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Abstract 

Increasing urbanisation and associated impervious surfaces have negative 

impacts on humans and the environment. Therefore, more resilient and 

sustainable stormwater management that mimics the natural predevelopment 

hydrology cycle to protect urban water sources and reduce urban flooding is 

required. Contributing to this approach, green roofs can partly compensate the 

loss of natural landscapes and mitigate runoff.  

 

Green roof plant selection has mostly been limited to species with the ability to 

survive extreme environmental conditions, typically Sedum species. However, 

green roofs with these species planted in monoculture may not be efficient in 

terms of rainfall retention. Selecting plants with water use plasticity and 

increasing substrate depth may improve green roof hydrological performance 

in these highly variable environments, without substantially introducing drought 

risk. To examine this, two experiments were conducted. The first, a 17-month 

controlled rainfall experiment, was examined in two studies: 1) to understand 

the overall effect of plant water use strategies and of the mixture of plants within 

water use plasticity on retention, and 2) to understand the mechanisms driving 

rainfall retention. The second experiment, a 27-month green roof field study, 

examined the effect of increasing substrate depth on rainfall retention and plant 

drought stress. 

 

Contrary to my initial hypotheses, plant species with water use plasticity did not 

always provide greater retention performance, compared with conservative 

succulent species. Retention performance of a plant mixture was dominated by 
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key species and was not always greater than that of monocultures. The effects 

of plant treatment on retention performance were significant for medium and 

large rainfall events, but minor for small rainfall events. Rainfall characteristics 

and available storage of substrates before rainfall events strongly drove 

retention performance. Although the effects of ET were well understood and 

shown to be as the key factor for green roof retention, ‘Non-ET’ plant effects 

(i.e., the reduction in storage capacity, either via preferential flow, or roots 

occupying storage volume) can change the relative importance of ET.  That is, 

the maximum storage capacity becomes a more important driver of available 

storage in the substrate compared with the ability of plants to deplete that stored 

moisture. Increasing substrate depth only marginally improved retention 

performance, however, deeper substrates significantly reduced the period of 

time plants were exposed to drought stress. 

 

The results showed that green roofs perform well for retention (average ~73% 

in total study period; average ~91% in per-event), particularly in warm and dry 

climates with a large proportion of small rainfall events. Selection of plants with 

water use plasticity and the use of mixtures was less important for improving 

retention than climate. However, when planting treatments were compared, 

root-induced preferential flow paths were shown to reduce the water storage 

capacity of substrates, reducing the water available for evapotranspiration and 

therefore reducing retention. Therefore, future plant selection needs to consider 

root traits in addition to water use strategies. In Melbourne, green roof 

substrates did not need to be much deeper than 150 mm, as the increase in 
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retention was minimal beyond this depth and it was sufficient for maintaining 

plant performance. 

  



iv 
 

Declaration 

This is to certify that: 

• the thesis comprises only my original work towards the degree of the 

Doctor of Philosophy except where indicated; 

• due acknowledgement has been made in the text to all other material 

used; 

• the thesis is fewer than 50,000 words in length, exclusive of tables, 

figures, bibliographies and appendixes. 

 

 

 

Zheng Zhang 

February 2019 

  



v 
 

Preface 

This PhD thesis consists of five chapters, two of which have been published 

and one which has been submitted for publication; all in international peer-

reviewed journals. Zheng Zhang collected the data in the field and laboratory, 

analysed the data and wrote thesis and manuscripts. Co-authors supervised or 

assisted with various stages of this PhD project and contributed in revising the 

following manuscripts: 

 

Chapter 2 (Published): 

Zhang, Z., Szota, C., Fletcher, T.D., Williams, N.S.G, Werdin, J., and Farrell, 

C. (2018). Influence of plant composition and water use strategies on green 

roof stormwater retention. Science of the Total Environment 625, 775-781. 

 

Chapter 3 (Published): 

Zhang, Z., Szota, C., Fletcher, T.D., Williams, N.S.G., and Farrell, C. (2019). 

Green roof storage capacity can be more important than evapotranspiration for 

retention performance. Journal of Environmental Management 232, 404-412. 

 

Chapter 4 (Submitted to the Journal of Hydrology; in review): 

Zhang, Z., Fletcher, T.D., Farrell, C., Williams, N.S.G., Pianella, A., and 

Szota, C. Deeper green roof substrates reduce plant drought stress but only 

marginally improve retention performance. 

  



vi 
 

Acknowledgements 

This PhD study was funded by an Australian Research Council Linkage grant 

(LP130100731) supported by Melbourne Water and the Inner Melbourne Action 

Plan group of local governments. Prof. Tim D. Fletcher generously provided 

some funding in support of the early parts of this study from an ARC Future 

Fellowship (FT100100144). I am grateful to have been supported during my 

candidature through the Melbourne International Research Scholarship (MIRS), 

Melbourne International Fee Remission Scholarship (MIFRS), a studentship 

from the School of Ecosystem and Forest Sciences, Melbourne School of Land 

and Environment Student Awards 2014, and Frank Keenan Trust Fund 

Scholarships 2018. 

 

My deepest and sincere gratitude to my supervisors Drs. Claire Farrell, 

Christopher Szota, Nicholas S. G. Williams, and Tim D. Fletcher. I don’t have 

enough words to express the extent of my gratitude for their kindness, tutelage, 

and generosity of time during my PhD study. Thanks to my chair, Dr Sabine 

Kasel for your guidance and advice. They set good examples, as a 

professionals and as human beings. 

 

Special thanks to Joerg Werdin and Rob James for their help and support for 

experimental design and conduction. Thanks to my friends and fellow post-grad 

students here in Melbourne for memory, smiles, support, meals, and knowledge 

shared. Most especially thank-you Kate, Carola, Jessie, Peiwen and Andrea. 

Thank-you to my Australian family: Nick and his family, Frank and his family, 

and Leanne and her family, for supporting and encouraging me on this journey.   



vii 
 

 

I am the most grateful to my family, in the Northern Hemisphere. To my parents 

Jianmin and Xiang, I don’t have enough words to express the extent to which I 

am grateful for their support, love and education provided. To my grandmother 

Xiaohua and all family, I express my love and gratitude.  

  



viii 
 

Table of contents 

ABSTRACT ........................................................................................................................................... I 

DECLARATION ...................................................................................................................................IV 

PREFACE .............................................................................................................................................V 

ACKNOWLEDGEMENTS .....................................................................................................................VI 

TABLE OF CONTENTS ...................................................................................................................... VIII 

LIST OF TABLES .................................................................................................................................. IX 

LIST OF FIGURES ................................................................................................................................. X 

CHAPTER 1. INTRODUCTION .............................................................................................................. 1 

CHAPTER 2. INFLUENCE OF PLANT COMPOSITION AND WATER USE STRATEGIES ON GREEN ROOF 

STORMWATER RETENTION .............................................................................................................. 29 

CHAPTER 3. GREEN ROOF STORAGE CAPACITY CAN BE MORE IMPORTANT THAN 

EVAPOTRANSPIRATION FOR RETENTION PERFORMANCE ................................................................ 57 

CHAPTER 4. DEEPER GREEN ROOF SUBSTRATES REDUCE PLANT DROUGHT STRESS, BUT ONLY 

MARGINALLY IMPROVE RETENTION PERFORMANCE ....................................................................... 90 

CHAPTER 5. SYNTHESIS .................................................................................................................. 121 

APPENDICES CHAPTER 2................................................................................................................. 137 

APPENDICES CHAPTER 3................................................................................................................. 155 

APPENDICES CHAPTER 4................................................................................................................. 158 

  



ix 
 

List of Tables 

TABLE 1-1. FACTORS AFFECTING GREEN ROOF RAINFALL RETENTION ...................................................................... 10 

TABLE 2-1. WATER USE STRATEGIES OF PLANT SPECIES USED IN THIS EXPERIMENT (FARRELL ET AL., 2013). ‘WW’ AND 

‘WD” REFER TO WELL-WATERED AND WATER-DEFICIT CONDITIONS IN THE EXPERIMENT. .................................. 37 

TABLE 2-2. MEAN (± SE; N = 3) SUBSTRATE AIR FILED POROSITY (AFP), WATER HOLDING CAPACITY (WHC) AND BULK 

DENSITY AT FIELD CAPACITY OF THE GREEN ROOF MODULES AT THE END OF THE EXPERIMENT. ............................ 45 

TABLE 2-3. PEARSON CORRELATION MATRIX FOR: RETENTION, CUMULATIVE EVAPOTRANSPIRATION (ET), AVERAGE SOIL 

WATER CONTENT (SWC), WATER HOLDING CAPACITY (WHC), AND SHOOT AND ROOT BIOMASS VARIABLES.  * P ≤ 

0.05, **< 0.01, ***<0.001; N=18 (ET, SWC. WHC AND INITIATION OF RUNOFF); N= 15 (SHOOT BIOMASS 

AND ROOT BIOMASS). ......................................................................................................................... 46 

TABLE 3-1. MEAN (± SE; N = 3) PER-EVENT RETENTION (%) AND THE PERCENTAGE OF RAINFALL EVENTS GENERATING 

RUNOFF. P-VALUES INDICATE SIGNIFICANT DIFFERENCES AMONG PLANT TREATMENTS (ONE-WAY ANOVA; TUKEY’S 

POST-HOC TEST)................................................................................................................................. 70 

TABLE A2-1. PHYSICAL CHARACTERISTICS OF PLANT SPECIES. ............................................................................. 140 

 

  



x 
 

List of Figures 

FIG. 1-1. TYPICAL CONFIGURATION OF A GREEN ROOF (PHOTO OF A GREEN ROOF MODEL BY Z. ZHANG). ........................ 4 

FIG. 1-2. CONCEPTUAL WATER BALANCE MODEL OF A GREEN ROOF (STOVIN ET AL., 2013). P IS PRECIPITATION, ET IS 

EVAPOTRANSPIRATION, R IS RUNOFF, SWCSAT IS THE SATURATED WATER CONTENT, SWCFC IS THE WATER CONTENT 

AT FIELD CAPACITY, SWCPWP IS THE WATER CONTENT AT PERMANENT WILTING POINT, PAW IS PLANT AVAILABLE 

WATER AND SWCMAX IS THE MAXIMUM RETENTION CAPACITY OF SUBSTRATE. .................................................. 7 

FIG. 1-3. THESIS STRUCTURE. ........................................................................................................................ 20 

FIG. 2-1. EXPERIMENTAL APPARATUS SHOWING PLANTED AND BARE GREEN ROOF MODULES UNDER THE RAIN SHELTER AND 

OVERHEAD IRRIGATION FOR APPLICATION OF SIMULATED RAINFALL EVENTS. THE U-SHAPE PIPES CONTAIN WATER 

LEVEL SENSORS TO MONITOR RUNOFF. THE GANTRY CRANE WAS USED TO WEIGH MODULES BEFORE AND AFTER EACH 

EVENT. ............................................................................................................................................. 38 

FIG. 2-2. MEAN RETENTION (A), EVAPOTRANSPIRATION (ET; B), SOIL WATER CONTENT (SWC; C) AND TIME TO INITIATION 

OF RUNOFF (D) FOR ALL TREATMENTS. DIFFERENT LETTERS DENOTE SIGNIFICANT DIFFERENCES AMONG MEANS (ONE-

WAY ANOVA, N=3; ALL P < 0.001) AND BARS REPRESENT MEAN STANDARD ERROR. ..................................... 44 

FIG. 2-3. MEAN SHOOT AND ROOT BIOMASS FOR ALL TREATMENTS AT THE END OF THE EXPERIMENT, EXPRESSED ON A PER 

MODULE BASIS (A AND C) AND ON A PER PLANT BASIS (B AND D). FOR A AND C, DIFFERENT LETTERS DENOTE 

SIGNIFICANT DIFFERENCE BETWEEN TREATMENT MEANS (ONE-WAY ANOVA, N=3).  FOR B AND D, DIFFERENT 

LETTERS SHOW SIGNIFICANT DIFFERENCES AMONG SPECIES, WITHIN EITHER MONOCULTURES (UPPERCASE) OR 

MIXTURES (LOWERCASE) FROM TWO SEPARATE ONE-WAY ANOVAS (N=9). ASTERISKS DENOTE SIGNIFICANT 

DIFFERENCES (ONE-WAY ANOVA) WITHIN EACH SPECIES, DEPENDING ON WHETHER THEY WERE GROWING IN A 

MIXTURE OR AS A MONOCULTURE AND ‘NS’ MEANS NOT SIGNIFICANT AT THE P = 0.05 LEVEL. BARS REPRESENT 

MEAN STANDARD ERROR...................................................................................................................... 47 

FIG. 3-1. DISTRIBUTIONS OF HISTORICAL RAINFALL (1965- 2015) AND THE SIMULATED RAINFALL APPLIED IN THIS STUDY (A 

AND B); DISTRIBUTIONS OF HISTORICAL ANTECEDENT DRY WEATHER PERIODS (ADWP; 1965- 2015) AND THE 

SIMULATED ADWP APPLIED IN THIS STUDY (C AND D) AND DISTRIBUTIONS OF HISTORICAL DAILY ETO (1965- 2015) 

AND DAILY ETO DURING THIS STUDY (E, F). .............................................................................................. 67 

FIG. 3-2. RELATIONSHIP BETWEEN RAINFALL AND RUNOFF FOR ALL TREATMENTS. SYMBOL SHAPE INDICATES PLANT 

TREATMENTS. .................................................................................................................................... 71 

https://unimelbcloud-my.sharepoint.com/personal/zhengz2_student_unimelb_edu_au/Documents/0.%20PhD/5.%20Thesis/0.%20PhD%20Thesis/8.%20Revision%202/0.%20Zheng%20Zhang_Thesis_Revision_2_Final.docx#_Toc14995711


xi 
 

FIG. 3-3. PER-EVENT RETENTION DEPTH (MM) AND PERCENTAGE (%) FOR PLANT TREATMENTS IN RELATION TO KEY 

RAINFALL DEPTH PERCENTILES. P-VALUES INDICATE DIFFERENCES BETWEEN TREATMENTS FROM ONE-WAY ANOVA.

 ...................................................................................................................................................... 72 

FIG. 3-4. FOR DIFFERENT RAINFALL EVENTS (<5, 5- 11, 11-16.8 AND >16.8 MM), THE RELATIONSHIPS BETWEEN 

RETENTION PERFORMANCE AND AVAILABLE STORAGE BEFORE EVENTS (LEFT PANEL), AND PRE-EVENT AVAILABLE 

STORAGE ACCORDING TO PLANT TREATMENT (RIGHT PANEL). ADJUSTED R2 AND P-VALUES WERE DERIVED FROM 

REGRESSION ANALYSIS (LEFT PANEL). P-VALUES AND DIFFERENT LETTERS INDICATE SIGNIFICANT DIFFERENCES AMONG 

PLANT TREATMENT MEANS AS DETERMINED FROM ONE-WAY ANOVA (RIGHT PANEL). .................................... 73 

FIG. 3-5. MEAN MAXIMUM WATER CONTENT FOR ALL PLANT TREATMENTS. DIFFERENT LETTERS DENOTE SIGNIFICANT 

DIFFERENCES AMONG MEANS (ONE-WAY ANOVA, N=3; ALL P < 0.001) AND BARS REPRESENT MEAN STANDARD 

ERROR. ............................................................................................................................................ 74 

FIG. 3-6. RELATIONSHIPS BETWEEN EVAPOTRANSPIRATION AND REFERENCE EVAPOTRANSPIRATION (ET/ETO) AND 

SUBSTRATE WATER CONTENT FOR THE SIX PLANT TREATMENTS. THE ADJUSTED R2, P-VALUE AND SLOPE WERE 

DERIVED FROM REGRESSION ANALYSIS. LINES REPRESENT THE LINEAR MODEL AND SHADING REPRESENTS THE 95% 

PREDICTION INTERVAL. ........................................................................................................................ 75 

FIG. 3-7. CONTRIBUTIONS OF ET/ETO AND MAXIMUM WATER CONTENT TO EXPLANATION OF VARIANCE IN AVAILABLE 

STORAGE, AS DETERMINED FROM HIERARCHICAL PARTITIONING. R AND P-VALUES WERE DERIVED FROM 

CORRELATION ANALYSIS. BLACK AND WHITE BARS SHOW INDIVIDUAL AND JOINT CONTRIBUTION OF EACH PREDICTOR 

VARIABLE TO THE FULL MODEL, RESPECTIVELY. THE ‘*’ INDICATES THE INDEPENDENT VARIABLES WHICH 

CONTRIBUTED SIGNIFICANTLY TO THE FULL MODEL (P < 0.05). ................................................................... 77 

FIG. 4-1. EXPERIMENTAL APPARATUS. (A) AERIAL VIEW OF BURNLEY RESEARCH ROOF; (B) LAYERS OF GREEN ROOF BEDS; 

(C) COMPOUND WEIR CONTAIN SENSORS TO MONITOR RUNOFF; (D) AQUAFLEX SENSOR TO MONITOR VOLUMETRIC 

SUBSTRATE MOISTURE CONTENT. .......................................................................................................... 98 

FIG. 4-2. SUMMARY OF CLIMATIC CONDITIONS IN CURRENT STUDY: (A) DEPTH-DURATION-FREQUENCY CLASSIFICATION OF 

RAINFALL EVENTS FOR THE STUDY PERIOD; (B) DISTRIBUTION OF EVENT RAINFALL DEPTH; (C) DISTRIBUTION OF DAILY 

REFERENCE EVAPOTRANSPIRATION (ETO) AND (D) DISTRIBUTION OF ANTECEDENT DRY WEATHER PERIOD (ADWP).

 .................................................................................................................................................... 100 

FIG. 4-3. EXCEEDANCE PROBABILITY CURVES FOR RAINFALL AND RUNOFF FROM ALL SUBSTRATE DEPTHS FOR THE 

MONITORED EVENTS. SYMBOLS INDICATE RAINFALL AND SUBSTRATE DEPTHS. ............................................... 105 



xii 
 

FIG. 4-4. AVAILABLE STORAGE, SWC AND DAILY ET OF SUBSTRATE DEPTHS. DIFFERENT LETTERS DENOTE SIGNIFICANT 

DIFFERENCES AMONG SUBSTRATE DEPTHS FROM KRUSKAL–WALLIS TESTS. .................................................. 106 

FIG. 4-5. EXCEEDANCE PROBABILITY CURVES FOR DAILY REFERENCE EVAPOTRANSPIRATION (ETO) AND DAILY ET OF 

SUBSTRATE DEPTHS. SYMBOLS INDICATE REFERENCE EVAPOTRANSPIRATION (ETO) AND SUBSTRATE DEPTHS........ 107 

FIG. 4-6. (A) RELATIONSHIP BETWEEN EVAPOTRANSPIRATION AS A PROPORTION OF REFERENCE EVAPOTRANSPIRATION 

(ETO) AND SUBSTRATE WATER CONTENT (SWC) FOR SUBSTRATE DEPTHS; (B) EXCEEDANCE PROBABILITY CURVES FOR 

SWC OF ALL SUBSTRATE DEPTHS. SYMBOLS REPRESENT SUBSTRATE DEPTHS. THE SOLID LINE REPRESENTS PIECEWISE 

LINEAR REGRESSION MODEL AND THE DASH LINE INDICATES THE CRITICAL SWC (S*). SHADED RIBBON INDICATES 

95% CIS. ....................................................................................................................................... 108 

FIG. 5-1. GRAPHICAL WATER BALANCE MODEL UPDATED BY THIS THESIS. ............................................................. 129 

FIG. A2-1. PHOTOGRAPHS OF VEGETATION TREATMENTS.................................................................................. 139 

FIG. A2-2. OVERVIEW AND PLANT COVERAGE OF VEGETATION TREATMENTS. ........................................................ 140 

FIG. A2-3. RAIN SHELTER WITH OVERHEAD IRRIGATION FOR APPLICATION OF SIMULATED RAINFALL EVENTS (TOP) AND 

MODULES LOCATED ON MARKED POSITION (BOTTOM). ............................................................................ 142 

FIG. A2-4. SIMULATED RAINFALL DISTRIBUTION AND DEPTH CALIBRATION (PHOTOS PROVIDED BY JOERG WERDIN). ..... 143 

FIG. A2-5. DIAGRAM ILLUSTRATING RUNOFF COLLECTION SYSTEM. ..................................................................... 144 

FIG. A2-6. DIAGRAM ILLUSTRATING RELATIONSHIPS BETWEEN MEASUREMENTS, INCLUDING: (I) CALCULATING RUNOFF AND 

RETENTION; (II) CALCULATING SUBSTRATE WATER CONTENT (SWC) AFTER RAINFALL EVENT AND DRAINAGE; (III) 

CALCULATING AVAILABLE STORAGE (AS) AND SWC BEFORE EACH SIMULATED RAINFALL EVENT, AND (IV) 

CALCULATING ET BETWEEN RAINFALL EVENTS (ETBETWEEN) AND CUMULATIVE ETBETWEEN FOR ALL EVENTS. WEIGHTS OF 

MODULES WERE MEASURED BEFORE AND AFTER EACH EVENT AND SWC DETERMINED BY CORRECTING TOTAL 

MODULE WEIGHT FOR THE WEIGHT OF PLANTS, DRY SUBSTRATE AND COMPONENTS OF THE MODULE. RUNOFF WAS 

MEASURED DIRECTLY WITH WATER LEVEL CAPACITANCE SENSORS. ET ON THE DAY OF THE EVENT (ETDURING) WAS 

CALCULATED ON THE BASIS OF WATER BALANCE AS THE DIFFERENCE FROM RETENTION AND WEIGHT CHANGE OF 

MODULE BEFORE AND AFTER RAINFALL EVENT. ....................................................................................... 146 

FIG. A2-7. CUMULATIVE RAINFALL AND CUMULATIVE TOTAL ET OF ALL 18 MODULES FOR SIMULATED RAINFALL EVENTS. 

COLOURS INDICATE CUMULATIVE RAINFALL (BLACK) AND CUMULATIVE TOTAL ET IN EACH MODULE. ................. 147 



xiii 
 

FIG. A2-8. ROOT PROFILES OF S. GLAUCA AFTER HARVESTING: (A) THE VERTICALLY ORIENTED ROOT SYSTEM WHICH 

PENETRATES DEEPLY INTO THE SUBSTRATE AND (B) HIGH RATIO OF DECAYING OR DEAD ROOTS. ROOT PROFILE OF S. 

PACHYPHYLLUM: (C) SHALLOW ROOT SYSTEM. ROOT PROFILE OF D. ADMIXTA: (D) THE VERTICALLY ORIENTED ROOT 

SYSTEM WITH FEW DECAYING ROOTS. ................................................................................................... 149 

FIG. A2-9. CUMULATIVE RUNOFF RESPONSES FOR ALL MODULES FOR SIX SMALL EVENTS GENERATING NO RUNOFF. 

COLOURS INDICATE RAINFALL (BLACK) AND RUNOFF IN EACH MODULE. ....................................................... 150 

FIG. A2-10. CUMULATIVE RUNOFF RESPONSES FOR ALL MODULES FOR SIX MEDIUM EVENTS. COLOURS INDICATE RAINFALL 

(BLACK) AND RUNOFF IN EACH MODULE. ............................................................................................... 152 

FIG. A2-11. CUMULATIVE RUNOFF RESPONSES FOR ALL MODULES FOR SIX MEDIUM EVENTS. COLOURS INDICATE RAINFALL 

(BLACK) AND RUNOFF IN EACH MODULE. ............................................................................................... 153 

FIG. A3-1. SIMULATED RAINFALL EVENTS. (A) DAILY REFERENCE EVAPOTRANSPIRATION (DAILY ETO) FOR THE EXPERIMENT 

PERIOD AND (B) DEPTH AND FREQUENCY OF SIMULATED RAINFALL EVENTS, COLOUR-CODED BY THE LENGTH OF 

ANTECEDENT DRY DAYS (ADWP). ....................................................................................................... 156 

FIG. A3-2. EXPERIMENTAL APPARATUS SHOWING GREEN ROOF MODULES UNDER THE RAIN SIMULATION SYSTEM FOR 

APPLICATION OF SIMULATED RAINFALL EVENTS; THE RUNOFF WATER COLLECTING SYSTEM (WHITE U-SHAPE PIPES) TO 

MONITOR RUNOFF WATER LEVEL BY INSIDE INSTALLED WATER LEVEL SENSORS. ............................................. 156 

FIG. A3-3. ROOTS OF ROOTS OF S. GLAUCA WERE ALSO OBSERVED ACCUMULATING IN THE DRAINAGE LAYER BENEATH THE 

SUBSTRATE. .................................................................................................................................... 157 

FIG. A4-1. CALIBRATIONS EQUATIONS FOR AQUAFLEX MOISTURE SENSORS IN 100 MM (A), 150 MM (B) AND 200 MM 

(C). ............................................................................................................................................... 159 

FIG. A4-2. FOR DIFFERENT RAINFALL EVENTS AND AVAILABLE STORAGES, THE RELATIONSHIPS BETWEEN RETENTION 

PERFORMANCE AND AVAILABLE STORAGE BEFORE EVENTS, AND AVAILABLE STORAGE OF SUBSTRATE DEPTHS. (A) 

AVAILABLE STORAGE ≥ RAINFALL DEPTH; (B) AVAILABLE STORAGE < RAINFALL DEPTH. RED LINES REPRESENT A 1:1 

RELATIONSHIP. ................................................................................................................................ 163 

FIG. A4-3. PHOTOGRAPH OF THE THREE GREEN ROOF BEDS ON 27 MARCH 2017. ................................................ 164 

FIG. A4-4. RUNOFF PREDICTION VALIDATION AGAINST MONITORED DATA USING EQUATION (1). .............................. 166 

FIG. A4-5. RUNOFF RESPONSE OF GREEN ROOF BEDS TO EVENTS WHEN RUNOFFS WERE GENERATED. ........................ 173 

 



xiv 
 

 



1 
 

Chapter 1. Introduction 
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1.1. Background 

Urbanization substantially disturbs natural landscapes, in particular the 

replacement of pervious natural surfaces with impervious surfaces (Shuster et 

al., 2005). Increasing impervious surfaces, drained by hydraulically-efficient 

drainage systems, has led to degradation of urban streams and the “urban 

stream syndrome” (Shuster et al., 2005; Walsh et al., 2005). Further, 

impervious surfaces reduce rainfall infiltration and evapotranspiration (ET), and 

surface runoff is increased (Booth and Jackson, 1997; Shuster et al., 2005; 

Walsh et al., 2012). Traditional stormwater management aims to drain water 

away from urban areas to mitigate flood risk (Brown et al., 2009). Such drainage 

systems have a limited capacity, meaning that they may fail to protect urban 

populations from flood damage (Burns et al., 2012). Surcharges can lead to 

untreated sewage overflow and flooding, as well as causing pollution and 

erosion, thus reducing the biodiversity and ecological values of waterways 

(Walsh et al., 2005). It is for this reason that recent decades have seen a move 

towards more sustainable approaches to stormwater management (Burns et al., 

2012). 

 

Compared with traditional stormwater management, sustainable stormwater 

management approaches aim to mimic, at least in part, natural predevelopment 

hydrologic processes; facilitating infiltration, attenuation, conveyance, storage 

and biological treatment of stormwater (Burns et al., 2012). In addition to 

restoring more natural flow regimes, sustainable urban stormwater 

management aims also to address water quality problems and provide amenity 

value (Marlow et al., 2013). In these sustainable alternative stormwater 
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management systems, stormwater becomes a resource rather than a problem 

(Walsh et al., 2012). Despite the attractiveness of this approach, its successful 

implementation requires detailed understanding of how the various stormwater 

control measures (e.g. wetlands, swales, buffer strips, bioretention systems, 

green roofs, porous pavements) perform in terms of hydrology and water quality 

(Stovin et al., 2013). 

 

1.2. Green roofs  

Green roofs – the planting of specially-designed roof surfaces with vegetation 

– are one  sustainable stormwater tools employed to reduce surface runoff, as 

roofs may account for approximately 40- 50% of impervious surfaces (Dunnett 

and Kingsbury, 2004; Oberndorfer et al., 2007). Green roofs are an attractive 

option, as they can partly compensate for the loss of pervious surfaces by 

providing storage capacity for rainfall retention and detention (Stovin et al., 

2012). Green roofs retain and intercept rainfall, which is used to sustain plant 

growth and restore pre-development hydrological processes such as 

evapotranspiration (Stovin et al., 2013; Viola et al., 2017). Green roof rainfall 

retention is influenced by green roof configuration (e.g. substrate material and 

depth, plant type, antecedent conditions and rainfall characteristics (Locatelli et 

al., 2014; Cipolla et al., 2016).  

 

Green roofs, also known as rooftop gardens or vegetated roofs, are roofs with 

a vegetated layer planted within a substrate (Oberndorfer et al., 2007). Green 

roofs are made up of several layers (Fig. 1-1) and are designed to mimic a 
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natural growing environment for plants, within the constraints of the weight-

loading capacity of the building. 

 

 

From top to bottom these layers are: 1) the vegetation layer; carefully selected 

for the green roof conditions (Farrell et al., 2013b); 2) the substrate layer; which 

imitates the function of a soil layer in the natural landscape and supports plants 

by providing water, nutrients and air, and is designed to retain rainfall, while 

exhibiting high porosity and hydraulic conductivity (Ampim et al., 2010); 3) the 

filter layer, to reduce the loss of fine materials from substrates, but allow water 

to infiltrate through the green roof system (FLL, 2008); and 4) the drainage layer, 

that diverts excess water, protects plant roots from water-logging, and facilitates 

secondary water storage (Vesuviano and Stovin, 2013). There are two main 

types of green roofs, distinguished largely by substrate depth (FLL, 2008): 

intensive (>150mm) and extensive (≤ 150mm) (Mentens et al., 2006). Sedum 

Fig. 1-1. Typical configuration of a green roof (photo of a green roof model by Z. Zhang).  
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species are the most frequently used vegetation on extensive green roofs 

(Berndtsson, 2010), while intensive green roofs are also planted with non-

succulent species such as grasses, perennial herbs and shrubs (Dvorak and 

Volder, 2010). Because of their lightweight nature and low maintenance 

requirements, extensive green roofs are affordable for a broad range of 

buildings and are therefore widely implemented (Hakimdavar et al., 2014).  

 

Green roofs improve urban rainfall retention and help to facilitate multiple 

benefits such as water quality improvement, and increase biodiversity and 

amenity (Oberndorfer et al., 2007; Berndtsson, 2010). Green roofs can also 

provide thermal benefits for buildings, because they can reduce heat absorption 

inside buildings and  increase solar reflection (Pianella et al., 2016a). This 

occurs because of evapotranspirative cooling from green roof vegetation and 

the substrate, shading from plant cover and the insulative properties of the 

substrate (Niachou et al., 2001; Kumar and Kaushik, 2005; Ouldboukhitine et 

al., 2011; Pianella et al., 2016b). Thermal performance is related to specific 

building characteristics, including size and use (Sonne, 2006), the efficiency of 

heating or cooling (Liu and Minor, 2005) and insulation as well as the 

configuration of the green roof (Eksi et al., 2017; Pianella et al., 2017). Green 

roofs can potentially improve air quality in densely-populated urban areas, by 

capturing and filtering particles and chemical/gasses from the air (Yang et al., 

2008; Baik et al., 2012). The extent to which pollution removal can be achieved 

depends on plant cover, pollution concentration, season, and meteorological 

conditions (Nowak et al., 2006; Yang et al., 2008). Green roofs can provide 

additional biodiversity habitat in dense urban areas, where urbanisation has 
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accelerated the loss of habit (Oberndorfer et al., 2007; Madre et al., 2013; 

Williams et al., 2014). In addition to providing ecological benefits, green roofs 

can provide green space that can improve human wellbeing outcomes (Lee et 

al., 2014; Lee et al., 2015). For example, they can improve mental 

concentration and performance of people living in densely-populated urban 

areas (Lee et al., 2014; Lee et al., 2015). Green roofs can also retain rainfall 

and reduce stormwater runoff and can remove and filter contaminants from 

runoff (Berndtsson, 2010). 

 

1.3. Green roof rainfall retention  

Green roofs reduce runoff via rainfall retention both during rainfall events and 

between events. During rainfall events, retention occurs via plant interception, 

infiltration and retention by the substrate. Water in excess of the storage 

capacity of the green roof becomes runoff (Stovin et al., 2013; Locatelli et al., 

2014; Soulis et al., 2017). During the dry period between rainfall events, water 

retained in the substrate will be removed by plants via evapotranspiration (ET) 

and thus storage capacity for the next rainfall event will be replenished (Wadzuk 

et al., 2013; Poë et al., 2015). This set of hydrological processes is widely 

understood in theory, and based on these processes conceptual water balance 

models of substrate moisture flux (Fig. 1-2) have been developed to quantify 

rainfall retention and runoff, e.g., Stovin et al. (2013):  

𝑑𝑆

𝑑𝑡
= 𝑃 − 𝐸𝑇 − 𝑅                                                                                              (1) 

𝑆𝑊𝐶𝑚𝑎𝑥 = 𝑃𝐴𝑊 = (𝑆𝑊𝐶𝐹𝐶 − 𝑆𝑊𝐶𝑃𝑊𝑃) × 𝑑                                                    (2) 

𝐸𝑇𝑡 = 𝐸𝑇𝑜 ×
𝑆𝑊𝐶𝑡

𝑆𝑊𝐶𝑚𝑎𝑥
                                                                                          (3) 
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where dS/dt is the change in total stored water in substrate per unit time; P(mm), 

ET(mm) and R(mm) are precipitation, evapotranspiration and total runoff. 

 

As the conceptual water balance model shows (Fig. 1-2), the moisture balance 

of a green roof is important for its hydrological performance (Stovin et al., 2013). 

Theoretically and mathematically, factors affecting the water balance are likely 

to influence rainfall runoff. The model considers the overall storage capacity of 

the green roof system and the available storage at the onset of a rainfall event 

(Bengtsson et al., 2005a; Stovin et al., 2012; Locatelli et al., 2014). Different 

green roof configurations directly impact this moisture balance and play an 

important role in hydrological performance, because they influence both the 

maximum storage capacity and available storage regenerated before the 

rainfall event (Bengtsson et al., 2005a; Sims et al., 2016). 

  

 

Fig. 1-2. Conceptual water balance model of a green roof (Stovin et al., 2013). P is precipitation, ET is 

evapotranspiration, R is runoff, SWCsat is the saturated water content, SWCFC is the water content at 

field capacity, SWCPWP is the water content at permanent wilting point, PAW is plant available water and 

SWCmax is the maximum retention capacity of substrate. 
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There are three essential elements of a green roof configurations (design 

factors) that determine the total rainfall storage capacity and the regeneration 

of this storage capacity. These elements are the 1) plants, the 2) substrate 

depth and properties and 3) and the drainage layer retention. However, the 

characteristics of plants and substrates are considered to be more important 

factors of in the moisture balance, because this is where available storage is 

typically regenerated via ET (Wolf and Lundholm, 2008; Getter and Rowe, 2009; 

Farrell et al., 2013b; Graceson et al., 2014; Madre et al., 2014; Whittinghill et 

al., 2015).  However, external influences, particularly the incidence of 

precipitation and climatic factors driving evaporation by the availability of latent 

heat energy, also affect moisture balance and subsequently retention 

(Fassman-Beck et al., 2013; Viola et al., 2017). The factors that influence 

rainfall retention are summarised in Table 1-1. 

 

Substrates are an important proportion of storage capacity in green roofs. 

Therefore, their physical properties strongly influence the hydrological 

performance of a green roof (Hathaway et al., 2008; She and Pang, 2009; 

Berndtsson, 2010; Carbone et al., 2014). Substrates used on green roofs are 

highly engineered and they differ from natural soils, as they have a higher 

mineral content, coarser particle size and lower organic matter content (<20%) 

(Ampim et al., 2010). They are primarily designed to be free draining while also 

supporting plant survival, requiring the appropriate balance of air, water and 

nutrients (Nagase and Dunnett, 2011). To enhance retention and detention of 

rainfall, while supporting plant growth, substrates need to have appropriate 



9 
 

porosity and permeability, as well as the ability to hold water (Beattie and 

Berghage, 2004; Stovin et al., 2015). The porosity of green roof substrates 

strongly influences the water-air balance (Stovin et al., 2015; Bouzouidja et al., 

2018) and the ideal water-air balance is 20% aerated pore space and 40% 

water holding capacity (Beattie and Berghage, 2004). Substrate pores also 

determines two crucial moisture status parameters which control the total 

amount of water retention in system and the water available for plants: field 

capacity and permanent wilting point (Miller, 2003; FLL, 2008). The maximum 

storage capacity of the green roof is the difference between these two moisture 

status boundaries (Stovin et al., 2012; Viola et al., 2017). In addition, ET is also 

dependent on the distribution of substrate inter-particle pore-space and 

decreases with a reduction of available moisture (Kasmin et al., 2010; Fassman 

and Simcock, 2011). Therefore, green roof substrates also aim for a well-

graded distribution of particle sizes and porosity to ensure adequate retention 

and sufficient drainage (Miller, 2003; Beattie and Berghage, 2004; FLL, 2008) 

and therefore that adequate water remains available for plants. Substrate 

composition, especially the proportion of organic matter and inorganic material, 

influences the trade-off between plant growth and substrate permeability 

(Carbone et al., 2014; Graceson et al., 2014; Vijayaraghavan and Raja, 2014). 

Increasing the amount of organic matter in a substrate will facilitate greater 

water holding capacity and higher biomass growth but reduce the permeability 

of a substrate (Farrell et al., 2013a; Carbone et al., 2014; Graceson et al., 2014). 

The substrate depth directly influences green roof retention because it 

determines maximum storage capacity and therefore it controls the range of 

plant species and diversity that a green roof can support (Fassman and 
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Simcock, 2011; Nagase and Dunnett, 2011; Madre et al., 2014). While 

increased substrate depth also increases retention (Feitosa and Wilkinson, 

2016), there is a trade-off with weight as substrate depth is nearly always limited 

by the weight-loading capacity of buildings (Castleton et al., 2010; Feitosa and 

Wilkinson, 2016). 

 

Table 1-1. Factors affecting green roof rainfall retention 

Factor Main points 

Substrate  Substrate components and thickness (depth) play important roles for plant growth 

and physiological performance, which influence hydrologic performance (VanWoert 

et al., 2005a; Young et al., 2014).  

Number of 

layers and 

type of 

materials 

Layering provides a positive effect on plant water status and survival by retaining 

water potentially available to plants (Savi et al., 2013). 

Age The water holding capacity may increase as the organic matter content and pore 

space increase with age (Getter et al., 2007; Speak et al., 2013; De-Ville et al., 

2017), although another study reported that the age of green roof is not significantly 

correlated with runoff (Mentens et al., 2006). 

Position and 

slope of roof 

This is inconsistent, as runoff retention was found to depend on slope in some 

studies (VanWoert et al., 2005b; Getter et al., 2007), but not others (Bengtsson et 

al., 2005b; Mentens et al., 2006). 

Rainfall 

events 

Rainfall characteristics (size and intensity) significantly influences retention. The 

retention rate is reduced with increasing rainfall size (Carter and Rasmussen, 2006) 

and intensity (Villarreal and Bengtsson, 2005). 

Drought 

duration 

Plant species with different substrate depths showed differences in response to 

various drought stress  (Thuring et al., 2010; Wong and Jim, 2014). 

Plant types   Best plant species retained 75.3% of experimentally added stormwater and 

significant variation existed within life-form groups, also the size and structure of 

plants significantly influences the amount of water runoff (Wolf and Lundholm, 

2008; MacIvor and Lundholm, 2011; Nagase and Dunnett, 2012). 
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External factors can significantly influence green roof retention by controlling 

the moisture balance. These include; 1) precipitation characteristics; e.g. 

rainfall depth, intensity and duration (Stovin et al., 2012; Fassman-Beck et al., 

2013); and 2) other climatic factors, especially the amount of latent heat energy 

which affects evapotranspiration (Rezaei et al., 2005; Mentens et al., 2006). 

Rainfall depth significantly affects green roof retention, as larger rainfall depths 

are associated with lower retention (Stovin et al., 2012; Sims et al., 2016). 

Green roofs absorb initial rainfall and fully retain rainfall in small events (e.g. < 

2mm) (Hilten et al., 2008; Fassman-Beck et al., 2013; Sims et al., 2016). 

However, green roof retention declines from an average of 80% for small rainfall 

events to <35% for large rainfall events (e.g. >10 mm) (Carter and Rasmussen, 

2006). The antecedent dry weather period (ADWP) is also an important factor 

for green roof retention because it quantifies the extent of potential 

evapotranspiration, associated with the moisture balance, that may take place 

since the last rainfall event (Stovin et al., 2012). Climatic factors influence latent 

heat energy and consequently cause evaporation (Mentens et al., 2006; 

Berghage et al., 2007): 1) solar radiation determines the amount of energy 

available for plant transpiration; 2) lower humidity (lower moisture content of the 

air), driven by water vapour content and air temperature, increases ET due to 

the greater vapour pressure gradient (VPD), which is defined as the deficit 

between the current amount of moisture in the air and water holding capacity 

of air; and 3)wind speed influences ET because it affects the rate of air 

movement and in turn vapour movement over leaf surfaces. 
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1.4. Improving green roof rainfall retention 

Plants are an important determinant of green roof rainfall retention because of 

their contributions to evapotranspiration (ET), the main process of storage 

regeneration between rainfall events (Berretta et al., 2014; Poë et al., 2015). 

Observed greater rainfall retention by vegetated roofs is consistent with the 

increase in ET provided by plants (Berghage et al., 2007; Ouldboukhitine et al., 

2011). For example, a simulated rainfall study in Nova Scotia, Canada found 

that planted microcosms had ~30% greater water loss than unplanted (bare) 

substrate microcosms (Lundholm et al., 2010). The importance of the role of 

plants in increasing rainfall retention is, however, not clear. 

 

Although it is hard to imagine a green roof or any green infrastructure without 

plants, from a purely functional perspective, the benefit provided by plants for 

rainfall retention is still debated and inconclusive. For example, MacIvor and 

Lundholm (2011) concluded that non-vegetated roofs retained more rainfall 

than most green roofs with vegetation from a green roof module study. 

VanWoert et al. (2005b) compared three different roofs, a conventional roof, a 

planted roof and an unplanted roof with substrate only and showed that the 

vegetated roof did not have significantly greater retention than the non-

vegetated roof. This suggests increased interception and transpiration 

associated with a vegetated roof may be offset by greater evaporation from a 

non-vegetated surface, due to reduced shading from plants (MacIvor and 

Lundholm, 2011; Rowe et al., 2012). The obvious approach to test these 

questions is to compare planted and unplanted green roofs (VanWoert et al., 

2005b). However, the vegetated beds were also observed having higher levels 
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of rainfall retention and better detention, compared with unvegetated beds in 

Sheffield, UK (Stovin et al., 2015). Therefore, the role of plants in green roof 

rainfall retention remains disputed and a topic of importance for future research 

efforts (Starry et al., 2016). 

 

Green roof plant selection has mostly been limited to succulent species, 

typically Sedum species, given the harsh conditions of green roofs (e.g., 

extreme temperatures, high solar radiation and high wind exposure), and the 

use of shallow substrates with limited moisture, high hydraulic conductivity and 

low organic content (Getter and Rowe, 2009; Rayner et al., 2016). These plants 

can survive significant periods where substrate water is limited, which happens 

frequently on green roofs with a shallow substrate layer, especially in 

seasonally hot and dry climate such as south eastern Australia (Farrell et al., 

2012; Li et al., 2018). Because of their advantages in both morphology and 

physiology, they are able to survive low water availability, typically through 

inherently low rates of water use, coupled with water storage in leaf tissues and 

shallow root systems, allowing them to maintain water status during extended 

drought (Farrell et al., 2012; Szota et al., 2017). However, their advantages for 

surviving droughts are also likely to become disadvantages for replenishing the 

storage capacity of green roofs between rainfall events (Wolf and Lundholm, 

2008; Lundholm et al., 2010). As such, green roofs planted with these succulent 

species, often as monocultures, may not effectively replenish the storage 

capacity between rainfall events, because of their conservative water use 

(Villarreal and Bengtsson, 2005; Farrell et al., 2013b). 
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1.4.1. Plant water use strategies 

To address these deficiencies when designing green roofs for rainfall retention, 

researchers are trying to broaden plant selection beyond succulents to 

herbaceous perennial and woody plants (Dvorak and Volder, 2010; Soulis et 

al., 2017). From the perspective of green roof rainfall retention, plants with high 

water use are desirable (Voyde et al., 2010; Poë et al., 2015). Plants with higher 

water use are more likely to regenerate storage between rainfall events and 

therefore improve retention performance (Monterusso et al., 2005; Nagase and 

Dunnett, 2010). On green roofs, grasses and forbs show improved hydrologic 

and cooling performance when compared with succulents, due their higher 

transpiration rates (Nagase and Dunnett, 2012; Soulis et al., 2017). For 

example, MacIvor et al. (2011) evaluated the performance of 15 plant species 

native to coastal barren habitats of Atlantic Canada and showed that more than 

80% of those plants could survive on green roofs. The best species also 

retained 75% of rainfall because they depleted the available soil moisture more 

rapidly and therefore increased storage capacity for retention of subsequent 

events (MacIvor and Lundholm, 2011). However, because of their high water 

use, these species are potentially more vulnerable to drought stress (Savi et al., 

2013; Stovin et al., 2013; Szota et al., 2017), as they are also more likely to be 

exposed to increased drought frequency, intensity and duration, given the 

limited amount of water stored in shallow substrates (MacIvor and Lundholm, 

2011; Stovin et al., 2013). Therefore, ideally plant species for green roof rainfall 

retention should have water use plasticity, allowing them to use high levels of 

water when available, but to be conservative in times of limited water availability 

(Farrell et al., 2013b). 
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One promising approach for green roof plant selection could be using a habitat 

template, selecting drought-resistant plants from natural habitats with shallow-

soils and extremes in soil moisture. Such habitats include granite outcrops, 

scree slopes, and limestone pavements (Lundholm, 2005). For example, plants 

from granite outcrops have shown a ‘plastic’ water use strategy, with higher 

water status under well-watered conditions and higher drought resistance 

under water deficit (Farrell et al. 2013). Potential trade-offs exist between plant 

drought tolerance and water-use efficiency (Szota et al 2017), but there is no 

evidence of whether these plants improve retention on green roofs. Therefore, 

more studies are needed to test whether plants with water use plasticity can 

improve the rainfall retention performance of green roofs relative to 

conservative water using succulent species. It is unclear whether plant species 

with greater plasticity in water use will reduce rainfall runoff because of their 

potential for greater ET when substrate water availability is high. While there is 

some evidence of this benefit in glasshouse experiments (Farrell et al., 2013b), 

the response of plant water uptake under real green roof conditions has not 

been investigated. 

 

1.4.2. A diverse mixture of plant species  

Planting green roof systems with a mixture of different species could enhance 

their habitat quality, ecosystem benefits and aesthetic appeal (Lundholm, 2015). 

A diverse mix of species which are similar in their effects on processes (water 

and nutrient dynamics, trophic interactions, or disturbance regime), but differ in 

response to environmental conditions, can provide resilience to changing 
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environmental conditions and disturbance (Chapin et al., 1997; Chapin Iii et al., 

2000). Even under extreme conditions, mixed species plantings have a higher 

probability that at least one species remains active and maintains the plant-

based functions in the systems (Chapin et al., 1997).  

 

The positive effect of plant species diversity on ecological services or processes 

has been studied in both natural and highly managed ecosystems (Quijas et al., 

2010; Cardinale et al., 2011; Lundholm, 2015). This positive effect could 

contribute to a complementary exploitation of ecosystem resources. For 

example, a mixture of shallow-rooted species and deep-rooted species may 

explore water or nutrients located in various depths of soil because they have 

different requirements and ability to acquire different nutrients (Schmid et al., 

2008; Cardinale et al., 2011). This positive effect may also be the consequence 

of a higher probability of having highly productive species (“selection effect” or 

“sampling effect”) or due to mechanisms of facilitation between species 

(“facilitation effect”), which enhance resource use efficiency and result in 

transgressive overyielding, where mixtures of plant species produce more 

biomass than monocultures (Chapin et al., 1997; Loreau et al., 2001; Schmid 

et al., 2008). The overyielding would theoretically result in higher ET and 

therefore greater retention performance of green roofs. 

 

Given the growing evidence of the positive effect of plant species diversity on 

ecological processes in natural systems and in some engineered ecosystems, 

it is hypothesised that mixtures of different plant species may also improve 

green roof function (Lundholm, 2015). For green roof rainfall retention, plant 
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diversity could increase ET due to differences in plant response to water 

availability and because of greater overall biomass production in mixtures (Wolf 

and Lundholm, 2008; Lundholm, 2015; Dagenais et al., 2018). Plant diversity 

could also likely balance the trade-offs between drought tolerance for survival 

and high water use for stormwater retention. For example, when compared with 

monoculture plantings, mixtures of grasses and succulents offered greater 

water retention than monocultures of either life-form, but were not as drought-

tolerant as succulents (Lundholm et al., 2010). Heim and Lundholm (2014) 

suggested that facilitation and competition through incorporating diverse 

functional plant types could potentially enhance the resilience and performance 

of green roof systems in the long-term. However, when Lundholm (2015) 

compared the performance of mixtures of plant life-forms and monocultures, 

mixtures outperformed the best monocultures only for selected ecosystem 

services. Further, while MacIvor et al. (2011) showed that a diverse planting of 

dryland species increased retention, mixtures of both dryland and wetland plant 

species did not improve runoff retention. Nagase and Dunnett (2012) also 

concluded that species richness did not reduce runoff in mixtures of grasses, 

forbs and sedum. These results mentioned above highlight that diversity will not 

necessarily improve green roof hydrologic performance if species are selected 

on basis of life-form, habitat or the number of species per se, as these do not 

necessarily reflect functional strategies or physiological differences. These 

studies have looked at species richness, but without understanding how the 

plants behave physiologically. Few studies have determined the best 

combination of plants for retention performance on the basis of their water use 

strategies (Dagenais et al., 2018). Therefore, it is worthwhile to evaluate 
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whether a mixture of species with high water use plasticity i.e. high water-using 

when water is available and high drought tolerance between rainfall events will 

retain more rainfall than a monoculture of any of these species due to 

complementarity in water use. This could potentially improve stormwater 

retention performance, without compromising plant survival. Drawing on the 

positive effect of plant species diversity on ecological processes in natural 

systems or some engineered ecosystems, a green roof planted with a diverse 

mix of species should outperform a green roof planted with a monoculture. 

There is, however, a lack of solid evidence to confirm this. Further, it is unclear 

whether a diverse mixture of plant species chosen on the basis of their water 

use plasticity could reduce rainfall runoff. I hypothesise that a mixture of plants 

with high water use plasticity could have higher resource use efficiency (water 

uptake and biomass over-yielding), which would result in higher ET and 

therefore greater rainfall retention on green roofs. 

 

1.4.3. Increasing substrate depth 

Substrate depth can influence retention capacity by increasing total water 

holding capacity directly. However, the influence of substrate depth on retention 

can be more complex, because of the interaction with plants, including plant 

growth and water movement though substrate. For example, increasing 

substrate depth on green roofs planted with succulent species may not result 

in better retention. This is because the ET of succulent species may not extract 

moisture from substrates quickly and efficiently after rainfall (Lu et al., 2015). 

However, the effect of the interaction between substrate depth and the use of 

non-succulent species with higher ET on retention is yet not well understood. 
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Plants can adjust root biomass and water uptake efficiency in response to 

climatic conditions and water availability, and thus exploit water from different 

depths. However, such responses have not been investigated for green roofs. 

Better understanding will inform the extent to which storage capacity of the 

system can be recharged by plant water use, and the contribution of ET to green 

roof retention. 

 

1.5. Research aim and synthesis of hypotheses 

The aim of this thesis is to investigate the role of plants in improving green roof 

rainfall retention. As a result of insights gained from the literature, I hypothesise 

that: 

1) Green roofs with plants with high water use plasticity will have higher 

retention than green roofs planted with conservative water users 

(succulents). 

2) A diverse mixture of species with water use plasticity will increase retention, 

when compared with monoculture plantings of these species, due to 

increased water uptake and biomass production. 

3) Increased substrate depth will increase retention due to greater storage 

capacity and thus provide more available moisture for ET and reduce 

drought stress. 

 

1.6. Overview  

Three research questions are proposed to test these hypotheses.  

1) To what extent do plant water use strategies influence green roof rainfall 

retention? 
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2) To what extent does a diverse mixture of plants with high water use plasticity 

increase green roof rainfall retention? 

3) To what extent do substrate depths influence green roof rainfall retention 

and plant performance? 

 

The thesis consists of five chapters within three main parts (Fig. 1-3). 

 

 

Fig. 1-3. Thesis structure. 

 

This thesis consists of three experimental chapters, which address these 

questions. Chapters two and three are based on a 17-month controlled 

simulated rainfall experiment, which was undertaken to understand: 1) the 

effect of plant treatments with different water use strategies and compositions 

on rainfall retention, and 2) the mechanisms underpinning rainfall retention. The 
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fourth chapter reports the results of a 27-month green roof field study which 

examined the effect of substrate depth on rainfall retention and drought stress 

with the same mixture of plants used in the rainfall simulation experiment.  

 

Following this introductory chapter, the experimental research chapters 

(Chapters 2, 3 and 4) are presented as self-contained research papers as 

permitted by The University of Melbourne. As these papers were written as 

stand-alone publications, there is some inevitable repetition across chapters. 

This is mainly in presenting research background and identifying research gaps.  

 

Chapter 2 explores how plant species with water use plasticity in monocultures 

and a mixture influence green roof rainfall retention. For this study, plant 

species were chosen based on water use strategy and compared with a 

commonly used succulent species (Sedum pachyphyllum) with conservative 

water use. Simulated rainfall events were applied to quantify all components of 

the water balance. The growth of species in monocultures and mixtures were 

also compared. Outcomes address research question 1 and 2 of the thesis to 

understand the overall effects of plant treatments with different water use 

strategies and compositions on rainfall retention. 

 

Chapter 3 is also based on the simulated rainfall experiment presented in 

Chapter 2 but investigates per-event scale retention, to determine the key 

drivers of green roof retention performance. The aim of this study was to better 

understand how plant species with water use plasticity in monocultures and a 

mixture influence green roof rainfall retention on an event basis and to 
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understand the role of plants in the green roof water balance; including the 

relative importance of evapotranspiration (ET) and storage capacity of the 

substrate. 

 

Chapter 4 assessed the effects of increasing substrate depth, and therefore 

storage capacity, on evapotranspiration, rainfall retention and plant drought 

stress. Three substrate depths (100, 150 and 200 mm) were installed on an 

experimental green roof that received 377 rainfall events over a 27-month 

period. Outcomes of this chapter address research question 3 of the thesis. 

 

Chapter 5 is a synthesis of the thesis and provides recommendations and 

conclusions of the study, drawing together insights from all of the experimental 

chapters.  
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Chapter 2. Influence of plant composition and water use 

strategies on green roof stormwater retention 
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Foreword 

Chapter 1 demonstrated to what extent plant species with water use plasticity 

planted either in monocultures or in a mixture influenced green roof rainfall 

retention. I hypothesised that: 1) plants with high water use plasticity will have 

higher retention than green roofs planted with conservative water users 

(succulents); 2) a mixture of species will outperform any monocultures with 

regard to biomass, evapotranspiration (ET) and retention performance. This 

chapter aims to answer Research Question 1 and 2 of this thesis to understand 

the overall effects of plant treatments with different water use strategies and 

compositions on rainfall retention. 

 

This chapter has been published as: 

Zhang, Z., Szota, C., Fletcher, T.D., Williams, N.S., Werdin, J., and Farrell, 

C. (2018). Influence of plant composition and water use strategies on green 

roof stormwater retention. Science of the Total Environment 625, 775-781. 

 

The appendices to Chapter 2 were the reprint of the published article.  
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Abstract 

Green roofs are increasingly being considered a promising engineered 

ecosystem for reducing stormwater runoff. Plants are a critical component of 

green roofs and it has been suggested that plants with high water use after 

rainfall, but which are also drought tolerant, can improve rainfall retention on 

green roofs. However, there is little evidence to show how plants with different 

water use strategies will affect green roof retention performance, either in 

monocultures or in mixed plantings. This study tested how monocultures and 

a mixture of herbaceous species (Dianella admixta, Lomandra longifolia and 

Stypandra glauca) affected rainfall retention on green roofs. These species 

were chosen based on their water use strategies and compared with a 

commonly used succulent species (Sedum pachyphyllum) with conservative 

water use. We measured retention performance for 67 rainfall events, 

quantifying all components of the water balance. We also compared growth 

for species in monocultures and mixtures. We found that monocultures of L. 

longifolia had the greatest stormwater retention and ET. Although S. glauca 

has a similar water use strategy to D. admixta, it had the lowest stormwater 

retention and ET. In both the mixture and as a monoculture, S. glauca created 

preferential flow pathways, resulting in lower substrate water contents which 

reduced ET and therefore rainfall retention. This species also dominated 

performance of the mixture, such that the mixture had lower ET and retention 

than all monocultures (except S. glauca). We suggest that root traits and their 

interaction with substrates should be considered alongside water use 

strategies for rainfall retention on green roofs.  

 



32 
 

Key words: Rainfall retention; evapotranspiration; water use strategy; 

ecological function; diversity; monoculture. 

 

2.1. Introduction 

Impervious surfaces in urban areas increase the frequency, volume and peak 

flow of stormwater runoff compared with natural areas which degrades urban 

aquatic ecosystems (Walsh et al., 2005). As roofs comprise a large proportion 

of impermeable surfaces, green roofs are being used as a tool to manage 

urban runoff (Li and Babcock, 2014; Elliott et al., 2016). Although they provide 

other ecosystem services, such as air purification, noise reduction and urban 

cooling, reducing stormwater runoff is often considered the major benefit 

provided by green roofs and is one of the main reasons they are legislated or 

incentivised in cities worldwide (Oberndorfer et al., 2007; Carter and Fowler, 

2008). 

 

Green roofs reduce stormwater runoff by storing water during rainfall events, 

delaying peak runoff (attenuation through the substrate) and removing water 

from the substrate to the atmosphere through evapotranspiration (ET) (Stovin 

et al., 2013). Following rainfall, a portion of the detained water drains from the 

roof and the amount of rainfall corresponding to substrate storage capacity is 

retained (Bengtsson et al., 2005). This retained water will then either 

evaporate or be transpired by plants which dries out the substrate and 

regenerates retention capacity before the next rainfall event (Berretta et al., 

2014; Poë et al., 2015). The rate at which water stored in the substrate is 

used by plants is an important determinant of how a green roof responds to 
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the next rainfall event (Villarreal and Bengtsson, 2005). The most commonly 

planted species on green roofs are succulents in the genus Sedum. These 

plants are ideal for survival in green roof systems, because their shallow root 

system and conservative water use strategy means that they can withstand 

frequent periods of drought on green roofs when the shallow substrates dry 

out (VanWoert et al., 2005; Getter and Rowe, 2009). However, these 

characteristics also mean that they may not sufficiently dry out substrates via 

transpiration between rain events to provide significant stormwater retention 

(Farrell et al., 2013). To optimize rainfall retention and plant survival on green 

roofs, plants need to have high transpiration when water is available after 

rainfall, but also be able to survive dry substrates between rainfall events by 

limiting their transpiration (Wolf and Lundholm, 2008; Farrell et al., 2013). 

These water use strategies have been found in rock outcrop plants evaluated 

for green roofs, but their potential for reducing stormwater runoff has not yet 

been evaluated (Farrell et al., 2013). 

 

It has been suggested that a diverse mixture of plant functional groups will 

improve the function and resilience of green roofs (Lundholm et al., 2010). 

Studies in both natural and engineered ecosystems have found positive 

relationships between plant diversity and the provision of ecosystem services, 

including: maintaining hydrologic cycles, cleaning air and water and the 

storing/cycling of nutrients (Christensen et al., 1996; Quijas et al., 2010; 

Johnson et al., 2016). Two principal mechanisms are thought to drive the 

positive relationships between species diversity and ecosystem function: (1) 

transgressive overyielding, where mixtures of plant species produce more 
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biomass than monocultures due to complementarity in resource utilization 

(Schmid et al., 2008; Prieto et al., 2015); and (2) selection effect, where there 

is a greater  possibility of including the best-performing species in a mixture 

which enhances resource use efficiency (Chapin III et al., 1997). Species 

which have similar effects on ecosystem processes (water and nutrient 

dynamics, trophic interactions, or disturbance regime), but differ in response 

to environmental conditions, can also provide stability (resistance and 

resilience) under changing environmental conditions (Chapin Iii et al., 2000). 

Consequently, if one species is lost from a diverse ecosystem, there is the 

potential for other functionally similar species to compensate, making the 

ecosystem more resilient to environmental changes (Ehrlich and Ehrlich, 

1981).  

  

Applying biodiversity and ecosystem theory to improve the performance of 

green roofs has been gaining traction, with several studies evaluating how 

plant diversity affects rainfall retention (Dunnett et al., 2008; Lundholm et al., 

2010). However, most of these studies have evaluated diversity in terms of 

mixtures of life-forms or species richness, rather than by mixing species with 

known functionality, such as the water use strategy. While these studies 

hypothesised that mixtures would out-perform monocultures in terms of 

retention, the results have not been straight forward.  For example, Lundholm 

et al. (2010) reported that while mixtures of grasses and succulents had 

greater retention than monocultures of either life-form, their retention was less 

than bare substrate. The effects of life-form diversity are likely complicated by 

differences in biomass and rainfall interception. For example, Dunnett et al. 
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(2008) found there was no significant improvement in retention with life-form 

diversity, but that the highest retention was from tall plants with high root 

biomass. This is consistent with Franzaring et al. (2016) which showed that, 

compared with monocultures of legumes, herbs, small shrubs and succulents, 

mixtures of these life-forms retained less water than monocultures of grasses. 

While species richness seems to be positively related to productivity, it may 

not relate to rainfall retention (Nagase and Dunnett, 2012; Johnson et al., 

2016). 

 

These results are consistent with ecological research that shows that not all 

metrics of biodiversity are related to improved nutrient and water uptake, 

biomass production and transpiration rate (Dıáz and Cabido, 2001; Lavorel 

and Garnier, 2002). It has been suggested that functional diversity and 

functional trait diversity may be the most important drivers for specific 

ecosystem services (Petchey and Gaston, 2002; Cadotte et al., 2011). 

Consequently, green roof experiments assessing the role of diversity on the 

basis of life-forms or species richness may not have included the necessary 

functional or physiological traits to improve water retention. This leads us to 

consider whether biodiverse green roofs designed on the basis of functional 

diversity or functional trait diversity could achieve the trade-off between 

hydrological performance and plant survival. We therefore suggest that green 

roofs planted with mixtures of species with appropriate water use strategies 

will improve rainfall retention performance without compromising plant survival 

(Farrell et al., 2013). 
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In this study, we tested how mixtures and monocultures of species chosen on 

the basis of plant water use strategies affect rainfall retention on green roofs, 

relative to a commonly used succulent species. We evaluated three species 

(Lomandra longifolia, Dianella admixta and Stypandra glauca) known to have 

water use plasticity, i.e. they have high evapotranspiration when water is 

available and reduced water use under drought conditions to avoid drought 

stress (Farrell et al., 2013). We predicted that: (1) green roof modules planted 

with monocultures of species with water use plasticity would retain more water 

via greater evapotranspiration than modules planted with the succulent 

species with conservative water use and (2) mixtures would retain more 

rainfall due to complementarity in aboveground biomass and water use, 

resulting in greater evapotranspiration. 

 

2.2. Materials and methods 

2.2.1. Experimental design 

We used a randomized block design with six ‘vegetation’ treatments and three 

replicates: (1) bare substrate (as a control), (2) monoculture of Sedum 

pachyphyllum (as a reference for common green roof plantings), (3) 

monoculture of Lomandra longifolia, (4) monoculture of Dianella admixta, (5) 

monoculture of Stypandra glauca and (6) mixture of Lomandra longifolia, 

Dianella admixta and Stypandra glauca. These four species were chosen 

based on two types of water use strategies, (1) conservative water use: S. 

pachyphyllum and (2) plastic water use: L. longifolia, D. admixta and S. 

glauca, on the basis of their response to well-watered (WW) and water deficit 

(WD) treatments in previous study (Table 2-1) (Farrell et al., 2013). 
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Table 2-1. Water use strategies of plant species used in this experiment (Farrell et al., 2013). ‘WW’ and 

‘WD” refer to well-watered and water-deficit conditions in the experiment. 

Family 
Species Water use (g H2O d-1) Water use 

strategy 

  WW WD  

Liliaceae Dianella admixta 71.0 17.5 Plastic 

Lomandraceae Lomandra filiformis 39.9 11.3 Plastic 

Phormiaceae Stypandra glauca 85.1 21.9 Plastic 

Crassulaceae Sedum pachyphyllum 4.3 5.2 Conservative 

 

The experiment was located at the Burnley Campus of The University of 

Melbourne, Australia (-37.828472, 145.020883). Melbourne has monthly 

average maximum and minimum temperatures of 19.9 and 10.2 ºC 

(Melbourne Regional Office; site 086071; Australian Bureau of Meteorology). 

We used 18 modules (6 treatments with 3 replicates per treatment) with 

dimensions 1.15 x 1.15 m, placed in an open-ended rainfall exclusion shelter 

(i.e., a poly tunnel; 28 m long x 2.6 m high). Modules were constructed with 

drainage, geotextile and substrate layers to simulate a typical green roof 

structure. Modules were filled by weight with 105 kg of a scoria-based 

substrate to a depth of 100 mm. The substrate was tested for air-filled porosity 

(13.8 %), bulk density (1.26 g cm-3) and water holding capacity (45.9 %) 

before planting. These properties satisfied the FLL guidelines which are 

commonly used to assess the suitability of green roof substrates (FLL, 2008; 

Farrell et al., 2013). Plants were planted as tubestock in June 2012 at a 

density of 18 plants/module and grown for 36 months before the experiment 

started (Fig. 2-1). This meant that the plants were representative of an 
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established green roof with well-developed root systems and canopy cover. 

Aside from rainfall due to the rainout shelter, climatic conditions were 

monitored conditions in the tunnel with a weather station, including 

temperature, wind and radiation. It is likely that conditions inside the tunnel 

were different to conditions outside, as light was likely lower due to the plastic 

and that the temperature inside was likely higher as well, and consequently 

that ET in the polytunnel was likely different to what would have occurred if 

the modules were outside. 

 

Fig. 2-1. Experimental apparatus showing planted and bare green roof modules under the rain shelter 

and overhead irrigation for application of simulated rainfall events. The U-shape pipes contain water 

level sensors to monitor runoff. The gantry crane was used to weigh modules before and after each 

event. 
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2.2.2. Rainfall simulation 

We ran a rainfall simulation for 468 days, from 14th July 2015 to 25th October 

2016. To apply a ‘typical’ year rainfall based on Melbourne’s recent climate 

observations, we sourced long-term daily rainfall data for Melbourne 

(Melbourne Regional Office; site 086071; Australian Bureau of Meteorology) 

for 50 years (1964-2014) from SILO (Jeffrey et al., 2001).  We calculated the 

50th percentile rainfall depth for each season, then combined the four seasons 

to make a “typical” year. In total, 92 rainfall events were applied over the 468 

days of the experiment. The number of dry days between two subsequent 

rainfall events ranged between zero and 20 days. 

 

Rainfall was applied with an overhead irrigation system with 11 rows of 121 

sprinklers positioned 1.32 m above the substrate surface, applying 0.76 mm 

min-1 to each module. We measured applied rainfall, retention and runoff from 

simulated rain events to compare hydrological performance of different 

vegetation treatments.  

 

2.2.3. Runoff collection and calculating total rainfall retention 

Runoff was collected from each module during each simulated rainfall event in 

PVC pipes constructed to form a U-shape (Fig. 2-1). One side of the ‘U’ was 

connected to the outlet of each module and the other side was fitted with a 0.5 

m Odyssey capacitance water level sensor (Datafow Systems Ltd., 

Christchurch, NZ). Sensors recorded the change in water level depth at 30 

second intervals. Runoff volumes were calculated as the total change in water 

level depth multiplied by the area of the pipe. Rainfall retention was calculated 
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by rainfall minus runoff for each event and total rainfall retention was 

calculated as the sum of retention for all events. We also calculated the 

average runoff delay for all events which produced runoff, i.e., the time-delay 

between the start of the rainfall event and the initial measurement of runoff. 

The average time to initiation of runoff was calculated to show how vegetation 

treatments influenced rainfall movement though substrate. Runoff data was 

collected for 67 of the 92 events applied during the experiment. 

 

2.2.4. Evapotranspiration and soil water content 

To compare evapotranspiration among treatments, we measured the weights 

of modules using a load cell (HBM RSCC s-type; with 50 g resolution and 

maximum capacity of 200 kg) attached to a gantry crane before and after 

each rainfall event (Fig. 2-1). ET between rainfall events was determined from 

the difference in module weight 24 hours (to allow for runoff collection) after 

each event and immediately before the next event. Cumulative ET was 

determined as the total amount of water lost from each module during the 

experiment. 

 

We also calculated the soil water content (SWC) before and after each rainfall 

event from module weights, according to:  

𝑆𝑊𝐶𝑡 =
(𝑀𝑡𝑜𝑡−𝑀𝑓𝑝−𝑀𝑑𝑠−𝑀𝑚𝑠)

𝐴𝑚
                                                                              (1) 

where SWCt is the soil water content at time t, Mtot is the total weight of total 

module, Mfp is the final fresh weight of plants, Mds is the weight of dry 

substrate, Mms is the weight of module structure and Am is the area of the 
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module. We calculated an average soil water content for the duration of the 

experiment.   

 

2.2.5. Plant biomass at the end of the experiment 

At the end of the experiment, we randomly selected and harvested three 

similar, representative plants of each species from each module. There were 

no noticeable differences in condition among the selected plants. Shoot 

biomass was removed and weighed (fresh weight), then dried in an oven at 

105 °C for 72 hours (dry weight). Root biomass from each of the selected 

plants was removed using a 150 mm diameter PVC pipe core, hammered into 

the full depth of the substrate and centred on the removed shoot. Roots were 

washed from the substrate and patted dry using paper towel before 

determining fresh weights, then dry weights (after drying in a 70 °C oven for 

72 hours). From these measurements, we calculated the average shoot and 

root biomass per plant for each module.  For the total module root biomass, 

we multiplied the average root biomass of the three harvested plants by the 

number of plants per module.  To determine the total module shoot biomass, 

we harvested all remaining shoot biomass and added this to the shoot 

biomass of the three individual plants harvested. 

  

2.2.6. Substrate properties at the end of the experiment 

We also measured whether differences in water retention among treatments 

were related to changes in substrate properties over time.  Three substrate 

core samples (74 mm diameter and 100 mm deep) were randomly extracted 

from each module and tested for water holding capacity (WHC), air-filled 
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porosity (AFP) and bulk density at field capacity according to the Australian 

Standard for Potting Mixes AS 3743-2003 (Standards Australia, 2003). 

 

2.2.7. Statistical analyses 

The effect of planting treatments on retention, cumulative ET, SWC, initiation 

of runoff and (shoot and root) biomass were analysed using one-way ANOVA. 

Tukey’s HSD was used to indicate significant differences among treatments 

(P <0.05). Relationships between all variables, regardless of treatment, were 

also determined from correlation analysis. Data were transformed where 

necessary (all data shown are non-transformed). All analyses were 

undertaken with R version 3.3.1 (R Core Team, 2016), including packages 

‘dplyr’, ‘tidyr’, ‘ggplot2’, ‘lubridate’, ‘cowplot’ and ‘agricolae’. 

 

2.3. Results 

2.3.1 Total rainfall retention 

Rainfall retention differed significantly among treatments (Fig. 2-2A). Modules 

planted with L. longifolia had the highest retention, with 16% greater retention 

than S. glauca and 10% greater retention than S. pachyphyllum. Interestingly, 

S. glauca, not S. pachyphyllum which has a conservative water use strategy, 

had the lowest retention. Modules planted with S. glauca and the mixture of 

species, also had lower rainfall retention than the bare treatment. Modules 

planted with mixtures retained less rainfall than monocultures of L. longifolia. 
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2.3.2. Cumulative evapotranspiration 

Modules with L. longifolia, which retained more rainfall than any other 

treatment, also had the highest cumulative ET (Fig. 2-2B). Patterns in 

cumulative ET were very similar to those observed for retention, where L. 

longifolia had significantly higher cumulative ET than S. glauca. The 

difference between the lowest (S. glauca and mixture) and the highest (L. 

longifolia) cumulative ET was 33%. Cumulative ET of the mixture was 

significantly lower than that of all other treatments except S. glauca. 

 

2.3.3. Average soil water content 

Average SWC results also reflected the results for retention and ET. Average 

SWCs of the mixture and the monoculture planting of S. glauca were the 

lowest, while the S. pachyphyllum treatment had the highest average SWC 

(Fig. 2-2C). 
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Fig. 2-2. Mean retention (A), evapotranspiration (ET; B), soil water content (SWC; C) and time to 

initiation of runoff (D) for all treatments. Different letters denote significant differences among means 

(one-way ANOVA, n=3; all P < 0.001) and bars represent mean standard error. 

 

2.3.4. Substrate properties at the end of the experiment 

There were no differences in substrate properties, including: air-filled porosity 

(AFP), water holding capacity (WHC) and bulk density among treatments at 

the end of the experiment (Table 2-2). 
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Table 2-2. Mean (± SE; n = 3) substrate air filed porosity (AFP), water holding capacity (WHC) and bulk 

density at field capacity of the green roof modules at the end of the experiment.  

P-values indicate no significant differences between treatments for a one-way ANOVA. 

Treatment AFP (%) WHC (%) Bulk density (g cm-3) 

Bare 12.77 (±1.70) 36.50 (±2.17) 0.91 (±0.07) 

S. pachyphyllum 13.18 (±1.71) 36.62 (±0.78) 0.90 (±0.04) 

L. longifolia 14.65 (±2.19) 37.02 (±1.85) 0.85 (±0.02) 

D. admixta 15.05 (±0.91) 38.46 (±1.55) 0.86 (±0.03) 

S. glauca 14.07 (±1.73) 39.19 (±0.58) 0.83 (±0.03) 

Mixture 16.12 (±1.29) 40.85 (±0.12) 0.76 (±0.01) 

P-value 0.722 0.249 0.185 

  

2.3.5. Average initiation of runoff 

Although there were no differences in substrate properties at the end of the 

experiment, there were differences in the average time to initiation of runoff 

after rainfall was applied. Modules planted with monocultures of S. glauca and 

the mixture had runoff occurring 27% and 25% faster than modules with the 

slowest time to initiation of runoff (S. pachyphyllum; Fig. 2-2D).  

 

2.3.6. Influence of cumulative ET, average SWC, substrate WHC, initiation of 

runoff and biomass on retention  

Correlation analysis showed that retention was positively correlated with 

cumulative ET and the initiation of runoff (Table 2-3).  The initiation of runoff 

was strongly and positively correlated with cumulative ET and average SWC, 

but negatively correlated with the substrate WHC at the end of the 

experiment. There were no significant relationships between shoot or root 

biomass or the root/shoot ratio and retention, cumulative ET, average SWC or 

initiation of runoff.  
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Table 2-3. Pearson correlation matrix for: retention, cumulative evapotranspiration (ET), average soil 

water content (SWC), water holding capacity (WHC), and shoot and root biomass variables.  * P ≤ 0.05, 

**< 0.01, ***<0.001; n=18 (ET, SWC. WHC and initiation of runoff); n= 15 (shoot biomass and root 

biomass). 

 

2.3.7. Biomass  

At the module level, S. pachyphyllum and L. longifolia had the highest shoot 

biomass, followed by S. glauca and the mixture, while D. admixta had the 

lowest shoot biomass (Fig. 2-3A).  D. admixta had the highest root biomass, 

whereas S. pachyphyllum had the lowest root biomass (Fig. 2-3C).  L. 

longifolia, S. glauca and the mixture had similar root biomass (Fig. 2-3C). 

 

When grown together in the mixture, L. longifolia and S. glauca had similar 

shoot biomass, and were significantly larger than D. admixta (Fig. 2-3B).  Not 

all plants showed different biomass on a per plant basis when grown in a 

monoculture compared with the mixture (Fig. 2-3B and 3D). L. longifolia had 

similar shoot as well as root biomass when grown as a monoculture and in the 

mixture (Fig. 2-3B and 3D).  In contrast, both shoot and root biomass of D. 

 ET SWC WHC Initiation of runoff Shoot biomass Root biomass 

 (mm) (mm) (%) (mins) (g module-1) (g module-1) 

Retention 0.756*** 0.156 -0.308 0.482* 0.123 0.297 

(mm) ET 0.599** -0.359 0.651*** 0.108 0.176 

  SWC -0.446 0.728*** 0.380 -0.475 

   WHC -0.627** -0.327 0.273 

    Initiation of runoff 0.228 -0.220 

     Shoot biomass -0.784*** 

      Root biomass 
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admixta were significantly lower when growing in the mixture compared with 

when growing as a monoculture (Fig. 2-3B and 3D). S. glauca behaved very 

differently; its shoot biomass was 50% higher in the mixture compared with 

the monoculture (Fig. 2-3B). However, it had similar root biomass for both 

monocultures and mixtures (Fig. 2-3D). Of the three species in the mixture, S. 

glauca had the largest shoot biomass and root biomass (Fig. 2-3B and 3D).  

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 2-3. Mean shoot and root biomass for all treatments at the end of the experiment, expressed on a 

per module basis (A and C) and on a per plant basis (B and D). For A and C, different letters denote 

significant difference between treatment means (one-way ANOVA, n=3).  For B and D, different letters 

show significant differences among species, within either monocultures (uppercase) or mixtures 

(lowercase) from two separate one-way ANOVAs (n=9). Asterisks denote significant differences (one-way 

ANOVA) within each species, depending on whether they were growing in a mixture or as a monoculture 

and ‘NS’ means not significant at the P = 0.05 level. Bars represent mean standard error. 

 

2.4. Discussion  

We aimed to test how mixtures and monocultures of species chosen on the 

basis of plant water use strategies would affect rainfall retention on green 

roofs, relative to a commonly used succulent species.  We predicted that (1) 
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green roof modules planted with species with water use plasticity would retain 

more water via greater ET than those planted with the succulent S. 

pachyphyllum which has a conservative water use strategy and (2) mixtures 

would retain more rainfall due to complementarity in aboveground biomass 

and water use, resulting in greater ET. 

 

2.4.1 Retention was not always higher in species with plastic water use 

strategies 

In this study, there was on average 411.5 mm rainwater retained by green 

roof modules and this accounted for 73% of the applied rainfall. The range of 

rainfall retention reported from other similar green roof studies (across more 

than one year) is between 5% and 80% (Mentens et al., 2006; Voyde et al., 

2010; Stovin et al., 2012; Carson et al., 2013; Li and Babcock, 2014; Locatelli 

et al., 2014; Cipolla et al., 2016; Elliott et al., 2016; Sims et al., 2016; Szota et 

al., 2017). Compared with these studies, the climate in Melbourne is relatively 

warm and dry, and this probably explains why our average retention is at the 

higher end of this range. For example, Sims et al. (2016) showed that  

retention performance is not only influenced by rainfall amount but also by ET, 

with the greatest retention where high ET rates reduce antecedent soil 

moisture. The high retention in our study is also consistent with a previous 

study on rainfall retention in the southern Australian city of Adelaide, where a 

100 mm deep green roof retained 74% of annual rainfall due to the influence 

of prolonged dry period (Razzaghmanesh et al., 2014).   
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Species which had previously being defined as being able to adjust their 

water use according to availability (plastic water use strategy) did not always 

show greater ET and rainfall retention than the conservative water user, S. 

pachyphyllum. This is in contrast to our previous study which suggested that 

green roofs planted with species able to modify their water use according to 

availability would have higher ET and rainfall retention (Farrell et al. 2013). 

We used the same species as Farrell et al. (2013), but our results may have 

differed as we applied a more realistic watering regime which exposed plants 

to discrete and episodic watering events, separated by varying periods of 

water deficit. Under these conditions, plants may not have sufficiently 

recovered when watered after periods of water deficit, limiting their water use 

compared with continuous well-watered conditions. The conservative water 

using S. pachyphyllum had similar ET and retention to the species with plastic 

water use strategies.  Similar results have been demonstrated by Wolf and 

Lundholm (2008), who found Sedum species had greater retention than native 

wetland species and species differences only emerged when water availability 

was low. These results suggest that green roof plant selection for rainfall 

retention should not be done on the basis of water use strategies alone.  

 

Interestingly, S. glauca and the species mixture had lower ET and retention 

compared with the S. pachyphyllum monoculture.  Modules planted with S. 

glauca (monocultures and mixtures) also had the two lowest average SWC 

during the experiment. This suggests that the lower ET and retention of 

modules containing S. glauca was due to a reduction in the ability of the 

substrate to hold water (i.e., lower WHC). However, there was no difference 
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among modules in the WHC of the substrate at the end of the experiment. 

Modules planted with S. glauca had a shorter time to the initiation of runoff 

following rainfall. Because S. glauca plants did not change the WHC of 

substrates, we hypothesise that their root systems may have reduced the 

average SWC (and therefore ET and retention) by creating preferential flow 

pathways through the substrate. Root systems including decayed and living 

roots can increase water flux in vertical and lateral (downslope) directions via 

preferential flow paths by creating macropores and well-developed channel 

networks (Johnson and Lehmann, 2006; Carpenter and Hallam, 2009). As 

root biomass was not related to SWC, ET, retention or initiation of runoff, root 

distribution and structure (e.g., length, angle, density and diameter) are likely 

to be more important than simple root biomass for water retention in green 

roof substrates (Ghestem et al., 2011). Preferential flow pathways are 

generally considered positively in biofiltration systems as they maintain the 

infiltration capacity of filter media and reduce the adverse impact of sediment 

clogging over time (Hatt et al., 2009; Le Coustumer et al., 2012; Wardynski 

and Hunt, 2012). However, in shallow green roof substrates, preferential flow 

pathways reduce retention capacity.  Therefore, when selecting species to 

maximize the stormwater benefits of green roofs we recommend considering 

root traits and their interaction with substrates as well as water use strategies 

or leaf traits related to ET. 

 

2.4.2 Mixtures did not always retain more water than monocultures 

We hypothesized that mixtures would retain more water than monocultures, 

due to greater biomass and therefore ET for mixed species plantings. This is 
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because ecological theory suggests that higher diversity can increases 

resource retention through complementarity and facilitation in resource 

utilization (Loreau, 1998; Petchey, 2003; Cardinale et al., 2007; Schmid et al., 

2008; Prieto et al., 2015); an increased possibility of including the best 

performing species (Loreau, 1998; Hector et al., 2002) or through greater 

biomass and productivity resulting in greater resource use (Schmid et al., 

2008). However, this was not the case in our experiment. While, the shoot 

biomass of the mixture was greater than monocultures of D. admixta and S. 

glauca, retention in the mixture was lower than all monocultures except S. 

glauca. In the mixture, S. glauca was the dominant species with the greatest 

shoot and root biomass among species planted in mixture, indicating that it 

would contribute the most to the performance of mixture. As S. glauca had the 

lowest SWC, ET and retention, likely due to its root system causing 

preferential flow of water from the modules before the substrate reached field 

capacity, it reduced the performance of the mixture relative to the 

monocultures of all species except itself. Therefore, the ‘selection effect’ of 

diversity in our experiment resulted in lower water resource retention. 

   

Furthermore, biomass in our experiment was not a good predictor of ET and 

retention, as although D. admixta had the lowest biomass, both in 

monoculture and mixture, it did not have the lowest retention and ET. This 

suggests that even though diversity or species richness may positively 

influence biomass, there was no relationship between biomass and retention 

(Johnson et al., 2016). This is consistent with Lundholm et al. (2010), who 

also found no relationship between biomass and water use, despite greater 
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biomass in mixtures. Therefore, for rainfall retention of mixtures on green 

roofs, increased biomass may be less important than selecting species based 

on their function and functional traits.   

 

These findings indicate that the competitive success of S. glauca may be due 

to its greater drought tolerance achieved through storage allocation or through 

interference competition, but not that of water uptake necessarily. This has 

also been found in natural ecosystems where in some cases key species 

manipulated the overall function of the plant community but did not contribute 

to overall growth or productivity (Hooper et al., 2005). S. glauca was the key 

species in our experiment playing an important role in the biomass 

productivity of the mixture, but also likely introducing preferential flow, 

resulting in the lowest water use and retention. This is consistent with 

suggestions that the sampling effect of diversity is not always straightforward: 

with species enhancing some ecosystem services but decreasing others 

(Lyons and Schwartz, 2001; Tilman et al., 2001).   

 

2.5. Conclusions 

Contrary to our hypotheses, green roof modules planted with species with 

water use plasticity did not always retain more water than the conservative 

water using succulent, S. pachyphyllum.  Also, the mixtures of plant species 

did not retain more water than monocultures. Although the mixed species 

treatment had higher biomass and productivity, the performance of the 

mixture was adversely affected by the key species, S. glauca. The root 

systems of S. glauca likely created preferential flow pathways through the 
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substrate, limiting substrate water contents, evapotranspiration and rainfall 

retention. To optimise rainfall retention and plant survival, species selection 

for green roofs should therefore not only consider water use strategies or 

species diversity. Root traits should also be considered when selecting green 

roof plants, due to the importance of preferential flows overriding the benefits 

of plastic plant water use strategies.  
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Chapter 3. Green roof storage capacity can be more 

important than evapotranspiration for retention 

performance 
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Foreword 

This chapter aims to answer Research Question 1 and 2 to better understand 

the relative importance of plant-effects, i.e., storage and evapotranspiration on 

retention performance, where storage happens to be decreased by plant 

roots. This is novel and interesting as many studies conclude that 

evapotranspiration is the key parameter/most sensitive parameter in studies 

modelling green roof retention. The most interesting finding is that ‘Non-ET’ 

plant effects (i.e., the reduction in storage capacity, either via preferential flow, 

or roots occupying storage volume) can change the relative importance of ET 

--- i.e., that the maximum storage capacity becomes a more important driver 

of available storage in the substrate compared with the ability of plants to 

deplete that stored moisture. 

 

This chapter has been published as: 

Zhang, Z., Szota, C., Fletcher, T.D., Williams, N.S.G., and Farrell, C. 

(2019). Green roof storage capacity can be more important than 

evapotranspiration for retention performance. Journal of Environmental 

Management 232, 404-412. 

 

The appendices to Chapter 3 were submitted as Supplementary Material with 

the published article and presents the experimental site and the simulated 

rainfall events used in this Chapter, and the reprint of the published article.  
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Abstract 

Green roofs can significantly reduce stormwater runoff volumes. Plant 

selection is crucial to retention performance, as it is influenced by how well 

plants dry out substrates between rainfall events. While the role of plants in 

evapotranspiration (ET) on green roofs is well-studied, their potential influence 

on retention via their impacts on water movement through substrates is poorly 

understood. We used a simulated rainfall experiment with plant species with 

different water use strategies to determine the key drivers of green roof 

retention performance. Overall per-event retention was very high (89 to 95%) 

and similar for all plant species and unplanted modules for small events. 

However, for larger events, some species showed lower retention than 

unplanted modules or low-water using succulent species. Despite the fact that 

these species were more effective at replenishing storage between rainfall 

events due to their higher ET, they reduced the maximum storage capacity of 

the substrate, likely due to their root systems creating preferential flow paths. 

This finding has important implications for green roofs, as although ET 

represents the essential means by which the storage capacity of green roofs 

can be regenerated, if species with high ET also reduce the maximum storage 

capacity, effective retention performance is reduced. Therefore, we suggest 

that species selection must first focus on how plants affect storage capacity in 

the first instance and consider water use strategies as a secondary objective. 

 

Keywords: Green roof, retention, ET, maximum water content, plants water 

use. 
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3.1. Introduction 

The creation of impervious areas as part of urbanisation increases surface 

runoff and disturbs the natural flow regime of streams (Poff et al., 1997), 

resulting in the degradation of receiving ecosystems (Walsh et al., 2005; 

Madsen et al., 2009) and causing flooding. To return towards a more natural 

flow regime, surface runoff should be reduced by ~60-80%, equivalent to pre-

development losses via evapotranspiration (ET) (Zhang et al., 2001; Burns et 

al., 2012). Green roofs are among the more promising technologies employed 

to reduce surface runoff, as roofs constitute a large proportion of impervious 

area in dense urban areas and do not compete with ground-level development 

for space (Arnold Jr and Gibbons, 1996). Green roofs can help compensate for 

the loss of natural landscapes and hydrological processes by intercepting and 

retaining rainfall which is used to sustain plant growth, restore ET and therefore 

reduce runoff (Stovin et al., 2012; Viola et al., 2017). 

 

Green roofs have been shown worldwide to be an effective stormwater 

management tool, although their performance varies. Previous studies have 

shown annual rainfall retention from 5 to 90% (Carter and Rasmussen, 2006; 

Locatelli et al., 2014; Cipolla et al., 2016; Sims et al., 2016; Szota et al., 2017b). 

Per-event retention varies from 5 to 100% (Bliss et al., 2009; Carson et al., 2013; 

Locatelli et al., 2014; Stovin et al., 2015; Sims et al., 2016). Climatic conditions 

and differences in green roof configuration, i.e., substrate type and depth, as 

well as plant species selection, drive this variation in performance (Berndtsson, 

2010). Rainfall characteristics (size, intensity and temporal distribution) and 

reference evapotranspiration (ETo) dynamics are particularly important drivers 
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of green roof rainfall retention and runoff across Mediterranean (Fioretti et al., 

2010; Viola et al., 2017), temperate (Stovin et al., 2012; Fassman-Beck et al., 

2015) and tropical climates (Voyde et al., 2010). Climates with a high frequency 

of small rainfall events combined with high evaporative demand tend to have 

higher rainfall retention (Carpenter and Kaluvakolanu, 2011; Speak et al., 2013; 

Elliott et al., 2016; Sims et al., 2016). The variation in retention performance 

has also been explained by green roof substrate water holding capacity, which 

is dependent upon substrate characteristics such as the proportion of different 

materials and depth (VanWoert et al., 2005; Hilten et al., 2008; Voyde et al., 

2010; Farrell et al., 2013a; Morgan et al., 2013; De-Ville et al., 2017). ET is 

influenced by substrate characteristics, depth and species selection (Wolf and 

Lundholm, 2008; Nagase and Dunnett, 2012; Farrell et al., 2013b; Szota et al., 

2017a). Therefore, on an event basis, retention will be determined by substrate 

water content before the rainfall event, the size of the rainfall event and the 

amount of water available for ET after the event. 

 

As such, retention performance will ultimately depend on the interactions 

between climatic conditions (rainfall and ETo), green roof configuration 

(substrate depth and properties, plant species, protection and drainage layers) 

and available storage conditions before rainfall events (Stovin et al., 2015; Sims 

et al., 2016; Viola et al., 2017). However, few studies have investigated the 

relative importance of these different parameters on retention and how they 

interact with each other. Locatelli et al. (2014) identified that the most sensitive 

parameters for long-term retention performance were crop coefficients (ratio 

between actual ET and ETo which depends on plant type) and sub-surface 
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storage (water retention in the drainage layer). For single events, the most 

sensitive parameters were sub-surface storage and initial substrate moisture 

conditions. However, Locatelli et al. (2014) primarily investigated Sedum 

species, which are low water-using species (Starry et al., 2014), and it is 

possible that other species with different water-use strategies might change 

which parameters are the most important for event-based retention. 

 

Several studies have explored the impact of alternative species to Sedum on 

retention (Buccola and Spolek, 2011; Graceson et al., 2013; Szota et al., 

2017b), but their results were not conclusive or consistent. Succulent species 

such as Sedum outperform non-succulent species during drought due to their 

conservative water use. Although they have relatively high biomass, succulents 

show low canopy interception and ET and generally show lower rainfall 

retention (Azeñas et al., 2018; Li et al., 2018). In contrast, non-succulent 

species show significant potential for runoff mitigation (Soulis et al., 2017a). 

Considering that plants can significantly influence green roof retention 

performance via ET (Li et al., 2018), several authors have suggested that 

selecting plants with high ET should improve retention performance (MacIvor 

et al., 2011; Poë et al., 2015; Whittinghill et al., 2015; Szota et al., 2017a).  

 

However, the influence of plants on green roof retention is potentially due to 

factors other than ET (Ouldboukhitine et al., 2012; Fassman-Beck et al., 2013; 

Morgan et al., 2013). These additional factors include leaf succulence, which 

adds extra usable water (Farrell et al., 2012; Wadzuk et al., 2013), and plant 

roots, which can fill large substrate pores to increase substrate water capacity 
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(Nagase and Dunnett, 2011; Poë et al., 2015). In our previous study (Zhang et 

al., 2018), we found that the root systems of some plant species reduced 

substrate water holding capacity by introducing preferential flow paths. 

Therefore, while previous studies have started to pay attention to non-ET plant 

effects on retention, there are only few studies looking at how these factors 

might interact to influence retention performance. Consequently, it may mean 

that the importance placed on selecting plants solely with high ET to achieve 

higher rainfall retention may lead to inappropriate plant selection for stormwater 

mitigation on green roofs. 

 

To assist with green roof plant selection, we therefore need to better understand 

the relative importance of plant-related factors on green roof hydrological 

processes and therefore retention performance. In this study, we determined to 

what extent non-ET plant effects, i.e., the reduction in substrate storage 

capacity by plant roots, affected retention relative to how efficiently plants 

replenished storage capacity in the substrate via ET.  

 

3.2. Materials and methods 

3.2.1. Experimental design 

This study used a simulated rainfall setup with green roof modules, where 

components of the water balance could be measured, including runoff after 

each rainfall event, substrate moisture before and after rainfall events and ET 

between rainfall events. This experiment was set up at the Burnley Campus of 

The University of Melbourne (-37.828472, 145.020883). The experiment ran for 

468 days, from 14 July 2015 to 25 October 2016.  
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Eighteen green roof modules (1.15 x 1.15 m) were arranged in a randomised 

block design under a raised, open-ended canopy (28 m long, 5 m wide and 2.5 

m tall), that excluded rainfall without raising temperatures appreciably. To 

simulate rainfall events, it was fitted with an overhead irrigation system that 

used pressure-regulated drippers on a 10 cm grid, positioned 1.32m above the 

surface of each module. The irrigation system applied simulated rainfall at a 

consistent intensity of 45.7 mm hr-1 to each module. This rainfall intensity is 

very high and similar to the 1% annual exceedance probability for Melbourne 

(48.6 mm hr-1 for a 1 hr duration; Australian Bureau of Meteorology, 2018). Each 

green roof module consisted of a plastic base (solid Nally MegaBins®; 780 L 

capacity, 1165 x 1165 x 780 mm) which supported a steel frame which held a 

plastic tray containing the green roof layers, a drainage layer (VersiDrain® 25P; 

water storage capacity 6.1 L m-2; equivalent to 8.1 mm), a geotextile fabric layer 

(Elmich A14) and a scoria-based substrate layer with a depth of 100 mm. 

Before planting, laboratory tests of substrate properties were carried according 

the Australian Standard for Potting Mixes AS 3743-2003 (Standards Australia, 

2003), including air-filled porosity (13.8%), bulk density (1.26 g cm-3) and water 

holding capacity (45.9%) (Farrell et al., 2013a). These properties comply with 

requirements of FLL guidelines for green roof substrates (FLL, 2008). Substrate 

properties were re-measured at the end of the experiment and there was no 

significant difference in the water-holding capacity of the substrate between the 

start and end of the experiment (Zhang et al., 2018). 

 



65 
 

Each module was randomly allocated to one of six ‘vegetation’ treatments and 

there were three replicates of each treatment: (1) bare un-planted substrate (as 

a control); (2) Sedum pachyphyllum; (3) Lomandra longifolia; (4) Dianella 

admixta ;(5) Stypandra glauca; (6) mixture of Lomandra longifolia, Dianella 

admixta and Stypandra glauca. Eighteen tubestock-sized plants were planted 

in each vegetated module in June 2012. These plants have all been shown to 

be appropriate species for green roofs in southern Australia (Farrell et al., 

2013b). Vegetation cover was maintained during the experiment, with little 

seasonal variation, and no plants were replaced during the study period. 

 

3.2.2. Meteorological conditions during the experiment  

Meteorological data for air temperature, solar radiation, wind speed and relative 

humidity were sourced from Olympic Park, Melbourne, Australia (Melbourne 

Regional Office; site 086071; Australian Bureau of Meteorology, 3 km from the 

site). Reference ET (ETo) between events was calculated as the cumulative 

ETo during the dry periods between events, which is the ET from a standardized 

vegetated surface using the Penman-Monteith equation (FAO56-PM) (Allen et 

al., 1998).  

 

3.2.3. Rainfall simulation 

The applied rainfall regime simulated a ‘typical’ rainfall year in Melbourne, 

Australia, based on analysis of long-term rainfall data (1965-2015; Melbourne 

Regional Office; site 086071; Australian Bureau of Meteorology). To create a 

‘typical’ rainfall year and retain natural variability in event size distribution, the 

50th percentile rainfall depth for each season was identified and then the four 
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seasons were combined to create a ‘typical’ year. The frequency of each 

simulated rainfall event size matched well with the long-term rainfall frequency 

of event sizes for Melbourne (Fig 3-1a.). A total of 92 rainfall events were 

applied over the 15 months of the study and data was collected for 65 of these 

events. The 25, 50, 75, 90, 95 and 99th percentile daily rainfall depths were 0.6, 

2.0, 5.0, 11.0, 16.8 and 35.2 mm (Fig. 3-1a and 1b). The distribution of 

antecedent dry weather periods (ADWP) in the simulated rainfall experiment 

was also similar to the long-term average (Fig. 3-1c) and the 25, 50, 75, 90, 95 

and 99th percentile ADWPs were 0, 2, 4, 6, 9 and 12 days (Fig. 3-1c and 1d). 

Similarly, the distribution of ETo in the simulation were similar to the long-term 

average (Fig. 3-1e) and the 25, 50, 75, 90, 95 and 99th percentile ETo values 

were 1.7, 2.7, 4.4, 5.7, 6.5 and 8.28 mm (Fig. 3-1e and 1f). 

 

3.2.4. Runoff collection and calculating rainfall retention per event 

Runoff from each module was collected in a U-shape PVC pipe for each 

simulated rainfall event. One side of the ‘U’ was connected to the module outlet 

and the other side was fitted with a 0.5 m Odyssey capacitance water level 

sensor (Datafow Systems Ltd., Christchurch, NZ) to measure runoff depth. 

Runoff depth (mm) was calculated as the total change in water level depth 

multiplied by the cross-sectional area of the pipe (150 mm inner diameter). 

Rainfall retention was calculated as rainfall depth minus runoff depth for each 

event (all in mm). 
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Fig. 3-1. Distributions of historical rainfall (1965- 2015) and the simulated rainfall applied in this study (a 

and b); distributions of historical antecedent dry weather periods (ADWP; 1965- 2015) and the simulated 

ADWP applied in this study (c and d) and distributions of historical daily ETo (1965- 2015) and daily ETo 

during this study (e, f). 

 

3.2.5. Maximum module water storage  

The maximum storage capacity of each module was determined gravimetrically, 

using a load cell with 0.05 kg resolution (HBM RSCC s-type; Noise & Vibration 

Measurement Systems Pty Ltd (NVMS), WA, Australia) attached to a gantry 

crane. Maximum storage capacity (Smax; mm) was determined as:   

𝑆𝑚𝑎𝑥 =
𝑀𝑚𝑎𝑥 −𝑀𝑚𝑖𝑛

𝐴𝑚
                                                                                                                  (1) 
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where Mmax (kg) is the weight of the module at field capacity, Mmin (kg) is the 

weight of the module when it was the driest in the season, and Am is the surface 

area of the module (m2). Both Mmax and Mmin were determined seasonally, to 

account for changes in plant cover and therefore mass, either due to growth or 

senescence.  

 

3.2.6. Available water storage before each rainfall event 

Available storage before each rainfall event (AS; mm) represents the depth of 

space in the substrate which can retain rainfall and was calculated as: 

𝐴𝑆 =  𝑆𝑚𝑎𝑥 − 
(𝑀𝑏𝑒𝑓𝑜𝑟𝑒−𝑀𝑚𝑖𝑛)

𝐴𝑚
                                                                                                 (2) 

where Mbefore (kg) is the module mass measured before each rainfall event. 

 

3.2.7. Substrate water content after each rainfall event 

Once drainage had finished, the module mass was measured to determine the 

gravimetric substrate water content after rainfall (SWC; mm): 

𝑆𝑊𝐶 =
𝑀𝑎𝑓𝑡𝑒𝑟−𝑀𝑚𝑖𝑛

𝐴𝑚
                                                                                                                (3)                               

where Mafter (kg) is the weight of the module, taken 24 hours after each event 

to avoid generating runoff by lifting the modules to obtain their weight. 

 

3.2.8. Evapotranspiration between rainfall events 

ET was the cumulative water loss during the dry periods between rainfall events 

and determined from module mass: 

𝐸𝑇 =  
𝑀𝑎𝑓𝑡𝑒𝑟 𝑛−𝑀𝑏𝑒𝑓𝑜𝑟𝑒 𝑛+1

𝐴𝑚
                                                                                                        (4) 
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where ET is evapotranspiration after event n and before event n+1 (mm), Mafter 

n is the module mass 24 hours after application of event n (kg), Mbefore n+1 is the 

module mass prior to application of event n+1 (kg).  

 

3.2.9. Relationship between ET/ETo and substrate water content 

The ability of plants to deplete stored moisture in the substrate was determined 

from the relationship between ET and SWC. As ET is also driven by ETo on any 

given day, we corrected ET by dividing it by ETo (i.e., ET/ETo). Further, because 

the number of days between rainfall events was not constant, it was important 

when developing the relationship between ET/ETo and SWC to only utilise 

ET/ETo data where the time between event n and event n+1 was one day. This 

is important as using periods greater than one day may under-estimate ET/ETo 

for a given SWC, especially where SWC is depleted at unknown point in time 

during that period.    

 

3.2.10. Data analysis 

One-way analysis of variance (ANOVA) in combination with Tukey’s post-hoc 

test were used to determine differences among treatments per event retention, 

the number of events generating runoff, available storage in the substrate 

before each event and the maximum module storage capacity. Regression 

analysis was used to relate rainfall depth and available storage in the substrate 

to retention for each event, as well as to relate ET/ETo to substrate water 

content. Multiple linear regression analysis combined with hierarchical 

partitioning was used to identify which plant-based variables had the greatest 

influence on available storage in the substrate before each rainfall event (Hatt 



70 
 

et al., 2004; Walsh and Mac Nally, 2013). We used the ‘hier.part’ package for 

the hierarchical partitioning to describe the strength of relationship between 

available storage and plant-based variables (Walsh and Mac Nally, 2013). All 

data shown are non-transformed data. We used R for all statistical analysis (R 

Core Team, 2017).  

 

3.3. Results 

3.3.1. Per-event retention performance 

Under simulated Melbourne rainfall conditions, 89-95% of rainfall was retained 

on an event basis for the 65 rainfall events measured (Table 3-1). Modules 

planted with L. longifolia showed 5.5% greater retention than modules planted 

with S. glauca modules, which had the lowest retention. For 92 applied rainfall 

events, modules planted with L. longifolia generated runoff in 20% of applied 

rainfall events and S. glauca modules had 29% of events generating runoff. 

Table 3-1. Mean (± SE; n = 3) per-event retention (%) and the percentage of rainfall events generating 

runoff. P-values indicate significant differences among plant treatments (one-way ANOVA; Tukey’s post-

hoc test). 

Treatment Retention (%) Events generating runoff (%) 

Bare 92.62ab (±0.22) 

91.06bc (±0.52) 

94.80a (±0.18) 

92.83ab (±0.37) 

89.34c (±0.30) 

90.31bc (±0.52) 

21.03ab (±1.02) 

25.13ab (±1.02) 

20.00b (±0.89) 

25.64ab (±1.38) 

29.23a (±0.00) 

28.72ab (±0.51) 

S. pachyphyllum 

L. longifolia 

D. admixta 

S. glauca 

Mixture 

P-value <0.001 <0.05 
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3.3.2. Relationship between rainfall depth, runoff and retention 

Runoff was significantly related to rainfall depth (P<0.001) and plant species 

had significant effects on the relationship between rainfall and retention 

(P<0.001) (Fig. 3-2). The differences in retention among the plant species were 

significant in larger rainfall events and modules planted with S. glauca and the 

mixture, showed lower retention than L. longifolia modules (Fig. 3-3).  

 

 

Fig. 3-2. Relationship between rainfall and runoff for all treatments. Symbol shape indicates plant 

treatments. 
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Fig. 3-3. Per-event retention depth (mm) and percentage (%) for plant treatments in relation to key rainfall 

depth percentiles. P-values indicate differences between treatments from one-way ANOVA. 

 

3.3.3. Relationship between available storage in the substrate and retention  

Available storage in the substrate prior to each event was significantly related 

to retention, but only for events >5 mm, which is intuitive (Fig. 3-4). For these 

larger events, available storage before the event was greatest for L. longifolia 

and lowest for S. glauca, which was consistent with their retention 

performance. 
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Fig. 3-4. For different rainfall events (<5, 5- 11, 11-16.8 and >16.8 mm), the relationships between 

retention performance and available storage before events (left panel), and pre-event available storage 

according to plant treatment (right panel). Adjusted R2 and P-values were derived from regression 

analysis (left panel). P-values and different letters indicate significant differences among plant treatment 

means as determined from one-way ANOVA (right panel). 
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3.3.4. Maximum module storage capacity 

The choice of plant species significantly influenced the maximum storage 

capacity of the modules (Fig. 3-5). Modules planted with S. pachyphyllum had 

the highest maximum water content, while modules with S. glauca and the 

mixture had 36 % and 32% lower maximum water content than that of S. 

pachyphyllum.  

 

 

Fig. 3-5. Mean maximum water content for all plant treatments. Different letters denote significant 

differences among means (one-way ANOVA, n=3; all P < 0.001) and bars represent mean standard 

error. 

 

3.3.5. Relationship between ET/ETo and substrate water content 

The ratio between ET and ETo and substrate water content reflects the 

potential of each treatment to restore available storage via ET between rainfall 

events. Substrate water content, plant treatment and their interaction 

significantly influenced ET/ETo (P<0.001). The slope of the relationship 
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between ET/ETo and substrate water content was significantly different 

between planting treatments (P<0.001), which showed that species differed in 

their water sensitivity. These relationships showed that S. pachyphyllum was 

the most conservative water user, with its ET/ETo having low sensitivity to 

water content (slope= 0.004) (Fig. 3-6). In contrast, L. longifolia, the species 

mixture and S. glauca all showed relatively higher sensitivity to substrate 

water content (slope= 0.022, 0.036 and 0.039, respectively) and therefore 

these species potentially had greater capacity to deplete substrate water at a 

higher rate between rainfall events than the conservative and insensitive 

species did. However, the maximum substrate water content was restricted to 

less than 15 mm for bare substrate, S. glauca and the mixture; whereas D. 

admixta and L. longifolia showed water content up to 20 mm (an increase of 

33% compared to previous treatments). Substrate water content for S. 

pachyphyllum ranged between 10 and 25 mm (an increase of up to 66%). 

 

Fig. 3-6. Relationships between evapotranspiration and reference evapotranspiration (ET/ETo) and 

substrate water content for the six plant treatments. The adjusted R2, P-value and slope were derived 
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from regression analysis. Lines represent the linear model and shading represents the 95% prediction 

interval. 

 

3.3.6. Identifying the key plant-based driver of event-based retention 

performance 

The frequency and depth of rainfall events are clearly the major drivers of 

rainfall retention. A multivariate model with rainfall depth, maximum storage 

capacity of each treatment and the evapotranspiration potential of each 

treatment revealed a high correlation of these parameters with rainfall retention 

on a per-event basis (R=0.84; P<0.001, data not shown). Of these variables, 

rainfall depth is dominant, with hierarchical partitioning showing that more than 

68% of the variance in retention is explained by rainfall depth.  

 

The significant effect of rainfall makes it difficult to discern the relative influence 

of plant-related explanatory variables. Further, while explaining the variance in 

retention performance is the ultimate aim of our study, including rainfall depth 

in the model does not elucidate the main plant-based driver of retention. 

Therefore, we created a multiple linear regression model to predict available 

storage in the substrate using only the two plant-based explanatory variables: 

i) the maximum storage capacity and ii) the evapotranspiration potential of each 

treatment. The available storage was explained 61% by maximum water 

content and ~39% by evapotranspiration potential (Fig. 3-7). Despite not having 

rainfall as an explanatory variable, this model produced fitted values which were 

strongly correlated with available storage (R=0.56 and P< 0.001). 
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Fig. 3-7. Contributions of ET/ETo and maximum water content to explanation of variance in available 

storage, as determined from hierarchical partitioning. R and P-values were derived from correlation 

analysis. Black and white bars show individual and joint contribution of each predictor variable to the full 

model, respectively. The ‘*’ indicates the independent variables which contributed significantly to the full 

model (P < 0.05). 

 

3.4. Discussion  

3.4.1 Per-event retention performance 

In this study, mean per-event retention ranged from 89 to 95%, which is 

relatively high compared with values reported in the literature (Stovin et al., 

2012; Locatelli et al., 2014; Sims et al., 2016; Loiola et al., 2018), which most 

likely reflects the influence of different climates and green roof configurations 

(Berndtsson, 2010). Interestingly, although retention was high overall, the 

differences among plant treatments for the whole period were minor. Even the 

unplanted bare treatment had a mean per-event retention of 93%, suggesting 
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little benefit in selecting plants with high water use to improve retention 

performance.  

 

The relatively high retention in our study resulted primarily from the large 

number of small rainfall events (the 50th percentile event rainfall depth was 2 

mm). These small events (<2 mm) produced no runoff which has been 

observed elsewhere (Voyde et al., 2010; Stovin et al., 2012). This has also been 

demonstrated in Sheffield, UK, where high event-based retention was also due 

to the large number of small events (Stovin et al., 2012; Stovin et al., 2013; 

Berretta et al., 2014; Poë et al., 2015; Stovin et al., 2015). For small events, 

rainfall is likely intercepted by the vegetation and subsequently evaporated 

(Dunnett et al., 2008; MacIvor and Lundholm, 2011; Nagase and Dunnett, 2012) 

so that the first 5 mm of rainfall was often retained as the initial absorption 

(Carter and Rasmussen, 2006). Therefore, system storage and ET are likely 

not important factors for small, isolated events, e.g., events <2 mm (Fassman-

Beck et al., 2013). The large influence of event size most likely resulted in the 

minimal differentiation in retention among planting treatments. We did, however, 

observe significantly different retention performances among plant treatments 

for medium (11-16.8 mm) and large (>16.8 mm) events. These large events 

were mainly in summer, when ETo was relatively high and the antecedent dry 

period (ADWP) was relatively long, creating the opportunity for different plant 

treatments to deplete stored moisture in the substrate. This is consistent with 

other studies, which have also shown differences in retention efficiencies with 

respect to substrate or plant selection treatments to only be evident in large 

events (≥24.8 mm) (Stovin et al., 2012; Stovin et al., 2013; Berretta et al., 2014; 
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Poë et al., 2015; Stovin et al., 2015). The influence on retention for large events 

from plants is particularly relevant for flooding. Therefore, even though different 

plant species showed similar retention performance overall due to the 

dominance of small rainfall events, plant selection has the potential to improve 

retention performance of green roofs in climates dominated by larger events, 

and could thus be important for flood mitigation (Lee et al., 2013).  

 

3.4.2 The key plant-based drivers of green roof retention performance 

Although the influence of plant treatments on retention was largely dependent 

on rainfall event size, plants affected retention through their influence on water 

storage capacity available before each rainfall event. Available storage 

significantly influenced retention performance except in the events <5 mm. It 

suggested that differences among plant treatments with regard to available 

storage were consistent with their differences in retention performance. For 

example, the S. glauca and the mixture treatments had less available storage 

on average before each rainfall event and this was likely responsible for their 

lower retention performance. Plant species and their ET likely did not influence 

retention in small events because available storage was always greater than 

the rainfall depth of these events. This finding demonstrates the importance of 

available storage as a factor which links all parts of the moisture balance of a 

green roof, and therefore controls the hydrological response to rainfall events 

(Bengtsson et al., 2005; DeNardo et al., 2005; Stovin et al., 2012; Stovin et al., 

2013; Sims et al., 2016).  
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Importantly, plant treatments differed with regard to the maximum water content, 

demonstrating that not all effects of plants were ET-related. Differences in 

maximum water content among plant treatments were likely due differences in 

root morphology which can affect how water is stored and moves through the 

substrate (Johnson and Lehmann, 2006; Carpenter and Hallam, 2009; Zhang 

et al., 2018). In our study, S. pachyphyllum had the highest maximum water 

content, while S. glauca and the mixture had the lowest maximum water content. 

Shallow-rooted species such as Sedum are more likely to increase the 

maximum water capacity because of the binding effect of its roots in the highly 

porous substrate (Poë et al., 2015). However, their shallow roots limit their 

ability to transpire water from deeper parts of the substrate (Collins and Bras, 

2007; Poë et al., 2015). In contrast, non-succulent plant species such as S. 

glauca have coarse roots which develop throughout the substrate depth (Zhang 

et al., 2018) in response to water and nutrient availability (Hodge, 2009; Bao et 

al., 2014). This root structure potentially results in a greater number of 

macropores and sub-surface channels that can cause uneven and rapid water 

movement through unsaturated parts of the substrate; i.e., preferential flow 

pathways (Glass et al., 1991; Walter et al., 2000; Hatt et al., 2009; Le 

Coustumer et al., 2012; Wardynski and Hunt, 2012; Zhang et al., 2018). Plant-

induced preferential flow has been observed in these high saturated hydraulic 

conductivity substrates which are typically designed for high infiltration rates to 

avoid overflow (Hatt et al., 2009; Gonzalez-Merchan et al., 2014). Zhang et al. 

(2018) recently suggested preferential flow pathways were reducing the 

maximum storage capacity of green roof modules planted with S. glauca, as 

they observed less time to initiation of runoff. However, it is also likely that the 
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maximum water content of these modules was decreased by roots 

accumulating in the drainage layer beneath the substrate. Drainage or retention 

layers can recharge the overlying substrate layer (Vesuviano and Stovin, 2013) 

and can represent a significant water storage, especially in shallow extensive 

green roof systems (Lu et al., 2015). Therefore, accumulation of roots in the 

drainage layer for modules planted with S. glauca may also have contributed to 

the observed reduction in maximum water content. Indeed, given the drainage 

layer in the modules had the capacity to store 8.1 mm which is equivalent to the 

different in maximum water content between modules planted with S. 

pachyphyllum and S. glauca. Therefore, in our study, while plant treatments 

had a significant influence on available storage, it was the result of reduced 

maximum storage capacity of modules, rather than differences in water use. 

 

In our study, S. pachyphyllum showed a conservative water use strategy and 

did not adjust water use with according to substrate water availability. In 

contrast, S. glauca was far more responsive to changes in water availability. 

This suggests that the limitation of S. pachyphyllum was its water use strategy, 

while the limitation for S. glauca was the substrate not having enough water 

available for ET. The limited ET/ETo for S. glauca in turn reduced the 

regeneration storage for the next event. In contrast, plant species such as L. 

longifolia had the ability to use more water at greater substrate moisture 

contents and increase available storage in the system, which resulted in both 

greater available storage and greater ET. This study shows that plants influence 

retention not only through transpiration of water that regenerates storage for 

the next event, but also by modifying the substrate properties. Some species, 
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e.g., S. glauca, reduce the maximum storage. Based on this trade-off, the best 

performing plant species in this study was L. longifolia, which had not only had 

high water use at greater substrate moisture contents but was also able to 

maintain or increase the maximum water content of the system. The decrease 

in available storage in S. glauca and mixture modules, likely caused by 

preferential flow (Zhang et al., 2018), had a greater impact on available storage 

than did their evapotranspiration potential (ET/ETo in relation to substrate water 

content). Therefore, although high water users have been suggested as the 

ideal plants for increasing retention on green roofs (Farrell et al., 2013b), it is 

also important to select plants with root systems that do not reduce the storage 

capacity of the substrate. We suggest that this is because storage capacity is 

the most important factor driving rainfall retention and therefore reducing runoff 

from green roofs. 

 

3.4.3 Limitations and future research 

Our study did not specifically quantify differences in canopy interception among 

treatments which can make a significant contribution to retention (Soulis et al., 

2017b). The size and physical structure or ‘architecture’ of certain plants can 

effectively increase the storage capacity of a green roof (Ouldboukhitine et al., 

2012; Morgan et al., 2013; Wadzuk et al., 2013). In the present study, the 

maximum storage capacity of modules planted with the high-water using 

species, S. glauca as well as the mixture were reduced. While we attribute this 

to roots effectively decreasing the storage capacity of the substrate, lower 

interception by modules planted with S. glauca modules may also have reduced 

retention, compared with other modules. However, our method did not allow us 
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to quantify the relative influence of interception on retention, due to the need to 

wait 24 hours after the simulated rainfall was applied to ensure accurate 

measurement of substrate water content and ET. Future studies are needed to 

determine the relative importance of canopy interception compared with other 

non-ET and ET-related plant effects on rainfall retention.  

 

Our experimental method also limited our ability to quantify ET on the day 

rainfall was applied. Post-event module weights were taken 24 hours after each 

simulated event to avoid generating runoff when lifting the modules to obtain 

their weight. As a result, any ET on the day of each rainfall event was not 

quantified. While the relationships built to describe the efficiency of each 

planted treatment to deplete stored moisture were not affected by this, it 

restricted our ability to quantify all ET. The fact that modules were only weighed 

before and after each simulated event also limited our ability to quantify 

temporal patterns in ET between simulated events. This restricted our ability to 

describe the decline in ET in relation to time since rainfall, which is used in 

green roof water balance models, where increasing time since rainfall is used 

as a proxy for declining SWC (Berretta et al., 2014). However, the functions we 

built here directly quantified ET/ETo in relation to SWC which is preferable to 

using increasing time since rainfall as a proxy for declining SWC (Daly et al., 

2012; Stovin et al., 2013). This is because ‘time’ is not standardised and is 

better represented by cumulative evaporative demand, and further, time since 

rainfall does not take into account how much rainfall fell and therefore how 

much moisture is available for evapotranspiration. However, approaches which 
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quantify temporal aspects of ET are highly valuable and should be used where 

possible.   

 

3.5. Conclusions 

This study suggests that the maximum storage capacity defines available, pre-

event storage, which in turn limits the water availability for plants (i.e., ET/ETo). 

Therefore, although S.  glauca and the mixture had the physiological potential 

to increase water use when substrate water content increased, their retention 

performance was limited by storage capacity, which was always less than L. 

longifolia and S. pachyphyllum. The plant-induced reduction in the storage 

capacity of the substrate had a greater effect on available storage and therefore 

retention, regardless of whether the plant was a high or low water user. From a 

stormwater management perspective, selecting green roof plants with high 

water use is more likely to improve retention performance; however, we need 

to be sure that these plants do not reduce the storage capacity of the substrate. 

Specifically, species such as S.  glauca in current study with a fibrous, deep 

penetrating and vertical root system should not be selected to improve green 

roof rainfall retention, despite its higher potential to deplete sored moisture.  
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Chapter 4. Deeper green roof substrates reduce plant 

drought stress, but only marginally improve retention 

performance 
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Foreword 

Chapter 1 identified the hypothesis that increased substrate depth will increase 

retention due to greater storage capacity and thus provide more available 

moisture for ET and reduce plant stress. Chapter 4 aims to test this hypothesis 

and answer Research Question 3: to what extent do substrate depths influence 

green roof rainfall retention and plant performance?  

 

This chapter is a reproduction of a journal article submitted to the Journal of 

Hydrology in December 2018 which was under review at the time of 

submission of this thesis.  

 

The appendices for Chapter 4 were submitted as Supplementary Material for 

the Journal of Hydrology and present the method for quantifying runoff used in 

this Chapter.  
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Abstract 

Green roofs are increasingly designed and implemented to reduce runoff. 

Deeper substrates have more water storage capacity, but the rate at which 

plants regenerate storage between rainfall events is critical for rainfall 

retention performance. Plants with high water use have greater potential to 

replenish storage between rainfall events due to higher evapotranspiration 

(ET). However, high water use can result in more frequent drought stress. 

This study analysed the effects of increasing substrate depth on retention, 

evapotranspiration and drought stress using three green roof substrate depths 

(100, 150 and 200 mm), receiving 377 rainfall events over a 27-month period. 

Rainfall retention was very high for all substrate depths, both on a per-event 

basis (86 to 91.1%) and for total volumetric reduction (69 to 79%). The small 

difference in retention performance between substrate depths was due to 

similar pre-event available storage. Average daily ET only increased 

marginally with substrate depth and was therefore not sufficient to deplete 

stored moisture and restore available storage between events. With regard to 

water limitations for plants, we identified a substrate water content (SWC) 

threshold (S*) below which ET declined. Using S* as a proxy for drought 

stress, plants in the 150 and 200 mm beds experienced drought stress (i.e. 

SWC < S*) for less than 5% of the study period, but this increased to 28% in 

the 100 mm bed. We therefore conclude that deeper substrates may not 

substantially improve rainfall retention, but they do reduce the time that plants 

experience water limitation and thus decrease the incidence of plant drought 

stress. Depending on an analysis of local climate, the optimal substrate depth 
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should balance the trade-off between rainfall retention and the risk of drought 

stress. 

 

Keywords: Green roof, retention, substrate depth, evapotranspiration, 

drought stress 

 

4.1. Introduction 

Urbanisation increases surface runoff from impervious areas, significantly 

altering the hydrologic cycle (Booth and Jackson, 1997; Shuster et al., 2005; 

Jacobson, 2011). The increased volume and velocity of polluted runoff is 

detrimental to the health, quality and ecological value of urban waterways 

(Walsh et al., 2012) and can also overwhelm the capacity of urban drainage 

systems, leading to flooding. Increasingly, green infrastructure is designed to 

offset these negative impacts, by attempting to at least partly restore pre-

development hydrological processes (Burns et al., 2012; Liu et al., 2014; 

Lucas and Sample, 2015). Green roofs are increasingly encouraged and 

implemented for their runoff reduction benefits in many countries, e.g., China, 

United States, Australia, the UK, Germany and Switzerland (Berndtsson, 

2010; Stovin et al., 2012; Harper et al., 2015; Yang et al., 2015). Green roofs 

can partly compensate for the loss of natural soil and vegetation, by providing 

capacity for stormwater retention and detention. They can be implemented in 

dense urban areas, where rooftops can account for 40-50% of total 

impervious surfaces and options for treatment are limited (Carter and 

Jackson, 2007; Berndtsson, 2010; Versini et al., 2015; Hakimdavar et al., 

2016). 
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Green roofs typically consist of a drainage layer, a shallow engineered 

substrate and vegetation. They improve runoff performance by 1) retention, 

where rainfall is stored in the substrate and returns to the atmosphere via 

evapotranspiration (ET) and 2) detention, by temporarily storing rainfall as it 

travels through the vegetation and substrate layers (De-Ville et al., 2017). In 

reality, due to the high hydraulic conductivity and heterogeneity of the 

substrate, runoff may be initiated slightly before field capacity and surface 

runoff hardly occurred (Stovin et al., 2013; Starry et al., 2016; Stovin et al., 

2017). 

 

The runoff reduction green roofs provide is highly variable and depends on 

climatic conditions, rainfall patterns and the configuration of the green roof 

(Nagase and Dunnett, 2012; Locatelli et al., 2014; De-Ville et al., 2018). 

During the rainfall event, substrate and drainage layers retain rainfall and 

therefore reduce runoff. Between rainfall events, the vegetation layer 

regenerates the storage capacity of the substrate via ET (Berndtsson, 2010; 

Nagase and Dunnett, 2012; Locatelli et al., 2014). Therefore, the properties of 

both substrates and vegetation are of importance for green roof retention 

performance (Bengtsson et al., 2005; Stovin et al., 2012; Stovin et al., 2013; 

Poë et al., 2015; Zhang et al., 2018).  

 

Substrate depth is one of the most important characteristics of green roof 

configuration. Substrate depth determines moisture storage capacity and 

subsequently affects the amount of plant available water in the substrate, 
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which is strongly related to ET and therefore rainfall retention (Feitosa and 

Wilkinson, 2016; Dusza et al., 2017). Due to building weight load limitations 

and lower maintenance requirements, shallow substrates (e.g., extensive 

green roofs ≤100 mm (Berndtsson, 2010)) with low storage capacity are 

typically used, particularly in relatively cold climates with year-round low 

reference ET (ETo) (Castleton et al., 2010; Hakimdavar et al., 2014; Locatelli 

et al., 2014). However, shallow substrates may limit rainfall retention capacity 

and the amount of water available for plants (Nagase and Dunnett, 2010). 

Therefore, in shallow substrates, plants are more likely to experience water 

limitation and drought stress during prolonged dry periods (Stovin et al., 2013; 

Razzaghmanesh et al., 2014; Szota et al., 2017). As a consequence, green 

roof plant selection has to date been generally limited to low water-using, 

drought tolerant species. This is particularly important in hot and dry climates 

(Farrell et al., 2012; Brunetti et al., 2016; Azeñas et al., 2018), but is also the 

case in more temperate climates (Madre et al., 2014; Stovin et al., 2015). One 

consequence of selecting low water-using species is that they deplete stored 

moisture slowly (Farrell et al., 2013). Therefore, increasing the water storage 

capacity of a green roof by increasing substrate depth may not improve 

retention performance if the roof is planted with low water-using species, 

which are not able to regenerate storage capacity efficiently. 

 

It has been suggested that selecting species with higher rates of water use, in 

combination with drought-avoidance strategies, can increase the rainfall 

retention performance of green roofs (Wolf and Lundholm, 2008; Farrell et al., 

2013) without substantially introducing drought risk (Savi et al., 2013; Szota et 
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al., 2017), but this has not been tested in situ. High water-using plant species 

potentially have a positive influence on green roof retention due to their high 

transpiration, which is the major process that restores substrate storage 

capacity between rainfall events (Berretta et al., 2014; Poë et al., 2015). 

However, ET largely depends on climatic conditions and water availability in 

green roof systems. For example, in many cities, green roof plants frequently 

suffer extended drought (Farrell et al., 2013; Savi et al., 2013; Rayner et al., 

2016). This is more likely to jeopardise high water-using plants, unless they 

are also drought resistant (Savi et al., 2013; Szota et al., 2017). Increasing 

substrate depth has been shown to have positive effects on plant growth, 

biomass accumulation and survival (Nektarios et al., 2011; Lu et al., 2015), 

although in these studies plant species were low water-using succulent plants. 

Increasing the depth of substrates and selecting a mixture of species with 

appropriate water use strategies may therefore improve rainfall retention 

performance, without introducing drought risk.  

 

In this study, we test whether increasing substrate depth can improve the 

rainfall retention performance of green roofs planted with a mixture of high 

water-using species. Specifically, we examine: i) if increasing substrate depth 

increases rainfall retention, and ii) whether increasing substrate depth 

decreases the incidence of drought stress. The results of this study can be 

used to understand the detailed effects of substrate depth on plants and 

retention performance, as well as to guide the specification of appropriate 

plant species and substrate depths, to improve green roof retention. 
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4.2. Materials and methods 

4.2.1. Experimental overview 

This study used experimental green roof made up of three different substrate 

depths, all planted with a mixture of species previously shown to have high 

water use (Farrell et al., 2013; Szota et al., 2017). The runoff retention 

performance of each bed was quantified, and soil moisture was used to 

determine both pre-event storage capacity, as well as evapotranspiration 

between rainfall events. 

 

4.2.2. Description of the green roof 

This study was carried out on a green roof at the Burnley campus of The 

University of Melbourne, Australia (-37.828472, 145.020883) (Fig. 1A). The 

green roof was constructed in November 2014, with three hydrologically 

isolated sections of equal area: 5.8 × 4.6 m (26.68 m2). Each section contains 

a green roof bed of equal area: 4.6 × 3.4 m (15.6 m2), surrounded by a pathway 

(10.8 m2). The three test beds were constructed with the same protection and 

drainage layers (from bottom to top; Fig. 1B): a 0.36 mm high-density 

polyethylene root barrier, a 5 mm protection layer (ZinCo SSM45 protection 

mat), a 40 mm drainage layer (ZinCo Floradrain® FD 40-E) and a 0.6 mm filter 

layer (ZinCo filter sheet SF).  
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Fig. 4-1. Experimental apparatus. (A) aerial view of Burnley research roof; (B) layers of green roof beds; 

(C) compound weir contain sensors to monitor runoff; (D) Aquaflex sensor to monitor volumetric substrate 

moisture content. 

 

The green roof beds were filled with the same substrate to three different 

depths: 100, 150 and 200 mm. The substrate was a scoria-based mix of: 80% 

by volume 10 mm scoria plus fines (Beveridge Scoria), 20% coir (Galuku 

standard grade) and 1.5 kg m3 slow release fertiliser (Osmocote Plus®). The 

substrate was laboratory tested before planting according the Australian 

Standard for Potting Mixes AS 3743-2003 to quantify air-filled porosity 

(13.8%), bulk density (1.26 g cm-3) and water holding capacity (45.9%) 

(Standards Australia, 2003; Farrell et al., 2013). In October 2015, each bed 

was planted with a mixture of three native Australian species: Stypandra 

glauca, Dianella admixta and Lomandra longifolia. Ninety plants of each 
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species were planted in each bed as tube stock, therefore the planting density 

of each bed was ~17 plants m-2. The data collection period for this study was 

from November 2015 to January 2018. 

 

4.2.3. Identifying rainfall events and calculating reference evapotranspiration 

A weather station (Campbell Scientific Australia Pty Ltd., QLD, AU) was 

installed to record meteorological data, which included:1) rainfall depth (Davis®; 

4852M model; Res 0.2mm), 2) wind speed (Hobo®; S-WSB-M003 model; ±1.1 

m/s), 3) wind direction (Hobo®; S-WDA-M003 model; ± 5°), 4) temperature 

(Hobo®; S-THB-M002 model; ± 0.21 °C), 5) relative humidity (Hobo®; S-THB-

M002 model; ± 2.5%) and 6) solar radiation (Hobo®; S-LIA-M003 model; ± 5%). 

Data was logged by a Campbell Scientific data logger (Campbell Scientific®; 

CR1000-4M model; QLD, AU). 

 

Rainfall events were defined as having a minimum depth of 0.2 mm and a 6-

hour minimum inter-event time was used to separate events. This interval is 

commonly used for green roofs (Stovin et al., 2012; Carson et al., 2013; 

Locatelli et al., 2014; Cipolla et al., 2016). The rainfall record in this study period 

had 377 discrete events over a 27-month period, ranging from 0.2 to 49.8 mm, 

and the total rainfall during the study period was 1652 mm. The depths and 

durations of all monitored rainfall events were plotted against the relevant 

Depth-Duration-Frequency (DDF) data for Melbourne from the Australian 

Bureau of Meteorology (Fig. 4-2A) (Australian Bureau of Meteorology, 2018). 

The 25th, 50th, 75th, 90th, 95th and 99th percentile rainfall depths in this study 

were 0.2, 1.0, 4.4, 12.6, 19.9 and 32.2 mm (Fig. 4-2B). 
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Fig. 4-2. Summary of climatic conditions in current study: (A) Depth-Duration-Frequency classification of 

rainfall events for the study period; (B) distribution of event rainfall depth; (C) distribution of daily reference 

evapotranspiration (ETo) and (D) distribution of Antecedent Dry Weather Period (ADWP). 

 

Reference daily evapotranspiration (ETo; mm), was calculated using the 

Penman-Monteith equation (FAO56-PM) (Allen et al., 1998). In this study, mean 

and median daily ETo were 3.4 and 3.1 mm (Fig. 4-2C). The mean and median 

antecedent dry weather period (ADWP; days) were 1.82 and 0.95 days (Fig. 4-

2D). 

 

4.2.4. Quantifying runoff 

Each bed had separate drainage to make sure no water moved from one bed 

to another. Runoff from each bed passed through a compound v-notch weir 

fitted with a pressure transducer (Campbell Scientific®; CS-450-HA-2-L5m 

model; ± 1mm; QLD, AU) (Fig. 4-1C). The compound weir had a rectangular 

notch with a v-notch cut into the centre of the crest. Stage height (h; mm) above 
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the weir edge was recorded on a 1-minute time step on a data logger (Campbell 

Scientific®; CR1000-4M model; ±0.06% accuracy; QLD, AU). Full details of the 

weir design and weir equations are given in appendix B and C (Method for 

quantifying runoff). 

 

4.2.5. Calculating per event and total runoff retention performance 

The per-event retention performance was defined as retention depth and 

retention rate as follows:  

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = (𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 − 𝑅𝑢𝑛𝑜𝑓𝑓) × 100  𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙⁄                                                 (1) 

where retention is the ratio of per-event retention compared to rainfall.  

 

The total retention performance during the whole study period was defined as 

the ratio of total retention (mm) to total rainfall (mm) during the study period. 

 

2.6. Substrate volumetric water content  

The volumetric water content of the substrate (SWC; %) was monitored with an 

Aquaflex moisture sensor (Aquaflex; HydroTerra Pty Ltd; SI.99 model; 

Christchurch, NZ) (Fig. 4-1D). The sensor is 3 m long and measures moisture 

in a 50 mm radius along the length, approximating to 6 L of substrate. A sensor 

was installed in each green roof bed at half the depth of the substrate (e.g., 

installed at 100 mm for the 200 mm deep substrate). Output from each sensor 

was recorded in mA (range 4 to 20 mA) and logged on a six-minute timestep 

by a data logger (Campbell Scientific; CR1000-4M; QLD, AU) with a channel 

relay multiplexer (Campbell Scientific; AM16/32B model; QLD, AU). 
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The output from each Aquaflex sensor was calibrated against SWC (in 

volumetric percent) determined from core samples. Three core samples (inner 

diameter= 150 mm) were collected from each bed on 1 Sep 2014, 31 May 2016, 

30 Apr 2018, 04 May 2018 and 11 May 2018 to cover a range of SWC (in 

volumetric percent). Fresh weights of each sample were determined before 

drying at 105 °C for one week to determine dry weight. We then developed a 

linear function relating sensor output (mA) to SWC (in volumetric percent), 

which was determined as: 

𝑆𝑊𝐶𝑡 = (𝑀𝑓𝑠 − 𝑀𝑑𝑠) × 𝐵𝐷 × 100 𝑀𝑑𝑠⁄                                                                               (2) 

where SWCt is the substrate volumetric moisture content at time t, Mfs (g) is the 

fresh weight of substrate, Mds (g) is the dry weight of substrate, BD is the ratio 

of Mds (g) to the volume of each core. 

 

4.2.7. Calculating available storage in the substrate before each rainfall event 

Available storage refers to the depth of rainfall which can be stored in the 

substrate and was calculated as:  

𝐴𝑆𝑛 = (𝑆𝑊𝐶𝑚𝑎𝑥 − 𝑆𝑊𝐶𝑛) × 𝐷                                                                                 (5)                                                               

where ASn (mm) was available storage in the substrate prior to rainfall event n, 

SWCmax (%) is the maximum SWC determined 2 hrs after the cessation of 

rainfall events when runoff was generated (De-Ville et al., 2018), SWCn (%) is 

the SWC at the onset of rainfall event n and D refers to substrate depth (mm). 

 

4.2.8. Calculating evapotranspiration between rainfall events 

We calculated daily evapotranspiration (ET; mm) using the daily change in 

SWC in the period between rainfall events as: 
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𝐸𝑇 = (𝑆𝑊𝐶𝑑 − 𝑆𝑊𝐶𝑑+1) × 𝐷                                                                                    (6)     

where SWCd is the SWC at midnight the day after rainfall d, SWCd+1 (%) is the 

SWC at midnight the following day (d+1) and D is the substrate depth (mm). 

 

4.2.9. Determining critical SWC and estimating plant drought stress 

The relationship between ET/ETo (where ETo is ET corrected for climate) and 

SWC reflects the potential of the green roof to regenerate available storage via 

ET between rainfall events. We developed this relationship for all substrate 

depths to identify the critical SWC at which ET/ETo declined (denoted S*), which 

indicates when ET was limited by low SWC. We used S* as a proxy for plant 

drought stress and generated frequency curves of SWC for each substrate 

depth to determine the proportion of time each substrate depth experienced 

SWC < S*; i.e., the proportion of the study period where plants were exposed 

to drought stress.  

 

4.2.10. Statistical analysis 

Kruskal–Wallis tests, combined with Dunn post-hoc tests, were used to test for 

significant differences in mean available storage in the substrate before each 

rainfall event, mean substrate volumetric water content before each rainfall 

event and mean daily ET among substrate depths. Exceedance probabilities 

for rainfall, runoff, daily ETo, daily ET and SWC were generated by first ranking 

(decreasing order) and then based on the rank, calculating their probability 

distribution. Kolmogorov-Smirnov (K-S) tests were used to compare the 

distributions between rainfall and runoff, and the distributions of runoff, ET and 

SWC among different depths. Piecewise linear regression analysis was used 
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to relate ET/ETo to SWC. All analyses were undertaken with R version 3.4.4 (R 

Core Team, 2017). 

 

4.3. Results 

4.3.1. Retention performance of different substrate depths  

Across all events for the entire study period, the 100, 150 and 200 mm beds 

had 68.9%, 75.3% and 79.2% total rainfall retention respectively. All three 

substrate depths had very high per-event retention, ranging from 86.1 to 91.1% 

on average for the 377 rainfall events. The 200 mm bed had the highest mean 

retention rate, which was significantly higher than the 100 mm bed. The mean 

retention rate of the 150 mm was bed was not significantly different from the 

200 or 100 mm beds. There was a significant difference between the 

distribution of rainfall and the distributions of runoff for all green roof beds 

(P<0.001). However, there were no statistically significant differences in runoff 

distribution among substrate depths (Fig. 4-3). 
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Fig. 4-3. Exceedance probability curves for rainfall and runoff from all substrate depths for the monitored 

events. Symbols indicate rainfall and substrate depths. 

 

4.3.2. Available storage, substrate water content and evapotranspiration during 

the experiment 

Over the course of the study, mean pre-event available storage was similar 

(13.1, 15.31 and 13.9 mm) for all three substrate depths (Fig 4-4A). The 100 

and 200 mm substrate depths showed no significant difference in mean pre-

event available storage. In contrast, pre-event substrate water content 

significantly increased with substrate depth, with the 200 mm bed having on 

average 36.3 mm more stored water than the 100 mm bed (Fig 4-4B). Daily 

evapotranspiration showed a similar pattern, as average daily ET increased 

with substrate depth (Fig 4-4C). Although significantly different among 

substrate depths, average daily ET in the 200 mm bed was only 0.28 and 0.61 

mm d-1 higher than the 150 and 100 mm beds, respectively. 
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Fig. 4-4. Available storage, SWC and daily ET of substrate depths. Different letters denote significant 

differences among substrate depths from Kruskal–Wallis tests. 

 

The exceedance probability curves (Fig 4-5) show that daily ET of the 200 mm 

bed was higher than that of the 100 and 150 mm beds for the majority (80-90%) 

of the study period. The 150 mm bed only showed higher daily ET than the 100 
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mm bed for 56% of the study period; i.e., for 44% of the time, the 100 and 150 

mm beds showed equivalent daily ET. 

 

 

Fig. 4-5. Exceedance probability curves for daily reference evapotranspiration (ETo) and daily 

ET of substrate depths. Symbols indicate reference evapotranspiration (ETo) and substrate 

depths. 

 

4.3.3. Critical substrate water content to estimate plant drought stress  

The relationship between ET adjusted for ETo (i.e., ET/ETo) and SWC indicates 

the potential of plants to increase available storage before an event via ET. All 

substrate depths showed the same pattern of water use (ET/ETo) in relation to 

SWC (Fig. 4-6A). When substrate moisture fell below 20.5 mm, ET/ETo 

declined rapidly in a linear fashion. We therefore identified 20.5 mm as the 

critical SWC (S*), below which ET/ETo declined. We used S* as a proxy for 

drought stress and determined the exceedance probability for each substrate 

depth at S* (Fig. 4-6B). The 150 and 200 mm beds experienced drought stress 
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(i.e. SWC < S*) for < 5% of the study period, while the 100 mm bed showed 

SWC < S* for 28% of the study period. The K-S test showed that the SWC 

distributions among the three depths were all significantly different from each 

other (P<0.001). Daily ET/ETo where SWC > S* indicates water use under well-

watered conditions and is therefore equivalent to a crop factor (Kc). The Kc for 

the study green roof was 0.51, which is an average of all ET/ETo measurements 

for SWC > S*.  

 

 

Fig. 4-6. (A) Relationship between evapotranspiration as a proportion of reference evapotranspiration 

(ETo) and substrate water content (SWC) for substrate depths; (B) exceedance probability curves for 

SWC of all substrate depths. Symbols represent substrate depths. The solid line represents piecewise 
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linear regression model and the dash line indicates the critical SWC (S*). Shaded ribbon indicates 95% 

CIs. 

 

4.4. Discussion 

4.4.1 Increasing substrate depth only marginally increased rainfall retention  

The deeper substrate depths had only marginally increased total volumetric 

retention over the study period. We observed only a 10% increase in total 

retention (from 69 to 79%), when we doubled the substrate depth from 100 and 

200 mm. This is likely because pre-event available storage, the main driver of 

retention performance, was effectively similar for all substrate depths (Stovin et 

al., 2013; Locatelli et al., 2014; Sims et al., 2016). The majority of green roof 

studies show improved retention performance with increased substrate depth; 

however, the magnitude is highly variable. For example, VanWoert et al. (2005) 

also only observed a slight (3%) increase in rainfall retention, despite more than 

doubling the substrate depth (from 25 to 40 mm). Significantly increasing 

storage can result in substantial improvements in retention performance; e.g. 

increasing substrate depth from 50 to 140 mm resulted in a 36% increase in 

retention (Buccola and Spolek 2011). This variability is likely because storage 

alone is not responsible for retention performance (Berretta et al., 2014). For 

example, Soulis et al. (2017) reported that increasing substrate depth (from 80 

to 160 mm) only increased retention when plant species significantly reduced 

the substrate water content between events. Therefore, increasing the overall 

storage capacity of the substrate is unlikely to significantly improve retention 

performance where plants are limited in their ability to create available storage 

between events (Wolf and Lundholm, 2008; Nagase and Dunnett, 2012). 
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The ability of plants to increase available storage in green roof substrates 

before rain events is directly influenced by their rate of water use (Wolf and 

Lundholm, 2008; MacIvor and Lundholm, 2011; Sims et al., 2016). In our study, 

increasing substrate depth significantly increased the amount of water stored 

in the substrate; however, pre-event available storage only marginally 

increased with substrate depth. This is most likely because ET was only 

marginally higher in deeper substrates. For example, for 44% of the study 

period, there was no difference in ET between the 150 and 100 mm beds. 

Although the observed range in daily ET in our study (0.1 – 6.9 mm) was 

comparable to others, these studies mainly used succulent species which are 

supposed have low ET because of their conservative water use mechanisms 

(Wolf and Lundholm, 2008; Sherrard Jr and Jacobs, 2011). We expected that 

the high water-using plants used in the current study would be highly effective 

at depleting stored moisture and creating storage, particularly in deeper 

substrates (Farrell et al., 2013). However, our results suggest that even high 

water-using plant species did not extract all available water from the substrate.  

 

Daily ET was significantly lower than ETo which has been attributed to lower 

water availability in shallow substrates (Sherrard Jr and Jacobs, 2011; Stovin 

et al., 2013), and plant species with low crop factors or water use (Köhler and 

Schmidt, 2008; Wolf and Lundholm, 2008; Soulis et al., 2017). The mean Kc of 

plant species used in this study was 1.28, as determined from a glasshouse 

experiment (Szota et al., 2017). However, our results suggest that, where soil 

moisture was not limiting (i.e., SWC > S*), the ratio of ET/ETo (effectively the 

Kc) was 0.51. This Kc is similar to Sedum-based green roofs (Sherrard Jr and 
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Jacobs, 2011; Locatelli et al., 2014; Starry et al., 2016), which most likely 

explains the marginal differences in ET, available storage and thus rainfall 

retention among substrate depths. This relatively low Kc was likely due to plant 

size, health and coverage on our green roof. Although the Kc values of these 

three species were derived under the same soil moisture conditions (i.e., well-

watered), plants in the glasshouse were continuously well-watered and not 

exposed to drought stress (Szota et al., 2017). Therefore, the glasshouse plants 

were more likely larger, heathier and had a larger leaf area compared with those 

on the green roof in our study which were exposed to a realistic regime of 

wetting and drying. This resulted in green roofs with a considerable area of bare 

substrate, i.e., the bare substrate of all three beds in summers were > 50% of 

the total area (100 mm = 51.9 ± 6.1%, 150 mm = 58.5 ± 10.3%, 200 mm = 53.8 

± 10.8 %) (Pianella, 2018). These limitations likely explain the significantly lower 

crop factor in our study compared with the glasshouse study (Szota et al., 2017) 

and suggests caution when using Kc values derived under different conditions. 

The relatively low ET observed for all three substrate depths in our study clearly 

shows that these three species were unable to efficiently regenerate storage 

capacity, particularly in deeper substrates. Although it has been suggested that 

storage can be more important than ET (Zhang et al., 2019), the crop factor 

remains critical for regeneration of storage capacity (Poë et al., 2015; Starry et 

al., 2016; Szota et al., 2017). Therefore, to maximize ET and increase the 

available storage capacity of deeper substrates, it is essential to select plants 

with higher water use. Overall, our results suggest that ET did not deplete 

stored moisture in deeper substrates which likely explains similar pre-event 
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available storage and therefore the small difference in per event and total 

volumetric retention.  

 

Selecting high water users will maximise ET, however, climatic characteristics 

will ultimately determine the extent to which plants can increase available 

storage and therefore retention (Fassman-Beck et al., 2013). In our study, ET 

was likely limited by short antecedent dry weather periods (mean = 1.83 days) 

and relatively low daily ETo (mean = 3.39 mm). Therefore, despite deeper 

substrates having larger storage capacity, regular rainfall inputs and relatively 

low ETo likely constrained ET (Stovin et al., 2013; Locatelli et al., 2014; Viola et 

al., 2017); simply: the climate restricted ET. Increased available storage is more 

likely to occur in extended hot and dry periods in summer when the relatively 

high ETo and long antecedent dry weather periods provide the opportunity to 

deplete stored water in the substrate between rainfall events (Soulis et al., 

2017). Although characteristics of climate resulted in small differences in 

retention and available storage among substrate depths, we observed relatively 

high retention for all three depths, e.g., even in the 100 mm bed had 69% total 

retention. The increased retention by deeper substrates only occurs where the 

rainfall depth exceeds the storage of shallower substrates (Fassman-Beck et 

al., 2013). If rainfall depth is less than the minimum available storage in a 

substrate, no differences in effective retention will be observed for that rainfall 

event. In regions such as Melbourne, Australia, where the rainfall distribution is 

relatively even across the year, with a large proportion of small rainfall events 

(Jeffrey et al., 2001; Razzaghmanesh et al., 2014; Zhang et al., 2019), most 

rainfall events are likely to be lower than daily ETo between rainfall events 
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(except during the coldest, wettest months of winter). In such climates, even 

though increasing substrate depth increases the theoretical available storage, 

it does not result in much greater retention. Very high retention (>90%) for small 

rainfall events has been observed in many other studies in different regions and 

climates (Mentens et al., 2006; Carson et al., 2013; Soulis et al., 2017), 

confirming that retention is largely influenced by the rainfall distribution and 

evaporative demand observed during any given study, even in shallower green 

roofs planted with Sedum species (Locatelli et al., 2014; Sims et al., 2016). 

Therefore, while deeper green roofs in regions with rainfall distributions with a 

large amount of small events, and a hot and dry climate, should achieve higher 

retention (Razzaghmanesh et al., 2014; Szota et al., 2017; Viola et al., 2017), 

increasing substrate depth is unlikely to improve retention performance as ET 

is constrained by the rainfall distribution and atmospheric demand. 

 

4.4.2 Increasing substrate depths reduced water limitations for plants 

While deeper substrates did not substantially improve retention performance, 

they did reduce the period of time where plants were water-limited. In our study, 

the SWC of the deeper substrate beds (200 and 150 mm) was below S* for less 

than 5% of the study period. In contrast, the shallowest substrate depth (100 

mm) was water-limited for 28% of the study. This suggests that the probability 

of plants experiencing drought stress was significantly reduced by increasing 

substrate depth (Durhman et al., 2007; Savi et al., 2013). Such a relationship 

between drought stress and substrate depth was observed in Sheffield, where 

halving substrate depth (and thus maximum storage capacity) resulted in 

approximately four times the number of drought periods (Stovin et al., 2013). 
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Therefore, to avoid plants being subjected to water limitation in hot and dry 

climates, in particular for plants with a high crop factor,  shallow substrates 

require frequent irrigation (Ondoño et al., 2016). However, more frequent 

irrigation can increase the risk of creating extra runoff, thus potentially 

undermining the runoff retention functionality of the roof (Szota et al., 2017). In 

contrast, deeper substrates, can support a greater variety of vegetation which 

can potentially provide more services such as removing pollutants, conserving 

energy, and providing urban habitat (Fassman and Simcock, 2011; Nagase and 

Dunnett, 2012; Madre et al., 2014; Dagenais et al., 2018). However, deeper 

substrates are likely to require greater weight-loading capacity of the building, 

also increasing costs. Therefore, a balance is required. Given that the 150 and 

200 showed similar retention and water limitation for plants, 150 mm is the most 

suitable depth to minimise cost and weight loading in the current study. This 

has also been suggested as the optimal depth with regard to thermal 

performance (Pianella et al., 2017). Of course, the optimal substrate depth is 

significantly related to the climate experienced by the green roof (Viola et al., 

2017; Schultz et al., 2018). For example, in a hotter and drier climate, the 

deeper substrate roof is likely to be more suitable, if more expensive, because 

a high water holding capacity is required to support plant survival (Farrell et al., 

2012). Where the weight-loading is the dominant design consideration, 150 mm 

is the minimum depth which could balance the trade-off between rainfall 

retention and the period of time plants were water-limited.  
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4.5. Conclusions  

Our study showed that increasing substrate depth had a positive, but small 

effect on green roof rainfall retention, due to similar pre-event available storage 

among the depths investigated. Although the deeper 200 mm substrate had 

significantly higher water content, it only facilitated marginally higher daily ET 

which was not enough to create storage and therefore explains the relatively 

small gain in retention from increasing the substrate depth. Relatively low plant 

cover, regular rainfall inputs and low evaporative demand were most likely 

limiting daily ET. Therefore, from the perspective of green roof retention 

performance and weight optimisation, an efficient substrate depth would be 

able to supply sufficient moisture for species-specific ET requirements 

associated with local climatic conditions, rather than necessarily be made deep 

because of an assumed increase in retention efficiency. Although increasing 

substrate depth only marginally improved retention performance, plants in 

deeper substrates were water-limited/drought-stressed for a significantly 

shorter period of time compared with those in shallow substrates. Overall, our 

results suggest that substrate depth should balance the trade-off between 

rainfall retention and the risk of drought stress and that the optimal depth will 

depend on an analysis of local climate. 
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This thesis aimed to investigate the role of plants in improving green roof 

retention. From the literature review (Chapter 1), three hypotheses relevant to 

plant selection for green roof rainfall retention were developed: 

A. Green roofs planted with plants with high water use plasticity will have 

higher retention than green roofs planted with conservative water users 

(succulents). 

B. A diverse mixture of species with high water use plasticity will increase 

retention, when compared with monoculture plantings of these species, 

due to increased water uptake and biomass production. 

C. Increased substrate depth will increase retention due to greater storage 

capacity and thus provide more available moisture for ET and reduce plant 

stress. 

 

To test these hypotheses, three research questions were developed: 

1) To what extent do plant water use strategies influence green roof rainfall 

retention? 

2) To what extent does a diverse mixture of plants with high water use 

plasticity increase green roof rainfall retention? 

3) To what extent do substrate depths influence green roof rainfall retention 

and plant performance? 

 

This synthesis chapter will summarise the results from the three research 

chapters and provide practical and theoretical implications, suggestions for 

future research and final conclusions. 

 



123 
 

5.1. Summary 

5.1.1. To what extent do plant water use strategies influence green roof rainfall 

retention? 

Contrary to the hypothesis, green roofs with plants with high water use plasticity 

did not always have higher retention than green roofs planted with a 

conservative water-using species (Sedum pachyphyllum). Further, the results 

indicated that planted modules did not always have greater rainfall retention 

than unplanted modules. However, all modules had relatively high retention, 

both on a per-event basis (average ~91%) and for total volumetric reduction 

(average ~ 73%). ET significantly influenced retention both overall and on and 

event basis. Such high retention was primarily driven by climate, specifically the 

large proportion of small rainfall events, rather than by planting treatments. 

 

There were significant differences in retention among plant treatments with the 

same water use strategy. Modules planted with L. longifolia had the highest 

retention, with 16% (total) and 5.5% (per-event basis) greater retention than S. 

glauca, but both L. longifolia and S. glauca were plants selected for high water 

use plasticity. Lower rainfall retention for S. glauca was likely the result of plant 

roots either creating preferential pathways or otherwise decreasing the water 

storage capacity of the substrate. This leads to further investigation of the 

relative importance of storage and ET on retention performance; where storage 

happens to be decreased by plant roots. Although ET is recognised as the most 

important process restoring the storage capacity of green roofs between rainfall 

events, ‘non-ET’ plant effects (i.e., the reduction in storage capacity, either via 

preferential flow, or roots occupying storage volume) changed the relative 
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importance of ET. That is, the results suggest that the maximum storage 

capacity was a more important driver of retention performance, compared with 

the ability of plants to deplete that stored moisture. Therefore, plant selection 

for green roof rainfall retention should not only consider water use plasticity, but 

also the potential for plant roots to reduce the storage capacity of substrates.  

 

5.1.2. To what extent does a diverse mixture of plants with high water use 

plasticity increase green roof rainfall retention? 

A mixture of plant species with high water use plasticity was hypothesised to 

have greater biomass and therefore ET, resulting in rapid regeneration of 

green roof storage capacity between events and therefore improved rainfall 

retention. Plant diversity may lead to complementary resource use (Cardinale 

et al., 2011), an increased possibility of including the best performing species 

(Loreau et al., 2001). Similarly, greater biomass and productivity will result in 

greater resource use (Schmid et al., 2008). However, in the current study, not 

all plants increased biomass on a per plant basis when grown in a mixture 

compared with in monoculture. For example, D. admixta had significantly 

lower shoot and root biomass when planted in a mixture as opposed to a 

monoculture. However, the shoot biomass of S. glauca was 50% higher when 

planted in a mixture compared with a monoculture. As a result, the retention 

performance of the mixture was driven by the dominant species, S. glauca, 

which likely reduced retention by reducing the storage capacity of the 

substrate. Importantly, this study indicated a diverse mixture may enhance 

some ecosystem services but decrease others (Lyons and Schwartz, 2001; 

Tilman et al., 2001; Lundholm et al., 2010). 
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5.1.3. To what extent do substrate depths influence green roof rainfall 

retention and plant performance? 

Rainfall retention was very high for all substrate depths, both on a per-event 

basis (86 to 91.1%) and for total volumetric reduction (69 to 79%). Consistent 

with the hypothesis, increased substrate depth increased rainfall retention. 

However, the improvement was marginal. The relatively similar retention 

performance among substrate depths was due to similar pre-event available 

storage for all substrate depths. Although daily ET increased with substrate 

depth due to higher moisture in deeper substrates, ET was too low to 

efficiently restore available storage between rainfall events. This was likely 

due to the regular input of small rain events during the study. However, 

increased substrate depth substantially reduced the period of water limitation 

and thus the incidence of plant drought stress. Overall, the results suggest 

that the optimal substrate depth should balance the trade-off between rainfall 

retention and plant drought stress and that the optimal depth will depend on 

local climate. For example,in Melbourne, green roof substrates do not need to 

be much deeper than 150 mm as the increase in retention was minimal 

beyond this depth. 

 

5.2. Implications for the green roof water balance model 

This research can be easily incorporated into existing water balance models 

which predict how rainfall retention by green roofs varies with changes in plant 

characteristics, rainfall and evaporative demand (Palla et al., 2010; Stovin et al., 

2013; Berretta et al., 2014; Locatelli et al., 2014; Szota et al., 2017). From this 
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thesis, existing water balance models can be modified in two principle ways: 1) 

incorporating the effect of plant roots on substrate storage capacity and 2) 

improving estimations of ET. 

 

5.2.1. Species-specific effect on water storage capacity- preferential flow  

Plant-induced preferential flow has received little attention and it is often 

assumed that the maximum water storage capacity of the substrate is 

determined solely by substrate properties, i.e., WHC. This research highlighted 

that plant roots can reduced the storage capacity of green roofs. This should 

be accounted for in the water balance model by adjusting the maximum storage 

capacity of the substrate. To reflect this, the maximum storage capacity of the 

substrate (SWCmax) can be calculated as: 

𝑆𝑊𝐶𝑚𝑎𝑥 = 𝑆′ × (𝑆𝑊𝐶𝐹𝐶 − 𝑆𝑊𝐶𝑃𝑊𝑃) × 𝑑                                                           (1) 

where S’ is the species-specific reduction factor due to preferential flow or root 

occupation, SWCFC is substrate water content at field capacity (where 

unsaturated flow conditions prevail), SWCPWP is substrate water content at 

permanent wilting point and d is substrate depth. S’ is a threshold value that 

changes the hydrograph at the beginning of the rain event by allowing runoff 

from the green roof, even if the substrate moisture content is below field 

capacity. Further work is needed to understand the physical properties of roots 

which result in preferential flow or other reductions in substrate storage capacity. 

 

5.2.2. Species-specific effect on ET under different conditions- Kc 

Evapotranspiration on green roofs has received significant attention because it 

determines the rate at which plants regenerate storage between rainfall events 
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(Berretta et al., 2014). Therefore, correctly calculating ET is important to 

improve the precision and accuracy of predictive models for rainfall retention 

(Starry et al., 2016). Although ET is a major component of green roof water-

balance models, it is the hardest to measure with any precision (Starry et al., 

2016). ET is often estimated using theoretical approaches such as the FAO-56 

Penman-Monteith equation (Allen et al., 1998), which modified the standard 

Penman-Monteith equations used to predict reference ET (ETo) by applying 

constant parameters such as stomatal conductance and albedo from a 

reference grass crop (Voyde et al., 2010). To calculate ET, ETo is modified by 

a stress coefficient (the ratio between SWCt and SWCmax) to account for water 

stress, and a Kc coefficient to account for physiological adaptations of different 

plant species relative to the standard reference crop as equation (2) (Butler, 

2011; Stovin et al., 2013).  

𝐸𝑇 = 𝐸𝑇𝑜 ×
𝑆𝑊𝐶𝑡

𝑆𝑊𝐶𝑚𝑎𝑥
× 𝐾𝑐                                                                                                         (2) 

where ETo is reference ET, SWC is substrate water content at time t, SWCmax 

is maximum substrate water content, and Kc is crop factor.  

 

However, the results of this thesis suggest that equation (2) could be adjusted 

for improved accuracy of ET. ET rate was significantly related to the critical 

substrate moisture content (S*), which is the threshold for the onset of severe 

plant water stress (Chapter 5). The extent to which plants reduced ET was 

dependent upon their response to declining substrate water content (SWC). 

There was a clear decline in ET (corrected for evaporative demand; ET/ETo) 

with declining SWC. When soil water becomes limiting (SWC < S*), plants 
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sharply decreased ET/ETo. Indeed, this down-regulation of water use is 

observed in raingardens (Daly et al., 2012) as:  

𝐸𝑇 = {
𝐸𝑇𝑂 × 𝐾𝑐 ×

𝑆𝑊𝐶𝑡

𝑆𝑊𝐶𝑚𝑎𝑥
× 𝐾𝑟 , 𝑆𝑊𝐶𝑡 < 𝑆∗

𝐸𝑇𝑂 × 𝐾𝑐 ×
𝑆𝑊𝐶𝑡

𝑆𝑊𝐶𝑚𝑎𝑥
, 𝑆𝑊𝐶𝑡 ≥ 𝑆∗

                                                    (6) 

where SWC is substrate water content at time t, S* is a species-specific critical 

SWC associated with the onset of plant drought stress, and Kr is the reduction 

rate of ET when SWC < S*.  

 

While these functions are available for other stormwater control measures, e.g., 

raingardens (Daly et al., 2012), they should be also applied to green roofs to 

increase the precision and accuracy of Soil Moisture Extraction Functions 

(SMEFs).  Most of green roof SMEFs models currently  predict ET on the basis 

of time since rainfall and/or penalising ET according to the time since last 

rainfall, but it was suggested that prediction of ET on a continuous basis of 

ET/ETo against SWC (Stovin et al., 2013; Locatelli et al., 2014; Starry et al., 

2016). Although it has already been demonstrated that a number of existing 

green roof hydrological modelling frameworks provided reasonable predictions 

for a ‘typical’ extensive green roof (Stovin et al., 2013; Locatelli et al., 2014; 

Soulis et al., 2017b), there is clearly a need for further research to refine the 

predictive value of the model in response to specific plant, substrate or other 

climatic factors (Stovin et al., 2013). The presented research confirms that this 

is a suitable approach and also develops functions to describe behaviours of 

plant species, reflecting differences in ET associated with how different plant 

species respond to soil moisture limitations, which is able to be integrated into 

existing water balance models.  
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5.2.3. An improved water balance model 

This thesis enhances understanding of the effects of plants on green roof 

retention (Fig. 5-1), in particular the likely influence of plant-induced preferential 

flow on storage capacity and species-specific ET response to SWC. It suggests 

that deriving species-specific S’, Kc and S* can be integrated into water balance 

models to improve prediction of ET and therefore runoff retention. These can 

help to improve estimates of drought stress, when utilising water balance 

models for green roof design and plant selection. 

  

Fig. 5-1. Graphical water balance model updated by this thesis. 

 

5.3. Implications for practice 

5.3.1. Designing green roofs for rainfall retention 

The high levels of rainfall retention (average ~91% in per-event; ~ 73% in total) 

shown in this thesis were relatively high compared with values reported in the 

literature (ranging from 5 - 80%) (Stovin et al., 2012; Locatelli et al., 2014; Sims 

et al., 2016; Loiola et al., 2018), which add further argument to the already-

strong push for green roof adoption. Policy makers and practitioners (e.g. 
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architects, urban planners, etc.) are likely to value findings of this thesis, 

regarding the overall high rainfall retention from green roofs, which will 

encourage their implementation. For example, Portland has a policy of 

encouraging green roofs installation, on the basis of the quantified stormwater 

benefits achieved by green roofs. For new green roof regions like Melbourne, 

policy makers need data and advice to make sure that when they encourage 

green roof installation, the green roofs meet the stormwater management 

objectives specified. Therefore, for Melbourne this data will have value in 

developing policy and implementation strategies. The reduction in rainfall 

retention due to plant roots reducing the storage capacity of substrates via 

preferential flow is valuable new information for green roof designers which will 

aide future plant selection. Similarly, the result that increasing substrate depth 

resulted in only minor gains in retention is of great value to green roof designers.  

 

5.3.2 Plant selection 

In terms of plant selection, this thesis showed that rainfall retention on green 

roofs in Melbourne was not dramatically influenced by species choice. The 

Sedum sp. performed as well as some of the species previously identified as 

having high water use (Farrell et al., 2013). Whilst, this is challenging in terms 

of previous research to optimise plant selection, for practitioners, this can 

alleviate the need to be restricted to prescribed planting palettes for stormwater 

retention. This is also helpful for legislating green roofs, as there can be greater 

flexibility in terms of acceptable designs. 
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Conceptualizing green roofs as constructed urban ecosystems enables the 

exploration of design components contributing to function, by testing 

fundamental hypotheses from other ecosystems. This was a potential 

methodological advance, because in natural ecosystems there are many 

variables which are interdependent or correlated among each other, making it 

difficult to interpret and support the hypothesis that diversity significantly affects 

ecosystem functioning (Dıáz and Cabido, 2001). This thesis showed that a 

mixture of selected plant species on the basis of water use strategies did not 

improve green roof rainfall retention. The most important drivers of stormwater 

retention in this thesis were rainfall distribution and climatic conditions, rather 

than plant water use strategies and planting types (mixture vs monocultures). 

However, the application of diversely planted green roofs should not be 

discouraged, given the role of diversity in providing other green roof benefits, 

such as human wellbeing (Lee et al., 2015) and biodiversity habitat (Williams 

et al., 2014). 

 

5.3.3. Substrate depth selection 

An ideal green roof will have zero or low additional watering requirement and 

an acceptable weight loading, but also achieve a very high level of rainfall 

retention. Results from this thesis indicated that all green roofs, even with only 

bare substrate, will significantly improve rainfall retention in Melbourne. 

However, green roofs with optimal plant species and depths could improve 

rainfall retention, minimise drought stress and provide additional benefits such 

as aesthetic value (Lee et al., 2014). If green roof design is limited by building 

weight loading, the optimal substrate depth could then be based on the 
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identified balance between retention and plant performance. In Melbourne, 

there is no need to have substrates deeper than 150 mm, as the increase in 

retention was minimal beyond this depth. However, plant will likely experience 

from drought stress and may need emergency irrigation during the hot and dry 

summer months. 

 

5.4. Limitations and future research 

Plants on the experimental green roof had quite low plant coverage, which likely 

limited ET and therefore rainfall retention. Future research should investigate 

seasonal effects on ET fluxes, especially between summer and winter when the 

highest and lowest ETo occurs, respectively, as seasonal variation is likely 

explained by changes in environmental or soil-moisture conditions, and 

whether the plant was transpiring under well-watered conditions, or was under 

water stress (Starry et al., 2016). The refinement of Kc and ET fluxes could 

improve hydrologic models of green roofs and design and management tools.  

 

Other aspects worth  investigating in future studies include rainfall interception 

of various plant species, characterised by differences in plant architecture, form 

and leaf shape (Soulis et al., 2017a). In my thesis, interception by plants could 

not be quantified as an independent component of the water balance, although 

it is likely to be important for small rainfall events (Soulis et al., 2017a). Further, 

temporal aspects of plant development and recovery of ET following periods of 

drought were not quantified and would be of interest to further improve water 

balance models.  
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The reduction in rainfall retention as a result of preferential flow for certain 

species was an important new contribution from this thesis. This behaviour was 

deduced from the earlier initiation of runoff, but further work should be 

undertaken to confirm this behaviour and better understand its occurrence with 

plantings of different species.  Screening tests could be used to visualise and 

quantify macroporosity around plants. The differences in species root 

morphology (e.g. diameter, architecture, root length density) could also be 

determined by future studies to inform green roof plant selection. 

 

The role of plants in green roof stormwater retention should also be considered 

and evaluated for other climatic regions. For example, this thesis showed high 

rainfall retention regardless of plant treatment or substrate depth, likely due to 

the climate. In current climate context, ETo is relatively high and rainfall for the 

majority of time, occurs as small events. This provided greater opportunity for 

plants to deplete stored moisture in the substrate and improve rainfall retention, 

which is likely not the case in wetter or colder climates. 

 

 5.5. Conclusions 

Overall, my thesis showed that green roofs have high retention in a relatively 

warm and dry climate with a large proportion of small rainfall events. Selection 

of plants with water use plasticity and the use of mixtures was less important 

for improving retention than climate. Plant selection for green roofs should also 

consider root traits in addition to water use strategies, as roots can reduce the 

water storage capacity of substrates, making less water available for 

evapotranspiration and therefore reducing retention. Increasing substrate depth 
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only marginally improved green roof retention, but it reduced the risk of plant 

drought stress. It suggested that substrate depth should balance the trade-off 

between rainfall retention and the risk of drought stress and that the optimal 

depth will depend on an analysis of local climate. The results can be used to 

improve the accuracy of water balance model, contributing to the green roof 

design process and assisting in efforts to optimise green roof performance in 

varying climates. 
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Appendices chapter 2 

A. Reprint of Zhang et al., 2018 
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B. Plant selection for vegetation treatments 

The controlled rainfall experiment was set up with 18 green roof modules 

consisting of six vegetation treatments and three replicates (Fig. A2-1): one with 

bare substrate with no vegetation as control, one conservative water use 

species (S. pachyphyllum) in monoculture, and three plastic water use species 

(L. longifolia, D. admixta and S. glauca) in monocultures and mixture.  All 18 

modules were set up in a randomised block. Vegetation treatments included 

four species described as ‘conservative’ or ‘plastic’ plants, according to 

previous studies (Farrell et al., 2013; Szota et al., 2017a). Farrell et al. (2013) 

evaluated the water use strategies of 12 granite outcrop species with different 

life-forms (monocots, herbs and shrubs) and a common green roof succulent 

under both well-watered (WW) and water deficit (WD) conditions. Well-watered 

plants were watered to pot capacity, while plants under water deficit received 

20% of the water used by well-watered plants. Results suggested that in 

general, monocots (e.g., L. longifolia, D. admixta and S. glauca; the same plant 

species used in this thesis) showed the ability to use high rates of water under 

well-watered conditions, as well as the ability to maintain a high water status 

under water deficit. (Table 2-1). Therefore, in my thesis, I tested whether these 

‘plastic’ species could deplete stored water more efficiently and therefore 

increase rainfall retention on green roofs.  
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Fig. A2-1. Photographs of vegetation treatments. 

 

C. Estimation of water use on the basis of plant cover 

The physical and physiological characteristics of each species are shown in 

Table A2-1. Plant coverage was quantified through photo pixel counts using 

Adobe Photoshop CC 2015 from photos taken with a GoPro Hero4 Camera 

(2019 GoPro, Inc., San Mateo, CA) placed 1.3 m above the central point of 

each module (Fig. A2-2; provided by Pianella (2018)). Photographs of the 

modules were taken regularly, but as the module systems had several years to 

establish prior to our experiment, cover changes were minimal during the 

experiment, therefore we suggest that change in cover between events had 

little impact on retention.  Leaf area was measured using a leaf area meter (LI-

3100C Area Meter; ANU Enterprise Pty Ltd., ACT, Australia ) at the end of the 
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experiment, using the harvested plant leaves. The estimation of water use on 

a leaf basis was calculated using cumulative ET of each module corrected by 

measured leaf area, which showed that water use per unit leaf area was the 

different from plant species that D. admixta had the highest water use and L. 

logifolia had the lowest. 

Table A2-1. Physical characteristics of plant species. 

Treatment Leaf area (m-2) Coverage (%) Height (m) Rooting 

Depth 

Water use  

(mm m-2) 

Bare - - - - - 

S. pachyphyllum 2.3 ± 0.1 87.4 ± 1.9 0.15 - 0.18 Shallow 78.6 

L. longifolia 3.9 ± 1.1 94.1 ± 0.9 0.35 - 0.45 Deep 51.0 

D. admixta 0.9 ± 0.1 73.6 ± 1.5 0.15 - 0.18 Deep 214.2 

S. glauca 1.1 ± 0.2 49.3 ± 0.6 0.65 - 0.75 Deep 136.1 

Mixture 1.6 ± 0.1 66.4 ± 1.8 0.17 - 0.80 Deep 97.6 

 

 

Fig. A2-2. Overview and plant coverage of vegetation treatments. 



141 
 

 

D. Rainfall simulation 

The applied rainfall regime simulated a synthetic year on the basis of long-term 

rainfall statistics for Melbourne, Australia (1965- 2015). Each year was 

partitioned into seasons. For each season, the total rainfall of this season in all 

50 years was sorted and therefore seasonal rainfall percentiles were extracted. 

The historic year which corresponded to the 50th percentile total rainfall depth 

for each season was identified. The four 50th percentile seasons were combined 

to construct the synthetic year. Events <1 mm were amalgamated into the 

nearest event as they were difficult to accurately apply with the rainfall simulator, 

however, monthly totals were not changed. Some events were also moved due 

to restricted access to the experimental site at times. A small number of events 

were not included into analysis due to failure of water level loggers.  

 

The irrigation system was positioned 1.32 m above the substrate surface, with 

an application rate of 0.76 mm min-1. The drippers were aligned with modules 

to ensure that irrigation was only applied to the modules. All 18 modules were 

placed above ground on marked location so that they could be located 

accurately, which ensured the pressure-regulated overhead irrigation system 

deliver the accurate amount of rainfall to each module (Fig. A2-3). Although 

there was some loss due to canopy interception and droplets dispersing, the 

amount was likely minor when compared with the total rainfall amount applied 

to each module.  
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Fig. A2-3. Rain shelter with overhead irrigation for application of simulated rainfall events (top) and 

modules located on marked position (bottom). 

 

To determine error associated with simulated rainfall depth, 21 collection cups 

were placed evenly across an empty module, and the depth of water measured 

after 10 minutes. This was repeated three times in February 2014 (Fig. A2-3; 

information was provided by Joerg Werdin). The standard error of rainfall within 

each module was ±0.12 mm h-1 (a potential error equivalent to ±0.04% of the 

applied rainfall). The simulated rainfall intensity was dictated by the irrigation 

system, specifically the output of each dripper (dripper flow rate) and the 

number of drippers (dripper spacing). The irrigation design was aimed to keep 

the balance between dripper spacing (10cm) and dripper flow rate (lowest 
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dripper flow rate available on the market). Since the green roof substrate used 

in this experiment had a coarse particle size distribution, a narrow dripper 

spacing was selected to ensure even soil moisture after irrigation events. Wider 

dripper spacing would have led to uneven water distribution within the substrate 

and lower flowrate drippers were not available. Consequently, the rainfall 

intensity is very high and similar to the 1% annual exceedance probability for 

Melbourne (48.6 mm hr-1 for a 1 hr duration; Australian Bureau of Meteorology 

(2018)). However, as per previous studies (e.g., Yang et al. (2015); Soulis et al. 

(2017) ), I did not observe surface ponding during rainfall events, suggesting 

that rainfall intensity did not exceed the saturated hydraulic conductivity of the 

green roof substrate. 

 

Fig. A2-4. Simulated rainfall distribution and depth calibration (photos provided by Joerg Werdin). 

 

E. Measurements for runoff 

The runoff volumes were calculated using changes in water level multiplied by 

the area of two PVC pipes (Fig. A2-5). 18 water level probes (Odyssey 

capacitance water level probes; res 0.8 mm; accuracy ± 1mm) monitored the 

water level variations within the ‘U’ shaped PVC pipes. The water level probes 

were calibrated according to manufacturer’s instructions before deployment in 

June 2014 and were recalibrated in November 2015 and were found to have 

minimal drift (~2 mm over one year of monitoring). The inner diameter of the 
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pipes was on average 150 mm. The area of one pipe was 177 cm2 and thus the 

area for both pipes was 353.5 cm2. Therefore, a 1 mm rise in water level was 

equal to 35.35 ml. Runoff depths (in mm) were calculated using the runoff 

volumes divided by the area of module (~1.32 m2). When the pipes filled to their 

maximum height, a solenoid valve was triggered which emptied the system, 

resulting in simultaneous inflow and outflow for 30 seconds. Missing level data 

was interpolated based on level changes either side of when the solenoid was 

triggered, however, small errors likely occurred. To reduce uncertainty 

associated with water level measurements, a runoff container collected all 

water drained from the pipes via the solenoid valve. Total runoff volume for 

each event where the solenoid valve was triggered was checked by comparing 

the weight of the water in the runoff container with runoff as determined from 

the water level loggers. The water level changes after each rainfall event also 

showed the average runoff delay for events generating runoff, including the 

time-delay between the start of the rainfall event and the initial measurement of 

runoff. The average time to initiation of runoff was able to show the influence of 

vegetation treatments on water movement though the substrate. 

 

Fig. A2-5. Diagram illustrating runoff collection system. 
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F. Measurements for ET and retention 

Water fluxes included simulated rainfall, runoff after each rainfall event, 

evapotranspiration between events based on module weight of all 18 modules 

(Fig. A2-6). Retention of each module for each event was determined as the 

difference between rainfall depth and runoff depth collected in the ‘U’ shape 

container (Fig. A2-6; i). For each simulated rain event, to avoid disturbing 

drainage and runoff by moving the module, pre-rainfall module weights were 

measured early in the morning immediately before the event and post-rainfall 

weights determined 24 hours later. Using module weights, pre-rainfall and post-

rainfall substrate water content (SWC) and pre-rainfall available storage were 

calculated (Fig. A2-6; ii and iii). Evapotranspiration between rain events 

(ETbetween) was also directly determined from weights of modules, as the 

difference between post-rainfall module weight of event ‘n’ and the pre-event 

module weight of event ‘n+1’ (Fig. A2-6; iv). For each simulated rain event, to 

avoid affecting runoff capture by lifting the module, module weights were 

captured immediately before rainfall and 24 hours after rainfall. ET on the day 

of the event (ETduring; red part in Fig. A2-6) could be estimated from the water 

balance as: 

𝐸𝑇𝑑𝑢𝑟𝑖𝑛𝑔 = 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 − (𝑆𝑊𝐶𝑝𝑜𝑠𝑡 − 𝑆𝑊𝐶𝑝𝑟𝑒) − 𝑅𝑢𝑛𝑜𝑓𝑓                                      (1) 

Therefore, the difference between total retention and cumulative ET of Fig 2-2 

(cumulative ET during the dry period between rainfall events) was cumulative 

ETduring. Szota et al. (2017b) conducted a similar experiment, where the 

retention was calculated using weights of green roof modules. To determine 

retention, as ETduring was considered to contribute to it, ETduring was estimated 

by adjusting ETo with a scaling factor (0.57 for vegetated and 0.48 for bare 
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modules) and thus added to retention calculated by the change in module 

weight before and after each event. Retention in my study was determined as 

the difference between simulated rainfall depth and runoff collected, and thus it 

is not necessary to account for loss of retained moisture via ETduring. Therefore, 

cumulative ET applied in Chapter 2 was part of total cumulative ET (excluding 

cumulative ETduring) and was less than retention. Cumulative rainfall and 

cumulative total ET consistently follow the same pattern along the whole 

duration of the experiment (Fig. A2-7), which suggested the experimental mass 

balance. 

 

Fig. A2-6. Diagram illustrating relationships between measurements, including: (i) calculating runoff and 

retention; (ii) calculating substrate water content (SWC) after rainfall event and drainage; (iii) calculating 

available storage (AS) and SWC before each simulated rainfall event, and (iv) calculating ET between 

rainfall events (ETbetween) and Cumulative ETbetween for all events. Weights of modules were measured 

before and after each event and SWC determined by correcting total module weight for the weight of 

plants, dry substrate and components of the module. Runoff was measured directly with water level 

capacitance sensors. ET on the day of the event (ETduring) was calculated on the basis of water balance 

as the difference from retention and weight change of module before and after rainfall event. 
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Fig. A2-7. Cumulative rainfall and cumulative total ET of all 18 modules for simulated rainfall events. 

Colours indicate cumulative rainfall (black) and cumulative total ET in each module. 

 

A gantry crane attached a load cell (HBM RSCC s-type; RES 50 g; maximum 

capacity of 200 kg; accuracy class C3 to OIML R 60, ± 0.02%; the digital reader 

showing incremental changes in weight of 0.05 kg), was used to determine 

module weight. The uncertainty of each weight measurement was manually 

checked by adding 0.5, 1, 1.5, 2, 5, and 10 kg weights (accuracy in 0.001 kg) 

to an empty module before deployment in June 2014. Weight changes were 

identical by adding the same weight repeatedly and increasing the weights 

gradually. It was found that the digital reader maintained its accuracy over time. 
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Repeatability uncertainty was also evaluated by weighing an empty module 3 

times within 2 mins, which was taken as the spread of the residuals, the 

difference between the measured weight and average weight. The value of 

repeatability uncertainty was ± 0.11 kg for these tests. The total uncertainty due 

to readability (± 0.05 kg) and repeatability (± 0.11 kg) can be considered as ± 

0.16 kg. Over the area of the module (~1.32 m2), this represents an uncertainty 

in water depth of ±0.12 mm. 

  

G. Preferential flow and plant roots 

Plant-induced preferential flow was discussed in Chapter 2 and based on the 

observation that modules planted with S. glauca and the mixture had a shorter 

time to the initiation of runoff following rainfall. The original experimental design 

did not aim to describe this behaviour. However, it was observed that the thicker 

root system of non-succulent plant species grew in a predominantly vertical 

(downward) direction (Fig. A2-7A and 7D), penetrating deeply into the substrate, 

while S. pachyphyllum had a shallow root system which grew laterally near the 

surface (Fig. A2-7C). Based on this observation, it is very likely that roots 

influenced water movement through the substrate and created preferential flow 

pathways (Ghestem et al., 2011). 

 

It was also observed that D. admixta had similar root structure to S. glauca 

(thick and vertically oriented), and higher root biomass, but it had fewer 

decaying or dead roots (Fig. A2-7D; Fig. 2-3), compared with S. glauca (Fig. 

A2-7B). Decaying or dead roots can create macropores that move water at a 

faster rate than unplanted soil (Scanlan and Hinz, 2010). Plant residues 
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(decayed roots and above-ground dead parts) also likely contributed to soil 

aggregation which also probably induced preferential flow (Lado et al., 2004).  

 

Fig. A2-8. Root profiles of S. glauca after harvesting: (A) the vertically oriented root system which 

penetrates deeply into the substrate and (B) high ratio of decaying or dead roots. Root profile of S. 

pachyphyllum: (C) shallow root system. Root profile of D. admixta: (D) the vertically oriented root system 

with few decaying roots. 

 

H. Rainfall-Runoff profiles for simulated rainfall events 

The hydrological performance of the 18 modules during 18 selected events was 

explored, with a view to highlighting some of the practical differences in the 

responses of different treatments.  

 

Six events were chosen to show small rainfall events during which no modules 

generated runoff. The rainfall and runoff profiles for modules are illustrated in 

Fig. A2-8. For these events, responses of all modules were same. This 
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suggested that for these events soil moisture deficit in all the modules exceeded 

the rainfall depth, which was resulted from sufficiently cumulative ET before 

events. Consequently, retention rates for all modules were 100% and no runoff 

was generated from any modules.  

 

Fig. A2-9. Cumulative runoff responses for all modules for six small events generating no runoff. Colours 

indicate rainfall (black) and runoff in each module. 

 

Six medium rainfall events where runoff was initiated from some modules but 

not others were also explored (Fig. A2-9). Generally, in response to these 

events, runoff was very low from some modules, but runoff was always 

observed from modules planted with S. glauca and the mixture. Runoff depths 
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were higher for these modules compared with all others and runoff occurred 

earlier. Runoff was higher from the vegetated configurations than non-

vegetated modules. During ‘Event 54’, when 6.4 mm of rain fell, runoff was 

observed only for modules planted with S. glauca. During ‘Event 36’ (rainfall= 

11.2 mm), runoff was observed in modules planted with S. glauca and the 

mixture, and rainfall was fully retained in other modules. However, mean SWC 

(~6.54 mm) of the modules generating runoff were lower than these not (~8.65 

mm). This indicated that modules with S. glauca and the mixture generated 

runoff even when their SWC were low. This indicated that although total 

available storage was higher than the applied rainfall depth, but because of the 

root-induced preferential flow, water moved faster through the area around 

plant roots and thus runoff was generated. During ‘Event42’ (rainfall= 15 mm), 

runoff from S. glauca and mixture modules was higher than other modules and 

was initiated earlier. A similar range of runoff differences was observed with 

‘Event 48’, ‘Event 53’ and ‘Event 63’. 
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Fig. A2-10. Cumulative runoff responses for all modules for six medium events. Colours indicate rainfall 

(black) and runoff in each module. 

 

A random selection of six large events showed that runoff was initiated from all 

modules (Fig. A2-10). Generally, in the response to these events, runoff was 

higher from all modules than small and medium events. The range of runoff 

values was greatest when rainfall depth was high. However, similarly to medium 

events, the runoff from S. glauca and mixture was higher than that from other 

modules and at a noticeably earlier time. Rates of runoff varied after the 

initialisation of runoff, e.g., S. pachyphyllum and D. admixta showed slower 

increase rates of runoff; indicating that detention performance varied as a result 
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of differences in vegetation treatments. Yet, during ‘Event 80’, runoff rate was 

highest from D. admixtra than most other modules. 

 

Fig. A2-11. Cumulative runoff responses for all modules for six medium events. Colours indicate rainfall 

(black) and runoff in each module. 
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Appendices Chapter 3 

A. Reprint of Zhang et al., 2019 
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B. Simulated rainfall events 

Reference ET (ETo) between events was calculated from a standardised vegetated surface using the 

Penman-Monteith equation (FAO56-PM) (Allen et al., 1998) and the applied rainfall regime simulated a 

‘typical’ rainfall year in Melbourne, Australia, based on analysis of long-term rainfall data (Fig. A3-1). 

 

Fig. A3-1. Simulated rainfall events. (a) Daily reference evapotranspiration (Daily ETo) for the 

experiment period and (b) depth and frequency of simulated rainfall events, colour-coded by the length 

of antecedent dry days (ADWP). 

C. Experimental apparatus 

 

Fig. A3-2. Experimental apparatus showing green roof modules under the rain simulation system for 

application of simulated rainfall events; the runoff water collecting system (white U-shape pipes) to 

monitor runoff water level by inside installed water level sensors. 



157 
 

 

D.  Visual inspection of roots along harvesting 

The reduction in storage capacity of green roof module was likely dependent 

upon root morphology, influencing water storage and movement. The lowest 

maximum water content was observed in green roofs modules with S. glauca.  

S. glauca had thick, vertically oriented root systems and high density of 

decaying roots (Fig. A2-8), which is likely to induce preferential flow. The roots 

of S. glauca were also observed accumulating in the drainage layer beneath 

the substrate (Fig. A3-3). However, in the green roof modules with other plant 

treatments, this was rarely observed (Fig. A2-8). 

 

Fig. A3-3. Roots of roots of S. glauca were also observed accumulating in the drainage layer beneath the 

substrate.  
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Appendices Chapter 4 

A. The calibration of the moisture sensors 

Over the study period, the depth of water extracted from the beds was 

estimated from the difference in soil moisture content for each of the three 

substrate depths. The Aquaflex soil moisture sensors installed at 50, 75 and 

100 mm for each substrate depth (100, 150 and 200 mm) were calibrated with 

was calibrated against SWC (in volumetric percent) determined from three core 

samples extracted from each bed on 1 Sep 2014, 31 May 2016, 30 Apr 2018, 

04 May 2018 and 11 May 2018 (Fig. A4-1). A linear calibration equation 

between measured from soil cores and readings is applied for the sensor in 

each bed (Fig. A4-1) with a satisfying fit (R2 ≥ 0.95). 
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Fig. A4-1. Calibrations equations for Aquaflex moisture sensors in 100 mm (A), 150 mm (B) and 200 mm 
(C). 

 

B. Method for Quantifying runoff 

This was submitted as supplementary material for the submitted paper, Zhang, 

Z., Fletcher, T.D., Farrell, C., Williams, N.S.G., Pianella, A., and Szota, C. 

Deeper green roof substrates reduce plant drought stress but only marginally 

improve retention performance. 

 

The theoretical discharge formula of the rectangular notch (Q1; Equation 1) was 

calculated using the Kindsvater-Carter rectangular weir equation (Kindsvater 

and Carter, 1959; International Organization for Standardization (ISO), 1980). 

The theoretical discharge formula of the V-notch (Q2; Equation 2) was 
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calculated using Kindsvater-Shen equation (International Organization for 

Standardization (ISO), 1980; U.S. Department of the Interior, 2001). Therefore, 

the total discharge (Q) in each time step of this compound weir can be 

expressed as the sum of the discharges flowing over the rectangular area (Q1) 

and V-notch area (Q2) as Equation 3. Consequently, if the head (h) was lower 

than the height of the rectangular notch (h0; mm), it behaves as a single 

rectangular weir (Q= Q1; Q2= 0). Where the head (h) exceeded the rectangular 

notch and moved through the V-notch, the total discharge was obtained by 

summing Q1 and Q2 (Martinez et al., 2005): 

𝑄1 =
2

3
× 𝐶𝑒1 × (𝐵 + 𝐾𝑏) × √2𝑔 × (ℎ + 𝐾ℎ1)3 2⁄                                                            (1) 

𝑄2 =
8

15
× 𝐶𝑒2 × √2𝑔 × 𝑡𝑎𝑛 (

𝜃

2
) × (ℎ − ℎ0 + 𝐾ℎ2)5 2⁄                                                     (2) 

𝑄 = {
𝑄1, ℎ ≤ ℎ0

𝑄1 + 𝑄2, ℎ > ℎ0
                                                                                                 (3)   

where Q= flow rate (L s-1); h= the height (mm); Ce1= discharge coefficient of 

rectangular notch; Ce2= discharge coefficient of V-notch; B= width of the 

rectangular notch (mm); g=2.81, gravitational acceleration; θ = the notch angle 

for the V-notch; h0= the height of the rectangular notch; Kb = width correction 

factor; Kh1 and Kh2 = head correction factors. 

 

The widths of the rectangular notch (B) for the three weirs connected to the 100, 

150, 200 mm deep beds were 3.16, 2.97 and 2.91 mm. Corresponding heights 

of the rectangular notch (h0) were 120, 118 and 119 mm respectively. We used 

the correction factors (Kb= 0 mm; Kh1= 1mm and Kh2= 1 mm) proposed by 

Kindsvater-Shen (U.S. Department of the Interior, 2001). The parameters Ce1 

and Ce2 for the theoretical curve were calculated using Equation 1, 2 and 3, and 
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determined by experimental flow and head data for the rectangular and V-notch 

via calibration, respectively. For the rectangular part of weir, the calibrated Ce1 

value was 0.74, while the calibrated Ce2 was 0.62 for the V-notch. In order to 

validate the theoretical curve, we also manually measured flow rate and 

confirmed the good fitness between experimental the flow rate and the flow rate 

using the theoretical curve. 

 

Hydrographs of each event for each bed were manually checked before being 

used to calculate runoff depth. Based on the hydrographs, we discarded seven 

events where pressure transducers failed. For 35 events, the hydrographs 

showed flow rates greater than zero prior to rainfall and/ or long after rainfall 

ceased which we assumed was caused by clogging of the weir by leaves or 

debris (meaning the stage height was above the invert of the weir). For these 

events, we used the widely-used straight-line method to correct the flow rate 

(Dingman, 2002; Blume et al., 2007; Ojha et al., 2008; Uber et al., 2018). In this 

method, the separation was achieved by drawing a straight line from where the 

first increase in flow rate was detected to the point on the recession limb of the 

hydrograph representing the cessation of runoff. Equation 4 is the empirical 

equation for the time interval of N days after the peak flow rate: 

= 0.827 × (0.000001 × 𝐴)0.2                                                                                  (4) 

where A = Area of green roof bed (m2), and N in days.  

 

where Q= flow rate (L s-1) at each time step from Equations 1, 2 and 3, ∆T= 

time step of flow rate record and A= area of green roof bed (m2). 
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Per-event observed runoff (Runoffobs) included both runoff from the green roof 

bed (60%), as well as the area of pathway around the bed (40%). Therefore, 

we calculated the per-event runoff depth of each green roof bed (Runoff) as 

follows: 

𝑅𝑢𝑛𝑜𝑓𝑓 = 𝑚𝑒𝑎𝑛(𝑅𝑢𝑛𝑜𝑓𝑓𝑜𝑏𝑠 − 0.4 × 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙,  𝑅𝑢𝑛𝑜𝑓𝑓𝑜𝑏𝑠 − 0.4 × 𝑅𝑢𝑛𝑜𝑓𝑓𝑜𝑏𝑠)  (6) 

Where Runoff is the per-event runoff depth (mm), Runoffobs is the observed 

runoff (mm) and Rainfall is the rainfall depth (mm). 

 

C. Relationship between available storage and retention 

Retention was strongly related to available storage in the substrate before each 

event (P< 0.001; Fig. A4-2). When available storage (AS) was > rainfall depth, 

retentions were relatively high, which were similar to rainfall depths in all depth 

beds (>89%); when available storage (AS) was <= rainfall depth, retention were 

close to available storage (R2= 0.91; P< 0.001). For some events, the retention 

depths were less than available storage. Error associated with determining 

runoff is likely explained the contribution of runoff from the path surrounding 

each bed. Although the area of pathway had significantly low storage capacity 

compared with green roof beds, and the calculation of per-event runoff depth 

was corrected by the ratio of green roof area to pathway area (Appendix 4. 

Equation 6), the per-event runoff depth of each green roof bed was likely 

overestimated. It should be noted that retention included rainfall retained in the 

substrate and drainage layer, so that in some cases retention was likely higher 

than available storage, as available storage was calculated using substrate 
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moisture contents, but did not include storage of the drainage layer. However, 

the pathway area and storage in drainage layer were same for treatments. 

 

Fig. A4-2. For different rainfall events and available storages, the relationships between retention 

performance and available storage before events, and available storage of substrate depths. (A) 

available storage ≥ rainfall depth; (B) available storage < rainfall depth. Red lines represent a 1:1 

relationship. 

 

D. Plant stress 

It was observed that plants in the 100 mm green roof bed were under stress 

and plants in 150 mm and 200 mm appeared healthier, according to 

photographs taken on 27 March 2017 (Fig. A4-3; photograph provided by 

Andrea Pianella).  
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Fig. A4-3. Photograph of the three green roof beds on 27 March 2017. 

 

 

E. Evaluation of the suitability of existing SMEFs in the modelling 

of ET 

Models that account for moisture availability are expected to increase the 

accuracy of ET (and runoff) predictions. Soil moisture extraction functions 

(SMEFs) are commonly used in the calculation of ET, where ET is described 

as a function of ETo multiplied by the ratio of actual moisture content to the field 

capacity of the substrate (Stovin et al., 2013; Zhao et al., 2013). Here, the 
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suitability of SMEFs for predicting ET was evaluated by observed data of daily 

ET from the empirical datasets generated by the green roof field study (Fig. 1-

2; equation (3) of Chapter 1; (Stovin et al., 2013; Zhao et al., 2013)) as: 

𝐸𝑇 = 𝐸𝑇𝑜 ×
𝑆𝑊𝐶𝑡

𝑆𝑊𝐶𝑚𝑎𝑥
                                                                                               (1) 

Where ET is daily evapotranspiration, SWCt is the substrate water content and 

SWCmax is the maximum retention capacity of substrate. SWCt/SWCmax 

accounts for the effect that soil moisture has on the actual ET rate.  

 

The relationship between expected and predicted ET suggested that these 

calculations tend to overpredict ET (Fig. A4-3). A commonly applied statistical 

measure of the proportion of explained variance in observed and modelled 

values, the R2 statistic is the complement of the sum of squares of residuals as 

a proportion of the total sum of squares. An R2 statistic of 1 would indicate that 

the model fits observed values perfectly; whereas a value of 0 highlights that 

the model is not able to explain any of the variance. The Nash-Sutcliffe Model 

Efficiency (NSME) is a method of testing goodness of fit of models, comparing 

modelled daily ET with observations, which is 0.19. When the NSME index is 

between 0.65 and 0.75, predictive accuracy is ‘good’; when the NSME index is 

greater than 0.75, it is ‘very good’. The optimum value of PBIAS is zero. Positive 

values reflect an over-prediction in the modelled figure. The results of validation 

suggested that deriving species-specific S’, Kc and S* should be integrated into 

water balance models to improve prediction of ET and consequently rainfall 

retention. These can also help to improve estimates of drought stress, when 

utilising water balance models for green roof design and plant selection. 
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Fig. A4-4. Runoff prediction validation against monitored data using equation (1). 

 

F. Hydrographs 

The hydrological performance of green roof beds was explored for some events 

during which runoff was generated, with a view to highlighting some of the 

practical differences in the responses of different treatments. 
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Fig. A4-5. Runoff response of green roof beds to events when runoffs were generated. 
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