin et al.,
2005), neither the Penman nor Penman-Monteith models were identified as appropriate for
estimating daily living roof ET. The FAO-24 Penman (corrected) model was the only method to show
consistent statistically significant correlation between modelled and measured ET in well-watered
conditions (Table 20). Pearson correlation coefficients were moderate: 0.544 and 0.563 for S.
mexicanum and D. australe, respectively. Calculated crop coefficients for the FAO-24 Penman
(corrected) model were 1.01 and 0.85 for D. australe and S. mexicanum, respectively (Table 21).
Applicability of these crop coefficients was limited to well-watered conditions. Contrary to Rezaei
(2005), associated R2 values were low (0.29–0.31) indicating that, although crop coefficients have
been presented, the linear crop coefficient models were not suitable for estimating living roof ET. It
was not possible to accurately estimate daily ET from a living roof using common agricultural models
and crop coefficients.
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Table 20. Pearson correlation coefficient (r) between modelled and measured evapotranspiration for
the well-watered condition, green shading highlights statistically significant correlations at the
p = 0.05 level
ET Model

Substrate

D. Australe

S. Mexicanum

FAO-24 BC

0.209

0.343

0.384

Hargreaves

0.114

0.279

0.301

Penman (original)

0.404

0.466

0.462

Penman (revised)

0.390

0.458

0.450

Penman (Wright & Jensen)

0.446

0.461

0.460

Kimberly-Penman

0.426

0.477

0.481

FAO-24 Penman (c=1)

0.444

0.466

0.465

FAO-24 Penman (corrected)

0.468

0.563

0.544

Penman-Monteith

0.439

0.431

0.434

FAO-56 PM

0.422

0.454

0.452

Reprinted with permission Voyde (2011).

Table 21 Linear equations to find crop coefficients, equations are presented from highest to lowest
R2
ETC
"Y"

ET0
"X"

D. australe

FAO-24 Penman
(corrected)
Kimberly-Penman
FAO-24 Penman (c=1)

S. mexicanum

FAO-24 Penman
(corrected)
Kimberly-Penman
FAO-24 Penman (c=1)

Best Fit (Through
Zero)

Best Fit
2

Equation

2

Equation

R

R

y = 1.1479x - 0.352

0.31 y = 1.0145x

0.31

y = 0.9225x + 0.3561

0.23 y = 1.0645x

0.22

y = 0.8176x + 0.3183

0.22 y = 0.9285x

0.21

y = 0.9952x - 0.375

0.29 y = 0.853x

0.29

y = 0.8352x + 0.1539

0.23 y = 0.8966x

0.23

y = 0.7324x + 0.1413

0.22 y = 0.7816x

0.22

Reprinted with permission Voyde (2011).

A simple empirical water balance model was generated to test the different ET estimation methods
using monitored rainfall from the UoA living roof and appropriate substrate moisture assumptions.
Comparisons were made between the empirical regression curves, and the FAO-24 Penman
(corrected) model with calculated KC values, and the provision that in water-stressed conditions
ET = 0.5 mm·d-1. Results from water balance models using the two different ET estimation methods
were comparable; although retention efficiencies using the FAO-24 Penman (corrected) model were
slightly lower (Table 22).
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Table 22. Living roof retention efficiencies when using different et estimation methods in a water
balance model
ET Model

S. Mexicanum

D. Australe

Measured retention = 66%

Empirical regression curve

55%

49%

FAO-24 Penman (corrected) model
with a water-stress assumption

44%

49%

Reprinted with permission Voyde (2011).

Although it was concluded that daily living roof ET could not be accurately estimated using common
agricultural models, the FAO-24 Penman (corrected) model was tested in a continuous water balance
model over one year, October 2008 to October 2009, to determine the effects of misapplication of
the method. In this instance, misapplication of the method did not have any substantial negative
effect in terms of predicted long-term implications for stormwater retention efficiency. This
corresponds well with the conclusion in Section 3.4 that while ET affects day-to-day performance, it
is not a dominant factor in long-term aggregate performance predictions.
The modelled water balance from hypothetical monoculture living roofs using the empirical ET
regression curves resulted in conservative retention efficiencies, 55% and 49% for S. mexicanum and
D. australe, respectively, due to simplifications in the method (Table 22). Neither interception
capacity of living roof plants, nor the assumption that a rainfall event larger than 10 mm was
sufficient to restore maximum ET has been substantiated, yet a sensitivity analysis showed that both
assumptions play an important role in predicting cumulative retention (Figure 52). Although the
original empirical ET regression curves under-predicted annual retention by 11–17%, with the
addition of 1 or 2 mm interception modelled retention was within 4% of that measured. The method
is worth further investigation due to its basis in living roof specific response (rather than agriculture),
and its simplicity.
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Reprinted with permission Voyde (2011).
Figure 52. Effects of modified assumptions in the water balance model on annual cumulative retention

As hypothesised, plants operated within, or near, their optimal unstressed conditions for half the
year. For 52% of the sampled year, plants were operating within 9 d of a rainfall event larger than
10 mm (assumed sufficient to restore maximum ET). The lack of water available in the substrate in
thin living roofs during periods of low or intermittent rainfall (48% of the year) played a significant
role in determining the method most suitable for modelling ET from a living roof. Agricultural models
are not suitable for estimating living roof ET during these periods. Thus empirical regression
equations are the most appropriate method for estimating ET when plants are water-stressed. If
agricultural models are to be used to estimate ET in hydrologic models, water-stressed conditions
must be taken into account. The water balance herein used a fixed ET value during periods of water
stress, but a combination method incorporating empirical regression equations may be appropriate.
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4.0 Substrates
Long-term research on substrates included:

4.1



Investigation of additional recipes, developing further from the recommended
pumice/zeolite/organic matter mixture in Fassman et al. (2010), and leading to construction
of two living roofs in the Auckland Botanic Gardens. Construction documentation is
presented as a detailed case study in Appendix B. A recipe based on scoria was also
investigated.



Evaluation of changes in substrate chemistry over time in field substrates subject to natural
weathering, with respect to the sustained ability to support plant life.



Laboratory assessments of the resilience to compaction, from physical characteristics of airfilled porosity and implied changes to pore and particle size distributions. These
characteristics may affect plant vitality and drainage characteristics.



A laboratory assessment of the potential for leaching of fine particles as TSS, with potential
for influencing runoff water quality and/or clogging of the geotextile separation layer
between the substrate and the drainage layer.



Quantitative comparisons of the suitability of laboratory measurements to predict field
performance with respect to runoff retention and drainage properties.

Additional substrate development

Individual components in the 70% pumice/ 10% zeolite/ 20% v/v organic matter substrate (the
“Tamaki zeolite” mix) recommended in Fassman et al. (2010) were sourced from three different
suppliers. Transport costs can be significant when bringing different components to a single place to
be blended, particularly for a one-off job with small volumes. While not specifically required by the
scope of the overall living roof research programme, efforts were made to identify a supplier who
could provide most of the specified components, and provide bulk blending. The opportunity for field
trials at the Auckland Botanic Gardens was also a motivating factor for the UoA/Landcare Research
team. FLL (2002, 2008) testing was performed for dry bulk density, water holding (field) capacity,
density at field capacity and saturation, and permeability on triplicate 150 mm diameter compacted
sample cores of three potential substrate blends.
A visit to Daltons Composting, Screening and Blending facilities on Hinuera Road West, Matamata,
identified a single supplier of pumice, composted bark-based products and zeolite. Upon request,
Dalton’s supplied 1–7 mm crushed (angular) pumice, sourced from a Bay of Plenty quarry. Scoria was
also supplied as a candidate aggregate. A combination of CAN bark fines and coir fibre served as the
organic matter. CAN bark fines are a composted product manufactured from bark sourced from
ports, timber mills and other areas where plantation-grown Pinus radiata logs are stored. After 10 to
14 weeks composting, the bark is screened to achieve a consistent particle size <12 mm. The
resulting ‘CAN fines A grade bark’ is primarily used to make plant growth media. When creating
potting mixes, fertilizers and a small proportion of crushed coconut fibre coir (imported by Pacific
Wide (NZ) Ltd) is added to improve aeration, rehydration and water holding characteristics. In terms
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of the living roof blends, coir’s nutrient holding capability meant that the slightly more expensive
zeolite component could be reduced. Living roof blends with and without zeolite were tested. The
zeolite used was the same Blue Pacific Minerals-sourced zeolite as used in the UoA and Tamaki
zeolite blends developed in 2006 and 2008, respectively. As at 2010, Daltons has supply agreements
in place with Blue Pacific Minerals, the Bay of Plenty pumice quarry, and Pacific Wide (NZ) Ltd; the
components are supplied to Dalton’s for a variety of products, not specifically living roof substrates,
thus Daltons was considered a “sole” supplier of the components in this case.
The following living roof substrate blends were were hand mixed in the laboratory and subjected to
FLL testing:


80% v/v 1–7 mm pumice, 5% 1–3 mm zeolite, 10% CAN bark fines and 5% rehydrated
coconut-fibre coir fines;



85% v/v 1–7 mm pumice, 10% CAN bark fines and 5% rehydrated coconut-fibre coir fines;



85% v/v 1–6 mm scoria, 10% CAN bark fines and 5% rehydrated coconut-fibre coir fines.

A lower proportion of organic matter (15% vs. 20% in the UoA and Tamaki mixes) was specified as
coco-fibre coir absorbs more water than bark fines. Coco-fibre slightly (but measurably) increases the
weight of the final mix at field capacity but means a similar volume of water is held as with 20%
organic matter without fine coir (Table 23 vs. Table 34 - the Tamaki zeolite FLL maximum water
capacity is 63%).
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Table 23. Physical characteristics of substrate blends
Substrate

Components (% by volume)

Lab
Blends

Dry
Bulk
Density

FLL
Maximum
Water
1
Capacity

Density at
FLL Max.
Water
Capacity

Saturated
Permeability

Aggregate

Organic
Matter

(g cm )

(%)

(g cm )

(cm s )

Botanic
Gardens 1

80% 1-7 mm pumice;
5% 1-3 mm zeolite

10% CAN bark;
5% coir

0.4

66.4 + 2.4

1.1 + 0.03

0.14 + 0.02

Botanic
Gardens 2

85% 1-7 mm pumice

0.4

65.7+ 1.1

1.1+ 0.01

0.20+ 0.04

Scoria Mix

85% 1-6 mm scoria

0.8

28.3+ 0.6

1.1+ 0.04

>>1

1.1

23.7+ 0.6

1.3+ 0.02
1.0+ 0.02

>> 1

10% CAN bark;
5% coir
10% CAN bark;
5% coir

-3

-3

-1

Aggregate Only
Scoria
Pumice

100% 1-6 mm
100% 1-7 mm

Bulk Blends for Field Trials
Botanic
80% 1-7 mm pumice;
Gardens 1 5% 1-3 mm zeolite
Tamaki
4
Zeolite

70% 4-10 mm
pumice; 10% 1-3 mm
zeolite

2

0.5
10% CAN bark;
5% coir
15%
mushroom
farm + pine
bark compost;
5% peat

Target value

44

>> 1

0.4

3

74.5

3

1.1

0.12

0.5

63.0

1.1

0.04

≤0.80

5

3

6

Min 35%
6
Max 65%

≥0.05

7

1. The FLL “maximum water capacity” is a measure of % v/v moisture content (to oven dry) held by a media after 24-hr
water bath soak and 2 hr gravity drainage. It is considered equivalent to an engineering approach to measurement of
“field capacity”.

2. FLL maximum water capacity was not tested for Dalton’s 1-7 mm pumice; Inpro 1-7 mm pumice was tested in 2006
(Fassman et al. 2010).
3. Based on duplicate samples rather than triplicate.
4. From Fassman et al. (2010).
5. Arbitrarily set in Fassman et al. (2010).
6. Target value set by FLL (2002). The maximum value is aimed to prevent waterlogging, which might damage plants.
7. Rationale explained in Section 4.5.2

Both of the pumice-based blends easily satisfied objectives for physical characteristics related to
weight, drainage, and water holding capacity research (dry bulk density less than 800 kg m-3, weight
at field capacity5 less than 100 kg m-2, and saturated permeability greater than 0.05 cm s-1 as per
Fassman et al. [2010]) (Table 23). The scoria blend was twice as heavy (evidenced by dry bulk
density), but held less than half the amount of water compared to the pumice blends. Pumice holds a
substantial amount of water; 1-7 mm pumice tested in 2006 had 44% maximum water capacity
(Fassman et al. 2010), compared to ~24% for the scoria tested here. Saturated permeability
exceeded the minimum objective of 0.05 cm s-1 for all blends.
The Botanic Gardens 1 pumice/zeolite/organic matter blend (Table 23) had higher permeability and
lower dry bulk density compared to the Tamaki zeolite, most likely due to the 5% reduction in
5

The weight objectives were arbitrarily established in 2006 based on a range of weights identified in the literature and from proprietary
suppliers with product details on the internet (Fassman et al. 2010). The weight objectives do not imply suitability for installation without a
full structural loading analysis by a liscenced professional engineer.
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organic matter and the inclusion of the coconut-fibre coir creating a more open media matrix. While
the water holding capacity exceeded the FLL’s maximum target value, the mix’s air filled capacity and
permeability is high and therefore the maximum water capacity doesn’t indicate potential for
inadequate aeration (waterlogging).
The Botanic Gardens 1 blend was selected for field trial. Zeolite supplements cation exchange
capacity (CEC) for long-term nutrient storage and supply. An unforeseen, additional benefit of
adding zeolite was measured as greater carbon storage, as shown by substrate chemical analysis in
the Section 4.3 of this report. In the field installation of the UoA living roof in 2006, zeolite prevented
pumice dust from forming a low-permeability crust across the surface, which was observed in the
80% pumice/ 20% organic matter substrate (Fassman et al. 2010).
For the field trial, the specified substrate (80% pumice, 5% zeolite, 10% CAN bark fines A grade, and
5% coco-fibre coir ‘Classic’) was mixed by Daltons in a converted concrete mixer and a representative
20 L sample couriered to Auckland for pre-installation testing at the Faculty of Engineering in May
2011. Physical testing confirmed the bulk mixed substrate was similar to the specified laboratory
mix (Table 23), despite visual differences in the lab vs. bulk blends (Figure 53) which were likely due
to differences in the duration of mixing or moisture content of pumice or bark fines promoting
discolouration of the pumice. The bulk-mixed substrate met permeability criteria and particle size
(Figure 54) suggesting good quality control in the materials sourcing and a blending process that did
not cause breakdown of individual particles (as was observed in Fassman et al. [2010] using different
mechanized equipment for blending with wet components). There was a minor difference between
saturated densities between the lab and bulk mixes that could have an impact with respect to weight
at installed depth (Figure 55).
Particle size distribution (PSD) of the pumice alone and the blend was assessed via standard dry
sieving. PSD was performed on one dried core sample after FLL testing. In all cases (Figure 54), PSD
fits within the FLL (2002) recommended range, and there was little distinction between individual
mixes taken before and after FLL testing. The lab blend had approximately 2–5% w/w more particles
in the 0.5–2.0 mm diameter range compared to the bulk blend, but the difference did not
significantly impact the saturated permeability or weight at field capacity (Figure 55).
Altogether, results suggest the following for this blend:


FLL testing did not affect PSD, regardless of discolouration of soaking water or permeability
test discharge.



The bulk blended 80% pumice, 5% zeolite, 15% organic matter supplied by Daltons met
target values defined for the project (and generally for extensive living roof applications for
stormwater control in Auckland).



A 5% reduction in organic matter combined with the change in composition from peat to
coco-fibre coir increased (at least doubled) saturated permeability and decreased dry bulk
density but had a negligible impact on density at field capacity. This was in part due to the
difference in particle shape and size between peat and coir; the long, thin coir fibres increase
separation of pumice particles.
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Coir provided substantial water holding capacity, which can be beneficial to sustain plants
between rain events without irrigation.



The suitability of scoria for extensive living roofs is questionable, due to high weight and low
water holding capacity.

Details of the construction of two 110 mm deep living roofs at the Auckland Botanic Gardens are
provided in Appendix B. The depth was the maximum depth supported by the structure with the
substrate loading measurements generated herein. Signifcant detail is provided in Appendix B as it
may serve as a case study for future installations. Stormwater runoff monitoring at the Auckland
Botanic Gardens was not part of the project scope.

Figure 53. Lab (top) and bulk (bottom) blended botanic gardens mixes
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Figure 54. PSD of lab and bulk Botanic Gardens (BG) blends before and after FLL testing procedure

350

300

Loading (kg/m²)

250

200

150
Design Load

100

Bulk Mix Field Capacity
Lab Mix Field Capacity

50

Bulk Mix Saturated
Lab Mix Saturated

0
0

20

40

60

80
100
120
Substrate Depth (mm)

140

-2

160

180

200

-2

Figure 55. Weight at installed substrate depth (assumes 17 kg·m for plants and 6.06 kg·m for the specific
drainage mat used, installed “cups up” and full of water)
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4.2

Analysis of substrate chemistry over time

Changes in substrate chemistry reflected the maturing of the substrate over seven years and the
impact of plant growth and management interventions. Most living roof studies in the literature that
report changes in substrate chemistry focus on changes in pH and carbon content; few report on
nutrient status. Changes in organic matter, or carbon, content of a roof is influenced by the amount
in the substrate at construction. Carbon levels increase when plants accumulate root and shoot
biomass in excess of carbon mineralisation rates (i.e., carbon losses to carbon dioxide). High carbon
levels are unlikely to be sustained by the low plant biomass and water-limited growth rates typical of
extensive living roofs. Hence, most living roof guidelines specify a relatively low proportion of
organic matter for extensive living roof substrates, of up to 20% v/v (Beattie and Berghage 2004,
Dunnett and Kingsbury 2008, Snodgrass and McIntyre 2010). Agase and Dunnett (2011)
recommended a minimum of 5% v/v carbon to achieve adequate plant moisture and nutrient supply.
However, even low carbon content will be further reduced if the carbon decomposes very quickly, or
is washed from the substrate, before plant inputs are able to balance losses. High carbon losses were
reported by Emilsson and Rolf (2005). Substrates with 3 and 10% peat by weight (w/w) at installation
had only 1.02 and 1.60% after one year. In their experiment, vegetation cover was low (a plant
establishment trial), reaching 50 to 60% at the end of 12 months. Beattie and Berghage (2004)
hypothesized that healthy extensive living roofs in (continental) Pennyslvania, USA would stabilise at
2 to 5% w/w organic matter.
The relatively low organic matter and nutrient content of the typical extensive living roof substrates
(< 20% v/v for the systems developed under this research programme) combined with drought stress
generally restricts the range of plant species that may survive, but also means that those plants that
do survive tend to require less maintenance in the long-term. In Section 5, results are also used to try
to identify factors contributing to stormwater runoff quality.
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.nz/resources/laboratories/environmental-chemistrylaboratory/services/soil-testing (accessed 20/12/2013). Methods for testing Total Carbon (C) and
Total Nitrogen (N) are after Leco (Laboratory Equipment Corporation, undated), also briefly
described on the Landcare Research’s environmental chemistry website.
Interpretation of substrate chemistry indicates whether values are high, medium or low compared to
natural New Zealand soils using Blakemore et al. (1987), and New Zealand soils database.
Conclusions in this Section are presented on the ability of substrate blends to support plant life. The
main characteristics identify:




pH: natural New Zealand soils are predominantly moderately to highly acidic (pH 4.5 to 6).
European and North American soils are more typically circum-neutral to basic, reflecting
dominance of calcareous geologies.
Longevity of substrate materials: The potential for shrinkage of a living roof substrate over
time due to loss of organic matter is indicated by total organic carbon content and carbon to
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nitrogen (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). High carbon contents are unlikely to be maintained by un-irrigated plants growing in
shallow, low-nutrient substrates typical of extensive roofs as these plants produce (input)
relatively low biomass. The authors of this report are not aware of any published research on
the longevity of living roof substrates with carbon contents in excess of 30%. A low C:N ratio
indicates rapid mineralisation of carbon is likely, as the process is normally limited by
nitrogen availability, hence shrinkage is likely unless plants are able to replace the
mineralised carbon through biomass input.
Likely short and medium-term supply of major plant nutrient N. The availability of nitrogen is
linked to carbon because it is the mineralisation of organic sources (dead leaves, roots,
animals) that makes nitrogen available to most plants.
A C:N ratio (<12-15) 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. Likewise, low carbon to phosphorus (C:P) ratios indicate potential for phosphate
release as organic matter mineralises (organic-P is an important source in the living roof
substrates).
Olsen P indicates readily-available phosphate. Olsen P >20 supports rapid plant growth such
as soils supporting perennial horticultural crops and grazed pasture. However, many native
New Zealand ecosystems have low Olsen P (1 to 10 mg kg-1) so native plants are generally
tolerant of low Olsen P status. It is thought that Olsen P values >40-50 mg kg-1 indicate
potential for phosphate release in storm water runoff however, there is inadequate New
Zealand data to date to confirm a threshold for leaching (discussed in more detail in
Section 5). Even moderate levels of available P favour growth of legumes, particularly on
nitrogen-stressed living roofs.
Storage and supply of macronutrients potassium (K), magnesium (Mg), calcium (Ca), and
sodium (Na). A high cation exchange capacity (CEC) is favourable (>40 cmol(+) kg-1),
indicating the substrate can store and supply macronutrients for plant growth. Tests of these
exchangeable bases also checks for imbalances that 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 (>60%) or
very low CEC (<10 cmol(+) kg-1) indicates a risk of nutrients being washed out during rain
events. Again, thresholds are estimated based on New Zealand farming experience.

Methods for substrate chemistry analysis are described in Fassman et al. (2010).
4.2.1

University of Auckland substrate chemistry

Substrate pH remained between 5.4 and 6.3 over the nearly seven years since installation of the UoA
living roof with little evidence of acidification over time; overall pH was similar in both pumice and
zeolite substrates (Table 24). This contrasts with most European and North American studies which
were likely influenced by sulphuric and nitric acids from air pollution (‘acid rain’) (Berghage et al.
2007).
Carbon contents were consistently higher in the UoA zeolite and expanded clay substrates than the
pumice substrate over the seven years (Table 24). A loss of substrate carbon was reported in several
overseas studies (Emilsson and Rolf 2005; Aitkenhead-Peterson et al. 2011). This did not occurr
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consistently in the UoA substrates. Results indicate equilibrium values were achieved. This may be
due to a combination of the relative physical and chemical stability of the UoA composted pine bark
organic component (i.e., the coarse particle size precluded wash out compared to (small) milled peat
moss used in Emilsson and Rolf [2005], and the pine bark is relatively resistant to degradation),
combined with moderate initial carbon levels that were maintained by plant growth (i.e., addition of
carbon to the substrate as roots balanced carbon losses by mineralisation). For example, results
indicated a slight dip in 2011 substrate carbon in UoA zeolite plots that may reflect decreased inputs
of plant root biomass resulting from a severe summer drought, but carbon content recovered by
early 2013 (summer 2012 was unusually moist)..
Moderate C:N ratios indicated plants were likely to be somewhat deficient in nitrogen (), hence low
rates of slow-release, temperature-dependent fertilisers were hand-broadcast across the plots in
2008 and 2010 when soil moisture was adequate for plant growth. Successful fertilizer application
requires actively growing plants with suitable substrate moisture and temperature conditions to
ensure plants are able to uptakeand use nutrients. The fertilizers used were considered low P, with
18:3:10 (N:P:K) in 2008 and 13:5.7:10.8 in 2010.
Zeolite demonstrated a beneficial impact on the storage and availability of carbon, nitrogen and
phosphorus (Table 25) with these plots (Plots 3 and 6) maintaining an available P status (Olsen P) in
excess of 20 mg kg-1 throughout the life of the living roof despite minimal input of P in fertilisers. Plot
3B was a sample taken from a strip that contained substrate supplied several weeks after the first
deliveries and in which sedum growth has been notably better than other parts of the plot. This part
of the plot may have had a higher nitrogen availability, as evidenced by lower C:N ratio and higher
Total N. The difference may have been caused by residual material containing nitrogen that was left
in the mixing ‘tank’ (and not cleaned out) when the small volume of additional substrate was
blended at the quarry.
Base cation chemistry clearly showed the positive influence of zeolite (Table 25), which increased the
capacity of the substrate to store Ca, Mg, K and Na by about three-fold; base saturation in zeolite
plots (3 and 6) did not drop in 2011, unlike the two pumice plots (1 and 4). Ca and Mg concentrations
were also elevated in zeolite substrate (which is generally beneficial); concentrations of these bases
may have decreased in the expanded clay substrate plot (2 and 5), which has the lowest base
saturation in 2007 and 2011, indicating these nutrients were being depleted. The expanded clay
substrate was not sampled in 2009.
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Table 24. UoA living roof substrate pH, and cCarbon (C), nitrogen (N) and phosphorus(P) chemistry in
2007, 2009, 2011, and 2013
Sampling Location and Date*
Plot

Substrate Type

pH

Total C

Total N

%

%

C:N

Total P
-1

Olsen P
-1

mg kg

mg kg

2007 (8 mo post-installation)
1

Pumice

6.3

2.6

0.09

28

189

11

4

Pumice

5.8

2.8

0.09

31

163

33

3

Zeolite

6.4

5.4

0.25

22

362

34

6

Zeolite

5.4

5.6

0.17

32

289

50

5

Expanded Clay

5.4

4.6

0.13

34

314

59

2009 (2.5 yr post-installation)
1

Pumice

6.2

2.7

0.09

31

280

15

4

Pumice

6.0

3.1

0.08

38

320

25

3

Zeolite

6.3

6.4

0.31

20

470

34

6

Zeolite

6.0

5.1

0.13

39

300

21

2011 (4.5 yr post-installation)
1

Pumice

6.3

2.3

0.09

27

250

13

4

Pumice

6.2

2.9

0.08

35

255

11

3A

Zeolite

6.0

4.9

0.21

23

370

30

3B

Zeolite

6.3

4.4

0.27

16

400

29

6

Zeolite

5.9

4.2

0.16

27

345

26

5

Expanded Clay

6.0

4.6

0.13

35

351

35

2013 (6.3 yr post-installation)
1

Pumice

5.9

3.5

0.18

20

359

17

4

Pumice

5.8

3.6

0.17

26

365

18

3

Zeolite

5.9

5.2

0.32

17

571

38

6

Zeolite

5.7

5.3

0.22

25

464

56

5

Expanded Clay

5.7

5.0

0.23

22

512

35

2
Expamded Clay + mat
5.9
* Initial construction Sept/Oct. 2006.

5.2

0.26

16

543

36
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Table 25. UoA living roof substrate base cation chemistry and base saturation in 2007, 2009 and 2011
Year Sampled

Exchangeable
Ca

Mg

K

CEC

Base
Saturation

Na
-1

cmol(+) kg

Substrate
-1
Plot
cmol(+) kg
Type
2007 (8 mo post-installation)

%

1

Pumice

6.1

1.9

0.9

0.5

12

81

4

Pumice

5.6

2.0

0.9

0.4

13

68

3

Zeolite

19.6

7.2

15.7

12.3

60

91

Zeolite
18.8
Expanded
5
8.1
Clay
2009 (2.5 yr post-installation)

8.4

3.0

14.5

54

83

2.6

1.2

0.4

19

66

1

Pumice

6.8

1.9

1.1

0.5

10

98

4

Pumice

6.5

2.2

0.9

0.5

12

82

3

Zeolite

24.7

9.2

4.4

9.3

53

90

6

Zeolite

19.7

10.1

11.5

11.6

55

96

6

2011 (4.5 yr post-installation)
1

Pumice

6.2

1.7

1.1

0.6

12

77

4

Pumice

5.5

2.0

0.6

0.5

11

78

3A

Zeolite

18.8

8.2

11.9

11.5

54

94

3B

Zeolite

21.0

5.7

11.4

7.4

46

99

6

Zeolite
Expanded
Clay

19.3

8.7

14.2

12.6

58

95

6.4

2.1

0.9

0.4

15

65

5

4.2.2

Tamaki mini-roofs substrate chemistry

The Tamaki mini-roof substrate chemical properties were measured in autumn 2011 on bulked
samples taken from two sites in each living roof for comparison against properties measured five
months after installation in 2008. In March 2013, each individual roof was measured by bulking
25 mm-diameter, full-depth samples taken from at least eight sites on each roof. The substantial loss
of organic matter and phosphorus in the short term (~3 years, Table 26), was in line with similar
results for the Waitakere zeolite mix in Section 4.2.3 of this report. Further decreases in organic
matter content were linked with cultivation and replanting in 2013 for Tamaki Shed 2 (and for 2011
Waitakere expanded clay). When development of vegetation occured in the absence of cultivation,
carbon contents gradually increased as shown for 2013 data for Shed 1 (and Waitakere expanded
clay). Despite gains or losses in carbon the pH appeared stable, which was consistent with the longerterm data from the UoA living roof.
Olsen P concentrations in 2011 and 2013 indicated levels were adequate and unlikely to have limited
plant growth. Relatively high C:N ratios and low Total N indicated plants may have been N-stressed;
however, this was not evidenced by leaf colour of planted seedlings on the Tamaki mini-roofs
(Section 6.5). Some self-established, non-N-fixing plants did appear N-stressed with reduced leaf size
and pale green leaves when soil moisture was adequate (many plants are somewhat stunted in size
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on living roofs due to moisture stress and high wind exposure). Loss of carbon was reflected in base
cation concentrations and CEC dropping (Table 27). Some of the drop in carbon content and
exchangeable cations could be attributed to an initial ‘flush’ of fines and readily dissolved minerals in
the first few irrigations or rainfall after installation.

Table 26. Substrate chemistry of the Tamaki mini-roofs in 2008, 2011 and 2013
Age

Sampling Dates

Total C

pH

(Yr)

%

1

Oct 2008
0.4
5.8
2
April 2011
~3
6.0
1. Sampled from bags of excess substrate.
2. Samples combined from all 4 roofs.

Total N
%

10.5
4.4

0.28
0.12

Total P

C:N

-1

37
37

Olsen P
-1

mg kg

mg kg

358
202

35
17

Table 27. Tamaki mini-roof substrate base cation chemistry and base saturation in 2008 and 2011
Age
Sampling Dates
Oct 2008

1
2

Exchangeable
Ca

K

Na

-1

(Yr)

cmol(+) kg

0.4

16.4

April 2011
~3
10.3
1. Sampled from bags of excess substrate.
2. Samples combined from all 4 roofs.

4.2.3

Mg

CEC

Base Saturation
-1

cmol(+) kg

%

10.5

8.3

10.9

57

82

4.8

4.3

4.7

30

81

Waitakere Civic Centre substrate chemistry

The WCC living roof has two substrates: ‘Waitakere expanded clay’ was the original substrate
installed in 2006; ‘Waitakere zeolite’ was installed in two discrete areas in 2009 (including mounds)
and had similar components and proportions as the Tamaki mini-roofs, although sourced from
different suppliers. Substrate chemistry was measured in 2007 and 2011 using bulked samples taken
across the roof. The area renovated in 2009 and the substrate across the remainder of the roof,
were sampled separately in 2011 and 2013. Although the % carbon is similar in the Waitakere and
Tamaki zeolite substrates (4.4 and 4.1% w/w, respectively, in 2011 for Tamaki [Table 26] and
Waitakere [Table 28]), the Waitakere zeolite substrate showed higher nitrogen and phosphorus
concentrations, which could have reflected the different sources of organic matter (i.e., less stable,
younger composts mineralising faster) and/or application of fertilisers. Application of fertilisers in
2008 or 2009 may have been indicated by base saturations exceeding 100% in 2009 and dropping in
2011.
The carbon content of Waitakere expanded clay decreased over four years to under 3% (Table 28).
Data reflected carbon inputs by plants being lower than the rate of carbon loss (oxidation) and was
consistent with vegetation cover increasing from 2007 to early 2009 (carbon content increased to
4.7%). By autumn 2009, native plant cover had crashed to 15% with a further 15% of adventive
species (that were removed, Figure 108, Section 6). Carbon content in the WCC expanded clay mix
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subsequently declined to 2.9% in 2011. In winter 2011 the expanded clay areas were replanted and
irrigated and plant biomass increased; carbon levels appear to have responded, increasing to 3.8% by
February 2013. The changing carbon content also has some influence on Cation Exchange Capacity,
which mirrors gains and losses.
Carbon mineralization (cycling) probably remained relatively active, as indicated by the C:N ratio of
15–16 over the five years of sampling. The loss in carbon reduced CEC (Table 29) and was probably
the main reason for the decrease in Total P and Olsen P in 2011. However, plant available (Olsen) P
remained at non-limiting levels for native plant growth. In general, the combination of adequate P
nutrition and decreasing carbon and nitrogen favours nitrogen-fixing plants such as clovers, which
are usually aggressive weeds capable of smothering vegetation.

Table 28. Chemistry of Waitakere Civic Centre substrates in 2007, 2009, 2011 and 2013
Sampling
Date

Age
(Yr)

pH

Total C

Total
N

%

%

Waitakere expanded clay (installed 2006)
July 2007
1
7.0
4.1
June 2009
3
6.6
4.7
April 2011
5
6.6
2.9
Feb 2013
7
6.5
3.8
Waitakere zeolite (installed 2009 on mounds only)
June 2009
0*
6.2
4.6
April 2011
2
6.4
4.1
Feb 2013
4
6.2
4.5
* Sampled from bags during installation

Total P

C:N

-1

Olsen P
-1

mg kg

mg kg

0.26
0.31
0.19
0.26

16
15
15
15

n/a
670
446
598

47
53
32
35

0.21
0.16
0.19

22
26
23

1470
634
585

178
45
44

Table 29. Exchangeable cation chemistry of Waitakere Civic Centre substrates in 2007, 2009 and 2011
Exchangeable
Sampling Date

Ca

Mg

K

Na

-1

-1

cmol(+) kg

Waitakere expanded clay (installed 2006)
July 2007
10.3
2.6
1.1
June 2009
17.3
3.6
1.0
April 2011
10.4
2.2
0.6
Waitakere zeolite(installed 2009)
June 2009
15.8
6.4
5.1
April 2011
17.1
5.1
5.0

Base
Saturation

CEC
cmol(+) kg

(%)

0.17
0.34
0.27

15
18
13

93
121
101

4.9
2.9

27
33

121
92
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The Waitakere zeolite carbon content was similar to the Waitakere expanded clay substrate (Table
28). The zeolite almost doubled the CEC, increasing the storage of important plant nutrients Ca, Mg
and K (Table 29). It would be expected that the base saturation in excess of 100% would decrease as
cations are leached as a ‘first flush’ of stormwater and/or irrigation. Soluble phosphorus bound to
dissolved organic material may leach during exposure. Substrate sampled directly from bags supplied
for installation was not exposed to rainfall (and thus leaching). There was no equivalent data for the
expanded clay substrate, as it was first sampled after a year in situ.
Carbon content appeared to have stabilised or slightly increased in the Waitakere zeolite areas since
their establishment in 2009. Plant cover in these irrigated areas reached 70% in November 2010, and
remained high due to irrigation, being about 85% in February 2011 (Section 6.9).
The organic matter used in the Waitakere expanded clay included composted garden waste with
relatively low C:N, indicating the potential for shrinkage and mineralization over time but greater
supply of nitrogen and phosphorus. Conversely, greater stability and longevity was expected from
the Waitakere zeolite’s organic component which was based on composted bark fines and reflected
in a relatively high C:N ratio, and greater nitrogen stress for plants. A balance needs to be struck.
The Auckland Botanic Gardens substrate (Section 4.2.4) showed the impact of an extremely high C:N
ratio.

4.2.4

Auckland Botanic Gardens substrate chemistry

The Auckland Botanic Gardens mix had inadequate N levels for healthy plant growth at
establishment due to the removal of mushroom compost component in the bark fines (in the Tamaki
zeolite) and replacement with an organic component with extremely high C:N ratio without
compensatory addition of N fertiliser (Table 30). N stress was seen as pale green/grey foliage and
small leaves, particularly in South African iceplant. The high CEC combined with base saturation
<80% (Table 31) indicates the substrate was able retain and supply added fertlisers.
Mixing 30 g m2 13:5.7:10.8 (N:P:K) of a slow-release (8-9 month) fertiliser and 120 g m-2 sheep
pellets (3% N w/w) to the Botanic Gardens mix resulted in tripling of Total N levels, reduced C:N
ratios and increased P (Table 30) that were reflected in healthy plant growth with deep green leaves
and greatly increased plant size (Section 6.8).
Table 30. Substrate chemistry of Auckland Botanic Gardens in 2011
Substrate and Sampling
Dates

Age

(Yr)
Auckland Botanic Gardens
0.75
2011
Auckland Botanic Gardens
~2.5
blend with fertiliser (rep 1)
Auckland Botanic Gardens
~2.5
blend with fertiliser (rep 2)
* 9 months post installation

pH

Total C

Total N

C:N

Total P

Olsen P

%

%

6.0

7.1

0.07

105

265

24

5.7

5.0

0.23

25

512

35

5.7

5.3

0.22

22

464

56
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-1

mg·kg

-1

91

Table 31. Exchangeable cation chemistry of Auckland Botanic Gardens substrate Age Nine Months
Exchangeable
Sampling Date

Ca

Mg

cmol(+)·kg
April 2011
(age 9 months)

4.2.5

10.3

K

Na

-1

2.8

cmol(+)·kg
3.2

2.53

Base
Saturation

CEC

29

-1

(%)
64

The impact of changing carbon content on plants and stormwater

The organic (carbon) content of a substrate is useful to monitor, and is important to maintain
functioning of a low-maintenance living roof used for stormwater management. The change in
organic content depends on the content at construction (starting point), the type of organic material
(specifically, how rapidly it will break down and mineralise), the nitrogen content of the substrate
(which is usually limiting to plant and microbial activity), pH of the substrate (low pH will slow
mineralisation), and environment (higher moisture with warmer temperatures increases
mineralisation). The organic content will decrease if plant cover decreases.
Maintaining a relatively stable organic content is important to maintain the depth and moisture
holding capacity of a substrate and to maintain plant health. Significant carbon losses may lead to
physical shrinkage (especially if carbon content was initially at the high end of the range), i.e.,
reduced substrate depth, and losses in moisture holding capacity. Carbon losses may also be linked
to leaching of nutrients, especially nitrogen, and potentially also metals Cu and Zn, depending on the
forms of the metals and pH.
It is therefore important to select a living roof substrate in which plants can reach a near-complete,
but sustainable plant cover with minimal ongoing inputs of water (other than natural rainfall) or
fertilisers. The organic carbon type and amount should be selected to match, as closely as possible,
the sustainable inputs by the plant cover that is established within the first 12 to 24 months.

4.3

Other chemical properties: total heavy metals content

Total heavy metals content of substrates may adversely influence runoff water quality, but is unlikely
to adversely influence plant growth. Total copper, zinc, and lead substrate concentrations were
determined for all monitored living roofs, as well as two living roofs on commercial buildings in
Auckland for comparison (Table 32). Samples were collected in August 2009 and February/March
2013, except where noted. As heavy metals were not components of the aggregates (pumice, zeolite,
or expanded clay), and the living roofs did not receive runoff from other surfaces or horticultural
sprays during maintenance, these compounds were likely sourced from the organic matter, from
atmospheric deposition, or from growing practices in the nurseries where the plants were sourced
(copper and zinc are constituents in some fungicides and insecticides).
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Copper and zinc in organic matter may be residues from fungicide or pesticide application, or from
animal wastes used in the composts (both are used in animal health products). Lead is generally
considered a legacy contaminant and its levels in organic matter are likely a function of the age of the
compost.
The UoA and Tamaki organic matter originated from the same supplier, but with slightly different
composition (the latter included 15% v/v 1:1 composted pine bark mixed with mushroom farm
compost [a single product from the same supplier] and 5% v/v sphagnum peat [from another
supplier]) and were obtained over two years apart. Although the Waitakere zeolite followed the
Tamaki zeolite recipe, it was obtained through a third party directly by Waitakere City Council and
the source of the organic matter is unknown.
Table 32 shows concentrations of the three heavy metals in all but one living roof substrate were
low, and in the lower half of background concentrations reported for volcanic soils in Auckland
(Auckland Regional Council 2001). These ‘natural’ or background soil concentrations are 1-45 mg/kg
Cu and 9-179 mg/kg Zn. The exception was Zn concentrations in a commercial living roof of
intensively-managed turf-grass (mown, irrigated and fertilised). Over time, both Cu and Zn
concentrations remained relatively constant. Where pH decreases below about 5, there is the
potential for increased solubilisation (and leaching) of Zn. However pH remained relatively stable,
between 5.8 to 6.1, in the UoA and Tamaki substrates, and higher in the Waitakere substrate. If
Total C levels decrease substantially over time, there would be potential for release of Cu and Zn
bound in carbon complexes. The two living roofs that were cultivated and replanted (Tamaki Shed 2
and Waitakere expanded clay) show large decreases in carbon content. Zn concentrations in Tamaki
Shed 2 appeared unchanged, and decreased in the Waitakere expanded clay substrate. Cu
concentrations in both Tamaki and Waitakere were similar to marginally increased, which could
reflect Cu being sourced from additional planting of nursery-grown seedlings.
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Table 32. Carbon, pH and heavy metals composition of living roof substrates
Sampling Location

Age

pH

Total

Total

C
(yr)

Cu

(%)

(mg/kg)

Pb

Zn

UoA substrates
Plot 1 Pumice

3

6.2

2.7

10

4

44

Plot 4 Pumice

3

6

3.1

9

2

41

Mean UoA pumice

3

6.1

2.9

10

3

43

Plot 3 Zeolite

3

6.3

6.4

18

13

73

Plot 6 Zeolite

3

6

5.1

19

8

61

Mean UoA zeolite

3

6.1

5.7

19

11

67

6.3

5.9

3.5

22

54

Plot 4 Pumice

6.3

5.8

3.6

14

41

Mean UoA pumice

6.3

5.9

3.6

18

48

Plot 3 Zeolite

6.3

5.9

5.2

23

59

Plot 6 Zeolite

6.3

5.7

5.3

24

66

Mean UoA zeolite

6.3

5.8

5.3

24

63

Plot 1 Pumice

1

Tamaki substrates
Tamaki zeolite (all sheds)

1.3

5.8

10.5

5

Tamaki zeolite (shed 1)

2

9

39

~4.8

5.8

5.2

12

47

Tamaki zeolite (shed 2)

2

~1

5.9

3.2

9

39

Waitakere zeolite
1
Waitakere expanded
3
clay
Waitakere expanded clay
6.7
2013
3
Commercial living roofs in Auckland

6.2

4.6

14

1

58

6.6

4.7

16

12

70

6.5

3.8

18

Mown turf living roof

~5

6

11.8

46

110

320

Landscaped living roof

15

5.8

0.2

7

<1

49

Waitakere substrates

57

1. Zn and Cu concentration in plot 2 in 2013 were the same as plot 1
2. Tamaki shed 1 is directly comparable with Tamaki zeolite as it had not been renovated, cultivated or replanted since
construction; Tamaki shed 2 had lower carbon content as all plants had been removed and the roof replanted; removing
plants and cultivation caused oxidation (loss) of carbon
3. Full details of commercial living roof substrate chemistry given in Appendix G. The landscaped roof was largely
unmaintained; the turf roof was regularly mown, fertilized and irrigated
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4.4

Other physical characteristics

4.4.1

Effects of compaction

4.4.1.1 Methodology
The influence of compaction on two living roof substrates was investigated by measuring the volume
of air-filled pores in cores subjected to increasing tensions. Beginning with a wet sample, as the
tension applied increases from 0.5 to 1500 kPa, the diameter of pores that are filled with air (i.e.
emptied of water) becomes progressively smaller. Key metrics were calculated: macro-pores (airfilled at 10 kPa tension, 0.3 mm equivalent spherical diameter [e.s.d.]), and plant-available water
(10–100 and 100–1500 kPa tension). Dry bulk density was measured following Gradwell [1972].
Laboratory tests were performed on substrate cores subjected to several compaction treatments.
For the Tamaki zeolite, physical characteristics were measured using both intact cores and cores that
were repacked at two compaction levels. Eight intact 100 mm diameter and 75 mm deep cores (two
from each of the four roofs) were removed in August 2008 and March 2011. The same diameter
cores were packed using fresh Tamaki zeolite at two compaction levels: equivalent to the FLL
approach (FLL, 2002) (termed “FLL-compacted” herein), or a maximum compaction level (“extracompacted”). The former standard procedure applies six drops of a standard 4.5 kg Proctor hammer,
while the latter was achieved by using 10 drops, applied in three lifts to achieve a final core height of
100 mm.
The influence of ‘real-life’compaction on substrate pore size distribution was also measured at the
Waitakere living roof. Eight intact, hand-carved cores were taken from the roof in 2007 shortly after
initial construction, from areas of the roof subjected to high compaction due to construction staging
(“construction compacted”). These were areas receiving high foot and wheel-barrow traffic – no
machines were used on the roof. Intact, hand-carved core samples were also collected in 2011 after
the same substrate had been loosened (removed and replaced) for installation of irrigation.
4.4.1.2 Results
Physical breakdown of the Tamaki zeolite caused by the extra compaction was negligible, and
quantified by comparing the PSD of ‘FLL compacted’ and ‘extra-compacted’ cores. PSD was
measured using dry sieving. The extra compaction had about 1% increase in <1 mm particles and 2%
increase in 1–2 mm particles.
For the Tamaki zeolite, the extra compacted cores achieved a dry bulk density (BD = 0.64 ± 0.01 Tm-3,
about 10% higher than that achieved by the FLL-compacted methods (BD = 0.58 ± 0.01 Tm-3) and the
substrate as installed on the roofs (without intentional compaction) (BD 0.54 ± 0.01). Dry bulk
density of the construction-compacted Waitakere expanded clay (2007, BD = 0.93 ± 0.02 Tm-3) was
about 6% higher than the loosened material (2011, BD =0.88 ± 0.01 Tm-3). Results from Waitakere
and Tamaki substrates show under extreme compaction bulk densities can increase by 6 to 10%. The
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impact of this increase on the air- and water- filled pore volumes was therefore of interest, as it
could influence plant growth and stormwater mitigation.
All compacted substrates retained volumes of large, air-filled pores considered adequate for plant
growth, i.e. more than 20% v/v of pores air-filled at 0.5 kPa tension (>0.3 mm equivalent spherical
diameter pores). The latter is important when substrates are very shallow, as a relatively higher
proportion of the pore volume is filled with water (the water that perches on top of the drainage
layer at the base of the substrate) than in deeper substrates.
High compaction crushes large pores into smaller pores. In the Tamaki zeolite, the volume of macropores >0.3 mm e.s.d was reduced by nearly one-third (i.e. by 9.5%v/v to 20.9 v/v), a level considered
adequate for plant growth. There is a consequent increase in the volume of smaller pores. This
larger volume of small pores means the soil moisture available to plants increased in the compacted
substrates (Figure 57). Readily available water [10 to 1500 kPa] in 100 mm depth of substrate
increases from 34.6 mm to 28.9 mm for the FLL compaction level.
A similar influence of compaction on water availability was measured at the Waitakere living roof
(Figure 57). The WCC construction-compacted expanded clay (2007, BD = 0.93 ± 0.02 Tm-3) stored
more plant-available water than when loosened during installation of irrigation (Section 2.3.1) (2011,
BD =0.88 ± 0.01 Tm-3). The loosened substrate also showed much higher ‘free water’. When a
substrate is compacted, the large pores (usually air-filled, ‘free water’) are squashed to form
medium-sized pores that store plant-available water.
These results imply that if a living roof substrate is installed in a way that creates highly-compacted
areas (for example, spread when very moist in thin layers with high ground pressures), then the
amount of water held per 100 mm of depth (and therefore its weight) will increase. This effect is only
beneficial if the additional weight is within the structural roof loads, and if substrate strength
(penetration resistance) does not prevent plant root extension.
Results show both the Tamaki zeolite and Waitakere expanded clay substrates are relatively resilient
to compaction, with respsect to bulk density, particle size distribution, air capacity and water-holding
capacity. The latter are at levels unlikely to adversely affect plant growth. Substrate strength, i.e.
resistance to root extension, could not be effectively measured given the coarse particle size.
Observations of Libertia peregrinans indicated rhizome penetration was limited in compacted areas
of the Waitakere roof but not the Tamaki zeolite.
The FLL maximum water capacity measurement, being the water content measured in a 100 mm tall
core after 2 hours drainage from saturation was considered equivalent to a matric potential (suction)
of 0.35 to 0.45 kPa (Fig 57).
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Figure 56. Moisture release curve for Tamaki zeolite under FLL compaction level and ‘extra’ compaction. the
boxes show the water content that equates to the FLL maximum water capacity.

Table 33. Effects of Compaction on Physical Characteristics
Substrate
Bulk
% water per unit volume substrate (%v/v)
Density PAW: 100-10 kPa
10-100 kPa 100-1500
-3
(Tm )
1500 kPa
kPa
Tamaki Zeolite
FLL compacted
Tamaki Zeolite
extra compacted
Waitakere 2007
expanded clay
constructioncompacted
Waitakere 2011
expanded clay
loosened

4.4.2

Load at
Field
Capacity
2
(kg/m )
110.1 ± 2.9

0.58 ±
0.01
0.64 ±
0.1
0.93 ±
0.02

28.9

37.0 ± 1.2

15.0 ± 1.1

13.9 ± 0.8

1500 kPa
to oven
dry
6.9

34.6

27.5 ± 1.2

16.5 ± 2.5

18.1 ± 1.6

7.7

122.4 ± 2.1

20.2

18.9 ± 4.5

12.3 ± 1.5

7.9 ± 2.1

8.6 ± 2.0

122.3 ± 3.4

0.88 ±
0.01

18.8

37.2 ± 1.3

9.8 ± 1.3

9.0 ± 2.0

7.1 ± 0.1

136.4 ± 0.6

Potential for movement of fines

Concern over movement of fines through, or out from, substrate can impact water quality in living
roof runoff (namely TSS), clogging of the geotextile separating the substrate from the underlying
drainage layer, and may influence water holding capacity (plant available water).
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4.4.2.1 Methodology
The potential for movement of fines through freshly-spread substrate was investigated in a
laboratory experiment using the Tamaki zeolite (mini-roof) substrate. Four 150 mm depth cores (as
used in standard FLL testing) were filled with fresh substrate using the FLL compaction method (FLL
2008). A geotextile removed from the drainage board used on the Tamaki living roofs, was placed at
the base of the core, to reflect field conditions. Cores were irrigated using a spray irrigator that
covered the core surface at an application rate of about 600 mm·h-1 for 24 hours. About 200 mL of
leachate was collected at t=0 (the first leachate exiting each core), 5, 20, 60, 360 and 1440 minutes.
The leachate was then oven-dried at 105°C, and weight of solids per volume of discharge measured.
Each core was then divided into four sections by depth measured from the top (0–30 mm, 30–
60 mm, 60–90 mm and 90–100 mm) and PSD analysed on each section. Particle size was analyszed
by wet sieving with 2, 0.5, 0.25, 0.063 mm sieves. The material retained on each sieve was then oven
dried and percent of solids on each sieve calculated on a mass basis.
4.4.2.2 Results
Most fines were washed from the cores within the first five minutes. After six hours, no further fines
were washed from the cores (Figure 57). Fine sand-sized (0.5–0.25 mm) particles were the most
mobile fraction of the substrate. There were 10% w/w more of these fine particles in the lower
10 mm of each core than the upper 30 mm of each core. Otherwise there was no meaningful
difference in the PSD with the four sections. The small amount of silt and clay (<0.063 mm) was
relatively consistent through the cores (5–7% w/w).
The FLL procedure of soaking and draining, specifically, the steps of 24-h soaking in a water bath,
followed by 2-h draining, did not cause significant wash-out of particulate material. A methodological
difference is significant: FLL methodology fills cores from the bottom in a water bath, it does not
apply water to the top. Irrigation at a high application rate would be expected to mobilise a greater
proportion of transportable fines. Regardless, results indicate the recommended mixes are resilient
to movement of fines. Further, the geotextile was not blocked by the fines and overall permeability
was maintained. The majority of fines should be expected during the first irrigation, which equated
to about 50 mm in the laboratory leaching test. Little TSS is likely to be generated in subsequent
irrigations or rainfalls. The geotextile is intended as a separation layer, rather than a filter.
The sediment washed from the cores in the first five minutes, if treated as TSS, are similar to initial
leaching up to 1026 mg L-1 reported by Morgan et al. (2011). That study tested four unvegetated
substrates when watered with of 1 L of distilled water in 2 min (i.e. high intensity watering). Each of
the four substrates contained 80% v/v aggregate and 20% v/v composted pine bark (i.e. similar
composition to the Tamaki zeolite and UoA substrates although particle sizes were not specified). TSS
and turbidity decreased from initial mean concentrations of 377-1026 mg L-1 and 119-568 NTU,
respectively. Morgan et al (2011) report final concentrations of 38-117 mg L-1 and 26-85 NTU,
respectively after 11 watering and drying cycles. During a wet sieve analysis, substantially more fines
(diameter < 0.075 mm) were removed from a lava-based substrate compared to manufactured
expanded aggregates, potentially indicating the lava product was not stable, or not clean. The
laboratory results from Morgan et al. (2011) could be influenced by the significant intensity of
watering. Field measures of TSS generated from natural rainfalls on the Tamaki mini-roofs and
Waitakere Civic Centre all showed negligible TSS was generated (Section 5).
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Figure 57. Concentration of sediment in leachate from cores filled with Tamaki mini-roof substrate over 24 h of
constant irrigation

4.5

Can laboratory tests predict field behaviour?

It is unreasonable to assume that every future living roof project will incorporate the detailed level of
testing pursued in this research programme. To the contrary, one of the objectives of the overall
research programme was to make living roof technology accessible to the industry in New Zealand.
However, it is reasonable to identify testing procedures for generating consistent information and
minimum expectations that might be required, or recommended, as screening tools for suitability of
candidate materials or substrate blends prior to field installation. Of particular importance in the
context of this research is the ability to ensure a minimum level of stormwater retention. However,
weight, permeability, and assessing potential irrigation requirements are also useful measurements.
The FLL (2002; 2008) suite of laboratory tests was used to determine physical characteristics of
candidate substrates for extensive living roof application in Fassman et al. (2010). The FLL’s
evaluation guideline is aimed to assess suitability in generic terms for a living roof subject to the
German climate. In the context of the current research programme, a more strict interpretation of
results was required. Briefly, “suitable” was specifically aimed at design to retain the “everyday”
rainfall event (e.g., the 85th-95th percentile event, which might include the water quality design
storm), while minimizing weight (maximum system weight of 100 kg·m-2 at field capacity) and
promoting adequate plant cover (defined as >80% cover). The stormwater management objective
received the highest priority for design. The maximum weight was arbitrarily selected from a range of
weights reported at the time (2005-2006) from proprietary suppliers overseas and in publically
available formats (e.g. internet sites, marketing materials, etc.). It was not related to actual structural
capacity of any specific building or provisions in the New Zealand Building Code.
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Additional substrate blends are likely to be introduced as the New Zealand living roof industry
develops. Alternative blends may also be developed to enable use of specific local materials, for
example in Christchurch there are no local sources of pumice, but readily available crushed bricks,
and some scoria, that could be used where the higher weight loading associated with the latter
materials was acceptable. While alternative blends may produce a viable living roof in terms of plant
cover, they may not necessarily provide comparable stormwater management to the living roofs
studied herein, particularly at shallow depths (<70 mm). For example, a predominantly gravel and
coarse sand-based substrate would provide rapid drainage, and would support a range of sedums,
but may not provide adequate rainfall retention.
Field measurements were therefore compared against laboratory test results for key parameters
related to stormwater management. The comparisons are made to assess the extent to which
laboratory measurements are reliable predictors of field performance.
4.5.1

Bulk density

Substrate bulk density for the Tamaki zeolite was measured using both intact cores and repacked
cores using the FLL (2002) methodology to quantify the difference between the methods for this
substrate. Eight intact 100 mm diameter and 75 mm deep cores (two from each roof) were removed
in August 2008 and March 2011. The same diameter cores were repacked using the FLL approach
(FLL, 2002).
The FLL laboratory tests produced a slightly higher compaction level (BD = 0.58 ± 0.01 Tm-3) than
intact cores removed from the mini-roofs (BD = 0.54 ± 0.01 Tm-3, range 0.519–0.552 Tm-3), probably
due to the slight loosening that is unavoidable when removing cores from roofs with such coarse
substrates. The results provide confidence that laboratory measures of bulk density are conservative
and good predictors of ‘as installed’ physical properties.
4.5.2

Permeability measurements

4.5.2.1 In-situ methodology
Post-installation in situ permeability testing was performed in 2008 for the UoA living roof using a
modified double ring infiltrometer (Bouwer 1986). As the double ring method was developed to
measure vertical permeability only, the method should (theoretically) be applicable to a living roof,
where unimpeded flow is provided below the substrate by a separate, free draining layer. The
infiltrometer contained a small inner ring with diameter of 99 mm and a falling head of 15 to 5 mm
because of the extremely high infiltration rates. Rings were inserted by gently pressing and twisting
(rather than the standard hammering) to approximately 50-mm depth, due to the limited substrate
depth. Testing was performed with approximately 50 mm head maintained when substrates were at
or near field capacity. Eight tests were performed on the in situ UoA pumice and zeolite substrates;
two tests on the much smaller plot of in situ UoA expanded clay substrate. The same method was
used to measure in-situ infiltration rate in August 2008 at four locations on each of the Tamaki miniroofs.
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At WCC, infiltration rates were measured in July 2007 at eight sites across the living roof using double
ring infiltrometry with an inner measurement ring of 154 mm diameter, outer ring of 300 mm
diameter and constant water head of 40–50 mm (Figure 58). Larger rings were used because of a
lower permeability substrate. When trialled on the other living roofs, infiltration was too fast to
measure with confidence.

Figure 58. In-situ infiltration measurement on WCC living roof, July 2007

4.5.2.2 Results
Noticeable differences between the FLL lab procedure and in situ double ring infiltrometer
measurements on the same substrates are evident (Figure 59). Differences between methods range
over an order of magnitude for the UoA pumice and zeolite substrates. FLL tests were performed
immediately after installation, whereas double ring infiltrometer tests were performed almost two
years later. Field measurements of average UoA plot depth did not significantly change from 2006 to
2010. Thus, plant root development could have increased permeability over time, while variation in
plant density could account for variability amongst in-situ measurements.
On the Tamaki mini-roofs, the mean in-situ infiltration rate over all four sheds was 0.97 cm s-1
(± stdev 0.47 cm s-1, n = 16). The relatively small size of the internal ring (99 mm diameter) and coarse
particle size of the substrate means that these rates are unlikely to be conservative, as they will be
affected to some extent by disturbance caused by insertion of the rings. Differences in average
saturated permeability between the 100 mm and 150 mm sheds may be due to greater root
development in the latter maintaining open pore space and/or creating preferential flow paths, but
this hypothesis was not assessed directly. As with the UoA living roof, the double ring infiltrometer
measurements differed by approximately an order of magnitude (or more) compared to the
laboratory FLL method.
The Waitakere expanded clay substrate had a rapid infiltration rate of 0.06 ± 0.02 cm·s-1 (n = 8, range
0.02–0.10 cm·s-1), even under the relatively compacted condition pre-renovation.
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

101

Figure 59 and Figure 60 indicates that the saturated permeability of all substrates according to
double ring infiltrometer testing exceeds the expected rainfall intensity for up to the 10-y, 24-h
annual recurrence interval (ARI, 24-h duration storms are the regulatory norm for stormwater
management design in Auckland). Only the UoA pumice’s permeability is lower than the 100-y, 24-h
ARI peak intensity (Auckland Council 2013). However, minor surface ponding and surface flow has
been observed occasionally on the UoA living roof particularly in areas with low plant coverage.
Considering only the FLL procedure, the target value is an order of magnitude lower than the
expected peak rainfall intensity during the 2-y, 24-h ARI storm event. The FLL indicates their target
value reflects the local climate (Germany), and suggests it should be modified in other areas (without
guidance on how to do so). It is noted that in Fassman et al. (2010), the target value for FLL saturated
permeability for Auckland substrates was modified to 0.05 cm·s-1 from observation of substrate
blends performance in lab testing, and partly in recognition of the local climate.
The FLL saturated permeability test was found to vary substantially with initial moisture content, as
substrate moisture content influences the level of compaction achieved by the proctor hammer. The
FLL does not specify the required initial moisture content; only that the substrate is “not too wet.” To
investigate potential effects, FLL saturated permeability was determined for one selected substrate
at seven decreasing initial moisture contents achieved by allowing substrate to air dry before
compaction into the cores. Each core was subjected to three permeability tests, as per FLL
methodology. The permeability ranged from 0.06 cm·s-1 at 96% initial moisture content (as delivered)
to 0.15 cm·s-1 at 22% initial moisture content. Further investigation is needed to understand better
the implications of the standard testing methodology or to recommend modifications to it.
Each of the saturated permeability tests investigated incorporates approximately 50 mm of ponded
water; a significant depth relative to the substrate depth which drives water vertically through the
substrate. As living roof substrates are designed to for free-drainage (no ponding), the test conditions
are quite dissimilar to an actual rain event. The issue of a meaningful permeability test is left
somewhat unresolved. In the meantime, the FLL methodology is recommended as a screening tool
for candidate materials, with an objective of providing at least 0.05 cm s-1 saturated permeability.
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Figure 59 Saturated permeability measurements of the UoA and WCC living roof substrates compared to
expected rainfall intensity and FLL target value. Bars show +/- 1 standard deviation.
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Figure 60 Saturated permeability measurements for the Tamaki mini-roof zeolite
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4.5.3

Laboratory measures of substrate moisture storage

For the five substrate blends subject to field investigation (UoA roof pumice, zeolite, expanded clay,
Tamaki zeolite, WCC expanded clay), Figure 61 compares the predicted levels of moisture retention.
The FLL maximum water capacity measure exceeds the soil bound water + stress water + readily
available water, and ultimately is a closer approximation to the total moisture content predicted by
the full range of tension plate testing (0–1500 kPa). Ultimately, whether these differences are
meaningful in terms of stormwater management depends on the ability of the tests to predict field
performance. This is addressed in the next section.
The Tamaki zeolite has greater moisture content, notably as free water, readily available water, and
the FLL maximum water capacity compared with the UoA zeolite (Figure 61). As the overall organic
matter fraction did not change, it is clear the addition of even a small amount of sphagnum peat (5%
v/v) and/or the use of fine zeolite (Tamaki zeolite: 1–3 mm rather than UoA zeolite: 4–7 mm)
influences moisture retention properties and thus weight when wet.
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Figure 61. Comparison of laboratory water holding metrics for bulk-blended, field-installed substrates
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4.5.4

Laboratory prediction vs. field-measured stormwater storage

In a static interpretation of field capacity, the substrate fills with moisture until the maximum
amount of water it will hold against gravity drainage is reached. Additional rainfall input should drain
out as runoff. In FLL terminology, the point at which this occurs (the moisture content) is measured
as the maximum water capacity, while in agronomic terms it may be measured as the readily
available water + stress water + soil bound water. The FLL methodology measures moisture content
to oven dry at 105oC for a substrate after 24-hr soak in a water bath and subsequent 2-hr drainage.
Agronomic testing is performed by tension tests, which are considered to reflect various pore-water
pressures and sizes. Readily available water + stress water (a.k.a. plant available water) is
theoretically the maximum amount of water that plants can access through their roots for ET. Thus,
this might be the amount of water that might reasonably “dry” from the substrate between storm
events. Soil-bound water is held tightly to the soil matrix and might be evaporated during extreme
temperatures, but is not accessed by the plants under normal conditions.
These interpretations render moisture storage and movement through a living roof system
analogous to “fill and drain” hydrologic models commonly applied to retention basins or constructed
wetlands. The actual patterns of moisture storage and release of a living roof are much more
complex, but the relative accuracy of potential “fill and drain” estimators determined from
laboratory procedures was investigated against the actual measured retention in search of a
potentially simple predictive tool for estimating stormwater capture. Moisture contents are usually
expressed as % v/v moisture per unit volume or depth of a media, thus combining the laboratory
measurement with actual living roof substrate depth (or volume) provided an estimate of the
maximum amount of rainfall that should have been captured in each living roof configuration (Table
34), as long as at least that amount of rainfall occurred.
Retention data from the field monitored living roofs were isolated for storms that exceeded the
three laboratory measures for water storage. Anywhere from 2 to 60 storm events (Table 35)
contributed to the average retention depth summarized in Figure 62. Differences in the number of
events amongst similar systems (i.e. all plots on the UoA roof) are due to occasional equipment
malfunction. In the case of the Tamaki mini-roofs, 63 mm and 94.5 mm of rainfall are needed to
exceed the FLL maximum water capacity for the 100 mm and 150 mm depth roofs, respectively.
These are relatively large events given Auckland’s typical rainfall. Thus, the field measurement using
rainfall-runoff is somewhat limited for the mini-roofs.
While Figure 61 clearly demonstrated differences amongst the various laboratory measures, in
practice, Figure 62 shows that on average, the actual depth of rainfall stored seems to be in general
agreement for the UoA living roof regardless of the test type and for all combinations of the zeolite
or pumice with depth. The UoA expanded clay average FLL maximum water capacity comparison is
the one data point well below the line of equal value (1:1). Field measurements for the deeper
Tamaki mini-roofs deviate substantially from the FLL maximum water capacity; however, this may be
due in part to the limited number of data points for comparison (Table 35). The relatively large
standard deviation for each average measurement (the bars on each average data point) likely reflect
the influence of the substrate’s moisture content at the start of each event – i.e. for many events,
the substrate was unlikely to be completely dry, thus the maximum storage capacity was not
available to capture the rainfall.
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Table 34. Maximum potential water storage by monitoring location according to various laboratory tests

FLL

Stress Water +
Readily Available
Water

Stress Water +
Readily Available
Water+ Soil Bound
Water

49.6%

24.2%

29.5%

Plot 1 (50 mm)

24.5 mm

12.0 mm

14.6 mm

Plot 4 (70 mm)

33.3 mm

16.2 mm

19.8 mm

46.6%

23.1%

34.9%

Plot 3 (70 mm)

28.8 mm

14.3 mm

21.6 mm

Plot 6 (50 mm)

24.2 mm

11.3 mm

17.0 mm

40.8%

n/a

n/a

28.6 mm

n/a

n/a

Moisture content per
unit depth (%)

63.0%

28.9%

35.8%

Shed 1 & 3 (100 mm)

63.0 mm

28.9 mm

35.8 mm

Shed 2 & 4 (150 mm)

94.5 mm

35.8 mm

53.7 mm

Moisture content per
unit depth (%)

n/a

20.2%

28.1%

Original substrate
(100 mm)

n/a

20.2 mm

28.1 mm

Substrate Type

UoA
Pumice

UoA
Zeolite

Moisture content per
unit depth

Moisture content per
unit depth (%)

Moisture content per
UoA
Expanded unit depth (%)
Plot 5 (70 mm)
Clay

Tamaki
Zeolite

WCC
Expanded
Clay

Table 35. Number of field-measured rainfall events with minimum rainfall depth exceeding
laboratory water storage metric for three field sites
Metric

UoA

Tamaki

WCC

Stress Water + Readily Available Water
Stress Water + Readily Available Water +Soil Bound Water
FLL Max. Water Capacity

33–60
25–45
10–18

n/a
n/a
2–5

11
5
n/a
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Table 36 summarizes statistical differences between laboratory measurements of moisture content
and field-measured rainfall storage (rain depth – runoff depth) for individual storm events. The FLL
maximum water capacity metric is statistically different from the field-measured actual retention
depths for all substrates. Combined with Figure 62, the analysis confirms that if used to predict
event-based stormwater retention, the FLL laboratory procedure will overestimate performance;
likewise, for two of four substrates, including soil-bound water results in a statistically different
moisture content compared with field retention. Conversely, the laboratory measure of stress water
+ readily available water (plant available water) is not statistically different from the field-measured
retention for any storms with a minimum equivalent depth to the laboratory measure. The results
make sense, as this is the only measure (of those considered) that does not account for water that
can only be removed with oven drying. While this result may appear obvious, documenting the
comparison for a number of different types of living roof substrates has not been found in the
literature to date. Within the living roof industry, it seems that the FLL tests are more widely used,
particularly as a marketing tool. The results from Auckland suggest that while the FLL maximum
water capacity metric provides a conservative estimate for typical structural loading, it should not be
used to predict stormwater retention.
It is acknowledged again that these laboratory assessments are simplifications of the dynamic
hydrologic and hydraulic processes that actually characterise living roof runoff, which is evidenced by
the relatively large standard deviations in Figure 61. Where detailed engineering analysis is not
required, e.g. for generic stormwater planning purposes, it appears that the measure of readily
available water + stress water (plant available water), is a more appropriate indicator of stormwater
storage. Indeed, for the three substrates where plant available water and FLL maximum water
capacity were measured, the FLL maximum water capacity is approximately double the plant
available water (Table 34). As a predictor, the FLL maximum water capacity would therefore
significantly overestimate potential stormwater control, on average.
100

Average Field Measured Storage (mm)

Stress Water + Readily Available Water
90

Stress Water + Readily Available Water +Soil Bound Water

80
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Figure 62. Laboratory vs. field measures of moisture storage. the field measurement is the average actual
storage for all events with rainfall exceeding the laboratory potential maximum storage. bars show +/- 1
standard deviation.
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Table 36. Evidence (p-values) of statistically significant differences1 between lab measures of
moisture content and field-measured rainfall storage

Substrate Type

Fll
Maximum
Water
Capacity

Stress
Water +
Readily
Available
Water

Soil Bound Water
+ Stress Water +
Readily Available
Water

Statistical Test

UoA Pumice

0.002

0.511

0.449

Student-t

0.021

0.331

0.032

Student-t

0.005

n/a

n/a

Wilcoxon signed-rank

0.012

0.059

0.012

Wilcoxon signed-rank

UoA Zeolite
UoA Ex. Clay

2

Tamaki Zeolite

4

3

WCC Ex. Clay
n/a
0.477
0.500
Wilcoxon signed-rank
1. No statistically significant difference.
2. Tension plate data not available for UoA expanded clay substrate.
3. FLL tests not performed on WCC substrates.
4. Only the UoA pumice and zeolite data sets were large enough for appropriate application
of the Student-t test. Non-parametric tests used for all other non-normally distributed data.

4.6

Final conclusions/recommendations for substrate composition and
depth

Multiple combinations of engineered media have been investigated in the laboratory and trialled in
extensive living roof field installations in Auckland. These substrates are well understood, thus their
use may reduce project risk. The term “engineered media” is used to distinguish a blend of materials
that would not necessarily be naturally sourced as a unique mixture, but individual components may
be naturally sourced. Engineered media are designed to achieve pre-determined objectives for
stormwater management; properties may differ substantially from natural soils. In living roof
substrates, 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. Amongst all of the materials tested over the
course of the research programme, a mixture of naturally occurring, volcanic pumice and zeolite
emerged as the best candidate LWA for extensive living roofs. Other volcanic aggregates did not
satisfy project objectives, while manufactured aggregates did not prove to provide measurable
added value.
The maximum allowable organic matter content is 20% v/v for extensive living roofs in Auckland. Less
than 20% organic matter may be used (e.g. 10-15%), but longer plant establishment time or higher,
short-term additions of fertilizer and/or supplemental irrigation may be required. The latter is
undesirable for a living roof intended to manage stormwater as it may compromise retention and/or
water quality. With all living roofs, plants must be selected accordingly. The majority of the organic
matter used must be stable, such as bark fines, coir, and sufficiently composted and aged arborist
mulch. A high proportion of incompletely composted materials would be expected to be unstable,
both loosing volume and potentially initially withdrawing nitrogen from the remainder of the
substrate leading to plant stress. Small volumes of fully-composted, nutrient-rich organic matter can
be beneficial to boost establishment, e.g. mushroom or mature green-waste compost. These
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materials are not suitable as the total organic component because they are likely to leach excessive
nitrogen and/or phosphorus. Composts containing standard fertilizer amendments are also likely to
leach excess nitrogen and phosphorus, and are not appropriate for stormwater living roof
installations. Peat and coconut coir will boost water holding capacity, however this also adds
measurably to wet weight, while contributing negligible nutrients (which would need to be
supplemented). Very fine organic matter, e.g., fine-milled peat, may be washed through coarse living
roof aggregates, and substrates using only peat as an organic source are likely to require pH buffering
to reduce acidity by raising pH to above about pH 6.
Selection of specific materials is critical to system viability. General specifications of appropriate
materials are summarized in Table 37. Post-blending, pre-installation testing of bulk density (dry,
wet, and saturated), water holding capacity (preferably as plant-available water), and saturated
permeability are considered essential.
Table 37. Recommended substrate blends for extensive living roofs for stormwater management in Auckland
Component

% by volume

Description

Notes
 Screened for fines removed such that no
more than 5% (by mass) of particles are
< 1 mm

70-80%

1-10 mm pumice

Light Weight
Aggregates

5-10%

Organic
Matter

15-20%*

1-3 mm zeolite
Stable and sufficiently
composted materials
(optional: + small volume of
fully-composted, nutrientrich organic matter)

 Larger PSD (e.g. 4-10 mm) may be specified
to reduce processing, but suitability
ultimately depends on individual supplier
Essential component to provide CEC and
supplement long-term carbon storage
 Majority: composted pine bark, aged
arborist mulch;
 Optional small volume (< 5%): coconut coir,
peat, mushroom or green-waste compost

EXAMPLES

Tamaki
Zeolite

Auckland
Botanic
Gardens

70%

4-10 mm pumice

10%

zeolite < 3 mm

15%

pine bark fines+mushroom compost

5%

sphagnum peat

80%

1-7 mm pumice

5%

1-3 mm zeolite

10%
5%

CAN bark fines A grade
coco-fibre coir “classic” with low volume, one-time addition of organic
fertiliser

* less than 15% organic content is common in extensive living roofs overseas, but has not been trialled in the
current research.
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5.0 Water Quality
With the growth in living roof installations internationally, increased emphasis is being placed on
understanding living roof runoff water quality. The capacity of living roofs to retain pollutants is a key
area of interest. Conversely, it is important to know if living roofs are a source of pollutants, and if so,
whether concentrations require mitigation or prevention of pollutant export.
It is often thought that living roofs contribute to runoff water quality improvement when compared
with runoff from conventional roof surfaces. This assumption is based on the knowledge that total
annual runoff from a living roof is typically markedly less than from a conventional roof, e.g., 50 to
70% less for Auckland extensive roofs (see Section 3). Thus, assuming the same pollutant
concentrations from both living and conventional roofs, the annual pollutant load from a living roof is
less. However, pollutant concentrations in runoff from living roofs are not necessarily the same as in
runoff from conventional roof surfaces. A brief literature review on conventional roof runoff quality
is presented in Section 5.2.
Living roofs are a source control to prevent the generation of runoff from an otherwise impermeable
surface. In most applications, a living roof “treats” only the precipitation falling directly onto the
living roof surface.6 The potential sources of compounds (contaminants) in living roof runoff are 1)
substrate or drainage materials; 2) plants; 3) atmospheric deposition in dust and rainfall; 4) added
side-dressings to support plants (e.g. fertilizer, herbicides, or pesticides). Within the current research,
substrate composition and chemistry were investigated to attempt to explain contaminant
concentrations found in runoff, where living roof runoff EMCs statistically exceeded control roof
EMCs.
When it comes to water quality, the questions that arise are:
1. Does a living roof discharge runoff that contains contaminants at different levels
(concentration or mass) compared to a conventional roof? If so, what is the source of the
contamination?
2. Does living roof water quality differ significantly between sites? In other words, do different
living roofs discharge different quality runoff?

5.1

Contaminants of interest

Key water quality components of interest discussed in the following sections are: total suspended
solids (TSS), total dissolved solids (TDS), nutrients (nitrogen and phosphorus), and heavy metals (zinc
and copper).

6

Conversely, many “on the ground” urban stormwater treatment devices receive contaminated runoff from some source area (e.g.
roadway, parking lot, or subdivision), which it then treats prior to discharge to a receiving water or reticulation.
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5.1.1

Total suspended solids (TSS)

TSS is associated with pollutants and pathogens, and is ubiquitous in untreated urban stormwater
runoff. TSS consists of both inorganic and organic fractions entrained in stormwater flow. The
inorganic fraction is generally larger than the organic fraction, but both contribute towards increased
runoff turbidity, ultimately adding to receiving water turbidity (Shaver et al., 2007). TSS acts as
transport agents for other contaminants (Bibby and Webster-Brown, 2005, Vaze and Chiew, 2004,
ANZECC, 2000). The inorganic fraction may include a range of particle sizes, however other
contaminants of concern (such as heavy metals) typically attach to finer particles in
disproportionately high numbers. Williamson (1993) determined nutrients and heavy metals were
associated with particle sizes in the range of fine and medium silts (7.8–31 µm, (Wentworth, 1922)).
Morquecho et al. (2005) showed that total phosphorus (TP) and most heavy metals were associated
with particles in the range of 0.45–20 µm. Similarly, Vaze and Chiew (2004) identified most nutrients
were attached to sediments 11–150 µm and almost half of the heavy metals were associated with
particles 60–200 µm. For roadside sediments in New Zealand, Zanders (2005) found that the highest
heavy metal concentrations were associated with particles less than 250 m, while the greatest
fraction of the total metal load were associated with particles less than 125 m.
The main impact of TSS in aquatic environments (streams, lakes, and estuaries) is to reduce light
penetration and thus reduce primary production (ANZECC, 2000, US Environmental Protection
Agency, 2005). Photosynthesis by aquatic plants and phytoplankton is reduced which ultimately
reduces oxygen content in the water (Shaver et al., 2007). As a result, streams are less able to
support invertebrates and fish. Adverse effects on fish can also occur due to mechanical and abrasive
impairment of gills. When settled, fine solids can smother benthic organisms and their habitats, and
contribute adsorbed toxic pollutants, thus contaminating the food source of benthic organisms
(ANZECC, 2000).
5.1.2

Total dissolved solids (TDS)

TDS refers to the total sum of any minerals, salts, cations and anions which are dissolved in water
and is an indicator of total inorganic salt and organic compounds dissolved in the water. TDS is also
an indication of water quality and can be referred to as salinity (ANZECC, 2000). High TDS content
may result in water that is corrosive, salty, and/or blackish in colour and suggests that trace metals
exist in the water. High metal concentrations, particularly TDS > 2400 mg L-1, may cause minor health
issues through purgative or toxic effects. In these instances water should be analysed to determine
the concentrations of specific ions (ANZECC, 2000).
5.1.3

Nutrients

Nutrient enrichment in waterways can lead to eutrophication. High nutrient levels promote
increased growth of aquatic life forms, predominantly algae, which rapidly deplete available oxygen
levels. As the algae die and decompose, high levels of organic matter and the decomposing
organisms further deplete the water of available oxygen causing the death of other organisms, such
as fish (McLaren and Cameron, 1996). Eutrophication is a natural, slow-aging process for a water
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body, but human activity greatly speeds up the process. In the USA and Australia, nutrients are
primary pollutants of concern in stormwater runoff.
As a result of the anthropogenic impact on increased rates of eutrophication, nutrients in living roof
runoff have been researched relatively extensively. The two predominant nutrients of concern,
discussed in subsequent sections, are nitrogen (N) and phosphorus (P). A key water quality concern
in the living roof context is leaching of nutrients from the system in greater volumes than from a
conventional roof system. For a conventional roof the main source of nutrients is atmospheric
deposition of dust, organic matter and dissolved NOx in rainfall (and animal droppings in some
places), which will vary between locations. However, a living roof system may introduce additional
nutrients via decomposition of the substrate layer, plant inputs (nitrogen-fixing plants), or through
periodic or poorly timed fertilisation. Conversely, living roofs may also act as a nutrient sink, using
nutrients gained through atmospheric deposition to maintain vegetative growth. Consequently, it is
of interest to quantify if and how living roofs contribute to nutrient concentrations in runoff water
quality.
5.1.3.1 Nitrogen
Through a number of processes and transformations, collectively referred to as the nitrogen cycle,
nitrogen presents itself in different forms and comes from multiple different sources. Atmospheric
nitrogen comes in the form of nitrogen gas (N2 and in rainfall as HNOx) and is the ultimate source of
nitrogen (Barbarick, 2006). Nitrogen is found in substrates in organic and inorganic compounds.
Inorganic compounds contain nitrogen as ammonium (NH4+), ammonia (NH3), nitrate (NO3-) and
nitrite (NO2-). Nitrogen is found in organic forms such as amino acids and humus (Camberato, 2001).
Nitrate and ammonium are readily taken up by plants and are beneficial for plant growth (Barbarick,
2006, Camberato, 2001, Duff and Triska, 2000). Conversely, nitrogen in the form of nitrite and
ammonia are toxic to plants (Camberato, 2001).
Nitrogen may be lost from the substrate through leaching, microbial and plant uptake, denitrification
and volatilization of nitrogen (Barbarick, 2006). Leaching depends on the forms of nitrogen present,
substrate type, temperature, and amount of rainfall in relation to ET and depth of root zone
(Camberato, 2001). Ammonium is a positively charged ion (cation) and is attracted to negatively
charged substrate particles; it is not easily leached (Barbarick, 2006). However, ammonium competes
with potassium, calcium, and magnesium for adsorption to the cation exchange sites (Camberato,
2001). In some cases, substrates may have limited cation exchange capacity and some leaching of
ammonium can occur. Nitrate is a negatively charged ion (anion) and thus not attracted to substrate
particles; it is a major water quality concern as it leaches easily (Barbarick, 2006).
5.1.3.2 Phosphorus
Phosphorus is a non-toxic pollutant, but acts to significantly increase rates of eutrophication.
Phosphorus tends to be the limiting nutrient to algae and phytoplankton growth, and thus is often
considered more detrimental than nitrogen (McLaren and Cameron, 1996).
Phosphorus is not found in elemental form in nature. Elemental phosphorus is extremely reactive
and will combine with oxygen when exposed to air (Busman et al., 2002). Phosphorus in water tends
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to exist in two main forms: dissolved (soluble) and particulate (attached to or a component of
particulate matter). The primary dissolved form of phosphorus is phosphate, of which the simplest is
orthophosphate (PO4-3). Phosphate is readily available to algae and aquatic plants (Busman et al.,
2002). Soluble reactive phosphorus (SRP) is a mixture of dissolved inorganic and organic species
measured by the method of Murphy and Riley (1962) and is the most readily available form of
phosphorus to biota. Many phosphate compounds are not very soluble in water. In addition to small
concentrations of dissolved P as orthophosphate, water bodies may also contain organic P and
phosphate attached to small particles of sediment. Total phosphorus (TP) in water is all of the
phosphorus in solution regardless of its form.
Phosphorus contamination in surface water typically comes from runoff containing fertilisers, eroded
substrate, and discharge of sewage, animal and/or industrial waste (McLaren and Cameron, 1996).
Phosphorus is relatively immobile in substrates. Phosphorus leaching can occur in sandy substrates
due to a low capacity for phosphate adsorption (by anion exchange). Leaching is more likely from
organic waste and fertiliser applications as phosphate is present in the dissolved form (McLaren and
Cameron, 1996).
5.1.4

Heavy metals: zinc (Zn) and copper (Cu)

Roofing materials and vehicle emissions (atmospheric deposition) are substantial sources of heavy
metals in urban roof runoff (Davis et al., 2001, Chang et al., 2004, Alsup et al., 2010, Timperley et al.
2005). Zinc (Zn) and copper (Cu) are two heavy metals associated with conventional roof runoff that
are discussed herein, as they have been identified as contaminants of concern in the Auckland region
(Simmons et al., 2001, Timperley et al., 2005). Zinc is prevalent in alloys, galvanizing materials, dyes,
paints, preservative, tyre wear and brake wear. Gromaire et al. (2011) and Timperley et al. (2005)
concluded that runoff from roofing materials contribute the majority of the total Zn load at a
catchment scale (the latter reference is Auckland-specific). In rural areas a major source of zinc is
application for animal health (primarily as a supplement as for control of facial eczema) (Taylor et al.
2011). Major sources of copper are paint pigment, electrical components, wood preservative,
pesticides, fungicides, tyre wear and brake wear. Heavy metals can be measured as total zinc and
total copper, which encompasses both particulate-borne and dissolved forms of each metal.
Cu and Zn in urban runoff tend to be in dissolved form (but is somewhat site-specific), and thus are
susceptible to exhibiting a first flush response (Sansalone and Buchberger, 1997). This is a major
concern because dissolved metal elements are readily bioavailable and very mobile (Sansalone and
Buchberger, 1997), and aquatic animals are generally far less tolerant of metals than terrestrial
organisms (plants and animals).7
From a dissolved state metals can adsorb and bind strongly to substrate surfaces via cation exchange
(Sansalone and Buchberger, 1997, McLaren and Cameron, 1996). In a living roof context, the
substrate has the potential to operate like an adsorption column. As runoff infiltrates the substrate,
pollutants can be adsorbed by the surface media.

7

Human and animal drinking water standards for Cu and Zn are much higher than ANZECC thresholds for aquatic
protection, and Zn and Cu are administered as animal remedies and supplements. Zn is applied at the equivalent of 5 to 7
kg/ha/annum in the Waiakto grazed areas (Taylor et al. 2011)
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5.2

Literature review: conventional roof runoff quality

A compilation of international literature on runoff concentrations from various roofing materials
clearly demonstrates that roofing has the potential to be a significant urban pollutant source,
regardless of roofing type (Table 38). While measured concentrations range significantly amongst
studies (i.e. roof runoff quality appears to be highly site-specific), copper and zinc roofing materials
clearly contribute substantial levels of heavy metals to runoff. While alternative zinc roofs such as
Colour Steel substantially decrease the concentration of zinc in runoff compared to galvanized zinc,
concentrations reported by Timperley et al. (2005) are still several times greater than total zinc
concentrations measured from Auckland roads (median EMC 96.7 g L-1 [Fassman and Blackbourn
2012]) and motorways (65-200 g L-1 [Moores et al. 2009]).
Experimental work by Clark et al. (2008) to investigate the effects of roof age and exposure found
that wood roofing panels contributed significant nutrient (nitrate and reactive phosphorus as
phosphate) concentrations at early stages of exposure. Treated wood panels exceeded 5 mg L-1 of Cu
for the first nine months of exposure, finally decreasing to near detection limits after 270 days.
Rubberized roofing had the higher Cu concentrations compared to metals or vinyl materials. Over a
2-yr period, Zn concentrations ranged 5-30 mg L-1 for galvanized metal, while an aluminium-zinc alloy
was less than 250 g L-1.
Bielmyer et al. (2011) found that flow path length increased concentrations from copper panelled
roof sections, due to the increased contact area, with median concentrations doubling from ‘short’
(1.5-3.0 m) to ‘long’ (6-9 m) flow paths.
Very little information has been identified to date quantifying precipitation quality in urban areas in
New Zealand. Pennington and Webster-Brown (2008) measured acid-soluble Cu in rainwater in
Auckland on three dates at 3.0 to 4.9 g L-1 and slightly acidic.
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Table 38. Compilation of roof runoff copper and zinc median concentrations reported in the
literature
Stormwater
Information Source
Source
METAL ROOFS
Copper
Clark et al. (2008)
panels
adapted from
Athanasiadis et al.
(2006)
Copper roof
Pennington &
WebsterBrown 2008

Copper roof

Solcu
-1
(g L )

519 to 2750

Max 7690
78% SolCu
after first
flush
1
2
3000 ; 3000

Zn
-1
(g L )

1

2

2

11 ; 8.1

1

2

310 ; 380

0.8 ; 2.5

2

1

2

10-1,400

420-14,700

3.4

4224

1

2

15 ; 85

1

2

20 ; 90

1

2

15 ; 85

0.8 ; 2.5

1.3 ; 3.0
0.8 ; 2.5

2-14
(4 roof types)

1

15 ; 85

1

0.8 ; 2.5

Max: 128
(plywood
w/roof
paper/tar)
1.
2.
3.

Solzn
-1
(g L )

200-11,100

Timperley et al. (2005)
adapted from Kingett
Mitchell (2003)

Colour steel
roof (long
run)
Zincalum
roof
Galvanized
Clark et al. (2008)
materials
adapted from Tobiason
(primarily
et al. (2004)
Galvalume)
Zinc
Lamprea & Ruban (2011)
NON-METAL ROOFS
Clay tile roof Timperley et al. (2005)
adapted from Kingett
Mitchell (2003)
Concrete
roof
Bitumen
(membrane
and pebbles)
roof
Bitumen
Lamprea & Ruban (2011)
3
Various
Clark et al. (2008)
adapted from Good
(1993) and Boller (1997)

Cu
-1
(g L )

1

2

1

2

1

2

5.4
11-166
(6 roof types)

82-1,610
(5 roof types)

230
36-2,076
(7 roof types)

Max: 1,907
(tile); 6,817
(polyester)

Max: 11,900
(old metal
with Al paint)

Max:12,200
(old metal
with Al paint)

Residential
Commercial
Includes: polyester, tile, flat gravel, plywood w/roof paper, old metal with Al paint, flat tar surface with fibrous
reflective Al paint, new anodized Al.
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5.3

Hydrologic characteristics of sampled storms

Eight storms were sampled from each of the Tamaki mini-roofs and the WCC living roof as well as
each respective control roof. In terms of interpreting results, data from duplicate substrate depth
Tamaki mini-roofs were averaged to represent a single design configuration, i.e. sheds 1 and 3 gave
duplicate measurements from a 100 mm depth living roof, while sheds 2 and 4 gave duplicate
measurements from a 150 mm depth living roof.
Hydrologic characteristics of storms sampled at each site between December 2010 and March 2011
are in Table 39. Capturing water quality samples from living roofs was problematic, and may affect
interpretation of results. A substantial amount of runoff must be generated for automatic samplers
to operate successfully, and/or to generate adequate sample volume to fulfill analytical
requirements. As such, it is unsurprising that many of sampled storms were somewhat larger events
(Table 39), and often occurred after a relatively short antecedent dry period. Runoff retention during
the sampled events was generally lower than the majority of the hydrologic record (Table 7 and
Table 9). Potential interferences of the sampling limitations are discussed where relevant in the
following sections.
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Table 39. Hydrologic characteristics of sampled events
Tamaki

WCC
Runoff

Event
#

Storm
Date

Rainfall
Depth
(mm)

Control
Roof
Depth
(mm)

Runoff

100 mm Living Roof

150 mm Living Roof

Depth
(mm)

%
Retention

Depth
(mm)

%
Retention

Rainfall
Depth
(mm)

Control
Roof Depth
(mm)

Living Roof
Depth
(mm)

% Retention

1

14/12/10

27.4

27.0

16.7

38

20.0

26

21.2

17.39

12.57

28

2

16/12/10

19.6

18.8

9.4

50

8.8

53

11.8

11.66

4.88

58

19/12/20

58.4

53.0

40.1

24

27.8

48
22.8

19.05

14.63

23

8.8

8.24

0.41

95

28/01/11

57.4

52.33

38.91

26

22/02/11

13.6

13.45

3.50

74

3
4
5
6

20/12/10
17/01/11

13.2

8.0

1.5

81

1.8

77

21/01/11

17.8

12.0

8.9

26

10.2

15

18/03/11

32.8

31.6

24.2

23

22.0

30

7

21/03/11

46.6

46.6

37.8

19

31.4

33

39.8

36.09

20.00

45

8

25/03/11

29.6

26.0

8.0

69

10.0

62

21.8

19.33

6.30

67
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5.4

Overall water quality: EMCs

The Tamaki mini-roofs were approximately 2.5 years old when sampling commenced, whereas the
WCC living roof was approximately four years old based on initial construction, but only just over one
year old based on the retrofit work that added substrate and plants, and disturbed the original
substrate. Summary water quality EMC characterisation is presented in Table 40 and Figure 63 to
Figure 66. Individual event data is presented in Error! Reference source not found.. Data for the
Tamaki mini-roofs in Table 40 are the average of EMCs determined for sheds with the same substrate
depth. For each parameter, there were no statistically significant differences in EMCs when
comparing the runoff from the 100 mm mini-roof to the 150 mm mini-roof, therefore for the
majority of subsequent analyses, the data from all four mini-roofs were averaged for a single “Tamaki
living roof” EMC.
For quality assurance in field sampling, at Tamaki, a single shed was selected at random for replicate
field sampling and analysis (i.e. three composite samples from a single shed were sent to WLS for
analysis). Analysis of field replicate data indicates that the sampling configuration did not interfere
with results (i.e. replicate samples [Error! Reference source not found.] were within acceptable
tolerances of variation, as per Table 2). For data analysis herein, the average value between field
replicates was used.
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Table 40. Mean and median water quality EMCs from eight sampled events at each site
Parameter
Tamaki

100 mm Living
Roof
150 mm Living
Roof
Living Roof
Overall
Control Roof

WCC

Living Roof
Control Roof

Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median

TSS
-1
(mg L )

Nox
-1
(mg L )

TN
-1
(mg L )

SRP
-1
(mg L )

TP
-1
(mg L )

Sol Cu
-1
(µg L )

Cu
-1
(µg L )

Sol Zn
-1
(µg L )

Zn
-1
(µg L )

5.4
4.1
8.0
5.2
6.7
4.8
4.0
3.0
2.8
1.4
1.8
1.8

0.214
0.088
0.313
0.231
0.263
0.143
0.059
0.056
0.501
0.482
0.065
0.040

1.942
1.332
2.220
1.680
2.081
1.601
0.465
0.374
3.365
2.022
0.414
0.235

0.581
0.559
0.776
0.633
0.679
0.596
0.048
0.045
0.510
0.400
0.006
0.005

0.697
0.630
0.934
0.710
0.815
0.669
0.127
0.070
0.562
0.410
0.012
0.011

3.59
3.63
4.14
3.79
3.86
3.63
0.44
0.32
13.75
14.00
14.60
8.20

3.82
3.98
5.00
4.73
4.41
3.98
0.61
0.54
15.38
16.00
15.84
9.00

38.42
30.83
41.67
30.00
40.04
30.83
38.33
35.50
11.68
12.00
13.90
7.55

83.23
42.00
88.79
43.00
86.01
42.00
84.79
43.50
14.00
13.00
15.53
8.65

Abbreviations
TSS =

total suspended solids

NOx =

SRP =

soluble reactive phosphorus TP

=

total phosphorus

SolCu

=

Cu =

total copper

=

soluble zinc

Zn

total zinc

SolZn
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=
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Figure 63. TSS EMCs

Figure 64. TDS content in living roof and control roofs
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Figure 65. Nutrient EMCs a) Nitrogen; b) Phosphorus
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Figure 66. Heavy metal EMCs: a) Copper; b) Zinc
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5.5

Is living roof water quality different from conventional roof runoff?

5.5.1

EMCs

Mean TSS and NOx EMCs did not differ between living roof runoff or control roof runoff water quality
(Table 41); however, living roof discharge EMC distributions of TN, SRP, and TP were statistically
higher (different) than the control roof EMC distributions.
TSS EMCs from either living or control roof were quite low compared to typical runoff from streets or
other ground-level urban land uses. With median TSS EMCs between 1.4 and 4.8 mg L-1 across all
monitoring sites, TSS was barely above detection limits. Combined with the substrate flushing tests
to quantify migration of fines through a substrate core (Section Error! Reference source not found.),
results confirmed that the established living roofs were not a source of TSS in runoff.
Total dissolved solids (TDS) was added as a parameter after the first sampled event, as it may
contribute to colour, a known aesthetic issue with living roof runoff. Yellow or tea coloured runoff
compared to the source water creating the runoff was suspected to be a result of humic acids in the
runoff (Berghage et al., 2007; Buccola, 2008). Rainfall infiltrating slowly through the substrate layer
of the living roof will incorporate minerals in forms of TDS due to contact with the substrate. There is
very little information on TDS from stormwater runoff, and whether it creates a problem for
receiving waters. In the absence of stormwater runoff-related comparison, the concentrations of TDS
from both the living roof and the control roof (Figure 64) were well below the ANZEEC in-stream limit
of 3000 mg L-1 for freshwater. Therefore, although TDS EMCs were higher from the living roofs, they
were still well below an apparent level of concern for receiving waters.
Runoff from both living roofs was a source of nitrogen, primarily in the form of TKN as opposed to
NOx (Figure 65). NOx is readily taken up by plants. As discussed in Section 4.2.3, the combination of
adequate P nutrition and low nitrogen availability (indicated by high C:N ratios and/or low carbon)
favours nitrogen-fixing plants.
TKN is not plant-available, and is comprised of ammonia, ammonium, and organic nitrogen.
Ammonia is toxic to aquatic organisms, whereas ammonium is not, but temperature and pH
influence the balance between these two forms (higher temperature and higher pH increase the
proportion of ammonia). Based only on EMCs (not mass loads), for nutrient sensitive receiving
waters, living roof discharge may require additional treatment such as by bioretention with an
internal water storage zone that creates anoxic conditions, or should be harvested. The low nutrient
levels would probably provide little fertilizer benefit for outdoor garden watering (or living roof
watering) and would not prevent use for toilet flushing (e.g. as at the University of Otago’s P3
building).
Substrate chemistry (Table 26 to Table 29) including C:N, CEC, and base saturation lead to some
hypotheses regarding conditions contributing to elevated TKN in the living roof runoff. A high

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

124

substrate C:N (> 24)8 suggested that plants might need additional nitrogen, and therefore there
would show low potential for N-leaching. High CEC (>40 me. 100g-1 [Blakemore et al. 1987]) would
suggest a reasonable ability to store ammonium if base saturation was less than 100%, again leading
to a low potential for leaching. Barbarick (2006) found that ammonium tended to compromise the
lowest concentration of nitrogen species sampled and hypothesized results were due to good cation
exchange. Conversely, high base saturation indicates few exchange sites were available to store
additional cations such as ammonium and therefore TKN leaching could occur. Ammonia and organic
nitrogen should not be influenced by CEC or base saturation.
The Tamaki zeolite showed a high C:N = 37 in 2008 and 2011. In 2008 (data not available in 2011),
Tamaki zeolite CEC was 56.6 cmol(+) kg-1 (high) and base saturation was 82%, indicating that some
exchange sites should have been available to capture positively charged nutrients such as
ammonium, but not necessarily ammonia or organic nitrogen.
The majority of the substrate across the Waitakere living roof is the WCC expanded clay. Both
Waitakere substrates showed moderate C:N (15 for WCC expanded clay in 2009 and 2011, 22-26 for
WCC zeolite in 2009 and 2011), high base saturation, but low CEC, which indicated an overall low
potential to store nutrients (Table 28 and Table 29). It is recommended to test a broader range of
substrates (runoff field monitoring and substrate chemistry) to further investigate indicators and
their potential interactions (e.g. CEC vs base saturation vs C:N). Testing the speciation breakdown of
nitrogen components is recommended.
Phosphorus clearly discharged from the living roofs with substantially greater EMCs compared to the
respective control roofs. Phosphorus may have originated from the organic component of the
substrate layer or from the plants themselves. Most of the living roof runoff phosphorus measured
was as SRP, which is readily available for plant growth. Olsen P measured for all substrates was
considered high9 (in 2011, 17 mg kg-1 for Tamaki zeolite, 32 mg kg-1 for Waitakere expanded clay, and
45 mg kg-1 for Waitakere zeolite [Table 26 and Table 28]), thus indicating a potential for leaching of
SRP. Future research should be aimed to establish an appropriate maximum Olsen P to prevent
leaching.
Heavy metals EMCs were site specific (and are discussed further in the Section 5.6), but only copper
at the Tamaki site showed a difference between living roof (median 3.6 g L-1 SolCu, 4.0 g L-1 Cu)
and control roof runoff (median 0.3 g L-1 SolCu, 0.5 g L-1 Cu). Both SolCu and Cu showed higher
EMCs from the Tamaki living roofs than the control roof, suggesting that the substrate and/or plants
were a source of copper in the discharge. Copper in general is highly mobile in soils, with moisture
content and organic matter affecting mobility. As noted previously, sampled storms tended to be
larger storms following short antecedent dry periods. It is hypothesized that a small storm which did
not produce runoff may have mobilized copper within the living roof substrate. A subsequent storm
occurring before the substrate completely dried and producing enough runoff to sample would
therefore likely have elevated concentrations of copper.

8

High value based on New Zealand farming experience according to Blakemore et al. 1987, not necessarily living roofs. Low C:N is
considered < 12 for agricultural soils.
9
Olsen P > 20 mg kg-1 measured in New Zealand farms would generally indicate that soils had more than adequate plant-available
phosphorus for crop growth; therefore additional phosphorus fertilizer would not be necessary. A similar threshold value is not known for
living roofs; no literature has been identified that conclusively recommends nutrient needs for living roof plants.
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Regardless, living roof SolCu EMCs fell towards the low end of the range reported by Clark et al.
(2008) (Table 38) for conventional roofs, while living roof runoff Cu EMC was substantially lower than
the given range for conventional roofing types. SolCu from the Tamaki living roof had similar
concentrations to three samples of Auckland rainfall reported by Pennington and Webster-Brown
(2008). Altogether, copper EMCs from the Tamaki zeolite were unlikely to be problematic.
Water quality EMCs were investigated for possible influences of rainfall characteristics. Pearson
correlation coefficients were determined for natural log (LN) transformed EMC data against rainfall
depth, average rainfall intensity, and LN transformed peak rainfall intensity (the LN transform
resulted in a normal distribution). Table 42 shows that NOx and TN were negatively correlated with
rainfall depth, while SolCu and Cu were negatively correlated with peak intensity. In other words,
increasing rainfall depth diluted nitrogen in living roof runoff, while increasing peak intensity diluted
copper concentrations. With respect to nitrogen, the implication is that smaller storms that did
produce runoff but were not able to be sampled may have generated higher nitrogen EMCs than
were able to be measured herein.
Table 41. Statistical significance values indicating differences amongst mean EMCs or EMC
distributions1,2,3
Location
Tamaki LR
vs
WCC LR
Tamaki CR
vs
WCC CR
Living roof
vs
4
Control Roof
Tamaki LR
vs
Tamaki CR
WCC LR
vs
WCC CR

TSS

Nox

TN

SRP

TP

Sol Cu

Cu

Sol Zn

Zn

> 0.125

0.097

0.446

0.749

0.640

< 0.003

< 0.002

< 0.004

0.000

0.588

0.371

0.400

0.000

0.001

0.000

0.000

0.003

0.010

Note (5) 0.214

0.000

> 0.906

0.001

0.000

0.000

0.000

1.000

1.000

> 0.974

0.001

0.001

0.759

0.692

0.916

0.292

1. No statistical differences were detected for any parameter between the Tamaki 100 mm and Tamaki 150 mm LR.
2. One-way ANOVA with post-hoc Tukey test for TSS. For all other parameters: Mann Whitney U amongst control roofs or
CR vs LR; Kruskall Wallis amongst living roofs.
3. Statistically significant differences at p< 0.05.
4. Data sets could only be combined where no differences were found amongst individual living roofs, as well as amongst
individual control roofs.
5. A statistically significant difference was detected between Tamaki 150 and WCC CR. This result is not considered
meaningful, and it is concluded overall that there is no significant difference between living roof (LR) and control roof
(CR) TSS EMCs.

Table 42. Pearson Correlation between rainfall characteristics and EMCs
Rainfall
Characteristic

TSS

Nox

TN

SRP

TP

Sol Cu

Cu

Sol Zn

Zn

Depth

-0.393

-0.406

-0.488

0.132

0.129

-0.216

-0.375

-0.128

-0.152

Peak Intensity
Average
Intensity

-0.162

-0.327

-0.129

-0.051

0.011

-0.446

-0.416

-0.150

0.316

-0.259

-0.289

-0.168

0.278

0.281

0.071

-0.039

-0.309

-0.219

Correlation significant at 0.05 level.
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5.5.2

Mass loads

Table 43 summarizes the occurrence of statistically significant differences in pollutant mass loads at
each site. From the Tamaki mini-roofs, rainfall event 4 resulted in an unusual observation of greater
TN mass loading from the control roof than from the 100 mm depth living roof, thus affecting the
outcome of statistical test. Without this storm, ANOVA with post-hoc Tukey tests indicate that
control roof runoff had less TN than the living roofs. The statistical difference in SolCu or Cu detected
between the Tamaki living and control roofs were likely due to the very small EMCs in the runoff and
its effect on the mass load calculation. In other words, again copper was not problematic for either
living or control roof runoff at Tamaki.
Amongst the eight storms sampled at each site, TSS or heavy metals (soluble and total forms) mass
load from the living roof was comparable to runoff from the conventional roof at the same location.
EMC analysis did not detect differences between control roofs and living roofs for these parameters
(Table 41). The shed itself was the likely source of any zinc in the runoff at Tamaki (refer to Section
5.6). Many of the sampled storms were somewhat larger events (Table 39), and often occurred after
a relatively short antecedent dry period. As noted previously, runoff retention during the sampled
events was generally lower than the majority of the hydrologic record (Table 7 and Table 9).
Therefore, the living roof’s reduced hydrologic performance for these individual events may have
been the key reason that a difference in mass loads was not detected for these parameters on an
individual event basis. As per Figure 45, typically no runoff would be generated from the living roofs
during storms smaller than ~30 mm, which also means there would be zero mass of pollutants
discharged for these frequently occurring events. In a long-term cumulative mass loading, due to the
substantial level of runoff retention, it is likely that the living roof at either site monitored
contributed significantly less TSS or heavy metals’ load than the corresponding control roof.
However, in the case of TSS, it is noted that the very low EMCs from all of the sites suggest that the
comparison is somewhat meaningless; TSS did not appear to be problematic in runoff from any of
the monitored roofs.
For all nutrients, on a storm-event basis rather than cumulative long term load, mass loads from the
living roof were statistically greater than from the control roof. The result was generally consistent
with the international literature. As the living roof nutrient EMCs were in the range of an order of
magnitude greater than the control roof EMCs, an order of magnitude reduction in runoff volume
would be required to balance the long-term load, despite the observation that typically no runoff
would be discharged during a “water quality storm”. In other words, even though the hydrologic
control is substantial, when/if runoff does occur, the total nutrient load remains high and should be
further treated if discharging in a nutrient sensitive watershed. An example treatment train would
direct living roof runoff from large storm events to ground-level or subterranean devices with
nutrient-specific pollutant removal mechanisms, or be harvested for non-potable reuse.
Alternatively, indicators or thresholds for organic matter (compost) that minimise contaminant
leaching should be established (e.g. minimum C:N, maximum Olsen P, minimum CEC and maximum
Carbon content). Future work to develop a water quality mass loading model could help to
determine maximum allowable nutrient concentrations while still minimizing the long-term load.
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Table 43. Statistically significant differences (p values) detected for mass loads1
Location
Tamaki LR
vs Tamaki
CR
WCC LR vs
WCC CR
1.
2.
3.
4.

TSS

Nox

TN

SRP

0.553

0.199

0.074

0.029

0.029

<0.00

0.346

0.035

0.038

0.003

0.037

0.584

2

TP
3

Sol Cu
4

4

Cu

Sol Zn

Zn

0.013

0.086

0.405

0.502

0.382

0.341

3

Statistically significant difference at p<0.05.
p = 0.019 without sampling event #4.
Tamaki 150 vs CR only
Tamaki 100 vs CR only

5.6 Does living roof water quality differ significantly between living roof
configurations?
Amongst the three living roof configurations, there was no difference in TSS or nutrient EMCs. There
were no statistical differences in heavy metal concentrations from the different depth Tamaki living
roof configurations. It was not expected to find differences for any water quality parameter between
the Tamaki livingroofs since the same substrate was used on all mini-roofs.
When comparing the living roof vs. control roof runoff at either Tamaki or WCC, there was no
statistical difference in heavy metal EMCs at a given site. However, there were significant differences
when comparing Tamaki vs. WCC for either living or control roofs. Overall, copper EMCs were higher
from WCC roofs, while zinc EMCs were higher from Tamaki roofs.
The Tamaki mini-roofs are constructed atop colour steel sheds. The shed roof is secured to the
structure using more than 20 galvanized zinc rivets. Timperley et al. (2005) reported 11 and 8.1 g L-1
median Zn EMCs in runoff from colour steel roof runoff for residential and commercial areas,
respectively (Table 38). The mini-roofs do not have a distinct waterproofing layer (a synthetic
drainage layer is not equivalent to a waterproofing layer). Therefore even living roof runoff came into
contact with the shed roof and rivets, likely picking up zinc. This hypothesis is supported by the
observation that the majority of zinc detected in the runoff was in dissolved form (SolZn), and
statistically, there is no difference in mean SolZn or Zn EMC from the living roof compared to the
control roof. When comparing substrate chemistry, there was lower zinc in the Tamaki zeolite (39 mg
kg-1) compared to the Waitakere expanded clay (70 mg kg-1) and Waitakere zeolite (58 mg kg-1) (Table
32). Since there was higher runoff zinc EMCs from the Tamaki miniroofs, it was concluded that the
living roof was not the source of zinc in runoff at either site; at Tamaki, the shed itself was the most
probable source.
Copper EMCs in the WCC living roof runoff were three to four times greater than the Tamaki living
roof runoff, while the WCC control roof runoff copper EMCs were an order of magnitude greater
than the Tamaki control roof. Several factors may explain why WCC living roof runoff had greater
copper EMCs than the Tamaki living roofs. The Tamaki zeolite contained three times less copper (5
mg kg-1) compared to the Waitakere expanded clay (16 mg kg-1) or Waitakere zeolite (14 mg kg-1).
Combined with a lower C:N for the Waitakere substrates and lower plant cover, carbon
mineralization and leaching could have contributed to copper mobility. The Waitakere expanded clay
also had about half the CEC of the Tamaki substrate, hence a lower ability to capture positively
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charged heavy metal ions. Median copper EMCs from the WCC living roof were slightly, but not
significantly, higher than the WCC control roof EMCs. The difference (living roof EMC – control roof
EMC) was comparable to the difference between the Tamaki living roofs and control roof. Thus, the
explanation of higher copper EMCs from the Tamaki living roofs compared to control roof also
applies to WCC.
Confounding the issue, copper EMCs from the WCC control roof were not statistically different from
the WCC living roof. The WCC living and control roofs are adjacent to a large copper dome, which
may be the source. While this hypothesis has not been specifically tested, it is at present, a plausible
source to explain the presence in both living and control roof runoff at elevated levels.
Results suggest that zinc or copper materials or adornment to building facades could elevate runoff
EMCs at adjacent sites.

5.7

Comparison to other studies

5.7.1

TSS

In the context of living roof runoff water quality, data quantifying TSS concentrations is relatively
scarce and conflicting (Figure 67). Studies were conducted using different methods for sample
collection; however, Figure 67 compiles concentrations regardless of sampling methodology to
obtain a general idea of living roof water quality (i.e. whether or not samples reflect EMCs).
Carpenter and Kaluvakolanu (2011) found that living roof runoff demonstrated significantly higher
TSS concentration than a conventional asphalt roof, with a gravel ballast roof having the secondhighest measured TSS concentration. The living roof was over two years old and thus representative
of an established roof (Carpenter and Kaluvakolanu, 2011). In contrast, but concurring with the
Tamaki and Waitakere monitoring sites, Lang (2010) found that TSS in roof runoff from an
established living roof was not significantly different to conventional roof runoff. Likewise, Wanielista
et al. (2007) identified no significant trends in TSS amongst living roofs. Higher concentrations of TSS
were exported from unplanted living roofs10 and concentrations varied between several different
substrate types trialled (Wanielista et al., 2007). Mendez et al. (2011) found that TSS in living roof
water quality samples (harvested after the first-flush) was lower than from conventional roof
surfaces; the living roof produced the highest quality runoff with respect to TSS. Mendez et al. (2011)
identified that no first flush effect was evident from the living roof, while conventional roof surfaces
did demonstrate clear first flush effects.
Carpenter and Kaluvakolanu (2011) identified a direct correlation between the size of the rainfall
event and TSS mass released from both the living and conventional roofs, with larger volume events
exporting higher TSS. The study also identified that TSS from the living roof was sourced from the
substrate (Carpenter and Kaluvakolanu, 2011). Neither of these observations is upheld by the Tamaki
and Waitakere monitoring.

10

An “unplanted living roof” refers to a full living roof system, with the exception of the plants/vegetation. At the surface it will appear as
bare living roof substrate, but will still have the supporting layers below, such as geotextile, drainage layer and root barrier.
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It is of interest to note that most studies are conducted on an established living roof. Lang (2010)
showed that TSS varied significantly when samples from an establishing roof were compared with
those from an established roof; TSS in runoff decreased over time. Higher TSS values with a wider
concentration range were recorded when an establishing roof was sampled (0.5-70 mg L-1). TSS
concentrations stabilised to a lower, narrower range (0.05-7.75 mg L-1) comparable to conventional
roof runoff when an established roof was sampled (Lang, 2010).
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Figure 67. Total suspended solids concentration in roof runoff (mg L ). *Data not necessarily EMCs. Compiled
studies represent a range of sampling methods.

5.7.2

TDS

As with TSS research in the living roof context, there is little quantified data available regarding TDS
concentrations in living roof runoff (Figure 68). Phosphorus can contribute to TDS measurement, and
is known to be problematic in living roof runoff compared to a control; however, there are other
sources of TDS. Both Lang (2010) and Wanielista et al. (2007) found that TDS levels were higher in
living roof runoff than conventional roof runoff. Auckland living roofs seem to have comparable TDS
to Lang (2010). Wanielista et al. (2007) identified that the presence of vegetation in the living roof
system increased TDS concentration in runoff (Figure 68); the response also varied between the
different substrates tested. Living roof runoff recorded by Wanielista et al. (2007) reported much
higher TDS concentrations than Lang (2010), possibly due to differences in substrate composition.
Buccola and Spolek (2011) did not test directly for TDS, but instead measured conductivity of the
runoff. Conductivity in water is affected by the presence of inorganic dissolved solids. Average living
roof runoff conductivity was 253 μS cm-1 compared to 37 μS cm-1 for the incoming rainfall (Buccola
and Spolek, 2011). Increased substrate depth yielded a higher conductivity and for all rainfall
intensities and substrate thicknesses, the conductivity was lower for planted living roofs when
compared to unplanted living roofs. Although not a direct measurement of TDS, results by Buccola
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and Spolek (2011) suggest living roof runoff will demonstrate increased levels of TDS due the
presence of dissolved ions in solution.
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Figure 68. Total dissolved solids concentration in roof runoff (mg l ). *data not necessarily EMCs. Compiled
studies represent a range of sampling methods.

5.7.3

Nitrogen

Nitrogen is one of the more well-researched water quality parameters of concern in the living roof
context; however, different research teams quantify different forms of nitrogen. The most commonly
quantified forms of nitrogen, presented in Figure 69, are total nitrogen (TN), nitrate-nitrogen (NO3N), and ammonium-nitrogen (NH4-N). TN represents the total organic and inorganic forms of nitrogen
detected. Elsewhere, Total Kjeldahl Nitrogen (TKN) may be reported. TKN is the sum of organic
nitrogen, NH3 and NH4-N. To calculate TN, the concentrations of NO3-N and NO2-N are determined
and added to TKN.
Significant variation in nitrogen content in living roof runoff is reported (Figure 69). In some cases,
the concentration of various nitrogen forms in living roof runoff was less than that found in rainfall;
nitrogen was retained by the living roof system (Berndtsson et al., 2009, Bliss et al., 2009). In
contrast, others recorded an increase in nitrogen concentration compared with rainfall; nitrogen was
released by the living roof system (Aitkenhead-Peterson et al., 2010, Berndtsson et al., 2006, Moran
et al., 2005, Teemusk and Mander, 2007).
Other studies made comparisons between conventional roof surfaces and living roofs. It is interesting
to note, all studies comparing conventional roof runoff with living roof runoff identified living roofs
as a nitrogen sink, or of negligible difference in response (Carpenter and Kaluvakolanu, 2011, Lang,
2010, Mendez et al., 2011, Moran et al., 2005, Teemusk and Mander, 2007, Wanielista et al., 2007,
Bliss et al., 2009). The conclusions of these studies are contrary to TKN or TN results for Tamaki and
Waitakere living roofs. Results could be due to differences in atmospheric nitrogen deposition or
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substrate characteristics such as C:N. A region with high atmospheric nitrogen deposition would
contribute to high nitrogen in conventional roof runoff, whereas if substrates were nitrogen-deficient
(high C:N) atmospheric nitrogen might be readily used up by plants. Auckland is thought to have low
atmospheric nitrogen, thus creating low EMCs in control roof runoff. Pennignton and Webster Brown
(2008) measured NOx in Auckland rainfall at below detection limits, and 0.36 and 0.26 g L-1 in
rainfall and 0.25 to 2.10 g L-1 in the ‘steady flow’ from three copper roofs (excluding any first flush
effect). NOx in rainfall in one southern Sweden living roof study was 1.03 g L-1 (Berndtsson et al
2009).
Two studies measured nitrogen concentrations in living roof runoff without any comparison to other
systems (e.g. rainfall or control roofs) (Emilsson et al., 2007, Monterusso et al., 2004). Moran et al.
(2005) found that although the concentration of TN was significantly higher in living roof runoff than
rainfall, there was no statistical difference between TN concentrations in living roof and control roof
runoff. This is comparable to results from Teemusk and Mander (2007) and Wanielista et al. (2007)
who found TN content was comparable for both living and control roofs. Teemusk and Mander
(2007) concluded that nitrogen came to a roof via either the air or bacterial activity. It is likely that
TN recorded by Moran et al. (2005) in living roof and control roof runoff was also sourced via
atmospheric deposition. Wanielista et al. (2007) and one research site monitored by Berndtsson et
al. (2006) identified that living roofs tended to be a minor source of TN. Berndtsson et al. (2009) and
another research site monitored by Berndtsson et al. (2006) both found the average concentration of
TN in living roof runoff was similar to concentrations in both rainfall and conventional roof runoff,
however living roofs did generally operate as nitrogen sinks. Bliss et al. (2009) concluded the living
roof was a nitrogen sink with no measureable TN in living roof runoff; TN levels recorded in rainfall
and control roof runoff tended to be low also.
Teemusk and Mander (2007) and Aitkenhead-Peterson et al. (2010) found that living roofs were a
source of NO3-N in comparison to rainfall concentrations. The relative amount of NO3-N leached was
dependent upon plant species and health, with healthier plants exhibiting reduced NO3-N leaching
(Aitkenhead-Peterson et al., 2010). In contrast, Berndtsson et al. (2009) and Berndtsson et al. (2006)
found living roofs were a sink for NO3-N, compared to rainfall.
Berndtsson et al. (2006), Lang (2010), Mendez et al. (2011), and Wanielista et al. (2007) found living
roofs were a sink for NO3-N when compared with runoff from a variety of conventional (bituminous
asphalt shingle, metal, tile, cool) roof surfaces. Mendez et al. (2011) did not expect elevated NO3-N
levels in living roof runoff as no fertilisers were applied, and plants and soil biota could consume NO3N. One roof sampled by Berndtsson et al. (2006) was an exception, with NO3-N in living roof runoff
greater than both rainfall and conventional roof runoff. Samples were collected during the roof’s
establishment period when two fertilisation events took place, and indicate the difference in roof
runoff quality from established roofs compared to new, fertilised roofs (Berndtsson et al., 2006).
Carpenter and Kaluvakolanu (2011) reported living roof runoff had slightly higher, but not statistically
significant, mean NO3-N concentrations when compared with the conventional (asphalt) roof surface.
Mendez et al. (2011) reported a clear first flush effect for NO3-N in roof runoff from all surfaces
which was likely due to dry deposition of NO3-N onto the roof surfaces. Monterusso et al. (2004)
recorded the widest range of NO3-N concentrations. The study did not provide a comparison with
either rainfall or a conventional roof surface. Monterusso et al. (2004) expected that NO3-N levels
would reduce over time, instead, results showed an increase in NO3-N levels over time for virtually all
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combinations of plant and substrate type tested. A possible explanation is that nitrogen was released
during the decomposition of composted materials used in the substrate blend, as NO3-N levels varied
based on substrate type (Monterusso et al., 2004).
Berndtsson et al. (2009) found the extensive living roof was a sink for NH4-N in comparison to rainfall.
Berndtsson et al. (2006) also identified multiple living roofs as sinks for NH4-N when compared with
both rainfall and conventional (tile) roof runoff. Wanielista et al. (2007) found a living roof
significantly reduced the concentration NH4-N when compared to a conventional roof. In contrast,
Aitkenhead-Peterson et al. (2010) found no significant differences between NH4-N concentrations in
runoff from conventional roofs, living roofs, nor precipitation. Overall, NH4-N tended to comprise the
lowest concentrations of the N species sampled; it is a cation typically attracted to negatively
charged substrate particles and thus is not easily leached (Barbarick, 2006).
Multiple studies identified living roof substrate, in particular the compost or organic component, as
the controlling factor in whether or not nitrogen leached from the system; however, none of the
studies tested the theory explictly (Aitkenhead-Peterson et al., 2010, Moran et al., 2005, Hathaway
et al., 2008, Lang, 2010, Long et al., 2007). An increase in organic matter or fertilization increases the
likelihood of nitrogen leaching. Long et al. (2007) concluded that the mineral portion of living roof
substrate had little effect on NO3-N levels, and only slightly lowered NH4-N levels.
The addition of fertiliser to a living roof system is a source of nitrogen with the potential to leach
(Long et al., 2007, Berndtsson et al., 2006). Berndtsson et al. (2006) identified that younger living
roofs were the larger source of TN. Berndtsson et al. (2006) commented that increased nitrogen
leaching from a living roof system may be characteristic of the difference between established living
roofs and new, typically fertilised, establishing living roofs. Nitrogen is needed for plant growth,
especially during plant establishment.
The presence of vegetation in a living roof system was seen to mitigate the effect of nitrogen
leaching (Emilsson et al., 2007, Aitkenhead-Peterson et al., 2010, Wanielista et al., 2007). In
particular, Aitkenhead-Peterson et al. (2010) identified leaching of both NH4-N and NO3-N, with NO3N by far the greatest contribution, but also noted a considerable plant uptake of NO3-N by
vegetation. Unplanted living roofs or those with unhealthy plant species contribute more nitrogen to
runoff than well-vegetated, established roofs (Aitkenhead-Peterson et al., 2010, Wanielista et al.,
2007). However, although vegetation mitigates nitrogen leaching, Lang (2010) noted that substrate
composition made the largest differences in NO3-N concentration rather than plant type.
Berndtsson et al. (2009) and Berndtsson et al. (2006) found the extensive living roof was a sink for
NO3-N and NH4-N. However, the average reduction in total-N by the living roof was small when
compared to either rainfall or conventional roof runoff concentrations. As the total-N in runoff was
similar to that in precipitation, Berndtsson et al. (2009) suggested organic nitrogen was released
from the roof (to account for retained inorganic nitrogen). This released organic nitrogen possibly
originated from moss material which had a high capacity to adsorb nitrogen from precipitation and
release it in organic form while decomposing (Berndtsson et al., 2009, Berndtsson et al., 2006).
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Figure 69. Nitrogen concentration in roof runoff and rainfall (mg L ). *Data not necessarily EMCs. Compiled
studies represent a range of sampling methods.

5.7.4

Phosphorus

Phosphorus, as with nitrogen, is one of the more well-researched water quality parameters of
concern in the living roof context; however, different research teams quantify different forms of
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phosphorus. The most commonly quantified forms of phosphorus, presented in Figure 70, are total
phosphorus (TP), and phosphate-phosphorus (PO4-P).
Studies reveal that living roofs are predominantly a source of TP when compared with either
conventional roof surfaces or rainfall (Hathaway et al., 2008, Lang, 2010, Long et al., 2007, Moran et
al., 2005, Wanielista et al., 2007, Berndtsson et al., 2009, Berndtsson et al., 2006), as demonstrated
in Figure 70. Lang (2010) noted that the TP load was affected directly by rainfall; during heavy
intense rains of large volume, more TP was leached from the system (this was not confirmed by
Tamaki or Waitakere monitoring). Comparably, Teemusk and Mander (2007) found the living roof
retained TP in moderate rainfall events, but in heavy rainfall events TP was exported from the
system. However, Teemusk and Mander (2007) note that TP concentrations were higher in the
conventional (bituminous) roof runoff due to dust and other contaminants. Two studies measured TP
concentrations in living roof runoff without any comparison to other systems (Emilsson et al., 2007,
Monterusso et al., 2004).
As with TP, living roofs were identified as predominantly a source of PO4-P when compared with
either rainfall or conventional roof runoff (Berndtsson et al., 2009, Berndtsson et al., 2006, Bliss et
al., 2009, Wanielista et al., 2007, Aitkenhead-Peterson et al., 2010). It appears that TP EMCs from
Tamaki living and control roofs were generally lower compared to other studies while Waitakere
monitoring sites are comparable. Teemusk and Mander (2007) found the living roof retained PO4-P in
moderate rainfall events, but in heavy rainfall events PO4-P was exported from the system. Carpenter
and Kaluvakolanu (2011) found PO4-P concentrations in living roof runoff were lower than those for
the conventional (asphalt and gravel ballast) roofs, but not with statistical significance. Long et al.
(2007) also found retention of PO4-P by living roof substrates, with the exception of one substrate
with added fertiliser. The study by Long et al. (2007) has only tested the mineral component of
substrate thus far; tests do not incorporate the organic component. One study measured PO4-P
concentrations in living roof runoff without any comparison to other systems (Emilsson et al., 2007).
Phosphorus release is dependent on the substrate composition, particularly the organic, or compost,
component (Teemusk and Mander, 2007, Moran et al., 2005, Berndtsson et al., 2009, Lang, 2010,
Hathaway et al., 2008, Wanielista et al., 2007). Only Monterusso et al. (2004) commented that
although TP concentrations in living roof leachate varied based on substrate type, the variation was
relatively narrow and not statistically significant.
Fertiliser has been identified as a key source of phosphorus (Bliss et al., 2009, Long et al., 2007,
Berndtsson et al., 2009, Berndtsson et al., 2006). Berndtsson et al. (2006) note that relatively new
roofs are commonly fertilised, and thus seem to leach more phosphorus, particularly in the form of
PO4-P, than older established roofs. Comparably, Bliss et al. (2009) reported elevated PO4-P levels in
living roof runoff and attribute them to fertiliser applied during the first growing season. Both Lang
(2010) and Monterusso et al. (2004) noted that TP leached from the system decreased over time as
the roof became established. Moran et al. (2005) also make the general statement that the amount
of nutrients leached would reduce over time as the roof matured.
Aitkenhead-Peterson et al. (2010) and Wanielista et al. (2007) identified that vegetated living roofs
exported less PO4-P than unplanted living roofs. In contrast, Emilsson et al. (2007) found runoff from
vegetated roofs had the highest PO4-P concentrations. However, when recording TP concentrations
in living roof runoff both Emilsson et al. (2007) and Wanielista et al. (2007) found the vegetated living
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roofs exported less TP than unplanted living roofs. Aitkenhead-Peterson et al. (2010) did not record
TP. Lang (2010) found the differences among substrate types were more significant than differences
between plant types.
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Figure 70. Phosphorus concentration in roof runoff and rainfall (mg L ). *Data not necessarily EMCs. Compiled
studies represent a range of sampling methods.

5.7.4.1 Nutrient summary
Overall there is little consensus in the literature as to whether living roofs operate as sinks or sources
of nutrients. However, it is consistently reported that the composition of the substrate, the
application of fertiliser and the presence of vegetation plays key roles in whether or not a living roof
system will operate as a sink or source of nutrients and to what degree.
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It is noted that no other study was identified that has specifically tested hypotheses relating
substrate chemistry to runoff quality; however, multiple studies identified living roof substrate, in
particular the compost or organic component, as the controlling factor in whether or not nutrients
leached from the system (Aitkenhead-Peterson et al., 2010, Moran et al., 2005, Hathaway et al.,
2008, Lang, 2010, Long et al., 2007, Teemusk and Mander, 2007, Wanielista et al., 2007, Berndtsson
et al., 2009). Increased organic matter increases the likelihood of nutrient leaching as the organic
component serves as an additional source of N and P.
Fertiliser has been identified as a key source of nutrients (Bliss et al., 2009, Long et al., 2007,
Berndtsson et al., 2009, Berndtsson et al., 2006). Poorly timed or over-frequent fertilisation can
result in substantial nutrient leaching (Emilsson et al., 2007, Berndtsson et al., 2006). The type of
fertiliser applied also has a substantial effect, conventional fertilisers (typically highly soluble to
achieve rapid plant uptake and growth response) can cause high nutrient concentrations in runoff
compared to controlled release fertiliser (Emilsson et al., 2007). It was concluded that nutrient
leaching will likely decrease as a living roof becomes established unless additional nutrient sources
(i.e. fertiliser) are added to the system, or the roof becomes dominated by legumes, which fix
atmospheric nitrogen. This conclusion was ascribed to two reasons: firstly, that relatively new roofs
are typically fertilised to encourage plant growth; and secondly, that established roofs typically have
a greater ability to uptake nutrients due to roots fully occupying media, and greater nutrient uptake,
to support established vegetation (Berndtsson et al., 2006, Bliss et al., 2009, Lang, 2010, Monterusso
et al., 2004, Moran et al., 2005). The presence of vegetation in a living roof system was generally
seen to mitigate the effect of nutrient leaching (Emilsson et al., 2007, Aitkenhead-Peterson et al.,
2010, Wanielista et al., 2007). However, although vegetation mitigates leaching, Lang (2010) noted
that substrate composition made the largest difference. Nutrients are also likey to be released if
significant vegetation death or dieback occurs, as plant roots and leaves decompose.
As an example of the effect of substrate composition and fertilisation, Teemusk and Mander (2007)
recorded lower TN and TP concentration in living roof runoff than in many of the other studies
(Figure 69 and Figure 70). This result was attributed to the fact that the living roof substrate used did
not contain compost and it was not fertilised (Teemusk and Mander, 2007).
5.7.5

Heavy metals

Little research has directly assessed living roof water quality for heavy metal content (Figure 71).
Berghage et al. (2007) found living roofs to be a source of Cu when compared with a conventional
(asphalt) roof. In contrast, Berndtsson et al. (2006) and Lang (2010) found Cu concentrations in living
roof runoff were generally comparable with conventional (tile, concrete) roof runoff. Berndtsson et
al. (2009) found living roofs to be a source of Cu when compared with rainfall. However, the study
concluded that, if not retaining Cu, living roofs were generally not a substantial source when
compared to typical values for Cu in urban runoff (Berndtsson et al., 2009). Likewise, Alsup et al.
(2010) concluded that none of the substrates tested were significant sources of Cu as the
concentrations detected in the leachate rarely exceeded USEPA standard for freshwater quality (the
baseline used, 13 µg L-1 for Cu). Alsup et al. (2010) found wide variation in leachate concentrations of
Cu with no clear trends between substrate types and whether planted or unplanted.
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Long et al. (2007) was the only study to observe a significant reduction in Cu. The study by Long et al.
(2007) was different in that water quality was tested using simulated “acid rain” with added Cu,
rather than regular rainfall. A reduction was likely observed because there was already a high
concentration of Cu (82.3 µg L-1) in the incoming “acid rain” and thus Cu was available to be adsorbed
by the substrate.
Berndtsson et al. (2006) presented two extreme values for Cu (Figure 71). The extremely high
concentrations of Cu in both the living and control (copper cladding) roofs were sourced from the
drainpipes and the roof construction materials (Berndtsson et al., 2006). In this instance the living
roof reduced Cu concentrations due to reduced water contact with the copper roofing materials.
Living roofs have been identified as a source of Zn when compared to both precipitation (Berndtsson
et al., 2009, Mendez et al., 2011) and conventional (asphalt) roof runoff (Berghage et al., 2007). In
contrast, other studies have concluded that living roofs either had no effect (Lang, 2010, Bliss et al.,
2009) or were not a significant source of Zn (Berndtsson et al., 2006, Alsup et al., 2010). Although
Berndtsson et al. (2009) found living roofs to be a source of Zn when compared with rainfall, the
study concluded that living roofs were generally not a substantial source when compared to typical
values for metals in urban runoff (Berndtsson et al., 2009). Similar to Cu results, Alsup et al. (2010)
found wide variation in leachate concentrations of Zn between substrate types, but concluded that
none of the substrates tested were a significant source of Zn. The concentrations detected in the
leachate rarely exceeded the USEPA standard for freshwater quality of 120 µg L-1 for Zn (Alsup et al.,
2010).
Berghage et al. (2007) identified the substrate as the source of leached heavy metals, rather than
from gutters or downspouts. Alsup et al. (2010) found no clear evidence to suggest the presence of
plants reduced heavy metal leaching. It was concluded that there is a need for a clear understanding
of the geochemistry of metals in each substrate. Changes in the biogeochemical conditions within
living roof systems may alter metal solubility, decreasing the leaching of some elements and
increasing the leaching of others (Alsup et al., 2010).
Alsup et al. (2010) identified a first flush of both Cu and Zn followed by a general decrease in leachate
concentration in subsequent leaching events. It was noted that nearly all samples exceeding the
USEPA standards were restricted to the first flush (Alsup et al., 2010). Alsup et al. (2010) concluded
that the decrease in leaching with time may have been due to the depletion of readily water-soluble
metals in the substrate or may represent a more complex response to the wetting-drying cycles that
living roof substrates experience (Alsup et al., 2010). Repeated wetting-drying cycles are known to
stabilize heavy metals within soils (Alsup et al., 2010).
Contrary to Alsup et al. (2010), Mendez et al. (2011) cited a clear first flush effect for metals from
conventional (shingle, tile, metal, cool) roof surfaces, notably from the metal roof, but identified
living roofs as the exception. Metal concentrations in living roof runoff were statistically
indistinguishable between first flush and after first flush (Mendez et al., 2011).
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Figure 71. Heavy metal concentrations in roof runoff and precipitation (µg L ). *Data not necessarily EMCs.
Compiled studies represent a range of sampling methods.*

5.8

Summary and Conclusions

The water quality of living roof runoff is being researched but reported results to date for TSS, TDS,
nutrients and heavy metals are often conflicting. It is difficult to draw conclusions as to the effect of
living roof runoff on urban water quality. Substrate composition, fertilisation practices, roof age, and
the presence or absence of vegetation have been consistently identified as key parameters
influencing runoff water quality. In addition, for each study, spatial differences in the dry deposition
of dusts and atmospheric aerosols (local pollution sources based on zoning—industrial, residential, or
commercial—or external influences such as traffic intensity etc.), supplemental irrigation and/or
climate factors will all contribute to leachate differences (Aitkenhead-Peterson et al., 2010,
Berndtsson et al., 2009).
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Even within studies, difficulties were encountered interpreting water quality results. Carpenter and
Kaluvakolanu (2011) stated that water quality results were inconclusive; there was significant
variability between individual rainfall events. Teemusk and Mander (2007) also conclude that living
roofs had both positive and negative effects on the quality of runoff water. They state that living
roofs generally act as storage devices, accumulating pollutants in the substrate layer, but these
pollutants are washed out in intensive rainfall events (Teemusk and Mander, 2007).
Berndtsson et al. (2009) recommend that vegetated roofs should not be seen as a tool for improving
runoff water quality by reducing the concentration of pollutants found in precipitation. Likewise,
Berndtsson et al. (2006) state that living roofs do not contribute to rain water treatment. However,
both qualify these comments by stating that, when established, neither do living roofs substantially
impair water quality (Berndtsson et al., 2006, Berndtsson et al., 2009). Although living roofs may
provide inconsistent water quality improvement, conventional roof surfaces generally do not provide
water quality improvement either. Living roofs do provide water quantity benefits that conventional
roof surfaces do not.
It is important to ensure that living roof installations will not have detrimental effects on roof runoff
quality greater than that from conventional roofs. The quality of runoff from a living roof depends on
the roof design (substrate composition and vegetation), the age of the roof, its maintenance; and
also on the surrounding area and the local pollution sources (Teemusk and Mander, 2007,
Berndtsson et al., 2006). Long et al. (2007) states that engineering a living roof substrate for water
quality improvement is possible, but careful consideration is required for both the mineral portion,
which contributes the majority of volume and mass, and the organic fraction, which may be a source
of nutrient leaching rather than a contaminant sink. Berndtsson (2010) identifies selection of the
organic component and fertiliser application rates as being the main factors governing nutrient
leaching. The maintenance of living roof systems must also be carefully designed in order to avoid
increasing runoff contamination. The use of easily dissolvable fertilisers cannot be justified due to the
adverse effect on runoff quality (Berndtsson et al., 2006, 2010); the potential harmful effects of
agrichemical use (especially insecticides and copper based fungicides) also needs to be highlighted to
the industry.
Within the scope of the current investigation, water quality data interpretation is complicated. By
comparing water quality from two different sites (different substrates and different control roof
surfaces) on an event basis, several preliminary conclusions may be drawn:





Roof runoff quality in general appears highly site-specific. On a comparative basis with
control roofs monitored concurrently, Auckland living roofs perform similarly to reports from
the international literature, with the exception of nitrogen, which is likely due to differences
in atmospheric deposition.
Living roofs are not a source of TSS. Neither Auckland living roofs nor control roofs contribute
elevated EMCs in roof runoff.
Building materials and ornaments are likely sources of heavy metals in living roof runoff,
either when runoff comes into contact with the material, or the material is in close proximity
for air-borne deposition. Even colour-steel roofs will contribute measurable zinc into runoff.
The presence of elevated zinc or copper in living roof runoff depends on site-specific building
materials rather than the living roof itself. However, as copper is very mobile in soils and
affected by organic content and moisture levels, living roof substrate composition should be
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mindful of copper contamination. As living roofs provide significant long-term hydrologic
control, covering, replacing, or substituting a metal roof with a living roof will likely reduce
the long-term mass loading from the site.
Living roofs are likely a source of nutrients in New Zealand. Responsible stormwater design
for living roofs located in nutrient sensitive receiving watersheds would consider a treatment
train. The treatment train would direct living roof runoff from large storm events to groundlevel or subterranean devices with nutrient-specific pollutant removal mechanisms, or be
harvested for non-potable reuse. Alternatively, organic matter composition requires careful
specification (see below).

Recommendations for continued research are aimed at continuing to refine substrate design and
fully understanding the implications of living roof runoff water quality (when and if it occurs):




Indicators or thresholds for organic matter (compost) chemistry that prevent contaminant
leaching should be established (e.g. C:N, Olsen P, CEC, etc.) Significant additional research is
needed to identify appropriate parameters and levels. This report contributes substantial
initial hypothesis with only limited testing.
To more fully understand the impacts of living roof water quality, water quality results
should be coupled with a calibrated continuous simulation hydrologic model. While the
sampling that has occurred to date provides analysis with statistical confidence, additional
sampling is recommended particularly to determine the breakdown of nitrogen species in
runoff. A promising continuous simulation hydrologic model has been described in this
report, but further work with it is beyond the scope of the current investigation.
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6.0 The Flora of Auckland Living Roofs
6.1

Introduction

Plants are the key determinant of living roof aesthetics and habitat quality, and a healthy, transpiring
plant cover is needed to effectively mitigate storm water. Stormwater mitigation requires plants to
provide the following services:




Create pore space to store rainfall by using water from the substrate (transpiration);
Protect the substrate surface from erosion by covering it with leaves and binding it with
roots;
Maintain infiltration through leaf and root networks keeping surface pores open.

Only a narrow range of low-stature plants can survive on extensive roofs with minimal irrigation,
create a cover that resists colonisation by adventive plants, and adequately fulfil the services
required for stormwater mitigation. Plants are generally less than 200 mm height; the shallow
substrate typical of extensive living roofs cannot physically support taller plants, as they are
vulnerable to being blown over or out. Plants suitable for extensive roofs generally have the
characteristics in the following list (Snodgrass and McIntyre 2010, Dunnett and Kingsbury 2008).
These characteristics are described in more detail in Section 7, TR 2010/017 (Fassman et al. 2010).







Shallow, and lateral root system; no tubers or large storage organs (light weight)
Low growth (<200-300 mm, generally <100 mm) to avoid wind-throw (and reduce water
demand and weight)
Wind-tolerant through having permeable fine leaves (e.g. tussocks and Libertia), forming
dense, low mounds of interlocking branches (e.g. prostrate Coprosma and Pimelea species),
or ground-hugging and anchored at internodes, (e.g., Dichondra repens, Leptinella species).
Highly drought tolerant due to low water demand; low fertiliser and maintenance needs
(including resistance to insects and disease)
Most large roofs receive full sun and many have concrete support, so a critical plant
characteristic is roots that tolerate high temperatures.

An earlier Auckland Regional Council Technical Report ‘Landscape and Ecology Values within Storm
Water Management’ chapter 3 ‘Green roofs’ (Lewis et al. 2009) discussed plant selection for living
roofs. It contained a table with NZ native perennial species and annual or semi-annual species that
were considered suitable for extensive living roofs in the Auckland region, given minimal
supplemental irrigation. The information in this secton complements Lewis et al. (2009) by including
results from case studies that were not available when that report was written. It provides
information on non-native plant species and in particular the self-establishing (adventive) plant
species that can be considered ‘free’ additions that may provide additional resilience, contribute to
biodiversity values and lower establishment costs. However, adventive ‘weed’ plants are the primary
cause of perceived living roof failure when not adequately maintained, through negatively affecting
roof aesthetics and out-competing original plantings. This report therefore has a strong focus on this
adventive flora.

Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

142

This section is structured as a series of case studies, as listed below. The design objective,
construction and maintenance regime is briefly described for each case study, with a commentary on
the performance of both planted and adventive flora. With the exception of the WCC living roof, the
most recent observations were September or October 2012. All the living roofs aimed to achieve 75%
plant cover within 3 to 24 months, initially installing 15 to 25 small plants per m2 towards this goal.
With the exception of WCC which was originally constructed in 2006, the living roofs were
constructed in 2008 to 2012 using 50 to 200 mm depth of substrate consistent with the substrates
described herein and in Fassman et al. (2010). The substrates are all a rapidly-draining blend of
coarse pumice, zeolite and 15 to 20% v/v organic material largely based on composted bark. In two
case studies, a pre-grown containerised system was used to provide a near-instant cover. Fassman et
al. (2010) reports plant performance on the UoA living roof (constructed in 2006); this is not
repeated here, but results are drawn upon and referred to in the overall discussion and conclusions.








Tamaki Tilted Beds (native and non-native plants)
Tamaki Mini-Roofs (several of the mini-roofs described in Section 2.2 were reconfigured in
2012; this section reports on five sheds including one established using pre-planted
containers with native and non-native plants)
Wynyard Quarter kiosk (native plants, pre-planted container construction method)
Auckland Botanic Gardens Living Roofs (one native plants, one non-native)
City Shed and Garage (one native plants, one non-native including seeding)
WCC (native plants)

Section 6 concludes by identifying what influences the range of adventive flora colonising living roofs
in Auckland, and their impact on stormwater mitigation and aesthetic requirements. The following
Research Publications are appended as they provide context to the plant performance.



6.2

Davies R, Simcock R, Toft R. 2012. Biodiversity Opportunities for a NZ indigenous living roof.
World Green Roof Congress, Copenhagen. 18-21 September 2012. 24 pg
Simcock R and Fassman E. 2012. Enhancing plant water supply of living roofs without
irrigation or deeper substrates. Mid-Atlantic Green Roof Science and Technology Symposium
‘Refining Green Roof Science’ 16-17 August 2012. Poster and abstract.

Tamaki tilted beds

The design objective for these four small beds was to simulate lightweight living roofs of native
Festuca tussock and sedums at the UoA roof. The design of alternating beds of entirely tussock or
entirely sedum also allowed comparing the development of Sedum beds with those containing two
Festuca species: F. coxii (grey foliage) and F. mathewsii (green foliage). The sedum species were
dominated by S.mexicanum, S.dasphyllum, S.hintonii, S.rupestre and S. spurium. In 2010 two
seedlings of the native herb Haloragis erecta were planted into each of the established beds. The
beds were lined with same drainage mat as used on the UoA living roof and filled with the
70% pumice/10% zeolite/20% v/v compost substrate to a depth of either 50 mm or 200 mm depth.
The beds initially received limited afternoon shade from an adjacent building, and were shifted in
2011 to a site within the drip line of a deciduous tree that has branches removed up to c. 8 m
branches. This created light afternoon summer shade, reduced rainfall through late spring to late
autumn (when the tree was in leaf), and input dead leaves in autumn.
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Each c. 2 m2 ‘roof’ was weeded approximately every four months. Weed removal focused on
removing legumes and Conyza albida. The beds were not watered, other than as part of short-term
undergraduate project experiments in 201011 and were never fertilised. The roofs achieved >75%
plant cover in Sept 2010, about 18 months after planting, as shown in Figure 72 to Figure 79.
The size and dominance of adventive species was influenced by substrate depth and planted species,
both of which influence available moisture (Table 44). Haloragis erecta seedlings established in the
50 mm deep bed with sedums and both 200mm deep beds, but persisted only in the 200 mm deep
bed with sedum cover. In this bed one of the original Haloragis plants survived to October 2012 and
new seedlings also established. Fescues, mainly Festuca coxii, have established new seedlings within
both the original beds and the adjacent two beds in which only sedums were established. The beds
were 1 m wide, and the sides about 400 mm tall. Where the substrate depth was 50 mm, the sides
created some additional shade, and Fescues in both beds were taller and more numerous within 200
mm of the sides and base of the beds, demonstrating the effectiveness of micro-climates.
Under the minimal maintenance regime and substantial stress imposed by no watering and no
fertilisation, both Sedums and Fescues were unable to form a complete cover on both 50 mm-deep
beds, and bare ground developed. Adventive plant diversity was highest on these beds, with the
native orchid Microtis uniflora establishing on the sedum bed (but no other). At 200 mm substrate
depth the Festuces formed a dense canopy approx. 200 to 350 mm high that severely limited
establishment of adventive plants – there was no bare ground and high moisture competition from
the established Fescues. Festuca coxii became the dominant plant cover in both 200-mm-deep
beds; the open ground in some areas allowed establishment of other adventive plants, notably
Conyza albida, and the greater moisture availability allowed these plants to grow to 300+ mm height,
much larger than plants in the plots with 50 mm substrate depth. Fescues in the deeper beds were
larger than those in shallow beds, with adventive fescues (i.e. those in both sedum beds) smaller,
probably because they had not reached their maximum height, but this may also be influenced by
competition for available nutrients or decreasing nutrient availability.

11

Results from runoff measurements from these experiments were outside of Auckland Council project scope, and are not considered
thorough enough for inclusion here.
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Table 44. Species Present in Tāmaki Tilted Beds, Mean Height and Diameter (mm) of Festuca Plants
(*= Native Plant, #=Present At Less Than 1% Cover)
Plant Species
Cerastium fontanum
Conyza albida
Coprosma robusta *
Cortaderia spp (pampas)
Disphyma australe*
Grasses
Epilobium ciliatum
Euphorbia peplus
Festuca coxii & matthewsii*
Haloragis erecta*
Leontodon taraxacoides
Lotus suaveolens
Microtis uniflora*
Mosses
Meuhlenbeckia astonii
Oxalis spp
Pseudognaphalium luteoalbum*
Sedum x rubroctinctum
Sedum spp
Sonchus oleraceus
Sherardia arvensis
Trifolium repens
Dead Leaves
Bare ground
No. of species
(except Sedums)
Festuca height (diameter)

Tilted Bed Plant Type in Substrate Depth
Sedums 50 mm
Fescue 50 mm
Fescue 200 mm
Sedum 200 mm
#
5%
10%
#
5%
#
#
#
#
#
10%
#
#
#
#
#
#
5%
25%
70%
95%
75%
5%
#
#
#
5%
#
#
#
#
#
#

-

15%

#
#
#
5%
10%

5%
-

#
#
5%
10%

13

14

5

9

110 (250)

180 (320)

320 (460)

230 (410)

#
40%
#

Figure 72. Bed 1 substrate 50 mm deep, sedums planted. (photograph taken October 2012, aged approx 3.5
years)
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Figure 73. Bed 2 substrate 50 mm deep, festuca planted. (photograph taken October 2012, aged approx. 3.5
years)

Figure 74. Bed 3 1 substrate 200 mm deep, sedums planted. (photograph takenOoctober 2012, aged approx.
3.5 years)
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Figure 75. Bed 4 substrate 200 mm deep, festuca planted. (photograph taken October 2012, aged approx. 3.5
years)

Figure 76. Bed 1 substrate 50 mm deep, sedums planted. (photograph taken September 2010, aged approx 18
months (festuca coxii aged 2.5 yrs))
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Figure 77. Bed 2 substrate 50 mm deep, festuca planted. (photograph taken September 2010, aged approx. 18
months (festuca coxii aged 2.5 yrs.))

Figure 78. Bed 3 1 substrate 200 mm deep, sedums planted. (photograph taken September 2010, aged approx
18 months (festuca coxii aged 2.5 yrs.))
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Figure 79. Bed 4 substrate 200 mm deep, festuca planted. (photograph taken September 2010, aged approx 18
months (festuca coxii aged 2.5 yrs.))

6.3

Wynyard Quarter, Te Karanga Plaza Information Centre

This retrofit living roof was installed onto four renovated shipping containers (Figure 80) to
domnstrate light-weight living roofs as a storm water solution in the Central Business District as part
of the Auckland Council Low Impact Development Grant Program. As a showcase for Waterfront
Auckland, it also needed to be aesthetically attractive (Figure 81) and be entirely native species, as
the wider area features extensive rain gardens along Jellico Street with exclusively native species.
The living roof was also expected to reduce summer temperatures in the non-insulated kiosk, which
typically exceeded 30oC and had reached over 35oC in February 2012.
The roof had 100 mm depth of pumice+zeolite 'LiteRoof' blend by Stormwater360 with max 20% v/v
organic matter and base fertiliser and a maximum system saturated load of 150 kg m-2. The 600 mm
by 300 mm trays (100 mm height) were placed directly on the waterproofed shipping containers; a
separate drainage layer is not needed for these tray systems. Trays were planted at density of
c. 30 plants m-2 and grown in a nursery for eight weeks before installation. Vegetation cover
exceeded 60% at installation (Figure 82). The plant species, in order of number of plants, were:
Coprosma acerosa ‘Hawera’, Arthropodium cirriatum ‘Matapouri Bay’, Coprosma acerosa
f.mangatangi ‘Mangatangi’, Muehlenbeckia axillaris, Poa cita, Carex buchananii and Anemanthele
lessoniana. All established successfully with Arthropodium beginning to flower in October 2012 and
Coprosmas starting to grow over the retaining edges as per the design plan.
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Figure 80. Wynyard Quarter, Karanga Plaza kiosk before installation showing the four containers that make up
the kiosk

Figure 81. Wynyard Quarter, Karanga Plaza kiosk, October 2012 with rengarenga beginning to flower

Figure 82. Wynyard Quarter, Karanga Plaza kiosk at installation showing instant cover provided by high planting
density and 8 weeks pre-installion growth. The pipes were temporary restraints. Photos 81 and 83 courtesy
Greg Yeoman.
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The roof required little maintenance in the first six months. Surface irrigation was automatic and
linked to a rainfall sensor to avoid irrigation during or shortly after rain, and was manually turned off
during winter and spring. Irrigation was used to retain plant aesthetics, and intended to be regularly
applied during summer and early autumn. A single weeding in early spring removed the following
adventive plants. The species were consistent with the adventive flora at other roofs monitored in
Auckland. However, fertilisation and irrigation provided to ensure rapid plant establishment resulted
in weed mass and size that was generally much larger than those recorded on other living roofs, with
the exception of the 2012 Tamaki retrofit roofs that were also fertilised according to landscaping
recommendations. In the following list, flowering is indicated by (fl.) and seeding by (sd.). Three
cosmopolitan native species established: the Epilobium, Pseudognaphalium and Microtis species that
were recorded on the WCC living roof. The most numerous plants were sowthistle, milkweed,
common groundsel and willow-herb. At the second weeding in November 2011, two weeks after
irrigation had been resumed; adventive plants were stunted, likely possibly impacted by low water
availability. The second weeding was dominated by willow herb, with small numbers of plants
identified by labelled *in the list following, a single hawkbit and three unidentified (non-flowering)
grass plants. None of the native species were removed in the second weeding.













6.4

Cardamine hirsuta (fl., sd.), bitter cress
Conyza albida, fleabane*
Cyperus eragrostis, umbrella sedge
Euphorbia peplus (fl.), milk weed
Epilobium ciliatum (fl.), willow herb
Epilobium nummulariifolium (fl., sd.) #*
Oxalis spp.
Poa annua, annual meadowgrass
Psuedognaphalium luteo-album #
Sagina procumbens (fl.)*
Senecio vulgaris (fl.), groundsel*
Sonchus oleraceus, sowthistle (fl.)

Tamaki Shed 5: pre-grown modular tray system

In autumn 2012 some of the Tamaki mini-roofs (Section 2.2) were reconfigured. The previously nonvegetated, control roof was covered with a modular tray system introduced to New Zealand in 2011.
Each tray was 600x300 mm and filled with 100 mm depth of the 80% pumice/5% zeolite/15%
compost substrate used in the Botanic Gardens; substrate volume was 0.018 m3. The substrate in
the upper part of each tray touches, allowing root growth from tray to tray. The Botanic Gardens
blend (Section 4.1) required specific addition of fertiliser as it did not contain composted mushroom
growing media as part of the organic component. Accordingly, 2.5 kg/m3 of slow-release, 8-9 month
fertiliser (13:5.7:10.8 N:P:K) was mixed into the media. This was the ‘low range’ for incorporation
into substrate recommended by the tray supplier (the range was 2.5 to 4 kg/m3). An equivalent
weight of N was also applied as sheep pellets (100 g per tray, sheep pellets were about 3% N). Five
sedum tubes were planted in each tray with an additional one plant per two trays of one other
species: Lampranthus ‘red’ (South African iceplant), Libertia peregrinans (NZ iris), Halworthia retusa,
Crocus (an unspecified autumn crocus) or Tulbaghia violacea (variegated society garlic). The trays
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were planted in December 2011 and installed on Shed 5 in April 2012. At that stage the trays had
between 70 and 100% plant cover, depending on the species of Sedums in each tray.
The majority of the sedums had been propagated from seed. A few species weresourced as plugs
and propagated vegetatively, using stem cuttings. The sedums included the following species, given
with the approximate height after at least six months of growth in favourable conditions. Flower
colour is noted where plants flowered within nine months. For further detail on Sedum species refer
to Snodgrass and Snodgrass (2006).




















S. acre ‘Golden Carpet’ (fl. yellow) this is an unwanted weed species.
S. azore (10 mm-)
S. coccineum, (30 mm-)
S. dasphyllum (60mm) roots readily from small brittle leaves
S. forsterianum spp elegans ‘silverstone’ (130 mm, yellow flowers to 200 mm)
S. hispanicum (50 mm, white flowers), very fast growth from seed
S. kamtichaticum (140 mm, yellow flowers to 160 mm) *
S. mexicanum (80 mm, yellow flowers to 160 mm)*
S. ogon ‘green’ and ‘gold’ (40 mm)
S. oreganum (70 mm, yellow flowers to 90 mm)
S. palmeri (70 mm+)
S. populifolium (deciduous, 70 mm, white flowers to 150 mm)*
S. reflexum = S. rupestre (50 mm, yellow flowers 140 mm)
S. rubroctinctum (100 mm)
S x rubroctinctum dwarf form (20 mm)
S. selskianum / S. selsuianum ‘Spirit’ and ‘Goldilocks’ (100 mm, yellow flowers to 120 mm)*
S. spathuifolium (60 mm, yellow flowers to 130 mm)
S. spurium ‘summer glory’, ‘Voodoo’ (110 mm, pink flowers 125 mm)
S. ternatum (60 mm, white flowers to 100mm)

The largest and fastest growing species over 10 months such as S. mexicanum, S. kamtichaticum, S.
selsuianum and S. ternatum (identified *above) smothered small species such as S. hintonii, S. azore,
S. spathuifolium and S.x rubroctinctum (dwarf form) within four months when planted at five
plants/tray. Species that died back over winter (s. populifolium) were vulnerable to smothering if
planted adjacent to tall, winter-growing species. Based on performance of Sedums on the UoA living
roof, where substrate fertility is lower, some of these aggressive species may die out over two to four
years, in particular, S. mexicanum. Species diversity was highest where plants of the moderate to
slow growth and stature were planted together, and with plants that had an open growth form, such
as S. rubroctinctum, S. forsterianum and S. rupestre. Species distribution changed as the roof
experienced drought and extreme light intensities over summer, and as fertility changed. S.
hispanicum and S. populifolium wilted while grown in tubes before planting. This may indicate they
are less drought tolerant. S. ternatum may die back if subject to very exposed conditions, as this
plant is regarded as suited to part-shade. Lampranthus (an iceplant) was the only non-sedum plant
to have achieved a high cover. The mass of bright red flowers in October/November was highly
aesthetic. All other species were still present other than Libertia, which died over late December.
Tulbaghia violacea was notable for its prominent pink flowers through winter and spring.
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Adventive plants had few places to establish on the pre-grown roof, and concentrated in the small
areas of bare substrate. Little maintenance was therefore required, however, as on the Karanga
Plaza roof (Section 6.3), the adventive plants that established were much larger than on the lowerfertility roofs such as the UoA living roof and Tamaki tilted beds (Section 6.2), so would have had
greater potential to smother sedums if not controlled early. The most common adventive plants
(September 2012) were: Oxalis species, Cadimine hirsute, Epilobium ciliatum, Sonchus oleraceus and
perennial grasses. One or two plants of Cyperus eragrostis, Poa annua, Leontodon taraxacoides,
Euphorbia peplus, Senecio vulgaris, and Solanum nigrum also established. The trays were grown
outside and these weeds would have been able to establish from nearby populations from waste
land and lawns.

Figure 83. Tamaki modular tray system in August 2012

Figure 84. Tamaki modular tray system in October 2012 with red lampranthus flowers, yellow flowers and
foliage of sedum mexicanum (left front) and s. selksianum (right front)
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6.5

Tamaki sheds 1 to 4

In autumn 2008, 21 native plant species and 18 non-native species were planted into 70% pumice/
10% zeolite/20% organic matter substrate on four reinforced garden sheds. Two sheds had 100 mm
deep substrate and two sheds 150 mm deep substrate (Section 2.2). The living roofs complemented
stormwater runoff monitoring of the shallower UoA living roof plots (Section 2.1), over the range of
typical extensive living roof depths, and expanded testing of a wider range of potential plant species.
The plants were randomly allocated within four blocks of replicates at each substrate depth and
grown until late 2011 with plant survival, growth and establishment of adventive species recorded.
The living roofs were occasionally irrigated during the first summer and not irrigated during the
second summer.
The survival and diameter of native plants in 2010 and 2011 is shown inTable 45. More native
species survived on the 150 mm deep roof: eight vs. six of the original 21 planted species on the 100
mm-deep roof and 13 vs. 10 of the original 21 planted species on 150 mm deep roof. The most
successful native species were Festuca species, Hebe obtusata, Astelia banksii and annual Crassulas.
Plants in 150 mm depth were 10% taller on average, with 55% greater cover e.g., Hebe obtusta +36%
cover, Festuca coxii +41% cover. The growth of creeping native groundcover species <30 mm tall,
e.g., Leptostigma setulosa, Leptinella perpusilla, Dichondra repens and Selliera radicans was visibly
denser and taller in the shade provided by larger (100 to 300 mm tall) plants such as Festuca, Hebe,
Astelia and Libertia and allowed these smaller species to persist. Hence, combining species with
contrasting growth forms appeared to increase the diversity of species that survived.
Adventive plants were recorded in March 2011 and October 2011 for all mini-roofs (Table 46).
Adventive species on the 100 mm substrate depth with native plants were also recorded in October
2012 as this was the only shed that was not renovated earlier in the year. The number of adventive
species increased between March and October 2012. This is expected as April to October is the
major plant growth period for living roofs in Auckland. Wind-dispersed plants that were planted only
on one or two roofs in March and were able to complete their life cycle and seed over winter,
colonised all four roofs by October. These plants included Senecio lautus (native), Sochus oleaceus,
Cerastium fontanum and Pseudognaphalium luteoalbum (native). Where plants were unable to
seed, they could be eradicated, for example moth plant. Birds brought native plants Phormium tenax
(flax), and Coprosma robusta (karamu) to the mini-roofs, but also the invasive weed Ligustrum
sinense (privet). None of these adventive plants survived summer drought on the mini-roofs.
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Table 45. Native species trialled in the Tamaki mini-roofs; survival, mean diameter and performance
in 2010 and 2011 in 150 mm media depth. Only the 14 species with at least 2 surviving plants in each
substrate depth (of 4 initial replicates) were included in the calculations of height and cover
2010
Survival
(%)
100 %

2010
Diameter
(mm)
120

2011
Survival
(%)
100%

2011
Diameter
(mm)
170

75 %

n.a.

25%

190

75 %

145

25%

170

50 %

185

0%

-

Prostrate plants (height <50 mm)

75 %

65

50%

80

30 mm. Very slow growing; developed
shoots at the substrate surface

100 %

n.a.

100%

n.a.

30mm. Annual. Seedlings across roofs
from original populations in spring 2009

50 %

210

0%

-

Disphyma
australe

75 %

275

75%

125

Festuca coxii

100 %

310

100%

490

100 %

280

100%

430

100%

100%

X

Hebe obtusata

100%

75%

590

Leptinella
perpusilla

80 %

5

0%

-

Leptostigma
setulosa

100 %

175

0%

-

Libertia
peregrinans

75 %

170

0%

-

25 %

80

0%

-

75 %

250

0%

-

50 %

105

0%

-

75 %

87

0%

-

50 %

250

0%

-

75 %

n.a.

25%

n.a.

Species
Astelia banksii
Calystegia
soldanella
Celmisia major
var. major
Coprosma
acerosa
Coprosma
petriei
Crassula
sieberiana / c.
colligata
Dichondra
repens

Festuca ‘Banks
Peninsular Blue’
Festuca
matthewsii

Machaerina
sinclarii
Pimelea
prostrate
Pyrrosia
serpens
Selliera radicans
Tetragonia
implexicoma
Wahlenbergia
albomarginata
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Height; Performance Comments 2010
and 2011
110 mm. Plants healthy
50 mm. Sprouting from winter dormancy
at the time of 2010 assessment
120mm. Plants healthy and flowered in
2009 and 2010 summer

Surviving plants in the shade of larger
species such as tussock
40mm. Death of some plants related to
a fungal attack; plants flowered spring
2009
280mm. New seedlings established
across the roof in 2009, 2010
210mm. Some seedlings across roofs.
Greater dieback in summer than F. coxii
Greener than F. coxii and produced
fewer adventive seedlings
230mm. Performed well with open
growth form; abundant white flowers
Inconspicuous, <10mm high, rapidly
spread across the roof in shade of taller
plants but died out in 2011
Performs best with some shade or
irrigation; died out in 2011
Spreading through rhizome extension
but suffered from summer dieback in
2010 and all died in 2011
Most plants died in the first summer
Maximum 70 mm height. Attractive
flowers in 2010 but died in summer 2011
Plants in part shade of taller plants
survived the first summer but died in the
harsher 2011 summer.
Plants spreading slowly but died 2011
Plants severely stressed in first summer,
but flowered and fruited; died 2011
40mm. Annual. Seedlings established in
parts of roofs in spring 2009 and 2010
but not 2011.
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Table 46. Species present on Tāmaki sheds in March 2011 (M) and October 2011 (O). * Indicates a
native Species, # indicates the species was also planted on the roof
Shed

1, 100 mm
Native

2, 150 mm
Non-Native

3, 100 mm
Non-Native

4, 150 mm
Native

M
-O
-O

M
MO
MO

MO
MO
O
-

-O

MO!
-O!
M
-O!
MO
MO!
O
-O
O
-O
-

MO
MO
MO
MO
MO
MO
MO
-

-O!
-O
MO!
MO
MO
-O
-O
M
O
M

MO
-O
M
-O
-O
MO
M
-O
-

O
O
O
O
-O
O
MO!
-O
MO
O
-O
O
8
21

O
O
MO
MO
MO
M
MO
MO
MO
-O
17
18

O
MO
O!
-O!
-O
-O
MO!
MO
-O
MO!
11
20

O
MO!
-O
MO
-O
O
6
13

Plant species
Agapanthus ‘Mini white’#
Allium schoenoprasum (chives)#
Anagallis arvensis (scarlet pimpernel)
Araujia hortorum (moth plant)

Borago officionalis (borage)#
Cerastium fontanum (mouse
chickweed)
Conyza albida
Coprosma robusta *
Crassula sieberiana*#
Disphyma austral e(iceplant)*#
Grasses
Epilobium ciliatum
Euphorbia peplus
Festuca coxii #*& matthewsii #*
Geranium
Hebe obtusata (Bethels hebe)#*
Hypochoeris radicata
Leontodon taraxacoides
Ligustrum sinense (small leafed privet)
Lotus suaveolens
Microtis uniflora* (onion orchid)
Mosses
Mesembranthum (iceplant)#
Oxalis spp
Paspallum dilatatum (paspallum grass)
Pennisetum clandestinum (kikuyu
grass)
Picris echioides (prickly oxtongue)
Phormium tenax (flax)*
Plantago lanceolata (plantain)
Poa annua
Polycarpon tetraphyllum
Pseudognaphalium luteo-album*
Segina procumbens
Sedum spp#
Senecio lautus*
Senecio skirrhodon (gravel grounsel)
Senecio vulgaris
Solanum nigram(black nightshade)
Sonchus oleraceus (sowthistle)
Sherardia arvensis
Taraxacum officionale
Trifolium repens
Veronica persica
No. of adventive species, March 2011
No. of adventive species, October 2011
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The most numerous and ‘invasive’ native plants were the Festucas, particularly Festuca coxii and F.
‘Banks Peninsula Blue’, which spread to all four roofs. The annual native Crassulas and Hebe
obtusata confined regeneration to the two native roofs . The cosmopolitan, wind-dispersed native
herb Pseudognaphalium luteolabum also rapidly established populations, as did Senecio lautus, a
small native daisy sourced from coastal cliffs that was being grown in an adjacent trial area. Only five
of the non-native planted species reproduced successfully, and only Senecio x rubroctinctum (dwarf
jellybeans) in any quantity; Agapanthus, Mesembranthum, borage and chives produced two to five
seedlings each. Some of the non-native plants spread, at least in the medium term, from spreading
rhizomes or ‘pups’ around a central clump. In the three and a half years of growth, these included
the standout performers Bromeliad ‘Red of Rio’ and Echeveria agavoides. Aloe thompsoniae and
Halworthia retusa ‘pupped’ vigorously once plants received a little afternoon shade from larger
adjacent plants. The largest plant was Mesembryathem (iceplant), which appeared to also spread
from underground rooted stems. Additional shade combined with 150 mm substrate depth allowed
survival of Ophiopogon japonicus (Mondo grass, dwarf form). By October 2011, at least half the
trialled non-native plants had died. The surviving plants were as described in Table 47, with mean
diameter and height in brackets. Borage was the sole annual, producing large plants early in spring
that died back in summer, while chives were a seasonal perennial, providing no cover from midsummer until resprouting in winter. Use of such plants in future living roofs may therefore require
removal of the annual foliage or planting within taller plants, if aesthetics are important. The plants
with the highest ground cover after three years of growth were iceplant, bromeliad, aloe and dwarf
agapanthus. The bromeliad and iceplant had a growth form that allowed other plants to grow
beneath or within their foliage. The bromeliad grew new ‘pups' and the leaves of the original central
plant died back, creating a gap, so this species should be interplanted with other spreading
groundcovers.
Plants that did not achieve more than 25% survival on both substrate depths included Armeria
maritima (sea thrift), Calocephalus brownii (syn Leucophyta brownii), Dianthus deltoides, Lavendula
angustifolia, Liriope muscari (grape hyacinth), mondo grass, Sedum mexicanum and Sedum rupestre.
The latter two species were smothered with adventive plants, particularly legumes, mainly Triolium
dubium.
Table 47. Non-native species present on Ttāmaki sheds in October 2011 (o), their % survival, mean
height (cm, excluding flower stalks) and diameter (cm, live leaves). Only species with >25% survival
are listed. * = one or more plants showed dieback ** halworthia had two growth forms, one being
much larger-leafed
Media Depth

100 mm
Survival, Height =H, Diameter

150 mm
Survival, Height =H, Diameter

100%, h21.5, 27
75%, h15, 25
100%, h28, 15*
(25%)
100%, h16, 27
100%, h12, 16
75%, h2, 9
75%, h34.5, 28*
0%
75%, h5.5, 14

75%, h16, 25
75%, h13, 18
50%, h28, 19
50%,
100%, h17, 28
100%, h13, 17
75%, h7**, 15
75%, h34.5, 26
75%, h4, 10
100% h7.5, 17

Plant species
Agapanthus ‘Mini white’

Aloe thompsoniae
Allium schoenoprasum (chives)

Borago officionalis (borage)
Bromeliad ‘Red of Rio’
Echeveria agavoides
Halworthia retusa
Mesmebranthum (iceplant)
Ophiopogon japonicus

Sempervivium (house leek)
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Seedlings of planted species present

chives, iceplant, borage

borage, dianthus, agapanthus

Figure 85. Shed 1 100mm depth native plants November 2011 dominated by festucas (native tussock) and hebe
obtusata

Figure 86. Shed 2 150mm depth non-native plants November 2011with high proportion of adventive euphorbia
peplus and plantago lanceolata
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Figure 87. Shed 3 100mm depth non-native plants November 2011 with chives and agapanthus flowering

Figure 88. Shed 4 150mm depth native plants November 2011 with high cover of flowering legume
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Figure 89. Shed 1 100mm depth with native plants November 2012 dominated by festucas (native tussock)

Figure 90. Renovated shed 2 100mm depth with NZ iris, bromeliads, sedums and stachys byzantina (lambs ears) in
November 2012

Figure 91. Renovated shed 4 100mm depth planted mainly with native festuca and sedums, in November 2012
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6.6

Native shed, central Auckland

The design objective was primarily to create an ultra-lightweight roof with native groundcover plants
<100 mm high to blends a large (6 m2) shed into adjacent native riparian shrub land / forest that was
overlooked by several houses. A second objective was to lower summer temperatures in the chicken
shed..
A mean 50 mm substrate depth was applied up to 80 mm depth in two places. Two stepping stones
were created using 12-20 mm diameter pumice to facilitate access. Substrate was placed over ‘cupsup’ Plazadeck with bonded filter cloth, placed on a single living roof membrane. On the lower edge,
a strip of ‘L’ shaped aluminium was glued and screwed to the roof to retain the gabion baskets. The
Botanic Gardens substrate blend was used. Gabion baskets were made with 10 mm square, plasticwrapped wire netting filled with 12 to 20 mm diameter pumice. These were used around the edges
of the roof to retain the substrate. The roof received little afternoon sun due to Eucalyptus tree and
Hoheria populnea saplings (3 to 4 m height) growing along the northern side of the shed. Mature
nikau palms, tree ferns (Cyathea medullaris and C. dealbata) and Coprosmas were also within 5 m.
The adjacent riparian zone also contained seeding perennial grasses and sedges.
The 6.1 m2 roof (about 2.1 x 2.9 m) was weeded approximately every three months, focusing on
removing dandelion, ivy-leafed toadflax and grasses. The living roof was initially fertilised with a
half-rate of slow-release fertiliser and then with sheep pellets in the second winter. It was watered
by hand in summer. Leaves and small branches of Eucalyptus were removed. The roof achieved full
cover in autumn 2012 about 18 months after establishment, as shown in Figure 92 to Figure 95.
The living roof was constructed in spring 2010 using three pre-grown trays of mixed native
groundcover species originally grown from tube stock. After two years the highest cover was
provided by the following five species. All but Gunnera had strands hanging 30 to 70 cm long over
the edges of the roof, and completely covered both stepping stones and pumice within the gabion
baskets (fl. indicates flowering in October 2012):






Gunnera aff. monoica (sourced from Albany, Geoff Davidson pers. Comm.) (fl.)
Leptinella dioica (male fl.),
Leptostigma setulosa (fl.),
Acaena microphyllum,
Coprosma acerosa ‘Hawera’

The purple leaves of Gunnera contrasted with the other four green-leafed species; when flowering
the bronze, tubular spikes of Gunnera were held above the foliage, and in mid-summer these were
covered with bright red berries. Gunnera grew mainly in winter, and was gradually over-topped by
Leptostigma (Nertera), Leptinella and Coprosma in summer. Only two tubes of Coprosma were
planted, however, these spread at least 1 m from underground shoots and seemed likely to continue
to increase in cover. The following five species had low cover, partly due to slow growth and/or only
two to three plants of each being planted: Xeronema callistemon (Poor Knight’s lily) Fuschia
procumbens (fl.), Muehlenbeckia axillaris, Muehlenbeckia complexa,and Selliera radicans. The native
epiphytic fern, Pyrossia serpens / Pyrossia eleagnifolia had little change in cover since establishment,
but was generally healthy.
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Adventive species form a very low percentage of the cover, however Cymbalaria had a strong visual
impact when flowering due to the bright blue flowers, as did Crepis capillaris (yellow daisy-like
flowers) and to a lesser extent Epilobium ciliatum. Both the latter produce flowers held high on tall
stalks above the leaves. The following non-native herbs were present in October 2012: Cardimine
hirsute (fl, sd), Cymbalaria muralis (ivy leafed toadflax fl, sd), Epilobium ciliatum, Euphorbia peplus,
Leontodon taraxacoides (hawkbit), Oxalis spp, Segina procumbens (fl.), Sonchus oleraceus (fl.),
Sherardia arvensis (field madder, fl.) and Taraxacum officionale. Grasses were also present but only
Poa annua could be confirmed as it was the only grass that was flowering. Ivy-leafed toadflax was
probably the greatest threat to the roof as it could smother all the species present until dying back in
summer, and was difficult to remove.
The non-native, bird-dispersed shrub, Cotoneaster (species unknown) and three native tree species
germinated on the living roof in the short time since it was established, with some Hoheria
angustifolia (hōhere, lacebark) and a Corynocarpus laevigatus (karaka) surviving one summer .
Cordyline australis (ti kouka, cabbage tree, bird-dispersed) was also present. Seed-producing
individuals of these species were within 10 m of the roof.
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Figure 92. October 2012 with the bronze flower spikes of gunnera masking its purple leaves

Figure 93. June 2012 showing winter colours of green and purple (photo in mid-afternoon)
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Figure 94. June 2011. Hoheria can be seen along the left of the shed. Coprosma Spathuifolia in the foreground
has yet to fruit but could be expected to invade the roof. gunnera (purple) spread quickly across most of the
roof

Figure 95. November 2010 about two months after establishment showing the access at right front (stepping
from an adjacent terrace) and denseness of ‘sods’ used to plant the roof
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6.7 Garage roof with non-native and native groundcovers and wild-flowers,
central Auckland
The design objective of this living roof was to retain storm water and provide a summer-cool garage
and entrance to the house. The roof also needed to be aesthetically attractive, as it was between 0.5
and 1.5 m above street level, directly adjacent to the public footpath and overlooked by at least four
houses. The roof was designed to be low maintenance and only occasionally irrigated.
The framing structure was engineered to be similar to the requirement of a standard clay or concrete
tile roof, equivalent to the total weight of the 50 mm substrate and plants at maximum water holding
capacity. Along paths, the substrate was up to 90 mm deep in places, with the weight balanced by
the lightweight path media that was 12-20 mm diameter pumice with no fines. Under the substrate
was a drainage mat and living roof membrane. The Botanic Gardens substrate recipe was used, but
created as a separate batch and delivered in 1 m3 bags. The substrate was dried before delivery to
allow localised, temporary depths up to 400 mm during construction/installation, which could later
be spread, thus minimizing time onsite (and expense) for the delivery truck. Gabion basket edges
using 10 mm plastic-wrapped netting were used as per the chicken shed in Section 6.6. The garage
living roof had an 8o slope to the south but received sun all day with shade only provided by aspect.
The roof was bounded by impervious surfaces on three sides: a clay tile roof, concrete driveway and
footpath. If re-designing this roof, runoff from the adjacent tile roof could have been diverted onto
the living roof to help mitigate peak flows from the tiles and increase water supply to the plants.
The c. 50 m2 living roof was weeded approximately every two months, focusing on removing
flatweeds (e.g. catsear and hawkbit), legumes and grasses before they set seed. In April 2011, half
the roof was fertilised with 30 g m-2 slow-release fertiliser (8-9 month Nutrictote 13-5.7-10.8) or 120
g m-2 of sheep pellets (matching the rate of N, as sheep pellets were 3% N). Following the growth
response to sheep pellets, most of the planted areas was again fertilised with sheep pellets in early
spring 2012. The roof was occasionally watered by hand in summer when plants were visibly
stressed. In spring 2011 the Senecio serpens was pruned so only sprouts from the upper 50 mm of
base remained. This created stable, bushy plants. Dead Aloe flower stalks were removed following
flowering.
Most of the roof was established in spring 2010 using the same plant palette as the Auckland Botanic
Gardens Potter Children’s Garden Entrance (Section 6.8). This created an easily-accessible,
comparable roof at about half the substrate depth in a configuration that could be readily monitored.
Three, c. 2.5 m diameter circles were sown with wildflowers, as a low-cost way of creating short-term
colour and improving conditions for later plantings. In these areas, coir net was laid to increase
humidity and prevent scratching and seed dislodging from any runoff, birds and cats. About 5 m2
was unplanted, creating an area of low competition for colonising plants.
Senecio serpens, Aloe humilis, Echeveria splendens, Lampranthus (South African iceplant) and
Coprosma acerosa ‘Hawera’ were established using small tubes or pots. Lampranthus varied in
growth form and brittleness according to flower colour with the red-flowering form being more
prostrate and brittle than the bright pink or white forms. The form, as for Senecio, was also
influenced by the length of stems used in propagation and the degree to which stems were cut back
Extensive Green (Living) Roofs for Stormwater Mitigation
Part 2: Performance Monitoring

165

(or not). After two years all the species planted had high survival rates. Aloes and Echeveria
‘pupped’ with many small plants sprouting around the base of the original plants; Aloes had 100%
survival; about 10% of the Echeveria died-back with basal rot. Lampranthus flowered and seeded en
masse, but very few seedlings established, although some stems took root where they touched the
substrate. Lampranthus visibly responded to higher fertiliser levels with increased leaf cover and
deeper green leaves (rather than grey). This response was consistent with experience on Tamaki
Shed 5 and Auckland Botanic Gardens Children’s Garden Entrance roof.
Two low-growing, wildflower (non-native) blends, sourced from NZ suppliers were sown. Of the
approximately 14 species sown, two dominated and self-established in the second year across the
roof and within the original areas. Linaria moroccana (toadflax) flowered from September to
November, with its pink flowers being replaced from November to January by the yellow and rust
coloured-flowers of Coreopsis tinctoria. Both species slightly flowered later in 2012. Dianthus species
established in 2011 but did not flower until the following spring (October to December 2012).
In spring 2012, a range of sedums were planted into the last unplanted area, using species also being
tested on the renovated Tamaki mini-roofs (Section 6.5). These species established over the next
few months, but no conclusions can yet be made about their growth: Sedum rubroctinctum, S.
hispanicum, S. ternatum, S. sexulangare. S. rupestre, S. dasphyllum, S. spurium and S. mexicanum.
Adventive species were slow to colonise this roof, this was likely a combination of high biosecurity,
i.e., removal of the surface layer of soil from tubed and potted plants before they were placed on the
roof. Slow colonisation was also influenced by the substrate, which formed a coarse pumice surface
mulch, very low fertility and infrequent watering – together this meant new seedlings died before
establishing. The density and size of adventive seedlings was higher where sheep pellets were used
as fertiliser. Sheep pellets hold moisture and contain nutrients.
The most common adventive species were Conyza albida, Epilobium ciliatum, Sonchus oleraceus (sow
thistle) and flatweeds: Hypocharis radicata (catsear), Crepis capillaris (hawksbeard) and Leontodon
taraxacoides (hawkbit). The most common native species were Metrosideros excelsa (pohutukawa),
probably sourced from a tree approximately 40 m away, and Microtis uniflora (onion orchid), which
established in 2011 within the seeded areas; by 2012 more than 50 orchids up to 350 mm height
flowered across the roof. In 2010 this species was at ground-level between 5 and 20 m distant within
a hedge of korokio.
In 2012, individuals of the smothering weeds Cymbalaria muralis (ivy-leafed toadflax), Erigeron
karvinskianus (Mexican daisy), and Cortaderia (pampas) established and showed the potential to
cover parts of the roof. The following adventive, cosmopolitan species, in addition to those noted
above, were observed in October 2012 in low numbers: Phormium spp (NZ flax), Psedognaphalium
luteo-album and Epilobium nummularifolium. Non-native, adventive species included Bellis perennis
(lawn daisy), Betula spp (birch tree), Cardamine hirsute, Cerastium fontanum, Euphorbia peplus,
Lotus corniculatus, Oxalis spp, Plantago lanceolata (narrow-leaf plantain), Poa annua, Prunella
vulgaris (selfheal), Sagina procumbens, Senecio vulgaris, Sonchus oleraceus, Taraxacum officionale
(dandelion), Trifolium repens (white clover) and Veronica persica. The diversity of adventive species
continued to increase as bare areas provided suitable sites for establishment.
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Figure 96. October 2010, one month after planting; the circles identify areas that have been seeded; the coir
netting reduces disturbance from birds and cats

Figure 97. June 2011 with linaria flowering
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Figure 98. August 2011 with delosperma flowering

Figure 99. January 2012 with coreopsis flowering
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Figure 100. October 2012. lampranthus in full flower; dianthus (carnations) flowering in the nearest circle

6.8

Auckland Botanic Gardens

Two living roofs were constructed at the Auckland Botanic Gardens, Potter Children’s Garden
extension in Manurewa in 2010. A 12.9 m2 near-flat roof over the Children’s garden entrance was
designed for maximum visual impact within the height and volume constraints imposed by a
100 mm-depth of substrate. The second 12.9 m2 sloping roof was designed to blend into the
surrounding, green native plantings in 110 mm of substrate. Substrate development for these roofs is
presented in Section 4.1. Construction of these living roofs is detailed in Appendix B.
The living roof over the Potter Children’s Garden entrance was planted with blocks of large Echeveria
elegans and Senecio serpens near edges; both species were chosen for their contrasting leaves – the
Senecio has grey tubular leaves; the Echeveria large grey, artichoke-like scales. The original, large
single plants with unusual pinky-orange flower spikes were each replaced with more numerous but
much smaller ‘pups’ that had not yet flowered by early 2013. Clusters of Aloe humilis and Aloe
aristata were interplanted with Neoregelia ‘Night Sky’, and other Bromeliad hybrids at each end of
the roof. Echeveria generally grew better at the lower (slightly wetter) end of the roof and Aloe at
the higher (slightly drier) end of the roof. The orange flower spikes of the Aloes provided a striking
visual interest in early spring, followed by mass flowering of Lampranthus that covered the bulk of
the roof. The summer-dormant bulb Ornithogalum dubium (South African sun star) was planted
through the Lampranthus. Its orange flowers on 100 to 200 mm spikes added interest to the roof in
early summer, but plants largely failed to flower in 2012, although leaves emerged in autumn 2011.
Leaf and flower size were less than one third the size of plants grown in pots for cut flowers,
indicating the low fertility of the living roof substrate. In 2011, clumps of Iris ‘Magnolia’ were
planted. These flowered in October and survived through summer as dormant tubers, resprouting
vigorously in winter. In 2012 more Neoregelia and other small (foliage <200 mm high) bromeliad
hybrids were interplanted along with Ruschia maxima, Tulbaghia (providing sparse, small pink
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flowers on long stalks over winter to early summer), and a low-growing Gazania (providing a mass of
bright orange flowers in late spring).
Coir netting and rolls of coir matting were used to stabilise the sloping roof on the toilet block. Both
approaches were effective, but small birds removed nearly all the exposed coir fibre from the
matting ‘logs’ by April 2011. On the other hand, the coir netting remained largely intact through
2012.
The native living roof was planted predominantly with Muehlenbeckia complexa and Libertia
peregrinans, with patches of native tussock grasses: Poa cita, Austrostipa stipoides and Chionochloa
rubra. Small clumps of Coprosma acerosa ‘Hawera’ and Xeronema callistemon (Poor Knights lily)
were also established. Austrofestuca was sourced from a north-facing sandstone bank on a small
island in the Manukau Harbour (Jack Hobbs, Auckland Botanic Gardens, pers. comm. 2010). Plant
mortality was very low, however, the growth of all species was unacceptably slow in the low-fertility
substrate. Libertia spread slowly through rhizomes but the older leaves died back and new growth
was stunted. The grasses were immediately visible, with Austrostipa providing key bulk and the
aesthetic component of the roof. Spring 2011 growth on Muehlenbeckia was green but sparse, and
by August 2012 was still not visually conspicuous, and not achieving the design intent of a green
blanket wrapping over the roof.
Both living roofs were watered regularly during the first two summers to encourage establishment.
The Potter Children’s Garden entrance living roof required removal of dead flower spikes of Aloe,
Echeveria and Iris, and seed heads of Lampranthus. Most of the Senecio and some Lampranthus were
pruned to encourage basal sprouts to form stronger, bushier plants. Both roofs were fertilised in late
2102 as most plants showed visible signs of nutrient stress: and fertilisation of Lampranthus on the
garage roof in April 2011 (Section 6.7) showed a rapid response in leaf colour and size to application
of both slow-release 13:5.7:10.8 fertiliser at the recommended ‘light side-dressing’ rate of 30 g m-2
and sheep pellets at 120 g m-2 (3% N). Sheep pellets are widely used at the Botanic Gardens. One
half of each roof was fertilised with sheep pellets and one half with slow-release fertiliser. The native
tussock grasses on the toilet block responded visibly more strongly to sheep pellets, as did adventive
plants. Both living roofs have been maintained about quarterly, with adventive plants being
removed. Very few adventive plants were present in the first weeding in April 2011: Conyza albida,
Epilobium ciliatum, Taraxacum officionale and two Poa annua were removed. In February 2012
these adventives had become more numerous and were joined by the cosmopolitan native herb
Epilobobium nummariifolium, which was not removed, Sonchus oleraceus and seedlings of the native
grasses. Metrosideros excelsa (pohutkuawa) seedlings arrived as ‘contaminants’ in some Austrostipa
and have survived under the irrigation regime. Legumes were not noted on either roof until August
2012, when adventive plants could be seen as a visible component for the first time, predominantly
in areas where sheep pellets had been spread. However, native plants in these areas had also
responded markedly with increased height and cover. The most frequent weeds were: Epilobium
ciliatum, Euphorbia peplus, Hypocharis radicata, Senecio vulgaris, Senecio skirrodhon,
Pseudogaphalium luteo-album and Picris echioides. Grasses were visually abundant in localised areas
with sheep pellets, but other than Paspallum dilatatum, Poa annua and Elymus repens (twitch), were
unable to be identified as they had not yet flowered. A native Carex (sedge) had also established
widely but was also yet to flower. Of interest was the diversity of tree seedlings present: Prunus
species (cherry, probably P. lusitanica), a Pinus species (pine), a Pseudopananx (probably
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Pseudopanax lessonii) and several clusters of Cordyline australis (cabbage tree, ti kouka). All are bird
dispersed, with the possible exception of Pinus.
In August 2012, the native living roof received supplementary planting, with each plant receiving
sheep pellets worked into the substrate prior to planting. Tubes of Arthropodium cirratum
(rengarenga lily), Disphyma australe, and Pimelea prostrata (considered tubes as they had only
recently been potted up) were established across the roof. Coprosma acerosa ‘Hawera’ was
established as rooted sections from established plants, as this had been effective in 2010. Six rootbound Acaena microphylla and prostrate Leptospermum scoparium were also planted.

Figure 101. Native roof at planting in July 2010 (left) and in September 2012 (right) with coir netting intact
(RHS) but the coir matting removed by birds (LHS).

Figure 102. Native roof in October 2010, three months after planting
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Figure 103. Native roof in August 2011 showing lack of development of vegetation and absence of adventive
weeds

Figure 104. Native roof in November 2012 showing response of vegetation to application of fertiliser and
continued visual dominance of grasses
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Figure 105. Potter Children’s Garden entrance in November 2010 with yellow ornithogalum dubium flowers

Figure 106. Potter Children’s Garden entrance in November 2012 with pink lampranthus in flower

Figure 107. Potter Children’s Garden entrance in September 2011 with aloe humilis in flower (orange spikes)
flanked by grey tubular-leafed senecio serpens
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6.9

Waitakere Civic Centre living roof

The design of the WCC living roof is detailed in Section 2.3 and Davies (undated)
(http://www.waitakere.govt.nz/abtcit/ec/ecoinit/pdf/greenroof-informationbook.pdf The 500 m2 living
roof was designed to not be irrigated (after the first summer), to have relatively low-maintenance
and be planted with entirely NZ native plant species.
The roof was planted in winter 2006. Native plant cover and diversity peaked in Spring 2007 (64%
cover, all planted species present), but dropped to around 15% native cover and 30% overall cover by
autumn 2009, three years after planting, due to a protracted drought in the absence of irrigation.
Mortality was highest in two areas where substrate was less than about 90 mm depth. At this stage
Festuca coxii provided most of the native plant cover where substrate was less about 80 mm depth.
Diameter of planted Festuca coxii at age three, native plant species numbers and substrate depth
were linked, as reported in Fassman et al. (2010). In winter 2009 about 1/3 of the roof was
renovated. Additional substrate added to ensure a minimum depth of 100 mm across the roof, basal
irrigation was installed, and the renovated areas replanted with a wider range of native species. The
following winter, 2010, the remaining 2/3 of the roof was replanted and irrigated. This ‘reset’ plant
cover in the area, although many tussocks were successfully relocated, and cover reached about 40%
(41% ±13) by December 2011. In the areas renovated in 2009, cover reached 70% in November 2010
and 85% in February 2011. Coprosma acerosa, Hebe species and Festuca coxii were the main
contributors to cover.

Figure 108. Vegetation cover from December 2006 to December 2011 based on ten permanent circular plots. in
December 2008 about 30% of planted coprosma acerosa, and most muehlenbeckia complexa was dead

Regular irrigation and the supplementation of substrate depth to a minimum 100 mm depth allowed
establishment of diverse flowering and fruiting native plant species with the aim of enhancing a
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diverse, insect-attractive flora that would allow a native skinks population to be introduced in the
future.
Indigenous NZ plants which were successful on the roof in at least 100 mm of substrate and with
supplemental summer irrigation included: Astelia banksii, Coprosma acerosa, Dichondra repens,
Festuca coxii, Haloragis erecta, Hebe obtusata, Hebe pimeleoides subsp. Fauicola, Leptostigma
setulosa, Libertia peregrinans, Muehlenbeckia complexa, Pimelea prostrate, Pimelea aff. urvilleana,
Plantago triandra, Raoulia hookerii, Raoulia parkii and Selliera radicans. In the absence of irrigation
only Festuca coxii, Astelia banksii, Coprosma acerosa, Dichondra repens and Libertia peregrinans
maintained plants at 100 mm substrate depth. Microtis orchids, Epilobium nummularifolium and two
Pseudognaphalium species also naturally established in large numbers on the roof. The growth of
creeping groundcover species <30 mm tall, e.g., Leptostigma setulosa, Dichondra repens and Selliera
radicans was visibly denser and taller in the shade provided by larger (100 to 300 mm tall) plants
such as Coprosma acerosa, Festuca coxii and Libertia peregrinans, demonstrated the value of
combining species that have contrasting growth forms.
All plant species within 10, approximately 0.7 m diameter permanent plots were recorded from
December 2006 to December 2011. This data provided a more detailed picture of the ebb and flow
of native and adventive plants over time. The plots were located through the centre of the roof, so
only one plot included the area renovated in winter 2009. Table 48 records the percentage of
permanent plots in which specific native plants were present. Results show native plants through
the central section of the roof (with media depths from 80 to 110 mm depth) followed one of three
patterns of development: fast decrease, gradual decrease or gradual increase.
Disphyma australe had a fast decrease in frequency, although being identified as the most promising
plant after the first year, based on growth rate, survival and ability to establish large numbers of new
seedlings. It was in 80% of plots after the first summer, but only 10% after the second summer, and
no plants were recorded in the third summer. Pimelea prostrata followed a similar, but less
spectacular decline, as fewer plots initially contained this species. No conclusions could be drawn
from this plot data for Acaena microphylla or Muehlenbeckia, as only one plot ever contained these
species, however, no Acaena were recorded anywhere on the WCC living roof after 2008, while
plants of Muehlenbeckia axillaris and M. complexa survived in small numbers throughout the period.
Selliera radicans, Copromsa acerosa and Leptostigma setulosa declined slowly over the three
unirrigated years and maintained a presence through to June 2009 (year 3); neither Selliera or
Leptostigma were replanted in 2009 or 2010. Libertia peregrinans was initially present in 20% of
plots and maintained some plants through to 2012.
Four species increased in frequency from planting (in 2006) through to winter 2010. This was when
the roof was largely unirrigated. Two were planted species: Festuca coxii and Dichondra repens were
initially present in 40% of plots, rising to 80% of plots after two and a half years, and even after the
severe drought of 08/09 achieving 50% and 80% in June 2009. Festuca was salvaged and relocated
throughout the area in the winter 2010 renovation and was present in 100% of plots. Dichondra was
not specifically targeted for relocation, but some fragments within transplanted Festuca survived,
and its presence increased from 30% to 60% of plots by February 2011. The two other species that
increased in frequency over the non-irrigated period were self-introduced: the annual
Pseudognaphaliums and perennial, summer-dormant native orchid Microtis uniflora. The frequency
of both plants depended on the month of monitoring, with densities highest in late spring and lowest
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in late summer. Epilobium nummularifolium was another adventive, cosmoplitan native plant that
increased in frequency since 2010, reaching 70% of plots by February 2011. This small-leafed,
creeping herb is <5 mm height. Haloragis erecta was planted in winter 2009, and seedlings were
recorded in 60% of plots in late 2010 and early 2011. Coprosma acerosa, Libertia peregrinans and
Dichondra repens also increased in frequency since irrigation of part of the roof in summer 09/10.
Plot data (Table 48) shows native plant diversity per plot was maintained for the first two years, but
dropped from 4.5 species per plot to about 2 species per plot by the third winter, despite 30% of
plots in the third winter having Psudognapalium present. Six species that were present in 40% or
more plots in January 2007 were present in only 10% or less of plots in June 2009. Renovation and
irrigation increased species diversity to levels similar to those at establishment.
Native species present in February 2011 are identified inTable 49, with notes on their establishment
and spread under partial or complete irrigation. The irrigation installed on the WCC delivers water to
a thick mat at the base of the substrate profile, so the substrate surface remains relatively dry – this
was intended to inhibit weed establishment, but once weeds have sent roots into the irrigated zone
their growth will be enhanced. Eight native species were planted but the low numbers, or location in
areas from which people are excluded (within 2 m of the parapet) precludes an assessment:
Anaphaloides hookeri, A. bellidiodes, Hibiscus diversifolius, Geranium solandri , Polytrichum
juniperinum (a moss), Rubus parvus, R. cissoides, and Scandia angelica.

Figure 109. Waitakere living roof in October 2007 (left) at about the peak of native plant cover before drought
impacted cover, and in December 2012 two years after renovation
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Table 48. The native species in each permanent circular plot and mean plant cover. numbers
increase through new plant establishment, or plants from outside the plot growing into the plot
Date

% Of Plots with Named Native Species Present
Cop
Fes
Sel
Dis
Lep
Dic
Hal
Ace
Cox
Rad
Aus
Set
Rep
Ere*

Lib
Per

Pim
Pro

Pse
Lut**

Plant
Cover X
(%)

Mean #
Per Plot

Jan
100
40
80
70
50
40
0
20
20
0
27±6
4.5
2007
Comment: Disphyma australe and Selliera radicans spreading quickly; Muehlenbeckia and Leptostigma setulosa
showing dieback; this is the only time Acaena microhylla was recorded (10%). Occasional irrigation from 23
January through February 2007 using surface sprinklers.
Jun
100
40
80
80
40
70
0
20
20
0
50±17
4.6
2007
Comment: One plot with Muehlenbeckia
Nov
70
80
30
10
20
80
0
30
10
50
49±19
4.0±1.8
2008
Comment: One plot with Muehlenbeckia
Feb
70
60
40
0
10
70
0
20
10
10
42±19
2.8±1.2
2009
Comment: Adventive tussock, severe dieback of Coprosma and Dichondra
June
20
50
10
0
10
80
0
10
0
30
38±17
2.2±1.0
2009
Comment: One plot with Muehlenbeckia; first phase of renovation with new planting followed this assessment.
Haloragis erecta and Raoulia were planted
Nov
20
100
0
0
0
30
60
10
0
100
30±22
4.5±1
2010
Comment: New plantings included Leptinella, and Astelia banksii (all at 10%), and Raoulia (20%); Microtis
uniflora was recorded in 30% of plots but dormant January to May; Coprosma repens
Feb
50
100
0
0
0
60
60
40
0
70
52±22
4.3±2.0
2011
Comment: Astelia banksii (20%); Raoulia (10%) and native Plantago (10%) were also recorded; 70% of plots
have Epilobium nummularifolium
Dec
30
90
0
0
10
70
70
20
20
60
38±11
4.4±2.0
2012
Comment: Astelia banksii (20%), Raoulia and Calystegia spread into one plot. Adventive Hebe, Lachnogrostis
fliforme and Microtis uniflora were recorded in one plot each
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Table 49. Performance of the most numerous native species planted on the Waitakere roof with
some supplemental basal irrigation and minimum 100 mm media depth
Plant Species
Astelia banksii
Coprosma acerosa
Calystegia soldanella
Dichondra repens

Festuca coxii
Haloragis erecta and H. erecta
var. 'Wellington bronze'
Hebe obtusata

Hebe bollonsii, H.decumbens,
H. albicans
Leptostigma setulosa (Nertera)
Leptospermum scoparium
Libertia peregrinans
Muehlenbeckia axilaris and M.
complexa
Plantago masoniae and P.
triandra
Pimelea prostrata and P. aff.
urvilleana

Pratia angulata (toothed leaves)
Pyrossia serpens

Raoulia species (R. hookerii.
R.australis, R. parkii)
Selliera radicans

Performance with Some Basal Irrigation
High survival but slow growth rates; distinctive growth form is very
dense (tussock-like)
The third most common native plant prior to renovation; and
prostrate form spreads effectively through underground stems.
Winter-dormancy reduces competitiveness but has attractive large
green leaves and white flowers; not vigorous.
Spread rapidly at low % coverage with greatest density under
Coprosma, Muehlenbeckia and Libertia. Dies back in drought but
can rapidly regrow from subsurface stems
Highest survival rate without irrigation; responds vigorously to
irrigation to form dense tussocks
With irrigation is up to 600mm height and width; establishes large
numbers of seedlings; dead plants will require removal to maintain
roof aesthetics
Successful establishment if branching at ground level, otherwise
susceptible to wind-rock; attractive flowers and green foliage; new
seedlings established each year
As above but fewer seedlings establishing
Bright green mounds die back under drought stress but can
regenerate even when foliage is mostly dead.
Prostrate form <150mm high is wind stable and produces valuable
nectar; no seedlings in first 2 years
Moderate survival in 100 mm media depth; Rhizomes spread rapidly
with irrigation; creates valuable shade for other species
Low survival without irrigation where soils were <120mm; M.
complexa spread rapidly with irrigation to form dense mounds up to
400 mm, flowering and fruiting.
Bright green leathery rosettes spread rapidly as rhizomes from
original plants in 2010 but were largely weeded from the roof;
remaining plants generally healthy
Thrives in irrigated areas when branching densely at ground level (to
avoid wind-rock); P. prostrata has greater ability to supress weeds ;
both species can be covered with cream flowers in early summer,
attracting bees
Established in 2010 and has thrived in irrigated areas as a creeping
understory but dies back in summer
This tough epiphytic fern was difficult to establish with high
mortality in the absence of shade. No plants were transplanted at
renovation, and it is no longer present.
High survival and moderate increase in diameter with some
irrigation but plants prone to invasion by Oxalis and Epilobium
Fast initial growth but few plants regrew after second summer. Not
planted in 2009/2010 and is now not present on the roof
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6.9.1

Adventive species

The diversity and cover of adventive plants varied over time as a function of roof age, plant cover,
introduced plant species, and maintenance. Adventive plant diversity generally increased with time
and was highest in areas with low or scattered plant cover. Maintenance impacted adventive plant
cover and diversity by removing only species considered detrimental to roof aesthetics (e.g.,
flatweeds, especially those with obvious flowers such as hawkbit, dandelion, and tall plants such as
fleabane and sowthistle) or species that could supress both planted and adventive native species,
especially legumes. Non-native species considered unlikely to smother the preferred native species
were generally not weeded, e.g. Segina procumbens, Euphorbia peplus and Senecio vulgaris,
although the latter species were targeted by some maintenance staff who were conditioned to
remove them from ground-level gardens. Since about June 2010, irrigation of the living roof in
combination with (i) regular creation of disturbed, unvegetated areas during monthly weeding (the
roof was weeded weekly but one quarter of the roof at a time) and (ii) close proximity of unmanaged
land, such as the railway corridor and unoccupied industrial land, meant a wider range of species
established than on any of the other monitored living roofs in Auckland.
As with other monitored living roofs, the most common adventive plants in the first two and a half
years to December 2008 were dominated by species brought in with the nursery plants, such as
Epilobium ciliatum, E. nummulariifolium, three Oxalis species (including O.exilis, a cosmopolitan
native species) and Sagina procumbens. Predominantly wind-dispersed plants Trifolium repens,
Senecio vulgaris and Euphorbia peplus, were found between nursery plants with low numbers of
Pseudognaphalium luteo-album and Cardamine hirsute. Birds brought the fleshy fruits of Coprosma
robusta and Cordyline australis to the living roof in the first two years; and were recorded in
December 2006, but these plant species were rarely recorded after 2008. Grasses were slow to
colonise the living roof, other than Poa annua and gradually increased in density on the barest areas.
The native onion orchid was first recorded in spring 2008, with new individuals appearing each year
in spring with older plants producing flower spikes to 350 mm height in irrigated areas. In October
2009, 36 species of adventive dicotyledons were recorded on the WCC living roof, of which six were
native and potentially four woody shrubs or trees. Four species recorded in 2008 were not
subsequently recorded (Dodonea viscosa, Lavendula, Kunzea ericioides and Metrosideros excelsa).
Only seven species of monocotyledons were recorded, four of which were native. The October 2012
recording represented the last true comparison with low-input extensive living roofs, similar to the
other case study living roofs in this report, and the peak diversity, as late spring (October /
November) are the times at which annual plants are usually well-established, and not yet impacted
by drought conditions.
In 2011, the adventive species substantially changed as a result of living roof renovation, completed
in winter 2010. New, precociously seeding species such as Haloragis erecta and Hebes, particularly
Hebe obtusata appeared. Cyperus eragrostis was probably introduced with the new nursery plants.
Intensive weeding dramatically reduced the diversity of adventive species from 43 to 16 species –
those present in 2011 are identified by # in Table 50, those present in December 2012 by ^ in the
same table. Intensive weeding also created new disturbed habitat and allowed some species to
thrive. These included native species and those regarded as being weakly competitive with native
species and not harming aesthetic value of the roof, for example Segina procumbens, Euphorbia
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maculate, Galium murale and small Oxalis. Legumes, in particular Trifolium repens and T. dubium,
were labour-intensive to control, and grasses increased in density. The dominant grasses were Poa
annua, Vulpia myuros and Festuca coxii, and joined by a few individuals of a noxious Cortaderia
(pampas) species in 2009 and the native gossamer grass Lachnogrostis fliforme in 2012, which was
also recorded prior to 2009. The occasional bird dispersed woody plant continued to arrive in 2013;
as on many other monitored living roofs this included Cotonoeaster and Prunus (cherry) species; the
former survived two summers but Prunus has failed to survive in the absence of irrigation.
Table 50. Adventive species present in October 2009, (#) February 2011 and (^) December 2012. *
Indicates native species
Capsella bursa-pastoris
Cardamine hirsute #^
Cerastium fontanum
Cotula australis*
Conyza albida #^
Coprosma robusta*
Cortaderia selloana
Cordyline australis*
Cotoneaster spp
Cyperus eragrostis #
Crepis capillaris
Epilobium ciliatum #^
Epilobium nummulariifolium*^
Euphorbia peplus #^
Euphorbia maculate #^
Festuca coxii*^
Galinsoga parviflora
Galium murale #^
Genista monspessulana
Geranium robertianum^
Haloragis erecta *#^
Hebe species*^
Isolepis nodosus*
Juncus bufonius
Lachnagrostis filiformis*^
Leptospermum scoparium*
Linaria purpurea
Lobelia erinus
Medicago x #^
Microtis unifolia*^
Ornithopus pinnatus
Oxalis exilis*^
Oxalis corniculata #^
Poa annua #^
Picris echioides
Pimelea prostrata*^
Polycarpon tetraphyllum #^ Prunus spp (cherry)
Prunella vulgaris
Pseudognaphalium luteoalbum * ^
Rubus (blackberry)
Segina apetella
Segina procumbens #^
Senecio skirrodhon #
Senecio vulgaris
Solanum nigrum
Sonchus oleraceus #^
Taraxacum officinale #^
Trifolium repens #^
Trifolium subterraneum^
Trifolium dubium
Veronica persica^
Vulpia myuros*^

Figure 110 to Figure 117 shows the development of the WCC living roof from January 2007 to
December 2012 from a photo point that looks along the row of upstands. The ten permanent plots
were located in a 2.5 m band either side of this row of upstands.
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Figure 110. January 2007, mean plant cover 27%

Figure 111. October 2007, near peak native plant cover prior to renovation

Figure 112. April 2008 libertia peregrinans and leptostigma setulosa showing dieback from summer drought
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Figure 113. October 2008; overall cover 50% with high proportion of euphorbia peplus

Figure 114. October 2009; recovery of i and muehlenbeckia and green patches of legumes in the midforeground

Figure 115. January 2010 showing two renovated areas, one against the copper dome in the mid-left of the
photo, and the second in the far right corner. Dense muehlenbeckia planting along the parapet has died
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Figure 116. December 2011 showing rejuvenated tussock cover following June 2010 renovation and irrigation
across the bulk of the roof

Figure 117. December 2012. Adventive hebe are spreading across the roof

6.10 Discussion
A plant cover is required on most living roofs to ensure the media is stable (i.e., not eroded by wind
or water erosion), to maximise mitigation of stormwater, and, where required, to provide aesthetic,
cooling and/or biodiversity values. Monitoring of 10 living roofs in the Auckland Region that have 50
to 150 mm depth of lightweight, free-draining substrate has provided evidence to identify
determinants of plant performance on extensive living roofs, which plant species have been the most
consistently reliable, and how plants are best established. Knowledge of establishment methods,
conditions and maintenance has provided insight to the maintenance requirements of living roofs, in
particular factors that influence adventive (self-establishing) plant species. The following sections
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discuss and synthesise findings from the monitored living roofs described in Section 6.2 to 6.9 and
the UoA living roof (Section 2.1).
6.10.1 Plant selection and placement: The importance of available moisture
Plant cover, plant species diversity, and biomass of most plant species are determined by substrate
moisture availability and chemical fertility. Fertility only has a major role when moisture is available
for plant growth. The chemical fertility of roofs can be assessed indirectly during maintenance by
looking at the height and biomass of common adventive species such as groundsel (Senecio vulgaris),
sowthistle (Sonchus oleraceus) and fleabane (Conyza albida) in autumn and winter when moisture is
generally not limiting plant growth. For example, these species were much larger on the Karanga
Plaza roof than the Tamaki mini-roofs. Substrate temperature may also influence plant growth and
survival, but no data on substrate temperature has been analysed, and no experiment has tested this
hypothesis.
Living roofs with deeper substrates generally have a more diverse adventive plant flora and support a
wider range of desirable species than shallow living roofs (Rowe et al. 2012). The Tamaki mini-roofs
(100 and 150 mm depth) and WCC living roof prior to renovation (50 to 120 mm depth)
demonstrated the influence of substrate depth. An exception appears to be where roofs are planted
with sedums, particularly short Sedum species (less than about 50 mm height). For example, S.
dasphyllum, S. hintonii, S. xrubroctinctum and S.album colonised gravels with very low water
availability at Tamaki mini-roofs, UoA and Auckland garage living roofs, and died back or were outcompeted by grasses and legumes in areas with deeper, high-water-holding substrates. International
literature indicates sedums are more competitive at substrate depths of 20 to 100 mm than deeper
substrates (Dunnett et al. 2008). Many Sedums are tolerant of extreme drought. Such conditions
occur during establishment, when unvegetated areas are present that have higher temperatures and
water loss through evaporation. Butler and Orians (2011) report sedums lower peak summer
substrate temperatures, and improve performance of adjacent non-Sedum plants under conditions
of moisture stress. However for most species deeper substates allow higher plant biomass, plant
diameter is larger (for example, Festuca coxii on the WCC living roof and most plants on the Tamaki
mini-roofs), faster growth rates, and longer duration of growth into summer. Moisture availability
can also be extended by reducing evaporation and transpiration losses. For example, Leptostigma
setulosa and Acaena microphylla died in 100 mm substrate depth on the WCC living roof and Tamaki
mini-roofs, but have persisted in the 50 to 70 mm deep substrate of the native shed that receives
afternoon shade.
The type and timing of any irrigation also influences plant cover, health and species diversity by
increasing plant available moisture. New Microtis orchid seedlings only established in November on
the two living roofs that were irrigated regularly, despite being present on many of the other living
roofs on which they established in winter through early spring. Subsurface irrigation allows more
control over adventive plant establishment as the substrate surface can be maintained relatively dry,
reducing establishment of small-seeded plant species. A dry surface can be enhanced by use of
inorganic mulches. The WCC living roof was initially covered with a thin (c.10 mm) mulch of
expanded clay balls which appears to have inhibited adventive seedling establishment. In particular,
very few adventive Festuca coxii seedlings established over the first four years compared to the
unmulched UoA living roof. The finer texture of the UoA living roof also reduced development of a
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coarse pumice surface layer. In contrast, the second-generation substrate developed in this research
programme and used on Tamaki, Auckland Botanic Gardens and city garage living roofs generates
coarse pumice mulch when first watered. This appears to be relatively effective at limiting
establishment of weeds, at least over the first 12 to 18 months. Future research could trial the
effectiveness of gravel, shell or low-weight aggregate mulches (pumice, expanded clay) at 15 to
25 mm depth to further reduce adventive plants and enhance moisture retention. Regular irrigation,
particularly if at the surface, enhances establishment and growth of adventive plants. Managing
drought of living roofs, so that substrates periodically reach moisture contents that will inhibit
establishment of adventive plants without impacting established (desirable) plants is therefore an
important way to reduce the requirement for weeding of undesirable plants.
Plant-available moisture may be enhanced by combining different growth forms and creating a
mixed plant palette. Taller, more upright plants can create shaded microclimates and increase
boundary layers to reduce evaporation; using plants with different root system depths, or different
responses to diminishing substrate moisture content, may optimise water extraction. There is
evidence that sedums enhance growth of other plant species during drought periods (Butler and
Orians 2011) and also their persistence, as sedums reduce their rate of water uptake sooner than
other succulents (Voyde et al. 2010), thus leaving more water available for other species. Regardless,
all living roofs show the benefit of initially establishing a broad range of plant species and growth
forms, and particularly avoiding blocks of single species.
Establishing a range of plant species allowed self-selection over time in response to different
microclimates across each living roof, and decreasing fertility. Most living roofs studied have species
that performed extremely well in the first 12 to 18 months but failed to persist over four to five
years. For example, Disphyma australe, Sedum mexicanum and Sedum ternatum have dominated in
the short term but tend to die back over several years; Disphyma australe has died back on all
monitored living roofs after 18 months, despite precocious seeding resulting in germination of many
adventive seedlings in the second year. Including star short-term and long-term performers, slow
and fast growing species is beneficial, helping to quickly exclude adventive species and maximise
aesthetics. However, it is usually beneficial to cluster slower-growing species, especially if they are
low, such as Raoulias or Sedum dasphyllum, to minimise smothering and shading by dense, faster
growing species, or combine slower growing species with fast-growing plants that have upright, open
growth forms, e.g., Hebe obtusata, Sedum rubroctinctum or Libertia peregrinans, rather than dense
foliage species (e.g., Sedum mexicanum or Coprosma acerosa). The importance of assessing plants
over at last three years is also emphasised in overseas studies (Rowe et al . 2102; Dunnet et al. 2008)
Selection of a variety of self-propagating plants has also been valuable; such plants are able to
vegetate bare areas created by slow growth or death of other plants. The case studies identify plants
that spread rapidly. Stand-out performers are listed below as being examples of the main
propagating strategies.


Precocious seeding: grasses such as Festuca coxii, some Hebe, and the hardy cosmopolitan
native annuals Crassula sieberiana, jersey cudweed (Pseudognaphalium luteo-album),
Senecio lautus and soldier’s button (Cotula australis). Note that these annuals may be
considered undesirable on ‘gardenesque’ living roofs but could be effective at reducing
establishment of non-native, summer-ephemeral plants.
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Growth from under-ground stems: Coprosma acerosa, including “Hawera’ and Libertia
peregrinans
Growth from near-surface stems: Dichondra repens, some Leptinella species
Growth from leaf fragments: many Sedums

6.10.2 Establishment method
The majority of the monitored living roofs were vegetated using small ‘tubes’ of nursery-raised
seedlings grown from cuttings, division or seed planted at a density of 15 to 25 plants m-2. Small
areas were vegetated using pre-grown mat, by cuttings, seeds and the two youngest living roofs
were vegetated using a pre-grown container system. Many of the older living roofs have been interplanted over several years, with the most common establishment time being winter to early spring.
Sedums grown in a thin coir mat successfully established an instant erosion- and weed-resistant
cover on the UoA living roof. A dense cover increased initially before gradually thinning over the
following six years, allowing non-Sedum species to establish. Thinning was probably accelerated as
the dominant Sedum at the time of establishment, S. mexicanum, is less well-suited to the highly
exposed and low-fertility conditions of this specific living roof. The field-grown mat was also the main
source of paspallum, dandelion and plantain (usually regarded as weeds), and the probable source of
several invertebrates. These included beneficial (e.g., earthworms) and benign or harmful (slugs and
snails) species. Mats of Selliera radicans have also been used at ground level in Auckland (Geoff
Davidson, Oratia Native Plant Nursery pers. comm. 2009). Pre-grown containers also provide an
instant erosion and aesthetic benefit, with the added benefits of greater resistance to adventive
plant establishment (because there is less bare soil and more competition) and faster establishment
as their root mass is larger, and leaves not damaged by rolling up. However, containers and pregrown systems need to be thoroughly hardened off before installation, i.e. exposed to full sun,
reduced moisture availability, and wind. In addition, the longer plants are held in nurseries, the
greater the likelihood adventive weed species will become established, because weed propagules are
more numerous at ground level. Container systems must therefore be weeded during growth and
immediately before installation.
In Auckland, winter appears to be the optimum time to establish any living roofs, but particularly if
using seed, cuttings (rooted or fresh) or planting into existing vegetation – as winter is when
moisture stress is least. A flush of growth in spring will increase competition for moisture.
Establishing Sedums and Haloragis erecta into existing dense Festuca coxii and Festuca matthewsii in
the tilted beds at Tamaki was unsuccessful, largely due to moisture stress, with shading probably
contributing. Coprosma acerosa ‘Hawera’ was successfully established using fresh rooted cuttings at
the Auckland Botanic Gardens; Sedum dasphyllum and Sedum mexicanum successfully established by
scattering cuttings and leaves under coir netting (to help hold the cuttings on the ground) on the UoA
and Auckland garage living roofs, although only small areas were treated.
Small pots, root trainers and tubes were the most common method of establishing native species;
only Dichondra repens and Sellieria radicans were able to be sourced as trays with multiple plugs,
whereas Sedums were relatively easy to source as multiple plugs. Plugs that were long and relatively
rectangular were much more resistant to being blown out by wind due to a combination of being
easier to plant deeply and having more below-ground mass helping to anchor the plug. Planting
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through erosion netting is easier and faster using plugs or small pots than half-or one-litre bags or
pots, as the latter requires netting to be cut at each planting site. The most common establishment
mistakes are not planting deeply enough, particularly for plants more susceptible to wind-throw such
as Libertia peregrinans and taller Sedums, and not ensuring plants are weed and insect-free.
Although substrate is usually delivered moist (to reduce dust and avoid need to wash buildings),
planting is often done before substrate is watered, so the surface tends to settle after planting. If
plants are not deeply planted, this settling and intial washing can expose plant roots, leaving plants
vulnerable to water loss directly from the root ball and wind-throw or blowing out. Plants that have
single stems and / or lots of leaves well-above the ground will be susceptible to wind damage, in
particular ‘collar rock’, which both increases water loss from the root ball and may prevent roots
establishing into the green roof substrate by creating a gap between root ball and green roof
substrate. This is exacerbated if the plants are grown in a media that shrinks when dry.
6.10.3 Adventive plants and maintenance
Adventive species can be beneficial or bad, depending on their impacts and the deisgn intent of the
living roof. If roof vegetation is designed to evolve and change, particularly if irrigation is minimal,
desirable adventive plants will be anticipated (and needed) to fill in thinly vegetated areas that
develop as fast-growing, often shorter-lived plants die back. The establishment of unwanted
adventive plants is one of the most common reasons given for living roof ‘failure’. Unwanted plants
can also compromise safety, storm water mitigation and heat mitigation. Many adventive plants of
non-irrigated roofs are ephemeral, short-lived annuals or summer-dormant, growing only in autumn
through spring when moisture is available. These include vulpia grass and silvery hair grass (Aira
caryophyllea) which are increasingly numerous on the UoA and WCC living roofs, purple linaria
(Linaria purpurea), Euphorbia peplus, Segina procumbens, Polycarpon tertaphyllum and jersey
cudweed. Because these plants are inactive in summer, they do not contribute to evapotranspiration
which is the key mechanism that cools the air above living roofs, and creates pore space to store
storm water. Grass species can increase fuel loads when foliage dies or browns off in summer,
increasing risk of fire in some circumstances.
The main drivers of adventive species diversity and density are fertility and moisture stress
(discussed in 6.10.1), the proximity of a roof to weed sources, activity of weed dispersers, any initial
inoculation of substrate or plant material (e.g., contamination in nursery), and the level and timing of
maintenance and disturbance. These are discussed below.
Wastelands, particularly dry wastelands, are the primary sources of wind-blown seeds that dominate
the unwanted (weedy) adventive plants on living roofs in Auckland. A wasteland is ‘a place that does
not have adequate weeding, cultivation, mowing or grazing to check unwanted plants, such as
industrial sites, road and rail margins and unfinished building sites (Esler 2004). They are home to
about half the 600 or so wild, non-native species in Auckland (Esler 2004) including the most
common adventive species on the monitored living roofs, wind-dispersed dandelion-type flat weeds
(hawksbeard, hawkbit, dandelion and catsear), fleabane, willow herb and sow thistle. Helminthoca
echoides, (oxtongue) is also identified by Esler (2004) as a particularly common wasteland plant that
has not been recorded on living roofs, although the very similar Picris echioides is recorded. As these
plants were not flowering, both may have been present. Most dicotyledonous plants common in
dry wastelands have not developed vigorous enough cover to displace the deliberately planted,
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desirable plants in the stressful environments of the non-irrigated living roofs, although they
established on most of the Auckland living roofs. These include ephemeral species such as pearl wort
(Segina procumbens), allseed (Polycarpon tetraphyllum) and groundsels (Senecio vulgaris and S.
skirrhodon). Exceptions are legumes and catchfly (Selene gallica).
Wind-dispersed legumes typical of wastelands have supressed, and in some cases smothered,
planted species on living roofs where control has been too late or moisture availability too high.
Such problematic legumes include medics (spotted bur medic, Medicago arabica and black medic M.
lupulina), some lotus and some clover species (white clover, Trifolium repens), in particular suckling
clover Trifolium dubium). Plantain seeds are not wind-distributed, but are viable, dormant in soil for
a long time (Esler 2004). Across the roofs, narrow leaf plantain is more common than broad-leaf
plantain – both are difficult to remove with an intact taproot, especially the larger plants, so tend to
persist once established as they sprout from pieces of root left behind after weeding. Most of the
plants of dry, rocky and denuded areas reported by Esler (2004) that are not wind-dispersed have
been uncommon on the living roofs studied, e.g. scarlet pimpernel (Anagallis arvensis), fumitory
(Fumaria), vetch (Vicia) and mallow (Malva) species.
Monocots, the grass family are the adventive species that has increased as roofs age. Pampas
(Cortaderia jubata and/or C. selloana) has gradually increased in abundance on the WCC and UoA
living roofs over six years, after being absent for the first two to three years, although plants have
been removed before flowering on all the monitored roofs. Both annual and perennial grasses have
increased in cover. Vulpia myros and Poa annua are the most common adventive species, and
seedlings of native Festuca (mainly F. coxii) present on roofs where these were initially planted.
The proximity of individual living roofs to specific plants and their attractiveness to birds has
influenced the presence of specific adventive species. Senecio lautus, a native groundsel, established
across Tamaki mini roofs from seedlings propagated nearby. Seagulls and pigeons utilised living
roofs when they were relatively bare and on living roofs without dense tussocky plants; plants with
relatively heavy, large, fleshy berries that were probably introduced by birds include black
nightshade, cabbage tree, coprosmas, cotoneaster, karaka, privet, blackberry, cherry and eleagnus.
Only a few individual plants have been recorded of each of the latter six species across all the
monitored living roofs. Perhaps surprisingly, none of the four asparagus weeds in Auckland (also
bird-dispersed berries) have been recorded to date, and moth plant, considered by Esler (2004) as
‘likely to appear in every garden in Auckland’ has only been recorded on the Tamaki mini-roofs.
Several species that colonise rock walls in Auckland (Esler 2004) and are weeds on Rangitoto Island
are likely to be weeds of living roofs if they establish. These include tuber sword-fern (Nephrolepis
cordifolia), pink-headed knotweed (Polygonum capitatum), spur valerian (Centranthus ruber),
Crassula multiclava and agapanthus. Mexican daisy is a rock wall and cliff plant that has already
invaded two living roofs, and rapidly seeds and spreads. Without adequate maintenance these living
roofs could become producers of unwanted plant propagules into local areas with suitable habitat,
conversely they can also be sources of native propagules, notably Microtis orchids.
Wind-dispersed woody shrubs or trees have been less common than bird dispersed plants, and none
are common across several roofs. Butterfly bush (Buddleia davidii) is a common weed on London
roofs (not specifically living roofs) but found only on one Auckland living roof, as has a pine (Pinus)
and an Alder (Alnus) species. Birch (Betula) and poplars (Populus) species are recorded as
problematic trees in some overseas studies, mainly along edges where runoff from paving
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supplements water supply. Pohutukawa has aggressively colonised one living roof, with dozens of
seedlings growing within the first two years, and ribbon wood seedlings have germinated, but not
survived on a living roof within 1 m of the tree canopy. In all cases the growth of woody seedlings
has been slow and most have died over summer (with the notable exception of cotoneaster and
pohutukawa). An annual maintenance in autumn to remove any surviving woody shrubs is likely to
be adequate to control such potentially damaging plants, particularly for irrigated living roofs near
pokutukawa.
Most roofs have an initial load of adventive species delivered as contaminants in substrate, seed
contamination or hitch-hikers in container-grown plants. The substrate developed in this research
study contained very few contaminants as it contained no soil and composts were not derived from
green waste, but composted bark fines with spent mushroom waste, processed coir fibre or peat.
One living roof, not specifically part of this study, was contaminated with broom, as this large seed
can be found in some quarries, and like gorse (or acacia), is large enough to remain with coarse
pumice if fines are removed by seiving. Where topsoil or an inadequately composted (sterilised)
organic component is used, this is likely will be a source of adventive weeds, particularly if planting is
delayed. This approach may be desirable in some circumstances, and is used in London and
Switzerland to create ruderal, biodiverse roofs. In Auckland, great care would be needed to avoid
establishing aggressive grasses such as kikuyu, twitch and Indian doab, and tap rooted plants in the
dandelion and plantain families. Nursery plants, especially in larger pots, are likely to bring in Oxalis
species, willow herb and pearlwort. When sedums are propagated by seed or cuttings, undesirable
species such as Sedum acre or S. album can inadvertently be introduced as small fragments that then
root, or be included if mis-identified. Risks of contamination are reduced by nursery hygiene (weed
control and shelter belts), or covering the tray/pot surface with a layer of sand or sawdust that can
be removed before sending to the installation site. On the other hand, desirable plants may also be
established as ‘hitch-hikers’ on nursery plants. For example, Lachnogrostis filiforme was introduced
this way to the WCC living roof and Microtis to one of the Tamaki mini-roofs.
In the longer-term, the density of adventive plants is critically influenced by how much bare ground is
present during the growing season and the extent of early maintenance. Regular, early maintenance
must include identifying and removing plants that are precocious seeders before they set seed,
removing plants that spread quickly using rhizomes or rooted nodes before they become intermeshed with planted species, and removing tap-rooted plants before they are too difficult to remove
entirely. Finally, the long-term density of adventive plants is also influenced by the level of on-going
disturbance, on-going inoculation and moisture stress. Poor roof hygiene will allow seeds to be
continually delivered to the roof in boots, clothing, and equipment, or transferred from weedy to
clean areas of the roof by poor procedures. Poor procedures include not immediately bagging weeds
with viable seeds, or weeding the more weedy areas first. On each maintenance visit, weeds should
be removed from the ‘cleanest’ or least-weedy areas first to reduce inadvertent spread of weeds.
Creation of fresh bare substrate, particularly during winter and spring, creates areas for adventive
plants to establish. Weed removal should therefore minimise disturbance of substrate. Moisture
stress can be an effective method to reduce adventive plant establishment. This can be done by
withholding irrigation after weeding, and other times when weed seeds are germinating, to a level
that does not adversely impact the growth of desired plants.
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6.11 Conclusion
Where storm water mitigation, heat reduction and low maintenance is a priority, achieving at least
75% cover of desirable, perennial plants within 12 to 18 months should be a target. This approach
limits the establishment of adventive plants which are dominated by summer-dormant species (i.e.
low contribution to summer evapotranspiration and hence summer stormwater mitigation). A 75%
cover of desirable plants can be achieved by any establishment method. Pre-grown vegetation is the
fastest method. Auckland living roofs with 100 to 150 mm substrate depth are likely to have a
greater diversity of plants, more stable plant cover, and longer stress-free period through summer
and higher plant survival. In the absence of irrigation, the contribution of plants to storm water
mitigation and evaporative cooling is likely to be more consistent on 150 mm deep living roofs than
shallower roofs, all other things being equal. However, the available moisture held within the
substrate and evapotranspiration losses can be varied independently of substrate depth.
Irrigation assists plant establishment when conditions are dry and moisture supply stresses plants,
however it should be used sparingly, to minimise establishment of unwanted wind-blown adventives.
Complementary practices can be used to reduce moisture stress, including reducing fertility to
reduce leaf size and growth rates, specifying prostrate plant growth forms, and spreading a thin layer
of inorganic mulch. The latter enhances the self-mulching of the substrates developed in the
research programme. Comparing the leaf size of common adventive plant species on the roof and in
gardens can be used as an indicator of fertility and moisture.
Maintenance is essential for all roofs and living roofs. Maintenance requirements are usually low for
the first six months, and peak from six months to 18 months of age, particularly from autumn to early
spring and while bare substrates are present. Maintenance can be reduced by rigorous hygiene
during plant propagation and installation combined with removal of potential ground-level seed
sources and achieving high plant cover within 18 months. Each living roof is likely to have a different
list of adventive plants that are considered weeds, depending on the specified functions and
aesthetics of the individual site. However, the following aggressive weeds should be removed on
nearly all living roofs: woody plants (pohutukawa) and large monocots (pampas, flax) that can
compromise the stability or integrity of the system by becoming too big and then being blown or
dislodged from the roof; plants that could potentially also invade drainage network with roots and
block downpipes; plants with high biomass that may represent a fire danger (some legumes and
grasses), and pest plants such as Mexican daisy, agapanthus, tuber sword-fern and other species in
the Auckland Council Pest Management Plan.
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7.0 Performance Summary, Conclusions and Directions for
Future Research
In the author’s opinions, the key contributor to extensive knowledge gained has been the long-term
commitment to the research programme. Several interim observations or preliminary conclusions
changed significantly as longer term data became available and from multiple sites. Vegetated
systems take several years to develop; their dynamic life cycles mean that performance may vary
significantly from day to day while maturing into reliable technologies for stormwater management.

7.1

Hydrology

Substantial hydrologic benefits were provided by extensive living roofs monitored in Auckland,
particularly in terms of retention (runoff volume control). The frequency of relatively small storms (<
30 mm) in Auckland coupled with substrates designed with an appropriate combination of water
holding capacity and depth meant that the majority of day-to-day events were completely retained.
Cumulatively, the annual hydrology was substantially reduced. Up to approximately 67% of rainfall
was captured and evapotranspired from the average 60 mm depth UoA extensive living roof. The
UoA, Tamaki, and WCC living roofs, which ranged across almost the whole spectrum of extensive
living roof depths (50 - 150 mm), generated up to approximately 60-66% less runoff than a
conventional roof surface at the same site over the long term. Statistically, there was no difference in
retention performance amongst the design configurations, in terms of either magnitude of runoff
depth or percent-difference from each living roof’s corresponding control roof.
Runoff detention was likewise substantial, but more challenging to succinctly summarize with
statistics. For the majority of individual storm events, as there was complete retention (i.e. zero
runoff), detention is quantitatively infinite. When runoff did occur, across all sites, the magnitude of
the peak flows from living roofs were significantly less than each living roof’s corresponding control
roof. Between the full scale living roofs monitored (UoA and WCC), there were no statistically
significant differences in performance; however, while still substantially reduced, detention
performance of the Tamaki mini-roofs was not as high in either peak flow magnitude or percentdifference from the corresponding control roof.
Runoff depth (i.e. volume) or peak flow frequency curve analysis showed that across the spectrum of
rainfall events monitored, the characteristic curves were substantially lower from living roofs than
from the control roofs.
Event-based performance was highly variable. In any given storm event, theoretically, the amount of
rainfall retained should depend on the substrate’s moisture holding capacity, its initial moisture
content (i.e. how much storage capacity is “available” at the onset of rain, and thus related to ET and
the duration of antecedent dry period), and other factors. In practice, the large data set analysed
herein indicated that rainfall depth was the dominant predictor of runoff depth, accounting for
approximately 80% of the variability between observed runoff and runoff predicted by a quadratic
regression equation, where rainfall was the only input variable. Larger variation from predicted
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performance was generally associated with larger events (of which there were many fewer data
points).
For planning purposes, the combined measure of plant-available water (readily available water +
stress water) and depth provided a reasonable estimate of the maximum amount of rainfall that an
extensive living roof would completely retain (100% rainfall capture). However, empirical evidence
suggests that this relationship reaches a maximum limit of approximately 20-30 mm.
These interpretations render moisture storage and movement through a living roof system
analogous to “fill and drain” hydrologic models commonly applied to retention basins or constructed
wetlands. The actual patterns of moisture storage and release of a living roof are much more
complex. Significantly more research is required to understand the dynamic interactions of
unsaturated flow through engineered media and the influence(s) of the plants. Plant effects on the
hydrology of a living roof may include ET during and between storm events, interception, and
development of preferential flow paths.
ET was studied in depth as the focus of Ph.D. study largely enabled by this research programme
(Voyde 2011). ET from the predominant single native (Disphyma australe) and non-native (S.
mexicanum) plant species on the UoA living roof was directly measured in controlled, bench scale
experiments in a glass house and in the field, as well as indirectly measured using a water balance
equation on the full scale UoA living roof. Direct evaporation was also measured in the controlled
experiments. ET rates depended substantially on moisture availability. When water stored in the
substrate was plentiful (i.e. after recent rain or irrigation), the daily ET rate was highest; it decreased
exponentially with decreasing water availability. The most rapid period of water loss (highest ET)
occurred over approximately 9 d in the glass house, but 5 d in the field trials. Plant transpiration
contributed 15-45% of total ET when water was readily available, and occurred at a rate of 1.5-5.4
mm d-1. After the period of rapid water loss, ET from planted systems was no longer significantly
different to E from unplanted substrate. Under water-limiting conditions, ET and E were measured at
a maximum of approximately 0.7 mm d-1. There was no evidence to support that sedum species
induced CAM metabolism, but the S. mexicanum tested did show greater ability than the D. australe
to conserve water when it became limiting, suggesting that the former would likely better survive
longer drought periods without irrigation.
Experimental results were used to assess the validity of 10 commonly used ET models. None of the
models were deemed to accurately predict daily ET, nor could crop coefficients be determined with
reasonable certainty. When applied to a continuous water balance over 1 year, however, the FAOPenman (corrected) model did not have any substantial negative effect in terms of predicted longterm implications for stormwater retention efficiency. This further confirms the suggestion that while
ET affects day-to-day performance, it is not a dominant factor in long-term aggregate performance
predictions.
Greater accuracy would likely be achieved in predicting living roof hydrology if the direct relationship
between ET and moisture availability were understood. ET between plant species is also highly
variable. There is not enough conclusive evidence at this point to develop design advice that
quantitatively incorporates ET, yet it is clear that plants play a crucial role in overall system
hydrology.
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7.2

Water quality

Data regarding extensive living roof runoff water quality in Auckland confirmed findings from the
international literature: living roof runoff water quality is site specific. Results were challenging to
interpret, as only larger storms with poor hydrologic performance produced enough runoff to sample
adequately, thus monitored storms were perhaps “worst case” scenarios. Nonetheless, TSS was not a
concern from the living and control roofs monitored for water quality (Tamaki mini-roofs and WCC,
representing two substrates and two control roofs).
Building materials and ornaments were likely predominant sources of heavy metals in living roof
runoff, either when runoff came into contact with the material, or the material was in close
proximity for air-borne deposition. Even colour-steel roofs contributed measurable zinc into runoff.
Nonetheless, zinc and copper were detected in the substrates (likely specifically from the organic
matter). As copper is very mobile in soils and affected by organic content and moisture levels, living
roof substrate composition should be mindful of copper contamination. As living roofs provide
significant long-term hydrologic control, covering, replacing, or substituting a metal roof with a living
roof will likely reduce the long-term mass loading from the site.
Nutrients (N and P) were sourced from the living roofs monitored. In the case of nutrients, the
substantial hydrologic control may not compensate for the significant concentrations of N and P in
living roof runoff. Several hypotheses were developed to link the substrate’s chemical characteristics
with water quality. Significant additional research on multiple field sites with different substrates is
needed to suggest indicators or thresholds for organic matter (compost) chemistry that prevent
contaminant leaching (e.g. C:N, Olsen P, CEC, etc.). This report contributes substantial initial
hypothesis with only limited testing.
To more fully understand the impacts of living roof water quality, water quality results should be
coupled with a calibrated continuous simulation hydrologic model. While the sampling that has
occurred to date provides analysis with statistical confidence, additional sampling is recommended
particularly to determine the breakdown of nitrogen species in runoff. Additional parameters should
also be monitored, especially dissolved organic carbon, as its presence or prevalence influences
mobility of other contaminants.

7.3

Substrates for stormwater management

Multiple combinations of engineered media have been investigated in the laboratory and trialled in
extensive living roof field installations in Auckland. These substrates are well understood, thus their
use may reduce project risk. A mixture of 70-80% 1-10 mm pumice (depending on the source), 510% 1-3 mm zeolite, and 15-20% v/v stable and sufficiently composted materials is currently
recommended, but additional viable recipes are likely to emerge as the local industry develops.
Water holding characteristics and permeability are critical measurements related to stormwater
management.
Evaluation of substrate chemistry over several years showed that appropriate plant selection and
type and amount of organic matter in the substrate, combined with good establishment practices,
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resulted in a balanced organic content that maintained a long-term dense plant cover with minimal
intervention. Thus, while the recipe’s recommendation of 15-20% v/v organic matter is at the upper
range of the international literature, it appears to be suited to the ecosystem dynamics in Auckland’s
extensive living roofs.

7.4

Plants

Dense plant coverage promoted good stormwater management and inhibited the introduction of
adventive species (including those that might be considered weeds). Where stormwater
management is the primary objective of a living roof (rather than aesthetics), in addition to
appropriate plant selection, the establishment strategy (planting and maintenance regime)
contributes to long-term success with reduced intervention.
Plant cover, plant species diversity, and biomass of most plant species were determined by substrate
moisture availability and chemical fertility. Fertility only has a major role when moisture was
available for plant growth. The chemical fertility of roofs could be assessed indirectly during
maintenance by looking at the height and biomass of common adventive species. Selection of a
variety of self-propagating plants was valuable; such plants were able to vegetate bare areas created
by slow growth or death of other plants.
Plant community assessments across eight case studies of extensive living roofs in Auckland
confirmed the literature’s suggestions that living roofs with deeper substrates generally have a more
diverse adventive plant flora and support a wider range of desirable species than shallow living roofs.
Many Sedums were shown to be tolerant of extreme drought. It was hypothesized that moisture
availability can be extended by reducing evaporation and transpiration losses. This might be achieved
through multiple modes, including physical modifications, substrate design, combining different
growth forms and creating a mixed plant palette.
The type and timing of any irrigation influences plant cover, health and species diversity by increasing
plant available moisture. While extensive living roofs in Auckland may survive (but go dormant)
without irrigation (except during extreme dry periods), irrigation may promote more actively
transpiring plants over the long term. With appropriate substrate depth and irrigation settings,
irrigation may not impede stormwater management. Conversely, where desirable species density is
not yet substantial, moisture availability (e.g. via irrigation) and fertility enhance adventive species
diversity and density.
In the longer-term, the density of adventive plants is critically influenced by how much bare ground is
present during the growing season and the extent of early maintenance. Regular, early maintenance
must include identifying and removing plants that are precocious seeders before they set seed,
removing plants that spread quickly using rhizomes or rooted nodes before they become intermeshed with planted species, and removing tap-rooted plants before they are too difficult to remove
entirely. Finally, the long-term density of adventive plants is also influenced by the level of on-going
disturbance, on-going inoculation and moisture stress.
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