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Abstract 
Modern cities face a wide range of challenges such as flooding and heat stress, which are 

driven by urbanisation and exacerbated by the impacts of climatic change. The ecosystem 

services provided by green spaces in cities have become a crucial element in addressing these 

challenges by supporting climate change mitigation and adaptation. The first step in 

maintaining and improving the supply of these services is their quantification and mapping. 

However, large knowledge gaps exist in South Africa and Johannesburg relating to the 

provision of urban ecosystem services. 

 

This study aimed to quantify the supply of three important urban ecosystem services (carbon 

storage, runoff retention and cooling) and map their distribution across the wards of 

Johannesburg. Carbon storage was quantified through field sampling of four urban forest 

types (roadside trees, parks, gardens and nature reserves) and the use of biomass equations. 

InVEST's urban flood risk mitigation model was used to quantify runoff retention, while 

cooling was quantified by deriving land surface temperatures from Landsat satellite imagery, 

which were then used as inputs for a cooling indicator. All three services were mapped across 

the wards of Johannesburg and then normalised for comparison. 

 

The results revealed that Johannesburg's urban forest stores 2.4 million tonnes of carbon, with 

significant differences in carbon storage between forest types. Johannesburg’s ecosystem 

services provide great value in mitigating urban challenges, retaining 20.9 million m3 of 

runoff during a 50 mm storm, and providing cooling services across most of the city. 

However, the supply of these services is unequal, with large spatial disparities between the 

northern and southern regions in the city. Numerous wards receive critically low supply of 

these services, making them vulnerable to the impacts of climatic change. The northern-

central wards have optimal supply of all three services, highlighting synergies between 

services.  

 

Ultimately, these three services have immense value in the Johannesburg context and play 

key roles in supporting the city’s climate change mitigation and adaptation, through the 

multi-functional delivery of ecosystem services from urban green infrastructure. By mapping 

these services at the ward scale, our findings can be used to accurately inform authorities and 

decision makers of priority areas for intervention, as well as key areas for conservation. 



v 

 

Table of Contents 

CANDIDATE’S DECLARATION II 

ACKNOWLEDGEMENTS III 

ABSTRACT IV 

TABLE OF CONTENTS V 

LIST OF FIGURES VII 

LIST OF TABLES IX 

LIST OF ABBREVIATIONS XI 

CHAPTER 1: INTRODUCTION 1 

1.1 Knowledge gap 4 

1.2 Aim and Objectives 5 

1.3 Layout of this dissertation 5 

CHAPTER 2: LITERATURE REVIEW 6 

2.1 Urban Ecosystem Services (UES) 8 
2.1.1 Urban ecosystem services and Resilience 12 

2.2 Quantifying and mapping the supply of ecosystem services 14 

2.3 African Vulnerabilities and Knowledge Gaps 17 

2.4 The Johannesburg case 19 

3. CARBON STORAGE METHODS AND RESULTS 22 

3.1 Study Area 23 

3.2 Carbon storage methodology 27 
3.2.1 Field Sampling 27 
3.2.2 Carbon storage calculations 33 
3.2.3 Extrapolation and Mapping 36 
3.2.4 Statistical Analysis 37 

3.3. Carbon Storage Results 38 
3.3.1 Urban Forest Structure 38 
3.3.2 Species composition 43 
3.3.3 Urban Forest Function 46 



vi 

 

4. RUNOFF RETENTION AND COOLING METHODS AND RESULTS 53 

4.1 Runoff Retention Methods 53 
4.1.1 Soil Conservation Services Curve Number model theory 53 

4.2 Local climate regulation (cooling) methods 58 
4.2.1 Cooling Capacity Index 60 

4.3 Runoff retention and Cooling Results 62 
4.3.1 Runoff Retention 62 
4.3.2 Cooling Results 67 

5. ECOSYSTEM SERVICE COMPARISON 73 

5.1 Methods 73 

5.2 Results 73 
5.2.1 Spatial trends across UES 73 
5.2.2 Synergies and Trade-offs 74 

CHAPTER 6 . DISCUSSION AND CONCLUSION 79 

6.1 Above-ground carbon storage in Johannesburg 79 

6.2 Variability of Carbon storage within the city and between UF types 83 

6.3 The role of exotic species in delivering ecosystem services 87 

6.4 Spatial variation in Cooling and Runoff services in Johannesburg 91 

6.5 Green spaces and UES inequality 95 

6.6 Implications for policy and decision-making 97 

6.7 Conclusion 104 

6.8 Limitations 105 

6.9 Future Research 106 

7. REFERENCES 109 

8. APPENDICES 155 

 

 

 

 

 

 



vii 

 

List of Figures 

 

Figure 1: Study Area: The Greater metropolitan Johannesburg 

Municipality (City of Johannesburg), Gauteng Province, South Africa. 

Figure 2: Tree cover distribution in the city of Johannesburg, South Africa 

Figure 3: Boundaries of the administrative wards and regions of the City of 

Johannesburg, South Africa 

Figure 4: Median tree height ± 95% CI in four urban greenspace types 

across sampled locations in Johannesburg, South Africa 

Figure 5: Tree height relative frequency distribution across sampled 

individuals in four urban forest types in Johannesburg, South Africa 

Figure 6: Tree DBH distribution across different urban forest types in 

Johannesburg, South Africa 

Figure 7: Exotic vs indigenous species composition across four urban 

forest types in Johannesburg, South Africa 

Figure 8: Biomass contribution of indigenous vs exotic species, sampled 

across four urban forest types in Johannesburg, South Africa 

Figure 9: Carbon storage density across the administrative wards of the 

city of Johannesburg, South Africa 

Figure 10: Distribution of hydrologic soil groups across the city of 

Johannesburg, South Africa (Schulze, 2010)  

Figure 11: Workflow for Cooling UES quantification in Google Earth 

Engine and ArcGIS Pro (version 2.6.0) 

Figure 12: Average runoff retention, runoff, and retention ratio across the 

administrative wards of Johannesburg, during a 50 mm h-1 rainfall event. 

Figure 13: Supply of cooling ecosystem service across the administrative 

wards of Johannesburg, South Africa 

Figure 14: : Cooling ecosystem service supply index (30 m resolution) 

across the city of Johannesburg, South Africa, based on land surface 

temperature data (2015-2022). 

 

 

 

 

23 

 

25 

26 

 

40 

 

41 

 

42 

 

46 

 

50 

 

52 

 

55 

 

61 

 

66 

 

69 

 

70 

 

 

 

 

 

 



viii 

 

Figure 15: Mean land surface temperature across the city of Johannesburg, 

with hotspots highlighted, based on selected Landsat 8 satellite images 

during summer months of 2015-2022.  

 

Figure 16: Normalised UES supply score for carbon storage, cooling, and 

runoff retention services mapped across the administrative wards of 

Johannesburg, South Africa 

 

Figure 17: Normalised (0-100) UES supply score for carbon storage, 

cooling, and runoff retention services across groups of administrative wards 

in Johannesburg, South Africa 

72 

 

 

76 

 

 

 

78 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

List of Tables 

 

Table 1: Urban forest types used as stratification criterion for 

conducting carbon storage sampling in Johannesburg, South Africa 

 

Table 2: Number of plots assessed, number of individual trees, and 

mean area of sampled plots across four urban forest types in 

Johannesburg, South Africa 

 

Table 3: Biomass equations used for calculating biomass estimates 

from field measurements 

 

Table 4: Number of plots (200 m2) assessed, number of individual 

trees, mean tree density per plot and per ha, across four urban tree 

types sampled in Johannesburg, South Africa 

 

Table 5: Number of individuals and species diversity of sampled trees 

across four urban forest types in Johannesburg, South Africa. 

 

Table 6: Top five most commonly occurring tree genera across four 

sampled urban forest types, in Johannesburg, South Africa. 

 

Table 7: Descriptive statistics of Aboveground Biomass (Kg) per tree, 

across four sampled UGS types in Johannesburg, South Africa. 

 

Table 8: Mean Aboveground Biomass, Carbon storage and CO2 

equivalent (tonnes/ha) across four sampled UGS types in 

Johannesburg, South Africa 

 

Table 9: Comparison of aboveground carbon storage in this study to 

values derived from four alternative allometric models. 

 

Table 10: Carbon storage total, proportion, and density across the 

seven administrative regions of Johannesburg, South Africa. 

29 

 

 

32 

 

 

 

35 

 

 

39 

 

 

 

44 

 

 

45 

 

 

47 

 

 

48 

 

 

 

48 

 

 

51 

 



x 

 

Table 11: Hydrologic soil groups (HSG) and their properties 

 

Table 12: Sum and mean (ha-1) runoff, runoff retention and runoff 

ratio for the entire city of Johannesburg, under 12 mm h-1, 30 mm h-1, 

and 50 mm h-1 design storms. 

 

Table 13: Mean cooling service supply and land surface temperature 

(LST) in the administrative regions of Johannesburg, South Africa. 

55 

 

63 

 

 

 

67 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

List of Abbreviations 
 

 

Abbreviation Definition 

AGC Aboveground Carbon 

AGB Aboveground biomass 

BA Basal Area 

CoJ City of Johannesburg 

CN Curve number 

DBH Diameter at breast height 

ES Ecosystem services 

ESA European Space Agency 

GI Green infrastructure 

GEE Google earth engine 

HSG Hydrologic Soil Groups 

inVEST Integrated valuation of Ecosystem Services and Trade-

offs 

IPCC Intergovernmental Panel on Climate Change 

LST Land Surface Temperature 

NDC Nationally Determined Contribution 

OSM OpenStreetMap 

RS Roadside 

SANLC South African National Land Cover 

SCS Soil Conservation Services 

UES Urban Ecosystem Services 

UHI Urban Heat Island 

UGS Urban greenspace(s) 

UF Urban Forest 

UFRM Urban Flood Risk Mitigation 

UGBS Urban Green and Blue Spaces 

UNCCC United Nationals National Climate Change Conference 



1 

 

Chapter 1: Introduction  
 

Modern society is undergoing a dramatic, widespread, and rapid transition toward urban 

living (Grimm et al., 2008). The urban population increased by 3.4 billion between 1950 and 

2018, with more than half the global human population currently living in urban systems 

(United Nations, 2019). This demographic transition shows no signs of slowing down in the 

near future, with projections indicating that nearly 70% of the global population will reside in 

urban areas by 2050 (United Nations, 2019). This increase in the urban population is 

expected to occur almost entirely (90-95%) on the Asian and African continents, which are 

already urbanising at a greater rate than anywhere else in the world (United Nations, 2019).  

 

The global urban transition over the last century has taken place on less than three percent of 

the earth’s terrestrial surface (Schneider et al., 2010; Liu et al., 2018; Huang et al., 2021). 

Consequently, despite the magnitude and intensity of population growth and associated land 

cover change, these effects have been concentrated on a relatively small proportion of the 

earth’s surface, placing immense pressure on the humans and ecosystems within these 

systems (Grimm et al., 2008; De Carvalho & Szlafsztein, 2019). While urbanisation has 

spurred economic growth and cultivated technological innovation, it has also brought about 

profound changes in the earth’s biosphere and atmosphere, driving environmental change at 

local and global scales. 

 

At the global scale, urban systems are key drivers of climatic change (Grimm et al., 2008; 

Seto et al., 2014). Cities are responsible for nearly 80% of global carbon emissions driven by 

their role act as hotspots for global material production and resource consumption (Grimm et 

al., 2008; Seto et al., 2014; Garrick et al., 2019). These anthropogenic CO2 emissions underly 

dangerous climatic change, which has and will continue to increase global surface 

temperatures and drive more frequent and severe extreme weather events (IPCC, 2021). 

Furthermore, the impacts of high resource demands within cities can have large-scale effects 

on ecosystems far beyond the boundaries of the cities themselves (Grimm et al., 2008).  

 

While being heavily implicated in global climatic change as principal greenhouse gas (GHG) 

emitters, urban systems are also affected by local-scale climatic changes associated with 

urbanisation (Seto et al., 2014). The most well-known and widely reported instance of local 
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climate alteration due to anthropogenic activity is the urban heat island (UHI) effect (Voogt 

& Oke, 2003; Grimm et al., 2008; Santamouris, 2015; Santamouris, 2018; Nastran et al., 

2019), an urban specific climate in which urban, built-up areas have higher temperatures than 

their surrounding rural or natural environments (Oke, 1997; Voogt & Oke, 2003; Busato et 

al., 2014) as they retain more heat. The increase in temperatures caused by the UHI effect 

have major consequences for both human and ecosystem health, particularly in the context of 

climate change (Kleerekoper et al., 2012; Heaviside et al., 2016; Santamouris, 2018; Li et al., 

2019; Yang et al., 2020; Santamouris, 2020; Yin et al., 2023). 

 

In addition, this increased impervious land cover which is synonymous with urban systems 

has also altered hydrological functioning in cities, creating numerous local challenges 

including water pollution and enhanced flooding (Grimm et al., 2008). The replacement of 

natural surfaces with artificial ones diminishes the capacity for water infiltration, and other 

means of hydrological losses (e.g. percolation in soils), thereby lowering the threshold at 

which stormwater runoff is initiated (Villarreal & Bengtsson, 2005; Berland et al., 2017), 

making cities vulnerable to flooding events (Grimm et al., 2008; Villarreal & Bengtsson, 

2005; Huong & Pathirana, 2013). This vulnerability is enhanced by the absence of vegetation 

and tree canopies, which intercept rainfall and slows surface flow, enabling greater 

percolation and reducing pressure on stormwater drainage systems (Bolund & Hunhammar, 

1999; Villarreal & Bengtsson, 2005; Pataki et al., 2011; Berland et al., 2017).  

 

Air pollution has also arisen as another challenge in megacities, due to these systems acting 

as point sources for a wide range of greenhouse gasses and pollutants due to the aggregation 

of industrial and transportation activities (Molina & Molina, 2004; Pataki et al., 2006; Xie et 

al., 2017). A further key impact of urbanisation is the loss of biodiversity, as species richness 

and evenness for the majority of biotic communities are reduced (Paul and Meyer, 2001; 

McKinney, 2002; McKinney, 2008; Fenoglio et al., 2020) due to ecological degradation, the 

fragmentation of landscapes and disturbed urban ecosystems caused by urbanisation (Zhang 

& Muñoz Ramírez, 2019). Across the world, urbanisation and the growth of cities act as an 

immense homogenising force, in which urban-adapted species are becoming widespread and 

abundant, whilst indigenous species are diminished (McKinney, 2006). 

 

In addition to these already existing urban problems, global climatic change is set to 

exacerbate urban challenges and pressures. It is indisputable that anthropogenic influence has 
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caused the warming of the earth’s land, oceans, and atmosphere alongside driving swift and 

intensive changes to the biosphere, oceans, and atmosphere (IPCC, 2021). The magnitude and 

scale of changes to the earth’s climate system are unprecedented (IPCC, 2021) and presents a 

major threat to the sustainability of human society. Both hot extremes and severe rainfall 

events have and will continue to increase in both frequency and intensity, particularly in 

Africa and Asia (IPCC, 2019IPCC, 2021). In addition, global surface temperatures will 

continue to rise unless drastic reductions in GHG emissions take place (IPCC, 2021). 

Consequently, already existing urban pressures such as urban heat islands, biodiversity loss 

and flooding will be greatly exacerbated (Seto et al., 2014; Dodman et al., 2021).   

 

Urban ecosystem services (UES), provided by biodiversity and green infrastructure within 

cities, have emerged as an important solution to existing and future urban challenges, which 

can act as a tool for both climate mitigation and adaptation. In particular, the regulation of 

local temperatures and mitigation of the UHI (Bowler et al., 2010; Schwarz et al., 2011; 

Lafortezza et al., 2009; Rocha et al., 2022), flood regulation (Pataki et al., 2011; Berland et 

al., 2017; Li et al., 2019), mitigation of climate change through carbon sequestration and 

storage (Nowak et al., 2013; Lindén et al., 2020; Dhyani et al., 2021) and air purification 

(Janhäll, 2015) have been highlighted as important ecosystem services in the urban context.  

 

The quantification of these services is an imperative first step In their preservation and 

improvement (Radford & James, 2013). The quantification of regulating services such as 

local climate regulation (cooling) and flood regulation is crucial for informing decision 

making and addressing climate change impacts in growing urban systems (Farrugia et al., 

2013). Meanwhile, the quantification of carbon stocks is the crucial first step in creating and 

informing effective climate change mitigation strategies in urban systems (Nowak et al., 

2013; Davies et al., 2013; Liu and Li, 2012). Determining the spatial distribution of these 

services also aids in identifying key areas with low supply as well as priority areas for 

conservation (Farrugia et al., 2013). Maintaining services which build resilience to climatic 

change are particularly important in the African context, due to the continent’s vulnerability 

to climate change impacts. 
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1.1 Knowledge gap  

 

For a prolonged period, issues relating to biodiversity were not adequately considered in the 

context of urban development (Sieber & Pons, 2015). As a result there are still significant 

knowledge gaps regarding cities and their ecosystems (Gómez-Baggethun & Barton, 2013; 

Hubacek & Kronenberg, 2013; Haase et al., 2014; Shackleton et al., 2021). Both ecosystem 

services (ES) and UES remain markedly under-studied in Africa (Wangai et al., 2016; du 

Toit et al., 2018; Veerkamp et al., 2021). The vast majority of UES research has been 

undertaken in Europe, North America and China (Haase et al., 2014; Crossman et al., 2013; 

Veerkamp et al., 2021). Thus there is clear need for the enhancement and broadening of the 

knowledge base surrounding the application and implementation of the ES framework in 

Africa, supported by the conjunct necessity to meet human needs, particularly in rapidly 

expanding urban areas (Wangai et al., 2016). 

 

Very few studies have explored UES in South Africa and where they have, the focus has been 

on a single service (e.g. Stoffberg et al., 2010; O’Donoghue & Shackleton, 2013) or they are 

limited to small-scale case-studies (Schäffler & Swilling, 2013). In fact, very few studies 

have mapped urban ecosystem services, at the city-scale in South Africa outside of an 

assessment of ES in the City of Cape town which utilised a land cover scoring method 

(O’Farrell et al., 2012) and an unpublished study in Durban, which mapped ES using inVEST 

models (Glenday, 2012). Studies which have mapped ES in South Africa have generally been 

conducted at national (See Egoh et al., 2008; Turpie et al., 2017) or regional scales (See 

SANBI, 2021). 

 

To my knowledge, no biophysical quantification of UES supply has been done for the City of 

Johannesburg, or any other South African cities. In fact, despite being South Africa’s most 

populous and heavily treed city, only limited UES research has been conducted in 

Johannesburg (see Schäffler & Swilling, 2013), with no mapping or quantification of ES 

supply having been conducted.  
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1.2 Aim and Objectives 

 

This study aimed to assess ecosystem service supply spatially and quantitatively in the City 

of Johannesburg, South Africa. The contribution of Johannesburg’s green infrastructure (GI) 

toward climate resilience and human wellbeing was investigated through three key urban 

ecosystem services (UES). 

 

Objectives:  

(1) To quantify the supply of three urban ecosystem services (carbon storage, runoff 

retention, and cooling) from green infrastructure in Johannesburg, using bio-physical 

or non-economic metrics; 

(2) To map the spatial distribution of urban ecosystem service supply across all the 

administrative wards in Johannesburg and make recommendations for planning 

 

 

1.3 Layout of this dissertation 

 

In quantifying three different ecosystem services in Johannesburg, three distinct 

methodologies were used, including field sampling, remote sensing and modelling 

approaches. These methods produced different results, specific to each service. In order to aid 

the readability and comprehensibility of this thesis, the methods and results sections are 

partitioned between the different services. After the introduction and literature review 

(Chapters 1 and 2), the methods for quantifying carbon storage, followed by the carbon 

storage results are presented in Chapter 3. Then, the methods and results for cooling and 

runoff quantification are presented in Chapter 4. Following this, the methods and results for 

the comparison between services are presented in Chapter 5. These chapters are followed by 

a discussion and conclusion in Chapter 6. The dissertation closes with a comprehensive 

reference list and eight appendices 
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Chapter 2: Literature Review 
 

Modern society is rapidly shifting towards urban living, with over half the global population 

residing in urban areas (United Nations, 2019). This proportion is projected to increase to 

70% by the year 2050, with an increase in the urban population of 2.5 billion. This growth in 

the urban population is expected to occur almost entirely on the African and Asian 

continents, as developing countries approach the level of urbanisation evident in current 

industrialised countries (United Nations, 2006; United Nations, 2019). 

 

Cities serve as primary hubs for humans and infrastructure and as centres of economic 

functioning; in turn, their resource requirements are vast, applying immense pressure on both 

the surrounding and global environment (Grimm et al., 2008; Garrick et al., 2019). 

Furthermore, the process of urbanisation serves as a key driver of global land use change as 

urban land is expanding at a greater rate than any other land use (Pickett et al., 2001; 

McKinney, 2002; Meyerson et al., 2007; Davies et al., 2009; Holt et al., 2015). Thus, urban 

systems prompt environmental changes at multiple scales. In this context, the urban transition 

has been identified as the largest human-environment experiment in the history of humankind 

(Meyerson et al., 2007). 

 

At the global scale, cities are principal emitters of greenhouse gasses, playing a major part in 

driving global climatic change (Grimm et al., 2008; Seto et al., 2014). However, urban 

systems also face numerous local challenges associated with the built up and transformed 

nature of urban landscapes. One important challenge is the urban heat island (UHI) effect, a 

local climate phenomenon in which built-up areas have higher temperatures than their 

surrounding rural environments (Oke, 1997; Voogt & Oke, 2003; Busato et al., 2014). The 

UHI represents a distinctly urban pressure and its formation is influenced by a multitude of 

urban characteristics (Grimm et al., 2008; Santamouris, 2015; Mohajerani et al., 2017; Li et 

al., 2020). These include large areas covered by impervious surfaces which have a high heat 

retention capacity alongside limited albedo, as well as a reduction in vegetation and 

waterbodies, which limits the loss of heat through evaporative cooling (Stone et al., 2010; 

Santamouris, 2015; Mohajerani et al., 2017). Anthropogenic heat sources such as industrial 

machinery, cars and generators also contribute to the formation of the UHI (Stone et al., 

2010; Li et al., 2020). The increase in temperatures caused by the UHI effect poses major 

risks to both human and environmental health, particularly in the context of climate change 
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(Kleerekoper et al., 2012; Heaviside et al., 2016; Santamouris, 2018; Li et al., 2019; Yang et 

al., 2020; Santamouris, 2020; Yin et al., 2023). 

 

The UHI effect is not the only adverse impact of the transformed urban landscape, as cities 

also face heightened flood risks. By substituting natural, pervious surfaces with artificial, 

impervious ones, urban surfaces have reduced infiltration capacity and greater surface runoff 

(Villarreal & Bengtsson, 2005; Berland et al., 2017). The increased volume of runoff, 

alongside the limited capacity of impervious surfaces to slow down the flow of water makes 

cities vulnerable to flood events (Villarreal & Bengtsson, 2005; Grimm et al., 2008; Huong & 

Pathirana, 2013). Additionally, the loss of green spaces in urban systems reduces the 

interception of rainfall by tree canopies and vegetation, as well as the capacity for vegetation 

to slow down the flow of water (Villarreal & Bengtsson, 2005; Pataki et al., 2011; Berland et 

al., 2017). Consequently, urban flooding has become a key challenge facing cities and have 

already driven economic losses, fatalities and illnesses worldwide (IPCC, 2022). 

 

Numerous other challenges face urban systems, including but not limited to air pollution , 

water pollution and the widescale loss of biodiversity (Grimm et al., 2008; McKinney, 2008; 

Fenoglio et al., 2020; Pataki et al., 2006; Xie et al., 2017). Furthermore, the increase in 

temperature and rainfall extremes associated with climatic change will exacerbate many of 

these urban pressures, including the UHI effect and urban flooding (IPCC, 2021; Dodman et 

al., 2022). As a result, many of the negative and damaging feedback of climatic change are 

felt most acutely in cities. As a consequence of the ever-increasing proportion of the global 

population living in urban systems, more and more people are directly faced with challenges 

associated with global climatic change, including a consistent increase in the occurrence of 

extreme weather events and the loss of biodiversity and terrestrial ecosystems, alongside the 

ecosystem services which they provide (IPCC, 2019). This challenge is exacerbated by the 

severe vulnerability of urban systems to extreme weather events (De Sherbinin et al., 2007; 

Dodman et al., 2022). In this context, it is clear that we need solutions that address typical 

urban challenges, reduce anthropogenic emissions, enhance urban resilience to climatic 

change and reduce the loss of biodiversity so as to preserve human well-being in cities and 

ensure a sustainable urban future (Radford & James, 2013). 
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2.1 Urban Ecosystem Services (UES) 

 

The extreme challenges facing human-environmental systems around the world have created 

a need for integrative and adaptive management to simultaneously deal with social and 

environmental pressures (Burkhard et al., 2010; Niemelä, 2014; Babí Almenar et al., 2021). 

In this context, the concept of ecosystem services arose as a means to integrate social, 

environmental and economic goals (Seppelt et al., 2011; Granek et al., 2010). The concept 

was popularised by the release of the Millennium Ecosystem Assessment (MEA, 2005) 

which served as the earliest, comprehensive, globe-wide assessment of the ecosystem 

services (Haines-Young & Potschin, 2010; Hubacek & Kronenberg, 2013). Since then, ES 

considerations have become mainstream, particularly over the last decade (Zhang & Muñoz 

Ramírez, 2019), evident in its increasing political profile and adoption into EU policy 

(Bouwma et al., 2018). The increasing prominence of the concept is explained by its ability 

to reframe the value of the conservation of nature, rather than being in contrast to or 

additional to human and societal goals, but rather as a crucial element to achieving these 

goals (Hubacek & Kronenberg, 2013). 

 

The ES concept serves as a framework for the characterisation, definition and analysis of the 

interdependencies and linkages between natural and anthropogenic systems (Burkhard et al., 

2010). Thus it serves as a principal model for establishing connections between the 

functioning of ecosystems and human well-being (Fisher et al., 2009). The understanding of 

this link between humans and nature is crucial in a wide variety of decision making contexts, 

particularly in urban systems.  

 

Various environmental pressures and changes are driven by urban systems, whilst 

simultaneously affecting these systems (Grimm et al., 2008), enhancing their complexity and 

elevating their importance to both global and local changes in the environment. However, 

urban systems were largely neglected by ecologists throughout the 20th century, and 

consequently environmental issues in urban systems received little aid from ecological study. 

It is now clear that we need solutions that address typical urban challenges, enhance urban 

resilience to climatic change and reduce the loss of biodiversity so as to preserve human well-

being in cities and ensure a sustainable urban future (Radford & James, 2013). The concept 

of urban ecosystem services (UES) has arisen as a key means of studying and addressing 

these urban challenges and integrating social, economic and environmental goals. UES refer 
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to the services provisioned by urban ecosystems and their components (Gómez-Baggethun & 

Barton, 2013) and is derived from the understanding of ecosystem services (ES), defined as 

the "contributions of ecosystem structure and function to human wellbeing" (Burkhard and 

Maes, 2017, p25) or the direct or indirect benefits which humans derive from ecosystems 

(TEEB, 2010). ES are generally classified as belonging to one of four categories, namely 

regulating (moderate ecosystem processes and include air quality regulation, local climate 

regulation), cultural (non-material benefits which humans receive from ecosystems such 

aesthetics, recreation), provisioning (material outputs from ecosystems such as wood, water 

or food) and supporting (underpin the production of other services, e.g. habitat provision) 

services (MEA, 2005; TEEB, 2010)..  

 

For a prolonged period, issues relating to biodiversity were not adequately engaged with 

within the context of urban development (Sieber & Pons, 2015). As such, urban ecosystems 

are relatively less pronounced in ES research than systems such as wetlands or forests 

(Gómez-Baggethun & Barton, 2013). Regardless, since the publication of the seminal article 

by Bolund & Hunhammar, (1999), a growing body of literature has built knowledge towards 

the understanding of UES through biophysical (Pataki et al., 2011; Escobedo et al., 2011), 

economic (Sander et al., 2010) and socio-cultural perspectives (Chiesura, 2004; Erik 

Andersson et al., 2007). UES were also represented in large scale initiatives (MEA, 2005; 

TEEB, 2010) and are establishing a strong foothold in policy debates on green infrastructure 

(EEA, 2011). Publications relating to the study of urban ecosystem services have followed a 

trend of exponential growth since their onset (Fisher et al., 2009; Hubacek & Kronenberg, 

2013). The rise in attention paid to UES is primarily driven by their capacity to reduce, 

moderate and regulate various pressures and impacts linked to urbanisation (Elmqvist et al., 

2015; Escobedo et al., 2019). 

 

Different habitats provide varying ES and in turn alter the importance of particular ES 

provided, whereby forests for instance are important for carbon sequestration, and 

agroecosystems for food production. The UES delivered by green and blue infrastructure in 

urban systems provides a wide range of benefits to human health and well-being, which is 

crucial for the management of existing and future urban problems (Gómez-Baggethun & 

Barton, 2013). Some of the UES which have been emphasised in the literature as particularly 

important for the maintenance of human well-being in urban systems include regulating the 

urban heat island effect and mitigating the negative health impacts of increasing urban 
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temperatures (Bowler et al., 2010; Schwarz et al., 2011; Lafortezza et al., 2009; Rocha et al., 

2022); reducing the risks and buffering the impacts of flooding (Bolund & Hunhammar, 

1999; Villarreal & Bengtsson, 2005; Pataki et al., 2011; Berland et al., 2017; Li et al., 2019); 

reducing mortality rates and enhancing human mental and physical health (Tzoulas et al., 

2007; Maas, 2006; Gascon et al., 2015; van den Berg et al., 2015; Nowak et al., 2018); 

mitigating climate change through carbon storage and sequestration (Liu & Li, 2012; Nowak 

et al., 2013; Sun et al., 2019; Lindén et al., 2020; Dhyani et al., 2021); air purification 

(Janhäll, 2015); and improving environmental awareness (Gómez-Baggethun & Barton, 

2013; Haase et al., 2014). 

 

In the context of the UHI effect (Busato et al., 2014) and increasing global temperatures 

(IPCC, 2021), the provision of local climate regulation or cooling service becomes 

particularly important. An effective means of mitigating the UHI effect and regulating urban 

temperatures is through the utilisation of urban green spaces and the enhancement of 

vegetation cover (Hardin & Jensen, 2007; Grimm et al., 2008; Bowler et al., 2010; Busato et 

al., 2014; Skelhorn et al., 2014; Nastran et al., 2019). Vegetation can reduce surface and air 

temperatures through evapotranspiration (Hardin & Jensen, 2007; Bowler et al., 2010; 

Skelhorn et al., 2014; Nastran et al., 2019). This cooling effect is enhanced where foliage 

density and canopy cover is greater, due to the larger surface area from which water can be 

transpired (Hardin & Jensen, 2007). Furthermore, tree canopies provide shading, effectively 

minimising the proportion of solar radiation which reaches the ground (Rosenzweig et al., 

2006; Hsieh et al., 2018). 

 

In the context of the immense air pollution challenges faced by cities around the world 

(Molina & Molina, 2004; Grimm et al., 2008) and their hazardous health effects (Leiva G et 

al., 2013), air purification is another key service provided by urban green spaces. Vegetation 

provides an inherent air purification capacity due to its ability to absorb pollutants (Salmond 

et al., 2016), and affect the dispersion of  and deposition of pollutants (Tiwary et al., 2009; 

Baró et al., 2016; Xing & Brimblecombe, 2019). A large body of research provides empirical 

evidence that urban vegetation enhances air quality through the removal of air pollutants 

from the atmosphere (see McDonald et al., 2007; Escobedo et al., 2008; Yang et al., 2008; 

Escobedo & Nowak, 2009; Tallis et al., 2011; Baumgardner et al., 2012; Janhäll, 2015; Jim 

& Chen, 2008; Selmi et al., 2016; Nowak et al., 2018; Vieira et al., 2018; Lindén et al., 

2023).  



11 

 

 

The regulation of flooding or runoff retention is another service that is particularly important 

in an urban context (Whitford, 2001; Farrugia et al., 2013). When precipitation occurs over 

the impervious surfaces in urban systems, it is converted into stormwater runoff, creating 

issues relating to both the quantity and quality of water that enters close-by natural water 

bodies (Berland et al., 2017). A key solution is the utilisation of urban green space (UGS) 

with dense vegetation which provides a runoff retention service. Heavily vegetated areas 

have a far higher infiltration capacity as they allow water to move through the vegetation 

slowly, thereby reducing the amount of runoff that occurs after precipitation events 

(Villarreal & Bengtsson, 2005). This service is driven by the interception of rainfall via plant 

leaves and tree canopies alongside the soil beneath them, which enables the storage of water 

in pore spaces until percolation occurs (Bolund & Hunhammar, 1999; Villarreal & 

Bengtsson, 2005; Pataki et al., 2011). This improved infiltration capacity aids in mitigating 

flood events downstream and reducing pressure on stormwater systems (Bolund & 

Hunhammar, 1999; Villarreal & Bengtsson, 2005; Pataki et al., 2011).  

 

Both the UHI effect and urban flooding as well as other impacts of climate change are 

already affecting all inhabited regions across the globe and will continue to worsen unless 

drastic reductions in GHG emissions occur (IPCC, 2021). There is thus a great need to reduce 

GHG emissions and mitigate climatic change to avoid devastating consequences for both 

ecosystem and human health. One strategy, which has become central to climate mitigation 

efforts, is the carbon storage and sequestration services provided by natural vegetation 

(Muñoz-Vallés et al., 2013; Kuittinen et al., 2016; Chen, 2015; Strohbach & Haase, 2012; 

Nowak et al., 2013; Ariluoma et al., 2021). The preservation and enhancement of existing 

natural carbon sinks as well as the addition of new ones are currently considered among the 

principal strategies by which global climate change can be addressed, and are pursued in 

tandem to execution of carbon emission reduction policies (Muñoz-Vallés et al., 2013).  

 

Evidence is mounting to suggest that carbon sinks in urban areas are far more substantial than 

previously assumed (Pataki et al., 2011; Davies et al., 2013). In turn, urban greening 

strategies are increasingly being incorporated into urban climate change mitigation policies, 

due to their capacity to offset urban emissions and act as a local sink (Weissert et al., 2014). 

This service is rooted in the ability of vegetation to regulate atmospheric CO2. Through the 

process of photosynthesis they can sequester carbon and store it in their biomass during 
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growth, thereby removing it from the atmosphere (Nowak & Crane, 2002; Liu & Li, 2012; 

Dorendorf et al., 2015; Kuittinen et al., 2016). Ultimately, by providing carbon storage and 

sequestration services in addition to mitigating other urban challenges, urban green spaces 

can be instruments of climate change mitigation and adaptation (Muñoz-Vallés et al., 2013). 

 

Beyond regulating services which address biophysical urban challenges, cultural ES 

contribute significantly to the wellbeing of social-ecological systems and cities (Martín-

López et al., 2009; Niemelä, 2014). Cultural services are particularly important in urban 

systems as compared to rural settings and build beneficial conditions for urban citizens 

(Haines-Young and Potschin, 2008; Niemelä, 2014). This relates largely to the decoupling of 

humans and nature in urban systems, where human-nature connections are diminishing 

despite their importance in mental and physical well-being., making cultural services a 

priority with regard to preservation and delivery in urban systems (Radford & James, 2013).  

 

The value of urban ecosystem services in addressing urban challenges and enhancing the 

well-being of urban dwellers is further enhanced by the capacity for green infrastructure to 

deliver multiple services simultaneously. The multi-functionality of green infrastructure 

draws clear distinctions from traditional grey infrastructure, which is generally designed and 

implemented for a single use or purpose. Meanwhile, ecological systems have the capacity to 

provide an array of functions with great flexibility and at multiple scales, simultaneously 

providing a range of ES (GCRO, 2013; Derkzen et al., 2015; Liu and Russo, 2021). This is 

valuable for planning, due to its unique ability to meet multiple municipal goals, 

simultaneously (GCRO, 2013).  

 

2.1.1 Urban ecosystem services and Resilience 

 

In the context of rapidly unfolding, global climatic change, urban systems are increasingly 

facing threats and challenges associated with environmental extremes which will occur with 

greater frequency and intensity (Seto et al., 2014; IPCC 2021; Dodman et al., 2022). In this 

context, the need for building urban resilience becomes evident and accordingly has risen to 

prominence in recent years, in the domains of science and practice, particularly in the field of 

urban planning (Quinlan et al., 2016; Fu et al., 2021; Cobbinah, 2021; Elmqvist et al., 2019; 

Moser et al., 2019) and in ES literature  (De Luca et al., 2021; McPhearson et al., 2015; 

Fedele et al., 2017). It is pivotal that modern cities build adaptive capacity and resilience to 
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enable them to mitigate, absorb and adapt to various disturbances whilst still preserving their 

social, economic and environmental functions and the general organisation of the system (Fu 

et al., 2021). 

 

In this context, UES can make an important contribution to the enhancement of urban 

resilience and adaptive capacity (Gómez-Baggethun & Barton, 2013). Urban pressures and 

challenges can be effectively diminished by UGS, which simultaneously provide various 

other services (Derkzen et al., 2015). UGS provide a supply of crucial services that meet 

several key urban challenges needing to be tackled in situ within the time and place in which 

the challenge arises, such as urban heat stress or extreme stormwater runoff (Derkzen et al., 

2015). Thus, the preservation of ES serves as a primary adaptation measure which can be 

used to bolster the adaptive capacity of society (IPCC, 2018).  

 

Ultimately, UES enhance the quality of life, maintain human health, mitigate climate change 

and build resilience towards its impacts (Gómez-Baggethun & Barton, 2013; Berglihn & 

Gómez-Baggethun, 2021). Yet, as a consequence of urban development, many urban systems 

have greatly reduced ES supply and a simultaneously ever-increasing demand for those ES 

(Eigenbrod et al., 2011; Liyun et al., 2018; Liu et al., 2019; De Carvalho & Szlafsztein, 

2019). In turn, it has been suggested that such services need to be more explicitly addressed 

in the generation of strategies and plans geared toward sustainable development, resilience 

and habitability in urban contexts (Gómez-Baggethun & Barton, 2013). Long-term strategies 

which maintain and enhance ES are pivotal to creating resilient, sustainable and liveable 

cities (Ahern et al., 2014). Furthermore, the supply and preservation of ES are largely reliant 

on suitable urban planning (Colding, 2011). A prominent and fairly novel approach toward 

the integration of ES into urban planning and policy is the green infrastructure concept 

(Niemelä, 2014). 

 

The concept of green infrastructure (GI) can be broadly understood as a deliberately designed 

network of natural or semi-natural spaces alongside other environmental elements, which is 

managed and organised to supply ES (European Environment Agency, 2011; de Manuel et 

al., 2021). The implementation and establishment of green infrastructure has been proposed 

as an effective means of maintaining the supply of ES in urban areas alongside conserving 

the biodiversity from which these services stem (European Environment Agency, 2011; 

Pauleit et al., 2011). A wide variety of urban components can make up the green 
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infrastructure, including urban forests, parks, street trees, green rooves, nature reserves, 

remnant vegetation and various others. 

 

Attempts to make the ES approach functional and operational for effective GI planning have 

been gaining increasing attention across scientific, policy making, governance and decision 

making contexts  (EEA, 2014; Kabisch, 2015; Bouwma et al., 2018). One prominent 

approach to improving the planning of green infrastructure for ecosystem service delivery is 

the mapping of ecosystem service supply. ES assessments and mapping provides spatial 

analyses on a particular scale, which in turn enables the maintenance of multi-functional 

landscapes and aids in urban green infrastructure planning (Zhang & Muñoz Ramírez, 2019). 

Thus, this study will quantify and map ecosystem service supply in Johannesburg, to support 

green infrastructure planning. 

 

2.2 Quantifying and mapping the supply of ecosystem services 

 

The quantification of ES supply (at multiple scales) is imperative for the preservation and 

improvement of ES (Radford & James, 2013; Derkzen et al., 2015). The quantification of 

regulating services such as local climate regulation (cooling) and flood regulation is 

important for informing decision making and tackling climate change impacts in growing 

urban systems (Farrugia et al., 2013). In the case of carbon storage services, the 

quantification of carbon stocks is the crucial first step in creating and informing local 

management policies and strategies to maintain the provision of this important ecosystem 

service (Liu & Li, 2012; Davies et al., 2013; Nowak et al., 2013). Furthermore, UES 

quantification also enables the contribution of UGS or green infrastructure toward human 

well-being to be measured (de Manuel et al., 2021). Measuring these benefits allows for 

integration into decision making contexts, more effective urban planning, highlights areas for 

conservation and areas which need enhanced green infrastructure (Lindén et al., 2020; de 

Manuel et al., 2021). Moreover, the quantification and mapping of UES as provided by urban 

green space allows for an understanding of the spatial distribution and effectiveness of green 

space in supplying different services, which can be useful information for consideration by 

urban planners (de Manuel et al., 2021). Policy makers and developers could benefit from ES 

quantification, by enabling the identification of key target areas within their policies and 

projects which would greatly benefit from improved green infrastructure (Farrugia et al., 
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2013). Consequently, understanding the variation in spatial distribution of ES in urban 

systems is crucial for addressing issues of unequal access to these services (Ernstson, 2013; 

Kremer et al., 2016). It is crucial that local decision making is supported by accurate and in-

depth information pertaining to the supply of ES (Wangai et al., 2016). High resolution, local 

scale UES valuations are crucial for integration into urban policy, urban planning and to 

enable effective decision making (Haase et al., 2014). 

 

In order to quantify ecosystem services, it is pivotal that quantification is presented in 

spatially explicit units, given that ecosystem service provision and demand are spatially 

explicit phenomena (Troy & Wilson, 2006). Furthermore, the supply and demand of ES can 

vary geographically (Fisher et al., 2009; Bastian et al., 2012). ES mapping is an approach 

which refers to the presentation of visualised spatial information about ES (Drakou et al., 

2015). Mapping of ES has been undertaken at varying spatial scales, ranging from global 

(Naidoo et al., 2008; Wolff et al., 2017; Jiang et al., 2021) to local or city scale (Burkhard et 

al., 2012; Derkzen et al., 2015; Liu & Russo, 2021), and the body of literature which 

evaluates and maps UES has been growing steadily (Crossman et al., 2013; Malinga et al., 

2015). The growth and scientific traction behind UES quantification and mapping in recent 

years has amounted to a large body of literature (see Liu & Russo, 2021; Derkzen et al., 

2015; Holt et al., 2015; de Manuel et al., 2021; Ramyar et al., 2020; Zhang & Muñoz 

Ramírez, 2019; Basnou et al., 2020; Kremer, Hamstead and McPhearson, 2016; Haase et al., 

2012). Regulating ES are the focus of the majority of the literature relating to mapping of ES, 

followed by provisioning services, then cultural services, while supporting services are the 

least prominent in the literature (Crossman et al., 2013; Malinga et al., 2015; Englund et al., 

2017). Certain studies evaluate UES provided by differing types of UGS (Liu & Russo, 2021; 

Derkzen et al., 2015; de Manuel et al., 2021), whilst others assess UES more broadly as 

provided by the sum of all green space or green infrastructure (Ramyar et al., 2020). 

 

The research, methods and approaches used to assess UES have grown and diversified since 

Bolund & Hunhammar’s (1999) seminal article, addressing various elements of the complex, 

socio-ecological systems in which these UES are produced (Hubacek & Kronenberg, 2013). 

The approach of quantifying and mapping UES is heavily based on modelling and is rooted 

in an environmental science perspective, relating to various components of ecosystems and 

ecological assessments of ES (Hubacek & Kronenberg, 2013). Throughout the literature, 

authors have engaged in ES mapping to determine the correlation between ES and 
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conservation goals (Egoh et al., 2009; Davids et al., 2016) as well as how the supply of these 

services vary spatially in response to land use changes (Lautenbach et al., 2011; Kertész et 

al., 2019; Kusi et al., 2020; Tolessa et al., 2017). Other research has addressed 'bundles' of 

multiple ecosystem services and how they interact through trade-offs and synergies (Haase et 

al., 2012; Derkzen et al., 2015; Holt et al., 2015; Liu & Russo, 2021). Further research has 

assessed the supply and demand of ecosystem services (Baró et al., 2015; González-García et 

al., 2020; de Manuel et al., 2021; Jiang et al., 2022), while others estimated the economic 

value of these services (e.g. Stoffberg et al., 2010). The methods used to quantify particular 

services are equally broad, with methods including the use of indicators, proxies, modelling, 

land-cover matrices, remote sensing, socio-cultural valuations, economic valuations, and bio-

physical quantification (Burkhard and Maes, 2017). 

 

A wide range of services have been quantified and mapped in recent years. In particular, 

services which are crucial to the urban context form a large proportion of the literature, 

including cooling services (Scholz et al., 2018; Wang et al., 2019; Rocha et al., 2022; Chen 

et al., 2022), runoff retention or flood mitigation (Barth & Döll, 2016; Li et al., 2019; 

Quagliolo et al., 2021; Mori et al., 2021) and carbon storage (Liu & Li, 2012; Agbelade & 

Onyekwelu, 2020; Lindén et al., 2020; Amoatey & Sulaiman, 2020). Although methods vary 

even within the same service, quantification of cooling services usually uses remote sensing 

or index methodologies (e.g. Schwarz et al., 2011; Kremer et al., 2016; Murtinová et al., 

2022), while runoff retention is generally determined by hydrological modelling in 

conjunction with remote sensing (Jahan et al., 2021; Quagliolo et al., 2021; Wübbelmann et 

al., 2022). The quantification of carbon storage sometimes relies on secondary data from 

prior studies (Derkzen et al., 2015; Liu & Russo, 2021), but is generally quantified by 

determining biomass through field sampling using direct (measurements) and indirect 

(estimation) methods (Huynh et al., 2021).  

 

Direct (destructive) sampling determines biomass by harvesting and directly weighing the 

trees or determining dry mass and density after exposing the trees to various temperatures (Jo 

et al., 2002; Pearson et al., 2005; Henry et al., 2010; Mangwale et al., 2017; Huynh et al., 

2021), Although this method is most accurate it is expensive, time-consuming, labour 

intensive and ultimately releases CO2 back into the atmosphere (Parresol, 1999; Henry et al., 

2010; Nowak et al., 2013; Yao et al., 2015). Alternatively, indirect methods revolve around 

the estimation of a parameter which is difficult to measure (such as stem volume or tree 
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weight) from a parameter which is relatively easy to capture in the field, such as DBH or tree 

height (Henry et al., 2010) and  use statistically developed allometric equations (Brown 1997; 

Yoon et al., 2013; Chave et al., 2014; Mangwale et al., 2017). This approach is better suited 

to large scale sampling of diverse tree species and has been applied in a wide range of studies 

globally (Strohbach & Haase, 2012; Lindén et al., 2020; Pregitzer et al., 2022; Amoatey & 

Sulaiman, 2020; Stoffberg et al., 2010). However, this approach is associated with its own 

uncertainties, primarily stemming from the lack of equations derived specifically for urban 

vegetation, resulting in the use of models derived from natural forests (Yoon et al., 2013; 

Davies et al., 2013).  

 

While research on urban ecosystem services have been growing in recent years, with a broad 

range of methodologies being developed and applied, there remain significant knowledge 

gaps in Africa (Wangai et al., 2016; du Toit et al., 2018; Veerkamp et al., 2021). This 

presents a major challenge, given that Africa is most vulnerable to the impacts of climatic 

change and has great need for ES supply. 

 

2.3 African Vulnerabilities and Knowledge Gaps 

 

The African continent is of particular importance in relation to ES, given the wide range of 

socio-economic and climatic vulnerabilities present on the continent, in conjunction with 

rapidly occurring urbanisation. Ecosystem degradation is a pertinent issue in Africa (AEO, 

2013). Alongside this, water scarcity, poverty, food insecurity, housing insecurity and the 

prevalence of slums enhance Africa's socio-economic vulnerability (Bates et al., 2008; 

Frayne & McCordic, 2015; Ravallion et al., 2007; UN-Habitat, 2008; UNPF, 2007). It has 

also been acknowledged that the consequences of biodiversity loss and ecosystem 

degradation will be acutely and disproportionately experienced by the poor (Díaz et al., 

2006). Africa stands as the least equipped region to deal with the impacts of climatic change 

(Velarde et al., 2005), exemplified by the history of extreme weather events having 

catastrophic consequences on the continent, both socially and economically (Galvin et al., 

2001; Wangai et al., 2013). South Africa is no exception to this trend, as the South African 

people face many socio-economic challenges, driven by high poverty rates, lack of adequate 

housing, medical facilities and food security, alongside the greatest occurrence of HIV AIDS 

and tuberculosis in the world (Wright et al., 2021). Consequently, the South African people 
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are generally vulnerable to the impacts of climatic change and have limited capacity to adapt 

to these changes.  

 

As urbanisation continues to unfold on the global stage, the achievement of sustainable 

development is becoming increasingly dependent on the sustainable and successful 

management of urban growth in lower income regions, which will accommodate the most 

rapid urbanisation (United Nations, 2019). It is in this context of extreme and rapid 

urbanisation and population growth, in conjunction with already existing structural, socio-

economic and climatic vulnerabilities, that the preservation of ES, particularly in urban 

systems, is an urgent priority in Africa. The demand for ES will increase dramatically 

alongside these population increases and increasing population density in urban settings; it is 

therefore evident that an adequate supply of ES needs to be created and sustained (Wangai et 

al., 2016). Despite the importance of ES in the African context, large knowledge gap exist 

around ecosystem service supply in cities, particularly in Africa (Wangai et al., 2016; du Toit 

et al., 2018; Veerkamp et al., 2021). 

 

Although ecosystem services are understudied in Africa relative to the rest of the world, 

existing research on the continent is largely centred in South Africa (Wangai et al., 2016). 

Several studies have assessed ES in South Africa through economic (de Wit et al., 2012; 

Anderson et al., 2017; Turpie et al., 2017; Abd Elbasit et al., 2021) and non-economic 

perspectives (Egoh et al., 2008; Reyers et al., 2009; Egoh et al., 2009; Egoh et al., 2010). 

Others assessed the social perceptions of ES and how their use varied across socio-economic 

factors (Shackleton et al., 2015; Mensah et al., 2017) as well as the cultural values associated 

with them amongst traditional communities (Mowat & Rhodes, 2020). Some research has not 

directly quantified ecosystem services, but rather assessed their threats (Davids et al., 2018), 

identified hotspots (Davids et al., 2016) or overlap with biodiversity priority areas (Egoh et 

al., 2009). Several studies have assessed the ES produced by natural systems (e.g. Ntshane & 

Gambiza, 2016; Rebelo et al., 2019). While research on ES is growing in South Africa, urban 

ecosystem services remain understudied. Very few studies have explored UES in South 

Africa and the limited research that has, focuses on a single service  (Stoffberg et al., 2010; 

O’Donoghue & Shackleton, 2013). Furthermore studies which have mapped urban ecosystem 

services are also limited. Studies which have mapped ES have generally been conducted at 

national or regional scales (e.g. Egoh et al., 2008; Turpie et al., 2017; SANBI, 2021). 

Furthermore, to my knowledge, little to no urban carbon storage research has been conducted 
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in any South African city, although carbon sequestration has been quantified in the roadside 

and parking lot trees in the city of Tshwane (see Stoffberg et al., 2010) and several towns in 

the Eastern cape (see O’Donoghue & Shackleton, 2013). Ultimately, while research is 

growing in South Africa, urban ecosystem service remain understudied, their supply is rarely 

quantified and services in cities are rarely mapped. Furthermore, the City of Johannesburg 

has been largely neglected from ecosystem service research. These areas represent major 

knowledge gaps which this study aims to address by quantifying and mapping three 

contextually important ecosystem services in Johannesburg. 

 

2.4 The Johannesburg case 

 

The relevance and importance of different UES differs between cities, in accordance with the 

specific socio-economic and environmental characteristics of the city (Gómez-Baggethun & 

Barton, 2013). This relates to the context-specificity of ES and the social-ecological systems 

in which they are embedded (Costanza, 2008; Burkhard et al., 2012). Given the contextual 

nature of UES, the services investigated in this study were selected in accordance with their 

relevance to the socio-economic and environmental characteristics of Johannesburg and in 

alignment with the city’s environmental priorities according to policy documents, such as the 

Johannesburg climate action plan (City of Johannesburg, 2021). 

 

Carbon storage: It has been suggested that in the context of climate change mitigation, urban 

forests can play a role as carbon sinks (Stoffberg et al., 2010; Nowak et al., 2013). There is 

great potential for urban forests and trees to act as carbon sinks which store and sequester 

carbon (Nowak & Crane, 2002; Pataki et al., 2006; Nowak et al., 2013; Davies et al., 2011; 

McPherson, 2005). South Africa has a key role to play in curbing global CO2 emissions, 

given their role as the 13th highest emitter worldwide and the largest emitter in Africa 

(Crippa et al., 2020). The estimation of carbon storage within the urban forest of 

Johannesburg is a crucial first step in assessing the potential urban forests can play in 

reducing atmospheric CO2, thereby mitigating climatic change (Nowak et al., 2013; Liu & Li, 

2012; Nowak & Crane, 2002). From a policy perspective, the climate action plan adopted by 

the city of Johannesburg aims to align with the targets of the Paris Agreement and has set an 

ambitious target of achieving net-zero emissions by the year 2050 (City of Johannesburg, 

2021), highlighting the importance of carbon related services such as carbon storage. 
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Cooling and flood regulation: The City of Johannesburg has already experienced increases 

in temperature alongside severe rainfall variability, and average monthly temperatures are 

expected to increase under all climate change scenarios (City of Johannesburg, 2021).The 

city’s climate action plan highlights the danger of rising temperatures in relation to human 

health and emphasises the need for additional cooling within the city, which may increase 

energy demands (City of Johannesburg, 2021). Projections of temperature increases, in 

combination with the UHI effect, are expected to create average temperature increases in the 

range of 2.2-2.7 oC by the year 2050 and consequently heat risk to human health as a result of 

increased temperature and the UHI effect has been highlighted as a key risk to the city (City 

of Johannesburg, 2021). This emphasises the importance of cooling ES. It is also expected 

that increases in rainfall intensity alongside the frequency of flood events during the summer 

months will become more prevalent by 2030 (City of Johannesburg, 2021). Thus flood 

reduction services are critical, particularly given the occurrence of extreme Highveld 

thunderstorms in Johannesburg, alongside the vast impervious urban surfaces, resulting in 

increasingly dangerous flash flood events (Schäffler & Swilling, 2013). The building of 

climate resilience and implementation of adaptation strategies have been highlighted as key 

goals in the City of Johannesburg (City of Johannesburg, 2021), with a central focus on flood 

and drought regulation strategies, creating resilient infrastructure and improving health and 

well-being across communities (City of Johannesburg, 2021).  

 

The potential value of ecosystem services in Johannesburg is high, due to the city’s large 

urban forest, connected greenspaces and remnant grassland vegetation. However, the city’s 

vegetation cover is highly spatially variable, with large disparities in the distribution of tree 

cover between the northern and southern regions of the city (Schäffler & Swilling, 2013). The 

high potential value of ecosystem services in Johannesburg, alongside these disparities, 

heighten the necessity for the supply of ES to be quantified and mapped. This will identify 

UES inequalities and highlight vulnerable regions which need to be targeted by policy and 

decision makers. By identifying areas with low ES supply at the ward scale, decision makers 

will be better equipped to identify areas vulnerable to heat stress and flooding and can 

implement targeted solutions. This can aid planners in more effectively addressing 

Johannesburg’s greenspace inequality and ensure equitable ES supply.  

 

In addition to the city’s climate action plan, the importance of preserving ES supply for 

building resilience to the impacts of climate change is further emphasized in Johannesburg’s 
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spatial development framework (City of Johannesburg, 2021b). This research can contribute 

to developing spatial planning instruments which are supported by spatially explicit ES 

supply information. South Africa’s national development plan, further highlights the need for 

maintain ecosystem services as a climate change mitigation strategy (National planning 

commission, 2017), supporting the need for research on this topic. 
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3. Carbon Storage methods and results 
 

For this study, a combination of remote sensing, modelling and field sampling methodologies 

was used to quantify and map three UES that were selected on the basis of their importance 

in the local context as well as their importance for climate change resilience and human well-

being in the CoJ (see section 2.1). Temperature regulation (microclimatic cooling), runoff 

retention and carbon storage services were quantified and mapped according to the 

administrative wards of Johannesburg to assess the current supply of key ecosystem services 

by green infrastructure, identify supply deficiencies and create new knowledge for the design 

and planning of a climate resilient and sustainable city. 

 

Deriving methodologies from literature to quantify and map UES is an approach which has 

previously been used in European and American studies (see Aevermann & Schmude, 2015; 

Derkzen et al., 2015; Kremer et al., 2016; Liu and Russo, 2021). However, these studies 

relied on existing primary data and prior studies in the region to derive values of UES 

provision. In South Africa, and Africa in general, there is a severe knowledge gap relating to 

UES (Haase et al., 2014; Tavares et al., 2019; Veerkamp et al., 2021). As a result, primary 

data and studies on UES in Johannesburg are largely unavailable. An extensive literature 

review was thus undertaken, and methods were assessed across multiple different research 

contexts to derive a suitable methodology to quantify and map UES in Johannesburg and 

overcome the paucity of data and prior studies. Methods relating to ES modelling, remote 

sensing techniques, field sampling as well as ES indicator methodologies were reviewed (See 

Whitford, 2001; Egoh et al., 2008; Ayanu et al., 2012; Crossman et al., 2013; Kanniah et al., 

2014; Derkzen et al., 2015; Baró et al., 2015; Kremer et al., 2016; Basnou et al., 2020; de 

Manuel et al., 2021; Liu & Russo, 2021). Various methods were then adapted or combined to 

develop applicable approaches for Johannesburg, relative to the data available.  

 

The overarching methodology used in this study, where applicable, involved quantifying the 

supply rate of selected UES per pixel (20x20 m) in Johannesburg in a GIS environment. This 

provides the overall supply of each service across the city and enables their supply to be 

mapped. Finally, the service supply values are normalised on the same scale, to enable 

comparison between services. This approach has been applied in the US and Malaysia to 

quantify and map UES (Kremer et al., 2016; Lourdes et al., 2022). 
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To do this, the study area was divided into several sub-units, in this case, administrative 

wards of Johannesburg , to make the results spatially explicit (as per Derkzen et al., 2015; 

Liu and Russo, 2021; de Manuel et al., 2021; Hou et al., 2023)  

 

3.1 Study Area 

 

This study was conducted in the City of Johannesburg Metropolitan Municipality, commonly 

known to as the City of Johannesburg (CoJ) (Figure 1). The city is located on the eastern 

plateau of South Africa, known as the Highveld region, at an average altitude of 1700 m asl 

(Goldreich, 1992; City of Johannesburg, 2021). It is situated deep inland in the Gauteng 

Province of South Africa, the smallest but wealthiest province (City of Johannesburg, 2009). 

The CoJ is the country’s largest and fastest growing city, expanding across an area of 1645 

km2 (City of Johannesburg, 2021). Despite the city’s relatively small land surface area, 

Johannesburg remains South Africa's most densely urbanised and populated city. It hosts a 

rapidly growing population of 5.05 million inhabitants and a population density 40 times 

larger than the national average, with 2363.6 individuals per km2 (City of Johannesburg, 

2009; City of Johannesburg, 2009b; Hardy and Nel, 2015; City of Johannesburg, 2021).  

 

 

Figure 1- Study Area: The Greater metropolitan Johannesburg Municipality (City of 

Johannesburg), Gauteng Province, South Africa. 
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Johannesburg's climate is characterised as sub-tropical, having warm summers with rainfall 

and mild, sunny and dry winters (City of Johannesburg, 2021). Summer is characterised by 

intense tropical, convective rainfall events, which contribute the majority of the 800 mm 

annual precipitation (Goldreich, 1992; SAWS, 2021). The average temperatures during 

summer and winter are 25 oC and 18 oC, respectively (City of Johannesburg, 2021). The 

landscape of Johannesburg is characterised by dense urban areas in the central regions of the 

city, which are highly transformed and extensively covered by artificial, impervious surfaces, 

in which commercial, industrial, mining, and residential land uses are prominent (City of 

Johannesburg, 2009b). Moving north and south of the central regions, residential land uses, 

and associated activities become more prominent, with the city’s suburbs being heavily 

vegetated by trees and bushes (City of Johannesburg, 2009b). Towards the northern and 

southern boundaries of the city the residential areas decline, with irrigated and natural 

grasslands being the dominant vegetation in these areas (City of Johannesburg, 2009b). 

 

The city faces a range of environmental challenges, including flooding, heat stress and 

ecological degradation, which are expected to worsen due to climate change (City of 

Johannesburg, 2009b; City of Johannesburg, 2021). These issues are exacerbated by high 

rates of poverty (45.2%) and unemployment (31.5%), which increase pressure for further 

development and service delivery (City of Johannesburg, 2021). Simultaneously, 

Johannesburg contains a valuable and unique ecological asset, one of the largest urban forests 

in the world, estimated to include 10 million trees covering 16.1% of the city’s area 

(Schäffler & Swilling, 2013; GCRO, 2013; Hardy and Nel, 2015) (Figure 2).  
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Figure 2: Tree cover distribution in the city of Johannesburg, South Africa. Source- ESA 

WorldCover 10m v200 (2021) 

 

The CoJ lies in South Africa’s the grassland biome, however its colonial and mining history 

has resulted in the introduction of a significant number of non-indigenous tree species, 

including Jacaranda, Eucalyptus, Oaks, and London planes (Turton et al., 2006). The city is 

largely characterised by artificial green areas, including the massive non-indigenous forest 

alongside sizable public parks and a multitude of private gardens (GCRO, 2013). Despite 

being highly transformed, the city retains remnant grassland and bushveld areas. Its natural 

vegetation reflects temperate inland grasslands alongside highveld grasslands (GCRO, 2013). 
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Due to the large urban forest and extensive, diverse green spaces within the city, the potential 

value of UES in Johannesburg is high. However, the city’s vegetation cover is highly 

spatially variable, with large disparities in the distribution of tree cover between the northern 

and southern regions of the city (Figure 2; Schäffler & Swilling, 2013).  

 

The CoJ has two administrative divisions, namely wards and regions. The city has 135 

administrative wards and seven, broader administrative regions, named region A through F 

(Figure 3). The administrative wards were used for mapping ecosystem service supply in this 

study, while the region scale was used for broader spatial analysis. 

 

 

 

Figure 3: Boundaries of the administrative wards and regions of the City of Johannesburg, 

South Africa 
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3.2 Carbon storage methodology 

 

For the purpose of this study, carbon storage is defined as the metric tonnes of aboveground 

carbon per hectare of urban green space (t/ha). The aboveground carbon (AGC) stocks are 

understood as the total amount of carbon contained within the aboveground biomass of 

vegetation which upon the death and decomposition of vegetation would be emitted back into 

the atmosphere (Reyers et al., 2009; Nowak et al., 2013).  

 

As in other South African ecosystem services studies (see Egoh et al., 2008; Reyers et al., 

2009; Egoh et al., 2010), carbon (C) storage rather than carbon sequestration is quantified 

and mapped due to data deficiency (Stoffberg et al., 2010), and a lack of certainty regarding 

sequestration rates in the study area. Furthermore, the quantification of C sequestration 

necessitates large amounts of primary data on growth rates and population structure of trees 

in Johannesburg. These data are not currently available and would require long term, 

extensive field sampling beyond the scope of this study.  

 

Prior empirical studies in South Africa found the aboveground carbon storage to be very low 

in indigenous grassland vegetation and to be highly related to the woodiness of that 

vegetation (See Mills et al., 2005). This is supported by international studies which found 

herbaceous and shrub vegetation to store a minute proportion of total aboveground carbon 

stocks, while the majority is stored in trees (See Davies et al., 2011; Nowak et al., 2013; 

Derkzen et al., 2015). In turn, indigenous grasses, non-woody and herbaceous vegetation are 

not considered in our carbon assessment due to their insignificant role in aboveground carbon 

storage. In line with international, urban carbon storage research (e.g. Raciti et al., 2014; 

Agbelade & Onyekwelu, 2020; Dhyani et al., 2021; Pregitzer et al., 2022), this study will 

thus assess aboveground carbon storage in trees and woody vegetation only. 

 

 

3.2.1 Field Sampling 

 

This study aimed to determine the AGC storage in trees in the urban forest of Johannesburg 

and subsequently map these carbon stocks. To achieve this, field sampling was conducted 

alongside a standard carbon stock methodology based on biomass equations (see Schäffler 
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and Swilling, 2013). The study area consisted of the city's urban forest, defined as the sum 

total tree cover within the CoJ’s boundaries, as depicted in Figure 2. 

 

A simple, random, stratified sampling technique was employed to assess carbon stocks across 

the City of Johannesburg (CoJ). The CoJ’s urban forest was stratified into four types of urban 

green space based on their function (management), structure and relative frequency. To select 

meaningful strata, the European Space Agency (ESA) tree cover layer was integrated with the 

South African National Land Cover (SANLC) map, and the land cover classes were sorted by 

their percentage tree cover and area (ha) of tree cover (Appendix A, Table A1). The land 

cover classes which contribute most to tree cover (by area and proportion) in the city were 

then chosen for sampling. The SANLC dataset contains 72 land cover classes, many of which 

contribute to tree cover in the CoJ, thus these classes were grouped at a higher level into four 

‘urban forest types’. Several SANLC classes were combined into single strata based on 

similar functions, structures, or compositions, for example ‘Urban Recreational Fields’ and 

‘Open and Sparse Planted Forest’ SANLC classes were combined to form the ‘park’ stratum 

(see Appendix A Table A1). In addition, ground truthing was used to inform the 

categorisation of SANLC classes into broader strata, which represented the four dominant 

green space types in the city and were used for sampling.  

 

Strata were differentiated by their composition and environmental conditions, thus were 

delineated as four dominant biotopes. The four strata included nature reserves, roadsides, 

private gardens, and parks, and are defined in Table 1, below. These four strata are referred to 

as urban forest types hereafter. While it is acknowledged that in isolation, they may not 

classify as ‘forests’ in of themselves (e.g. trees planted in intervals along a road), these four 

types contribute to Johannesburg’s urban forest as a whole and serve as the primary 

constituents of the city’s tree cover. 
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Table 1: Urban forest types used as stratification criterion for conducting carbon storage 

sampling in Johannesburg, South Africa 

 

Urban forest type Definition 

Parks 

 

Public and semi-private recreational, urban green spaces. Inclusive of 

public parks, golf courses and country clubs. 

 

Nature Reserves 

Municipal and private nature reserves or protected areas. Primarily 

consisting of remnant, natural grassland, and associated woodland. 

 

Roadsides 

Municipally planted roadside or pavement trees, occurring within 4 m 

of the roadside. 

 

Gardens 
Private, residential gardens within the boundary of the City of 

Johannesburg. 

 

 

These four strata contribute more than 80% of the tree cover area in the city. Of the 10 

million trees estimated to inhabit Johannesburg, approximately 4 million occur in private 

gardens, 1.5 million along roads and pavements and 2 million in parks and nature reserves 

(CoJ JCP, 2013; Schäffler & Swilling, 2013). The key urban green spaces which contribute to 

tree cover in the city which were not sampled include wetlands, smallholdings, and fallow 

lands (~11.25% of tree cover) (Appendix A, Table A1). All other land cover classes 

contribute only 2% of the city’s tree covered area, based on ESA tree cover data.  

 

Stratification was necessary to accurately quantify carbon storage in Johannesburg, due to the 

heterogeneity of the city’s urban forest. Due to the immense size of CoJ’s urban forest 

(Schäffler & Swilling, 2013; GCRO, 2013), tree cover occurs across a diverse range of land 

uses and biotopes. As in traditional forest sampling, where sampling is often stratified into 

forest zones of heterogenous communities or structure (e.g. Berliner, 2015), the urban forest 

was stratified into different forest types which have distinct communities, structure and/or 

physical environments. This allowed for different vegetation types, tree densities and land use 

types to be accounted for, ensuring the sample population accurately represents the entire 

population. Stratification of urban forest types is common practice in urban carbon stock 

assessments (Liu and Li, 2012; Amoatey & Sulaiman, 2020; Gülçin & van den Bosch, 2021).  
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After delineating the four dominant urban forest types in Johannesburg as strata, sample 

points were generated in each of them. The SANLC dataset did not contain a land cover 

which demarcates roadside trees, thus one was created manually and reclassified from 

existing SANLC land classes (Appendix A, Figure A1). To delineate roadside tree plantations 

across the city, two data sources were used: ESA Worldcover 10 m v200 and OpenStreetMap 

(OSM) roads layer. The ESA dataset was created by the European Space Agency in 2021, 

based on Sentinel 1 and Sentinel-2 imagery, with a resolution of 10 m. It consists of 11 LC 

classes, of which only tree cover was utilised in this study. The dataset was downloaded in 

Google Earth Engine and tree cover was extracted in Johannesburg from this raster. The 

OSM dataset consists of shapefiles representing roads, from which the Johannesburg area 

was extracted. 

 

Both ESA and OSM Datasets were clipped to the study area (CoJ) and converted to polygons 

in ArcGIS Pro. The OSM dataset was used to create a 5 m buffer on either side of the roads, 

using the buffer tool in ArcGIS. The ESA tree cover layer was then clipped to the roadside 

buffer, extracting all areas in Johannesburg where tree cover occurs within 5 m of roads. 

These points were dissolved into a single layer and RS samples drawn from this dataset, 

using the create random points tool in ArcGIS Pro. This layer was later used for extrapolating 

roadside plantation carbon storage. The full GIS workflow, alongside zoomed in imagery of 

the process (datasets) are presented in Appendix A. 

 

Nature reserves were also not demarcated by the SANLC Dataset, as such, polygons were 

manually drawn around the nature reserves in the city, from which samples were randomly 

drawn. Garden samples were drawn from the SANLC2020 class 'Formal residential (Tree)'. 

Park samples were drawn from NLC classes 'Dense Forest & Woodland', 'Contiguous & 

Dense Planted Forest', 'Open and Sparse Planted Forest', 'Temporary unplanted forest' as well 

as 'Urban recreational fields (Tree)'. All the constituent land cover classes were joined into a 

single layer from which samples were randomly drawn. See Appendix A for all constituent 

SANLC classes used for sampling each forest type. 

 

Urban forest areas were extracted from the study area data using ArcGIS, after which 

stratified sampling was applied, using the urban forest type as the stratum. Sample plots were 

randomly selected in each of the four strata across the city. Each plot consisted of a 200 m2 

circle (radius = 8 m), with the centre point determined via the generation of random points in 
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ArcGIS. During field surveys, the centre point was located using GPS co-ordinates using 

Google Maps after which the plot was delineated with the aid of a laser range finder 

(SNDWAY 1000A Laser Rangefinder, 104x76.5x41mm). In cases where the randomly 

generated point was inaccessible due to physical terrain or other obstacles (e.g. dense 

thicket), the plot was shifted north by 50m or to the nearest accessible point thereafter. After 

delineating the plot boundaries, all trees with more than 50% of the stem falling within the 

plot were sampled. Trees with branches falling inside the plot, but stem falling outside the 

plot were excluded. All woody vegetation with a diameter of less than 2.5cm were excluded 

from sampling. 

 

Due to the irregularity of garden sizes and shapes, a consistent plot size could not always be 

determined (Table 1). Instead, sampling occurred in the centre point of the largest, continuous 

garden area. An effort was made to create a plot as close to 200m2 as possible. For roadside 

sampling, due to the shape of the roads, a 50m transect was determined along both sides of 

the road. All stems falling within 4m of the roadside were sampled, creating a 200m2 plot, 

consistent with the other strata.  

 

In total, 151 plots (with 1184 individual trees) were assessed. The number of plots for each 

stratum was determined by the area of the stratum, the variability within each forest type and 

the accessibility to sampling locations (Nowak, 2003). As in prior stratified carbon sampling 

studies, a minimum number of plots per stratum was implemented, frequently 10 plots per 

stratum (as per Nowak, 2003; Liu and Li, 2012). This study used a minimum of 20 plots per 

stratum. In the case of gardens, accessibility to sampling locations was limited by the 

necessity to obtain permission (from property owners) to enter private property to conduct the 

samples. Particularly in Johannesburg, where crime rates are significant, home-owners were 

hesitant to allow access to their property. As a result, fewer garden plots (21) were assessed 

relative to the large area of private gardens across the city. Parks and roadsides occur across a 

large area in the city, hence more plots were assessed (49 and 52 respectively). Nature 

reserves occur across a much smaller area in the CoJ, hence fewer plots were assessed (28). 

The distribution of plots and individuals across the strata is presented in Table 2 below. 

 

 

 

 



32 

 

Table 2: Number of plots assessed, number of individual trees, and mean area of sampled 

plots across four urban forest types in Johannesburg, South Africa 

 

Urban forest typea Number of plots  Number of 

individuals 

Average area of plots 

(m2) 

Park 49 294 200 

Nature reserve 28 456 200 

Roadside  52 189 200 

Garden 21 245 152 

Total 151 1184 188 

 

 

Field sampling was conducted between March-July 2023. For each of the 151 sample plots, 

tree species, diameter at breast height (DBH) in cm, stem length (m), total height (m) and 

branch percentage were recorded for each tree. The coordinates of each plots centre point 

were also recorded. Tree circumference was measured at 1.37m above the ground and 

divided by π to determine diameter at breast height (DBH).  For slanted, forked or leaning 

trees and other exceptions, measurements were taken as per standard rules (see UNFCCC, 

2015). For multi-stemmed trees, the DBH of the five largest stems were recorded and total 

DBH was calculated as the square root of the sum of the squares of each individual DBH. 

Dead trees were excluded from measurement. Stem length represented the height of the stem 

in meters (from ground to main branches) and was measured using measuring tape or a 

rangefinder where the trunk was too tall to measure by hand. The total height of the tree, 

from the ground to the highest branches, was recorded using a rangefinder (SNDWAY 

1000A Laser Rangefinder, Dimensions: 104x76.5x41mm). Branch percentage was estimated 

as a proportion of the total volume of the tree. The collected field measurements were then 

used to determine the carbon storage in each tree measured. 

 

Each tree was identified to species level using van Wyk & van Wyk (2013) and Glen & van 

Wyk (2016) as field guides. Where species level identification was not possible, the tree was 

identified to genus level. In cases of high uncertainty, physical samples were collected and 

analysed at the University of the Witwatersrand’s H.M. Moss Herbarium, South Africa. 



33 

 

 

3.2.2 Carbon storage calculations 

 

 To quantify carbon storage, biomass was estimated by non-destructive (indirect) sampling 

methods (see Schäffler & Swilling, 2013). Although direct (destructive) methods most 

accurately determine biomass by harvesting and weighting trees (e.g. Jo, 2002; Pearson et al., 

2005; Henry et al., 2010; Mangwale et al., 2017; Huynh et al., 2021), they present several 

practical limitations. The trees sampled in this study were located on public roads, parks, 

protected areas and in private gardens. Hence, it was not feasible to conduct destructive 

sampling and a non-destructive method based on biomass equations and field data was used. 

Indirect methods are statistically developed allometric equations, in which physical 

parameters (independent variable) and biomass (dependent variable) are used to form a 

regression model (Brown 1997; Yoon et al., 2013; Chave et al., 2014; Mangwale et al., 2017) 

or physical parameters are used to determine tree volume using volumetric equations, which 

is converted to biomass using wood-specific densities (see Henry et al., 2011; Schäffler & 

Swilling, 2013; Chave et al., 2014; Dhyani et al., 2021). A general biomass equation was 

used due to the impracticality of species-specific equations in species rich forests 

(Smithwick, 2019), as well as the unavailability of species-specific equations for 

Johannesburg due distinct knowledge gap in the urban, South African context (Henry et al., 

2010; Stoffberg et al., 2010).  

 

On account of the lack of applicable biomass equations and the paucity of data relating to 

carbon storage in the urban context of Johannesburg, the methodology of Schäffler & 

Swilling (2013) was employed to estimate biomass. This general equation was chosen as it 

was derived specifically for the urban forest of Johannesburg, originally adapted from studies 

on the wild coast of South Africa (Geldenhuys & Berliner, 2010).  

 

The relevant steps to estimating AGB (kg) used in this study, adapted from Schäffler & 

Swilling (2013), are presented below. 

 

Basal area (BA) is calculated using measured DBH (cm): 

 

𝐵𝐴 =
𝜋∗𝐷𝐵𝐻2

40000
                                                                     (Equation 1) 
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Subsequently, the following equation is applied: 

 

𝐴𝐺𝐵 = 0.7 ∗ (𝐵𝐴 ∗ 𝑆𝐿 ∗ 0.7)/(1 − 𝐵)                             (Equation 2) 

 

where BA= basal area, SL= stem length (m) and B= branch percentage (%) 

 

Initially, the standard equation for basal area was used with DBH as the input (Eq. 1). Then, 

stem volume was calculated by multiplying basal area with stem length and the form factor of 

the average approximate stem shape (Eq. 2). Volume was then corrected (divided by 1- B%) 

to account for the branch and crown contribution to tree volume, and converted to biomass 

(kg) by multiplying by an average wood-density coefficient (0.7 g/m3) for urban trees in 

Johannesburg (Eq. 2), as per (Schäffler & Swilling, 2013) . Multiplying the stem volume by 

specific wood-density is a common practice to convert tree volume to biomass (see Mchale, 

2009; Henry et al., 2011; Dhyani et al., 2021). Average wood-density was used in this 

methodology due to the large uncertainties and variability associated with wood densities. 

This is particularly prominent in both urban and South African settings, where specific wood 

densities are largely untested. Furthermore, even within individual trees, wood density varies 

between different parts of the tree and can even vary within the trunk itself (see Henry et al., 

2010).  

 

Field measurements were entered into the equations and aboveground biomass was calculated 

for each tree sampled. Following prior South African carbon quantification studies 

(Mangwale, 2017; Smithwick, 2019), the mean carbon storage determined was compared 

with the means produced by internationally recognised equations, as well as two local 

equations. This enabled the comparison and validation of my results relative to local and 

international methods. The equations used for comparison are presented in Table 3. 
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Table 3: Biomass equations used for calculating biomass estimates from field measurements 

 

Biomass equations References 

𝐴𝐺𝐵 = 𝑒𝑥𝑝{−1.996 +  2.32 ∗  𝐼𝑛(𝐷𝐵𝐻)} Brown (1997)* 

𝐴𝐺𝐵 = 0.1464(𝐷𝐵𝐻)2.3679 Ziannis (2008) 

𝐴𝐺𝐵 = 0.035(DBH)2.5 Netshiluvi and Scholes (2001) 

𝐴𝐵𝐺 = 0.127(𝐷𝐵𝐻)2.335 Mangwale (2017) 

AGB= above-ground biomass (kg), ln= Natural logarithm, DBH= Diameter at breast height 

(cm), p= specific wood-density (g/cm3), H= tree height (m) 

*From UNCFF (2009) 

 

Netshiluvi & Scholes (2001) and Mangwale (2017) present equations derived for South 

African woodlands. Meanwhile, equations from Brown (1997) and Ziannis (2008) are widely 

used or standardised international, general biomass equations (see  Amoatey & Sulaiman, 

2020 ; O’Donoghue & Shackleton, 2013; Mangwale et al., 2017; Smithwick, 2019). These 

equations were selected in-line with prior carbon storage literature in South Africa 

(Mangwale, 2017; Smithwick, 2019) and due to their widespread use, which allows for 

effective sense-checking and comparison of our results to other standard methodologies. Due 

to the large uncertainties and knowledge gaps associated with wood-density in South Africa 

and urban settings (see Henry et al., 2010), standard allometries which require species-

specific wood-density inputs such as (Chave et al., 2014) could not be implemented. 

 

Urban trees are often heavily pruned and consequently have less ABG than is predicted by 

biomass equations, particularly those derived from natural forests (Nowak, 1994). As such, it 

is common practice to apply an urban biomass reduction factor of 0.8 (Liu & Li, 2012; 

Strohbach & Haase, 2012; Nowak et al., 2013; Dhyani et al., 2021), to reduce the biomass 

estimate by 20%, making it more accurate in the urban context. In this study, trees sampled in 

the urban environment where pruning was common (gardens, parks and roadsides), a 20% 

biomass reduction was applied. Trees in nature reserves are kept mostly in their natural state, 

thus no conversion was applied. After conversions, the AGB was summed for each plot. 

AGB was then converted to carbon by multiplying by 0.5 (as per Lindén et al., 2020 and 

Dhyani et al., 2021). Finally, the carbon density per plot (200m2) was calculated and upscaled 

to produce metric tonnes per hectare (t/ha). 
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To determine the CO2 equivalent of the carbon stock, the following formula was applied (as 

per Aguaron & McPherson, 2012; Chen, 2015): 

 

𝐶𝑂2𝑒𝑞 = 𝐶 ∗ 3.67                                   (Equation 3) 

 

The mean carbon storage was then calculated for each urban forest type, across all sampled 

plots. The values produced by these calculations were then used for extrapolation and 

mapping of carbon stocks across Johannesburg. 

 

 

3.2.3 Extrapolation and Mapping  

 

Carbon storage values derived from field sampling (t/ha) were assigned to each LU class in 

the SANLC2020 dataset (20m resolution). This enabled carbon storage values to be 

extrapolated to the entire CoJ using ArcGIS. Each SANLC pixel is 400m2 in size, thus values 

from the field were adjusted accordingly. The full list of carbon storage values assigned to 

each land cover as well as the detailed  methodology, can be found in Appendix D.  

 

Prior to extrapolation, several adjustments were made to the SANLC dataset as does not 

contain a layer for tree cover, and the amount of tree cover varies between LU classes. In 

order to spatially extrapolate to tree cover across the city, additional datasets were used. The 

ESA WorldCover LU dataset (10m resolution) was used to extract the tree covered area 

within each SANLC LU. This enhances the accuracy of the extrapolation, by ensuring that 

carbon storage is only assigned to pixels covered by trees. Three additional LU classes were 

then added to the SANLC dataset through reclassification, to enhance the accuracy of the 

extrapolation. One SANLC layer was reclassified into three classes and a new class was 

added. A roadside tree LU was created by reclassifying the SANLC data where tree cover 

overlaps with roads or pavement (See Appendix A: Figure A1). 

 

Another key issue which prevented accurate extrapolation was the overlap of planted forest 

with natural forest SANLC LU classes in Johannesburg. As the SANLC is a national land 

cover map, covering the extensive natural landscapes of South Africa, its accuracy in urban 

settings is reduced. Parks and other artificial green systems are frequently detected as natural 

or indigenous vegetation land covers. As such, adjustments were made to enable better 
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distinction of constructed and natural green spaces in the city. Full details and GIS 

methodology behind the reclassification of the SANLC dataset, as well as the data sources 

used are also available in Appendix D. 

 

Outside of the four key strata which were sampled in the field (which compromise the 

majority of the tree cover and urban green spaces in Johannesburg), the remaining land 

covers which contribute to tree cover (agricultural, fallow fields, small holdings) were 

assigned a generic value. This value was determined by averaging the carbon storage of the 

four sampled strata. Waterbodies were assumed to have 0 C/ha ABG, thus aquatic vegetation 

was excluded. However, tree cover in and around rivers and wetlands was accounted for. 

Carbon storage in grass and turf grass was not accounted for. Field values were assigned to 

each SANLC LU class in an attribute table and these values were extrapolated to the city 

scale using the look-up tool in ArcGIS Pro. The extrapolation produced a 30m resolution 

carbon storage map of the entire CoJ. This map was sub-divided using the administrative 

wards of the city. The carbon storage map was integrated with the CoJ ward boundaries and 

the total carbon storage (per ward) and mean carbon storage (per pixel) were calculated. The 

results were then aggregated to the ward level and mapped accordingly. Additionally, the 

same procedure was followed to calculate the carbon storage for each administrative region 

in Johannesburg. 

 

Due to the large variability in the sizes of wards in Johannesburg, total carbon storage per 

ward was normalised by area (ha) of that ward. This enabled the wards to be accurately 

compared in terms of their carbon storage performance, per unit area, and minimised 

differences in values based on size.  

 

 

3.2.4 Statistical Analysis 

 

To test for differences in biomass, carbon storage, height and DBH between the four urban 

forest types, a non-parametric Kruskal-Wallis test was used, as the data were not normally 

distributed, even after transformations. Dunn’s post-hoc test was used to determine where, if 

any, significant differences occurred.The median was used as the measure of central 

tendency, due to the data being non-parametric in distribution. Differences in tree density 

between forest types were assessed using a one-way ANOVA, and Tukey’s HSD post-hoc 
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test. Relative frequency distributions were constructed for each urban forest type to assess the 

distribution of DBH and height within and across types. Finally, a chi-square test was used to 

test for differences in the proportions of exotic vs indigenous species across four urban forest 

types. All statistical analyses were undertaken using the Statistica V14.0 (StatSoft, Inc, 2020) 

alongside Prism 9 for macOS V9.5.1 (GraphPad Software, Inc) and were run at a significance 

level of 0.05. 

 

 

 

 

3.3. Carbon Storage Results 

 

This study aimed to quantify and map the aboveground carbon stocks in Johannesburg. Field 

sampling was done to assess the structure and composition of Johannesburg’s urban forest 

across four sampled forest types, and a biomass equation was used to evaluate their capacity 

to store carbon in AGB. Finally, a GIS assessment was done to extrapolate findings from the 

field to the entire city, to determine the spatial distribution of carbon storage across the CoJ 

and determine the city’s total carbon stock. The results show that Johannesburg’s green 

spaces store 39.92-97.50 t/ha of carbon and that there are large spatial disparities in the 

distribution of carbon storage across the city. 

 

3.3.1 Urban Forest Structure  

 

A total of 151 plots were sampled and 1186 individual trees were measured across the four 

urban forest (UF) types. The distribution of sampled plots and individual trees across strata is 

presented in Table 4. The mean (SD) number of stems per plot was 7.85 (7.08) across all 

urban forest types. Density differed significantly between urban forest types (F3= 41.34, p < 

0.001). Tukey’s post-hoc revealed that tree density in nature reserves (810 trees/ha) was 

significantly higher than other forest types (p<0.05), as individuals were located in dense, 

natural woodlands, with many small individuals growing in proximity. Meanwhile, roadsides 

and parks were found to have significantly lower density (177 and 298 trees/ha, respectively) 

than both parks and gardens (p <0.001) but did not differ from each other (p=0.096). In seven 

plots, no trees were found, six of which were along roadsides. 
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Table 4:  Number of plots (200 m2) assessed, number of individual trees, mean tree density 

per plot and per ha, across four urban tree types sampled in Johannesburg, South Africa. RS- 

roadside, NR- nature reserve 

 

 No. Plots No. individuals 
Tree Density 

(/Plot) 

Tree Density 

(/Ha) 

Park 49 295 6 298.50 

RS 53 189 3.566 177.41 

Garden 21 246 11.71 582.80 

NR 28 456 16.28 810.23 

       Note: Plot = 200m2 (8m radius circle) 

 

 

Across the 1184 sampled trees in Johannesburg, the mean height was 8.85 m ± 0.17. The 

minimum recorded height was 1.2 m, while the maximum was 42 m. The median tree height 

across all samples was 6.91 m. Parks contained the tallest trees, with a mean (±SE) height of 

13.16 m ± 0.411, followed by roadsides at 11.34 m ± 0.323. Nature reserves had the shortest 

trees, with a mean height of 6.21 m ±0.18, while gardens represented the second shortest 

class, with a mean of 6.64 m ±0.25. 

 

However, the mean height of parks is slightly skewed by extremely large values, as most 

extremely tall trees occurred in parks. As a result, median tree height (95% CI) was highest in 

roadsides  at 11.51 m (10.81-12.01), followed by Parks at 10.96 m (10.01-12.00) (Figure 4). 

 

Tree height differed significantly between UF types (H=382.4, df=4, p<0.001), with both 

park and roadside individuals being significantly taller than nature reserve and Garden 

individuals (p<0.001). 
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Figure 4: Median tree height ± 95% CI in four urban greenspace types across sampled 

locations in Johannesburg, South Africa. Medians denoted by different letters indicate 

significant differences between groups. RS- Roadside plantation, NR- Nature reserve, **- P 

value <0.001 with the Kruskal-Wallis test.  

 

Across all sampled trees, the majority were between 4-10 m in height (58.36% of sampled 

individuals). Parks were dominated by individuals between 6-12 m (44.56%), but about half 

the population was >12 m in height, with 22.79% being taller than 20 m (Figure 5). 

Roadsides were dominated by taller trees, with 56.61% between 10-16 m in height. However, 

roadsides comprised of much fewer very tall trees (>20 m, 5.29%) when compared to parks 

(Figure 5). Gardens were dominated by shorter trees, with most sampled individuals between 

3-7 m in height (57.96%). Gardens had fewer tall trees and even fewer very tall trees 

compared to parks and roadsides (Figure 5). Nature reserves were also dominated by short 

trees, with 75% of the sampled individuals between 0-6m in height and only 12.9 % >10 m 

and 1.97%>20 m.  
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Figure 5: Tree height relative frequency distribution across sampled individuals in four urban 

forest types in Johannesburg, South Africa. NR= Nature Reserve, RS= Roadside. One value 

removed from park dataset to reduce axis (43.01 m). 

 

 

The median DBH differed significantly between UF types (H=515.2, df=3, p<0.001). The 

thickest trees were found along roadsides with an average (±SE) DBH of 46.94cm ±1.58, 

while park individuals were the second largest (40.73 cm ±1.21). Nature reserve and garden 

trees were much smaller, with an average DBH of 13.64 cm ±0.55 and 18.78 cm ±1.12, 

respectively. Recorded DBH ranged from 2.7cm-123.5 cm, with an average of 26.75 ±0.64 

across all sampled individuals. The median DBH was 19.15 cm across all samples. The 

largest stem sampled belonged to a Platanus x acerifolia standing in a roadside plot, with 
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diameter at breast height of 123.5 cm. The post-hoc test revealed that both trees in roadside 

and park plots were significantly larger than garden and nature reserve plots (p<0.001), while 

garden trees were larger than nature reserve trees (p<0.005). 

 

Nature reserve and garden trees were generally smaller, with the majority between 0-30 cm 

(Figure 6). These two UF types made up most samples between 0-20 cm size classes.  

Meanwhile, RS and Parks contained much larger trees, with the majority between 40-70cm. 

RS and Park trees accounted for almost all very large trees with DBH >60 cm (Figure 6). RS 

and Park individuals were more evenly distributed between 20-80 cm size classes, while 

Garden and Park trees dominated by 0-30 cm trees (Figure 6). 

 

 

 

Figure 6: Tree diameter at breast height distribution across different urban forest types in 

Johannesburg, South Africa. NR= Nature Reserve, RS= Roadside 

 

Roadside trees were evenly distributed between 20-80 cm DBH, with the majority occurring 

between 40-70cm (49.2%). Very large trees (DBH>50 cm) were very common on roadsides, 
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making up 54.49% of the population. Park samples were relatively evenly distributed 

amongst 20-60 cm size classes, with 30-40 cm size classes being most common (19.39%). 

Large trees were also prevalent in parks, with 38.09% of the sampled population larger than 

50 cm. Nature reserved were dominated by very small trees, with 39.7% of sampled 

individuals less than 10 cm in size and 74.4% below 20cm. Nature reserve samples were 

centred in the 5-10 cm size class, with the samples in each subsequent size class reducing 

evenly. Garden trees were slightly larger than NR on average and were dominated by the 10-

20 cm size class (40.8%). Both NR and Garden had very few large trees, with only 2.41% 

and 8.16% of the sample population >50 cm DBH, respectively. 

 

 

3.3.2 Species composition 

 

Forest composition was assessed for all four UF types. Of the 1186 individuals sampled, 

97.8% were identified to species level and 99.86% to genus level. 18 individuals (1.43%) 

could not be identified. In total, 164 species and 116 genera of tree and shrub were identified 

across all four strata. Garden samples contributed the most to this high diversity, with 62 

genera and 80 species sampled amongst only 246 individuals (Table 5). Meanwhile, Parks 

had the lowest number of genera (31), but more species than roadsides and nature reserves. 

Nature reserves represented the second highest number of taxa (37) but had by far the most 

individuals sampled (Table 5). Relative to the fewer individuals sampled (189), Roadside 

trees still maintained high diversity, with 34 taxa represented. Overall, all four strata showed 

high diversity with (>31) taxa represented (Table 5). The full genus and species composition 

for each forest type is presented in Appendix G. 
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Table 5: Number of individuals and species diversity of sampled trees across four urban 

forest types in Johannesburg, South Africa. 

 

The diversity of each urban forest type was fairly unique, with only 45 species occurring in 

more than one forest type, and only three species (Celtis africana, Celtis sinensis, Searsia 

lancea) occurring in all four urban forest types. The dominant species also varied according 

to forest type (Table 6). Pinus spp (15.99%), Celtis spp. (12.93%), Quercus spp. (9.86%) and 

Eucalyptus spp. (7.48%) were the most common taxa in Parks (Table 6). In roadside plots, 

Jacaranda mimosifolia (32.28%), Platanus x acerifolia (12.17%) and Brachychiton spp. 

(7.94%) were dominant.  

 

Gardens were more diverse, resulting in less dominance and a more equal distribution of 

species (Table 6). However, Viburnum spp. (7.35%), Prunus spp. (6.94%) and Celtis spp. 

(6.53%) were the most represented taxa in gardens in Johannesburg. Nature reserves were 

dominated by Celtis spp. (13.22%), Senegalia spp. (11.23%), Eucalyptus spp. (10.13%) and 

Vachellia spp. (9.91%). Most of the Eucalyptus trees were found in private reserves, while 

municipal reserves were dominated by exclusively indigenous vegetation.  

 

Overall, roadside plots had the highest dominance of individual genera, with the three most 

common genera making up 52.9% of the sampled population. Meanwhile, gardens had the 

lowest dominance, with the three most common taxa making up only 20.8% of the samples.   

 

 

 

 No. individuals No. Taxa No. Species 
Unidentified/ 

Genus level* 

Park 295 31 57 0/10 

RS 189 34 37 1/1 

NR 456 37 51 4/4 

Garden 246 62 80 4/3 
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Table 6: Top five most commonly occurring tree genera across four sampled urban forest 

types, in Johannesburg, South Africa. 

Strata Genus Relative frequency 

(%) 

Observations 

Park 

Pinus 15.99 47 

Celtis 12.93 38 

Quercus 9.86 29 

Eucalyptus 7.483 22 

Casuarina 6.46 19 

Roadsides 

Jacaranda 32.28 61 

Platanus 12.17 23 

Brachychiton 8.47 16 

Searsia 5.82 11 

Celtis 5.82 11 

Nature Reserves 

Celtis 13.22 60 

Senegalia 11.23 51 

Eucalyptus 10.13 46 

Vachellia 9.91 45 

Searsia 8.37 38 

Garden 

Viburnum 7.35 18 

Prunus 6.94 17 

Celtis 6.53 16 

Vachellia 6.12 15 

Syzygium 5.31 13 

 

 

The proportion of exotic and alien species differed significantly between forest types 

(X2=739, df= 3, p<0.001). Exotic or introduced species formed the majority of sampled 

individuals in Parks (84.4%), RS (82.5%) and Gardens (76.3%). Nature reserves were 

dominated by indigenous species (85.7%) with a much lower proportion of exotic species 

(13.2%) relative to the other strata (Figure 7). 
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Figure 7: Exotic vs indigenous species composition across four urban forest types in 

Johannesburg, South Africa. NR- Nature reserve, RS- Roadside plantation. 

 

 

3.3.3 Urban Forest Function 

 

The function of Johannesburg's urban forest was then assessed, through its capacity to store 

above-ground biomass (AGB) and carbon.  

 

In order to quantify carbon storage, the AGB was assessed for each sampled tree. The mean 

(±SE) biomass per tree across all samples was 437.2 kg ±24.12. This value was brought up 

by a small proportion of the population with extremely large biomass, hence the median 

biomass is much lower, at 70.38 kg. Minimum biomass recorded was 0.29 kg, while the 

maximum was 7493 kg. Most sampled individuals were between 0-500 kg (67.85%), while 

13.62% were between 500-1000 kg and 7.53% between 1000-1500 kg. Only 2.79% of 

samples were found to have a biomass greater than 3000 kg. 

 

As the data were not normally distributed, a Kruskal-Wallis test was run which revealed that 

biomass of trees differed significantly between urban forest types H= 474, df= 3, p<0.001), 

with RS and Park being significantly larger than the other UF types (p<0.001) and gardens 

being larger than NR (p<0.05).Amongst the four urban forest types, the largest mean biomass 
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was found in RS trees (947.1 kg ±72.54) , followed closely by parks (816 kg ±60.44), while 

the lowest was found in NR trees (99.28 kg ±12.89) (Table 7). Thus, the heaviest trees with 

the most aboveground biomass were in RS and Park UF types, while garden and NR trees 

were much smaller on average. The median biomass in each UF type was much smaller than 

the mean, due to the presence of extremely high values (>5000 kg) in each UF type except 

NR (table 7).  

 

 

Table 7: Descriptive statistics of Aboveground Biomass (Kg) per tree, across four sampled 

UGS types in Johannesburg, South Africa. 

 Individuals (n) Mean Std Error Min Max Median 

Park 187 816 60.44 0.85 5699 383.9 

RS 294 947.10 72.54 3.56 5851 646.1 

Garden 245 222.60 45.92 0.29 7493 26.71 

NR 456 99.28 12.89 0.34 3320 15.09 

 

For garden and NR samples, the majority of individuals had a biomass between 0-500 kg 

(87.35% and 91.45% respectively). Meanwhile, RS and Park trees were much heavier, with a 

greater proportion of individuals >1000kg (47.06% and 34.01%, respectively) compared to 

Gardens and NR (7.34% and 2.85% respectively).  

 

Carbon storage was quantitatively compared between UF types and spatially assessed across 

the wards and regions of Johannesburg. The urban forest of Johannesburg stores an estimated 

2 406 377 tonnes of carbon (tC), equivalent to 8 832 84.59 tCO2 equivalent. On average 

14.65 t/ha are stored across the entire city. Carbon storage per ha of tree cover varies between 

UF types.  

 

Carbon storage differed significantly between UF types (H= 14.34, df= 3, p<0.005), with 

parks and RS storing more carbon than NR (p<0.05). The data show that Parks in 

Johannesburg store 97.50 t/ha (SE: 13.68), Roadside plantations store 67.84 t/ha (SE: 8.59), 

Gardens store 65.36 t/ha (SE: 16.06), while nature reserves store 39.92 t/ha (SE: 8.01). Thus, 

of the four UF types, Parks stored the most Carbon, RS store the second most followed 

closely by RS while NR stores the least amount of carbon in AGB (Table 8).  
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Table 8: Mean Aboveground Biomass, Carbon storage and CO2 equivalent (tonnes/ha) across 

four sampled UGS types in Johannesburg, South Africa 

 

UGS Type Plots (n) ABG (t/ha) ABC (t/ha) CO2 eq. (t/ha) 

Park 49 194.99 97.50 357.83 

RS 53 135.68 67.84 248.97 

Garden 21 130.72 65.36 239.87 

NR 28 79.84 39.92 146.51 

 

In comparing the biomass equation used in this study to alternative local and general 

equations, it was found that Garden carbon storage was 65.36 t/ha in this study, 60.5-91.63 

t/ha using local equations and 92.46-119.83 t/ha using international equations (Table 9). 

Meanwhile, alternative equations produced values ranging from 26.01-68.28 t/ha for NR, 

compared to 39.92 t/ha in this study. The equation used in this study, developed specifically 

for the Johannesburg urban forest, produces a more conservative estimate of C storage than 

the alternative equations, with the exception of Netshiluvi & Scholes (2001) (Table 9). The 

estimates produced by this study are within a similar range of other local equations 

(Netshiluvi & Scholes, 2001; Mangwale, 2017) suggesting a reasonable accuracy. Of the 

general and international equations, Brown (1997), shows the greatest similarity to the 

estimates produced by this study’s methodology (Table 9). 

 

Table 9: Comparison of aboveground carbon storage in this study to values derived from 

four alternative allometric models. 

Mean Carbon storage (tons/ha) 

 Garden Park RS NR 

This study 65.36 97.50 67.84 39.92 

Netshiluvi & 

Scholes (2001) 
60.50 101.79 53.23 26.01 

Mangwale 

(2017) 
91.63 124.42 97.59 52.78 

Brown (1997) 92.46 125.23 97.61 53.58 

Ziannis (2008) 119.83 167.59 128.35 68.28 
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Carbon storage amongst sampled trees was largely driven by structural traits, in which taller 

and larger trees stored disproportionately more carbon than shorter and smaller trees. Trees 

taller than 10m (n=374) contributed 86.36% of the total C and biomass amongst all the 

sampled trees, while making up 31.64% of the sampled population. Meanwhile, trees >15m 

(n=162) represented 13.7% of the sample population but contributed 51.4% of the total C 

storage. 

 

A similar yet more pronounced trend occurred in the relationship between DBH and C 

storage. Most of the carbon stored within sampled trees in Johannesburg occurs in large trees 

with high DBH. Trees with DBH>50cm (n=199) stored 72.2% of the carbon stored across all 

sampled trees, despite making up only 16.8% of the samples. Similarly, trees with a DBH of 

greater than 60 (n=116) stored 53.67% of the carbon, while constituting less than 10% of the 

total trees sampled. Furthermore, the 28 largest individuals, 2.37% of the sampled trees, 

contributed 17.38% of the sampled C stock. 

 

Beyond structural traits, the C stock of sampled trees in Johannesburg varied greatly between 

alien and indigenous species (Figure 8). Alien or introduced species contributed most of the 

biomass in sampled trees across Parks (94.8%), Roadside plantations (93.4%) and gardens 

(84.5%). However, the biomass was more evenly distributed between native (50.2%) and 

alien (49.8%) species in Nature reserves. Ultimately, across all four strata, alien species 

contributed 705.1kg per tree on average, while indigenous species were 105.74 kg on 

average. 
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Figure 8: Biomass contribution of indigenous vs exotic species, sampled across four urban 

forest types in Johannesburg, South Africa. 

 

 

Prior to assessing carbon storage at the fine ward scale, the carbon stock was aggregated to 

the broader, administrative region level (Table 10). The results revealed great spatial 

variation in C storage between the 7 administrative regions of Johannesburg. Regions E and 

A contribute the largest portion of C storage in the city, while regions B, C and F contribute 

considerably (Table 10). Regions D and G contribute far less C storage relative to their area 

while region B overperforms its area in terms of C storage. Regions D and G have a large 

discrepancy between their relative area and relative C storage. Ultimately regions B and E 

store the most carbon per ha, 26.92 and 25.19 t/ha respectively. Meanwhile, regions D and G 

store by far the least carbon per ha (4.21 and 5.20 t/ha respectively). Thus, the Northern 

central and North-eastern regions perform best in terms of C storage, while the Southern and 

South-western regions perform worst. 
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Table 10: Carbon storage total, proportion, and density across the seven administrative 

regions of Johannesburg, South Africa. 

 

Region Area (ha) 
C Storage 

(tonnes) 
Area (%) C storage (%) 

C Density 

(t/ha) 

A 31349.88 508212.02 19.09 21.12 16.21 

B 14910.84 401395.98 9.08 16.68 26.92 

C 25376.88 392357.48 15.45 16.31 15.46 

D 18664.64 78615.57 11.36 3.27 4.21 

E 19859.36 500216.43 12.09 20.79 25.19 

F 21928.16 358216.69 13.35 14.89 16.34 

G 32151.72 167304.45 19.58 6.95 5.20 

 

 

Finally, carbon storage is assessed spatially, across the wards of Johannesburg (Figure 9). 

Most of the Northern half of Johannesburg was found to have maximal or high carbon 

densities, while carbon storage in the South was lower and more variable (Figure 9). The 

southwestern region has the lowest carbon density, with many wards having the minimum 

supply (<3.71 t/ha), while the southernmost and westernmost wards also show low supply. In 

the Northern regions the small group of wards in the northeast (Alexandra) stand out as 

having minimal carbon storage, despite being surrounding by high carbon storage wards on 

all sides (Figure 9). The above-ground carbon storage distribution across Johannesburg 

largely mirrors the tree cover distribution in the city (see Figure 2). The highest carbon 

density is found in the northern-central region of the city, where most of the urban forest 

occurs. Outside of this area, the north-eastern ward is the only other ward with maximal 

carbon storage density (Figure 9). Meanwhile, the Southern half of the city is largely void of 

tree cover, except for the south-eastern wards, which have significant tree cover and in turn 

higher carbon storage than the surrounding wards (>15.21 t/ha). 

 

Ultimately, of the 2.4 million tonnes of carbon stored by Johannesburg’s urban forest, most 

of it is stored in Northern Johannesburg. The distribution of carbon storage across the city is 

highly variable and unequal, with clear discrepancies between and within the Northern and 

Southern regions (Figure 9). Forty three wards in the city have minimal carbon density 

(<3.71 t/ha). Of these, the majority are situated in the south of Johannesburg, with wards in 
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the south-west, southernmost and northeast (Alexandra) standing out as critically low C 

storage supply areas. 

 

 

 

Figure 9: Carbon storage density across the administrative wards of the city of Johannesburg, 

South Africa. 
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4. Runoff Retention and Cooling Methods and Results 
 

 

4.1 Runoff Retention Methods 

 

Runoff retention is defined as the litre of runoff retention per m2 of urban green space (l/m2), 

as per Derkzen et al. (2015) and Liu and Russo (2021). It is also measured as the runoff ratio 

(runoff value relative to precipitation volume), ranging from 0-1. 

 

To quantify the runoff retention provided by City of Johannesburg’s green spaces, runoff 

infiltration as well as interception by vegetation was determined using inVEST’s (v3.12.1) 

urban flood risk mitigation model. This modelling technique is adapted from the Soil 

Conservation Services (SCS) Curve number approach (Cronshey, 1986; Chow 1988). The 

SCS method is the most commonly used empirical method of hydrological modelling, 

originally created by the Soil Conservation Services (SCS, 1972) to estimate the volume of 

runoff in catchments for a given rainfall event (Muthu & Santhi, 2015). This method has been 

widely used in the estimation of runoff depth after rainfall events and for calculating runoff 

retention in urban settings (see Whitford et al., 2001; Weng, 2001; Tratalos et al., 2007; 

Derkzen et al., 2015; Kremer et al., 2016; Radford and James, 2013; Ramyar et al., 2020; 

Basnou et al., 2020; Liu and Russo, 2021; Kadaverugu et al., 2021). 

 

 

4.1.1 Soil Conservation Services Curve Number model theory 

 

The SCS approach is derived from the equation used for determining surface runoff: 

 

𝑃𝑒 =  (𝑃 −  0.2𝑆)2 / 𝑃 +  0.8𝑆         (Equation 4) 

 

where Pe represents surface runoff, P the precipitation and S represents the maximum 

potential runoff retention.  

 

For the first variable, precipitation data were acquired from TAHMO (Trans-African Hydro-

Meteorological Observatory) weather stations and the South African Weather Service 

(SAWS, 2021). Three design storms with varying return periods for Johannesburg were 
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selected (12, 30 and 50 mm). For a one-hour rainfall event, these design storms represent 18-

day (12 mm/hr), 2-year (30 mm/hr) and 20 year (50 mm/hr) return periods in the City of 

Johannesburg (SAWS, 2021     ). 

 

An average, frequent heavy rainfall event in Johannesburg was input into the model (12 mm), 

alongside two high-intensity design storms with longer return periods (30 mm, 50 mm). This 

allowed the estimation of runoff retention under conditions where this service is most critical, 

extreme rainfall conditions, where flooding may occur and can be regulated by this service. 

In Johannesburg, floods are usually driven by heavy rainfall events over short time intervals 

(SAWS, 2021), hence 1-hour events were modelled. However, runoff retention is also 

important during moderate rainfall events, where it reduces drainage and water treatment 

costs (Derkzen et al., 2015), hence a more common rainfall event was also included.  

 

The second input is the maximum potential runoff retention (S), derived from the following 

equation: 

 

𝑆 =  2540/𝐶𝑁 −  25.4                   (Equation 5) 

 

where CN denotes the curve number, a value calculated by the Soil Conservation Service for 

various combinations of land cover classes and hydrological soil types. The CN serves as a 

quantitative characterisation of the land use and soil characteristics which influence runoff 

processes, under normal antecedent moisture conditions (Whitford et al., 2001). 

 

To derive curve numbers for Johannesburg, land use and hydrological soil groups (HSG) 

datasets were required. Land use data were sourced from the South African National Land 

Cover dataset (DFFE, 2020), with a resolution of 20m. The second dataset required was the 

hydrological soil groups, a classification of four soil groups (A, B, C, D) according to their 

minimum infiltration rate (Table 11). Soil data relating to the hydrological soil groups (HSG) 

in Johannesburg were acquired from Schulze (2010), who mapped the HSGs across South 

Africa (Figure 10). 
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Table 11- Hydrologic soil groups (HSG) and their properties (Zeng et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Distribution of hydrologic soil groups across the city of Johannesburg, South 

Africa (Schulze, 2010)  

 

Curve numbers (CN) for different land uses in Johannesburg were determined using the SCS 

CN look-up tables (see Appendix B, Table B1), sourced from the TR-55 report on urban 

HSG Soil textures Properties 

A Sand, loamy sand or sandy loam Low runoff potential and high 

infiltration even when thoroughly 

wetted.  
 

B 

 

Loam, silt loam or silt 

 

Moderate infiltration rate and 

moderately low runoff potential. 

  
C Sandy clay loam Moderately high runoff potential and 

low infiltration rates when thoroughly 

wetted. 

  
D Clay loam, silty-clay loam, sandy 

clay, silty clay, or clay 

Highest runoff potential, very slow 

infiltration rates. 
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hydrology in small watersheds (Cronshey, 1986). For each South African National Land 

Cover (SANLC)  land use, a CN value was assigned to each combination of that land use and 

the four HSG groups. CN values were assigned based on the closest respective land use in the 

SCS-CN tables (See Cronshey, 1986), or if not possible, the values used in prior literature in 

urban settings (see Vojtek & Voteková, 2016; Shrestha et al., 2021; Jahan et al., 2021; Liu 

and Russo, 2021). The complete list of CNs assigned to each land use in Johannesburg is 

presented in (Appendix B, Table B1). 

 

Where a direct SCS-CN equivalent for a land use was absent, a composite CN was calculated 

according to Equation 6.  

 

To calculate composite CN where multiple land uses exist in an area: 

 

𝐶𝑁 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
∑ 𝐴𝑖∗ 𝐶𝑁𝑖

∑ 𝐴𝑖
           (Equation 6) 

 

Where A= Area and CN= Curve number 

 

Composite CNs were used to incorporate the effect of tree cover in land uses with significant 

tree cover and to adjust CN values to reflect the Johannesburg context accurately. For 

example, only lawn is accounted for in residential areas in the original Cronshey (1986) 

tables, based on American residential areas, but for Johannesburg the significant tree cover in 

residential areas needed to be accounted for. 

 

Tree cover data from the ESA Worldcover V200 (10m) dataset was used to determine the 

area of tree cover used in calculating composite CN’s. The weighting of the composite varied 

depending on the respective land use’s tree cover and dominant vegetation. Where land uses 

are sub-divided by their dominant vegetation cover in the SANLC2020 dataset (e.g., 

smallholdings (tree), smallholdings (bush), smallholdings (grass), smallholdings (bare)), 

composite CNs were calculated with a weighting of 75% for their primary land use (e.g. 

smallholding) and 25% of their respective vegetation cover (e.g. tree or bush). No composites 

were calculated for bare land uses. 
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Other general assumptions included that impervious areas had a CN= 98, waterbodies and 

wetlands were assumed to be fully inundated and thus assigned CN= 100, open green space 

covered by trees within the city was in good hydrologic condition (Cronshey, 1986; Vojtek & 

Voteková, 2016). The SCS-CN look-up tables classify some LU according to their 

conditions. In Johannesburg, good conditions were assumed for all land uses with >25% tree 

cover, while fair condition was assumed for the remaining land uses, except for bare land 

uses, which were assumed to have poor condition (see Cronshey, 1986). The original SCS 

tables assign CN values to residential areas based on their proportion of impervious cover. 

The ESA Worldcover V200 (10m) land use dataset was determine proportion impervious 

cover in residential areas in Johannesburg, and assign CN values accordingly.  The ESA 

Worldcover V200 (10m) land use dataset was determine proportion impervious cover in 

residential areas in Johannesburg, and assign CN values accordingly.  

The next step in the model relates to a runoff coefficient, denoted by Q, determined by 

 

𝑄 =  𝑃𝑒/𝑃   (Equation 7) 

 

and ultimately, the runoff retention is determined by multiplying P x Q (Whitford, 2001; 

Tratalos, 2007). The proportion of precipitation retained during the rainfall event is 

determined by 1- Q/P (Whitford, 2001; Kremer et al., 2016). 

 

This model enables the quantification of runoff retention across urban areas (see Kremer et 

al., 2016; Liu & Russo, 2021). Furthermore, this method has been incorporated into open-

source, hydrological modelling software such as inVEST (Integrated valuation of Ecosystem 

Services and Trade-offs) (Natural Capital Project, 2023). This study uses the inVEST 

(v3.14.1) urban flood risk mitigation (UFRM) model, which implements the SCS model in a 

spatially explicit manner. This enabled the mapping and spatial analysis of runoff retention in 

the CoJ in ArcGIS. For further detail how the model executes in each pixel, as well as the 

input data requirements see Appendix E. 

 

The URFM implements the SCS model in each pixel of the study area, in a spatially explicit 

manner. The model was run for three design storms (12, 30 and 50 mm) across the City of 

Johannesburg. The three outputs of the model, runoff retention (m3), runoff (mm) and runoff 

retention ratio (0-1), were available as rasters (20 m resolution) for each design storm. Each 

of the raster outputs was imported to ESRI’s ArcGIS (v2.6.0) for analysis and mapping. 
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These rasters were integrated with the CoJ’s administrative wards using the zonal statistics 

and join field tools in ArcGIS. Subsequently, runoff maps were created by aggregating the 

runoff retention to the ward level and calculating the sum and mean for each ward. The 

values per pixel (400m2) were converted to per ha and per m2 values respectively. Finally, the 

total (sum) values for each parameter were calculated at the city-wide scale, as well as at the 

region scale, for each design storm. 

 

 

4.2 Local climate regulation (cooling) methods 

 

The methodology used to quantify, and map cooling services was based on the generation of 

land surface temperature (LST) maps using Google Earth Engine (GEE) according to the 

methodology of Ermida et al. (2020). alongside the adaptation of the index methodology used 

by Kremer et al. (2016) and Schwarz et al. (2011). 

 

LST data were collected for the City of Johannesburg, using a remote sensing approach. This 

method is indirect but spatially precise and has become the key method for quantifying 

temperature distributions at the city scale (Marando et al., 2019) due to its extent of spatial 

coverage, higher resolution and spatially continuous data as compared to in situ or weather 

station air temperature data (Mendelsohn et al., 2007; Tomlinson et al., 2011; Marando et al., 

2019; Zhou et al., 2019). The city-scale of this study called for a high resolution and spatially 

continuous dataset, therefore remotely sensed LST data were used. 

 

Landsat 8 satellite scenes of Johannesburg during the summer months (Dec-Feb) for 2016-

2022, were used to derive surface temperatures in Google Earth Engine (GEE) according to 

the methodology of Ermida et al. (2020). Landsat 8 satellite data were used in this study due 

to its high spatial resolution (30m) relative to other satellites (Tomlinson et al., 2011; Zhou et 

al., 2019). This enables discrimination of spatial features (see Loche et al., 2022) and the 

assessment of temperature patterns at the city and urban green space scales.  

 

Furthermore, there is an existing body of methodological frameworks for the extraction of 

LST data from Landsat satellite imagery which have been translated into code (Wang et al., 

2015; Meng et al., 2019; Ermida et al., 2020) for Google Earth Engine (see Ravanelli et al., 

2018; Loche et al., 2022).  
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Ermida et al. (2020) provide a code repository which contains the GEE scripts, coded in 

JavaScript, needed to derive LST from Landsat data. The methodology is based on an 

algorithm which determines the empirical relationship between top of atmosphere brightness 

and LST through the application of a simple linear regression (see Sun et al., 2004; Li et al., 

2013; Duguay-Tezlaff et al., 2015; Ermida et al., 2020). The algorithm, as implemented by 

Ermida et al. (2020), alongside the source-code for GEE, is presented in Appendix C. 

 

Ermida et al.’s (2020) methods were used to generate LST raster layers of Johannesburg for 

the years 2016-2022. Summer data were used as signs of cooling were expected to be more 

prominent when daytime temperatures were highest. Furthermore, heat stress and UHI 

intensity are highest during summer (Yao et al., 2020), making it the period of interest for the 

provision of cooling UES. All LST maps for each Landsat image acquisition (every 16 days) 

during the study period were downloaded in GEE. From these data (48 rasters), 13 rasters 

were selected for use. The selection of Landsat scenes was based primarily on the availability 

of summer scenes with less than 5% cloud cover to eliminate data gaps (as per Kremer et al., 

2016). Upon generating LST maps, the data was extracted and transferred into ArcGIS. These 

data were then cleaned and re-projected for use in Kremer et al., (2016)’s local climate 

regulation index (Equation 5 below).  

 

The index methodology of Kremer et al. (2016), see below, was adapted to enhance accuracy. 

The original methodology used a single Landsat scene (temperatures on a single day), 

whereas this study used multiple L8 scenes as inputs into the index. The mean LST for each 

pixel, across 13 selected LST rasters, was calculated in ArcGIS Pro (v2.6.0). Thus, an 

average raster was calculated, producing a spatially continuous LST raster, representative of 

the average temperatures across multiple days over 8 years, with high spatial resolution 

(30m). This LST map was then used as the input for the cooling capacity index in ArcGIS 

(see Equation 8). By using several days across multiple years, a spatially continuous average 

raster was created. This enabled the LST across Johannesburg to be measured under different 

climatic conditions, enhancing accuracy and reducing anomalies. Furthermore, this allowed 

the provision of cooling UES to be quantified under a range of temperature conditions, 

thereby ensuring the service is more accurately and reliably quantified. These data were then 

used to assess temperature differences between urban green and blue spaces (UGBS) as 

compared to impervious surfaces across the city (Kremer et al., 2016). The mean LST data 
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were integrated with land cover data, namely the South African National Land Cover 

(SANLC) 2020 dataset using the zonal statistics and join field functions in ArcGIS. The 

temperature of each land use in the SANLC dataset was extracted from the mean LST raster. 

The mean LST of all pixels covered by green spaces, waterbodies and bare ground was 

calculated, to serve as an input into the index calculation (Equation 8).  

 

 

4.2.1 Cooling Capacity Index 

 

The cooling service provisioning was quantified for each pixel in the LST raster of 

Johannesburg, using the following index as per Kremer et al. (2016): 

 

 

Local climate regulation indicator (i) =  

                                      𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑖)/𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑔) 𝑥 100            (Equation 8) 

 

 where (i) denotes an individual pixel in the average LST raster within ArcGIS and (g) 

represents the mean LST of pixels which are covered by urban green space, water, or bare 

ground. This index enables the quantification of the cooling service provided by 

Johannesburg’s UGBS based on LST data by providing values for each pixel, allowing for 

this service to be mapped. 

 

The cooling capacity index dataset, representative of local climate regulation UES provision, 

was imported in ArcGIS and the output mapped at 30m resolution. This provided a spatially 

continuous, high resolution cooling capacity index across the COJ, allowing for the cooling 

capacity to be quantified by comparing temperatures in each pixel to the mean temperature of 

urban green space. The resultant map was then normalised to fit a scale of 0-100 and 

inverted, so that 0 represents the lowest cooling capacity and 100 represents the maximum 

cooling capacity. This cooling capacity map was integrated with a shapefile of 

Johannesburg’s administrative wards, using the zonal statistics and join field functions in 

ArcGIS Pro . Finally, the mean cooling capacity was calculated for each ward of the CoJ and 

mapped accordingly. A schematic overview of the complete GIS workflow, alongside the 

ArcGIS pro tools used at each step, is presented in Figure 11. 
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Figure 11: Workflow for Cooling UES quantification in Google Earth Engine and ArcGIS Pro (version) Note: GEE= Google Earth Engine, LST= 

Land surface temperature,  i = individual pixel in map, in ArcGIS Pro.  Projections were made to Albers equal area conic  projection system. Grey boxes 

represent inputs, Green boxes represent key outputs. White boxes indicate methodological steps, GIS tools or temporary products. 
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4.3 Runoff retention and Cooling Results 
 

 

This study aimed to quantify the supply of runoff retention and cooling (local micro-climate 

regulation) ecosystem services in the city of Johannesburg and map them according to the 

city’s administrative wards. The inVEST UFRM model was used to implement the SCS CN 

model in a GIS environment to estimate runoff and runoff retention across Johannesburg, 

under three design storms. A remote sensing approach in conjunction with an indicator were 

used in GIS to determine the supply of cooling services in each pixel across the city. The 

results revealed distinct spatial variation in the supply of these services across Johannesburg, 

with high supply in the north and lower, more variable supply in the south.  

 

4.3.1 Runoff Retention  

 

The results of the inVEST model revealed that the total runoff in Johannesburg is 11.16 

million m3 under a 12 mm h-1 rainfall event, while a more extreme, longer return period event 

of 50 mm h-1 generates 21.89 million m3 of runoff across the city (Table 12). Flood mitigation 

through Johannesburg’s UGS is quantified through runoff retention, with the average volume 

of runoff retained ranging from 113.05 to 366.75 m3/ha under the modelled storms (Table 

12). The total runoff retained across the city for a 50mm h-1 rainfall event is 60.24 million m3, 

compared to 18.57 million m3 under a 12mm h-1 event. 

 

The runoff retention ratio is a proportional measure of the volume of runoff retained relative 

to the precipitation volume. The average runoff retention ratio across the city decreases from 

0.943 in a 12 mm event to 0.733 in a 50 mm event (Table 12). 
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Table 12: Sum and mean (ha-1) runoff, runoff retention and runoff ratio for the entire city of 

Johannesburg, under 12 mm h-1, 30 mm h-1, and 50 mm h-1 design storms.  

                  Mean per ha Sum 

Design 

storm 

(mm) 

12 30 50 12 30 50 

Runoff 

(m3) 
6.79 46.38 133.29 1115627 7619181 21894573 

Runoff 

Retention 

(m3) 

113.05 253.64 366.75 18570103 41663949 60243978 

Runoff 

Ratio 
0.943  0.8454 0.7334 - - - 

 

 

The average and total values for each variable (retention, runoff, retention ratio), for each 

ward in the CoJ, under each design storm, are available in Appendix L. 

 

The highest runoff retention ratio in a ward decreased from 0.994 in a 12 mm event, to 0.945 

in a 30 mm event, to 0.859 in a 50 mm event (Appendix L). Meanwhile, the lowest runoff 

ratio in the CoJ’s wards was 0.734 (12mm event), 0.636 (30mm event), and 0.529 (50 mm 

event). Thus, the poorer-performing wards, with low ES supply, are affected much more than 

the best-performing wards as rainfall intensity increases from 12 mm h-1 to 50 mm h-1.  

 

Runoff retention, runoff, and retention ratio were modelled across the wards of Johannesburg, 

under three design storms (12 mm, 30 mm and 50 mm), allowing for the spatial distribution 

of these services to be assessed (Figure 12). The maps for 12- and 30 mm events are 

presented in Appendix M. The results show that as storm intensity increases, the supply of 

runoff retention becomes more variable across the city, evident in the larger differences in 

runoff ratio and retention between wards in a 50 mm event (Figure 12) compared to a 12 mm 

event (Appendix G: Figure 1, Figure 3).  

 

Both runoff and runoff retention are distributed unevenly across Johannesburg, during a 50 

mm hr-1 rainfall event, with large spatial variation in the amount of runoff generated and 

retained (Figure 12). The runoff in the northern regions of Johannesburg is considerably less 
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than in the southern regions, while runoff retention is higher in the north as compared to the 

south (Figure 12). 

 

Maximum runoff retention is provided to the majority of the northern wards, particularly 

those in the central northern suburbs, in turn the northern wards receive the lowest amount of 

runoff (Figure 12). The north-east corner and wards in and around Alexandra (north-east) 

stand out as exceptions in the north, receiving high runoff and having low runoff retention 

(Figure 12). Meanwhile, the southern region of the city is characterised by low runoff 

retention and high levels of runoff, particularly in the southwestern and southernmost wards 

which receive minimum runoff retention (Figure 12). The highest supply of runoff retention 

in the south, is provided in the south-eastern wards (Figure 12). In addition to the southern 

wards, the central-eastern region (Johannesburg CBD) also stands out, receiving maximum 

runoff and minimum retention (Figure 12). Overall, high retention values were observed over 

areas with high proportions of green space as well as open spaces. Meanwhile, high levels of 

runoff are associated with high proportions of impervious surfaces, limited green space 

and/or proximity to water bodies. 

 

The runoff retention ratio displays the same spatial trends as runoff retention, with high 

rations in the north (0.78-0.86) but low ratios in the southern regions (Figure 12). The mean 

retention ratio per ward ranges from 0.859 to a minimum of 0.529. Thus, in the wards with 

the highest supply of runoff retention, nearly 86% of precipitation is retained, while in the 

wards with the lowest supply, only 53% of precipitation is retained, resulting in more than 

double the amount of runoff during a 50 mmhr-1 rainfall event. The variation in runoff ratio 

across the city has large consequences for the capacity of different regions to mitigate 

flooding under extreme rainfall events, reflected in the differences in runoff across different 

regions of the city (Figure 12). The low retention ratios in many of the city’s Southern wards 

indicates that high runoff will occur under extreme events and these regions are vulnerable to 

flooding (Figure 12). Alternatively, the high ratios in the north reflect the role of green spaces 

in effectively mitigating runoff, even under extreme rainfall events. 

 

The 5 wards with the highest provision of runoff retention, under a 50 mm event, all occur in 

Northern Johannesburg, with a maximum of 429.50 m3/ha retained. Meanwhile, the 5 wards 

with the lowest provision of runoff retention under a 50 mm event, all occur in Southern 

Johannesburg, with a minimum of 264.25 m3/ha. Wards in the south-west (Soweto), central-
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east (CBD) and southernmost regions of the city stand out as being critically undersupplied 

(Figure 12). 
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Figure 12: Average runoff retention, runoff, and retention ratio across the administrative wards of Johannesburg, during a 50 mm h-1 rainfall 

event. 
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4.3.2 Cooling Results 

 

Cooling service supply in Johannesburg was quantified at both the broader administrative 

region scale, as well as the finer, ward scale (see Figure 3). Within Johannesburg’s 

administrative regions, the highest cooling capacity was provided by regions B and E (north 

central and north-eastern regions), while the lowest was provided in regions D and G (Table 

13). The large differences in cooling capacity correspond with large temperature differences 

between regions. Regions with the lowest cooling capacity (D and G) correspond with the 

highest average LST (41.21 and 40.80 oC, respectively), while the highest cooling capacity 

(regions B and E), have the lowest average LST (37.49 and 37.89 oC respectively). The 

largest difference in average temperature between regions is 3.72 oC, corresponding to a 

cooling capacity difference of 11.64 (Table 13). Thus, the regions with the lowest cooling ES 

provisioning, are exposed to the highest temperatures. Regions D and G (Southern and South-

western regions) are particularly vulnerable to high urban temperatures, with limited 

mitigation through supply of cooling services. 

 

 

Table 13: Mean cooling service supply and land surface temperature (LST) in the 

administrative regions of Johannesburg, South Africa. 

 

Region Mean Cooling 

Capacity 

Mean LST (oC) 

A 58.99 

 

38.96 

 

B 63.59 37.49 

 

C 59.76 38.71 

 

D 51.95 41.21 

 

E 62.33 37.89 

 

F 59.59 38.77 

 

G 53.23 40.80 
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Cooling UES supply was quantified and mapped across the administrative wards of 

Johannesburg, revealing distinct spatial variation across the city (Figure 13). There are clear 

disparities in cooling capacity in the city, with the northern half having considerably higher 

supply of cooling services compared to the south. The maximum cooling UES supply occurs 

in the central northern wards of Johannesburg. A small cluster of wards in the north-east 

(Alexandra) stand out as an exception, having the lowest cooling supply in the city, despite 

being surrounded by regions of generally high supply (Figure 13). Within the southern 

regions, the highest supply is provisioned in the south-eastern region, (Figure 13). The rest of 

the southern regions are characterised by low supply. In particular, the south-western, 

westernmost and south-westernmost wards display a critically low supply of cooling services 

(Figure 13).  
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Figure 13: Supply of cooling ecosystem service across the administrative wards of 

Johannesburg, South Africa.  

 

Overall, at both the region and ward scale, the cooling supply across the CoJ is extremely 

spatially variable, with a generally higher and more consistent supply of cooling in the North, 

but more variable and often critically low cooling capacity in the South.   
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The cooling capacity index is available in a finer resolution (30 m), before aggregation to 

ward level (Figure 14). The supply of cooling services at both the ward and 30 m scale, 

shows distinctive spatial overlap with the distribution of tree cover across the city (See Figure 

2). The region with the highest cooling supply (north-central), corresponds to the highest 

density of tree cover and urban greening in the city. Meanwhile, areas of minimal or low 

supply are characterised by an absence of tree cover and a high proportion of impervious 

surfaces or bare ground. However, despite low tree cover in the south-western regions of the 

city, various wards display moderate cooling supply due to their proximity to rivers and 

waterbodies. The cooling supply of these rivers, and the absence of other cooling sources in 

the south-west can be seen in Figure 14. Aside from the rivers and greenspace in the south-

east, the rest of the South has almost no cooling supply (Figure 14). 

 

 

Figure 14: Cooling ecosystem service supply index (30 m resolution) across the city of 

Johannesburg, South Africa, based on land surface temperature data (2015-2022). 



71 

 

 

The average land surface temperature map of Johannesburg, used as an input into the cooling 

index, is presented in Figure 15. The areas of low cooling supply coincide with temperature 

hotspots, while areas of high supply generally represent cool spots (Figure 14, 15). The 

delineation of hotspots and cool spots is informed by visual interpretation of areas with 

distinctly higher and lower temperatures, as compared to their surroundings. Temperatures 

are distinctly cooler in the northern regions, in accordance with their high cooling service 

supply (Figure 15). The south is characterised by high temperatures, coinciding with low 

cooling provision. Key hotspots include Alexandra, the north-western corner, the south-

western corner, the majority of Soweto as well as orange farm and the southern townships, 

including Orange Farm (Figure 15).  
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Figure 15: Mean land surface temperature across the city of Johannesburg, with hotspots 

highlighted, based on selected Landsat 8 satellite images during summer months of 2015-

2022.  
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5. Ecosystem service comparison 
 

 

5.1 Methods 

 

After spatially quantifying carbon, cooling and runoff supply in each ward in Johannesburg, 

we then normalised the ES supply values according to equation 9 below. This allowed us to 

derive relative values of ES provision, on a scale from 0-100, to enable the comparison of 

services between wards.  

 

 

𝐼𝑛𝑜𝑟𝑚 =
𝑖−𝑖𝑚𝑖𝑛

𝑖𝑚𝑎𝑥−𝑖𝑚𝑖𝑛
               (Equation 9) 

 

Where Inorm is the value of ecosystem service supply at a given pixel (i), normalised on a 

scale of 0-100. imin and imax are the maximum and minimum value of ES supply. 

 

The normalised service values were then aggregated to the ward scale and mapped for all 

three services in ArcGIS Pro (v2.6.0). 

 

5.2 Results 

 

5.2.1 Spatial trends across UES 

 

The three UES in Johannesburg were normalised on the same scale (0-100) to enable the 

spatial and quantitative comparison between services and the identification of synergies and 

trade-offs. The spatial comparison of carbon storage, cooling, and runoff retention services is 

presented in Figure 16.  

 

The key spatial trends across all services include a higher and more consistent supply of UES 

in northern Johannesburg, but a lower and more highly variable supply in southern 

Johannesburg (Figure 16). The central Northern suburbs of the city have maximal supply 

across all three services. However, northern Johannesburg does not receive a uniformly high 

supply, with the northwest corner of the city having reduced supply across all three services. 

A small group of wards in the north-east (Alexandra) also stands out as a key exception in the 
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north, with all its wards having low to minimum provisioning across all three services, 

despite being surrounded by regions of high supply (Figure 16).  

 

Southern Johannesburg is characterised by high spatial variability in UES supply and 

generally low to minimum provisioning of services (Figure 16). In particular, carbon storage 

is the most undersupplied service in the south, followed by cooling while runoff has the 

greatest variation. The southwestern region and the southernmost region are consistently 

undersupplied across all services, while the south-eastern wards have a relatively higher 

supply (Figure 16). Central Johannesburg is characterised by moderate, low, and minimal 

provisioning with some variation across services. The central-east (CBD) wards have low 

supply across all services, with the greatest supply of cooling and the least supply of runoff 

retention (Figure 16). 

Overall, runoff retention has the most consistent distribution across the city, while carbon 

storage has the most variable distribution in its supply (Figure 16). The most critically 

undersupplied regions are the southwestern, westernmost, southernmost and north-eastern 

wards (Figure 16). 

 

 

5.2.2 Synergies and Trade-offs 

 

The relationship between services in Johannesburg is largely characterised by synergies 

rather than trade-offs, albeit trade-offs do occur. There is distinct synergy and spatial overlap 

between the provisioning of cooling and carbon storage services, likely due to the influence 

of tree cover in the delivery of both services (Figure 16). The extensive and diverse 

greenspaces in the central northern wards of Johannesburg provide maximum supply of all 

three services simultaneously (Figure 16). 

 

While the city’s greenspace provides synergistic supply of multiple services, this is not 

universal and in several instances trade-offs occur. Despite the overlap between cooling and 

carbon storage, the southwest region has a moderately higher supply of cooling than carbon 

storage in several wards (Figure 16). In particular, this occurs in wards with close spatial 

proximity to rivers and waterbodies, which provide cooling services, but do not contribute 

towards above-ground carbon storage. Thus, rivers represent a trade-off between cooling and 
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carbon storage services, evident in the northeast corner of the city. Rivers represent further 

trade-offs between cooling and runoff retention. This relates to the cooling effect of rivers 

running through the region but the simultaneous assumption in the runoff model that under 

full inundation, the rivers will not retain any runoff. This is evident in the southeasternmost 

ward, which receives high supply of cooling services but a low supply of runoff retention 

(Figure 16). Wards in the southernmost and westernmost regions show high values for runoff 

retention, but low supply of carbon storage and cooling, representing a trade-off (Figure 16). 
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Figure 16: Normalised UES supply score for carbon storage, cooling, and runoff retention services mapped across the administrative wards of 

Johannesburg, South Africa. 
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The total UES supply score (0-300) for groups of 4-6 wards in the city is presented in Figure 

17. The wards are ordered along the x-axis as they occur spatially, from south to north and 

east to west. This highlights the spatial disparity in the supply of all three services across 

Johannesburg, with low values across the left side (southern Johannesburg) but extremely 

high values on the right side (northern Johannesburg). 

 

Several wards in Johannesburg receive a high supply (>200) of all three crucial services, 

while numerous wards receive a low supply (<100) of all three services (Figure 17). The 

majority of wards in the city face an undersupply across all services. The right side of the 

graph portrays two distinct peaks, the first in the central northern and north-eastern suburbs 

and the second in the further northern suburbs (Figure 17). These northern suburbs show 

nearly maximum supply in all three services.. Additionally, there are two distinct troughs in 

the northern half of the graph (Figure 17). The first and most extreme is in Alexandra, which 

represents a stark contrast to its surrounding wards. The second, although not as extreme, is 

still a large reduction from its surroundings and represents the northeast corner of the city 

(Figure 17). Meanwhile, the southern half of the city is largely undersupplied (Figure 17). 

 

The trends in ES supply further support synergies rather than trade-offs between services, 

although there are exceptions. Generally, where a ward receives a high supply (>80) of one 

service, the other two services are also well supplied (Figure 17). However, trade-offs do 

occur between the services in several regions of the city. In cases where both carbon storage 

and runoff retention values are very low, but cooling is not, the ward generally occurs over 

rivers or water bodies. This is a fairly common trend in the southernmost and southwestern 

wards, on the leftmost side of the x-axis (Figure 17). Generally, a low supply of carbon 

storage (>10), with a moderate supply of cooling and or runoff retention (<40) is associated 

with green and blue spaces not inclusive of trees. In these cases, rivers and or grasslands can 

provide a moderate supply of cooling and runoff retention, despite being limited in carbon 

storage. There also exist cases where runoff retention is far higher than the other two serviced 

(Figure 17), suggesting a trade-off. This usually occurs in regions with a high proportion of 

bare ground or bare soil. 

 

Generally, where one service is critically undersupplied (>15), the other services are also in 

low supply (<50).  
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Figure 17: Normalised (0-100) UES supply score for carbon storage, cooling, and runoff retention services across groups of administrative 

wards in Johannesburg, South Africa. Neighbouring wards were grouped, in groups of 4-6 wards. Key named locations within those groups are 

presented. The groups are presented along the x-axis as they occur spatially, from South to North. 
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Chapter 6 . Discussion and Conclusion 
 

Urban areas face a range of significant challenges on account of their morphology, including 

the urban heat island effect and urban flooding, which are exacerbated by the impacts of 

climate change and threaten the sustainability of cities into the future. Urban green spaces 

and the ecosystem services they provide have emerged as a valuable solution which can 

address these challenges, mitigate climatic change, and bolster urban resilience to climate 

change impacts. To enhance and maintain these services, and ensure their equitable 

distribution, it is critical that their supply is quantified and made spatially explicit. In this 

study, I set out to assess the supply of three crucial ecosystem services (carbon storage, 

runoff retention and cooling) spatially and quantitatively in the city of Johannesburg. 

Specifically, I quantified the supply of these three services in Johannesburg using bio-

physical and non-economic metrics, then I mapped their spatial distribution across the 

administrative wards of Johannesburg.  

 

6.1 Above-ground carbon storage in Johannesburg 

 

This study estimates the C storage of Johannesburg's urban forest to be 2.4 million tC, 

equivalent to 8.83 million tCO2. Across the entire city, an average of 14.65 t/ha of carbon are 

stored in the aboveground biomass, with the carbon storage per unit tree cover ranging from 

39.92-97.50 t/ha between different UF types (Chapter 3, Table 8). The CoJ's above ground 

carbon stock is an impressive and significant source of C storage, surpassing the C stock of 

several other cities (e.g. Nowak et al., 2011; Liu & Li, 2012; Strohbach & Haase, 2012; 

Dorendorf et al., 2015; Sun et al., 2019). 

 

Prior research conducted in Johannesburg estimated 5.3 million metric tonnes of carbon 

storage across the city (Schäffler & Swilling, 2013). However, it should be noted that 

Schäffler and Swilling (2013) conducted only a single plot of field sampling, producing a 

limited scope case study, with greater focus on other dimensions. In my study I increased the 

plot number substantially, sampled a diverse range of UF types and took steps to improve the 

accuracy of the extrapolation. This is particularly important in Johannesburg, which is highly 

heterogenous in structure, with great diversity in green spaces. Schäffler and Swilling (2013) 

extrapolated carbon storage from a park plot, assuming a uniform tree cover for the entire 
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city. In reality, only 16.1% of the city’s area is covered by trees which this study accounted 

for during extrapolation of carbon storage values to the whole city. Therefore, my results 

which present a more conservative carbon stock of 2.4 million tC may be a stronger 

estimation for Johannesburg. 

 

Beyond this case study there is, to my knowledge, a distinct lack of comparable carbon 

storage studies in South African cities, highlighting the knowledge gap in the region (Haase 

et al., 2014; Crossman et al., 2013; O’Donoghue & Shackleton, 2013; Weissert et al., 2014). 

While some research has been conducted on the capacity of street and parking lot trees to 

sequester carbon in Tshwane and the Eastern Cape of South Africa (Stoffberg et al., 2010; 

O’Donoghue & Shackleton, 2013), these studies do not address carbon storage.  

 

Research on the carbon storage of South Africa's natural forests generally reports higher 

values of carbon density than those found in Johannesburg, but within range of the values 

found in parks (98.5 t/ha), the highest of the four UF types assessed. Indigenous South 

African forests in the coastal lowlands of the Eastern Cape were found to store 99.8 t/ha on 

average (Smithwick, 2019), while Mangwale et al. (2017) presented a broader range of 

carbon densities for the same region, from 12.4-113.7 t/ha. More generally, carbon stocks in 

sub-Saharan African forests typically range from 30-150 t/ha, with great variation between 

different climates and forest types (Houghton & Hackler, 2006; Bombelli et al., 2009). 

Meanwhile, extremely high carbon storage values (179 t/ha) were found in the high elevation, 

Afromontane mist belt forests in Limpopo, South Africa (Mensah et al., 2016). This is 

representative of the higher storage associated with African tropical montane forests, which 

average 149.4 t/ha in above-ground carbon stock across numerous African countries (Cuni-

Sanchez et al., 2021). Thus, the average carbon stock of Johannesburg's four UF types (71.96 

t/ha) is within range of South African forest carbon density, albeit somewhat lower. 

However, the carbon stock of Johannesburg remains notably lower than the high densities 

observed in tropical, Afromontane forests. Beyond natural forests, similarly high carbon 

storage was found in three plantation forest species in KwaZulu Natal, South Africa, with 

103 t/ha in Eucalyptus and 143 t/ha in Pinus plantations (Dube & Mutanga, 2015). These 

values are similar to our findings in parks in Johannesburg (98.5 t/ha), which is reasonable 

given the predominance of plantation species such as Eucalyptus and Pinus in the city’s parks 

(Chapter 3, Table 6). In contrast, studies on grassland and savanna systems generally presents 

aboveground carbon stocks lower than that of the Johannesburg urban forest. For example, 
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the central lowveld savanna of South Africa was found to store 18 tC/ha (Shackleton & 

Scholes, 2011), while the Miombo woodlands of northern Mozambique store 29.8 t/ha in 

trees (Ribeiro et al., 2013). Meanwhile, Mills et al. (2005) presented extremely low values of 

2 t/ha for aboveground carbon storage for mesic grasslands in South Africa.  

 

The average carbon storage per unit tree cover of Johannesburg's urban forest is in the same 

order of magnitude as results from other cities in Europe, USA, Asia, and Africa (e.g. Jo, 

2002; Nowak et al., 2013; Strohbach & Haase, 2012; Moussa et al., 2019). However, caution 

is advised when making comparisons of the findings of different studies in different cities. 

There is considerable variation in estimates of carbon storage across different cities, 

influenced by diverse spatial-temporal factors such as climate, land management practices, 

history of urbanisation, ecology, and population densities (Davies et al., 2013). A crucial 

factor contributing to these differences and hindering reliable inter-city comparisons is the 

variability in methodological approaches used to estimate urban carbon storage (Davies et al., 

2013). This includes variation in sampling methods, land-use classifications and differences 

in the utilisation of allometric equations (McHale et al., 2009; Lindén et al., 2020). The 

absence of standardised methods, uniform definitions of 'urban,' and consistent approaches 

represents prominent challenges in urban ecology, impeding the comparability of research 

findings (Davies et al., 2013). With these differences in mind, it is possible to cautiously 

compare the mean carbon storage per ha of urban forest in Johannesburg to other studies in 

cities around the world. 

 

The mean carbon storage across four urban forest types in Johannesburg (71.96 t/ha) is 

markedly similar to the average across 28 US cities with 76.9 t/ha per unit tree cover (Nowak 

et al., 2013), and to the urban forest of Liepzig, Germany with 68.2 t/ha (Strohbach & Haase, 

2012). Meanwhile, Los Angeles and Sacramento in the US had values of 59 and 84.5 t/ha 

(McPherson et al., 2013), showing further similarities to Johannesburg. Several studies in 

Asia presented values far lower than those found in Johannesburg. The average carbon 

density of UGS in the 35 major Chinese cities is 21.34 t/ha (Chen, 2015), with other Chinese 

cities showing similarly low values of 30.25 t/ha in Hangzhou (Zhao et al., 2010) and 33.2 

t/ha in Shenyang (Liu and Li, 2012). This is primarily attributed to the predominance of 

young vegetation in Chinese green spaces (Zhao et al., 2010; Chen, 2015). Amongst other 

Asian cities, Nagpur, India also showed a lower carbon storage than Johannesburg, with 

31.51 t/ha, while Seoul, South Korea showed greater similarity, storing 58.7- 60.1 t/ha (Jo, 
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2002). Conversely, some studies presented values vastly higher than those observed in 

Johannesburg. Addis Ababa, Ethiopia and Kumasi, Ghana both showed substantially higher 

C storage than Johannesburg, with 172 and 228 t/ha, respectively (Woldegerima et al., 2017; 

Nero et al., 2018). Johannesburg's urban forest also stored far less carbon than the urban 

green spaces investigated in in Leicester, UK (281- 289 t/ha) (Davies et al., 2011). These 

differences in carbon storage per unit tree cover may be due to differences in tree density, 

size distributions and species composition (Nowak et al., 2013). 

 

Moving beyond carbon storage per unit tree cover, C storage at the city-wide scale shows 

further variation between different cities. For instance, Leicester, UK, exhibits a notably high 

carbon storage level at 31.6 t/ha (Davies et al., 2011), while Meran in Northern Italy 

demonstrates a comparatively lower value of 13.5 t/ha (Speak et al., 2020). Boston, US, 

showcases a carbon storage level of 28.8 t/ha (Raciti et al., 2014), contrasting with Beijing's 

lower estimate of 7.8 t/ha (Sun et al., 2019). Similarly, Leipzig, Germany, presents a modest 

level of 11.8 t/ha (Strohbach & Haase, 2012), whereas Hamburg, Germany, illustrates a 

higher carbon storage level across land use at 27.4 t/ha (Dorendorf et al., 2015). 

Johannesburg's mean carbon storage (14.65 t/ha) aligns closely with certain cities such as 

Meran, Italy, and Leipzig, Germany, yet falls short of the notably higher estimates found in 

Leicester, UK; Boston, US and Hamburg, Germany. Interestingly, American cities such as 

Los Angeles and Sacramento present city-wide average estimates of carbon storage at 8.15 

t/ha and 15.4 t/ha, respectively (McPherson et al., 2013), which closely resemble 

Johannesburg's mean carbon storage.  

 

This variation reflects the diverse ecological and urban characteristics which drive carbon 

storage at the city-scale. One particularly important driver of carbon storage at this scale, is 

the proportion of tree cover within the city. Cities with higher carbon density at the city-scale 

than Johannesburg, generally have much higher tree cover. For example, the city of Boston 

stores nearly twice the amount of carbon as Johannesburg per ha of urban area, due to having 

25.5% tree cover (Raciti et al., 2014), compared to Johannesburg's 16.1%. Similarly, 

Johannesburg has less tree cover than 21 of the 28 US cities assessed by Nowak et al. (2013). 

Other factors contributing to these differences may include each city’s unique history, climate 

and management of green spaces (Zhao et al., 2010; Davies et al., 2013; Nowak et al., 2013; 

Lindén et al., 2020).  
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Although methodological differences may drive some of the variation in carbon storage 

estimates between cities, Johannesburg’s carbon stock is significant in the context of 

comparable urban forests. Our results for C density across four forest types are in line with 

findings across a wide range of cities in Europe, Asia, America, and Africa. However, at the 

city-wide scale, Johannesburg stores less carbon than several other cities due to the 

disproportionate distribution of tree cover in the northern region of the city. Thus, 

Johannesburg's urban forest simultaneously exemplifies the key role that can be played by 

green infrastructure in supporting climate change mitigation, while leaving great room for 

improvement and a need to extend tree cover in the city to ensure a more equal distribution of 

C storage.  

 

  

6.2 Variability of Carbon storage within the city and between UF types 

 

Urban carbon storage is subject to a wide range of local drivers, which are highly site and 

scale dependant. These may include age structure of trees, tree density, management 

practices, species composition as well as land use (Zhao et al., 2010). It is clear across a wide 

range of studies that urban carbon storage is characterised by large variation between 

different Land uses (see (Hutyra et al., 2011; Strohbach & Haase, 2012; Nowak et al., 2013), 

due to the heterogeneity of urban systems. This is reflected in Johannesburg, in the large 

differences observed in aboveground carbon storage between nature reserves and parks, as 

well as the high spatial variation in the city. This variation across land use is evidenced in 

numerous cities around the world, including Barcalona, Spain (Chaparro & Terradas, 2010) 

and Leipzig, Germany where carbon storage ranged from 15.3-96.7 and  6.8-98.5 t/ha, 

respectively (Chaparro & Terradas, 2010; Strohbach & Haase, 2012).  

 

While the delineation of land uses varies across different studies, some research used similar 

greenspace delineations as this study, allowing for comparison. In comparing the carbon 

storage of parks and gardens in Johannesburg to similar land uses in published literature 

various similarities and discrepancies are revealed. For instance, parks in extreme northern 

latitudes exhibit far less carbon than those in Johannesburg. Trees in constructed parks in 

Helsinki, Finland stored 22-28.1 t/ha (Lindén et al., 2020), compared to 98.5 t/ha in 

Johannesburg. The large differences may be explained by the lower tree density in Helsinki 

(150 trees/ha) as compared to Johannesburg (299 trees/ha), as well as the large proportion of 
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small trees (<15 cm DBH) found in constructed parks in Helsinki (Lindén et al., 2020). 

Meanwhile, a broader range of carbon storage was observed in public parks in Muscat, 

Oman, ranging from 103.43-313.74 t/ha (Amoatey & Sulaiman, 2020), owing to a high 

proportion of very large trees. 'Green urban areas' in Leipzig, Germany stored less than 

Johannesburg parks with 46.4 t/ha, while urban forest and woodland areas stored similar 

amounts, ranging from 73.2-98.5 t/ha (Strohbach & Haase, 2012). This parallels findings 

from American cities such as Los Angeles and Sacramento, where open green space was 

found to store 38 and 75.6 t/ha, respectively (McPherson et al., 2013).  

 

Residential areas in Leipzig, including single or semi-detached houses, show carbon storage 

levels akin to Johannesburg's gardens, with 63.8 t/ha of carbon stored (Strohbach & Haase, 

2012). This resembles findings from American cities like Los Angeles and Sacramento, 

where low-density residential spaces demonstrate carbon storage densities of 40.1 and 71.3 

t/ha, respectively (McPherson et al., 2013). In contrast, gardens of Boston stored far less than 

Johannesburg, with 32.8 t/ha (Raciti et al., 2014). Investigations into the carbon storage of 

roadside trees displayed similar variation across different cities, with values ranging from as 

low as 13.9 t/ha in Beijing, China (Zhao et al., 2016) to as high as 485.15 t/ha in Muscat, 

Oman (Amoatey & Sulaiman, 2020). Johannesburg's roadside carbon density (67.84 t/ha) 

corresponds to findings in Korea, where the largest street tree species stored 69.7 t/ha, while 

the average of all species assessed was lower, at 24.9 t/ha (Yoon et al., 2013). 

 

Tree density and size are key drivers of carbon storage (Nowak et al., 2013). These structural 

attributes may explain the significant differences between carbon storage and biomass 

between forest types in Johannesburg, at both the plot and tree level. Carbon storage in 

Johannesburg ranged from 39-98 t/ha between urban forest types. Nature reserves (NR) in 

Johannesburg held the lowest carbon stocks of the four UF types despite having the highest 

tree density per plot, due to the predominance of shorter and smaller (DBH) trees. NR had a 

significantly smaller average DBH than all other UF types, with nearly 40% of the sample 

having a DBH below 10 cm. Meanwhile, roadside (RS) plantations had the lowest density per 

plot, but were frequented by large, high DBH and tall trees, resulting in a higher carbon 

storage. Despite having marginally smaller trees than RS, parks held large trees and had 

greater density than RS, resulting in the highest carbon storage of 98.5 t/ha (Table 8). Similar 

to nature reserves, gardens had a relatively high density, but held small trees, resulting in the 

second lowest carbon storage. The carbon storage in nature reserves was expected to be low, 
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being dominated by smaller indigenous woodland and grassland tree species, which have 

generally found to store lower amounts of carbon (Mills et al., 2005; Shackleton & Scholes, 

2011; Ribeiro et al., 2013). However, it should be considered that the soil organic carbon 

pool, not assessed in this study, is likely very significant in these areas (Mills et al., 2005; Bai 

& Cotrufo, 2022). 

 

The results suggest that tree size and density are the two primary factors which govern the 

amount of carbon stored in aboveground biomass in urban green spaces (Nowak & Crane, 

2002; Davies et al., 2013; Lindén et al., 2020). Additionally, tree girth is proportional to age 

(Schmitt-Harsh et al., 2013), making the age of trees another strong determinant of above-

ground carbon storage. Several South African studies have evidenced this relationship, 

showing that older, more mature trees have greater biomass (Dube & Mutanga, 2015; 

Hlatshwayo et al., 2019; Abutaleb et al., 2021). Internationally, Linden et al. (2020) showed 

that time has a positive effect on the carbon stocks in urban parks. This relationship explains 

some of the key differences between UF types found in Johannesburg. Parks and roadside 

trees were dominated by older stands with larger trees (Figure 6), resulting in higher carbon 

storage capacity than nature reserves and gardens (Table 8). Furthermore, the prevalence of 

very large, mature trees throughout Johannesburg drives the high overall carbon storage of 

2.4 Mt C. 

 

My findings indicate the disproportionate role played by large trees in contributing towards 

the carbon stock, which has been reflected in other urban areas (Nowak, 1994; Nowak & 

Crane, 2002; Stoffberg et al., 2010; Davies et al., 2011; Nowak et al., 2013; Schmitt-Harsh et 

al., 2013; Lindén et al., 2020). The top 10% of trees in terms of size (girth) in Johannesburg 

contributed 53.67% of the carbon stored amongst sampled individuals, and carbon storage 

increased as DBH increased. Similarly, taller trees contributed disproportionately more 

biomass relative to shorter trees in Johannesburg. While small trees store much less carbon 

than larger individuals, they frequently made up a large proportion of the trees in urban areas 

(Davies et al., 2011; Hutyra et al., 2011; Liu & Li, 2012; Lindén et al., 2020). This is 

partially true for Johannesburg's urban forest, where small individuals make up a large 

proportion of both NR and garden trees (Figure 6).  

 

Anthropogenic factors also play a role in driving urban carbon storage, as the structural 

attributes of urban forests are moulded by land development practices, historic species 



86 

 

preference, conservation efforts and tree planting practices (Berland, 2012). Johannesburg's 

long history of greening and gardening contributes to the current, significant carbon stock 

and explains the abundance of large, old trees standing in the city, particularly in Northern 

Johannesburg, where numerous green spaces were built and preserved as the city continued 

to expand and urbanise (Turton et al., 2006; GCRO 2013; Schäffler & Swilling, 2013). For 

example, parks like Zoo Lake and Emmerentia Park were built in the early 1900s and have 

been maintained to this day. Additionally, both parks and roadsides are characterised by 

mature tree stands composed of mainly exotic species such as Jacarandas, Pines and 

Eucalyptus, which have been planted in the city for more than a century (Turton et al., 2006; 

Schäffler & Swilling, 2013). This history contextualises Johannesburg’s high tree cover and 

abundance of large, old trees which drive the total carbon storage of 2.4 Mt C. 

 

A high proportion of large trees in urban areas is a common phenomenon, accounting for 

some findings where urban forests store more carbon than local, natural forests (Nowak & 

Crane, 2002; Nowak et al., 2013). This aligns with my findings that Johannesburg's urban 

forest stores similar amounts of carbon to natural South African forests and more than 

grassland and savanna woodlands, despite having generally lower tree density. The large 

carbon storage and sequestration potential of urban trees can be attributed to several factors. 

Firstly, urban vegetation generally has lower density than in natural ecosystems, resulting in 

fewer space constrictions, allowing for open crown structures which enhance the 

photosynthetic capacity of the plant (Nowak & Crane, 2002). Secondly, fast-growing species 

are frequently planted in urban areas to achieve the intended aesthetic or landscape effect in 

minimal time (Chen, 2015). Finally, trees in private gardens are frequently supplied with 

optimal resources for growth, in the form of watering or nutrients through fertiliser (McHale 

et al., 2009). 

 

The distribution of urban trees is largely dependent on the history and intensity of 

management of these green spaces (Dhyani et al., 2021). The four UF types assessed in 

Johannesburg had significantly different densities, tree sizes and species compositions (see 

Chapter 3). It is likely that the history and management of these trees played a key role in 

determining their current structure and composition. In the case of roadside plantations and 

parks, the management of local authorities and urban planners would have influenced their 

structure through formal planning processes. In the case of gardens, individuals are key 

actors, whose decisions affect the diversity and structure of garden trees. Nature reserves, 
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however, remain as remnant vegetation and therefore follow the characteristic structure and 

diversity of indigenous savanna grassland and woodland ecosystems (GCRO, 2013). The role 

of human management is reflected in the high proportion of exotic species in all forest types 

except for nature reserves (Figure 7), mirroring a common trend in cities around the world 

(Nowak et al., 2011; Nagendra & Gopal, 2011; Dhyani et al., 2021) and explaining the high 

diversity found in Johannesburg. In general, urban forests represent a mixture of remnant, 

native tree species which existed pre-development, alongside exotic species introduced by the 

humans in the city (Nowak et al., 2011). Johannesburg is dominated by exotic species (Figure 

7), with a long history of their introduction. The exception lies in nature reserves, where 

indigenous species prevail, emphasising the importance of their conservation. Johannesburg, 

similar to Los Angeles (Nowak et al., 2011), is conducive to the growth of exotic trees from a 

wide range of origins, resulting in extremely high diversity (Table 5), which may exceed the 

diversity of surrounding natural landscapes. The highest diversity in Johannesburg was found 

in gardens, due to the human influence and introduction of exotic and ornamental species, 

similarly to gardens in the US (Schmitt-Harsh et al., 2013). 

 

The results revealed great spatial variation in carbon storage across the city of Johannesburg, 

with much higher carbon densities in the north as compared to the south (Figure 9). Given 

that urban carbon storage is generally a function of tree cover (Nowak et al., 2013), it is 

unsurprising that this variation was driven by the unequal distribution of tree cover across the 

city. Northern Johannesburg maintains high tree cover, coinciding with large carbon stocks, 

while much of the south has minimal tree cover, and consequently low carbon stocks. In 

particular, the north-central and north-eastern suburbs are characterised by dense tree cover, 

with heavily treed private gardens and numerous, connected green spaces. Additionally, the 

trees in the northern regions were generally found to be larger and older, consistent with the 

findings of previous studies in the city (Abutaleb et al., 2021). 

 

 

6.3 The role of exotic species in delivering ecosystem services 

 

Similar to prior research undertaken in urban areas in South Africa (O’Donoghue & 

Shackleton, 2013; Newete et al., 2022) and internationally (Dhyani et al., 2021; Gülçin & 

van den Bosch, 2021), the majority of sampled species in Johannesburg were exotic (Figure 
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7). This is a common trend within urban forests around the world, given that the primary 

drivers of biodiversity in urban systems are anthropogenic. 

 

In the case of Johannesburg, the prevalence of exotic species relates to the city’s colonial and 

mining history (Turton et al., 2006; Schäffler & Swilling, 2013; GCRO, 2013). During the 

gold rush of the 19th century, large scale tree planting was undertaken to mitigate the high 

levels of dust, as well as to provide timber to meet the high demand for mining poles (Turton 

et al., 2006). To meet the demand, fast growing species such as eucalyptus and black wattle 

were planted en masse. Massive timber plantations, consisting of non-indigenous species, 

were supported by investment from the mining industry as well as private landowners, after 

indigenous tree species could no longer met the demands for mining timber. Along with this 

tree planting boom came the introduction of street trees familiar to the colonials, such as oaks 

and London planes (Turton et al., 2006). In addition, wide-scale suburban development 

occurred alongside the rapid expansion of the city. These suburbs were also subject to the 

tree planting boom evidenced in the naming of suburbs such as 'Forest town' and 'Parkview' 

(Turton et al., 2006; GCRO, 2013). 

 

Ultimately, these activities had a profound effect on the landscape of Johannesburg, 

transforming a natural grassland into the characteristic, urban forest which is seen today. 

Thus, the seemingly incongruent situation of an urban forest occurring in a natural grassland 

is explained by the wide-scale planting of exotic trees during the colonial beginnings of the 

city (Schäffler & Swilling, 2013). Many of these introduced species continue to dominate the 

urban forest of Johannesburg, reflected in my own findings and in prior research in the city 

(Abutaleb et al., 2021b; Newete et al., 2022). My sampling indicated that exotic species 

make up more than 75% of individuals in all forest types except nature reserves (Figure 7).  

 

Interestingly, my results show that these exotic trees provide exceptionally high ecosystem 

services. Most of the carbon storage in Johannesburg's urban forest is provided by large, 

exotic trees (Chapter 3, Figure 8). Additionally, the regions characterised by the highest 

supply of all three UES, the northern suburbs, are dominated by exotic species (Figure 16). 

My results mirrors the findings of prior studies, which found high carbon storage and 

sequestration amongst exotic species in South Africa (O’Donoghue & Shackleton, 2013; 

Dube & Mutanga, 2015) and other African countries (Woldegerima et al., 2017; Moussa et 

al., 2019). This relates primarily to the large size of exotic tree species in the city, given that 
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large trees are crucial providers of ecosystem services (Schmitt-Harsh et al., 2013; Nowak et 

al., 2013), particularly in the urban context (Schlaepfer et al., 2020). Given that exotic 

species present numerous threats to ecological systems, their management is complicated by 

the positive socio-economic or ecological benefits they provide (Roy et al., 2012; Zengeya et 

al., 2017; Abutaleb et al., 2021b). In turn, the high carbon storage amongst exotic tree species 

in Johannesburg brings about several management implications. 

 

Exotic tree species are known to present a range of negative impacts and disservices, in 

conjunction to their beneficial ecosystem services (Almas & Conway, 2016; Potgieter et al., 

2017; (Gaertner et al., 2016; Le Maitre et al., 2020). In the Johannesburg context, the city’s 

largely exotic urban forest has attracted criticism on account Johannesburg's lack of a natural 

watershed and associated water challenges in relation to the water-intensive exotic species 

which make up its urban forest (Schäffler & Swilling, 2013). The forest has therefore been 

criticised for inducing additional hydrological pressures due to its erection in a natural 

grassland.  

 

Thus, the value of exotic tree species in delivering ES in Johannesburg, contrasted with the 

potential negative impacts of these same species, presents a predicament for the management 

of these species into the future. Currently, the management of alien species in South Africa is 

informed by the National Environmental Management: Biodiversity Act (Act 10 of 2004) 

(RSA, 2004; Zengeya et al., 2017). This act prevents the future planting of a wide range of 

alien tree species which exist in Johannesburg. However, the management of species which 

provide both benefits and negative impacts are complex, with possible disagreement between 

stakeholders regarding the extent of their positive or negative impacts (Zengeya et al., 2017). 

Some species have no negative impact, but several have positive impacts and are increasingly 

regulated on a per area basis. This research further supports the positive impacts of for 

example, Jacaranda mimosifolia, Eucalyptus grandis and other large urban trees with 

minimal destructive effects (see Zengeya et al., 2017). The more complex issues relate to 

species which have both positive and negative impacts. 

 

Research on the trade-offs between benefits and costs related to exotic trees has already 

begun in South Africa (See Zengeya et al., 2017), with urban specific case studies having 

been conducted in the city of Cape town (Gaertner et al., 2016). It has been suggested that 

existing frameworks for the management of invasive species in South Africa are often 
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developed for rural or natural areas and therefore are inadequate for application in urban 

areas (Gaertner et al., 2016). Another key challenge for implementing invasive species 

management in South Africa are the conflicting views amongst stakeholders or general 

conflicts of interest, whereby for example, goals of biodiversity conservation and ecosystem 

service delivery may be contradictory. Research in the city of Cape Town has suggested that 

management frameworks need to incorporate divergent stakeholder perceptions and that 

some alien species may need to be accepted in the urban context (Gaertner et al., 2016). A 

similar sentiment has been expressed in the European context, that the general exclusion of 

non-native species is not suitable, as native tree species may be too limited to provide the 

ecosystem services and resilience required in urban settings (Sjöman et al., 2016). Thus, the 

dangers of a "native only" approach in the European urban context have been elucidated 

(Sjöman et al., 2016). 

 

My research supports this viewpoint, by demonstrating the immense carbon storage capacity 

of alien tree species in Johannesburg. This capacity is extremely important in the context of 

South Africa's climate change mitigation efforts and should not be dismissed due to broad 

alien species policies. Rather, the benefits provided by these species should be considered, 

within the context of altered urban ecosystems, and should be contextually assessed in 

relation to the disservices they provide at the species level. Therefore, future research is 

required to develop a more comprehensive understanding of the trade-offs between costs and 

benefits within urban species in Johannesburg, accounting for a wide range of stakeholder 

perceptions. The city should be cautious in applying overly broad and prescriptive restrictions 

on alien species planting, which may result in the loss of contextually important ecosystem 

services. It is therefore plausible that some species which do not have major negative effects, 

but provide high levels of ecosystem services, should be tolerated in urban systems, even if 

they are exotic. The decision of whether to tolerate a particular species is context-dependent, 

contingent upon its current and future potential to inflict significant impacts, as well as its 

perceived value (Gaertner et al., 2016). This acknowledgment aligns with the understanding 

that certain ecosystems have undergone such extensive transformations that restoring them to 

their original historic condition is not feasible (Hobbs et al., 2014; Corlett, 2015; Martin et 

al., 2014).  

 

The aim of this research was not to address invasive species management, and further 

research is required to develop a framework more comprehensively for managing invasive 
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species in the context of Johannesburg. However, we raise the question- given the clear 

evidence of high ES delivery by alien species in Johannesburg, which are critical in the 

context of climate change adaptation and mitigation, should these species be broadly 

excluded and removed from the city? We suggest that novel ecosystems may need to be 

managed and designed for the optimisation of functionality as opposed to restoration of 

historic conditions. In the context of the urgent need to mitigate and adapt to climatic change, 

caution is required in ensuring that the intrinsic value of conservation does not interfere with 

crucial climate change interventions, particularly in the already transformed and novel urban 

systems. To achieve optimal UES delivery and green space planning, both ecosystem 

services and disservice's need to be considered- the trade-offs and synergies need to be 

assessed fully and further research is required to determine which species and at what levels 

the trade-offs are too large. It should however be considered that despite indigenous species 

being less effective at storing carbon, they provide important benefits and services which 

were not considered in this UES assessment, for instance promoting native biodiversity. In 

the context of the findings of this study, it is advised that the COJ proceed with caution on 

this issue and that the benefits of the alien species are fully considered when determining 

future responses. 

 

 

6.4 Spatial variation in Cooling and Runoff services in Johannesburg 

 

In addition to carbon storage, green spaces in Johannesburg provide cooling and runoff 

retention services (Figure 16). While these two services were not evaluated in the field at the 

same micro-scale as C storage was, the broader trends can still be contextualised. Broadly, 

these services follow similar trends to C storage, with high supply in the densely vegetated 

north and low supply in the south of Johannesburg. 

 

Green spaces, including parks, trees, and waterbodies, are acknowledged as an effective 

strategy for reducing surface and air temperatures by minimising solar radiation through 

shading, and by cooling surfaces through evapotranspiration (Santamouris, 2015; Hardin & 

Jensen, 2007; Bowler et al., 2010; Nastran et al., 2019; Skelhorn et al., 2014). This is 

reflected in Johannesburg, where cooling services coincide heavily with the distribution of 

green spaces across the city (Figure 14). The widespread provision of cooling in the north is 

driven by the numerous, connected green spaces and dense tree cover in the region. This 
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relates to the key role played by trees in delivering cooling services (Gillner et al., 2015; Lee 

et al., 2016; Lindén et al., 2016). Thus, cool spots are observed in central northern 

Johannesburg, where there is the greatest tree cover. Meanwhile, regions of low supply 

generally occur in southern Johannesburg, which has minimal tree cover (Figure 13). 

Hotspots, with elevated land surface temperatures, were identified in areas in and around 

Alexandra and Soweto (Figure 15), supporting the findings of previous research in the city 

which identified similar hotspots (Souverijns et al., 2022; Freimond and Schwaibold, 

submitted). The southernmost and westernmost regions also displayed heightened surface 

temperatures, in conjunction with a low supply of cooling. These areas with minimal supply 

of cooling services generally have low tree cover and high proportions of bare ground or 

impervious surfaces. Alongside the absence of evaporative cooling and shading from 

vegetation, the highly impervious surfaces increase surface heat retention. These surfaces 

have far greater thermal storage capacity than natural surfaces, as well as reduced albedo 

(Golden and Kaloush, 2006; Grimm et al., 2008; Stone et al., 2010). In turn, large amounts of 

solar radiation are absorbed, stored, and re-radiated into the urban environment by artificial 

surfaces and materials (Rizwan et al., 2008). 

 

The value of cooling services in urban systems is high, and is expected to increase into the 

future, as the UHI effect is exacerbated by climate change impacts, particularly increasing 

global temperatures and more frequent heatwaves (IPCC, 2021). In this context, and in 

conjunction with the major effects of the UHI on human health and the environment 

(Kleerekoper et al., 2012; Heaviside et al., 2016; Li et al., 2019; Grimm et al., 2008), the 

provision of cooling services is critically important. In the local context, climate change 

projections indicate likely increases in temperatures and the frequency of heatwaves in 

Johannesburg (City of Johannesburg, 2021). The city’s climate action plan emphasises the 

danger of rising temperatures to human health and identifies the need for additional cooling 

(City of Johannesburg, 2021). Projections of temperature increases in conjunction with the 

UHI effect predict increases in temperature up to 2.7 oC by the year 2050, posing a serious 

risk to human health. This makes the cooling supply identified in Johannesburg immensely 

valuable. The high supply of cooling in the highly vegetated northern regions of 

Johannesburg (Figure 13) aligns with the frequent findings that urban greenspaces mitigate 

the UHI and provide cooling services (Busato et al., 2014; Bartesaghi Koc et al., 2018; Chen 

et al., 2022; Emmanuel & Loconsole, 2015; Lee et al., 2016; Lin et al., 2016; Marando et al., 

2019). Our findings also follow the trend of UHI formation in cities, with several heat islands 
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observed in south-western and central Johannesburg, in addition to the region of Alexandra 

(Figure 15). 

 

The distribution of runoff retention services showed some similarities to carbon storage and 

cooling with high supply in the north but greater variability in southern Johannesburg (Figure 

16). This relates to the greater dependency of runoff retention services on surface and soil 

characteristics relative to the other two services (Quagliolo et al., 2021). Runoff retention has 

high supply in northern Johannesburg where extensive greenspace exists. Vegetated areas 

have a higher infiltration capacity, which reduces the amount of runoff that occurs following 

a precipitation event (Villarreal & Bengtsson, 2005; Grey et al., 2018). The high supply of 

this service is driven by interception of rainfall by canopy cover, as well as the soil beneath 

vegetation which enables the storage of water in pore spaces (Villarreal & Bengtsson, 2005; 

Berland et al., 2017). Meanwhile areas of low supply in southern Johannesburg are generally 

characterised by high proportions of impervious surfaces. Impervious surfaces diminish the 

capacity of the ground to infiltrate water, resulting in greater volume and velocity of runoff 

(Berland et al., 2017; Hemmati et al., 2022). This contributes to the low runoff retention 

supply in the highly impervious CBD and south-western regions of Johannesburg.  

 

Another factor which influences the runoff retention in Johannesburg is soil type. The 

hydrological soil group is a key input into the SCS model used to determine runoff retention 

in Johannesburg (see Chapter 4). Northern Johannesburg is dominated by soil group B, 

characterised by a moderate infiltration rate, while southern Johannesburg is covered by soil 

type C which has lower infiltration rates. An additional contributor to the pattern of runoff 

retention is the presence of waterbodies. Despite enhancing cooling, waterbodies diminish 

runoff retention due to the modelling assumption that they are fully inundated and thus do not 

retain any rainfall, explaining low runoff retention in the south-western region surrounding 

rivers. Ultimately, greenspace distribution, urban surface characteristics and soil type all play 

a role in dictating the delivery of runoff retention services in Johannesburg.  

 

Contemporary urban systems face urban stormwater management issues, due to the high 

proportion of impervious surfaces which diminish infiltration capacity (Berland et al., 2017; 

Quagliolo et al., 2021), in conjunction with climate change impacts which drive more 

frequent and intense rainfall event which leading to pluvial flooding (Rosenzweig et al., 

2019; IPCC, 2021). In this context, the value of runoff retention services in Johannesburg is 
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extremely high. Our results show that a total 60.2 million m3 of runoff is retained by the 

greenspace and soil, under a high intensity 50 mm rainfall event, with an average of 366 

m3/ha retained across the city (Table 12). Numerous wards in northern Johannesburg benefit 

greatly from runoff retention services, retaining 86% of rainfall, even under a 50 mm event 

(Figure 12). In the context of urban vulnerability to flooding, and increasing flood risks under 

climatic change, this service is crucial in ensuring the safety of urban dwellers and building 

resilience against climate impacts. The contextual importance of this service related to the 

high levels of imperviousness across Johannesburg, in conjunction with the occurrence of 

extreme highveld thunderstorms, which result in dangerous flash flood events (Schäffler & 

Swilling, 2013). As a result, the city’s climate action plan identified the building of climate 

resilience and implementation of adaptation strategies as key goals, with a particular focus on 

flood regulation strategies (City of Johannesburg, 2021). Our results show that the GI in 

Johannesburg plays a key role in regulating runoff and retaining runoff retention during 

heavy rainfall events.  

 

Various synergies and trade-offs between services emerged from our results. Due to the 

importance of tree cover in delivering both cooling and carbon storage services, the spatial 

distribution of both is markedly similar (Chapter 5, Figure 16). Some minor differences occur 

in southern Johannesburg, where there is limited tree cover and the only major sources of 

cooling in the south of Johannesburg are the two rivers and the greenspace associated with 

Klipriviersberg nature reserve (Figure 14). Blue spaces such as rivers generate latent heat 

flux through evaporative cooling, reducing surrounding temperatures (Zuo et al., 2016; Wu & 

Zhang, 2019).  

 

Beyond those already addressed, other trade-offs between services occur in the wards of 

Johannesburg, although they are not prominent, as the general pattern of supply is similar 

across all three services. For example, rivers represent a trade-off between carbon storage and 

cooling, with high supply of cooling services but no storage of aboveground carbon. This was 

evident in the more consistent distribution of cooling in the southern wards, compared to C 

storage (Figure 16). Bare ground and grasslands represent a trade-off between runoff 

retention and the other two services. For example, the north-west corner of the city showed 

high runoff retention supply, but low supply of the other two services due to the capacity of 

grasslands and bare ground to retain runoff, but their lack of aboveground C storage and high 

heat retention. While trade-offs do occur, the three services assessed in Johannesburg are 
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largely characterised by synergies, with the multi-functional delivery of ecosystem services 

from urban green spaces, particularly in northern Johannesburg (Figure 1). However, our 

results show that these services are not supplied equally across the city. 

 

6.5 Green spaces and UES inequality 

 

While the value of the UES in Johannesburg is high, a key trend which emerged from the 

results was that all three services are unevenly distributed across the city (Figure 16). All 

three services show distinct spatial variation, with higher and more consistent supply in the 

north, but lower and more variable supply in the south. The low tree cover in southern 

Johannesburg results in extremely low C storage at the ward level (<3.71 t/ha), compared to 

high supply in the north (23-35 t/ha) (Figure 9). Runoff retention is also unequally 

distributed, with numerous southern wards retaining 110 m3/ha less than the best performing 

wards in the north (Figure 12). Furthermore, runoff increases disproportionately in wards 

with low supply as storm intensity increases. This has major implications in the context of 

climatic change, which is expected to increase the severity and frequency of extreme 

precipitation events (ICPP, 2021; City of Johannesburg, 2021).  

 

There are also clear disparities in cooling capacity between the northern and southern regions 

of the city (Figure 13), resulting in the formation of hostpots in regions of low supply (Figure 

15). This too poses a major health risk to the inhabitants of these areas, especially when 

considering rising global temperatures and increased heatwaves associated with climatic 

change (ICPP, 2021). Although the south maintains most wards with low supply, areas in the 

north such as Alexandra and the north-western corner of the city show reduced supply across 

all services, despite being surrounded by regions of high supply (Figure 16). Overall, 

Alexandra, the south-western and southern-most regions of the city are consistently 

undersupplied across all three services. 

 

My findings evidence that the 'luxury effect', "a pattern of higher biodiversity in affluent 

neighbourhoods" (Leong et al., 2018), extends to UES supply in Johannesburg, South Africa. 

The wealthier northern-central regions of Johannesburg show a markedly higher supply of 

ecosystem services, compared to the poorer southern regions. These findings align with prior 

research in the city of Johannesburg (Schäffler & Swilling, 2013; GCRO, 2013; Abutaleb et 

al., 2021), which highlighted the inequality in the distribution of tree cover and greenspace 
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across Johannesburg. Broader, national-scale research in South Africa found distinct 

discrepancies in green space accessibility and abundance between high and low-income areas 

in South African cities, with an abundance of green space in areas where previously 

advantaged racial groups reside (Venter et al., 2020).  

 

This relates to the disparities in the development and provision of green infrastructure in 

South Africa due to the legacy of apartheid (Venter et al., 2020). The geographical areas in 

which communities were previously disadvantaged are referred to as ‘Townships’ (Stoffberg 

et al., 2010). These areas tend to be poorly vegetated because of the legacy of apartheid and 

its associated history of politically driven urban development strategies (Stoffberg et al., 

2010; Abutaleb et al., 2021). Consequently, Johannesburg’s urban forest which provides 

many crucial services, is immensely unequal in its distribution, being centred in the city’s 

historically wealthy northern suburbs (Schäffler & Swilling, 2013). This research adds to 

prior findings by demonstrating that these spatial inequalities in tree cover, lead to 

inequalities in the supply of important ecosystem services.  

 

African cities are already recognised as being particularly vulnerable on account of climatic 

severity and structural and socio-economic vulnerabilities (Du Toit et al., 2021; Shackleton et 

al., 2021). This will be exacerbated by the impacts of climatic change, to which African and 

global south countries are disproportionately vulnerable (Jalayer et al., 2015; Scoville-

Simonds et al., 2020).  In the context of Johannesburg, high rates of poverty, 45.22% and 

unemployment, 31.5% (City of Johannesburg, 2021), alongside other adverse socio-economic 

conditions, render much of the population vulnerable to climate change, with limited capacity 

for adaptation (Wright et al., 2021). Health risks posed by the UHI, and flooding will be 

aggravated by socio-economic conditions. Moreover, structural vulnerabilities will add to this 

suite of challenges, due to the prevalence of housing poverty in South Africa (Wright et al., 

2021; Naicker et al., 2017). For example, a significant portion of South African residents 

reside in dwellings constructed from corrugated iron or tin, characterised by inadequate 

ventilation and heightened indoor temperatures of up to 5 oC (Naicker et al., 2017), rendering 

them particularly susceptible to the UHI effect, heatwaves, and escalating temperatures 

(Naicker et al., 2017). These factors, in conjunction with the established vulnerability of 

urban systems to flooding and heat stress (Grimm et al., 2008; De Sherbinin et al., 2007; 

Herslund et al., 2016; Revi et al., 2014), create a serious challenge for the city of 

Johannesburg in the context of the unequal distribution of ecosystem services. 
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My findings show that the regions of lowest supply of ES coincide with the poorest 

populations in Johannesburg, characterised by townships and informal settlements such as 

Alexandra, Soweto, Ivory Park and Orange farm. Furthermore, these areas have the highest 

population density of any regions in the city. In particular, the southernmost region, the 

south-western region of Soweto, the CBD, Alexandra, and the north-west corner of the city 

stand out as regions of critical undersupply and are simultaneously the most densely 

populated areas in the city (Todes et al., 2018; Abrahams & Everatt, 2019). The areas in and 

around Soweto and Diepkloof in the south-west, for example, house over a third of the city’s 

total population (Abrahams & Everatt, 2019). The culmination of low ES supply with high 

population densities, structural, and socio-economic vulnerabilities make these regions 

extremely vulnerable to both flooding and heat stress. These urban challenges pose a major 

risk to the safety of the inhabitants of these areas, especially under climate change. These 

areas must be targeted by authorities to improve ES supply and build resilience against 

climate change impacts. My study provides evidence that the socio-economic inequalities, 

related to the political history of South Africa, extend to ecosystem service and ecological 

inequalities, through unequal supply of runoff retention, C storage and cooling ecosystem 

services. 

 

Understanding the variation in spatial distribution of ES in urban systems is crucial for 

addressing issues of unequal access to these services (Ernstson, 2013; Kremer et al., 2016). 

By mapping ES supply at the ward scale, our findings can be used to accurately inform 

authorities and decision makers of which areas need to be targeted with greening projects or 

improvements. Our quantification and mapping of ES supply can aid planners to identify 

priority areas for intervention, where large populations are inequitably undersupplied.  

 

6.6 Implications for policy and decision-making 

 

 

In the context of increasing extreme weather events, in conjunction with the vulnerability of 

cities to flooding and heat events (De Sherbinin et al., 2007; Seto et al., 2014; Dodman et al., 

2022), the sustainability and safety of cities are largely dependent on addressing these 

challenges. Cooling and runoff retention services make critical contributions to building 

urban resilience and adaptive capacity (Gómez-Baggethun & Barton, 2013). The cooling and 
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runoff services in Johannesburg effectively meet the challenges of flooding and heat stress, 

which need to be tackled in situ at the time and place they arise (Derkzen et al., 2015). The 

preservation of these ES serves as a primary adaptation strategy which can be used to support 

the adaptive capacity of the city (IPCC, 2018). The maintenance of these services in the 

urban context is a crucial pathway to building a sustainable city and ensuring the health and 

well-being of urban dwellers in the face of climatic change (Haase et al., 2014; Liu & Russo, 

2021). Johannesburg's climate action plan highlights the need to build climate resilience and 

implement adaptation strategies, with a focus on flood and heat regulation (City of 

Johannesburg, 2021). The UES assessment results can inform local authorities of the value 

and role of these services in mitigating flooding and heat stress. In turn, their value can be 

incorporated into urban planning, policy, and decision-making contexts (Dhyani et al., 2021; 

Farrugia et al., 2013; de Manuel et al., 2021). By mapping UES supply across administrative 

wards, their value is made spatially explicit and priority areas can be identified to support 

green infrastructure planning (Derkzen et al., 2015; de Manuel et al., 2021). On the other 

hand, while our results show the value of UES in Johannesburg, they also indicate the distinct 

inequalities in the supply of these services across the city (see section 6.5). Several wards are 

critically undersupplied and must be targeted with interventions and greening programmes to 

bolster resilience. By making our results spatially explicit, priority areas for targeting with 

greening interventions are clearly defined at a scale conducive to decision-making by 

authorities.  

 

The results of our UES assessment, and the comparison of supply between services, 

highlighted the various synergies which exist between services in Johannesburg, although 

some trade-offs do occur. Generally, wards with high supply of one service, had a high 

supply in all three. Carbon storage and cooling services have distinctly similar spatial 

distributions, suggesting a strong synergy (Figure 16). All three services are simultaneously 

optimally supplied in the northern-central region of the city by the extensive and diverse 

green spaces that characterises the region. This region elucidates the multi-functionality of 

UES, a key element of the green infrastructure framework (Lovell & Taylor, 2013; Hansen & 

Pauleit, 2014; Monteiro et al., 2020), which has great value in an urban planning context, 

given its unique capacity to meet multiple municipal goals simultaneously (GCRO, 2013). 

This is indispensable in the African context, where countries are economically constrained, 

with limited capacity for investment into urban governance and a range of socio-economic 

issues competing with environmental issues for priority (Shackleton et al., 2021). The low 
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tax base and per capita budget for implementing urban planning and ecosystem management 

in Africa (Shackleton et al., 2021), suggests that the cost-effective delivery of multiple 

services from singular green infrastructure investments which address more than one 

problem, may be of critical importance. Moreover, this study did not exhaustively analyse the 

services provided by green infrastructure in Johannesburg, suggesting that the multi-

functionality may extend beyond these three services. The trade-offs and synergies identified 

in this study can be used to maintain and enhance the multi-functionality of green 

infrastructure in Johannesburg and optimise ecosystem service delivery. 

 

The results showed that Johannesburg’s urban forest stores 2.4 Mt C which may have 

implications for Johannesburg’s climate change mitigation strategy. South Africa has a key 

role to play in curbing global CO2 emissions, given their role as the 13th highest emitter 

worldwide and the largest emitter in Africa (Crippa et al., 2020). As the country seeks to 

reduce emissions, it is apparent that no singular strategy will be sufficient (O’Donoghue & 

Shackleton, 2013). Instead, a diversity of strategies will need to be employed, spanning 

environmental, social, and economic spheres. While there are ongoing efforts to reduce 

emissions through renewable energy and economic restructuring (TPRSA, 2023) which are 

necessary, this study indicates that tree planting in urban areas can contribute significantly to 

the strategies for reducing national emissions and meeting the required contribution of the 

country to mitigating global climate change. Tree planting has been practiced extensively in 

South African cities and towns, but the value and costs of these practices remain understudied 

and poorly quantified (Shackleton, 2006; GCRO, 2013). In particular, the role of urban 

forestry in sequestering and storing carbon has been understudied (Stoffberg et al., 2010). 

This study provides the first comprehensive baseline assessment of C storage in 

Johannesburg’s urban forest, which can serve decision makers and stakeholders in guiding 

tree planting strategies and land development policy to mitigate climatic change.  

 

Given the ongoing, rapid urbanisation and industrialisation occurring in South Africa and 

expected future increases in Africa as a whole (Pauleit et al., 2021), it is expected that 

associated CO2 emissions will continue to increase in coming decades. This will further 

increase the importance of maintaining and enhancing carbon sinks. The quantification of C 

storage within the urban forest of Johannesburg is a crucial first step in assessing the potential 

and actual role which urban forests play in reducing atmospheric CO2, thereby mitigating 

climatic change (Nowak et al., 2013; Liu & Li, 2012; Nowak & Crane, 2002). The findings 
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of this study serve as an initial foundation for the integration of urban green infrastructure 

into strategies for climate change mitigation in South African cities. 

 

South Africa is a signatory to both the United Nations convention on climate change 

(UNCCC) and its Kyoto protocol, which was ratified in 2002, indicating a national 

commitment to GHG reductions. As a result, South Africa is legally obligated to report GHG 

sources and sinks through the Kyoto protocols. The GHG inventory is crucial in informing 

and measuring South Africa's nationally determined contribution (NDC) to emissions 

reductions under the UNCCC. However, despite having published their 8th national GHG 

Inventory report, South Africa does not fully account for Urban C sinks based on collected 

data (see DFFE, 2022). A similar undervaluation of urban C sinks has been observed in other 

cities around the world (Dorendorf et al., 2015; Davies et al., 2011). Our findings indicate 

that C storage in urban systems is underestimated in the national budgets. Our findings may 

improve estimation of C storage in South African cities. For most of Johannesburg 10 t/ha is 

assumed in the national budget. Meanwhile this study shows that AGB in Johannesburg can 

store up to 98 t/ha, prior to the inclusion of the soil organic carbon pool. Urban areas are 

sources of uncertainty in determining AGB in South Africa’s national inventories (DEFF, 

2020), making our results valuable for national and local carbon budgets and enabling  a 

more accurate inclusion of urban system C sinks.  

 

From a policy perspective, the climate action plan adopted by the city of Johannesburg aims 

to align with the targets of the Paris agreement and has set an ambitious target of achieving 

net-zero emissions by the year 2050 (City of Johannesburg, 2021). This study highlights the 

important role that greening can play in achieving these goals and in Johannesburg's climate 

mitigation policy. My results have shown that Johannesburg's urban forest stores 2.4 Mt C, 

equivalent to 8.8 Mt CO2e. This is a significant amount, equivalent to 42.26% of 

Johannesburg’s annual emissions (City of Johannesburg, 202). It is clear that urban greening 

can play an important role in urban climate change mitigation policies (Weissert et al., 2014) 

but the potential carbon storage of urban areas is yet to be appropriately integrated into policy 

in South Africa or into greening institutions. At the municipal scale, a range of operational 

and administrative measures can be implemented to support climate change mitigation (Chen, 

2015). These may include, but are not limited to, the creation of new green spaces, the 

maintenance of existing green spaces, preserving natural land and planting fast growing tree 

species which have extended life spans and mature into large individuals. South Africa faces 



101 

 

various challenges relating to the lack of finances available to support the preservation or 

construction of urban green spaces. Consequently, financial policies which provide incentives 

for public or private investment into green infrastructure could be pivotal in ensuring 

sustainable development in South African cities. 

 

My results may hold further important policy implications for municipal spatial planning 

instruments, such as municipal spatial development frameworks (SDF). Spatial planning and 

development in Johannesburg is guided by the City of Johannesburg's metropolitan 

municipalities SDF, which provides guidance to the general spatial distribution of existing 

and desired land uses (See City of Johannesburg, 2021b). The municipal SDF aims to realise 

the goals, objectives and overall vision of the municipal integrated development plan (IDP) 

(City of Johannesburg, 2022). The findings presented in this study can inform more effective 

spatial and land use planning in Johannesburg for the delivery of critical ecosystem services 

which support climate change adaptation and mitigation. The SDF emphasises the 

importance of natural structures as providers of valuable ecosystem services, viewing these 

areas as critical assets rather than unused land for future development (City of Johannesburg, 

2021b). My research can inform the SDF's evaluation of critical biodiversity areas, to include 

urban spaces that supply ecosystem services. To develop a resilient city, the SDF focuses on 

the natural environment's role in buffering environmental impacts and protecting green 

infrastructure. Open space systems are identified as crucial for mitigating the urban heat 

island effect, managing stormwater, improving air quality, and providing recreational spaces. 

The framework aims to integrate climate change adaptation, protect biodiversity, and 

maximise ecosystem services (City of Johannesburg, 2021b). My research provides a 

foundation for achieving these goals by offering spatially explicit information on the supply 

of key ecosystem services, which contribute to climate change mitigation. 

 

Quantifying and mapping urban ecosystem services in Johannesburg is vital for informing the 

city's spatial development frameworks and land use planning, as it provides a detailed 

understanding of the distribution, value, and function of natural resources and land-uses 

within urban areas. By incorporating ecosystem service assessments into the planning 

process, city planners can identify and prioritise areas that are critical for maintaining ES 

supply and enhancing residents' quality of life. Moreover, spatially explicit data on ecosystem 

services enable the development of targeted policies and interventions that support 

sustainable urban growth, resilience to environmental changes, and equitable access to 
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natural benefits across different urban communities (Dhyani et al., 2021; Farrugia et al., 

2013; de Manuel et al., 2021). By mapping ecosystem services the specific land uses and 

areas which provide high values of ES supply can be adequately protected and conserved and 

can be incorporated into the SDF. Simultaneously, areas of critically low supply of ES can be 

targeted by the SDF as key intervention areas, where ES supply can be enhanced and the 

implementation of GI and greenspace construction can be effectively targeted (Derkzen et al., 

2015; de Manuel et al., 2021). The results of my and future research, should be used to 

inform the creation of spatial planning instruments which more explicitly address the 

protection and enhancement of ecosystem service supply. The role of ecosystem services 

should also be incorporated more effectively into the city's integrated development plan, 

where they receive insufficient attention (see City of Johannesburg, 2022). While the SDF 

aims to maximise the value of ecosystem services, implementation of the concept or 

integration into spatial planning instruments remain under-utilised. The SDF identifies key 

spatial opportunities in protecting biodiversity and the ES it provides and my research 

provides an initial foundation for these objectives and opportunities to be actioned and 

realised, through the use of spatially explicit information on the  supply of three ecosystem 

services. 

 

As with the other two ES, there is large variability in C storage across the city, with the 

majority being stored in the northern suburbs. This highlights the potential to improve the C 

storage capacity of the city by planting more trees and expanding the urban forest to the rest 

of the city. While initiatives have been undertaken (see van Staden & Stoffberg, 2021), 

further action is needed to ensure that the maximum potential carbon storage within the city 

is achieved. Our maps highlight the areas which can take advantage of this, as well as 

evidence the 'best-case' potential of effective ecosystem service delivery through green 

infrastructure in an African city. Given the available space in Johannesburg, with only 16.1% 

of the city covered by trees (Schäffler & Swilling, 2013), there is great potential for 

increasing the carbon stock in the city. The inequality in tree cover distribution has important 

management implications for the potential to increase tree coverage and enhance the city’s 

climate change mitigation strategies, while also addressing ES inequalities and building 

resilience in vulnerable communities. 

 

Differing urban forest types in Johannesburg have significantly different carbon storage 

capacities due to variation in structure, density, and species composition, which has 
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implications for urban planning and greenspace planning. Our findings can inform local 

authorities and decision makers in creating green spaces with the highest contribution to 

climate change mitigation through carbon storage. In conjunction with the findings relating to 

runoff and cooling, UGS planning, and design can be optimised for delivery of crucial 

ecosystem services. Our results further indicated that many of Johannesburg's trees were 

large and old. Although this drives their high C storage in AGB, it also brings out 

management implications for replacing these trees at the end of their life cycle. Johannesburg 

maintains a large C sink of 2.4 million tonnes of carbon; however, this C sink is not 

permanent. The maximum carbon storage capacity is reached when the urban forest reaches 

maturation (Chen, 2015). With the onset of senescence of the city’s vegetation, their 

contribution to the carbon cycle will diminish and carbon will be released back into the 

atmosphere upon the death of the trees. The maturity of Johannesburg's urban forest entails 

that many of the large trees in the city are nearing the end of their life cycle, thus it is pivotal 

that the city plans and strategies adequately to replace these C sinks which will soon 

diminish. This process is complicated by the fact that most of the largest trees are alien 

species, which are no longer planted. The question must be raised as to how these large trees 

will be adequately replaced when indigenous species are generally smaller. Thus, active 

management of the city’s UGS is required to ensure tree cover is maintained and that trees at 

the end of their life cycle are replaced. By re-planting trees, new C sinks will replace the old 

and additionally, young, and growing trees contribute significantly to carbon sequestration. 

The CoJ must consider strategies to ensure that C sinks are maintained and enhanced, to 

preserve the C storage ecosystem service which contributes to the city’s climate change 

mitigation. Long-living, low-maintenance tree species should be prioritised to maximise 

climate change mitigation (Chen, 2015; Davies et al., 2011; Jo, 2002; Nowak et al., 2002). It 

is also crucial to ensure that young and growing trees replace the older trees reaching the end 

of their life cycle (Lindén et al., 2020). 

 

My results showed that exotic tree species contribute most of the carbon storage in 

Johannesburg. It is therefore advised that the COJ ensure that the benefits of exotic tree 

species are fully considered when determining future responses to exotic tree species. In the 

context of the already transformed urban ecosystem of Johannesburg, which has long since 

lost its grassland characteristics and entered novel ecosystem status, caution is advised when 

prioritising the conservation of past status, rather than functionality and UES. In the context 

of rapid climate change, and the increasing impacts on cities- building urban resilience and 
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mitigation of climate change is pivotal. Functionality must be prioritised to address climate 

change and ensure safe, habitable cities under current and future climatic change. This will 

have key management implications in Johannesburg, particularly when the old, large exotic 

species currently standing in the city die and need to be replaced.  

 

6.7 Conclusion 

 

 

This study aimed to quantify and map three contextually important ecosystem services in the 

city of Johannesburg, South Africa. A combination of field sampling, modelling and remote 

sensing methodologies were used to quantify the supply of carbon storage, runoff retention 

and cooling services in Johannesburg, which were then mapped across the administrative 

wards of the city. The results revealed an impressive carbon stock in Johannesburg’s urban 

forest of 2.4 million tonnes, with carbon storage differing significantly between urban forest 

types. The highest carbon storage was observed in parks, with 97.5 t/ha, while the lowest was 

observed in nature reserves, with 39.92 t/ha, with differences in structure and composition 

driving this variation. A high supply of cooling and runoff retention services were observed 

in Johannesburg, with an average of 73% of precipitation being retained under a 50 mm 

design storm, and a wide distribution of cooling in the city.  

 

These services have immense value in the context of the urban challenges facing 

Johannesburg, including flooding and heat stress, both of which will be exacerbated by the 

impacts of climate change. The three services assessed in this study make important 

contributions to both climate change mitigation and adaptation strategies. However, the 

results revealed distinct spatial disparities in the supply of these services, with higher supply 

in the north and lower supply in the south. Several areas in the city face a critical undersupply 

of ecosystem services, heightening their vulnerability to the impacts of climatic change. By 

mapping the supply of ecosystem services at the ward scale, my findings can inform decision 

makers in addressing areas of low supply and preserving biodiversity in areas of high supply. 

My results have numerous implications for the integration of ecosystem services into climate 

change adaptation and mitigation strategies and can aid in greenspace planning to ensure an 

equitable distribution of ecosystem services and ensuring the sustainability and habitability of 

Johannesburg into the future. 
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6.8 Limitations  

 

The primary limitations of this study relate to the spatial datasets used and their resolutions. 

The SANLC dataset is used as a landcover/land-use dataset in the assessment of all three ES. 

The resolution of this dataset is 30m, meaning intricacies of ES supply which occur at a scale 

below 30m are not accounted for. For example, the occurrence of singular or small patches of 

trees or greenspace might not be detected by this dataset and therefore not included in carbon 

extrapolation or runoff modelling. This research could be improved in the future, when 

higher resolution data becomes available (e.g., 1m LiDAR data). This would enable more 

accurate runoff modelling, temperature assessments and would enhance the accuracy of C 

storage extrapolation. The SANLC dataset is considered 85% accurate and therefore may 

introduce uncertainties, although several steps were taken to limit their effect. The accuracy 

of C storage estimations is largely dependent on the spatial resolution of the data used 

(Davies et al., 2013). Higher resolution data fails to capture the fine scale land use mosaic 

which characterises urban areas (Gill et al., 2008). Davies et al. (2013) showed that the use of 

10 and 25m spatial resolutions has a relatively small effect on the variability of C stock 

estimations, relative to using higher spatial resolutions. Thus, the resolutions used in this 

study can be deemed reliable, although there is room for future improvement.  

 

It should also be considered that the indicators used to represent cooling and runoff retention 

ES are simplified representations of processes which are far more complex, despite their 

common use in urban ecosystem service assessments (Haase et al., 2014; Kremer et al., 

2016). The InVEST UFRM model to determine runoff retention, is a simplification of more 

complex processes, as all models are. In turn, this model does not consider the spatial 

variability of rainfall and is not temporally explicit (Kadaverugu et al., 2021). 

 

Regarding the cooling quantification methodology, the primary limitation of using a remote-

sensing approach is effect of cloud cover, which results in missing data, thereby introducing 

uncertainties. We attempted to mitigate the influence of cloud cover by using multiple 

satellite scenes and determining the average across several days in different years, with 

varying climatic conditions, to reduce the effect of anomalous conditions. Furthermore, no 

imagery with cloud cover of greater than 10% was included in the analysis. 
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Numerous uncertainties and challenges were faced in assessing the urban C stock of 

Johannesburg. This study stratified the sampling a the four dominant UGS types within 

Johannesburg. This enabled the key differences in C storage capacity amongst different UGS 

types with differing structures and compositions to be assessed and used to improve the 

accuracy of extrapolation. However, not all land use types in Johannesburg were sampled. 

Consequently, some land uses, such as wetlands and agricultural LU, were assigned an 

average value based on the sampled forest types, likely reducing accuracy. Another limitation 

was the low number of garden plots conducted, due to the inaccessibility of private property. 

 

The accuracy of results stemming from allometric, or biomass equations may be limited by 

the lack of equations derived specifically for urban trees (Aguaron & McPherson, 2012; 

McHale et al., 2009; Davies et al., 2013). However, the development of these equations in 

the urban context is often challenging, given that it is usually not possible to cut down trees 

and determine their biomass through destructive sampling. Currently, very few allometric 

equations which were derived specifically for urban trees exist, resulting in a reliance on 

equations derived from traditional forests (McHale et al., 2009; Davies et al., 2013). No 

allometric equations exist for South African urban tree species.  Hence, this study used a 

generalised biomass equation which had been derived from natural forests (Schäffler & 

Swilling, 2013). To minimise uncertainty, our results were compared to several commonly 

used local and international biomass equations (Table 9), enabling cross-comparison and 

validation of our findings in the context of other methods. However, there remain numerous 

uncertainties associated with using general biomass equations in the urban context (McHale 

et al., 2009; Yoon, 2013). Future research should focus on developing urban-specific 

allometric equations in the Johannesburg or South African context, to enable the estimation 

of C stocks with greater accuracy.  

 

6.9 Future Research 

 

 

More research is necessary to achieve a more complete understanding and accounting of the 

carbon cycle of urban green infrastructure. Firstly, there is a distinct lack of comparable C 

storage studies in South Africa. Further research is required to quantify C storage in other 

South African cities, with different climatic, geographic, and historical conditions. This will 

support the development of a more complete understanding of the role of urban areas in 
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mitigating climatic change in South Africa. Secondly, other biotic carbon pools must be 

considered, especially organic soil carbon, which was not assessed in this study but has been 

shown to have high C storage potential in urban areas (Pataki et al., 2006; Dorendorf et al., 

2015; Lindén et al., 2020; Seboko et al., 2021). Research has been undertaken in some 

regions of Johannesburg, which indicates significant C stocks in the region (Seboko et al., 

2021), future research should assess the city in its entirety. Soil C stock in greenspaces needs 

to be assessed in conjunction with AGB (Dorendorf et al., 2015) to fully characterise this 

ecosystem service. Finally, the maintenance processes associated with urban trees need to be 

assessed, to ensure low-carbon maintenance can be achieved. Other important considerations 

are the economic feasibility of constructing green infrastructure in South African cities, as 

well as operational requirements from a policy perspective (relating to funding or incentives), 

to implement green infrastructure as a climate change mitigation strategy need to be explored 

(Chen, 2015; Pataki et al., 2011). 

 

Another key area for future research is the phenological characteristics of trees in 

Johannesburg, including lifespans and growth rates. This information could be used to 

determine C sequestration and ensure that tree planting efforts are timed such that continuous 

tree cover is maintained and old, dying trees are replaced by young, growing trees (Schmitt-

Harsh et al., 2013). Carbon sequestration was not assessed in this study due to the absence of 

data on growth rates, but serves as an important process in dictating the overall carbon flux in 

urban systems and has great potential to mitigate CO2 emissions in urban systems (Stoffberg 

et al., 2010; Liu & Li, 2012; Nowak et al., 2013; O’Donoghue & Shackleton, 2013; Chen, 

2015).  

 

Our UES assessment addressed the three most contextually important services in 

Johannesburg, cooling, runoff retention and carbon storage. However, urban greenspaces 

provide a wide range of benefits and services beyond these, including air purification, 

recreational potential, enhancing physical and mental health, increase biodiversity, noise 

cancellation and numerous others (Bolund & Hunhammar, 1999; Gómez-Baggethun & 

Barton, 2013; Haase et al., 2014; Tzoulas et al., 2007; Maas, 2006; Gascon et al., 2015; van 

den Berg et al., 2015; Goddard et al, 2010; Hostetler et al., 2011). Consequently, to develop a 

wholistic understanding of the value of UES in Johannesburg and fully assess their trade-offs 

and synergies, other services need to be assessed in future research. Air pollution, cultural 

services and biodiversity need to be assessed to understand trade-offs between services. This 
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is relevant for example, in our findings for C storage which show that alien trees provide high 

C storage but their potentially damaging impact on native biodiversity is not assessed. 

Furthermore, the low C storage found in nature reserves, relative to other LU, may be 

balanced out by their high contribution to biodiversity. Without a full ecosystem service 

assessment, the value of different UGS cannot be comprehensively assessed. Other key areas 

for future research in Johannesburg include the quantification of ES demand (Jiang et al., 

2022; Li et al., 2021; Baró et al., 2015) and the economic quantification of the economic 

value of ES (de Wit et al., 2012; Gómez-Baggethun & Barton, 2013; Schäffler & Swilling, 

2013). The assessment of a suite of ecosystem services can further enable a more 

comprehensive integration of key ES into municipal planning instruments such as the spatial 

development framework (See Johannesburg 2021b). Future research should assess other 

services and explore the potential of spatially explicit ES supply information for the 

formation of spatial planning instruments to mitigate climate change impacts in the city of 

Johannesburg. 

 

Another dimension which was not addressed in this study, but is important and needs 

mention, is the role of culture, values and beliefs in regulating ES supply and demand. This is 

particularly important in the African context, as the cultural-symbolic dimension is generally 

considered to be more pronounced in the global south than the global north (Shackleton et al., 

2021). These considerations affect decision-making and value creation amongst individual 

actors, who play a key role in moderating ES flows in urban systems (e.g. (Schmitt-Harsh et 

al., 2013). Furthermore, the role of individuals is reflected in Johannesburg by the large C 

storage capacity of privately owned gardens in Johannesburg, storing 65.36 t/ha. 

Additionally, the areas of highest ES supply in Johannesburg, across all three services, lie in 

the Northern regions where private gardens are extensive and heavily greened, estimated to 

contain 4 million trees. Human agency is a key element of ES delivery and demand, as ES 

themselves are co-produced by humans and nature (Haines-Young & Potschin-Young, 2018). 

Consequently, the factors that influence ES supply and demand at the individual level need to 

be assessed. 

 

 

 

 

 

 



109 

 

7. References 

Abd Elbasit, M. A. M., Knight, J., Liu, G., Abu-Zreig, M. M., & Hasaan, R. (2021). 

Valuation of Ecosystem Services in South Africa, 2001–2019. Sustainability, 13(20), 11262. 

https://doi.org/10.3390/su132011262 

Abrahams, C., & Everatt, D. (2019). City Profile: Johannesburg, South Africa. Environment 

and Urbanization ASIA, 10(2), 255–270. https://doi.org/10.1177/0975425319859123 

Abutaleb, K. et al. (2021) ‘Estimating urban greenness index using remote sensing data: A 

case study of an affluent vs poor suburbs in the city of Johannesburg’, The Egyptian Journal 

of Remote Sensing and Space Science, 24(3, Part 1), pp. 343–351. Available at: 

https://doi.org/10.1016/j.ejrs.2020.07.002. 

Abutaleb, K., Newete, S. W., Mangwanya, S., Adam, E., & Byrne, M. J. (2021b). Mapping 

eucalypts trees using high resolution multispectral images: A study comparing WorldView 2 

vs. SPOT 7. The Egyptian Journal of Remote Sensing and Space Science, 24(3), 333–342. 

https://doi.org/10.1016/j.ejrs.2020.09.001 

AEO, 2013. Africa Environment Outlook 3: Summary for policy makers. A publication of 

the United Nations Environment Program. <http:// www.unep.org/pdf/aeo3.pdf>. 

Aevermann, T. and Schmude, J. (2015) ‘Quantification and monetary valuation of urban 

ecosystem services in Munich, Germany’, Zeitschrift für Wirtschaftsgeographie, 59(3), pp. 

188–200. Available at: https://doi.org/10.1515/zfw-2015-0304. 

Agbelade, A. D., & Onyekwelu, J. C. (2020). Tree species diversity, volume yield, biomass 

and carbon sequestration in urban forests in two Nigerian cities. Urban Ecosystems, 23(5), 

957–970. https://doi.org/10.1007/s11252-020-00994-4 

Aguaron, E., & McPherson, E. G. (2012). Comparison of Methods for Estimating Carbon 

Dioxide Storage by Sacramento’s Urban Forest. In R. Lal & B. Augustin (Eds.), Carbon 

Sequestration in Urban Ecosystems (pp. 43–71). Springer Netherlands. 

https://doi.org/10.1007/978-94-007-2366-5_3 

Alberti, M. (2005). The Effects of Urban Patterns on Ecosystem Function. International 

Regional Science Review, 28(2), 168–192. https://doi.org/10.1177/0160017605275160 

https://doi.org/10.3390/su132011262
https://doi.org/10.1177/0975425319859123
https://doi.org/10.1016/j.ejrs.2020.07.002
https://doi.org/10.1016/j.ejrs.2020.09.001
http://www.unep.org/pdf/aeo3.pdf
https://doi.org/10.1515/zfw-2015-0304
https://doi.org/10.1007/s11252-020-00994-4
https://doi.org/10.1007/978-94-007-2366-5_3
https://doi.org/10.1177/0160017605275160


110 

 

Almas, A. D., & Conway, T. M. (2016). The role of native species in urban forest planning 

and practice: A case study of Carolinian Canada. Urban Forestry & Urban Greening, 17, 54–

62. https://doi.org/10.1016/j.ufug.2016.01.015 

Amoatey, P., & Sulaiman, H. (2020). Quantifying carbon storage potential of urban 

plantations and landscapes in Muscat, Oman. Environment, Development and Sustainability, 

22(8), 7969–7984. https://doi.org/10.1007/s10668-019-00556-5 

Anderson, S. J., Ankor, B. L., & Sutton, P. C. (2017). Ecosystem service valuations of South 

Africa using a variety of land cover data sources and resolutions. Ecosystem Services, 27, 

173–178. https://doi.org/10.1016/j.ecoser.2017.06.001 

Angold, P. G., Sadler, J. P., Hill, M. O., Pullin, A., Rushton, S., Austin, K., ... & Thompson, 

K. (2006). Biodiversity in urban habitat patches. Science of the Total Environment, 360(1-3), 

196-204. 

Ariluoma, M., Ottelin, J., Hautamäki, R., Tuhkanen, E.-M., & Mänttäri, M. (2021). Carbon 

sequestration and storage potential of urban green in residential yards: A case study from 

Helsinki. Urban Forestry & Urban Greening, 57, 126939. 

https://doi.org/10.1016/j.ufug.2020.126939 

Ayanu, Y.Z. et al. (2012) ‘Quantifying and Mapping Ecosystem Services Supplies and 

Demands: A Review of Remote Sensing Applications’, Environmental Science & 

Technology, 46(16), pp. 8529–8541. Available at: https://doi.org/10.1021/es300157u. 

Bai, Y., & Cotrufo, M. F. (2022). Grassland soil carbon sequestration: Current understanding, 

challenges, and solutions. Science, 377(6606), 603–608. 

https://doi.org/10.1126/science.abo2380  

Baró, F., Haase, D., Gómez-Baggethun, E., & Frantzeskaki, N. (2015). Mismatches between 

ecosystem services supply and demand in urban areas: A quantitative assessment in five 

European cities. Ecological Indicators, 55, 146–158. 

https://doi.org/10.1016/j.ecolind.2015.03.013 

Baró, F., Palomo, I., Zulian, G., Vizcaino, P., Haase, D., & Gómez-Baggethun, E. (2016). 

Mapping ecosystem service capacity, flow and demand for landscape and urban planning: A 

https://doi.org/10.1016/j.ufug.2016.01.015
https://doi.org/10.1007/s10668-019-00556-5
https://doi.org/10.1016/j.ecoser.2017.06.001
https://doi.org/10.1016/j.ufug.2020.126939
https://doi.org/10.1021/es300157u
https://doi.org/10.1126/science.abo2380
https://doi.org/10.1016/j.ecolind.2015.03.013


111 

 

case study in the Barcelona metropolitan region. Land Use Policy, 57, 405–417. 

https://doi.org/10.1016/j.landusepol.2016.06.006 

Bartesaghi Koc, C., Osmond, P., & Peters, A. (2018). Evaluating the cooling effects of green 

infrastructure: A systematic review of methods, indicators and data sources. Solar Energy, 

166, 486–508. https://doi.org/10.1016/j.solener.2018.03.008 

Barth, N.-C., & Döll, P. (2016). Assessing the ecosystem service flood protection of a 

riparian forest by applying a cascade approach. Ecosystem Services, 21, 39–52. 

https://doi.org/10.1016/j.ecoser.2016.07.012 

Basnou, C., Baró, F., Langemeyer, J., Castell, C., Dalmases, C., & Pino, J. (2020). 

Advancing the green infrastructure approach in the Province of Barcelona: Integrating 

biodiversity, ecosystem functions and services into landscape planning. Urban Forestry & 

Urban Greening, 55, 126797. https://doi.org/10.1016/j.ufug.2020.126797 

Bastian, O., Grunewald, K., & Syrbe, R. U. (2012). Space and time aspects of ecosystem 

services, using the example of the EU Water Framework Directive. International Journal of 

Biodiversity Science, Ecosystem Services & Management, 8(1-2), 5-16. 

Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikof, J.P., 2008. In: Climate Change and Water. 

Technical Paper of the Intergovernmental Panel on Climate Change. IPCC Secretariat, 

Geneva, p. 210. 

Baumgardner, D., Varela, S., Escobedo, F. J., Chacalo, A., & Ochoa, C. (2012). The role of a 

peri-urban forest on air quality improvement in the Mexico City megalopolis. Environmental 

Pollution, 163, 174–183. https://doi.org/10.1016/j.envpol.2011.12.016 

Berglihn, E. C., & Gómez-Baggethun, E. (2021). Ecosystem services from urban forests: The 

case of Oslomarka, Norway. Ecosystem Services, 51, 101358. 

https://doi.org/10.1016/j.ecoser.2021.101358  

Berland, A. (2012). Long-term urbanization effects on tree canopy cover along an urban–

rural gradient. Urban Ecosystems, 15(3), 721–738. https://doi.org/10.1007/s11252-012-0224-

9  

https://doi.org/10.1016/j.landusepol.2016.06.006
https://doi.org/10.1016/j.solener.2018.03.008
https://doi.org/10.1016/j.ecoser.2016.07.012
https://doi.org/10.1016/j.ufug.2020.126797
https://doi.org/10.1016/j.envpol.2011.12.016
https://doi.org/10.1016/j.ecoser.2021.101358
https://doi.org/10.1007/s11252-012-0224-9
https://doi.org/10.1007/s11252-012-0224-9


112 

 

Berland, A., Shiflett, S. A., Shuster, W. D., Garmestani, A. S., Goddard, H. C., Herrmann, D. 

L., & Hopton, M. E. (2017). The role of trees in urban stormwater management. Landscape 

and Urban Planning, 162, 167–177. https://doi.org/10.1016/j.landurbplan.2017.02.017 

Berliner, D. (2015). BASELINE CARBON ASSESMENT, GIS AND HISTORICAL 

DEFORESTATION RATE ANALYSIS FOR THREE WILD COAST SITES. WWF South 

Africa: Ecosystem Carbon Project, 1-50. 

Bolund, P., & Hunhammar, S. (1999). Ecosystem services in urban areas. Ecological 

Economics, 29(2), 293–301. https://doi.org/10.1016/S0921-8009(99)00013-0 

Bombelli, A., Henry, M., Castaldi, S., Adu-Bredu, S., Arneth, A., De Grandcourt, A., Grieco, 

E., Kutsch, W. L., Lehsten, V., Rasile, A., Reichstein, M., Tansey, K., Weber, U., & 

Valentini, R. (2009). An outlook on the Sub-Saharan Africa carbon balance. Biogeosciences, 

6(10), 2193–2205. https://doi.org/10.5194/bg-6-2193-2009 

Bouwma, I., Schleyer, C., Primmer, E., Winkler, K. J., Berry, P., Young, J., Carmen, E., 

Špulerová, J., Bezák, P., Preda, E., & Vadineanu, A. (2018). Adoption of the ecosystem 

services concept in EU policies. Ecosystem Services, 29, 213–222. 

https://doi.org/10.1016/j.ecoser.2017.02.014 

Bowler, D. E., Buyung-Ali, L., Knight, T. M., & Pullin, A. S. (2010). Urban greening to cool 

towns and cities: A systematic review of the empirical evidence. Landscape and Urban 

Planning, 97(3), 147–155. https://doi.org/10.1016/j.landurbplan.2010.05.006 

Brack, C. L. (2002). Pollution mitigation and carbon sequestration by an urban forest. 

Environmental Pollution, 116, S195–S200. https://doi.org/10.1016/S0269-7491(01)00251-2 

Brown S. (1997). Estimating biomass and biomass change of tropical forests: a primer. FAO 

Forestry Paper 134. Rome: Food and Agriculture Organization of the United Nations. 

Burkhard, B., & Maes, J. (2017). Mapping ecosystem services. Advanced books, 1, e12837. 

Burkhard, B., Kandziora, M., Hou, Y., & Müller, F. (2014). Ecosystem service potentials, 

flows and demands-concepts for spatial localisation, indication and quantification. Landscape 

Online, 34, 1–32. https://doi.org/10.3097/LO.201434 

https://doi.org/10.1016/j.landurbplan.2017.02.017
https://doi.org/10.1016/S0921-8009(99)00013-0
https://doi.org/10.5194/bg-6-2193-2009
https://doi.org/10.1016/j.ecoser.2017.02.014
https://doi.org/10.1016/j.landurbplan.2010.05.006
https://doi.org/10.1016/S0269-7491(01)00251-2
https://doi.org/10.3097/LO.201434


113 

 

Burkhard, B., Petrosillo, I., & Costanza, R. (2010). Ecosystem services – Bridging ecology, 

economy and social sciences. Ecological Complexity, 7(3), 257–259. 

https://doi.org/10.1016/j.ecocom.2010.07.001 

Busato, F., Lazzarin, R. M., & Noro, M. (2014). Three years of study of the Urban Heat 

Island in Padua: Experimental results. Sustainable Cities and Society, 10, 251–258. 

https://doi.org/10.1016/j.scs.2013.05.001 

Chan, K. M. A., M. R. Shaw, D. R. Cameron, E. C. Underwood, and G. C. Daily. 2006. 

Conservation planning for ecosystem services. Public Library of Science Biology 

DOI:10.1371/journal.pbio.0040379.   

Chave, J. et al. (2014) ‘Improved allometric models to estimate the aboveground biomass of 

tropical trees’, Global Change Biology, 20(10), pp. 3177–3190. Available at: 

https://doi.org/10.1111/gcb.12629.  

Chen, M., Jia, W., Yan, L., Du, C., & Wang, K. (2022). Quantification and mapping cooling 

effect and its accessibility of urban parks in an extreme heat event in a megacity. Journal of 

Cleaner Production, 334, 130252. https://doi.org/10.1016/j.jclepro.2021.130252 

Chen, W. Y. (2015). The role of urban green infrastructure in offsetting carbon emissions in 

35 major Chinese cities: A nationwide estimate. Cities, 44, 112–120. 

https://doi.org/10.1016/j.cities.2015.01.005 

Chiesura, A. (2004). The role of urban parks for the sustainable city. Landscape and Urban 

Planning, 68(1), 129–138. https://doi.org/10.1016/j.landurbplan.2003.08.003 

Cilliers, J., & Cilliers, S. (2016). Planning for green infrastructure: Options for South 

African cities. South African Cities Network. 

City of Johannesburg (2009) CONSOLIDATED GROUP ANNUAL PERFORMANCE 

REPORT FOR YEAR ENDED 30 JUNE 2009 

City of Johannesburg. (2009b). City of Joburg Biodiversity Strategy and Action Plan. City of 

Joburg: Department of Environmental Management 

City of Johannesburg, EISD. (2021). City of Johannesburg (2021). Climate Action Plan. 

https://doi.org/10.1016/j.ecocom.2010.07.001
https://doi.org/10.1016/j.scs.2013.05.001
https://doi.org/10.1111/gcb.12629
https://doi.org/10.1016/j.jclepro.2021.130252
https://doi.org/10.1016/j.cities.2015.01.005
https://doi.org/10.1016/j.landurbplan.2003.08.003


114 

 

City of Johannesburg: Johannesburg City Parks. 2013. Growing Trees in Johannesburg 

[Online]. Available: 

https://joburg.org.za/media_/Newsroom/Pages/2013%20articles/2011%20&%202012%20%2

0Articles/Growing-trees-in-Joburg.aspx  

City of Johannesburg metropolitan municipality (2021b). Draft Spatial Development 

Framework 2040 (2021/22 update). Johannesburg, South Africa 

City of Johannesburg (2022). Draft integrated development plan 2022/27. Johannesburg, 

South Africa. 

Clements, H. S., De Vos, A., Bezerra, J. C., Coetzer, K., Maciejewski, K., Mograbi, P. J., & 

Shackleton, C. (2021). The relevance of ecosystem services to land reform policies: Insights 

from South Africa. Land Use Policy, 100, 104939. 

https://doi.org/10.1016/j.landusepol.2020.104939 

Cobbinah, P. B. (2021). Urban resilience in climate change hotspot. Land Use Policy, 100, 

104948. https://doi.org/10.1016/j.landusepol.2020.104948 

Colding, J. (2007). ‘Ecological land-use complementation’ for building resilience in urban 

ecosystems. Landscape and Urban Planning, 81(1–2), 46–55. 

https://doi.org/10.1016/j.landurbplan.2006.10.016 

Colding, J. (2011). The Role of Ecosystem Services in Contemporary Urban Planning. In 

Urban Ecology. Oxford University Press. 

https://doi.org/10.1093/acprof:oso/9780199563562.003.0028 

Connolly, J. J., Svendsen, E. S., Fisher, D. R., & Campbell, L. K. (2013). Organizing urban 

ecosystem services through environmental stewardship governance in New York City. 

Landscape and Urban Planning, 109(1), 76–84. 

https://doi.org/10.1016/j.landurbplan.2012.07.001 

Corlett, R. T. (2015). The Anthropocene concept in ecology and conservation. Trends in 

Ecology & Evolution, 30(1), 36–41. https://doi.org/10.1016/j.tree.2014.10.007 

Costanza, R. (2008). Ecosystem services: Multiple classification systems are needed. 

Biological Conservation, 141(2), 350–352. https://doi.org/10.1016/j.biocon.2007.12.020 

https://joburg.org.za/media_/Newsroom/Pages/2013%20articles/2011%20&%202012%20%20Articles/Growing-trees-in-Joburg.aspx
https://joburg.org.za/media_/Newsroom/Pages/2013%20articles/2011%20&%202012%20%20Articles/Growing-trees-in-Joburg.aspx
https://doi.org/10.1016/j.landusepol.2020.104939
https://doi.org/10.1016/j.landusepol.2020.104948
https://doi.org/10.1016/j.landurbplan.2006.10.016
https://doi.org/10.1093/acprof:oso/9780199563562.003.0028
https://doi.org/10.1016/j.landurbplan.2012.07.001
https://doi.org/10.1016/j.tree.2014.10.007
https://doi.org/10.1016/j.biocon.2007.12.020


115 

 

Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Solazzo, E., Monforti-Ferrario, F., 

Olivier, J.G.J., Vignati, E., Fossil CO2 emissions of all world countries - 2020 Report, EUR 

30358 EN, Publications Office of the European Union, Luxembourg, 2020, ISBN 978-92-76-

21515-8, doi:10.2760/143674, JRC121460.  

Cronshey, R. (1986). Urban hydrology for small watersheds (Technical Report Technical 

release 55; Technical Release United States Department of Agriculture, Soil Conservation 

Service, Engineering Division No. 55, p. 165). U.S. Dept. of Agriculture, Soil Conservation 

Service, Engineering Division. 

Crossman, N. D., Burkhard, B., Nedkov, S., Willemen, L., Petz, K., Palomo, I., Drakou, E. 

G., Martín-Lopez, B., McPhearson, T., Boyanova, K., Alkemade, R., Egoh, B., Dunbar, M. 

B., & Maes, J. (2013). A blueprint for mapping and modelling ecosystem services. Ecosystem 

Services, 4, 4–14. https://doi.org/10.1016/j.ecoser.2013.02.001 

Cuni-Sanchez, A., Sullivan, M. J. P., Platts, P. J., Lewis, S. L., Marchant, R., Imani, G., 

Hubau, W., Abiem, I., Adhikari, H., Albrecht, T., Altman, J., Amani, C., Aneseyee, A. B., 

Avitabile, V., Banin, L., Batumike, R., Bauters, M., Beeckman, H., Begne, S. K., … Zibera, 

E. (2021). High aboveground carbon stock of African tropical montane forests. Nature, 

596(7873), 536–542. https://doi.org/10.1038/s41586-021-03728-4 

Davids, R., Rouget, M., Boon, R., & Roberts, D. (2016). Identifying ecosystem service 

hotspots for environmental management in Durban, South Africa. Bothalia, 46(2). 

https://doi.org/10.4102/abc.v46i2.2118 

Davids, R., Rouget, M., Boon, R., & Roberts, D. (2018). Spatial analyses of threats to 

ecosystem service hotspots in Greater Durban, South Africa. PeerJ, 6, e5723. 

https://doi.org/10.7717/peerj.5723 

Davies, Z. G., Dallimer, M., Edmondson, J. L., Leake, J. R., & Gaston, K. J. (2013). 

Identifying potential sources of variability between vegetation carbon storage estimates for 

urban areas. Environmental Pollution, 183, 133–142. 

https://doi.org/10.1016/j.envpol.2013.06.005 

https://doi.org/10.1016/j.ecoser.2013.02.001
https://doi.org/10.1038/s41586-021-03728-4
https://doi.org/10.4102/abc.v46i2.2118
https://doi.org/10.7717/peerj.5723
https://doi.org/10.1016/j.envpol.2013.06.005


116 

 

Davies, Z. G., Fuller, R. A., Loram, A., Irvine, K. N., Sims, V., & Gaston, K. J. (2009). A 

national scale inventory of resource provision for biodiversity within domestic gardens. 

Biological Conservation, 142(4), 761–771. https://doi.org/10.1016/j.biocon.2008.12.016 

De Carvalho, R. M., & Szlafsztein, C. F. (2019). Urban vegetation loss and ecosystem 

services: The influence on climate regulation and noise and air pollution. Environmental 

Pollution, 245, 844–852. https://doi.org/10.1016/j.envpol.2018.10.114 

De Luca, C., Langemeyer, J., Vaňo, S., Baró, F., & Andersson, E. (2021). Adaptive resilience 

of and through urban ecosystem services: A transdisciplinary approach to sustainability in 

Barcelona. Ecology and Society, 26(4), art38. https://doi.org/10.5751/ES-12535-260438 

de Manuel, B. F., Méndez-Fernández, L., Peña, L., & Ametzaga-Arregi, I. (2021). A new 

indicator of the effectiveness of urban green infrastructure based on ecosystem services 

assessment. Basic and Applied Ecology, 53, 12–25. 

https://doi.org/10.1016/j.baae.2021.02.012 

De Sherbinin, A., Schiller, A., & Pulsipher, A. (2007). The vulnerability of global cities to 

climate hazards. Environment and Urbanization, 19(1), 39–64. 

https://doi.org/10.1177/0956247807076725 

de Wit, M., Van Zyl, H., Crookes, D., Blignaut, J., Jayiya, T., Goiset, V., & Mahumani, B. 

(2012). Including the economic value of well-functioning urban ecosystems in financial 

decisions: Evidence from a process in Cape Town. Ecosystem Services, 546. 

https://doi.org/10.1016/j.ecoser.2012.08.002 

DEFF, 2020. National Terrestrial Carbon Sinks Assessment: Technical Report (2020), 

Department of Environment, Forestry and Fisheries, Pretoria, South Africa 

(DFFE) Department of Forestry, Fisheries & the Environment. (2022). National GHG 

Inventory South Africa 2000-2020_(National GHG Inventory Report). 

[https://www.dffe.gov.za/sites/default/files/reports/8nationalgreenhousegasreport2022.pdf] 

(DFFE) Department of Forestry, Fisheries & the Environment. (2020). South African National 

Land Cover (SANLC) 2020 

Derkzen, M. L., van Teeffelen, A. J. A., & Verburg, P. H. (2015). REVIEW: Quantifying 

urban ecosystem services based on high-resolution data of urban green space: an assessment 

https://doi.org/10.1016/j.biocon.2008.12.016
https://doi.org/10.1016/j.envpol.2018.10.114
https://doi.org/10.5751/ES-12535-260438
https://doi.org/10.1016/j.baae.2021.02.012
https://doi.org/10.1177/0956247807076725
https://doi.org/10.1016/j.ecoser.2012.08.002


117 

 

for Rotterdam, the Netherlands. Journal of Applied Ecology, 52(4), 1020–1032. 

https://doi.org/10.1111/1365-2664.12469 

Dhyani, S., Singh, A., Gujre, N., & Joshi, R. K. (2021). Quantifying tree carbon stock in 

historically conserved Seminary Hills urban forest of Nagpur, India. Acta Ecologica Sinica, 

41(3), 193–203. https://doi.org/10.1016/j.chnaes.2021.01.006 

Díaz, S., Fargione, J., Chapin, F. S., & Tilman, D. (2006). Biodiversity Loss Threatens 

Human Well-Being. PLoS Biology, 4(8), e277. https://doi.org/10.1371/journal.pbio.0040277 

Dodman, D., B. Hayward, M. Pelling, V. Castan Broto, W. Chow, E. Chu, R. Dawson, L. 

Khirfan, T. McPhearson, A. Prakash, Y. Zheng, and G. Ziervogel, 2022: Cities, Settlements 

and Key Infrastructure. In: Climate Change 2022: Impacts, Adaptation and Vulnerability. 

Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental 

Panel on Climate Change [H.-O. Pörtner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. 

Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem, B. Rama 

(eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 907–

1040, doi:10.1017/9781009325844.008  

Dorendorf, J., Eschenbach, A., Schmidt, K., & Jensen, K. (2015). Both tree and soil carbon 

need to be quantified for carbon assessments of cities. Urban Forestry & Urban Greening, 

14(3), 447–455. https://doi.org/10.1016/j.ufug.2015.04.005 

Drakou, E. G., Crossman, N. D., Willemen, L., Burkhard, B., Palomo, I., Maes, J., & Peedell, 

S. (2015). A visualization and data-sharing tool for ecosystem service maps: Lessons learnt, 

challenges and the way forward. Ecosystem Services, 13, 134–140. 

https://doi.org/10.1016/j.ecoser.2014.12.002 

du Toit, M. J., Cilliers, S. S., Dallimer, M., Goddard, M., Guenat, S., & Cornelius, S. F. 

(2018). Urban green infrastructure and ecosystem services in sub-Saharan Africa. Landscape 

and Urban Planning, 180, 249–261. https://doi.org/10.1016/j.landurbplan.2018.06.001 

Du Toit, M. J., Shackleton, C. M., Cilliers, S. S., & Davoren, E. (2021). Advancing Urban 

Ecology in the Global South: Emerging Themes and Future Research Directions. In C. M. 

Shackleton, S. S. Cilliers, E. Davoren, & M. J. Du Toit (Eds.), Urban Ecology in the Global 

https://doi.org/10.1111/1365-2664.12469
https://doi.org/10.1016/j.chnaes.2021.01.006
https://doi.org/10.1371/journal.pbio.0040277
https://doi.org/10.1016/j.ufug.2015.04.005
https://doi.org/10.1016/j.ecoser.2014.12.002
https://doi.org/10.1016/j.landurbplan.2018.06.001


118 

 

South (pp. 433–461). Springer International Publishing. https://doi.org/10.1007/978-3-030-

67650-6_17 

Dube, T., & Mutanga, O. (2015). Quantifying the variability and allocation patterns of 

aboveground carbon stocks across plantation forest types, structural attributes and age in sub-

tropical coastal region of KwaZulu Natal, South Africa using remote sensing. Applied 

Geography, 64, 55–65. https://doi.org/10.1016/j.apgeog.2015.09.003 

Duguay-Tetzlaff, A. et al. (2015) ‘Meteosat Land Surface Temperature Climate Data Record: 

Achievable Accuracy and Potential Uncertainties’, Remote Sensing, 7(10), pp. 13139–13156. 

Available at: https://doi.org/10.3390/rs71013139. 

Duguay-Tetzlaff, A., Bento, V. A., Göttsche, F. M., Stöckli, R., Martins, J., Trigo, I., ... & 

Egoh, B. et al. (2008) ‘Mapping ecosystem services for planning and management’, 

Agriculture, Ecosystems & Environment, 127(1–2), pp. 135–140. Available at: 

https://doi.org/10.1016/j.agee.2008.03.013. 

Egoh, B. et al. (2008) ‘Mapping ecosystem services for planning and management’, 

Agriculture, Ecosystems & Environment, 127(1–2), pp. 135–140. Available at: 

https://doi.org/10.1016/j.agee.2008.03.013. 

Egoh, B. N., O’Farrell, P. J., Charef, A., Josephine Gurney, L., Koellner, T., Nibam Abi, H., 

Egoh, M., & Willemen, L. (2012). An African account of ecosystem service provision: Use, 

threats and policy options for sustainable livelihoods. Ecosystem Services, 2, 71–81. 

https://doi.org/10.1016/j.ecoser.2012.09.004 

Egoh, B. N., Reyers, B., Carwardine, J., Bode, M., O’Farrell, P. J., Wilson, K. A., 

Possingham, H. P., Rouget, M., De LANGE, W., Richardson, D. M., & Cowling, R. M. 

(2010). Safeguarding Biodiversity and Ecosystem Services in the Little Karoo, South Africa: 

Planning for Biodiversity and Ecosystem Services. Conservation Biology, 24(4), 1021–1030. 

https://doi.org/10.1111/j.1523-1739.2009.01442.x 

Egoh, B. N., Reyers, B., Rouget, M., & Richardson, D. M. (2011). Identifying priority areas 

for ecosystem service management in South African grasslands. Journal of Environmental 

Management, 92(6), 1642–1650. https://doi.org/10.1016/j.jenvman.2011.01.019 

https://doi.org/10.1007/978-3-030-67650-6_17
https://doi.org/10.1007/978-3-030-67650-6_17
https://doi.org/10.1016/j.apgeog.2015.09.003
https://doi.org/10.3390/rs71013139
https://doi.org/10.1016/j.agee.2008.03.013
https://doi.org/10.1016/j.agee.2008.03.013
https://doi.org/10.1016/j.ecoser.2012.09.004
https://doi.org/10.1111/j.1523-1739.2009.01442.x
https://doi.org/10.1016/j.jenvman.2011.01.019


119 

 

Egoh, B., Reyers, B., Rouget, M., Bode, M., & Richardson, D. M. (2009). Spatial congruence 

between biodiversity and ecosystem services in South Africa. Biological Conservation, 

142(3), 553–562. https://doi.org/10.1016/j.biocon.2008.11.009 

Egoh, B., Reyers, B., Rouget, M., Richardson, D. M., Le Maitre, D. C., & van Jaarsveld, A. 

S. (2008). Mapping ecosystem services for planning and management. Agriculture, 

Ecosystems & Environment, 127(1–2), 135–140. https://doi.org/10.1016/j.agee.2008.03.013 

Eigenbrod, F., Bell, V. A., Davies, H. N., Heinemeyer, A., Armsworth, P. R., & Gaston, K. J. 

(2011). The impact of projected increases in urbanization on ecosystem services. Proceedings 

of the Royal Society B: Biological Sciences, 278(1722), 3201–3208. 

https://doi.org/10.1098/rspb.2010.2754  

Elmqvist, T., Andersson, E., Frantzeskaki, N., McPhearson, T., Olsson, P., Gaffney, O., 

Takeuchi, K., & Folke, C. (2019). Sustainability and resilience for transformation in the 

urban century. Nature Sustainability, 2(4), 267–273. https://doi.org/10.1038/s41893-019-

0250-1 

Elmqvist, T., Setälä, H., Handel, S., van der Ploeg, S., Aronson, J., Blignaut, J., Gómez-

Baggethun, E., Nowak, D., Kronenberg, J., & de Groot, R. (2015). Benefits of restoring 

ecosystem services in urban areas. Current Opinion in Environmental Sustainability, 14, 

101–108. https://doi.org/10.1016/j.cosust.2015.05.001 

Emmanuel, R., & Loconsole, A. (2015). Green infrastructure as an adaptation approach to 

tackling urban overheating in the Glasgow Clyde Valley Region, UK. Landscape and Urban 

Planning, 138, 71–86. https://doi.org/10.1016/j.landurbplan.2015.02.012 

Ermida, S. L., Soares, P., Mantas, V., Göttsche, F.-M., & Trigo, I. F. (2020). Google Earth 

Engine Open-Source Code for Land Surface Temperature Estimation from the Landsat 

Series. Remote Sensing, 12(9), 1471. https://doi.org/10.3390/rs12091471 

Ernstson, H. (2013). The social production of ecosystem services: A framework for studying 

environmental justice and ecological complexity in urbanized landscapes. Landscape and 

Urban Planning, 109(1), 7–17. https://doi.org/10.1016/j.landurbplan.2012.10.005  

https://doi.org/10.1016/j.biocon.2008.11.009
https://doi.org/10.1016/j.agee.2008.03.013
https://doi.org/10.1098/rspb.2010.2754
https://doi.org/10.1038/s41893-019-0250-1
https://doi.org/10.1038/s41893-019-0250-1
https://doi.org/10.1016/j.cosust.2015.05.001
https://doi.org/10.1016/j.landurbplan.2015.02.012
https://doi.org/10.3390/rs12091471
https://doi.org/10.1016/j.landurbplan.2012.10.005


120 

 

Escobedo, F. J., & Nowak, D. J. (2009). Spatial heterogeneity and air pollution removal by an 

urban forest. Landscape and Urban Planning, 90(3–4), 102–110. 

https://doi.org/10.1016/j.landurbplan.2008.10.021 

Escobedo, F. J., Giannico, V., Jim, C. Y., Sanesi, G., & Lafortezza, R. (2019). Urban forests, 

ecosystem services, green infrastructure and nature-based solutions: Nexus or evolving 

metaphors? Urban Forestry & Urban Greening, 37, 3–12. 

https://doi.org/10.1016/j.ufug.2018.02.011 

Escobedo, F. J., Kroeger, T., & Wagner, J. E. (2011). Urban forests and pollution mitigation: 

Analyzing ecosystem services and disservices. Environmental Pollution, 159(8–9), 2078–

2087. https://doi.org/10.1016/j.envpol.2011.01.010 

Escobedo, F. J., Wagner, J. E., Nowak, D. J., De la Maza, C. L., Rodriguez, M., & Crane, D. 

E. (2008). Analyzing the cost effectiveness of Santiago, Chile’s policy of using urban forests 

to improve air quality. Journal of Environmental Management, 86(1), 148–157. 

https://doi.org/10.1016/j.jenvman.2006.11.029 

European Environment Agency (EEA). (2011). Green infrastructure and territorial cohesion. 

The concept of green infrastructure and its integration into policies using monitoring 

systems.available on-line: http://www.eea.europa.eu/publications/green-infrastructure-and-

territorial-cohesion 

European Environmental Agency (EEA), 2014. Spatial analysis of green infrastructure in 

Europe. EEA Technical Report No 2/2014. Publications Office of the European Union, 

Luxembourg. 

Farrugia, S., Hudson, M. D., & McCulloch, L. (2013). An evaluation of flood control and 

urban cooling ecosystem services delivered by urban green infrastructure. International 

Journal of Biodiversity Science, Ecosystem Services & Management, 9(2), 136–145. 

https://doi.org/10.1080/21513732.2013.782342 

Fenoglio, M. S., Rossetti, M. R., & Videla, M. (2020). Negative effects of urbanization on 

terrestrial arthropod communities: A meta‐analysis. Global Ecology and Biogeography, 

29(8), 1412–1429. https://doi.org/10.1111/geb.13107 

https://doi.org/10.1016/j.landurbplan.2008.10.021
https://doi.org/10.1016/j.ufug.2018.02.011
https://doi.org/10.1016/j.envpol.2011.01.010
https://doi.org/10.1016/j.jenvman.2006.11.029
https://doi.org/10.1080/21513732.2013.782342
https://doi.org/10.1111/geb.13107


121 

 

Fisher, B., Turner, R. K., & Morling, P. (2009). Defining and classifying ecosystem services 

for decision making. Ecological Economics, 68(3), 643–653. 

https://doi.org/10.1016/j.ecolecon.2008.09.014 

Frayne, B., & McCordic, C. (2015). Planning for food secure cities: Measuring the influence 

of infrastructure and income on household food security in Southern African cities. 

Geoforum, 65, 1–11. https://doi.org/10.1016/j.geoforum.2015.06.025 

Fu, X., Hopton, M. E., & Wang, X. (2021). Assessment of green infrastructure performance 

through an urban resilience lens. Journal of Cleaner Production, 289, 125146. 

https://doi.org/10.1016/j.jclepro.2020.125146 

Gaertner, M., Larson, B. M. H., Irlich, U. M., Holmes, P. M., Stafford, L., Van Wilgen, B. 

W., & Richardson, D. M. (2016). Managing invasive species in cities: A framework from 

Cape Town, South Africa. Landscape and Urban Planning, 151, 1–9. 

https://doi.org/10.1016/j.landurbplan.2016.03.010 

Galvin, K., Boone, R., Smith, N., & Lynn, S. (2001). Impacts of climate variability on East 

African pastoralists: Linking social science and remote sensing. Climate Research, 19, 161–

172. https://doi.org/10.3354/cr019161 

Garrick, D., De Stefano, L., Yu, W., Jorgensen, I., O’Donnell, E., Turley, L., Aguilar-

Barajas, I., Dai, X., De Souza Leão, R., Punjabi, B., Schreiner, B., Svensson, J., & Wight, C. 

(2019). Rural water for thirsty cities: a systematic review of water reallocation from rural to 

urban regions. Environmental Research Letters, 14(4), 043003. https://doi.org/10.1088/1748-

9326/ab0db7  

Gascon, M., Triguero-Mas, M., Martínez, D., Dadvand, P., Forns, J., Plasència, A., & 

Nieuwenhuijsen, M. (2015). Mental Health Benefits of Long-Term Exposure to Residential 

Green and Blue Spaces: A Systematic Review. International Journal of Environmental 

Research and Public Health, 12(4), 4354–4379. https://doi.org/10.3390/ijerph120404354 

GCRO (Gauteng City Regional Observatory). (2013). State of Green Infrastructure in the 

Gauteng City-Region. 

https://doi.org/10.1016/j.ecolecon.2008.09.014
https://doi.org/10.1016/j.geoforum.2015.06.025
https://doi.org/10.1016/j.jclepro.2020.125146
https://doi.org/10.1016/j.landurbplan.2016.03.010
https://doi.org/10.3354/cr019161
https://doi.org/10.1088/1748-9326/ab0db7
https://doi.org/10.1088/1748-9326/ab0db7
https://doi.org/10.3390/ijerph120404354


122 

 

Geldenhuys, C. J. and Berliner (2010). Estimation of the Carbon Sequestration Potential of 

the Natural Forests of the Wild Coast Report Number FW-02/10. Rapport to the Wild Coast 

Project. 

Gill, S. E., Handley, J. F., Ennos, A. R., Pauleit, S., Theuray, N., & Lindley, S. J. (2008). 

Characterising the urban environment of UK cities and towns: A template for landscape 

planning. Landscape and Urban Planning, 87(3), 210–222. 

https://doi.org/10.1016/j.landurbplan.2008.06.008 

Gillner, S., Vogt, J., Tharang, A., Dettmann, S., & Roloff, A. (2015). Role of street trees in 

mitigating effects of heat and drought at highly sealed urban sites. Landscape and Urban 

Planning, 143, 33–42. https://doi.org/10.1016/j.landurbplan.2015.06.005 

Glenday, G., 2012, Mapping ecosystem services in the eThekwini municipal area using 

InVEST and GIS analysis, unpublished document, Department of Environmental Planning 

and Climate Protection, eThekwini Municipality, Durban. 

Goddard, M. A., Dougill, A. J., & Benton, T. G. (2010). Scaling up from gardens: 

Biodiversity conservation in urban environments. Trends in Ecology and Evolution, 25(2), 

90–98. https://doi.org/10.1016/j.tree.2009.07.016 

Golden, J. S., & Kaloush, K. E. (2006). Mesoscale and microscale evaluation of surface 

pavement impacts on the urban heat island effects. International Journal of Pavement 

Engineering, 7(1), 37–52. https://doi.org/10.1080/10298430500505325  

Gómez-Baggethun, E., & Barton, D. N. (2013). Classifying and valuing ecosystem services 

for urban planning. Ecological Economics, 86, 235–245. 

https://doi.org/10.1016/j.ecolecon.2012.08.019 

González-García, A., Palomo, I., González, J. A., López, C. A., & Montes, C. (2020). 

Quantifying spatial supply-demand mismatches in ecosystem services provides insights for 

land-use planning. Land Use Policy, 94, 104493. 

https://doi.org/10.1016/j.landusepol.2020.104493 

Granek, E. F., Polasky, S., Kappel, C. V., Reed, D. J., Stoms, D. M., Koch, E. W., Kennedy, 

C. J., Cramer, L. A., Hacker, S. D., Barbier, E. B., Aswani, S., Ruckelshaus, M., Perillo, G. 

M. E., Silliman, B. R., Muthiga, N., Bael, D., & Wolanski, E. (2010). Ecosystem Services as 

https://doi.org/10.1016/j.landurbplan.2008.06.008
https://doi.org/10.1016/j.landurbplan.2015.06.005
https://doi.org/10.1016/j.tree.2009.07.016
https://doi.org/10.1080/10298430500505325
https://doi.org/10.1016/j.ecolecon.2012.08.019
https://doi.org/10.1016/j.landusepol.2020.104493


123 

 

a Common Language for Coastal Ecosystem-Based Management. Conservation Biology, 

24(1), 207–216. https://doi.org/10.1111/j.1523-1739.2009.01355.x 

Grey, V., Livesley, S. J., Fletcher, T. D., & Szota, C. (2018). Tree pits to help mitigate runoff 

in dense urban areas. Journal of Hydrology, 565, 400–410. 

https://doi.org/10.1016/j.jhydrol.2018.08.038 

Grimm, N. B., Faeth, S. H., Golubiewski, N. E., Redman, C. L., Wu, J., Bai, X., & Briggs, J. 

M. (2008). Global Change and the Ecology of Cities. Science, 319(5864), 756–760. 

https://doi.org/10.1126/science.1150195 

Gülçin, D., & van den Bosch, C. C. K. (2021). Assessment of Above-Ground Carbon Storage 

by Urban Trees Using LiDAR Data: The Case of a University Campus. Forests, 12(1), 62. 

https://doi.org/10.3390/f12010062 

Gurney, K. R., Liang, J., Patarasuk, R., Song, Y., Huang, J., & Roest, G. (2020). The Vulcan 

Version 3.0 High‐Resolution Fossil Fuel CO 2 Emissions for the United States. Journal of 

Geophysical Research: Atmospheres, 125(19), e2020JD032974. 

https://doi.org/10.1029/2020JD032974 

Haase, D., Larondelle, N., Andersson, E., Artmann, M., Borgström, S., Breuste, J., Gomez-

Baggethun, E., Gren, Å., Hamstead, Z., Hansen, R., Kabisch, N., Kremer, P., Langemeyer, J., 

Rall, E. L., McPhearson, T., Pauleit, S., Qureshi, S., Schwarz, N., Voigt, A., … Elmqvist, T. 

(2014). A Quantitative Review of Urban Ecosystem Service Assessments: Concepts, Models, 

and Implementation. AMBIO, 43(4), 413–433. https://doi.org/10.1007/s13280-014-0504-0 

Haase, D., Schwarz, N., Strohbach, M., Kroll, F., & Seppelt, R. (2012). Synergies, Trade-

offs, and Losses of Ecosystem Services in Urban Regions: An Integrated Multiscale 

Framework Applied to the Leipzig-Halle Region, Germany. Ecology and Society, 17(3), 

art22. https://doi.org/10.5751/ES-04853-170322 

Haines-Young, R., & Potschin-Young, M. (2018). Revision of the Common International 

Classification for Ecosystem Services (CICES V5.1): A Policy Brief. One Ecosystem, 3, 

e27108. https://doi.org/10.3897/oneeco.3.e27108 

Haines-Young, R., & Potschin, M. (2010). The links between biodiversity, ecosystem 

services and human well-being. In D. G. Raffaelli & C. L. J. Frid (Eds.), Ecosystem Ecology 

https://doi.org/10.1111/j.1523-1739.2009.01355.x
https://doi.org/10.1016/j.jhydrol.2018.08.038
https://doi.org/10.1126/science.1150195
https://doi.org/10.3390/f12010062
https://doi.org/10.1029/2020JD032974
https://doi.org/10.1007/s13280-014-0504-0
https://doi.org/10.5751/ES-04853-170322
https://doi.org/10.3897/oneeco.3.e27108


124 

 

(pp. 110–139). Cambridge University Press. 

https://doi.org/10.1017/CBO9780511750458.007 

Hansen, R., & Pauleit, S. (2014). From Multifunctionality to Multiple Ecosystem Services? A 

Conceptual Framework for Multifunctionality in Green Infrastructure Planning for Urban 

Areas. AMBIO, 43(4), 516–529. https://doi.org/10.1007/s13280-014-0510-2 

Hardin, P. J., & Jensen, R. R. (2007). The effect of urban leaf area on summertime urban 

surface kinetic temperatures: A Terre Haute case study. Urban Forestry & Urban Greening, 

6(2), 63–72. https://doi.org/10.1016/j.ufug.2007.01.005 

Hardy, C. H., & Nel, A. L. (2015). Data and techniques for studying the urban heat island 

effect in Johannesburg. The International Archives of the Photogrammetry, Remote Sensing 

and Spatial Information Sciences, XL-7/W3, 203–206. https://doi.org/10.5194/isprsarchives-

XL-7-W3-203-2015 

Heaviside, C., Vardoulakis, S., & Cai, X.-M. (2016). Attribution of mortality to the urban 

heat island during heatwaves in the West Midlands, UK. Environmental Health, 15(S1), S27. 

https://doi.org/10.1186/s12940-016-0100-9 

Hemmati, M., Kornhuber, K., & Kruczkiewicz, A. (2022). Enhanced urban adaptation efforts 

needed to counter rising extreme rainfall risks. Npj Urban Sustainability, 2(1), 16. 

https://doi.org/10.1038/s42949-022-00058-w 

Henry, M., Besnard, A., Asante, W. A., Eshun, J., Adu-Bredu, S., Valentini, R., Bernoux, M., 

& Saint-André, L. (2010). Wood density, phytomass variations within and among trees, and 

allometric equations in a tropical rainforest of Africa. Forest Ecology and Management, 

260(8), 1375–1388. https://doi.org/10.1016/j.foreco.2010.07.040 

Henry, M. et al. (2011) ‘Estimating tree biomass of sub-Saharan African forests: a review of 

available allometric equations’, Silva Fennica, 45(3B). Available at: 

https://doi.org/10.14214/sf.38. 

Herslund, L. B., Jalayer, F., Jean-Baptiste, N., Jørgensen, G., Kabisch, S., Kombe, W., 

Lindley, S., Nyed, P. K., Pauleit, S., Printz, A., & Vedeld, T. (2016). A multi-dimensional 

assessment of urban vulnerability to climate change in Sub-Saharan Africa. Natural Hazards, 

82(S2), 149–172. https://doi.org/10.1007/s11069-015-1856-x 

https://doi.org/10.1017/CBO9780511750458.007
https://doi.org/10.1007/s13280-014-0510-2
https://doi.org/10.1016/j.ufug.2007.01.005
https://doi.org/10.5194/isprsarchives-XL-7-W3-203-2015
https://doi.org/10.5194/isprsarchives-XL-7-W3-203-2015
https://doi.org/10.1186/s12940-016-0100-9
https://doi.org/10.1038/s42949-022-00058-w
https://doi.org/10.1016/j.foreco.2010.07.040
https://doi.org/10.14214/sf.38
https://doi.org/10.1007/s11069-015-1856-x


125 

 

Hlatshwayo, S. T., Mutanga, O., Lottering, R. T., Kiala, Z., & Ismail, R. (2019). Mapping 

forest aboveground biomass in the reforested Buffelsdraai landfill site using texture 

combinations computed from SPOT-6 pan-sharpened imagery. International Journal of 

Applied Earth Observation and Geoinformation, 74, 65–77. 

https://doi.org/10.1016/j.jag.2018.09.005 

Hobbs, R. J., Higgs, E., Hall, C. M., Bridgewater, P., Chapin, F. S., Ellis, E. C., Ewel, J. J., 

Hallett, L. M., Harris, J., Hulvey, K. B., Jackson, S. T., Kennedy, P. L., Kueffer, C., Lach, L., 

Lantz, T. C., Lugo, A. E., Mascaro, J., Murphy, S. D., Nelson, C. R., … Yung, L. (2014). 

Managing the whole landscape: Historical, hybrid, and novel ecosystems. Frontiers in 

Ecology and the Environment, 12(10), 557–564. https://doi.org/10.1890/130300 

Holt, A. R., Mears, M., Maltby, L., & Warren, P. (2015). Understanding spatial patterns in 

the production of multiple urban ecosystem services. Ecosystem Services, 16, 33–46. 

https://doi.org/10.1016/j.ecoser.2015.08.007 

Hope, D., Gries, C., Zhu, W., Fagan, W. F., Redman, C. L., Grimm, N. B., ... & Kinzig, A. 

(2008). Socioeconomics drive urban plant diversity. In Urban Ecology (pp. 339-347). 

Springer, Boston, MA. 

Hostetler, M., Allen, W., & Meurk, C. (2011). Conserving urban biodiversity? Creating green 

infrastructure is only the first step. Landscape and Urban Planning, 100(4), 369–371. 

https://doi.org/10.1016/j.landurbplan.2011.01.011 

Houghton, R. A., & Hackler, J. L. (2006). Emissions of carbon from land use change in sub‐

Saharan Africa. Journal of Geophysical Research: Biogeosciences, 111(G2), 2005JG000076. 

https://doi.org/10.1029/2005JG000076 

Huang, X., Huang, J., Wen, D., & Li, J. (2021). An updated MODIS global urban extent 

product (MGUP) from 2001 to 2018 based on an automated mapping approach. International 

Journal of Applied Earth Observation and Geoinformation, 95, 102255. 

https://doi.org/10.1016/j.jag.2020.102255 

Hubacek, K., & Kronenberg, J. (2013). Synthesizing different perspectives on the value of 

urban ecosystem services. Landscape and Urban Planning, 109(1), 1–6. 

https://doi.org/10.1016/j.landurbplan.2012.10.010 

https://doi.org/10.1016/j.jag.2018.09.005
https://doi.org/10.1890/130300
https://doi.org/10.1016/j.ecoser.2015.08.007
https://doi.org/10.1016/j.landurbplan.2011.01.011
https://doi.org/10.1029/2005JG000076
https://doi.org/10.1016/j.jag.2020.102255
https://doi.org/10.1016/j.landurbplan.2012.10.010


126 

 

Hutyra, L. R., Yoon, B., & Alberti, M. (2011). Terrestrial carbon stocks across a gradient of 

urbanization: A study of the Seattle, WA region. Global Change Biology, 17(2), 783–797. 

https://doi.org/10.1111/j.1365-2486.2010.02238.x 

Huynh, T. et al. (2021) ‘Field methods for above and belowground biomass estimation in         

plantation forests’, MethodsX, 8, p. 101192. Available at: 

https://doi.org/10.1016/j.mex.2020.101192. 

Hsieh, C.-M., Li, J.-J., Zhang, L., & Schwegler, B. (2018). Effects of tree shading and 

transpiration on building cooling energy use. Energy and Buildings, 159, 382–397. 

https://doi.org/10.1016/j.enbuild.2017.10.045  

IPCC, 2019: Summary for Policymakers. In: Climate Change and Land: an IPCC special 

report on climate change, desertification, land degradation, sustainable land management, 

food security, and greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E. 

Calvo Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. 

Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J. 

Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley, (eds.)]. In press.. 

IPCC, 2021: Summary for Policymakers. In: Climate Change 2021: The Physical Science 

Basis. Contribution of Working Group I to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. 

Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. 

Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and 

B. Zhou (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, 

NY, USA, pp. 3−32, doi:10.1017/9781009157896.001.  

IPCC. (2018). Summary for policymakers. In V. Masson-Delmotte, P. Zhai, H.-O. Po ̈rtner, 

D. Roberts, J. Skea, P. R. Shukla, ... T. Waterfield (Eds.), Global warming of 1.5 ◦ C. An 

IPCC special report on the impacts of global warming of 1.5 ◦C above pre-industrial levels 

and related global greenhouse gas emission pathways, in the context of strengthening the 

global response to the threat of climate change, sustainable development, and efforts to 

eradicate poverty. IPCC. In Press. Available at: https://www.ipcc.ch/sr15/ (Accessed 28 Dec. 

2020). 

https://doi.org/10.1111/j.1365-2486.2010.02238.x
https://doi.org/10.1016/j.mex.2020.101192
https://doi.org/10.1016/j.enbuild.2017.10.045


127 

 

IPCC, 2022. Contribution of Working Group II to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change, in: Climate Change 2022: Impacts, Adaptation, 

and Vulnerability. Cambridge University Press. 

Jackson, T. J., & Rawls, W. J. (1981). SCS URBAN CURVE NUMBERS FROM A 

LANDSAT DATA BASE. Journal of the American Water Resources Association, 17(5), 

857–862. https://doi.org/10.1111/j.1752-1688.1981.tb01308.x 

Jahan, K., Pradhanang, S. M., & Bhuiyan, M. A. E. (2021). Surface Runoff Responses to 

Suburban Growth: An Integration of Remote Sensing, GIS, and Curve Number. Land, 10(5), 

452. https://doi.org/10.3390/land10050452 

Jalayer, F., De Risi, R., Kyessi, A., Mbuya, E., & Yonas, N. (2015). Vulnerability of Built 

Environment to Flooding in African Cities. In S. Pauleit, A. Coly, S. Fohlmeister, P. 

Gasparini, G. Jørgensen, S. Kabisch, W. J. Kombe, S. Lindley, I. Simonis, & K. Yeshitela 

(Eds.), Urban Vulnerability and Climate Change in Africa (Vol. 4, pp. 77–106). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-03982-4_3 

Janhäll, S. (2015). Review on urban vegetation and particle air pollution – Deposition and 

dispersion. Atmospheric Environment, 105, 130–137. 

https://doi.org/10.1016/j.atmosenv.2015.01.052 

Jiang, H., Wu, W., Wang, J., Yang, W., Gao, Y., Duan, Y., Ma, G., Wu, C., & Shao, J. 

(2021). Mapping global value of terrestrial ecosystem services by countries. Ecosystem 

Services, 52, 101361. https://doi.org/10.1016/j.ecoser.2021.101361 

Jiang, M., Jiang, C., Huang, W., Chen, W., Gong, Q., Yang, J., Zhao, Y., Zhuang, C., Wang, 

J., & Yang, Z. (2022). Quantifying the supply-demand balance of ecosystem services and 

identifying its spatial determinants: A case study of ecosystem restoration hotspot in 

Southwest China. Ecological Engineering, 174, 106472. 

https://doi.org/10.1016/j.ecoleng.2021.106472 

Jim, C. Y., & Chen, W. Y. (2008). Assessing the ecosystem service of air pollutant removal 

by urban trees in Guangzhou (China). Journal of Environmental Management, 88(4), 665–

676. https://doi.org/10.1016/j.jenvman.2007.03.035 

https://doi.org/10.1111/j.1752-1688.1981.tb01308.x
https://doi.org/10.3390/land10050452
https://doi.org/10.1007/978-3-319-03982-4_3
https://doi.org/10.1016/j.atmosenv.2015.01.052
https://doi.org/10.1016/j.ecoser.2021.101361
https://doi.org/10.1016/j.ecoleng.2021.106472
https://doi.org/10.1016/j.jenvman.2007.03.035


128 

 

Jo, H. (2002). Impacts of urban greenspace on offsetting carbon emissions for middle Korea. 

Journal of Environmental Management, 64(2), 115–126. 

https://doi.org/10.1006/jema.2001.0491 

Kabisch, N. (2015). Ecosystem service implementation and governance challenges in urban 

green space planning—The case of Berlin, Germany. Land Use Policy, 42, 557–567. 

https://doi.org/10.1016/j.landusepol.2014.09.005 

Kadaverugu, A., Nageshwar Rao, C., & Viswanadh, G. K. (2021). Quantification of flood 

mitigation services by urban green spaces using InVEST model: a case study of Hyderabad 

city, India. Modeling Earth Systems and Environment, 7(1), 589–602. 

https://doi.org/10.1007/s40808-020-00937-0 

Kanniah, K. D., Muhamad, N., & Kang, C. S. (2014). Remote sensing assessment of carbon 

storage by urban forest. IOP Conference Series: Earth and Environmental Science, 18, 

012151. https://doi.org/10.1088/1755-1315/18/1/012151 

Kleerekoper, L., van Esch, M., & Salcedo, T. B. (2012). How to make a city climate-proof, 

addressing the urban heat island effect. Resources, Conservation and Recycling, 64, 30–38. 

https://doi.org/10.1016/j.resconrec.2011.06.004 

Kremer, P., Hamstead, Z. A., & McPhearson, T. (2016). The value of urban ecosystem 

services in New York City: A spatially explicit multicriteria analysis of landscape scale 

valuation scenarios. Environmental Science & Policy, 62, 57–68. 

https://doi.org/10.1016/j.envsci.2016.04.012 

L. Chaparro & J. Terradas. (2010). Ecosystem services of urban forest. 

https://doi.org/10.13140/RG.2.1.4013.9604 

Lafortezza, R., Carrus, G., Sanesi, G., & Davies, C. (2009). Benefits and well-being 

perceived by people visiting green spaces in periods of heat stress. Urban Forestry & Urban 

Greening, 8(2), 97–108. https://doi.org/10.1016/j.ufug.2009.02.003 

Lafortezza, R., Davies, C., Sanesi, G., & Konijnendijk, C. (2013). Green Infrastructure as a 

tool to support spatial planning in European urban regions. IForest - Biogeosciences and 

Forestry, 6(3), 102–108. https://doi.org/10.3832/ifor0723-006 

https://doi.org/10.1006/jema.2001.0491
https://doi.org/10.1016/j.landusepol.2014.09.005
https://doi.org/10.1007/s40808-020-00937-0
https://doi.org/10.1088/1755-1315/18/1/012151
https://doi.org/10.1016/j.resconrec.2011.06.004
https://doi.org/10.1016/j.envsci.2016.04.012
https://doi.org/10.13140/RG.2.1.4013.9604
https://doi.org/10.1016/j.ufug.2009.02.003
https://doi.org/10.3832/ifor0723-006


129 

 

Lázaro‐Lobo A., Ruiz‐Benito, P., Cruz‐Alonso, V., & Castro‐Díez, P. (2023). Quantifying 

carbon storage and sequestration by native and non‐native forests under contrasting climate 

types. Global Change Biology, 29(16), 4530–4542. https://doi.org/10.1111/gcb.16810  

Le Maitre, D. C., Blignaut, J. N., Clulow, A., Dzikiti, S., Everson, C. S., Görgens, A. H. M., 

& Gush, M. B. (2020). Impacts of Plant Invasions on Terrestrial Water Flows in South 

Africa. In B. W. Van Wilgen, J. Measey, D. M. Richardson, J. R. Wilson, & T. A. Zengeya 

(Eds.), Biological Invasions in South Africa (pp. 431–457). Springer International Publishing. 

https://doi.org/10.1007/978-3-030-32394-3_15 

Lee, H., Mayer, H., & Chen, L. (2016). Contribution of trees and grasslands to the mitigation 

of human heat stress in a residential district of Freiburg, Southwest Germany. Landscape and 

Urban Planning, 148, 37–50. https://doi.org/10.1016/j.landurbplan.2015.12.004 

Leiva G, M. A., Santibañez, D. A., Ibarra E, S., Matus C, P., & Seguel, R. (2013). A five-

year study of particulate matter (PM2.5) and cerebrovascular diseases. Environmental 

Pollution, 181, 1–6. https://doi.org/10.1016/j.envpol.2013.05.057 

Li, L., Zha, Y., & Zhang, J. (2020). Spatially non-stationary effect of underlying driving 

factors on surface urban heat islands in global major cities. International Journal of Applied 

Earth Observation and Geoinformation, 90, 102131. 

https://doi.org/10.1016/j.jag.2020.102131 

Li, X., Zhou, Y., Yu, S., Jia, G., Li, H., & Li, W. (2019). Urban heat island impacts on 

building energy consumption: A review of approaches and findings. Energy, 174, 407–419. 

https://doi.org/10.1016/j.energy.2019.02.183 

Li, Z. L., Tang, B. H., Wu, H., Ren, H., Yan, G., Wan, Z., ... & Sobrino, J. A. (2013). 

Satellite derived land surface temperature: Current status and perspectives. Remote sensing 

of environment, 131, 14-37. 

Lin, B., Meyers, J., Beaty, R., & Barnett, G. (2016). Urban Green Infrastructure Impacts on 

Climate Regulation Services in Sydney, Australia. Sustainability, 8(8), 788. 

https://doi.org/10.3390/su8080788 

https://doi.org/10.1111/gcb.16810
https://doi.org/10.1007/978-3-030-32394-3_15
https://doi.org/10.1016/j.landurbplan.2015.12.004
https://doi.org/10.1016/j.envpol.2013.05.057
https://doi.org/10.1016/j.jag.2020.102131
https://doi.org/10.1016/j.energy.2019.02.183
https://doi.org/10.3390/su8080788


130 

 

Lindén, J., Fonti, P., & Esper, J. (2016). Temporal variations in microclimate cooling induced 

by urban trees in Mainz, Germany. Urban Forestry & Urban Greening, 20, 198–209. 

https://doi.org/10.1016/j.ufug.2016.09.001 

Lindén, L., Riikonen, A., Setälä, H., & Yli-Pelkonen, V. (2020). Quantifying carbon stocks in 

urban parks under cold climate conditions. Urban Forestry & Urban Greening, 49, 126633. 

https://doi.org/10.1016/j.ufug.2020.126633 

 

Lindén, J., Gustafsson, M., Uddling, J., Watne, Å., & Pleijel, H. (2023). Air pollution 

removal through deposition on urban vegetation: The importance of vegetation 

characteristics. Urban Forestry & Urban Greening, 81, 127843. 

https://doi.org/10.1016/j.ufug.2023.127843 

Liu, C., & Li, X. (2012). Carbon storage and sequestration by urban forests in Shenyang, 

China. Urban Forestry & Urban Greening, 11(2), 121–128. 

https://doi.org/10.1016/j.ufug.2011.03.002 

Liu, O. Y., & Russo, A. (2021). Assessing the contribution of urban green spaces in green 

infrastructure strategy planning for urban ecosystem conditions and services. Sustainable 

Cities and Society, 68, 102772. https://doi.org/10.1016/j.scs.2021.102772 

Liu, X., Hu, G., Chen, Y., Li, X., Xu, X., Li, S., Pei, F., & Wang, S. (2018). High-resolution 

multi-temporal mapping of global urban land using Landsat images based on the Google 

Earth Engine Platform. Remote Sensing of Environment, 209, 227–239. 

https://doi.org/10.1016/j.rse.2018.02.055 

Liu, Y., Huang, X., Yang, Q., & Cao, Y. (2021). The turning point between urban vegetation 

and artificial surfaces for their competitive effect on land surface temperature. Journal of 

Cleaner Production, 292, 126034. https://doi.org/10.1016/j.jclepro.2021.126034 

Liyun, W., Weibin, Y., Zhirong, J., Shihong, X., & Dongjin, H. (2018). Ecosystem health 

assessment of Dongshan Island based on its ability to provide ecological services that 

regulate heavy rainfall. Ecological Indicators, 84, 393–403. 

https://doi.org/10.1016/j.ecolind.2017.09.006 

https://doi.org/10.1016/j.ufug.2016.09.001
https://doi.org/10.1016/j.ufug.2020.126633
https://doi.org/10.1016/j.ufug.2011.03.002
https://doi.org/10.1016/j.scs.2021.102772
https://doi.org/10.1016/j.rse.2018.02.055
https://doi.org/10.1016/j.jclepro.2021.126034
https://doi.org/10.1016/j.ecolind.2017.09.006


131 

 

Loche, M., Scaringi, G., Yunus, A. P., Catani, F., Tanyaş, H., Frodella, W., Fan, X., & 

Lombardo, L. (2022). Surface temperature controls the pattern of post-earthquake landslide 

activity. Scientific Reports, 12(1), 988. https://doi.org/10.1038/s41598-022-04992-8 

Lovell, S. T., & Taylor, J. R. (2013). Supplying urban ecosystem services through 

multifunctional green infrastructure in the United States. Landscape Ecology, 28(8), 1447–

1463. https://doi.org/10.1007/s10980-013-9912-y 

Maas, J. (2006). Green space, urbanity, and health: How strong is the relation? Journal of 

Epidemiology & Community Health, 60(7), 587–592. 

https://doi.org/10.1136/jech.2005.043125 

 

Maes, J., Egoh, B., Willemen, L., Liquete, C., Vihervaara, P., Schägner, J. P., Grizzetti, B., 

Drakou, E. G., Notte, A. L., Zulian, G., Bouraoui, F., Luisa Paracchini, M., Braat, L., & 

Bidoglio, G. (2012). Mapping ecosystem services for policy support and decision making in 

the European Union. Ecosystem Services, 1(1), 31–39. 

https://doi.org/10.1016/j.ecoser.2012.06.004 

Malinga, R., Gordon, L. J., Jewitt, G., & Lindborg, R. (2015). Mapping ecosystem services 

across scales and continents – A review. Ecosystem Services, 13, 57–63. 

https://doi.org/10.1016/j.ecoser.2015.01.006 

Mangwale, K., Shackleton, C. M., & Sigwela, A. (2017). Changes in forest cover and carbon 

stocks of the coastal scarp forests of the Wild Coast, South Africa. Southern Forests: A 

Journal of Forest Science, 79(4), 305–315. https://doi.org/10.2989/20702620.2016.1255480 

Marando, F., Salvatori, E., Sebastiani, A., Fusaro, L., & Manes, F. (2019). Regulating 

Ecosystem Services and Green Infrastructure: Assessment of Urban Heat Island effect 

mitigation in the municipality of Rome, Italy. Ecological Modelling, 392, 92–102. 

https://doi.org/10.1016/j.ecolmodel.2018.11.011 

Martín-López, B., Gómez-Baggethun, E., Lomas, P. L., & Montes, C. (2009). Effects of 

spatial and temporal scales on cultural services valuation. Journal of Environmental 

Management, 90(2), 1050–1059. https://doi.org/10.1016/j.jenvman.2008.03.013 

https://doi.org/10.1038/s41598-022-04992-8
https://doi.org/10.1007/s10980-013-9912-y
https://doi.org/10.1136/jech.2005.043125
https://doi.org/10.1016/j.ecoser.2012.06.004
https://doi.org/10.1016/j.ecoser.2015.01.006
https://doi.org/10.2989/20702620.2016.1255480
https://doi.org/10.1016/j.ecolmodel.2018.11.011
https://doi.org/10.1016/j.jenvman.2008.03.013


132 

 

Martin, L. J., Quinn, J. E., Ellis, E. C., Shaw, M. R., Dorning, M. A., Hallett, L. M., Heller, 

N. E., Hobbs, R. J., Kraft, C. E., Law, E., Michel, N. L., Perring, M. P., Shirey, P. D., & 

Wiederholt, R. (2014). Conservation opportunities across the world’s anthromes. Diversity 

and Distributions, 20(7), 745–755. https://doi.org/10.1111/ddi.12220 

Matthew McConnachie, M., & Shackleton, C. M. (2010). Public green space inequality in 

small towns in South Africa. Habitat International, 34(2), 244–248. 

https://doi.org/10.1016/j.habitatint.2009.09.009 

McDonald, A. G., Bealey, W. J., Fowler, D., Dragosits, U., Skiba, U., Smith, R. I., Donovan, 

R. G., Brett, H. E., Hewitt, C. N., & Nemitz, E. (2007). Quantifying the effect of urban tree 

planting on concentrations and depositions of PM10 in two UK conurbations. Atmospheric 

Environment, 41(38), 8455–8467. https://doi.org/10.1016/j.atmosenv.2007.07.025 

McHale, M. R., Burke, I. C., Lefsky, M. A., Peper, P. J., & McPherson, E. G. (2009). Urban 

forest biomass estimates: Is it important to use allometric relationships developed specifically 

for urban trees? Urban Ecosystems, 12(1), 95–113. https://doi.org/10.1007/s11252-009-0081-

3 

McHale, M. R., Gregory McPherson, E., & Burke, I. C. (2007). The potential of urban tree 

plantings to be cost effective in carbon credit markets. Urban Forestry & Urban Greening, 

6(1), 49–60. https://doi.org/10.1016/j.ufug.2007.01.001 

McKINNEY, M. L. (2002). Urbanization, Biodiversity, and Conservation. BioScience, 

52(10), 883. https://doi.org/10.1641/0006-3568(2002)052[0883:UBAC]2.0.CO;2 

McKinney, M. L. (2006). Urbanization as a major cause of biotic homogenization. Biological 

conservation, 127(3), 247-260. 

McKinney, M. L. (2008). Effects of urbanization on species richness: A review of plants and 

animals. Urban Ecosystems, 11(2), 161–176. https://doi.org/10.1007/s11252-007-0045-4 

McPhearson, T., Andersson, E., Elmqvist, T., & Frantzeskaki, N. (2015). Resilience of and 

through urban ecosystem services. Ecosystem Services, 12, 152–156. 

https://doi.org/10.1016/j.ecoser.2014.07.012 

https://doi.org/10.1111/ddi.12220
https://doi.org/10.1016/j.habitatint.2009.09.009
https://doi.org/10.1016/j.atmosenv.2007.07.025
https://doi.org/10.1007/s11252-009-0081-3
https://doi.org/10.1007/s11252-009-0081-3
https://doi.org/10.1016/j.ufug.2007.01.001
https://doi.org/10.1641/0006-3568(2002)052%5b0883:UBAC%5d2.0.CO;2
https://doi.org/10.1007/s11252-007-0045-4
https://doi.org/10.1016/j.ecoser.2014.07.012


133 

 

McPhearson, T., Kremer, P., & Hamstead, Z. A. (2013). Mapping ecosystem services in New 

York City: Applying a social–ecological approach in urban vacant land. Ecosystem Services, 

5, 11–26. https://doi.org/10.1016/j.ecoser.2013.06.005 

McPherson, E.G. and Simpson, J.R. (1999) Carbon dioxide reduction through urban 

forestry: guidelines for professional and volunteer tree planters. PSW-GTR-171. Albany, 

CA: U.S. Department of Agriculture, Forest Service, Pacific Southwest Research Station, p. 

PSW-GTR-171. Available at: https://doi.org/10.2737/PSW-GTR-171. 

McPherson, E. G., Xiao, Q., & Aguaron, E. (2013). A new approach to quantify and map 

carbon stored, sequestered and emissions avoided by urban forests. Landscape and Urban 

Planning, 120, 70–84. https://doi.org/10.1016/j.landurbplan.2013.08.005 

Mendelsohn, R. et al. (2007) ‘Climate analysis with satellite versus weather station data’, 

Climatic Change, 81(1), pp. 71–83. Available at: https://doi.org/10.1007/s10584-006-9139-x. 

Mensah, S., Veldtman, R., Assogbadjo, A. E., Ham, C., Glèlè Kakaï, R., & Seifert, T. (2017). 

Ecosystem service importance and use vary with socio-environmental factors: A study from 

household-surveys in local communities of South Africa. Ecosystem Services, 23, 1–8. 

https://doi.org/10.1016/j.ecoser.2016.10.018 

Mensah, S., Veldtman, R., Du Toit, B., Glèlè Kakaï, R., & Seifert, T. (2016). Aboveground 

Biomass and Carbon in a South African Mistbelt Forest and the Relationships with Tree 

Species Diversity and Forest Structures. Forests, 7(12), 79. https://doi.org/10.3390/f7040079 

Meyerson, F. A., Merino, L., & Durand, J. (2007). Migration and environment in the context 

of globalization. Frontiers in Ecology and the Environment, 5(4), 182-190. 

Millennium Ecosystem Assessment (Program) (Ed.). (2005). (MEA): Ecosystems and human 

well-being: Synthesis. 

Mills, A. J., O’Connor, T. G., Donaldson, J. S., Fey, M. V., Skowno, A. L., Sigwela, A. M., 

Lechmere-Oertel, R. G., & Bosenberg, J. D. (2005). Ecosystem carbon storage under 

different land uses in three semi-arid shrublands and a mesic grassland in South Africa. South 

African Journal of Plant and Soil, 22(3), 183–190. 

https://doi.org/10.1080/02571862.2005.10634705 

https://doi.org/10.1016/j.ecoser.2013.06.005
https://doi.org/10.2737/PSW-GTR-171
https://doi.org/10.1016/j.landurbplan.2013.08.005
https://doi.org/10.1007/s10584-006-9139-x
https://doi.org/10.1016/j.ecoser.2016.10.018
https://doi.org/10.3390/f7040079
https://doi.org/10.1080/02571862.2005.10634705


134 

 

Mohajerani, A., Bakaric, J., & Jeffrey-Bailey, T. (2017). The urban heat island effect, its 

causes, and mitigation, with reference to the thermal properties of asphalt concrete. Journal 

of Environmental Management, 197, 522–538. 

https://doi.org/10.1016/j.jenvman.2017.03.095 

Molina, M. J., & Molina, L. T. (2004). Megacities and Atmospheric Pollution. Journal of the 

Air & Waste Management Association, 54(6), 644–680. 

https://doi.org/10.1080/10473289.2004.10470936 

Monteiro, R., Ferreira, J., & Antunes, P. (2020). Green Infrastructure Planning Principles: An 

Integrated Literature Review. Land, 9(12), 525. https://doi.org/10.3390/land9120525 

Moser, S., Meerow, S., Arnott, J., & Jack-Scott, E. (2019). The turbulent world of resilience: 

Interpretations and themes for transdisciplinary dialogue. Climatic Change, 153(1–2), 21–40. 

https://doi.org/10.1007/s10584-018-2358-0 

Moussa, S., Kyereh, B., Tougiani, A., Kuyah, S., & Saadou, M. (2019). West African 

Sahelian cities as source of carbon stocks: Evidence from Niger. Sustainable Cities and 

Society, 50, 101653. https://doi.org/10.1016/j.scs.2019.101653 

Mowat, S., & Rhodes, B. (2020). Identifying and assigning values to the intangible cultural 

benefits of ecosystem services to traditional communities in South Africa. South African 

Journal of Science, 116(7/8). https://doi.org/10.17159/sajs.2020/6970 

Muthu, A., & Santhi, M. H. (2015). Estimation of Surface Runoff Potential using SCS-CN 

Method Integrated with GIS. Indian Journal of Science and Technology, 8. 

https://doi.org/10.17485/ijst/2015/v8i28/83324 

Myers G (2021) Urbanisation in the Global South. In: Shackleton CM, Cilliers SS, Davoren 

E, du 

Nagendra, H., & Gopal, D. (2011). Tree diversity, distribution, history and change in urban 

parks: Studies in Bangalore, India. Urban Ecosystems, 14(2), 211–223. 

https://doi.org/10.1007/s11252-010-0148-1 

https://doi.org/10.1016/j.jenvman.2017.03.095
https://doi.org/10.1080/10473289.2004.10470936
https://doi.org/10.1007/s10584-018-2358-0
https://doi.org/10.1016/j.scs.2019.101653
https://doi.org/10.17159/sajs.2020/6970
https://doi.org/10.17485/ijst/2015/v8i28/83324
https://doi.org/10.1007/s11252-010-0148-1


135 

 

Naicker, N., Teare, J., Balakrishna, Y., Wright, C., & Mathee, A. (2017). Indoor 

Temperatures in Low Cost Housing in Johannesburg, South Africa. International Journal of 

Environmental Research and Public Health, 14. https://doi.org/10.3390/ijerph14111410 

Naidoo, R., Balmford, A., Costanza, R., Fisher, B., Green, R. E., Lehner, B., Malcolm, T. R., 

& Ricketts, T. H. (2008). Global mapping of ecosystem services and conservation priorities. 

Proceedings of the National Academy of Sciences, 105(28), 9495–9500. 

https://doi.org/10.1073/pnas.0707823105 

Nastran, M., Kobal, M., & Eler, K. (2019). Urban heat islands in relation to green land use in 

European cities. Urban Forestry & Urban Greening, 37, 33–41. 

https://doi.org/10.1016/j.ufug.2018.01.008 

National Planning Comission (2017). National development plan 2030, Our future- make it 

work. Department: The Presidency. South Africa 

Natural Capital Project, 2023. InVEST 3.14.1. Stanford University, University of Minnesota, 

Chinese Academy of Sciences, The Nature Conservancy, World Wildlife Fund, Stockholm 

Resilience Centre and the Royal Swedish Academy of 

Sciences. https://naturalcapitalproject.stanford.edu/software/invest 

Nero, B. F. (2017). Urban green space dynamics and socio-environmental inequity: multi-

resolution and spatiotemporal data analysis of Kumasi, Ghana. International Journal of 

Remote Sensing, 38(23), 6993–7020. https://doi.org/10.1080/01431161.2017.1370152 

Nero, B., Callo-Concha, D., & Denich, M. (2018). Structure, Diversity, and Carbon Stocks of 

the Tree Community of Kumasi, Ghana. Forests, 9(9), 519. https://doi.org/10.3390/f9090519 

Netshiluvhi T, Scholes RJ. 2001. Allometry of South African woodland trees. Report ENV-

P-I 2001-007. Pretoria: CSIR 

Newete, S. W., Abutaleb, K., & Byrne, M. J. (2022). Mapping the distribution and tree 

canopy cover of Jacaranda mimosifolia and Platanus × acerifolia in Johannesburg’s urban 

forest. Scientific Reports, 12(1), 5998. https://doi.org/10.1038/s41598-022-09780-y 

https://doi.org/10.3390/ijerph14111410
https://doi.org/10.1073/pnas.0707823105
https://doi.org/10.1016/j.ufug.2018.01.008
https://naturalcapitalproject.stanford.edu/software/invest
https://doi.org/10.1080/01431161.2017.1370152
https://doi.org/10.3390/f9090519
https://doi.org/10.1038/s41598-022-09780-y


136 

 

Niemelä, J. (2014). Ecology of urban green spaces: The way forward in answering major 

research questions. Landscape and Urban Planning, 125, 298–303. 

https://doi.org/10.1016/j.landurbplan.2013.07.014 

Nowak, D. J., & Crane, D. E. (2002). Carbon storage and sequestration by urban trees in the 

USA. Environmental Pollution, 116(3), 381–389. https://doi.org/10.1016/S0269-

7491(01)00214-7 

Nowak, D. J., & Crane, D. E. (2002). Carbon storage and sequestration by urban trees in the 

USA. Environmental Pollution, 116(3), 381–389. https://doi.org/10.1016/S0269-

7491(01)00214-7 

Nowak, D. J., & Greenfield, E. J. (2012). Tree and impervious cover change in U.S. cities. 

Urban Forestry & Urban Greening, 11(1), 21–30. https://doi.org/10.1016/j.ufug.2011.11.005 

Nowak, D. J., Greenfield, E. J., Hoehn, R. E., & Lapoint, E. (2013). Carbon storage and 

sequestration by trees in urban and community areas of the United States. Environmental 

Pollution, 178, 229–236. https://doi.org/10.1016/j.envpol.2013.03.019 

Nowak, D. J., Hirabayashi, S., Doyle, M., McGovern, M., & Pasher, J. (2018). Air pollution 

removal by urban forests in Canada and its effect on air quality and human health. Urban 

Forestry & Urban Greening, 29, 40–48. https://doi.org/10.1016/j.ufug.2017.10.019 

Nowak, D. J., Hoehn, R. E. I., Crane, D. E., Weller, L., & Davila, Antonio. (2011). Assessing 

urban forest effects and values, Los Angeles’ urban forest (NRS-RB-47; p. NRS-RB-47). 

U.S. Department of Agriculture, Forest Service, Northern Research Station. 

https://doi.org/10.2737/NRS-RB-47 

Nowak, D.J. (1994) Air pollution removal by Chicago’s urban forest, Chicago’s urban forest 

ecosystem: Results of the Chicago urban forest climate project pp. 63–81. 

Nowak, D.J., 1994. Atmospheric carbon dioxide reduction by Chicago’s urban forest. In: 

McPherson, E.G., Nowak, D.J., Rowntree, R.A. (Eds.), Chicago’s Urban Forest Ecosystem: 

Results of the Chicago Urban Forest Climate Project. General Technical Report. Northeastern 

Forest Experiment Station-186, pp. 83–94 

https://doi.org/10.1016/j.landurbplan.2013.07.014
https://doi.org/10.1016/S0269-7491(01)00214-7
https://doi.org/10.1016/S0269-7491(01)00214-7
https://doi.org/10.1016/S0269-7491(01)00214-7
https://doi.org/10.1016/S0269-7491(01)00214-7
https://doi.org/10.1016/j.ufug.2011.11.005
https://doi.org/10.1016/j.envpol.2013.03.019
https://doi.org/10.1016/j.ufug.2017.10.019
https://doi.org/10.2737/NRS-RB-47


137 

 

NRCS-USDA. (2004). Chapter 10. Estimation of Direct Runoff from Storm Rainfall. In 

United States Department of Agriculture (Ed.), Part 630 Hydrology. National Engineering 

Handbook 

Ntshane & Gambiza. (2016). Habitat assessment for ecosystem services in South Africa. 

International Journal of Biodiversity Science, Ecosystem Services & Management, 12(4), 

242–254. https://doi.org/10.1080/21513732.2016.1217935 

O’Donoghue, A., & Shackleton, C. M. (2013). Current and potential carbon stocks of trees in 

urban parking lots in towns of the Eastern Cape, South Africa. Urban Forestry & Urban 

Greening, 12(4), 443–449. https://doi.org/10.1016/j.ufug.2013.07.001 

O’Farrell, P. J., Anderson, P. M. L., Le Maitre, D. C., & Holmes, P. M. (2012). Insights and 

Opportunities Offered by a Rapid Ecosystem Service Assessment in Promoting a 

Conservation Agenda in an Urban Biodiversity Hotspot. Ecology and Society, 17(3), art27. 

https://doi.org/10.5751/ES-04886-170327 

Parresol, B.R., 1999. Assessing tree and stand biomass: a review with examples and critical 

comparisons. Forest science, 45(4), pp.573-593. 

Pataki, D. E., Alig, R. J., Fung, A. S., Golubiewski, N. E., Kennedy, C. A., Mcpherson, E. G., 

Nowak, D. J., Pouyat, R. V., & Romero Lankao, P. (2006). Urban ecosystems and the North 

American carbon cycle: URBAN ECOSYSTEMS AND THE NORTH AMERICAN 

CARBON CYCLE. Global Change Biology, 12(11), 2092–2102. 

https://doi.org/10.1111/j.1365-2486.2006.01242.x 

Paul, M. J., & Meyer, J. L. (2001). Streams in the urban landscape. Annual review of Ecology 

and Systematics, 32(1), 333-365. 

Pauleit, S., Liu, L., Ahern, J., & Kazmierczak, A. (2011). Multifunctional Green 

Infrastructure Planning to Promote Ecological Services in the City. Handbook of Urban 

Ecology, 272–285. https://doi.org/10.1093/acprof:oso/9780199563562.003.0033 

Pauleit, S., Vasquéz, A., Maruthaveeran, S., Liu, L., & Cilliers, S. S. (2021). Urban Green 

Infrastructure in the Global South. In C. M. Shackleton, S. S. Cilliers, E. Davoren, & M. J. du 

Toit (Eds.), Urban Ecology in the Global South (pp. 107–143). Springer International 

Publishing. https://doi.org/10.1007/978-3-030-67650-6_5 

https://doi.org/10.1080/21513732.2016.1217935
https://doi.org/10.1016/j.ufug.2013.07.001
https://doi.org/10.5751/ES-04886-170327
https://doi.org/10.1111/j.1365-2486.2006.01242.x
https://doi.org/10.1093/acprof:oso/9780199563562.003.0033
https://doi.org/10.1007/978-3-030-67650-6_5


138 

 

Pearson, T., Walker, S., & Brown, S. (2005). Sourcebook for land use, land-use change and 

forestry projects (pp. 1–64). Washington, DC: BioCarbon Fund and Winrock International. 

Pickett, S. T. A., Cadenasso, M. L., Grove, J. M., Boone, C. G., Groffman, P. M., Irwin, E., 

Kaushal, S. S., Marshall, V., McGrath, B. P., Nilon, C. H., Pouyat, R. V., Szlavecz, K., Troy, 

A., & Warren, P. (2011). Urban ecological systems: Scientific foundations and a decade of 

progress. Journal of Environmental Management, 92(3), 331–362. 

https://doi.org/10.1016/j.jenvman.2010.08.022 

Pickett, S. T. A., Cadenasso, M. L., Grove, J. M., Nilon, C. H., Pouyat, R. V., Zipperer, W. 

C., & Costanza, R. (2001). Urban Ecological Systems: Linking Terrestrial Ecological, 

Physical, and Socioeconomic Components of Metropolitan Areas. Annual Review of Ecology 

and Systematics, 32(1), 127–157. https://doi.org/10.1146/annurev.ecolsys.32.081501.114012 

Potgieter, L. J., Gaertner, M., Kueffer, C., Larson, B. M. H., Livingstone, S. W., O’Farrell, P. 

J., & Richardson, D. M. (2017). Alien plants as mediators of ecosystem services and 

disservices in urban systems: A global review. Biological Invasions, 19(12), 3571–3588. 

https://doi.org/10.1007/s10530-017-1589-8 

Poudyal, N. C., Bowker, J. M., & Siry, J. P. (2015). Factors influencing buyers’ willingness 

to offer price premiums for carbon credits sourced from urban forests. International Journal 

of Sustainable Society, 7(3), 205. https://doi.org/10.1504/IJSSOC.2015.071302 

Pouyat, R.V., Yesilonis, I.D. and Nowak, D.J., 2006. Carbon storage by urban soils in the 

United States 

Pregitzer, C.C. et al. (2022) ‘Estimating carbon storage in urban forests of New York City’, 

Urban Ecosystems, 25(2), pp. 617–631. Available at: https://doi.org/10.1007/s11252-021-

01173-9. 

Quagliolo, C., Comino, E., & Pezzoli, A. (2021). Experimental Flash Floods Assessment 

Through Urban Flood Risk Mitigation (UFRM) Model: The Case Study of Ligurian Coastal 

Cities. Frontiers in Water, 3, 663378. https://doi.org/10.3389/frwa.2021.663378 

Quinlan, A. E., Berbés-Blázquez, M., Haider, L. J., & Peterson, G. D. (2016). Measuring and 

assessing resilience: Broadening understanding through multiple disciplinary perspectives. 

Journal of Applied Ecology, 53(3), 677–687. https://doi.org/10.1111/1365-2664.12550 

https://doi.org/10.1016/j.jenvman.2010.08.022
https://doi.org/10.1146/annurev.ecolsys.32.081501.114012
https://doi.org/10.1007/s10530-017-1589-8
https://doi.org/10.1504/IJSSOC.2015.071302
https://doi.org/10.1007/s11252-021-01173-9
https://doi.org/10.1007/s11252-021-01173-9
https://doi.org/10.3389/frwa.2021.663378
https://doi.org/10.1111/1365-2664.12550


139 

 

Raciti, S. M., Hutyra, L. R., & Newell, J. D. (2014). Mapping carbon storage in urban trees 

with multi-source remote sensing data: Relationships between biomass, land use, and 

demographics in Boston neighborhoods. Science of The Total Environment, 500–501, 72–83. 

https://doi.org/10.1016/j.scitotenv.2014.08.070 

Raciti, S. M., Hutyra, L. R., Rao, P., & Finzi, A. C. (2012). Inconsistent definitions of 

“urban” result in different conclusions about the size of urban carbon and nitrogen stocks. 

Ecological Applications, 22(3), 1015–1035. https://doi.org/10.1890/11-1250.1 

Radford, K. G., & James, P. (2013). Changes in the value of ecosystem services along a 

rural–urban gradient: A case study of Greater Manchester, UK. Landscape and Urban 

Planning, 109(1), 117–127. https://doi.org/10.1016/j.landurbplan.2012.10.007 

Ramyar, R. et al. (2020) ‘Ecosystem services mapping for green infrastructure planning–The 

case of Tehran’, Science of The Total Environment, 703, p. 135466. Available at: 

https://doi.org/10.1016/j.scitotenv.2019.135466. 

Ramyar, R., & Zarghami, E. (2017). Green infrastructure contribution for climate change 

adaptation in urban landscape context. Applied Ecology and Environmental Research, 15(3), 

1193-1209. 

Ramyar, R., Saeedi, S., Bryant, M., Davatgar, A., & Mortaz Hedjri, G. (2020). Ecosystem 

services mapping for green infrastructure planning–The case of Tehran. Science of The Total 

Environment, 703, 135466. https://doi.org/10.1016/j.scitotenv.2019.135466 

Ravallion, Martin, Shaohua Chen, and Prem Sangraula. (2007), "New Evidence on the 

Urbanization of Global Poverty," Policy Research Working Paper No. 4199 (Washington: 

World Bank); http://econ.worldbank.org/docsearch 

Ravanelli, R. et al. (2018). Monitoring the Impact of Land Cover Change on Surface Urban 

Heat Island through Google Earth Engine: Proposal of a Global Methodology, First 

Applications and Problems, Remote Sensing, 10(9), p. 1488. Available at: 

https://doi.org/10.3390/rs10091488. 

Rebelo, A. J., Morris, C., Meire, P., & Esler, K. J. (2019). Ecosystem services provided by 

South African palmiet wetlands: A case for investment in strategic water source areas. 

Ecological Indicators, 101, 71–80. https://doi.org/10.1016/j.ecolind.2018.12.043 

https://doi.org/10.1016/j.scitotenv.2014.08.070
https://doi.org/10.1890/11-1250.1
https://doi.org/10.1016/j.landurbplan.2012.10.007
https://doi.org/10.1016/j.scitotenv.2019.135466
https://doi.org/10.1016/j.scitotenv.2019.135466
http://econ.worldbank.org/docsearch
https://doi.org/10.3390/rs10091488
https://doi.org/10.1016/j.ecolind.2018.12.043


140 

 

Republic of South Africa (RSA), 2004, National Environmental Management: Biodiversity 

Act 10 of 2004, Proc. R47/Government Gazette No. 26887/20041008.  

Revi, A., D.E. Satterthwaite, F. Aragón-Durand, J. Corfee-Morlot, R.B.R. Kiunsi, M. Pelling, 

D.C. Roberts, and W. Solecki, 2014: Urban areas. In: Climate Change 2014: Impacts, 

Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working 

Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 

[Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. 

Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. 

MacCracken, P.R. Mastrandrea, and L.L.White (eds.)]. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA, pp. 535-612. 

Reyers, B., O’Farrell, P. J., Cowling, R. M., Egoh, B. N., Le Maitre, D. C., & Vlok, J. H. J. 

(2009). Ecosystem Services, Land-Cover Change, and Stakeholders: Finding a Sustainable 

Foothold for a Semiarid Biodiversity Hotspot. Ecology and Society, 14(1), art38. 

https://doi.org/10.5751/ES-02867-140138 

Ribeiro, N. S., Matos, C. N., Moura, I. R., Washington-Allen, R. A., & Ribeiro, A. I. (2013). 

Monitoring vegetation dynamics and carbon stock density in miombo woodlands. Carbon 

Balance and Management, 8(1), 11. https://doi.org/10.1186/1750-0680-8-11 

Rizwan, A. M., Dennis, L. Y. C., & Liu, C. (2008). A review on the generation, 

determination and mitigation of Urban Heat Island. Journal of Environmental Sciences, 

20(1), 120–128. https://doi.org/10.1016/S1001-0742(08)60019-4  

Rocha, A. D., Vulova, S., Meier, F., Förster, M., & Kleinschmit, B. (2022). Mapping 

evapotranspirative and radiative cooling services in an urban environment. Sustainable Cities 

and Society, 85, 104051. https://doi.org/10.1016/j.scs.2022.104051 

Rosenzweig C, Solecki WD, Slosberg RB. 2006. Mitigating New York City’s heat island 

with urban forestry, living roofs, and light surfaces. In: Savi P, editor. New York City 

Regional Heat Island Initiative Final Report. New York (NY): New York State Energy 

Research and Development Authority; p. 4–8. 

Rosenzweig, B., Ruddell, B. L., McPhillips, L., Hobbins, R., McPhearson, T., Cheng, Z., 

Chang, H., & Kim, Y. (2019). Developing knowledge systems for urban resilience to 

https://doi.org/10.5751/ES-02867-140138
https://doi.org/10.1186/1750-0680-8-11
https://doi.org/10.1016/S1001-0742(08)60019-4
https://doi.org/10.1016/j.scs.2022.104051


141 

 

cloudburst rain events. Environmental Science & Policy, 99, 150–159. 

https://doi.org/10.1016/j.envsci.2019.05.020 

Roy, S., Byrne, J., & Pickering, C. (2012). A systematic quantitative review of urban tree 

benefits, costs, and assessment methods across cities in different climatic zones. Urban 

Forestry & Urban Greening, 11(4), 351–363. https://doi.org/10.1016/j.ufug.2012.06.006 

Russo, A. et al. (2014) Assessing urban tree carbon storage and sequestration in Bolzano, 

Italy. International Journal of Biodiversity Science, Ecosystem Services & Management, 

10(1), pp. 54–70. Available at: https://doi.org/10.1080/21513732.2013.873822. 

Sander, H., Polasky, S., & Haight, R. G. (2010). The value of urban tree cover: A hedonic 

property price model in Ramsey and Dakota Counties, Minnesota, USA. Ecological 

Economics, 69(8), 1646–1656. https://doi.org/10.1016/j.ecolecon.2010.03.011 

Sandström, U. G. (2002). Green Infrastructure Planning in Urban Sweden. Planning Practice 

and Research, 17(4), 373–385. https://doi.org/10.1080/02697450216356 

Santamouris, M. (2015). Regulating the damaged thermostat of the cities—Status, impacts 

and mitigation challenges. Energy and Buildings, 91, 43–56. 

https://doi.org/10.1016/j.enbuild.2015.01.027 

Santamouris, M. (2018). Minimizing energy consumption, energy poverty and global and 

local climate change in the built environment: innovating to zero: causalities and impacts in a 

zero concept world. Elsevier. 

Santamouris, M. (2020). Recent progress on urban overheating and heat island research. 

Integrated assessment of the energy, environmental, vulnerability and health impact. 

Synergies with the global climate change. Energy and Buildings, 207, 109482. 

https://doi.org/10.1016/j.enbuild.2019.109482 

Sathyakumar, V., Ramsankaran, R., & Bardhan, R. (2019). Linking remotely sensed Urban 

Green Space (UGS) distribution patterns and Socio-Economic Status (SES) - A multi-scale 

probabilistic analysis based in Mumbai, India. GIScience & Remote Sensing, 56(5), 645–669. 

https://doi.org/10.1080/15481603.2018.1549819 

https://doi.org/10.1016/j.envsci.2019.05.020
https://doi.org/10.1016/j.ufug.2012.06.006
https://doi.org/10.1080/21513732.2013.873822
https://doi.org/10.1016/j.ecolecon.2010.03.011
https://doi.org/10.1080/02697450216356
https://doi.org/10.1016/j.enbuild.2015.01.027
https://doi.org/10.1016/j.enbuild.2019.109482
https://doi.org/10.1080/15481603.2018.1549819


142 

 

Savard, J.-P. L., Philippe Clergeau, Philippe Clergeau, Clergeau, P., & Mennechez, G. 

(2000). Biodiversity concepts and urban ecosystems. Landscape and Urban Planning, 

48(34), 131–142. https://doi.org/10.1016/s0169-2046(00)00037-2 

Schäffler, A., & Swilling, M. (2013). Valuing green infrastructure in an urban environment 

under pressure—The Johannesburg case. Ecological Economics, 86, 246–257. 

https://doi.org/10.1016/j.ecolecon.2012.05.008 

Schlaepfer, M. A., Guinaudeau, B. P., Martin, P., & Wyler, N. (2020). Quantifying the 

contributions of native and non-native trees to a city’s biodiversity and ecosystem services. 

Urban Forestry & Urban Greening, 56, 126861. https://doi.org/10.1016/j.ufug.2020.126861 

Schmitt-Harsh, M., Mincey, S. K., Patterson, M., Fischer, B. C., & Evans, T. P. (2013). 

Private residential urban forest structure and carbon storage in a moderate-sized urban area in 

the Midwest, United States. Urban Forestry & Urban Greening, 12(4), 454–463. 

https://doi.org/10.1016/j.ufug.2013.07.007 

Schneider, A., Friedl, M. A., & Potere, D. (2010). Mapping global urban areas using MODIS 

500-m data: New methods and datasets based on ‘urban ecoregions.’ Remote Sensing of 

Environment, 114(8), 1733–1746. https://doi.org/10.1016/j.rse.2010.03.003 

Scholz, T., Hof, A., & Schmitt, T. (2018). Cooling Effects and Regulating Ecosystem 

Services Provided by Urban Trees—Novel Analysis Approaches Using Urban Tree Cadastre 

Data. Sustainability, 10(3), 712. https://doi.org/10.3390/su10030712 

Schwarz, N., Lautenbach, S., & Seppelt, R. (2011). Exploring indicators for quantifying 

surface urban heat islands of European cities with MODIS land surface temperatures. Remote 

Sensing of Environment, 115(12), 3175–3186. https://doi.org/10.1016/j.rse.2011.07.003 

Scoville-Simonds, M., Jamali, H., & Hufty, M. (2020). The Hazards of Mainstreaming: 

Climate change adaptation politics in three dimensions. World Development, 125, 104683. 

https://doi.org/10.1016/j.worlddev.2019.104683 

Seboko, K. R., Kotze, E., van Tol, J., & van Zijl, G. (2021). Characterization of Soil Carbon 

Stocks in the City of Johannesburg. Land, 10(1), 83. https://doi.org/10.3390/land10010083 

https://doi.org/10.1016/s0169-2046(00)00037-2
https://doi.org/10.1016/j.ecolecon.2012.05.008
https://doi.org/10.1016/j.ufug.2020.126861
https://doi.org/10.1016/j.ufug.2013.07.007
https://doi.org/10.1016/j.rse.2010.03.003
https://doi.org/10.3390/su10030712
https://doi.org/10.1016/j.rse.2011.07.003
https://doi.org/10.1016/j.worlddev.2019.104683
https://doi.org/10.3390/land10010083


143 

 

Selmi, W., Weber, C., Rivière, E., Blond, N., Mehdi, L., & Nowak, D. (2016). Air pollution 

removal by trees in public green spaces in Strasbourg city, France. Urban Forestry & Urban 

Greening, 17, 192–201. https://doi.org/10.1016/j.ufug.2016.04.010 

Seppelt, R., Dormann, C. F., Eppink, F. V., Lautenbach, S., & Schmidt, S. (2011). A 

quantitative review of ecosystem service studies: Approaches, shortcomings and the road 

ahead: Priorities for ecosystem service studies. Journal of Applied Ecology, 48(3), 630–636. 

https://doi.org/10.1111/j.1365-2664.2010.01952.x 

Seto K.C., S. Dhakal, A. Bigio, H. Blanco, G.C. Delgado, D. Dewar, L. Huang, A. Inaba, A. 

Kansal, S. Lwasa, J.E. McMahon, D.B. Müller, J. Murakami, H. Nagendra, and A. 

Ramaswami, 2014: Human Settlements, Infrastructure and Spatial Planning. In: Climate 

Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change [Edenhofer, O., R. 

Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. 

Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. von Stechow, T. 

Zwickel and J.C. Minx (eds.)]. Cambridge University Press, Cambridge, United Kingdom 

and New York, NY, USA. 

Shackleton, C. M., & Scholes, R. J. (2011). Above ground woody community attributes, 

biomass and carbon stocks along a rainfall gradient in the savannas of the central lowveld, 

South Africa. South African Journal of Botany, 77(1), 184–192. 

https://doi.org/10.1016/j.sajb.2010.07.014 

Shackleton, C. M., Cilliers, S. S., Davoren, E., & du Toit, M. J. (Eds.). (2021). Urban 

Ecology in the Global South. Springer International Publishing. https://doi.org/10.1007/978-

3-030-67650-6 

Shackleton, C.M., Cilliers, S.S., du Toit, M.J., Davoren, E. (2021). The Need for an Urban 

Ecology of the Global South. In: Shackleton, C.M., Cilliers, S.S., Davoren, E., du Toit, M.J. 

(eds) Urban Ecology in the Global South. Cities and Nature. Springer, Cham. 

https://doi.org/10.1007/978-3-030-67650-6_1 

Shackleton, S., Chinyimba, A., Hebinck, P., Shackleton, C., & Kaoma, H. (2015). Multiple 

benefits and values of trees in urban landscapes in two towns in northern South Africa. 

https://doi.org/10.1016/j.ufug.2016.04.010
https://doi.org/10.1111/j.1365-2664.2010.01952.x
https://doi.org/10.1016/j.sajb.2010.07.014
https://doi.org/10.1007/978-3-030-67650-6
https://doi.org/10.1007/978-3-030-67650-6
https://doi.org/10.1007/978-3-030-67650-6_1


144 

 

Landscape and Urban Planning, 136, 76–86. 

https://doi.org/10.1016/j.landurbplan.2014.12.004 

Shen, Y., Sun, F., & Che, Y. (2017). Public green spaces and human wellbeing: Mapping the 

spatial inequity and mismatching status of public green space in the Central City of Shanghai. 

Urban Forestry & Urban Greening, 27, 59–68. https://doi.org/10.1016/j.ufug.2017.06.018 

Shi, L., & Liu, S. (2017). Methods of Estimating Forest Biomass: A Review. In J. S. 

Tumuluru (Ed.), Biomass Volume Estimation and Valorization for Energy. InTech. 

https://doi.org/10.5772/65733 

Shochat, E., Warren, P. S., Faeth, S. H., McIntyre, N. E., & Hope, D. (2006). From patterns 

to emerging processes in urban evolutionary ecology. Trends Ecol Evol, 21, 186-191. 

Shrestha, S. et al. (2021) ‘Impact of Land Use Change Due to Urbanisation on Surface 

Runoff Using GIS-Based SCS–CN Method: A Case Study of Xiamen City, China’, Land, 

10(8), p. 839. Available at: https://doi.org/10.3390/land10080839. 

Sieber, J., & Pons, M. (2015). Assessment of Urban Ecosystem Services using Ecosystem 

Services Reviews and GIS-based Tools. Procedia Engineering, 115, 53–60. 

https://doi.org/10.1016/j.proeng.2015.07.354 

Sjöman, H., Morgenroth, J., Sjöman, J. D., Sæbø, A., & Kowarik, I. (2016). Diversification 

of the urban forest—Can we afford to exclude exotic tree species? Urban Forestry & Urban 

Greening, 18, 237–241. https://doi.org/10.1016/j.ufug.2016.06.011 

Skelhorn, C., Lindley, S., & Levermore, G. (2014). The impact of vegetation types on air and 

surface temperatures in a temperate city: A fine scale assessment in Manchester, UK. 

Landscape and Urban Planning, 121, 129–140. 

https://doi.org/10.1016/j.landurbplan.2013.09.012 

Smithwick, E. A. H. (2019). Carbon stocks and biodiversity of coastal lowland forests in 

South Africa: Implications for aligning sustainable development and carbon mitigation 

initiatives. Carbon Management, 10(4), 349–360. 

https://doi.org/10.1080/17583004.2019.1620035 

https://doi.org/10.1016/j.landurbplan.2014.12.004
https://doi.org/10.1016/j.ufug.2017.06.018
https://doi.org/10.5772/65733
https://doi.org/10.3390/land10080839
https://doi.org/10.1016/j.proeng.2015.07.354
https://doi.org/10.1016/j.ufug.2016.06.011
https://doi.org/10.1016/j.landurbplan.2013.09.012
https://doi.org/10.1080/17583004.2019.1620035


145 

 

Soil Conservation Service, 1972. SCS National Engineering Handbook. US Department of 

Agriculture, Washington, DC. 

South African National Biodiversity Institute (SANBI) and Statistics South Africa. (2021). 

Ecosystem accounts for South Africa: Report of the NCAVES Project. Developed in 

partnership with United Nations Statistical Division and United Nations Environment 

Programme. SANBI, Pretoria. Pp 1-117.  

South African Weather Service (SAWS) (2021) Regional Weather and Climate of South 

Africa: Gauteng. Project report 1. 

Speak, A., Escobedo, F. J., Russo, A., & Zerbe, S. (2020). Total urban tree carbon storage 

and waste management emissions estimated using a combination of LiDAR, field 

measurements and an end-of-life wood approach. Journal of Cleaner Production, 256, 

120420. https://doi.org/10.1016/j.jclepro.2020.120420 

Stessens, P., Khan, A. Z., Huysmans, M., & Canters, F. (2017). Analysing urban green space 

accessibility and quality: A GIS-based model as spatial decision support for urban ecosystem 

services in Brussels. Ecosystem Services, 28, 328–340. 

https://doi.org/10.1016/j.ecoser.2017.10.016 

Stoffberg, G. H., van Rooyen, M. W., van der Linde, M. J., & Groeneveld, H. T. (2010). 

Carbon sequestration estimates of indigenous street trees in the City of Tshwane, South 

Africa. Urban Forestry & Urban Greening, 9(1), 9–14. 

https://doi.org/10.1016/j.ufug.2009.09.004 

Stone, B., Hess, J. J., & Frumkin, H. (2010). Urban Form and Extreme Heat Events: Are 

Sprawling Cities More Vulnerable to Climate Change Than Compact Cities? Environmental 

Health Perspectives, 118(10), 1425–1428. https://doi.org/10.1289/ehp.0901879 

Strohbach, M. W., & Haase, D. (2012). Above-ground carbon storage by urban trees in 

Leipzig, Germany: Analysis of patterns in a European city. Landscape and Urban Planning, 

104(1), 95–104. https://doi.org/10.1016/j.landurbplan.2011.10.001 

Sun, D., Pinker, R. T., & Basara, J. B. (2004). Land surface temperature estimation from the 

https://doi.org/10.1016/j.jclepro.2020.120420
https://doi.org/10.1016/j.ecoser.2017.10.016
https://doi.org/10.1016/j.ufug.2009.09.004
https://doi.org/10.1289/ehp.0901879
https://doi.org/10.1016/j.landurbplan.2011.10.001


146 

 

Sun, Y., Xie, S., & Zhao, S. (2019). Valuing urban green spaces in mitigating climate 

change: A city‐wide estimate of aboveground carbon stored in urban green spaces of China’s 

Capital. Global Change Biology, 25(5), 1717–1732. https://doi.org/10.1111/gcb.14566 

Sunyer, J. (2002). Effect of nitrogen dioxide and ozone on the risk of dying in patients with 

severe asthma. Thorax, 57(8), 687–693. https://doi.org/10.1136/thorax.57.8.687 

Szantoi, Z., Escobedo, F., Wagner, J., Rodriguez, J. M., & Smith, S. (2012). Socioeconomic 

Factors and Urban Tree Cover Policies in a Subtropical Urban Forest. GIScience & Remote 

Sensing, 49(3), 428–449. https://doi.org/10.2747/1548-1603.49.3.428 

Tallis, M., Taylor, G., Sinnett, D., & Freer-Smith, P. (2011). Estimating the removal of 

atmospheric particulate pollution by the urban tree canopy of London, under current and 

future environments. Landscape and Urban Planning, 103(2), 129–138. 

https://doi.org/10.1016/j.landurbplan.2011.07.003 

Tavares, P.A. et al. (2019). Urban Ecosystem Services Quantification through Remote 

Sensing Approach: A Systematic Review, Environments, 6(5), p. 51. 

doi:10.3390/environments6050051. 

Te Chow, V., Maidment, D. R., & Mays, L. W. (1988). Applied hydrology. 

TEEB (2011). TEEB Manual for Cities: Ecosystem Services in Urban Management. The 

Economics of Ecosystems and Biodiversity (TEEB): Geneva. 

Thomas, K., & Littlewood, S. (2010). From Green Belts to Green Infrastructure? The 

Evolution of a New Concept in the Emerging Soft Governance of Spatial Strategies. 

Planning Practice & Research, 25(2), 203–222. https://doi.org/10.1080/02697451003740213 

Timilsina, N., Beck, J. L., Eames, M. S., Hauer, R., & Werner, L. (2017). A comparison of 

local and general models of leaf area and biomass of urban trees in USA. Urban Forestry & 

Urban Greening, 24, 157–163. https://doi.org/10.1016/j.ufug.2017.04.003 

Tiwary, A., Sinnett, D., Peachey, C., Chalabi, Z., Vardoulakis, S., Fletcher, T., Leonardi, G., 

Grundy, C., Azapagic, A., & Hutchings, T. R. (2009). An integrated tool to assess the role of 

new planting in PM10 capture and the human health benefits: A case study in London. 

Environmental Pollution, 157(10), 2645–2653. https://doi.org/10.1016/j.envpol.2009.05.005 

https://doi.org/10.1111/gcb.14566
https://doi.org/10.1136/thorax.57.8.687
https://doi.org/10.2747/1548-1603.49.3.428
https://doi.org/10.1016/j.landurbplan.2011.07.003
https://doi.org/10.3390/environments6050051
https://doi.org/10.1080/02697451003740213
https://doi.org/10.1016/j.ufug.2017.04.003
https://doi.org/10.1016/j.envpol.2009.05.005


147 

 

Todes, A., Weakley, D., & Harrison, P. (2018). Densifying Johannesburg: context, policy and 

diversity. Journal of Housing and the Built Environment, 33(2), 281–299. 

https://doi.org/10.1007/s10901-017-9561-6 

Toit MJ (eds) Urban ecology in the Global South. Springer, Cham, pp 27–49 

Tomlinson, C.J. et al. (2011) ‘Remote sensing land surface temperature for meteorology and 

climatology: a review’, Meteorological Applications, 18(3), pp. 296–306. Available at: 

https://doi.org/10.1002/met.287. 

TPRSA: The Presidency, Republic of South Africa. (2023). Just Energy Transition 

Implementation Plan 2023-2037. Available at: 

https://www.stateofthenation.gov.za/assets/downloads/JET%20Implementation%20Plan%20

2023-2027.pdf 

Tratalos, J. et al. (2007). Urban form, biodiversity potential and ecosystem services, 

Landscape and Urban Planning, 83(4), pp. 308–317. doi:10.1016/j.landurbplan.2007.05.003. 

Troy, A., & Wilson, M. A. (2006). Mapping ecosystem services: Practical challenges and 

opportunities in linking GIS and value transfer. Ecological Economics, 60(2), 435–449. 

https://doi.org/10.1016/j.ecolecon.2006.04.007 

Turpie, J. K., Forsythe, K. J., Knowles, A., Blignaut, J., & Letley, G. (2017). Mapping and 

valuation of South Africa’s ecosystem services: A local perspective. Ecosystem Services, 27, 

179–192. https://doi.org/10.1016/j.ecoser.2017.07.008 

Turton, A. et al. (2006) ‘Gold, Scorched Earth and Water: The Hydropolitics of 

Johannesburg’, International Journal of Water Resources Development, 22(2), pp. 313–335. 

Available at: https://doi.org/10.1080/07900620600649827. 

Turton, A., Schultz, C., Buckle, H., Kgomongoe, M., Malungani, T., & Drackner, M. (2006). 

Gold, Scorched Earth and Water: The Hydropolitics of Johannesburg. International Journal 

of Water Resources Development, 22(2), 313–335. 

https://doi.org/10.1080/07900620600649827 

Tzoulas, K., & Greening, K. (2011). Urban Ecology and Human Health. In Urban Ecology. 

Oxford University Press. https://doi.org/10.1093/acprof:oso/9780199563562.003.0032 

https://doi.org/10.1007/s10901-017-9561-6
https://doi.org/10.1002/met.287
https://www.stateofthenation.gov.za/assets/downloads/JET%20Implementation%20Plan%202023-2027.pdf
https://www.stateofthenation.gov.za/assets/downloads/JET%20Implementation%20Plan%202023-2027.pdf
https://doi.org/10.1016/j.landurbplan.2007.05.003
https://doi.org/10.1016/j.ecolecon.2006.04.007
https://doi.org/10.1016/j.ecoser.2017.07.008
https://doi.org/10.1080/07900620600649827
https://doi.org/10.1080/07900620600649827
https://doi.org/10.1093/acprof:oso/9780199563562.003.0032


148 

 

Tzoulas, K., Korpela, K., Venn, S., Yli-Pelkonen, V., Kaźmierczak, A., Niemela, J., & 

James, P. (2007). Promoting ecosystem and human health in urban areas using Green 

Infrastructure: A literature review. Landscape and Urban Planning, 81(3), 167–178. 

https://doi.org/10.1016/j.landurbplan.2007.02.001 

(UFORE) Model: Field Data Collection Manual. US Department of Agriculture 

UN-Habitat, 2008. State of the World’s Cities 2008/2009 – Harmonious Cities. UNHabitat, 

Nairobi. 

UNFCCC (2015). Measurements for Estimation of Carbon Stocks in Afforestation and 

Reforestation Project Activities under the Clean Development Mechanism: A Field Manual 

UNFCCC. 2009. Approved simplified baseline and monitoring methodology for small-scale 

agroforestry - afforestation and reforestation project activities under the clean development 

mechanism. AR-AMS0004 / Version 02, Sectoral Scope 14.Bonn: UNFCCC. 

UNFCCC (United Nations Framework Convention on Climate) 

United Nations Population Division, World Urbanization Prospects: The 2005 Revision 

(United Nations, New York, 2006). 

United Nations, Department of Economic and Social Affairs, Population Division (2019). 

World Urbanization Prospects: The 2018 Revision (ST/ESA/SER.A/420). New York: United 

Nations. 

UNPF (United Nations Population Fund), “State of world population 2007: unleashing the 

potential of urban growth” (United Nations Population Fund, New York, 2007). 

USDA (United States Department of Agriculture) - Natural Resource Conservation Service 

(USDA-NRCS), Urban Hydrology for Small Watersheds TR-55 (1986) 

USGS, 2013. Filling the Gaps to Use in Scientific Analysis. . 

http://landsat.usgs.gov/sci_an.php. 

van den Berg, M., van Poppel, M., van Kamp, I., Andrusaityte, S., Balseviciene, B., Cirach, 

M., Danileviciute, A., Ellis, N., Hurst, G., Masterson, D., Smith, G., Triguero-Mas, M., 

Uzdanaviciute, I., Wit, P. de, Mechelen, W. van, Gidlow, C., Grazuleviciene, R., 

https://doi.org/10.1016/j.landurbplan.2007.02.001
http://landsat.usgs.gov/sci_an.php


149 

 

Nieuwenhuijsen, M. J., Kruize, H., & Maas, J. (2016). Visiting green space is associated with 

mental health and vitality: A cross-sectional study in four european cities. Health & Place, 

38, 8–15. https://doi.org/10.1016/j.healthplace.2016.01.003 

 

van den Berg, M., Wendel-Vos, W., van Poppel, M., Kemper, H., van Mechelen, W., & 

Maas, J. (2015). Health benefits of green spaces in the living environment: A systematic 

review of epidemiological studies. Urban Forestry & Urban Greening, 14(4), 806–816. 

https://doi.org/10.1016/j.ufug.2015.07.008 

van Staden, E. M., & Stoffberg, G. H. (2021). The Greening Soweto tree-planting project in 

South Africa – Eliminating the “green divide” legacy of apartheid. Urban Forestry & Urban 

Greening, 65, 127371. https://doi.org/10.1016/j.ufug.2021.127371 

Veerkamp, C. J., Schipper, A. M., Hedlund, K., Lazarova, T., Nordin, A., & Hanson, H. I. 

(2021). A review of studies assessing ecosystem services provided by urban green and blue 

infrastructure. Ecosystem Services, 52, 101367. https://doi.org/10.1016/j.ecoser.2021.101367 

Venter, Z. S., Shackleton, C. M., Van Staden, F., Selomane, O., & Masterson, V. A. (2020). 

Green Apartheid: Urban green infrastructure remains unequally distributed across income 

and race geographies in South Africa. Landscape and Urban Planning, 203, 103889. 

https://doi.org/10.1016/j.landurbplan.2020.103889 

Vieira, J., Matos, P., Mexia, T., Silva, P., Lopes, N., Freitas, C., Correia, O., Santos-Reis, M., 

Branquinho, C., & Pinho, P. (2018). Green spaces are not all the same for the provision of air 

purification and climate regulation services: The case of urban parks. Environmental 

Research, 160, 306–313. https://doi.org/10.1016/j.envres.2017.10.006 

Villarreal, E. L., & Bengtsson, L. (2005). Response of a Sedum green-roof to individual rain 

events. Ecological Engineering, 25(1), 1–7. https://doi.org/10.1016/j.ecoleng.2004.11.008 

 

Vojtek, M. and Vojteková, J. (2016). GIS-based Approach to Estimate Surface Runoff in 

Small Catchments: A Case Study, Quaestiones Geographicae, 35(3), pp. 97–116. Available 

at: https://doi.org/10.1515/quageo-2016-0030. 

https://doi.org/10.1016/j.healthplace.2016.01.003
https://doi.org/10.1016/j.ufug.2015.07.008
https://doi.org/10.1016/j.ufug.2021.127371
https://doi.org/10.1016/j.ecoser.2021.101367
https://doi.org/10.1016/j.landurbplan.2020.103889
https://doi.org/10.1016/j.envres.2017.10.006
https://doi.org/10.1016/j.ecoleng.2004.11.008
https://doi.org/10.1515/quageo-2016-0030


150 

 

Voogt, J. A., & Oke, T. R. (2003). Thermal remote sensing of urban climates. Remote 

Sensing of Environment, 86(3), 370–384. https://doi.org/10.1016/S0034-4257(03)00079-8 

Wang, C., Wang, Z.-H., Wang, C., & Myint, S. W. (2019). Environmental cooling provided 

by urban trees under extreme heat and cold waves in U.S. cities. Remote Sensing of 

Environment, 227, 28–43. https://doi.org/10.1016/j.rse.2019.03.024 

Wang, F. et al. (2015). An Improved Mono-Window Algorithm for Land Surface 

Temperature Retrieval from Landsat 8 Thermal Infrared Sensor Data, Remote Sensing, 7(4), 

pp. 4268–4289. Available at: https://doi.org/10.3390/rs70404268. 

Wang, J., & Banzhaf, E. (2018). Towards a better understanding of Green Infrastructure: A 

critical review. Ecological Indicators, 85, 758–772. 

https://doi.org/10.1016/j.ecolind.2017.09.018 

Wangai, P. W., Burkhard, B., & Müller, F. (2016). A review of studies on ecosystem services 

in Africa. International Journal of Sustainable Built Environment, 5(2), 225–245. 

https://doi.org/10.1016/j.ijsbe.2016.08.005 

Weissert, L. F., Salmond, J. A., & Schwendenmann, L. (2014). A review of the current 

progress in quantifying the potential of urban forests to mitigate urban CO2 emissions. Urban 

Climate, 8, 100–125. https://doi.org/10.1016/j.uclim.2014.01.002 

Weng, Q. (2001). Modeling Urban Growth Effects on Surface Runoff with the Integration of 

Remote Sensing and GIS, Environmental Management, 28(6), pp. 737–748. Available at: 

https://doi.org/10.1007/s002670010258. 

        West, G. B., Brown, J. H., & Enquist, B. J. (1999). A general model for the structure and      

allometry of plant vascular systems. Nature, 400(6745), 664–667. 

https://doi.org/10.1038/23251 

Whitford, V. (2001) ‘“City form and natural process”—indicators for the ecological 

performance of urban areas and their application to Merseyside, UK’, Landscape and Urban 

Planning, 57(2), pp. 91–103. Available at: https://doi.org/10.1016/S0169-2046(01)00192-X. 

https://doi.org/10.1016/S0034-4257(03)00079-8
https://doi.org/10.1016/j.rse.2019.03.024
https://doi.org/10.3390/rs70404268
https://doi.org/10.1016/j.ecolind.2017.09.018
https://doi.org/10.1016/j.ijsbe.2016.08.005
https://doi.org/10.1016/j.uclim.2014.01.002
https://doi.org/10.1007/s002670010258
https://doi.org/10.1038/23251
https://doi.org/10.1016/S0169-2046(01)00192-X


151 

 

Wolch, J. R., Byrne, J., & Newell, J. P. (2014). Urban green space, public health, and 

environmental justice: The challenge of making cities ‘just green enough.’ Landscape and 

Urban Planning, 125, 234–244. https://doi.org/10.1016/j.landurbplan.2014.01.017 

Woldegerima, T., Yeshitela, K., & Lindley, S. (2017). Ecosystem services assessment of the 

urban forests of Addis Ababa, Ethiopia. Urban Ecosystems, 20(3), 683–699. 

https://doi.org/10.1007/s11252-016-0624-3 

Wolff, S., Schulp, C. J. E., Kastner, T., & Verburg, P. H. (2017). Quantifying Spatial 

Variation in Ecosystem Services Demand: A Global Mapping Approach. Ecological 

Economics, 136, 14–29. https://doi.org/10.1016/j.ecolecon.2017.02.005 

Wright, C. Y., Kapwata, T., du Preez, D. J., Wernecke, B., Garland, R. M., Nkosi, V., 

Landman, W. A., Dyson, L., & Norval, M. (2021). Major climate change-induced risks to 

human health in South Africa. Environmental Research, 196, 110973. 

https://doi.org/10.1016/j.envres.2021.110973 

Wu, J. (2014). Urban ecology and sustainability: The state-of-the-science and future 

directions. Landscape and Urban Planning, 125, 209–221. 

https://doi.org/10.1016/j.landurbplan.2014.01.018 

Wu, Z., & Zhang, Y. (2019). Water Bodies’ Cooling Effects on Urban Land Daytime Surface 

Temperature: Ecosystem Service Reducing Heat Island Effect. Sustainability, 11(3), 787. 

https://doi.org/10.3390/su11030787 

Xie, W., Huang, Q., He, C., & Zhao, X. (2018). Projecting the impacts of urban expansion on 

simultaneous losses of ecosystem services: A case study in Beijing, China. Ecological 

Indicators, 84, 183–193. https://doi.org/10.1016/j.ecolind.2017.08.055 

Xie, X., Semanjski, I., Gautama, S., Tsiligianni, E., Deligiannis, N., Rajan, R., Pasveer, F., & 

Philips, W. (2017). A Review of Urban Air Pollution Monitoring and Exposure Assessment 

Methods. ISPRS International Journal of Geo-Information, 6(12), 389. 

https://doi.org/10.3390/ijgi6120389 

Xing, Y., & Brimblecombe, P. (2019). Role of vegetation in deposition and dispersion of air 

pollution in urban parks. Atmospheric Environment, 201, 73–83. 

https://doi.org/10.1016/j.atmosenv.2018.12.027 

https://doi.org/10.1016/j.landurbplan.2014.01.017
https://doi.org/10.1007/s11252-016-0624-3
https://doi.org/10.1016/j.ecolecon.2017.02.005
https://doi.org/10.1016/j.envres.2021.110973
https://doi.org/10.1016/j.landurbplan.2014.01.018
https://doi.org/10.3390/su11030787
https://doi.org/10.1016/j.ecolind.2017.08.055
https://doi.org/10.3390/ijgi6120389
https://doi.org/10.1016/j.atmosenv.2018.12.027


152 

 

Yang, J., Yu, Q., & Gong, P. (2008). Quantifying air pollution removal by green roofs in 

Chicago. Atmospheric Environment, 42(31), 7266–7273. 

https://doi.org/10.1016/j.atmosenv.2008.07.003 

Yang, X., Peng, L. L. H., Jiang, Z., Chen, Y., Yao, L., He, Y., & Xu, T. (2020). Impact of 

urban heat island on energy demand in buildings: Local climate zones in Nanjing. Applied 

Energy, 260, 114279. https://doi.org/10.1016/j.apenergy.2019.114279 

Yao, Z. et al. (2015). Spatial dynamics of aboveground carbon stock in urban green space: a 

case study of Xi’an, China, Journal of Arid Land, 7(3), pp. 350–360. Available at: 

https://doi.org/10.1007/s40333-014-0082-9. 

 

Yao, L., Li, T., Xu, M., & Xu, Y. (2020). How the landscape features of urban green space 

impact seasonal land surface temperatures at a city-block-scale: An urban heat island study in 

Beijing, China. Urban Forestry & Urban Greening, 52, 126704. 

https://doi.org/10.1016/j.ufug.2020.126704  

Yin, Z., Liu, Z., Liu, X., Zheng, W., & Yin, L. (2023). Urban heat islands and their effects on 

thermal comfort in the US: New York and New Jersey. Ecological Indicators, 154, 110765. 

https://doi.org/10.1016/j.ecolind.2023.110765 

Yoon, T. K., Park, C.-W., Lee, S. J., Ko, S., Kim, K. N., Son, Y., Lee, K. H., Oh, S., Lee, W.-

K., & Son, Y. (2013). Allometric equations for estimating the aboveground volume of five 

common urban street tree species in Daegu, Korea. Urban Forestry & Urban Greening, 

12(3), 344–349. https://doi.org/10.1016/j.ufug.2013.03.006 

Young, R., Zanders, J., Lieberknecht, K., & Fassman-Beck, E. (2014). A comprehensive 

typology for mainstreaming urban green infrastructure. Journal of Hydrology, 519, 2571–

2583. https://doi.org/10.1016/j.jhydrol.2014.05.048 

Zardo, L., Geneletti, D., Pérez-Soba, M., & Van Eupen, M. (2017). Estimating the cooling 

capacity of green infrastructures to support urban planning. Ecosystem Services, 26, 225–235. 

https://doi.org/10.1016/j.ecoser.2017.06.016 

https://doi.org/10.1016/j.atmosenv.2008.07.003
https://doi.org/10.1016/j.apenergy.2019.114279
https://doi.org/10.1007/s40333-014-0082-9
https://doi.org/10.1016/j.ufug.2020.126704
https://doi.org/10.1016/j.ecolind.2023.110765
https://doi.org/10.1016/j.ufug.2013.03.006
https://doi.org/10.1016/j.jhydrol.2014.05.048
https://doi.org/10.1016/j.ecoser.2017.06.016


153 

 

Zengeya, T., Ivey, P., Woodford, D. J., Weyl, O., Novoa, A., Shackleton, R., Richardson, D., 

& Van Wilgen, B. (2017). Managing conflict-generating invasive species in South Africa: 

Challenges and trade-offs. Bothalia, 47(2). https://doi.org/10.4102/abc.v47i2.2160 

Zeng, Z., Tang, G., Hong, Y., Zeng, C., & Yang, Y. (2017). Development of an NRCS curve 

number global dataset using the latest geospatial remote sensing data for worldwide 

hydrologic applications. Remote Sensing Letters, 8(6), 528–536. 

https://doi.org/10.1080/2150704X.2017.1297544 

Zhang, S., & Muñoz Ramírez, F. (2019). Assessing and mapping ecosystem services to 

support urban green infrastructure: The case of Barcelona, Spain. Cities, 92, 59–70. 

https://doi.org/10.1016/j.cities.2019.03.016 

Zhang, S., & Muñoz Ramírez, F. (2019). Assessing and mapping ecosystem services to 

support urban green infrastructure: The case of Barcelona, Spain. Cities, 92, 59–70. 

https://doi.org/10.1016/j.cities.2019.03.016 

Zhao, M., Kong, Z., Escobedo, F. J., & Gao, J. (2010). Impacts of urban forests on offsetting 

carbon emissions from industrial energy use in Hangzhou, China. Journal of Environmental 

Management, 91(4), 807–813. https://doi.org/10.1016/j.jenvman.2009.10.010 

Zhao, S., Tang, Y., & Chen, A. (2016). Carbon Storage and Sequestration of Urban Street 

Trees in Beijing, China. Frontiers in Ecology and Evolution, 4. 

https://doi.org/10.3389/fevo.2016.00053 

Zhou, W., Cao, F., & Wang, G. (2019). Effects of Spatial Pattern of Forest Vegetation on 

Urban Cooling in a Compact Megacity. Forests, 10(3), 282. 

https://doi.org/10.3390/f10030282 

Zhou, W., Huang, G., Pickett, S. T. A., Wang, J., Cadenasso, M. L., McPhearson, T., Grove, 

J. M., & Wang, J. (2021). Urban tree canopy has greater cooling effects in socially vulnerable 

communities in the US. One Earth, 4(12), 1764–1775. 

https://doi.org/10.1016/j.oneear.2021.11.010 

Zhou, W., Wang, J., & Cadenasso, M. L. (2017). Effects of the spatial configuration of trees 

on urban heat mitigation: A comparative study. Remote Sensing of Environment, 195, 1–12. 

https://doi.org/10.1016/j.rse.2017.03.043 

https://doi.org/10.4102/abc.v47i2.2160
https://doi.org/10.1080/2150704X.2017.1297544
https://doi.org/10.1016/j.cities.2019.03.016
https://doi.org/10.1016/j.cities.2019.03.016
https://doi.org/10.1016/j.jenvman.2009.10.010
https://doi.org/10.3389/fevo.2016.00053
https://doi.org/10.3390/f10030282
https://doi.org/10.1016/j.oneear.2021.11.010
https://doi.org/10.1016/j.rse.2017.03.043


154 

 

Zianis, D. (2008) ‘Predicting mean aboveground forest biomass and its associated variance’, 

Forest Ecology and Management, 256(6), pp. 1400–1407. Available at: 

https://doi.org/10.1016/j.foreco.2008.07.002. 

Ziervogel, G., New, M., Archer van Garderen, E., Midgley, G., Taylor, A., Hamann, R., 

Stuart-Hill, S., Myers, J., & Warburton, M. (2014). Climate change impacts and adaptation in 

South Africa: Climate change impacts in South Africa. Wiley Interdisciplinary Reviews: 

Climate Change, 5(5), 605–620. https://doi.org/10.1002/wcc.295 

Zipperer, W. C., Sisinni, S. M., Pouyat, R. V., & Foresman, T. W. (1997). Urban tree cover: 

An ecological perspective. Urban Ecosystems, 1(4), 229–246. 

https://doi.org/10.1023/A:1018587830636 

Zuo, H., Chen, B., Wang, S., Guo, Y., Zuo, B., Wu, L., & Gao, X. (2016). Observational 

study on complementary relationship between pan evaporation and actual evapotranspiration 

and its variation with pan type. Agricultural and Forest Meteorology, 222, 1–9. 

https://doi.org/10.1016/j.agrformet.2016.03.002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.foreco.2008.07.002
https://doi.org/10.1002/wcc.295
https://doi.org/10.1023/A:1018587830636
https://doi.org/10.1016/j.agrformet.2016.03.002


155 

 

8. Appendices 
 

Appendix A: Field sample points and strata selection 

 

Strata selection 

 

To select meaningful strata, the ESA tree cover layer was integrated with the SANLC LU 

map, and the land use classes were sorted by their percentage tree cover and area (ha) of tree 

cover (Table 1). This data, alongside ground truthing, was used to select the four dominant 

green space types in the city as strata for sampling (Table 2). 

 

Table A1: Percentage and area tree cover of each South African National Landcover (2020) 

land use in Johannesburgt. 

NLC Land Use Tree Cover 

(%) 

Area Tree 

Cover (ha) 

Proportion of 

total Tree cover 

(% area) * 

Residential Formal (Tree) 75.722 63779200 24.529 

Residential Formal (Bush) 56103 9006400 3.464 

Contiguous Low Forest & 

Thicket (combined classes) 

56.028 3534000 1.359 

Temporary Unplanted Forest 53.673 6149600 2.365 

Smallholdings (Tree) 53.302 17263600 6.639 

Contiguous & Dense Planted 

Forest (combined classes) 

51.871 12688800 4.880 

Smallholdings (Bush) 47.211 904000 0.348 

Dense Forest & Woodland (35 - 

75% cc) 

44.991 28515200 10.967 

Natural Rivers 42.301 208800 0.080 

Open & Sparse Planted Forest 41.688 1642000 0.632 

Residential Informal (Tree) 29.352 195600 0.075 

Urban Recreational Fields 

(Bush) 

27.841 78400 0.030 

Residential Informal (Bush) 27.143 15200 0.006 

Open Woodland (10 - 35% cc) 24.637 3073200 1.182 

Urban Recreational Fields 

(Tree) 

22.420 2784800 1.071 

Residential Formal (low veg / 

grass) 

22.150 51527600 19.817 

Herbaceous Wetlands (currently 

mapped) 

21.890 8414000 3.236 

Village Scattered (bare only) 18.704 3255600 1.252 

Herbaceous Wetlands (previous 

mapped extent) 

18.309 3433600 1.321 
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NLC Land Use Tree Cover 

(%) 

Area Tree 

Cover (ha) 

Proportion of 

total Tree cover 

(% area) * 

Smallholdings (low veg / grass) 14.528 9591200 3.689 

Fallow Land & Old Fields 

(Bush) 

12.139 50400 0.019 

Cultivated Commercial 

Permanent Orchards 

10.469 11600 0.004 

Fallow Land & Old Fields 

(Trees) 

10.359 440800 0.170 

Urban Recreational Fields 

(Grass) 

10.060 1542000 0.593 

Artificial Dams (incl. canals) 8.785 366000 0.141 

Sparsely Wooded Grassland (5 - 

10% cc) 

6.911 6800 0.003 

Fallow Land & Old Fields 

(wetlands) 

6.825 274400 0.106 

Natural Grassland 6.162 18308400 7.041 

Natural Pans (flooded at obsv 

time) 

5.622 63600 0.024 

Dry Pans 5.585 16800 0.006 

Bare Riverbed Material 5.386 27600 0.011 

Village Dense (bare only) 5.000 203200 0.078 

Smallholdings (Bare) 4.853 898800 0.346 

Commercial Annuals Non-Pivot 

Irrigated 

4.131 29200 0.011 

Artificial Sewage Ponds 3.706 22800 0.009 

Residential Informal (low veg / 

grass) 

3.697 467200 0.180 

Artificial Flooded Mine Pits 3.070 25600 0.010 

Urban Recreational Fields 

(Bare) 

2.856 78000 0.030 

Landfills 2.856 31200 0.012 

Natural Rock Surfaces 2.854 68400 0.026 

Mines: Extraction Sites: Open 

Cast & Quarries combined 

2.786 270800 0.104 

Commercial 2.338 2433200 0.936 

Residential Formal (Bare) 2.301 6072800 2.336 

Subsistence / Small-Scale 

Annual Crops 

2.201 62400 0.024 

Other Bare 1.893 338800 0.130 

Roads & Rail (Major Linear) 1.393 85200 0.033 
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NLC Land Use Tree Cover 

(%) 

Area Tree 

Cover (ha) 

Proportion of 

total Tree cover 

(% area) * 

Mines: Waste (Tailings) & 

Resource Dumps 

1.357 273600 0.105 

Industrial 1.066 648000 0.249 

Fallow Land & Old Fields 

(Grass) 

0.740 484400 0.186 

Low Shrubland (other regions) 0.626 6400 0.002 

Fallow Land & Old Fields 

(Bare) 

0.586 28800 0.011 

Commercial Annuals Crops 

Rain-Fed / Dryland / Non-

Irrigated 

0.520 233600 0.090 

Residential Informal (Bare) 0.457 77600 0.030 

*Represents the proportion each land use contributes to the total tree cover (area) in the city 

of Johannesburg. 

 

 

 

 

 

 

 

 

Table A2: SANLC classes used for sampling, proportion of total tree cover and estimated 

number of trees for each of the four selected urban forest types in Johannesburg. 

Urban Forest Type Constituent SANLC Classes 
Tree Cover 

Proportion (%) 

Estimated Number of trees (CoJ JCP, 

2013; Schäffler & Swilling, 2013) 

Park 

Contiguous & Dense Planted Forest (combined 

classes), Temporary Unplanted Forest, Urban 

Recreational Fields (Bush), Urban Recreational 

Fields (Tree), Urban Recreational Fields (Grass), 

Dense Forest & Woodland, Open & Sparse 

Planted Forest 

20.57 2 million (Parks and Nature Reserves) 

Nature Reserve 

Open Woodland, Dense Forest & Woodland, 

Natural Grassland, Sparsely Wooded Grassland 

and *manual reclassification 

8.23 2 million (Parks and Nature Reserves) 
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Garden 
Residential Formal (Tree), Residential Formal 

(Bush), Residential Formal (Bare) 
47.18 % 4 million 

Roadside *Manually re-classified from existing classes N/A 1.5 million 

*Note Roadside trees are not categorised in the SANLC Dataset and were therefore manually 

re-classified from existing classes (see below). Tree cover proportion is based on the ESA 

tree cover dataset with reference to the constituent SANLC classes and is therefore 

unavailable for Roadside trees. 

 

Sample point generation 

 

The NLC dataset did not contain a LU which demarcates roadside trees, thus one was created 

manually and reclassified from existing NLC land classes according to the methods presented 

in Figure A1. 
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Figure A1: GIS Workflow and example imagery of the creation of a roadside (RS) tree cover layer. Green boxes represent key outputs, grey 

boxes inputs and white boxes represent temporary products, methodological steps or GIS tool.
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Appendix B: Curve number value assignment 

 

 

Table B1: Curve numbers assigned to each land use in the South African National Land 

Cover (SANLC) 2020 dataset, for use in the inVEST urban flood risk mitigation model. 

 

Land Use Description 
LU 

code 
CN Value 

 
Hydrologic Soil group 

 

 A B C D 

Contiguous Low Forest 

& Thicket (combined 

classes) 

 

2 30 55 70 77 

Dense Forest & 

Woodland (35 - 75% cc) 

 

3 30 55 70 77 

Open Woodland (10 - 

35% cc) 

 

4 35 60 73 79 

Contiguous & Dense 

Planted Forest (combined 

classes) 

 

5 30 55 70 77 

Open & Sparse Planted 

Forest 

 

6 40 65 76 82 

Temporary Unplanted 

Forest 

 

7 32 58 72 79 

Low Shrubland (other 

regions) 

 

8 30 48 65 73 

Sparsely Wooded 

Grassland (5 - 10% cc) 

 

12 39 60 73 79 

Natural Grassland 

 

13 39 60 73 79 

Natural Rivers 

 

14 100 100 100 100 

Natural Pans (flooded at 

observed time) 

18 100 100 100 100 
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Land Use Description 
LU 

code 
CN Value 

 
Hydrologic Soil group 

 

 A B C D 

 

Artificial Dams (incl. 

canals) 

 

19 100 100 100 100 

Artificial Sewage Ponds 

 

20 100 100 100 100 

Artificial Flooded Mine 

Pits 

 

21 100 100 100 100 

Herbaceous Wetlands 

(currently mapped) 

 

22 100 100 100 100 

Herbaceous Wetlands 

(previous mapped extent) 

 

23 100 100 100 100 

Fallow Land & Old 

Fields (wetlands) 

 

73 100 100 100 100 

Cultivated Commercial 

 

Permanent Orchards 

 

32 32 58 72 79 

Commercial Annuals 

Pivot Irrigated 

 

38 63 73 81 84 

Commercial Annuals 

Non-Pivot Irrigated 

 

39 63 73 81 84 

Commercial Annuals 

Crops Rain-Fed / 

Dryland / Non-Irrigated 

 

40 63 73 81 84 

Subsistence / Small-

Scale Annual Crops 

 

41 63 73 81 84 

Fallow Land & Old 

Fields (Trees) 

 

42 70 80 86 89 
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Land Use Description 
LU 

code 
CN Value 

 
Hydrologic Soil group 

 

 A B C D 

Fallow Land & Old 

Fields (Bush) 

 

43 69 80 86 88 

Fallow Land & Old 

Fields (Grass) 

 

44 74 83 88 90 

Fallow Land & Old 

Fields (Bare) 

 

45 77 86 91 94 

Smallholdings (Tree) 

 

57 59 69 79 82 

Smallholdings (Bush) 

 

58 59 69 78 82 

Smallholdings (low veg / 

grass) 

 

59 62 72 81 84 

Smallholdings (Bare) 

 

60 65 75 83 86 

Natural Rock Surfaces 

 

25 75 85 89 94 

Dry Pans 

 

26 72 82 88 90 

Bare Riverbed Material 

 

30 72 82 88 90 

Other Bare 

 

31 74 84 90 92 

Landfills 

 

72 82 82 82 82 

Residential Formal 

(Tree) 

 

47 41 62 75 81 

Residential Formal 

(Bush) 

 

48 49 68 79 83 

Residential Formal (low 

veg / grass) 

 

49 57 72 81 86 
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Land Use Description 
LU 

code 
CN Value 

 
Hydrologic Soil group 

 

 A B C D 

Residential Formal 

(Bare) 

 

50 70 81 87 90 

Residential Informal 

(Tree) 

 

51 56 72 81 85 

Residential Informal 

(Bush) 

 

52 57 72 81 86 

Residential Informal 

(low veg / grass) 

 

53 76 84 89 91 

Residential Informal 

(Bare) 

 

54 77 85 90 92 

Village Scattered (bare 

only) 

 

55 61 70 78 82 

Village Dense (bare 

only) 

 

56 62 71 79 83 

Urban Recreational 

Fields (Tree) 

 

61 37 60 73 79 

Urban Recreational 

Fields (Bush) 

 

62 46 66 77 83 

Urban Recreational 

Fields (Grass) 

 

63 39 61 74 80 

Urban Recreational 

Fields (Bare) 

 

64 68 79 86 89 

Commercial 

 

65 83 89 92 94 

Industrial 

 

66 81 88 91 93 
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Land Use Description 
LU 

code 
CN Value 

 
Hydrologic Soil group 

 

 A B C D 

Roads & Rail (Major 

Linear) 

 

67 98 98 98 98 

Mines: Surface 

Infrastructure 

 

68 76 85 89 91 

Mines: Extraction Sites: 

Open Cast & Quarries 

combined 

 

69 76 85 89 91 

Mines: Extraction Sites: 

Salt Mines 

 

70 76 85 89 91 

Mines: Waste (Tailings) 

& Resource Dumps 

71 76 85 89 91 
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Appendix C: Ermida Land surface temperature method 

 

The methodology proposed by Ermida et al. (2020) is based on an algorithm which assesses 

the empirical relationship between top of atmosphere brightness and LST by applying simple 

linear regression (Sun et al., 2004; Li et al., 2013; Duguay-Tezlaff et al., 2015). The 

algorithm, as implemented by Ermida et al (2020), is presented in equation (C1). 

 

                    𝐿𝑆𝑇 = 𝐴𝑖

𝑇𝑏

𝜀
+ 𝐵𝑖

1

𝜀
+ 𝐶𝑖           (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐶1) 

 

Where Tb and 𝜀 denotes the top of atmosphere (TOA) brightness temperature and surface 

emissivity, respectively, within the same thermal infrared (TIR) channel. Ai, Bi and Ci 

represent the algorithm coefficients, derived from linear regressions of radiative transfer 

simulations, calibrated for different classes of total column water vapor. For further details on 

the input datasets, calibration, and validation of the algorithm, see Ermida et al (2020). 

 

The algorithm is implemented in Google Earth Engine, an Application Programming 

Interface (API), which runs on Javascript and is able to access satellite imagery databases, 

including Landsat. The code, written in Javascript, used to call upon the Ermida algorithm, 

using Landsat imagery on GEE, to determine land surface temperatures across Johannesburg, 

is presented below (see 'Source Code’). Note that the date inputs were subject to change, as 

temperature maps were generated across numerous time frames. 

 

Source Code 

 

// connects to code that calculates LST 

var LandsatLST = require('users/sofiaermida/landsat_smw_lst:modules/Landsat_LST.js') 

 

// select relevant date, study area and Landat satellite  

var geometry = ee.Geometry.Rectangle([27.704722, -26.509722, 28.226389, -25.910833]); 

var satellite = 'L8'; 

var date_start = '2022-03-16'; 

var date_end = '2022-03-30'; 

var use_ndvi = true; 

 

// Get the Landsat collection with additional variables 

// output includes fraction of veg cover, lst, surface emiisivity for thermal infrared band, total 

water column vapor and landsat original bands which are clound matched 

var LandsatColl = LandsatLST.collection(satellite, date_start, date_end, geometry, use_ndvi) 

print(LandsatColl) 

 

// Select the first feature 

var exImage = LandsatColl.first(); 
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var cmap1 = ['blue', 'cyan', 'green', 'yellow', 'red']; 

var cmap2 = ['F2F2F2','EFC2B3','ECB176','E9BD3A','E6E600','63C600','00A600'];  

 

Map.centerObject(geometry) 

Map.addLayer(exImage.select('TPW'),{min:0.0, max:60.0, palette:cmap1},'TCWV') 

Map.addLayer(exImage.select('TPWpos'),{min:0.0, max:9.0, palette:cmap1},'TCWVpos') 

Map.addLayer(exImage.select('FVC'),{min:0.0, max:1.0, palette:cmap2}, 'FVC') 

Map.addLayer(exImage.select('EM'),{min:0.9, max:1.0, palette:cmap1}, 'Emissivity') 

Map.addLayer(exImage.select('B10'),{min:290, max:320, palette:cmap1}, 'TIR BT') 

Map.addLayer(exImage.select('LST'),{min:290, max:320, palette:cmap1}, 'LST') 

Map.addLayer(exImage.multiply(0.0001),{bands: ['B4', 'B3', 'B2'], min:0, max:0.3}, 'RGB') 

 

Export.image.toDrive({ 

  image: exImage.select('LST'), 

  description: 'LST', 

  scale: 30, 

  region: geometry, 

  fileFormat: 'GeoTIFF', 
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Appendix D 

 

 

Due to their relatively small area, nature reserves, protected areas, and remnant indigenous 

vegetation with tree cover (woodland) were manually delineated within ArcGIS. LU maps 

were compared to satellite imagery and ground truthing was used to verify the occurrences of 

planted forest or woodland and natural woodland in SANLC classes 1-7. Existing LU classes 

within these areas (SANLC Values: 3,5,7,61) were reclassified to a new class representing 

natural (indigenous) woodland (new value=75). Where sparse woodland occurred in these 

areas (6) they were reclassified to sparse natural woodland (new value =76). These LU 

classes were then merged into a single layer. The remaining areas with tree cover in the 

forest/woodland classes (3,5,6,7,61) were considered to represent planted forest and human-

made urban green spaces. These three classes were then assigned carbon storage values 

accordingly based on NR and Park field values. The reclassified land uses were used as 

masks for the original SANLC raster, to ensure there is no overlap. Then, the mosaic to new 

raster tool was used to combine all LU’s into a single raster for use in extrapolation. 

 

Outside of the four key strata which were sampled in the remaining land uses were assigned a 

generic value. This value was determined by averaging the carbon storage of the four 

sampled Strata (64.4 t/ha). Natural (indigenous woodlands) were assigned a carbon storage 

value equivalent to municipal nature reserved from the field.  

 

Other key assumptions included that 70% of the formal residential (tree) LU consisted of 

garden or tree cover. This was based on the % tree cover extracted from the ESA dataset and 

ground-truthing. Finally, the look-up table tool in ArcGIS was used to assign C storage 

values to the SANLC LU raster. The full value assigned to each SANLC land use is 

presented in Table D1 below. 

 

 

Table D1: Carbon storage per pixel values assigned to each South African National Land 

Cover (NLC) land use for extrapolation, alongside the LU value and number of occurrences. 

Land Use 

C storage 

(tons/pixel 

400m2) 

C storage 

(t/ha) 

LU Value 

(NLC) 

Count 

(Pixels) 

Contiguous Low Forest & 

Thicket (combined classes) 
3.900 97.500 2 15767 

Dense Forest & Woodland (35 - 

75% cc) 
3.900 97.500 3 144769 

Open Woodland (10 - 35% cc) 0.975 24.375 4 31178 

Contiguous & Dense Planted 

Forest (combined classes)  
3.900 97.500 5 60727 

Open & Sparse Planted Forest 1.950 48.750 6 9704 
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Land Use 

C storage 

(tons/pixel 

400m2) 

C storage 

(t/ha) 

LU Value 

(NLC) 

Count 

(Pixels) 

Temporary Unplanted Forest 3.900 97.500 7 28638 

Low Shrubland (other regions) 0.000 0 8 17 

Sparsely Wooded Grassland (5 

- 10% cc) 
1.116 27.900 12 8 

Natural Grassland 1.116 27.900 13 50027 

Natural Rivers 2.576 64.400 14 538 

Natural Pans (flooded @ obsv 

time) 
2.576 64.400 18 169 

Artificial Dams (incl. canals) 0.000 0.00 19 867 

Artificial Sewage Ponds 0.000 0.00 20 67 

Artificial Flooded Mine Pits 0.000 0.000 21 53 

Herbaceous Wetlands (currently 

mapped) 
2.576 64.400 22 20626 

Herbaceous Wetlands (previous 

mapped extent) 
2.576 64.400 23 8339 

Natural Rock Surfaces 0.000 0.000 25 237 

Dry Pans 0.000 0.000 26 31 

Bare Riverbed Material 0.000 0.000 30 74 

Other Bare 0.000 0.000 31 1065 

Cultivated Commercial 

Permanent Orchards 
2.576 64.40- 32 29 

Commercial Annuals Pivot 

Irrigated 
2.576 64.400 38 9 

Commercial Annuals Non-Pivot 

Irrigated 
2.576 64.400 39 52 

Commercial Annuals Crops 

Rain-Fed / Dryland / Non-

Irrigated 

2.576 64.400 40 635 

Subsistence / Small-Scale 

Annual Crops 
2.576 64.400 41 144 

Fallow Land & Old Fields 

(Trees) 
2.576 64.400 42 10623 

Fallow Land & Old Fields 

(Bush) 
2.576 64.400 43 166 

Fallow Land & Old Fields 

(Grass) 
2.576 64.400 44 1590 
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Land Use 

C storage 

(tons/pixel 

400m2) 

C storage 

(t/ha) 

LU Value 

(NLC) 

Count 

(Pixels) 

Fallow Land & Old Fields 

(Bare) 
0.000 0.00 45 82 

Fallow Land & Old Fields 

(Low Shrub) 
2.576 64.400 46 2 

Residential Formal (Tree) 1.802 45.050 47 209402 

Residential Formal (Bush) 2.576 64.400 48 16725 

Residential Formal (low veg / 

grass) 
2.576 64.400 49 112729 

Residential Formal (Bare) 2.576 64.400 50 19135 

Residential Informal (Tree) 2.576 64.400 51 1639 

Residential Informal (Bush) 2.576 64.400 52 28 

Residential Informal (low veg / 

grass) 
2.576 64.400 53 994 

Residential Informal (Bare) 0.000 0.000 54 177 

Village Scattered (bare only) 0.000 0.000 55 7156 

Village Dense (bare only) 0.000 0.000 56 492 

Smallholdings (Tree) 2.576 64.400 57 80111 

Smallholdings (Bush) 2.576 64.400 58 1630 

Smallholdings (low veg / grass) 2.576 64.400 59 20667 

Smallholdings (Bare) 0.000 0.000 60 2658 

Urban Recreational Fields 

(Tree) 
3.900 97.500 61 30902 

Urban Recreational Fields 

(Bush) 
2.576 64.400 62 118 

Urban Recreational Fields 

(Grass) 
2.576 64,400 63 3505 

Urban Recreational Fields 

(Bare) 
0.000 0.000 64 235 

Commercial 2.576 64.400 65 6992 

Industrial 2.576 64.400 66 1680 

Roads & Rail (Major Linear) 0.000 0.000 67 291 

Mines: Extraction Sites: Open 

Cast & Quarries combined 
0.000 0.000 69 770 

Mines: Waste (Tailings) & 

Resource Dumps 
0.000 0.000 71 765 
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Land Use 

C storage 

(tons/pixel 

400m2) 

C storage 

(t/ha) 

LU Value 

(NLC) 

Count 

(Pixels) 

Land-fills 0.000 0.000 72 80 

Fallow Land & Old Fields 

(wetlands) 
2.576 64.400 73 682 

NR Forest/Woodland 1.116 27.900 75 14121 

NR sparse woodland 0.558 13.950 76 136 

Roadside Plantation* 2.713 67.825 77 38485 

* RS manually created LU, not included in original NLC Dataset. 

Note: LU Value refers to the identifying value of each land use in the original NLC Dataset. 

Number of occurrences (pixels) refers to only the tree covered pixels within each land use. 

 

 

 

Table D2: Landcover datasets used during extrapolation. 

 

Dataset Resolution Classes Description 

ESA world 

cover, 2021 

10m 11 The European Space Agency (ESA) 

world cover 10m, 2021 is a global 

landcover dataset, with a resolution of 

10m. It is based on Sentinel-1 and -2 

imagery. It consists of 11 LC classes, 

of which only tree cover (value =10) 

was utilised in this study.  

SANLC 2020 20m 73 Raster format, South African National 

Land-Cover 2020 (SANLC 2020) 

dataset was generated by mapping 

models, based on Sentinel 2 satellite 

imagery (20m resolution) between 

January-December 2020. 
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Appendix E 

 

UFRM Model implementation and mapping 

 

The UFRM model estimates runoff (Q) in mm by executing the SCS-CN method for each 

pixel i , defined by a LU type and Soil characteristics: 

 

𝑄𝑝,𝑖 =  {
(𝑃−0.2𝑆)2

𝑃+0.8𝑆
 𝑖𝑓 𝑃 > 0.2𝑆 }        (equation E1) 

 

Where P is the design storm depth (mm), S is the maximum potential runoff and 0.2S 

represents the initial abstraction (the minimum rainfall depth required to initiate runoff). The 

initial abstraction (λ) factor of 0.2 times the Smax was considered for the entire study area, 

although it should be noted that this is a simplification, albeit frequently used (Derkzen et al., 

2015; Kremer et al., 2016; Kadaverugu et al., 2021). 

 

S (mm) is a function of CN where: 

 

𝑆𝑖 =
2540

𝐶𝑁i
− 25.4           (equation E2)   

 

Runoff retention per pixel (Ri) is then calculated: 

 

𝑅𝑖 = 1 −
𝑄𝑝,𝑖

𝑃
         ( equation E3) 

 

Runoff retention volume (R(m3)) per pixel is then calculated as: 

 

𝑅(𝑚3) = 𝑅𝑖 ∗ 𝑃 ∗ 𝑝𝑖𝑥𝑒𝑙 𝑎𝑟𝑒𝑎 ∗ 10−3      (equation E4) 

 

With pixel area in m2. 

 

The inputs required to run the UFRM model in inVEST, alongside their formatting, are 

presented in Table E2. 

 

 

Table E2: Inputs into the inVEST UFRM (Urban Flood Risk Mitigation model) 

 

Data Format Description 

Study Area* Vector/Polygon Area of interest, map of areas for results to 

be aggregated over, watershed or sewer-shed 

boundaries. 
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Rainfall depth Unit (mm) Depth of rainfall for design storm 

Land use Raster Map of land use/land cover. Each value in 

the raster must have a corresponding value in 

the biophysical table. All results from the 

model are produced at the resolution of this 

raster. 

 

Hydrologic soil 

group 

Raster Map of the HSGs across the study area. Pixel 

values may range from 1-4, corresponding to 

the HSG groups A, B, C and D respectively. 

Biophysical table CSV Table of CN Data for each LU class across 

each of the four soil groups. Each LU code 

in the LU raster should have corresponding 

values in this table for each HSG. 

*Water sheds were delineated using ArcGIS hydrology tools, with a DEM (Digital Elevation 

Map) as the input (Figure 2) 
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Appendix F: Diversity across four sampled forest types 

 

Table F1: Diversity of sampled individuals in Roadside plantations across Johannesburg, 

South Africa. 

 

Genus No. of observations Relative 

proportion 

(%) 

Species* 

Pinus 47 15.99 P. canariensis (30), 

P. palustrus (7) 

P. pinaster (5), 

P. engelmannii (1), 

Unidentified (4) 

Celtis 38 12.93 C. sinensis (25), 

C. australis (7), 

C. Africana (5) 

 

 

 

Quercus 29 9.86 Q. suber (8), 

Q. acutissima (6), 

Q. robur (6), 

Q. rugosa (5), 

Q. cerris (2), 

Q. ilex (1), 

Q. palustris (1) 

 

 

Eucalyptus 22 7.48 E. saligna (6), 

E.  sideroxylon (6), 

E. camaldulensis (3), 

E. globulus (1), 

Unidentified (6) 

Casuarina 19 6.46 C. cunninghamiana (13), 

C. equisetifolia (6) 

 

 

Robinia 12 4.08 R. pseudoacacia 

 

Ligustrum 11 3.74 L. lucidum 

 

Olea 11 3.74 O. europaea subsp. Africana 

(10), O. europaea (1) 
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Genus No. of observations Relative 

proportion 

(%) 

Species* 

 

Searsia 11 3.74 S. lancea (9), 

S. leptodictya (1), 

S. pyroides (1) 

 

 

 

Ulmus 10 3.40 U. carpinifolia (4), 

U. parvifolia (3), 

U. procera (3) 

 

 

 

Taxodium 9 3.06 T.distichum 

 

Combretum 9 3.06 C. kraussii (7), 

C. erythrophyllum (2) 

 

 

Vachellia 8 2.72 V. sieberiana subsp. Woodii 

(6), 

V. gerrardi (2) 

 

Cedrus 7 2.38 C. deodara 

 

Cupressus 7 2.38 C.  sempervirens (5), 

C.  arizonica (1), 

C. funebris (1) 

 

Acer 5 1.70 A. buergerianum 

 

Jacaranda 5 1.70 J. mimosifolia 

 

Platycladus 5 1.70 P. orientalis 

 

Sequoia 5 1.70 Sequoia sempervirens 

 

Arbutus 4 1.36 A. unedo 

 

Viburnum 4 1.36 V. odoratissimum 



175 

 

Genus No. of observations Relative 

proportion 

(%) 

Species* 

 

Tilia 3 1.02 Tilia x europaea 

 

Callistemon 2 0.68 C. viminalis 

 

Cinnamomum 2 0.68 C. camphora 

 

Sengalia 2 0.68 S. caffra 

 

Melia 2 0.68 M. azedarach 

 

Araujia 1 0.34  

Morus 1 0.34 M. nigra 

 

Platanus 1 0.34 Platanus x acerifolia 

 

Styphnolobium 1 0.34 S. japonicum 

 

Zelkova 1 0.34 Z. carpinifolia 

 

*Number of observations per species in brackets where more than one species observed 

 

Table 2F: Diversity of sampled individuals in Nature Reserves across Johannesburg, South 

Africa 

Genus No. of 

observations 

Relative 

proportion (%) 

Species* 

Celtis 60 13.216 C. Africana (55), 

C. sinensis (5) 

 

Senegalia 51 11.233 S. caffra 

 

 

Eucalyptus 46 10.132 E. sideroxylon 

(23), 

E. camaldulensis 

(14), 

E.  globulus (5), 

E. saligna (2), 

Unidentified (2) 
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Genus No. of 

observations 

Relative 

proportion (%) 

Species* 

 

 

 

 

Vachellia 45 9.912 V. robusta (25), 

V. karroo (17), 

V. sieberiana 

subsp. Woodii 

(2), 

V. erioloba (1) 

 

 

 

Searsia 38 8.370 S. leptodictya 

(17), 

S. pyroides (15), 

S. lancea (6) 

 

 

Afrocanthium 28 6.167 A. gilfillanii (22), 

A. mundianum (6) 

 

 

Olea 24 5.286 O. europaea  

subsp. africana 

 

Ziziphus 18 3.965 Z. mucronate 

 

 

Combretum 17 3.744 C. 

erythrophyllum 

(14), 

C. apiculatum 

(1), 

C. hereroense 

(1), Unidentified 

(1) 
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Genus No. of 

observations 

Relative 

proportion (%) 

Species* 

 

Dais 15 3.304 D. cotinifolia 

 

Podocarpus 15 3.304 P. falcatus (8), 

P. latifolius (4), 

P. henkelii (3) 

 

Diospyros 14 3.084 D. lycioides 

 

Brachylaena 13 2.863 B. rotundata 

 

Acacia 8 1.762 A. decurrens (8) 

 

Mundulea 8 1.762 M. sericea 

 

 

Ehretia 6 1.322 E. rigida 

 

Protea 5 1.101 P. caffra 

 

Euclea 4 0.881 E. crispa 

 

Grewia 4 0.881 G. occidentalis 

 

Unidentified 4 0.881 - 

 

Uclea 4 0.881 U. crispa 

 

Vangueria 4 0.881 V. infausta 

 

Dombeya 3 0.661 D. rotundifolia 

 

Leucosidea 3 0.661 L. sericea 

 

Vepris 3 0.661 V. reflexa 

 

Dovyalis 2 0.441 D. zeyheri 

 

Aloe 1 0.220 A. barberae 

 

Commiphora 1 0.220 C. glandulosa 
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Genus No. of 

observations 

Relative 

proportion (%) 

Species* 

 

Cussonia 1 0.220 C. paniculata 

 

Ficus 1 0.220 Unidentified 

 

Gymnosporia 1 0.220 G. buxifolia 

 

Heteromorpha 1 0.220 H. arborescens 

 

Kiggelaria 1 0.220 K. africana 

 

Peltophorum 1 0.220 P. africana 

 

Pittosporum 1 0.220 P.  viridiflorum 

 

Prunus 1 0.220 P. serotina 

 

Trema 1 0.220 T. orientalis 

 

Ximenia 1 0.220 X. caffra 

 

 

*Number of observations per species in brackets where more than one species observed 

 

 

 

 

 

Table 3F: Diversity of sampled individuals in Gardens across Johannesburg, South Africa 

 

Genus No. of observations Relative 

proportion (%) 

Species* 

Viburnum 18 7.347 V. odoratissimum (14), 

V. tinus (4) 

 

 

Prunus 17 6.939 P. laurocerasus (7), 

P. domestica (5), 

P. cerasifera (1), P. 

persica (1), P. serotina 
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Genus No. of observations Relative 

proportion (%) 

Species* 

(1), P. serrulata (1), 

Unidentified (1) 

 

 

 

Celtis 16 6.531 C. africana (8), C. 

sinensis (8) 

Vachellia 15 6.122 V. xanthophloea (6), V. 

robusta (5), 

V. sieberiana var. 

woodii (3), V. karroo 

(1) 

 

 

Syzygium 13 5.306 S. paniculatum 

 

Laurus 12 4.898 L. nobilis 

 

Ligustrum 9 3.673 L. lucidum (6),        L. 

ovalifolium (3) 

 

 

Chamaecyparis 8 3.265 C. lawsoniana (7), C. 

obtusa (1) 

 

Ficus 7 2.857 F. carica 

 

Pittosporum 7 2.857 P. tenuifolium 

 

Duranta 6 2.449 D. erecta 

 

Indigofera 6 2.449 I. jucunda 

 

Lycianthes 6 2.449 L. rantonnetii 

 

Nuxia 6 2.449 N. floribunda 

 

Citrus 5 2.041 C. limon 

 

Jacaranda 5 2.041 J. mimosifolia 
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Genus No. of observations Relative 

proportion (%) 

Species* 

Callistemon 5 2.041 C. viminalis (4), 

C. citrinus (1) 

 

 

Podocarpus 5 2.041 P. henkelii (4), 

P. falcatus (1) 

 

 

Searsia 5 2.041 S.pyroides (3), 

S.lancea (1), 

S. penduline (1) 

 

 

N/A 4 1.633 - 

Populus 4 1.633 P. deltoides 

 

Brachychiton 4 1.633 B. acerifolius (3), 

B. populneus (1) 

 

 

Magnolia 4 1.633 M. denudate (1), 

M. figo (1), 

M. grandiflora (1) 

Magnolia x 

soulangeana (1)   

Brunfelsia 3 1.224 B. pauciflora 

 

Camellia 3 1.224 C. japonica 

 

Ceratonia 3 1.224 C.siliqua 

 

Olea 3 1.224 O. europaea subsp 

africana 

 

Acer 2 0.816 A. buergerianum 

 

Buddleja 2 0.816 B. davidii 

 

Cedrus 2 0.816 C. deodara 
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Genus No. of observations Relative 

proportion (%) 

Species* 

Cupressus 2 0.816 C. funebris 

 

Euonymus 2 0.816 E. japonicus 

 

Harpephyllum 2 0.816 H. caffrum 

 

Lagerstroemia 2 0.816 L. indica 

 

Liquidambar 2 0.816 L. styraciflua 

 

Platycladus 2 0.816 P.orientalis 

 

Yucca 2 0.816 Y. aloifolia 

 

Acca 1 0.408 A. sellowiana 

 

Beaucarnea 1 0.408 B. recurvata 

 

Bougainvillea 1 0.408 B. spectabilis 

 

Caesalpinia 1 0.408 C. ferrea 

 

Calpurnia 1 0.408 C.aurea 

 

Carya 1 0.408 C. illinoinensis 

 

Castanospermum 1 0.408 C. australe 

 

Cinnamomum 1 0.408 C. camphora 

 

Combretum 1 0.408 Unidentified 

Coprosma 1 0.408 C. repens 

 

Cordyline 1 0.408 C. australis 

 

Cyathea 1 0.408 C. australis 

 

Dais 1 0.408 D. cotinifolia 

 

Fraxinus 1 0.408 Unidentified 
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Genus No. of observations Relative 

proportion (%) 

Species* 

Ginkgo 1 0.408 G. biloba 

 

Hibiscus 1 0.408 H. rosa-sinensis 

 

Mackaya 1 0.408 M. bella 

 

Morus 1 0.408 M. alba 

 

Nerium 1 0.408 N.oleander 

 

Phoenix 1 0.408 P.roebelenii 

 

Phytolacca 1 0.408 P. dioica 

 

Pouteria 1 0.408 P. campechiana 

 

Rhaphiolepsis 1 0.408 R. indica 

 

Roystonea 1 0.408 R. regia 

 

Ulmus 1 0.408 U. carpinifolia 

 

Washingtonia 1 0.408 W. filifera 

 

 

 

 

 

 

Table 4F: Diversity of sampled individuals in Roadside plantations across Johannesburg, 

South Africa 

Genus No. of observations Relative proportion 

(%) 

Species* 

Jacaranda 61 32.275 J. mimosifolia 

 

Platanus 23 12.169 Platanus x acerifolia 

 

Brachychiton 15 7.937 B. discolor (11),  

B. acerifolius (5) 
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Genus No. of observations Relative proportion 

(%) 

Species* 

Searsia 11 5.820 S. lancea 

 

Celtis 11 5.820 C. sinensis (6),  

C. africana (5) 

 

 

Quercus 9 4.762 Q. palustris (6),  

Q. robur (1), 

Unidentified (1) 

 

 

Fraxinus 7 3.704 F.angustifolia 

 

Pinus 5 2.646 P. palustris 

 

Sengalia 5 2.646 S. caffra 

 

Trachycarpus 4 2.116 T. fortunei 

 

Acer 3 1.587 A.beuergerianum 

 

Cussonia 3 1.587 C. spicata 

 

Lagerstroemia 3 1.587 L. indica 

 

Liquidambar 3 1.587 L. styraciflua 

 

Roystonea 3 1.587 R. regia 

 

Combretum 2 1.058 C. erythrophyllum 

 

Corymbia 2 1.058 C. ficifolia 

 

Grevillea 2 1.058 G. robusta 

 

Ailanthus 1 0.529 A. altissima 

Aloe 1 0.529 A. barbera 

Calodendrum 1 0.529 C. capense 
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Genus No. of observations Relative proportion 

(%) 

Species* 

Cedrus 1 0.529 C. deodara 

Ceiba 1 0.529 C. speciosa 

Chamaecyparis 1 0.529 C. lawsoniana 

Cupressus 1 0.529 C. arizonica 

Erythrina 1 0.529 E. caffra 

Melaleuca 1 0.529 M. bracteata 

Morus 1 0.529 M. alba 

N/A 1 0.529 - 

Persia 1 0.529 P. americana 

Pittosporum 1 0.529 P.tenuifolium 

Schinus 1 0.529 S. terebinthifolius 

 

Vachellia 1 0.529 V.sieberiana 

 

Washingtonia 1 0.529 W. filifera 

 

Yucca 1 0.529 Y. aloifolia 
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Appendix G 

 

 
Figure G1: Average runoff retention across the administrative wards of Johannesburg, during 

a 12mm h-1 rainfall event.  
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Figure G2: Average runoff retention across the administrative wards of Johannesburg, during 

a 30mm h-1 rainfall event.  
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Figure G3: Average Runoff retention ratio across the administrative wards of Johannesburg, 

under a 12 mm h-1 rainfall event.  
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Figure G4: Average Runoff retention ratio across the administrative wards of Johannesburg, 

under a 30mm h-1 rainfall event.  
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Figure G5: Average Runoff across the administrative wards of Johannesburg, under a 12 mm 

h-1 rainfall event.  
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Figure G6: Average Runoff across the administrative wards of Johannesburg, under a 12 mm 

h-1 rainfall event.  
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