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ABSTRACT 

Global climate change is expected to shift the geographical distribution of tree species 

worldwide. Increasing empirical evidence has emerged showing that many tree species are 

already moving toward higher latitudes to track suitable climatic conditions. Yet, such 

movement cannot guarantee their survival, especially if the accessibility of suitable climates 

is highly constrained by species dispersal capabilities and human-created barriers. In order to 

assist forest migration, many efforts have been made to translocate tree species from their 

native ranges to locations where the climate is projected to be suitable in the future (known as 

assisted migration). However, there are concerns that such translocations may not be 

successful and may lead to unpredictable adverse consequences. This is because uncertainties 

in species’ distribution projections could cause a risk of moving species too far or not far 

enough. 

Within this context, this study develops a process-oriented approach to map and design urban 

landscapes to facilitate forest migration under climate change. The focus lies on the 

connectivity of urban landscapes for effective seed dispersal. Since the migration of trees is a 

continuing process that does not rely on their future distributions, a process-oriented approach 

could avoid projections of species’ future distributions and thus might be more feasible and 

manageable, as well as more robust to future climate change, than the current “goal-oriented” 

strategy of assisted migration. 

This study is guided by the following three research questions: (1) Why should we consider 

cities in the process of forest migration and what roles can urban landscapes play in the 

process? (2) How can forest trees migrate through urban areas, and more specifically, how can 

urban landscapes, as seed sources or stepping stones, contribute to the process? (3) How to 

design urban green infrastructure to facilitate forest migration and, more specifically, to 

promote seed dispersal and species’ range expansion across urban areas? A three-phase 

research methodology, which includes a transdisciplinary literature review, a mapping-based 

approach and a research-by-design methodology, is proposed to answer each of the three 

research questions, respectively. The Greater Manchester area, which is one of the most 

urbanised regions in the UK, is selected as a case study site. Eurasian jays, Eurasian siskins, 

and coal tits are selected as the main seed dispersal agents in the study area. 

The results of this study demonstrate the potential of urban landscapes to facilitate climate-

driven forest migration through cities. By collecting and integrating knowledge and 
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information from multiple disciplines, this study suggests that cities could provide suitable 

climatic (urban heat islands) and environmental conditions for the persistence of outlier 

populations at higher latitudes than their native ranges, thereby shortening or even eliminating 

migration lags in tree species. The proposed process-oriented approach maps potential 

migration flows between urban woodlands in Greater Manchester, from the perspective of seed 

dispersal. Furthermore, by testing different afforestation strategies, this study reveals that the 

processes of forest migration at a metropolitan scale can be facilitated by creating small, 

distributed but functional-connected green spaces at site scales. 

The process-oriented approach can be used by designers to re-visualise urban landscapes as a 

series of interconnected flow channels, which in turn allows for a more piecemeal form of 

landscape design to improve urban green infrastructure for climate adaptation. Moreover, this 

study will encourage researchers who currently work in climate-driven species migration to 

consider taking advantage of urban landscapes and will promote the cooperation between 

biologists, foresters, designers, and managers in urban planting to cope with the rapidly 

changing climate. 
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1.1 Background 

1.1.1 Climate-driven migration 

Anthropogenic climate warming reached by approximately 1 °C (likely to be between 0.8 °C 

and 1.2 °C) above pre-industrial (1850-1900) levels in 2017 (IPCC, 2018). Such warming is 

expected to reach 1.5 °C between 2030 and 2052 if it continues to increase at the current rate 

of about 0.2 °C (likely to be between 0.1 °C and 0.3 °C) per decade. In the UK, for example, 

the average annual temperature over the last decade (2008-2017) has been on average 0.3 °C 

warmer than the 1981-2010 average and 0.8 °C than the 1961-1990 average (UKCP18, 2019). 

At the same time, the average hottest day of the year has been on average 0.1 °C warmer than 

the 1981-2010 average and 0.8 °C warmer than the 1961-1990 average hottest day of 26 °C. 

It is projected that by 2070 all areas of the UK will be warmer, more increase in summer (likely 

to be between 0.9 °C and 5.4 °C in the high emission scenario) than in winter (likely to be 

between 0.7 °C and 4.2 °C in the high emission scenario). 

The changing climate is expected to shift the distribution of species worldwide (Bonebrake et 

al., 2018; Nolan et al., 2018; Parmesan, 2006; Pecl et al., 2017; Pereira et al., 2010; Tomiolo 

and Ward, 2018; Walther et al., 2002). Climate defines the geographic range of our modern 

biomes and plays an essential part in defining the ecological niche of species (McElwain, 

2018). Figure 1-1 illustrates the rates of climate changes across geographic gradients and 

biomes. A recent study by Pacifici et al. (2017) suggested that large numbers of threatened 

species, 47% of terrestrial non-volant threatened mammals (out of 873 species) and 23.4% of 

threatened birds (out of 1,272 species), have been negatively impacted by climate change in 

at least part of their range.  
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Figure 1-1. Summary of the average magnitude of the climate velocity vectors at different 

biomes for the 1901—2013 period. Source: author, based on data in the study by Ordonez, 

Williams and Svenning (2016). 

To cope with the changing climate, many species have already started to move to new habitats 

with more suitable climate conditions. A study of 329 species showed that at least 68% of 

species have expanded their boundaries northwards in response to climate change (Thomas, 

2010). Also, a meta-analysis of 334 species revealed that the distributions of species have 

recently shifted to higher latitudes at a median rate of 6.1 km per decade (Parmesan and Yohe, 

2003). Much faster migration rates were reported by Chen et al. (2011), who observed 

significant range shifts averaging 16.9 km per decade towards the poles and 11 m per decade 

towards higher elevations. However, such movement cannot guarantee the survival of species 

if they are not able to move fast enough to keep pace with the moving climate, especially for 

those relatively immobile tree species (Jump and Peñuelas, 2005). Figure 1-2 compares the 

rates of species migration with the velocities of climate change. 
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Figure 1-2. Maximum speeds at which species can move across landscapes, compared with 

speeds at which temperatures are projected to move across landscapes for 2050-2090. Source:  

IPCC (2014). 

Redistribution of tree species is one of the most serious challenges related to climate change 

(Dyderski et al., 2018). By the end of this century, more than half of the plant species in Europe 

are projected to lose climatic suitability in existing conservation areas (Araujo et al., 2011). 

Likewise, in the western United States, 55% of the landscape will exhibit climates that are 

incompatible with the same vegetation that it has today (Rehfeldt et al., 2006). Within this 

context, trees need to shift their geographic ranges towards higher latitudes or altitudes (Araujo 

et al., 2011; Nolan et al., 2018; Pecl et al., 2017; Rehfeldt et al., 2006; Walther et al., 2002). 

Such range shifts are called “migrations”. Although individual trees, unlike animals, cannot 

move on their own, migrations of tree populations can be achieved by passive seed dispersal 

and seedling establishment in sites where conditions permit (Davis and Shaw, 2001).  

Migration is suggested to be the most important response of tree species to climate change 

(Davis and Shaw, 2001). While the genetic adaptation of tree species can also help them cope 

with changes in the environment, for many species, adaptation will not be swift enough to 

cope with the rapidly changing climate (Ledig, Rehfeldt and Jaquish, 2012). For example, 

Scots pine may need 13 generations to adapt to environmental changes, which could be on the 

order of many centuries to millennia for a long-lived tree species, whereas current climate 

change is projected to occur within decades (Rehfeldt et al., 2002). 
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Increasing empirical evidence has emerged showing that some tree species are already moving 

toward higher latitudes or altitudes to track their climatic niches. For example, Woodall et al. 

(2009) compared current geographic distributions of tree seedlings in the eastern United States 

and found that northern and southern tree species are moving northward due to greater 

regeneration success at higher latitudes. Also, northward shifts in the distribution of palm and 

holly populations have been observed in Europe, which was suggested to be driven by recent 

changes in winter temperatures (Walther, Berger and Sykes, 2005; Walther et al., 2007). At 

the same time, treelines were found to have shifted northward in Sweden and eastern Canada 

and upward in Russia and New Zealand, as s response to the changing climate in recent 

decades (Parmesan, 2006). In spite of such movements, the rapid rate of anthropogenic climate 

change, together with habitat fragmentation and land-cover changes, are making it difficult for 

species to track suitable climatic conditions (McGuire et al., 2016). 

1.1.2 The need to assist migration 

While there have been many periods of global climate change that were of a similar magnitude 

to current anthropogenic climate change during the geological history of the earth (Davis and 

Shaw, 2001; McElwain, 2018), the rate of current climate change, particularly in northern 

latitudes, far exceeds that of any past global warming event (Diffenbaugh and Field, 2013; 

McElwain, 2018) and is suggested to be too fast for tree species to track their climatic niches 

(Montwe et al., 2018; Petit, Hu and Dick, 2008). A study of recent climatic mechanisms 

showed that the rate of global warming for the 1975–2013 period was about 1.11 km per year 

on average, with a higher velocity of 1.692 km per year in high-latitude boreal forests (Ordonez, 

Williams and Svenning, 2016). These estimates are about 10 times faster than the rate of tree 

migration by long-distance dispersal (approximately 100-200 m per year) (Lazarus and McGill, 

2014). Moreover, the rate of climate warming is expected to accelerate in the future due to the 

increased concentration of greenhouse gases in the atmosphere (IPCC, 2018), making the 

problem worse.  

The stress induced by rapid climate change will be exacerbated by modern urbanisation (Davis 

and Shaw, 2001; Littlefield et al., 2017; Miller and McGill, 2018; Renton et al., 2013). During 

past periods of global climate change, trees shifted their ranges across uninterrupted 

landscapes, whereas contemporary tree populations will have to overcome more fragmented 

landscapes with substantial anthropogenic barriers, like highways, buildings, and agricultural 

land (Christmas, Breed and Lowe, 2015; Pardi and Smith, 2012; Thomas et al., 2004; Thomas 

et al., 2011). Anthropogenic landscape fragmentation is expected to reduce the rate of forest 

migration by reducing landscape connectivity between habitats (Davis and Shaw, 2001; 
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Dennis and Westcott, 2006; Hoffmann and Sgrò, 2011; Lazarus and McGill, 2014). Successful 

forest migration depends on effective seed dispersal (Carlo, Aukema and Morales, 2007; 

Dennis et al., 2005). The loss of connectivity due to landscape fragmentation disrupts the 

process of seed dispersal by constraining the accessibility of new habitats, thereby hampering 

the success of forest migration across the landscape (Purschke et al., 2014). Even for pioneer 

species which can move relatively quickly, their migration processes could be restricted by 

landscape fragmentation (Snell and Cowling, 2015). Furthermore, human-dominated 

landscapes offer little space for the establishment of new populations, which further hinders 

the process of forest migration (Dullinger et al., 2015; Ordonez et al., 2014). 

In addition to landscape fragmentation, contemporary human activities reduce the local 

abundance of seed dispersal agents, limiting seed dispersal between distant habitats (de la 

Pena-Domene, Minor and Howe, 2016; Horta et al., 2018; Markl Julia et al., 2012). 

Overhunting and deforestation extirpate or drastically reduce the populations of the birds and 

mammals responsible for long-distance seed dispersal. If appropriate seed dispersal agents are 

absent, it is likely that seed dispersal between habitat patches will not occur (Wright, 2007). 

For instance, the slow migration rate of Joshua trees is due to the extinction of one of their 

dispersal agents—Shasta ground sloths (Barnosky et al., 2017). Another example is the 

extinction of Passenger Pigeon, Ectopistes Migratorius (Figure 1-3). Passenger pigeons are 

believed to play an important role in the Holocene (postglacial period) migration of nut trees 

due to their high abundance, capacity for delayed digestion, long-distance movement, and 

nomadic habitats (Webb, 1986). The extinction of passenger pigeons, as well as other effective 

seed dispersal agents, is expected to substantially reduce the migration rates of tree species, 

particularly for those whose seeds carried by limited animals, such as large-seeded Neotropical 

trees (de la Pena-Domene, Minor and Howe, 2016). 



- 7 - 
 

 

Figure 1-3. A specimen of Passenger Pigeon in Manchester Museum. Source: author. 

The consequent decoupling between climate shifts and species migrations will increase species’ 

mortality and susceptibility to insect attacks and diseases (Ciais et al., 2005; Hanewinkel et 

al., 2012), even resulting in the extinction of species (Petit, Hu and Dick, 2008; Thomas et al., 

2004), as happened to a species of spruce, Picea critchfieldii, in eastern North America during 

the period of exceptionally rapid warming from the Last Glacial Maximum to the Holocene 

(Jackson and Weng, 1999). Besides, since forests are one of the most important ecosystems 

on the earth, delays in forest migration will not only lead to the loss of wood resources but 

also have serious environmental, biological, social and climatological consequences (Bell et 

al., 2005). For example, forests influence climate through exchanges of carbon dioxide, energy, 

water, and other chemical species with the atmosphere (Bonan, 2008). They cover about 30% 

of the terrestrial area (approximately four million hectares) and removing one-third of the 

anthropogenic carbon dioxide emissions (Grassi et al., 2017). It is therefore expected that the 

failure of trees to track climate change will further contribute to climate warming through 

reduced carbon sequestration and evapotranspiration (Montwe et al., 2018). Moreover, since 

trees provide habitat and food for animals, migration lags in tree species will also slow the 

movement of animals in response to future climate change (Hampe, 2011). 
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1.1.3 Efforts to assist migration 

In the face of anthropogenic climate change, conventional habitat-based conservation 

strategies which rely on fixed protected areas cannot ensure species’ long-term persistence 

(Hoegh-Guldberg et al., 2008; Williams et al., 2005). Habitat-based conservation strategies 

aim to maintain population viability and biotic integrity of ecosystems. In the absence of 

climate change, protecting habitat areas could mitigate the negative impact of habitat loss and 

landscape fragmentation on the persistence of populations and minimise the risk of species 

extinction (Sáenz-Romero et al., 2016). However, this will not be the case in a rapidly 

changing climate. Simulations of species’ range shifts in Central Europe suggested that 

habitat-based conservation strategies are unable to support long-term persistence of species 

under climate change (Wessely et al., 2017). In order to avoid the extinction of tree species, 

more active forest management strategies with human interventions are needed to assist the 

migration of tree populations (Barnosky et al., 2017). 

Within this context, assisted migration, also called managed translocation or assisted 

colonisation, is gaining increased acceptance as an important strategy to facilitate forest 

migration (Hewitt et al., 2011; Loss, Terwilliger and Peterson, 2011; Pedlar et al., 2012; 

Schwartz and Martin, 2013; Thomas, 2011; Vitt et al., 2010). Assisted migration refers to the 

intentional translocation of species, populations or genotypes from their natural ranges (current 

habitats) to locations where the climate is projected to be favourable to them in the future (Lunt 

et al., 2013; Petit, Hu and Dick, 2008). As a response to climate change, assisted migration 

has already been practised and incorporated into forest management in many regions and 

countries (Lunt et al., 2013; Sutherland et al., 2010). In England, the Forestry Commission 

recommends using seed sources from slightly warmer climates from 2 to 5 degrees of latitude 

further south than the site (Ray, Morison and Broadmeadow, 2010). Similar recommendations 

are made in Canada: British Columbia, Alberta, Quebec, have extended current seed-transfer 

guidelines northward to compensate for recent and future climate warming (Marris, 2009; 

Natural Resources Canada, 2016) (Figure 1-4). In the United States, a group of citizens, the 

Torreya Guardians (http://www.torreyaguardians.org/), has been transplanting Torreya 

taxifolia, an endangered evergreen conifer, over 500 km northward from its native range in 

Florida to sites in North Carolina over the past decade. 
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Figure 1-4. A 5-year-old experimental planting in British Columbia. Source: Marris (2009). 

1.1.4 Issues in assisted migration 

Despite the raising interest in assisted migration, there are concerns that the translocation of 

tree populations may not be successful and may lead to unpredictable adverse consequences 

(Benito-Garzon et al., 2013; Hobbs et al., 2011; McLachlan, Hellmann and Schwartz, 2007; 

Mueller and Hellmann, 2008; Ricciardi and Simberloff, 2009; Stone, 2010; Tomiolo and Ward, 

2018; Winder, Nelson and Beardmor, 2011). Current prescriptions of assisted migration most 

often rely on the identification of areas where the climate is projected to become suitable in 

the future, using species distribution models. However, due to limitations and uncertainties in 

the models, there is a risk of moving species too far or not far enough (Boiffin, Badeau and 

Bréda, 2017; Ferrarini et al., 2016). For instance, projections of future species distributions 

are highly contingent on the quality of environmental data and species distribution data. As 

such, uncertainties in climate projections associated with emission scenarios and climate 

models (Harris et al., 2014), as well as absences in species distributions due to dispersal 

limitation, biotic interactions or anthropogenic influences may cause serious biases in the 

projections (Faurby and Araujo, 2018; Lindner et al., 2014). Moreover, species distribution 

models assume that the current distribution of a species represents the full extent of 

environmental conditions under which that species can maintain populations (Pearson and 

Dawson, 2003). However, indeed, current distributions not only include realised and 

fundamental niches of species but also their tolerance niches, where individuals can survive 
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and grow but cannot produce fertile offspring (Pacifici et al., 2015; Sax, Early and Bellemare, 

2013). In such cases, many translocation sites may not be able to establish self-sustaining 

populations. Figure 1-5 illustrates the realised, fundamental, and tolerance niches of the 

bottlebrush buckeye (Aesculus parviflora) in the eastern USA, in terms of mean annual 

temperature and precipitation. 

 

Figure 1-5. An illustration of the niche range of the bottlebrush buckeye (Aesculus parviflora) 

in the eastern USA, in terms of mean annual temperature and precipitation. The red, yellow, 

and blue circle represent hypotheses for the boundaries of the realised, fundamental, and 

tolerance niches, respectively. Source: Sax, Early and Bellemare (2013). 

Cold adaptation in tree populations also constrains seedling recruitment and seed production 

in translocation sites. Poleward planting of warm-adapted seeds or seedlings may expose them 

to frost damage, resulting in poor seedling survival and slow growth, as well as serious risks 

of death and dieback (Gray et al., 2016; Montwe et al., 2018). In fact, translocation of trees by 

5 °C or more in latitude can make them vulnerable to both extreme and normal weather events, 

especially during the seedling stage (Park et al., 2014). Although many efforts have been made 

to test the cold adaptation of species by planting them on trial sites, it takes about 5 years for 

results and even longer periods for testing effects at the population level (Ledig, Rehfeldt and 

Jaquish, 2012; Marris, 2009).  
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Another serious concern in current assisted migration practices is that translocated species may 

become ‘invasive’ in their new ranges. Trees are moved into natural communities where other 

species exist, rather than a vacuum. Therefore, there is a risk that the translocated species 

competitively interact with other species, causing loss of ecosystem functions (McLachlan, 

Hellmann and Schwartz, 2007; Sáenz-Romero et al., 2016; Tomiolo and Ward, 2018). Besides, 

since trees are also habitats for a lot of bugs and fungi, moving trees also means moving the 

entire household of potential pests, which may infect or even end up wiping out other plant 

species (Ledig, Rehfeldt and Jaquish, 2012).  

1.2 Aim and objectives 

This study intends to address the problem of forest migration by a process-oriented strategy. 

Particularly, it focuses on the process of forest migration through urban areas. Forest migration 

is a continuing process that does not rely on species’ future ranges. In this regard, more 

attention should be paid on the process of forest migration, rather than “where species should 

be in the future”. 

In contrast to the goal-oriented strategy of assisted migration, a process-oriented strategy could 

avoid projections of species’ future distributions and thus might be more robust to future 

climate change. Also, understanding the process of forest migration could allow us to identify 

critical locations along the migration process for establishing translocated tree species, so that 

from those areas the species could expand further to colonise other suitable habitats (Pereira 

et al., 2017). Furthermore, it may be easier to promote the process of forest migration than to 

maintain a translocated species at a given site, especially in urban areas where human activities 

are intense and implementing large continuous reserves is not possible.  

Maintaining and increasing landscape connectivity is the most recommended strategy for 

facilitating species’ movement in a changing climate (Heller and Zavaleta, 2009; Nuñez et al., 

2013). Connectivity could counterbalance the negative effect of habitat loss and landscape 

fragmentation (Niebuhr et al., 2015). In urban areas, connectivity can be provided by green 

infrastructure, which refers to an interconnected network of green spaces that delivers a wide 

range of ecosystem services across multiple scales. 

Many studies have been conducted to understand and assess the benefits of green infrastructure 

(urban landscapes) to species movement. Most of them focused on the movement of active 

dispersers (animals). For example, Toger et al. (2016) illustrated that the connectivity of urban 

open spaces enables wildlife movement between habitat patches in urban environments, which 
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can be complemented by backyards and other urban in-between spaces. Gilchrist, Barker and 

Handley (2016) demonstrated the role of urban landscapes as “pathways” in facilitating the 

range shift of five butterfly species under climate change. Similarly, Mäkeläinen et al. (2016) 

investigated the effects of landscape connectivity on the movement patterns (movement 

lengths and speed) of Siberian flying squirrels in urban environments. Only a few studies 

focused on movements that depend on passive dispersal. For instance, Diniz, Lima and 

Machado (2019) investigated how the spatial structure of urban landscapes influences the 

pollen dispersal pattern of bat-pollinated Bignoniaceae Crescentia cujete. However, little is 

known about the contribution that green infrastructure (urban landscapes) could make to the 

process of forest migration in response to climate change at large spatial scales. 

Therefore, the aim of this study is to explore the potential of urban green infrastructure to 

facilitate the process of climate-driven forest migration through urban areas. Three objectives 

are defined for achieving this aim: (1) exploring the role of urban landscapes in the process of 

forest migration; (2) understanding the process of forest migration through urban areas; (3) 

designing urban green infrastructure to aid forest migration. The Greater Manchester area, 

which is one of the most urbanised regions in the UK, is selected as a case study site. Eurasian 

jays, Eurasian siskins, and coal tits are selected as the main seed dispersal agents in the study 

area. 

1.3 Research questions 

Three detailed research questions are defined based on the research aim and objectives: (1) 

Why should we consider cities in the process of forest migration and what roles can urban 

landscapes play in the process? (2) How can forest trees migrate through urban areas, and more 

specifically, how can urban landscapes, as seed sources or stepping stones, contribute to the 

process? (3) How to design urban green infrastructure to facilitate forest migration and, more 

specifically, to promote seed dispersal and species range expansion across urban areas?  

1.3.1 Research question one 

Why should we consider cities in the process of forest migration and what roles can urban 

landscapes play in the process? 

The first question aims to explore the contribution that cities and urban landscapes could make 

to the process of forest migration under climate change. It lays a foundation for the proposal 

of the other two research questions. Cities are usually perceived as non-permeable barriers to 
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species movement. Modern urbanisation causes land exploitation that replaces natural habitats 

by artificial surfaces, resulting in landscape fragmentation and habitat loss. In the context of 

global warming, particularly, such fragmented landscapes are expected to greatly impede the 

range shift of tree populations for more suitable climate conditions. However, on the other 

hand, due to anthropogenic heat generation and corresponding urban heat island effects, cities 

are already ahead of their surroundings in terms of climate warming, and thus can provide 

suitable climatic conditions for the persistence of tree populations at higher latitudes than their 

native ranges, shortening or even eliminating migration lags in tree species. Therefore, the first 

main part of the study will discuss the potential of cities to facilitate forest migration. 

Emphases will be placed on the unique climatic and environmental conditions that cities could 

provide for the persistence and dispersal of outlier populations (translocated species) under 

climate change. This leads the study to the next question. 

1.3.2 Research question two 

How can forest trees migrate through urban areas, and more specifically, how can urban 

landscapes, as seed sources or stepping stones, contribute to the process? 

The second question intends to describe the migration process of forest trees through urban 

areas. Designing and managing green infrastructure for forest migration require a good 

understanding of the migration process, as well as the role of urban landscapes in the process. 

Although many methods have been developed to model species movement, most of them 

focused on the movement of animals and may not be suitable for describing forest migration 

that depends on passive seed dispersal—the activities of seed dispersal agents. Accordingly, 

the second main part of this study will map the process of forest migration from the perspective 

of seed dispersal, using Greater Manchester as a case study site. Here, urban woodlands will 

be identified as potential seed sources or stepping stones for the migration process, based on 

their contribution to overall landscape connectivity. In this study, seed sources are defined as 

large, contiguous woodland areas with reproductive populations, from which species could 

expand further to colonise other suitable habitats, while stepping stones refers to small, 

scattered habitat patches that provide food and shelter for the movement of seed dispersal 

agents across open areas. 

1.3.3 Research question three 

How to design urban green infrastructure to facilitate forest migration and, more specifically, 

to promote seed dispersal and species range expansion across urban areas? 
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Although describing the process of forest migration is most helpful in the design of urban 

green infrastructure, it is not by itself design. The central aim of designing green infrastructure 

is to facilitate the process of forest migration through urban areas by positively intervening 

urban landscapes. Therefore, the third research question will explore feasible and effective 

ways to insert nature, as components of urban green infrastructure, into the urban matrix of 

Greater Manchester to facilitate forest migration. The third research question can be divided 

into three sub-questions: (1) How do small or large landscape interventions contribute to forest 

migration? (2) Is building large woodlands more effective than having a number of small green 

spaces, such as garden and street trees? (3) What is the most cost-effective way of afforestation 

in the city to facilitate forest migration? Accordingly, the third main part of this study will 

design different landscape intervention strategies in the case study area and test the 

effectiveness of each one in terms of promoting seed dispersal and species range expansion. 

On this basis, this study will propose a feasible and manageable landscape intervention 

strategy to improve urban green infrastructure for forest migration. 

1.4 Thesis structure 

The thesis includes seven chapters. Chapter 1 describes the background and objectives of this 

study. Chapter 2 reviews the contributions that urban landscapes could make to ecological 

processes. Chapter 3 elaborates the research methodology used in this study. In order to answer 

research question one, chapter 4 discusses the potential of cities and urban landscapes to 

facilitate forest migration. Chapter 5 develops a mapping method to describe and analyse the 

process of forest migration through urban areas. On this basis, chapter 6 explores effective tree 

planting strategies in the city to facilitate the process of forest migration. The final chapter 

provides a summary of the results, discusses the limitations of the study, and suggests 

directions for future research. 

Chapter 2: Process-oriented Infrastructure 

In this chapter, I first discuss the development of urbanisation around the world and the 

negative impact of urbanisation-induced landscape fragmentation on ecological processes. 

After that, I review the roles of urban landscapes as nature-based solutions in balancing urban 

activities and ecological processes, from ecological design, landscape urbanism, to green 

infrastructure. The emphasis is placed on the effort architects, landscape architects and urban 

designers have made to facilitate ecological processes through cities. I also highlight a major 

challenge in designing nature-based solutions: balancing the green spaces required for natural 

processes with the compactness of urban development. Then, I limit the scope of this study to 
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green infrastructure and discuss the main feature—connectivity—of green spaces as urban 

infrastructure in terms of advancing ecological processes. Concepts and theories related to 

connectivity, such as functional (process-based) connectivity, spatial and temporal scales, and 

cross-scale dynamics are described in detail. Based on the above discussions, I propose a 

conceptual framework for understanding and designing process-oriented green infrastructure. 

Chapter 3: Research Methodology 

This chapter starts with a discussion of the wicked nature of climate-driven forest migration. 

Climate-driven forest migration should be seen as a wicked problem in relation to climate 

change, given its uncertainty, irreversible consequentiality, complexity and non-solubility. 

Wicked problems are complex, dynamic problems that cannot be described and solved with 

full accuracy, in contrast to those more traditional, determinate or so-called “tame” problems. 

In this chapter, I review definitions of wicked problems in different disciplines as well as 

methods that can be used to address wicked problems. On this basis, I develop a three-phase 

research methodology to answer the three research questions.  

Firstly, a transdisciplinary literature review that combines knowledge and information from 

the disciplines of paleoecology, climate change, biology, urban ecology, urban forestry, 

landscape and urban design is conducted to explore the roles that cities and urban landscapes 

could play in the process of forest migration (for research question one). After that, a mapping-

based research methodology is employed to understand the process of forest migration through 

urban areas and to assess the contribution of urban landscapes to the process (for research 

question two). The assessment focuses on the connectivity and accessibility of urban 

landscapes as seed sources and stepping stones, respectively. Finally, a research-by-design 

methodology is applied to explore a “satisficing” landscape design (intervention) strategy to 

facilitate the process of forest migration, following an iterative designing-testing-refining 

process (for research question three). 

Chapter 4: Urban Infrastructure for Forest Migration 

Chapter 4 discusses the potential of cities and urban landscapes to aid forest migration under 

climate change. In this chapter, I first describe the mechanism of forest migration, especially 

the role of outlier populations in long-term range shifts and the contribution of seed dispersal 

to short-term local expansion. On this basis, I illustrate the suitability of urban climates and 

landscapes for the persistence of outlier populations and the passive dispersal of seeds, 

respectively, using Greater Manchester as case study area. 
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Due to anthropogenic heat generation and corresponding urban heat island effects, cities are 

already ahead of their surroundings in terms of climate warming, and thus can provide suitable 

climatic conditions for the establishment of outlier populations in front of their native ranges. 

Moreover, since trees can cool their environment, establishing outlier populations in cities can 

slow the rate of warming, which in turn allows them to grow for decades to reach reproductive 

maturity for further expansion.  

At the same time, empirical evidence suggests that urban landscapes, such as nurseries, botanic 

gardens, parks and forest remnants, are able to facilitate the process of forest migration, acting 

as seed sources and stepping stones for local seed dispersal. Large green spaces have a great 

potential to receive and accommodate translocated tree species, whilst small, scattered green 

spaces such as private gardens, street trees, and agricultural islands could act as stepping stones, 

providing stop-over points, food and shelter for the movement of seed dispersal agents across 

open spaces.  

Chapter 5: Mapping Forest Migration Flows 

With an aim to identify seed sources and stepping stones and to understand the process of 

forest migration through urban areas, chapter 5 develops a four-step mapping process, which 

includes 1) mapping seed dispersal networks, 2) identifying seed sources with high 

connectivity, 3) assessing the accessibility of stepping-stone paths, and finally, 4) mapping the 

flow of forest migration among seed sources. The mapping process combines a least-cost path 

model, graph theory-based indices and a circuit theory-based model: the least-cost path model 

is applied to map the movement of seed dispersal agents as seed dispersal networks; graph 

theory-based indices are used to assess the connectivity of seed sources and the accessibility 

of stepping-stone paths, based on which the circuit theory-based model is applied to map the 

flow of forest migration across urban areas. The resulting maps identify the functional 

connections between urban woodlands and reveal areas with a high probability of forest 

migration.  

Chapter 6: Designing Green Infrastructure for Forest Migration 

The wicked nature of climate-driven forest migration means that the problem cannot be solved 

with full accuracy but can be addressed by “satisficing” resolutions. This chapter uses an 

iterative process of research by design to explore a “satisficing” design strategy to increase 

landscape connectivity for forest migration. Particularly, in order to account for the cross-scale 

interactions of ecological processes, the research process is conducted at multiple spatial scales. 

The iterative research process includes three steps: (1) designing—three afforestation 
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strategies are proposed to improve landscape connectivity for seed dispersal; (2) testing—

simulation-based experiments are applied to test the effectiveness of different design strategies; 

and (3) refining—a mixed strategy that combines the advantages of the three afforestation 

strategies is proposed and tested. The results reveal the potential of urban afforestation to 

facilitate the process of climate-driven forest migration; however, its effectiveness is strongly 

related to the spatial arrangement of trees across the urban matrix. By combining the 

advantages of the three afforestation strategies, this study achieves a cost-effective way to 

improve urban green infrastructure for forest migration. 

1.5 Original contribution to knowledge 

My original contribution to knowledge is the development of a process-oriented approach to 

map and design urban landscapes to facilitate forest migration under climate change. Rapid 

climate change is expected to result in migration lags in many tree species. While in order to 

assist tree migration many efforts have been made to translocate species outside of their native 

ranges, there is a risk of moving species too far or not far enough due to uncertainties in species 

distribution projections. Within this context, this study proposes, for the first time, a process-

oriented strategy to facilitate forest migration by establishing outlier populations and 

promoting seed dispersal in cities. The thesis advances knowledge in the following ways. 

Firstly, this study develops a conceptual framework of process-oriented infrastructure and 

applies it to the design of urban green infrastructure for climate-driven forest migration, based 

on an understanding of the nested organisation of urban landscapes and the cross-scale 

dynamics of ecological processes. The focus of this framework lies on improving landscape 

connectivity for ecological processes. The framework suggests that urban green infrastructure 

should be designed and managed as a complex, nested system, within which landscapes at 

multiple scales work together to deliver more than the sum of individual landscapes. 

Secondly, this study provides new insights into the role of cities in forest migration. Cities are 

usually considered as non-permeable barriers to ecological processes. However, by combining 

knowledge and information from multiple disciplines, this study reveals that modern cities 

could provide suitable climatic (urban heat islands) and environmental conditions for the 

persistence of outlier populations at higher latitudes than their native ranges, thereby 

shortening or even eliminating migration lags in tree species. Adding cities into the tree-

climate relationship could not only address issues in assisted migration due to uncertainties in 

species’ future distributions but also minimise the invasiveness and pest threats of translocated 

species. 
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Thirdly, this study develops a new approach for mapping the process of forest migration 

through urban areas, from the perspective of seed dispersal. Based on a model of seed dispersal 

by frugivorous birds, this approach identifies urban woodlands with high connectivity (as seed 

sources) for establishing outlier populations, assesses the accessibility of stepping-stone paths, 

and finally, maps the flow of forest migration between seed sources. The resulting maps 

identify potential connections between urban woodlands and reveal areas with a high 

probability of forest migration. This allows designers to re-visualise urban landscapes as a 

series of interconnected flow channels, which in turn allows for a more piecemeal form of 

landscape design to improve urban landscapes for climate adaptation. 

Finally, by testing different afforestation strategies in Greater Manchester, this study suggests 

that the process of forest migration at a metropolitan scale can be facilitated by a large number 

of landscape interventions at site scales, which creates small, distributed but functional-

connected green spaces for effective seed dispersal. It is, therefore, possible to improve urban 

green infrastructure for ecological processes without significantly reducing the compactness 

of urban development. This study not only encourages researchers who currently work on 

climate-driven species migration to consider taking advantage of urban landscapes but also 

calls for cooperation between biologists, foresters, designers, and managers in urban planting 

to cope with the changing climate.  
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2 PROCESS-ORIENTED 

INFRASTRUCTURE  
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2.1 Introduction 

This chapter reviews the roles that urban landscapes could play in urbanisation. Section 2.1 

describes the development of urbanisation around the world and the negative impact of 

urbanisation, especially landscape fragmentation, on ecological (natural) processes. Section 

2.2 reviews the effort that architects, landscape architects and urban designers have made to 

design urban landscapes as nature-based solutions for reducing landscape fragmentation and 

facilitating ecological processes, from ecological design, landscape urbanism, to green 

infrastructure. A major challenge in the development of nature-based solutions is also 

highlighted—that is, balancing the requirement of green spaces with the compactness of urban 

development. After that, section 2.3 highlights the main feature—connectivity—of green 

spaces as urban infrastructure in terms of promoting ecological processes. Concepts and 

theories related to connectivity, such as functional (process-based) connectivity, spatial and 

temporal scales, and cross-scale dynamics are described in detail. On this basis, I propose a 

conceptual framework of process-oriented green infrastructure for designing and managing 

urban landscapes to facilitate ecological processes. 

2.2 Urbanisation as a barrier to movement 

2.2.1 Contemporary urbanisation 

Cities have often been described and understood as man-made built environments where 

nature is emptied out and human activities are concentrated (Brantz and Dümpelmann, 2011; 

Thün et al., 2015; Weller, 2016). The term “urban” is therefore placed on an opposite side of 

“natural” and “wilderness”, although the development of early cities always relied on the 

accessibility of abundant natural resources (Benton-Short and Short, 2013). Urbanisation is 

defined as a land-change process of increasing the density of built-up areas and/or expanding 

urban boundaries (Thün et al., 2015). Since the establishment of the world’s first cities in 

Mesopotamia, Egypt and the Indus Valley (about 5,000-6,000 years ago), the process of 

urbanisation has been destroying nature through direct building and construction activities 

(Beatley, 2011; Benton-Short and Short, 2013; Simson, 2008). 

Recently, global urbanisation is occurring at a rate faster than ever before in human history. 

The rapid urbanisation is a consequence of the dramatic growth of urban populations around 

the world since 1950 (United Nations DESA/Population Division, 2018). Figure 2-1 shows 

the trend of urban population growth from 1950 to 2015. In 1950, only 30% of the world’s 

population (751 million) was urban, while today, more than half of the population (around 4 
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billion) live in cities, although urban areas only occupied 0.5% of the planet’s land area 

(Schneider, Friedl and Potere, 2010). The most urbanised regions include Northern America 

with 82% of its population living in cities, Latin America and the Caribbean 81%, Europe 74% 

and Oceania 68%, while Africa and Asia are home to nearly 90% of the world’s rural 

population. By 2050, urban populations are likely to reach 6 billion, accounting for 68% of 

the world’s overall population (United Nations DESA/Population Division, 2018). Most (90%) 

of the growth is projected to happen in Asia and Africa, among which India, China and Nigeria 

will account for 35%. This means that nearly 7 of 10 people in the world will live in cities.  

 

Figure 2-1. The percentage of urban population across several regions of the world. Source: 

United Nations DESA/Population Division (2018). 

Increased urban populations have led to giant urban regions and megacities, where most 

human and industrial activities are concentrated (Benton-Short and Short, 2013). The 

percentage of urban areas varies in different regions, from only 0.13% of total continental land 

area in Australia to 0.97% in East Asia and 2.11% in Western Europe (Schneider, Friedl and 

Potere, 2010). In some highly urbanised countries, more than 5% of the total land area are 

covered by cities, for example, Singapore (56.6%), Bahrain (32.2%), Belgium (17.2%), the 

Netherlands (10.7%), and the United Kingdom (5.7%) (Angel et al., 2011). In 2018, there are 

33 megacities around the world with more than 10 million populations (United Nations 

DESA/Population Division, 2018). Among them, Tokyo is the world’s largest urban 

agglomeration with 37 million inhabitants, followed by Delhi 29 million, Shanghai 26 million, 

and Mexico City and São Paulo, each with around 22 million inhabitants.  
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To support the demand of high-rate urban population growth, urban areas are sprawling in 

different configurations and transforming landscapes along urban-rural gradients (Serret et al., 

2014; Simson and Krajter Ostoić, 2016). A study of the expansion of 30 cities showed that 28 

of them expanded more than 16-fold during the twentieth century (Angel et al., 2011). It is 

projected that by 2030, the number of megacities will reach 43, with most of them in 

developing regions, such as Asia and Latin America.  

2.2.2 The impact of urbanisation 

Urbanisation is usually perceived as a considerable impediment to ecological processes 

(Lazarus and McGill, 2014; Tomiolo and Ward, 2018). Urbanisation-driven land exploitation 

replaces natural lands by artificial surfaces, resulting in habitat fragmentation, degradation and 

loss (Forman, 2014). Such alteration has profoundly interfered with critical ecological 

processes (e.g., gene flow, species dispersal, and migratory movement), leading to a 

substantial loss in biodiversity and significant decline in ecosystems services (Pelorosso et al., 

2016; Whitford, Ennos and Handley, 2001; Wu, 2007). In the context of global warming, 

particularly, human-modified and fragmented landscapes have been impeding the range shift 

of species for more suitable climate conditions (Robillard et al., 2015; Robinson et al., 2009; 

Wessely et al., 2017). 

Many studies have revealed the negative impact of landscape fragmentation on the movement 

of biotic and abiotic species. A study of temperate forest trees has demonstrated that 

anthropogenic land use in the Washington DC metropolitan area and central New York will 

severely limit species’ migration capacity and thus may prevent them keeping pace with 

climate change (Miller and McGill, 2018). McGuire et al. (2016) examined the effect of 

landscape fragmentation based on a quantification of climate connectivity and concluded that 

only 41% of natural land area in the United States is connected enough for plants and animals 

to catch up with climate change. Similarly, a simulation of the migration of understorey herbs 

indicated that habitat fragmentation will likely to reduce their migration rates to values an 

order of magnitude lower than projected rates of climate change (Dullinger et al., 2015). 

Besides, Lawler et al. (2013) demonstrated the effects of human-created barriers to the 

movement of animals under climate change by simulating the range shifts of 2903 vertebrate 

species in the south-eastern United States, south-eastern Brazil and the Pampas lowlands. It is 

expected that due to the rapid growth of urban populations cities will continue to sprawl and 

fragment the landscape, further impeding the movement of species. 
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2.3 Nature-based solutions 

Within this context, planning and designing urban landscapes are gaining increasing 

acceptance as nature-based solutions for reducing landscape fragmentation and facilitating 

ecological processes. Urban areas are basically covered by two components, built spaces and 

green spaces (Forman, 2014). Both are important and exceedingly diverse. Green spaces (also 

named urban landscapes) can be found in three forms: natural landscape, semi-natural 

landscape, and man-made landscape. Examples of green spaces include gardens, green roofs, 

greenways, public parks, and urban agricultural lands (Table 2-1 provides examples of urban 

green spaces). These spaces dominate the site of an urban ecosystem (Snep and Opdam, 2010), 

delivering multiple ecosystem services for cities, such as managing stormwater, regulating 

microclimate, reducing noise, and mitigating air and water pollutions (Beatley, 2011). 

Table 2-1. Examples of urban green spaces. Source: author, based on Forman (2014), 

McPhearson, Hamstead and Kremer (2014), and Derkzen et al. (2015). 

Green space type Description 

tree individual tree, street trees 

wood clustered trees, urban forests 

urban agriculture arable, pasture, horticulture, meadows, orchard, community 

gardens 

lawn low vegetation consisting of non-woody plants, mostly grasses and 

herbs 

wetland freshwater or saltwater mudflat, marsh, swamp 

waterbody rivers, streams, canals, lakes, ponds 

mixed type considerable habitat diversity, the most common form of 

greenspace vegetation 

other allotment gardens, sports fields, golf courses, cemeteries 

Nature has played an important role in shaping cities for centuries. Many efforts have been 

made to integrate landscapes into urban design and planning. During the industrial age, non-

built space was used to organise urban expansion and environmental protection (Hauck, Keller 

and Kleinekort, 2011). For example, Ebenezer Howard’s concept of Garden City, Frank Lloyd 

Wright’s Broadacre City, Le Corbusier’s Radiant City, and the City Beautiful movement were 

designed and proposed under the premise of using landscape as either a means of urban 

development or a solution to the problems associated with urbanisation (Berger, 2005). 
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Contemporary architects, landscape architects and urban designers have started to focus on the 

important role of nature and green features in urban development (Brantz and Dümpelmann, 

2011), as emphasised by Timothy Beatley, “our old approaches to urbanism—our old views 

of cities, towns, and communities—are incomplete and must be substantially expanded to 

incorporate ecology and more ecologically responsible forms of living and settlement” 

(Beatley, 2012, p. 5). This has led to a variety of design ideas and creative ways for integrating 

nature into urban design, from ecological design, landscape urbanism, to green infrastructure.  

2.3.1 Design with nature 

In the first half of the twentieth century, ecology and urban planning were, for the first time, 

explicitly linked, leading to the development of regional environmental planning, and, in 

particular, the work of landscape architect Ian McHarg. McHarg’s theory “Design with Nature” 

(McHarg, 1969) has been central to contemporary ideas of ecological planning and design 

around the world and has profoundly influenced the entire discipline of landscape architecture. 

He argued that “non-ecological design and planning is likely to be trivial and irrelevant and a 

desperate deprivation” (McHarg, 2006). 

McHarg pioneered “system thinking” in ecological design and planning. He developed a 

unique approach to looking at the relationship between nature and design. Central to this 

approach is a map-overlay method in which mapping, analysis and assessment of natural 

resources (such as geology, soils, water, and forests) could inform the best way to develop the 

site, for example, where buildings, roads and facilities could be located. This map-overlay 

method is seen as the initial model for the Geographical Information System (GIS) technology. 

Despite his contribution to contemporary ecological planning and design, McHarg’s approach 

strongly relies on mapping and quantification and ignores the significance of design and art in 

the process of planning (Waldheim, 2016c). Much of the work that followed his approach is 

therefore criticised to be anti-urban or anti-design. 

2.3.2 Landscape as urbanism 

McHarg’s Design with Nature provides a critical inspiration for the emergence of landscape 

urbanism in the twenty-first century. Nature is now increasingly perceived as a significant 

medium for urbanism, a metaphorical model for urban strategies, and a predominant element 

in modern urban design (Hauck, Keller and Kleinekort, 2011; Steiner, 2014; Waldheim, 

2016b). 
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Landscape architects have made many efforts to synthesise their understanding of ecology and 

natural processes with urbanism. For example, Michael Hough, in his book “City Form and 

Natural Process”, explored theories and strategies for the application of ecological ideas to 

urban design. Anne Spirn’s “The Granite Garden: Urban Nature and Human Design” 

discussed how cities are shaped by natural processes and how cities can be planned and 

designed in concert, rather than in conflict, with natural processes. In practice, designers and 

planners have been adapting human settlements to urban microclimates, stormwater and flood 

control, and geological hazards and resources. At the same time, numerous urban forests and 

urban wilds have been established with an aim to protect wildlife habitats, while some 

experiments have been conducted at a local scale to link water treatment to public parks. 

Within this context, architect Charles Waldheim and landscape architect James Corner 

developed the fundamental theory and practice of landscape urbanism. Although the 

emergence of landscape urbanism was inspired by McHarg’s Design with Nature, it is also a 

critique of his anti-urban attitude (Waldheim, 2016b). Modern landscape urbanists call for the 

subjectivity of design and attempt to integrate the diversity of sciences and arts. In this regard, 

landscape urbanism can be seen as a combination of “McHarg’s ecological advocacy” and 

“Corner's urban design vision” (Steiner, 2011). The premise of landscape urbanism is that 

landscape, rather than architecture, is a more appropriate lens through which to understand and 

explore contemporary urbanism (Hauck, Keller and Kleinekort, 2011; Waldheim, 2015). 

Landscape urbanism considers urban landscapes as fundamental development blocks for city 

design and planning, organising urban forms and functions around cultural and ecological 

processes (Waldheim, 2006) 

In recent decades, landscape urbanism projects have been conducted at multiple urban scales, 

ranging from buildings, blocks, to cities and regions. One of the most high-profile projects is 

the High Line in Manhattan, a collaboration project between James Corner Field Operations, 

Diller Scofidio + Renfro, and Piet Oudolf. Based on an understanding of time and the 

processes of human use and plant growth, this project successfully mixes arts and design 

culture, development, and public space, demonstrating the ability of landscape (at the scale of 

pedestrian) as an intervention to catalyse urban development (Doherty and Waldheim, 2016). 

Recent design competitions and proposals for the Qianhai Port City in Shenzhen, the Fresh 

Kills in New York City, and Downsview Park in Toronto also highlight the way in which the 

landscape has become the most effective means to explore the relationship between nature and 

urbanism (Shane, 2006; Steiner, 2011).  
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A logical successor of landscape urbanism is ecological urbanism, which intends to 

“incorporate the inherent conflictual conditions between ecology and urbanism” (Mostafavi, 

2010). While ecological urbanism, as another synthesis between nature and urbanism, shares 

significant conceptual and institutional continuities with landscape urbanism (Gandy, 2015), 

it emphasises the importance of basic ecological concepts and principles in each stage of urban 

planning and management (Rosales, 2017). Besides, ecological urbanism takes into account 

the scale of the impact of ecology, as well as the dynamic relationships among multiple scales. 

Therefore, the scope of ecological urbanism often extends beyond the urban territory and 

includes regional, national, or even global scales (Mostafavi, 2010). 

In parallel with landscape urbanism has been the development of green urbanism. The concept 

of green urbanism argues that cities are fundamentally embedded within a natural context, and 

thus should not be seen as the very antithesis of nature (Beatley, 2012). It advocates that cities 

can and must become greener and more natural than they often are; cities should operate and 

function like natural ecosystems (e.g., forest ecosystems); and, efforts should be made to 

restore, nourish and replenish nature in cities. As Austrian architect and artist Friedensreich 

Hundertwasser argued, every horizontal under the sun, under the open sky belongs to nature; 

roads and roofs should be planted with trees; every window ought to have a tree growing out 

of it; it must be possible to breathe forest air in the city again (Beatley, 2012). In European, 

many cities have been attempting to incorporate green features and nature into the design of 

built environments, developing a variety of ideas and strategies for greening and naturalising 

the city, which range from tree plantings, green roofs, green buildings, to comprehensive 

ecology strategies. For example, in Graz, new parking areas are required to include trees at the 

rate of one tree per every three spaces. In Amsterdam, attempts are being made to incorporate 

trees and vegetation in the design and planning of streets and new housing projects. Based on 

a survey of the habitat value of 1800 vacant lands and sites in the city, Leicester developed a 

comprehensive ecology strategy to protect and restore important nature and habitat sites within 

the city.  

Similar to green urbanism, a more recent concept, biophilic urbanism, suggests that cities and 

urban areas must be wild and “full of nature” (Beatley, 2011). In his book “Biophilic Cities: 

Integrating Nature into Urban Design and Planning”, Timothy Beatley set out the concept of 

biophilic cities: “a biophilic city is a city that puts nature first in its design, planning and 

management, a city that looks for opportunities to repair, restore and insert nature, and a city 

with abundant nature that is visible and accessible to inhabitants” (Beatley, 2011, p. 45). While 

more emphasis is placed on human well-beings provided by nature and natural systems than 
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on environmental conservation, biophilic urbanism highlights the ability of nature to moderate 

and reduce the negative impact of cities on the environment and wildlife.  

2.3.3 Landscape as infrastructure 

The increasing role of landscapes in contemporary urbanism leads to the emergence of the 

concept of green infrastructure (Simson and Krajter Ostoić, 2016), which views landscapes as 

the most permanent and enduring elements of cities (Mossop, 2005). Australian landscape 

architect Richard Weller describes landscape as the infrastructure through which all ecological 

transactions must pass (Waldheim, 2016a). Likewise, Dutch landscape architect Rob Roggema 

suggests a “Landscape First” strategy for urbanisation: “For urbanisation to start with the 

landscape is essential if one wants to increase resilience and sustainability in the city”, 

highlighting the role of landscape as critical infrastructure for the city (Roggema, 2019, p. 

218). 

While green infrastructure consists of urban green spaces, it should be noted that not all green 

spaces in the city are able to qualify as urban infrastructure. As indicated by the term 

“infrastructure”, green infrastructure should be regarded as necessary for the city as traditional 

“grey” infrastructure, such as roads, highways, bridges, and sewage systems, whereas green 

spaces are often viewed as something that is nice to have (Benedict and McMahon, 2006; 

Pauleit et al., 2011; Simson, 2008; Wright, 2011). In other words, trees, plants and other 

vegetation are not merely cosmetic embellishment but are constructed in a concrete way, as 

basic infrastructure that makes important contributions to the city (Benton-Short and Short, 

2013; Hauck, Keller and Kleinekort, 2011). 

Green infrastructure does not have one recognised definition. Numerous and diverse 

definitions of green infrastructure have been proposed in response to different needs (design, 

landscape ecology, environment, and socio-economic) (Benedict and McMahon, 2006; 

Schiappacasse and Müller, 2015) (Table 2-2). Nevertheless, green spaces, connectivity and 

multi-functionality have been identified as the key features of green infrastructure: 

 Green spaces are the natural assets that act as a basis for environmental conservation 

and improvement; 

 Connectivity refers to the degree of connectedness among landscape elements of the 

same or similar type; and 

 Multifunctionality refers to the potential of green infrastructure to provide a range of 

environmental, social, and also economic benefits to humans and the society, which 

contribute to the resilience and sustainability of the city. 
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Wright (2011), for example, suggested that connectivity, multi-functionality, and “green” 

(representing commonly the elements that play the environmental role for improvement) are 

three interrelated ideas of green infrastructure. Likewise, Mubareka et al. (2013) argued that 

the concept of connectivity, multi-functionality, and smart conservation constitute green 

infrastructure. Pauleit et al. (2011) summarised a set of shared principles for planning green 

infrastructure, including multifunctionality, connectivity, integration, communicative and 

social-inclusive process, and long-term strategy, while Hansen and Pauleit (2014) outlined 

five similar guidelines: integration, multifunctionality, connectivity, multi-scale approach, and 

multi-object approach. In addition, Mell (2017) suggested that the principles of multi-

functionality, connectivity and access to nature, supportive ecological networks, and 

establishing socio-economic values through awareness raising and stewardship are essential 

components of the promotion of green infrastructure praxis. 
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Table 2-2. Definitions of green infrastructure with key features. 

Source Definition Key features 

Benedict and McMahon 

(2002) 

an interconnected network of natural areas and other open spaces that conserves natural ecosystem values and functions, sustains clean air and water, and 

provides a wide array of benefits to people and wildlife 
 

interconnected network, natural areas, 

ecosystem function 

Benedict and McMahon 

(2006) 

a strategically planned and managed network of wilderness, parks, greenways, conservation easements and working lands with conservation value that 

supports native species, maintains natural ecological processes, sustains air and water resources, and contributes to the health and quality of life for 

America’s communities and people 

 

network, ecological process, green area, 

ecosystem service 

Kambites and Owen (2006) connected networks of multifunctional, predominantly unbuilt, space that supports both ecological and social activities and processes 
 

connected network, multifunctional space 

Ahern (2007) an emerging planning and design concept that is principally structured by a hybrid hydrological /drainage network, complementing and linking relict 

green areas with built infrastructure that provides ecological functions 
 

network, green areas, ecological function 

Tzoulas et al. (2007) all natural, semi-natural and artificial networks of multifunctional ecological systems within, around and between urban areas, at all spatial scales 

 

network, multifunctional ecological system 

Natural England (2009) a strategically planned and delivered network comprising the broadest range of high-quality green spaces and other environmental features. It should be 

designed and managed as a multifunctional resource capable of delivering those ecological services… it needs to be delivered at all spatial scales from 

sub-regional to local neighbourhood levels... 

 

network, green space, multifunctional, 

ecological service 

Forest Research (2010) the combined structure, position, connectivity and types of green spaces which together enable the delivery of multiple benefits as goods and services 

 

green space, connectivity, multiple benefit 

European Environment 

Agency (2011) 

a concept addressing the connectivity of ecosystems, their protection and the provision of ecosystem services, while also addressing mitigation and 

adaptation to climate change 

 

connectivity, ecosystem, ecosystem service 

European Commission 

(2013) 

a strategically planned network of high quality natural and semi-natural areas with other environmental features, which is designed and managed to 

deliver a wide range of ecosystem services and protect biodiversity in both rural and urban settings 

 

network, natural and semi-natural areas, 

ecosystem service 

Maes et al. (2019) urban green infrastructure—the strategically managed network of urban green spaces and natural and semi-natural ecosystems situated within the 

boundary of an urban ecosystem 

network, green space, ecosystem 
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It should be made clear that multifunctionality is a broad concept here, often meaning multiple 

functions, services, or benefits. This ambiguity causes a conceptual problem because functions, 

services, and benefits are not considered as interchangeable (Hansen and Pauleit, 2014). 

According to the studies by Haines-Young and Potschin (2010) and Wu (2014), ecosystem 

services are generated by ecosystem functions which in turn are underpinned by biophysical 

structures or ecological processes; ecosystem services lead to human benefits in social, 

economic, and environmental terms, which in turn can be valued in monetary terms (Figure 

2-2 and Figure 2-3).  

 

Figure 2-2. A framework linking ecosystems to human well-being. Source: de Groot et al. 

(2010) adapted from Haines-Young and Potschin (2010). 
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Figure 2-3. A conceptual diagram illustrating the relationships among biodiversity, ecosystem 

processes, ecosystem services, and human well-being in urban environments. Source: Wu 

(2014). 

The term ecosystem function is therefore defined as “the capacity of natural processes and 

components to provide goods and services that satisfy human needs, directly or indirectly” (de 

Groot, Wilson and Boumans, 2002). Examples of ecosystem functions include provisioning 

of wildlife habitat, carbon cycling, decomposition, primary productivity, and nutrient cycling 

(Haase et al., 2014). At the same time, ecosystem service is defined as “the benefit human 

populations derive, either directly or indirectly, from ecosystem functions” (Sadler et al., 2010, 

p. 243). In other words, ecosystem services occur when ecosystem functions are supplying 

something that people are demanding to increase their well-being (Burkhard et al., 2012; 

Fisher, Turner and Morling, 2009). Obviously, ecosystem services provide a key nexus that 

links urban landscapes (green infrastructure) and human well-being. 

The strategy of green infrastructure has been conducted at multiple urban scales. At the 

neighbourhood and site scales, for instance, small green spaces at public spaces and private 

gardens can be designed as sustainable drainage and water treatment infrastructure that reduce 

urban runoff by mimicking natural processes (Weller, 2016). An example is the Victoria Park 

in Sydney, where roads have been designed with planted swales to collect and treat 

stormwater. The same approach can be seen at Potsdamer Platz in Berlin Berlin, and 

Scharnhauser Park in Ostinger, Germany and the Street Edge Alternatives program in Seattle, 

USA (Beatley, 2011; Shane, 2006). At the city and region scale, urban green belts, greenways 

and ecological corridors can work as urban infrastructure systems that incorporate natural 

processes into urban development. For example, the city of Curitiba, Brazil, has restructured 

its open-space system to create a network of parks for regulating natural surface runoff patterns. 

Another example is the sustainable master plan in Bab Zaers, Morocco. In order to make the 

city totally self-sufficient in terms of water needs, a system of greenway with a series of small 

reservoirs was designed as the only source of fresh water within the city (Hauck, Keller and 

Kleinekort, 2011). In addition, some efforts have been made to develop green infrastructure at 

large national and continental scales. For example, Chinese landscape architect Kongjian Yu 

(2014) developed an unofficial “national ecological security plan” for habitat reconstruction 

and preservation, based on the criteria of securing biodiversity, reducing desertification, and 

protecting water quality (Figure 2-4).  
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Figure 2-4. A national ecological security plan for China by Kongjian Yu. Source: 

https://scenariojournal.com/article/building-the-global-forest/ 

A number of studies have investigated the ecosystem services provided by green infrastructure 

at different urban scales. For example, Calderón-Contreras and Quiroz-Rosas (2017) defined 

green infrastructure elements as service providing units and studied their provision of urban 

ecosystem services in Mexico City. O’Brien et al. (2017) summarised the linkages between 

the typology of green infrastructure elements and the provision of cultural ecosystem services, 

drawing on studies undertaken in different European countries. Additionally, Demuzere et al. 

(2014) reviewed existing evidence on the contribution of green infrastructure to climate 

change mitigation and adaptation, while another research by Wang et al. (2014) focused on 

the influence of green infrastructure on indoor environments. On the basis of existing studies, 

this study summarises the major ecosystem services provided by green infrastructure at 

multiple urban scales (Table 2-3). Here, ecosystem services are grouped as regulating services, 

provisioning services, and cultural services, according to the classification by Douglas and 

Ravetz (2011) (Table 2-4).
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Table 2-3. A summary of the major ecosystem services provided by green infrastructure (organised by provisioning, regulating, and cultural), the types of green space that can deliver each service, and the relevant scales at which each 

service is produced. Source: author, based on Andersson et al. (2015); Burkhard et al. (2014); Calderón-Contreras and Quiroz-Rosas (2017); Demuzere et al. (2014); Douglas and Ravetz (2011); Faehnle et al. (2014); McPhearson, 

Hamstead and Kremer (2014); Pulighe, Fava and Lupia (2016); Raudsepp-Hearne and Peterson (2016); and Wang et al. (2014). 

Ecosystem service Green spaces 

Spatial scale Temporal scale 

Site-block Neighbourhood-district City-bioregion Short Medium Long 

Provisioning    

Food supply agricultural land, garden, waterbody √ √ √ √ √ √ 

Water Supply waterbody  √ √  √ √ 

Materials woodland, shrub  √ √  √ √ 

Animal habitats agricultural land, woodland, park, garden, waterbody  √ √  √ √ 

 

Regulating 
   

Climate regulation woodland, waterbody, other green spaces,  √ √ √ √ √ √ 

Carbon sequestration woodland and other green spaces  √ √  √ √ 

Pollination and seed dispersal garden, woodland, agricultural land  √ √  √ √ 

Noise reduction trees, shrub, vegetated surface √ √  √  √ 

Water flow regulation waterbody, woodland, herbaceous land  √ √ √ √ √ 

Water purification waterbody, woodland, herbaceous land √ √ √  √ √ 

Air purification woodland, tree, shrub √ √ √ √ √ √ 

Erosion control woodland, tree, herbaceous land, shrub √ √ √ √  √ 

 

Cultural 
   

Aesthetics service woodland, other green spaces √ √ √ √ √ √ 

Recreation & cohesion park, garden, waterbody  √ √ √ √ √ 

Education agricultural land, woodland, park, garden  √ √ √ √ √ √ 
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Table 2-4. Categories of urban ecosystem services. Source: Douglas and Ravetz (2011). 

Category Description 

Provisioning 

services 

Tangible goods which ecosystems provide directly. This could be fresh water for 

consumption or production; food for consumption; forest and crop plantations 

for energy and fibre. 

Regulating 

services 

Benefits from ecosystems concerning the regulation of natural processes. 

Wetlands, dunes, and floodplains for flood and flow regulation; vegetative cover 

for erosion regulation; peat bogs for carbon sequestration, are all examples of 

the regulation functions, which urban development ignores at its peril. 

Cultural 

services 

More intangible experiences which are offered or enabled by ecosystems. 

Landscapes, uplands, community forests, and urban greenspace are valued for 

aesthetic and recreational qualities: reservoirs, canals, and urban watercourses 

enable social relations and cultural identity. 

Green infrastructure delivers multiple ecosystem services at the same time, thereby potentially 

creating interactions—synergy and trade-off—between them (Haase et al., 2014; Qiu and 

Turner, 2013). Synergy is defined as “a win-win situation that involves a mutual improvement 

of both ecosystem services” (Haase et al., 2012). In other words, a synergy occurs when 

increasing the provision of one ecosystem service enhances the provision of others. Therefore, 

the understanding of synergies is of importance for the design and management of green 

infrastructure that aims to increase the supply of ecosystem services for human well-being 

(Hansen and Pauleit, 2014). Table 2-5 illustrates examples of synergies between different 

ecosystem services provided by urban green infrastructure. On the other hand, trade-off refers 

to “a win-lose or lose-win situation that involves losing one ecosystem service in exchange for 

gaining another” (Haase et al., 2012). A trade-off occurs if ecosystem services respond 

differently to changes due to temporal or spatial relationships (Seppelt et al., 2011). For 

example, carbon sequestration through afforestation may decrease water supply because the 

process of tree growth increases evapotranspiration (Bennett, Peterson and Gordon, 2009). 
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2.3.4 Challenges 

A major challenge in the above nature-based solutions is balancing the requirement of green 

spaces with the compactness of urban development (Beatley, 2012). Compactness refers to 

“the agglomeration of urban activities, functions and residents with the physical proximity and 

continuity of increasing density” (Burton, 2000). It suggests a relatively continuous, high-

density and mixed-used spatial pattern that allows for efficient urban activities, such as public 

transportation, walking and cycling.  

A more natural urban environment or urban form may come into the conflict with developing 

the city in a more compact way. In fact, many cities are facing trade-offs between urban 

compactness and green space availability (Beatley, 2012). American architect Andres Duany 

argues that landscape urbanism threatens the efficiency of urban transportation systems by 

trying to incorporate landscapes into cities (such as the Central Park in Manhattan) and thus 

may lead to more dispersed patterns of suburban and urban sprawl (Duany and Talen, 2013).  

Such argument underestimates the capacity of landscape urbanists to productively reimagine 

the contemporary city. By mapping visible and invisible ecological processes in the city, urban 

landscapes can be designed as small, distributed but functional-connected green spaces that 

function as green infrastructure systems whilst maintaining the compactness of the city (Weller, 

2016). In fact, many efforts have been made to increase built-up density while at the same time 

enhancing the naturalness of urban environments. Amsterdam, for instance, is attempting to 

Table 2-5. Grades of synergies between different ecosystem services provided by urban 

green infrastructure. Source: adapted from Demuzere et al. (2014). 

Ecosystem 

services 
Education 

Recreation 

& social 

cohesion 

Air 

purification 

Water 

purification 

Water 

regulation 

Climate 

regulation 

Carbon 

sequestration 
60-80% 60-80% 30-60% 30-60% 60-80% 60-80% 

Climate 

regulation 
30-60% >80% 30-60% 30-60% 60-80%  

Water 

regulation 
30-60% >80% 30-60% 30-60%   

Water 

purification 
<30% 60-80% <30%    

Air 

purification  
<30% 60-80%     

Recreation & 

social 

cohesion 

>80%      
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add built-up density in several neighbourhoods while also “green” these areas through 

minimising paved surfaces and creating green and wild spaces, such as green roofs, street trees, 

ecological waterway, and green corridors (Beatley, 2012). A similar strategy can be found in 

Berlin, where efforts are being made to “green” large housing blocks to ameliorate urban 

landscapes (Beatley, 2012). In addition, the urban forestry network of Telford New Town, 

England also illustrates how urban woodland can successfully be used to structure large areas 

of new development (Simson, 2005). 

2.4 Process-oriented green infrastructure 

Green infrastructure works as a landscape network rather than a set of free-standing green 

spaces in the city. Interconnected landscapes are able to mitigate the negative effects of habitat 

fragmentation and mediate multiple ecological processes that individual ones cannot support 

on their own (Douglas and Ravetz, 2011; Staddon et al., 2010). These ecological processes 

could then, in turn, improve landscape diversity and connectivity (Colding, 2007; Lafortezza 

et al., 2013). For example, well-connected urban forests promote the movement of animals, 

which in turn aid the distribution of trees by dispersing seeds and pollen. Accordingly, the 

feature “connectivity” links urban landscapes and ecological processes in a feedback loop 

(where one thing affects a second, which affects the first), and therefore can be seen as the 

overriding feature of green infrastructure.  

2.4.1 Process-based connectivity 

Connectivity is often viewed from two perspectives: structural and functional. Structural 

connectivity describes physical connections (e.g., corridors) or distance between landscape 

patches (Figure 2-5a), whereas functional connectivity refers to the degree to which the 

landscape facilitates or impedes ecological processes and flows (e.g., animal movement, forest 

migration and seed dispersal) among landscape patches (Figure 2-5b) (Baguette and Van Dyck, 

2007; Taylor et al., 1993; Vimal, Mathevet and Thompson, 2012). 
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Figure 2-5. Illustrations of (a) structural connectivity and (b) functional connectivity. Source: 

author. 

While structural connectivity is often used as a proxy for functional connectivity, in cities and 

other human-dominated environments, functional connectivity is the predominant perspective. 

This is because extremely heterogeneous land cover (small, narrow, and scattered spatial units) 

makes it difficult to create continuous landscapes, especially across high-density residential 

areas or city centres. Moreover, many ecological processes in cities do not necessarily depend 

on physical connections among green spaces, although a continuous green corridor may 

facilitate them (Forman, 2014; Hejkal, Buttschardt and Klaus, 2017). In fact, even some small-

scale green spaces, such as street trees, are able to enhance the movement of birds and bats in 

cities (Sadler et al., 2010). Since this research mainly focuses on urban areas, the feature 

“connectivity” in the following refers to functional (process-based) connectivity. 

In regions with intensive human activities, natural habitats are often fragmented into patches 

surrounded by areas that are not suitable for habitat (Boscolo et al., 2008; Yang et al., 2016). 

To reduce the effects of landscape fragmentation is to increase functional connectivity between 

habitat patches (de la Pena-Domene, Minor and Howe, 2016). Particularly, in the face of rapid 

climate change, increasing connectivity is suggested to be one of the most recommended 

strategies for maintaining biodiversity and facilitating species’ range shifts (Kang et al., 2016; 

Littlefield et al., 2019). 
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A common strategy to increase connectivity is to build and protect connectivity elements—

corridors and stepping stones—which are able to affect the direction, route and rate of 

ecological flows and movements across the landscape matrix (Forman, 1995; Turner, 1989). 

In fact, even for species with limited migration abilities, range shift through a heavily 

urbanised landscape matrix can be facilitated by corridors and stepping stones (Gilchrist, 

Barker and Handley, 2016). 

Corridors have received much attention as ecologically and functionally efficient strategies to 

ensure landscape connectivity (Ribeiro et al., 2017). In general, corridors are continuous strips 

of habitat (e.g., green belts) that structurally connect two or more habitat fragments, serving 

as pathways for horizontal ecological flows and movements such as surface runoff, gene flow, 

and species dispersal (Forman, 2014). Particularly, corridors are often considered essential for 

the survival of species that are not able to move through the urban matrix (Gilchrist, Barker 

and Handley, 2016). However, increasing connectivity by the creation of corridors may be 

difficult to achieve due to numerous barriers and constraints of human-dominated landscapes. 

In this context, creating and protecting stepping stones may be a more recommended and 

viable strategy (Astudillo et al., 2018; Hale et al., 2001; Pérez-Hernández et al., 2014; Rochat 

et al., 2017; Suarez-Rubio et al., 2015). 

Stepping stones refer to small, scattered patches of habitat that provide food and shelter for 

animals and, at the same time, form potential dispersal networks for their movement across 

open areas (de la Pena-Domene, Minor and Howe, 2016; Forman, 2014). They are especially 

crucial for species with low movement ability, especially in highly fragmented landscapes (de 

la Pena-Domene, Minor and Howe, 2016; Herrera and García, 2009; Pérez-Hernández et al., 

2014; Saura et al., 2014). The effectiveness of a stepping stone relies on not only its area and 

vegetation quality but also the spatial arrangement of surrounding habitat patches, which 

significantly affect the rate of species’ movement (Yang et al., 2016). A number of studies 

have demonstrated the effectiveness of stepping stones in facilitating animal movement 

through highly fragmented landscapes. For example, Hale et al. (2001) showed that British 

red squirrels are able to use stepping stones to move considerable distances through 

fragmented habitats. Barbosa et al. (2017) illustrated the value of small forest fragments as 

effective connectivity elements for birds in anthropogenic landscapes. A study of Milu (also 

called Père David’s deer) found that this animal adopts the dispersal strategy of stepping stones 

to move through habitat barriers in an anthropogenic landscape (Yang et al., 2016). 
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2.4.2 Cross-scale dynamics 

Although ecological processes in urban areas can be maintained and facilitated by functionally 

connected landscapes, incorporating them into the management and design of green 

infrastructure is still challenging. This is because ecological processes operate at nested scales, 

thereby requiring an integrative approach from a multi-scale perspective.  

Here, scale refers to the physical dimension, in terms of space or time, of landscapes or 

ecological processes (Figure 2-6). The spatial scale of green infrastructure refers to the space 

at which landscapes are predominant and ecological processes are operating, varying from 

metres to hundreds of kilometres, while the temporal scale is the timing of ecological processes 

supported by green infrastructure, ranging from minutes, days, months to decades (Forman, 

2014). There is a rough correlation exists between space and time—that is, things that extend 

over a long time typically cover or affect a large area, whereas quick changes usually occur in 

small spaces (Delcourt and Delcourt, 1988; Farina, 2008; O'Neill, 1986; Wu, 2007). Such a 

space-time correspondence principle is also common in urban areas (Forman, 2014).  

 

Figure 2-6. Hierarchy scales of ecological processes. a. Temporal and spatial scales of major 

processes affecting forest ecosystems. Source: Law et al. (2006). b. Scales in the hierarchy of 

decisions made by large wading birds. Source: Holling (1992). 

In addition, each scale has two primary components: grain and extent. Grain refers to the 

spatial or temporal resolution of an observation set, while extent is the total area or time 

duration of a study (Wiens, 1989; Wu, 2007). A model developed by Wu (1999) can be used 

to explain the concepts of extent and grain in landscape ecology (Figure 2-7). The grain and 

extent at which a study is conducted may profoundly influence the results. For example, 

measurements of the number, sizes, shapes and connectivity of habitat patches will change 
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when the resolution (grain size) of data is altered (e.g., Lausch and Herzog, 2002; Suárez‐

Seoane and Baudry, 2002; Wickham and Rhtters, 1995; Wu, 2004). In a similar vein, 

observations of some climate-driven processes maybe not intuitively obvious nor visually 

apparent at a small extent. This is because fine-grained data tend to blur coarse-scale patterns 

and processes by generating noises in the final analysis, whereas coarse-grained data tend to 

miss fine-scale patterns and processes (Wu and Li, 2006). Accordingly, conclusions or 

inferences regarding landscape patterns and ecological processes are scale-dependent and must 

be drawn with an acute awareness of scale.  

 
Figure 2-7. The concept of grain and extent. Source: Wu (1999). 

Urban landscapes are nested hierarchical systems in terms of both structure and function: the 

landscape at a given scale is composed of interacting components at a smaller scale and is 

itself a component of the landscape network at a larger scale (Forman, 2014; Rosales, 2017; 

Wu, 2007). The nested landscape systems are in line with our nested urban systems, which 

ranges from individual dwellings, blocks and neighbourhoods, to cities and finally bioregions 

(Boyle et al., 2003; Keeffe, 2014; Newman and Jennings, 2012) (Table 2-6). An example of 

nested landscape systems is the urban forest, which starts from individual trees, street tree 

corridors, to tree networks around urban blocks, forest fragments in parks, and finally the entire 

urban forest in and around the city (Bell, 2012; Bell et al., 2005).  
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Table 2-6. Spatial and temporal scales of urban landscapes. Source: author, based upon Bell 

et al. (2005); Burkhard et al. (2014); Calderón-Contreras and Quiroz-Rosas (2017); Malinga 

et al. (2015); Newman and Jennings (2012); and Pulighe, Fava and Lupia (2016). 

Dimension Category Description 

Spatial 
 

site-block 
10,000-250,000m2, e.g., individual building plus 

its surroundings, several buildings, blocks. 

neighbourhood-district 1-10 km2, e.g., neighbourhood, district, village. 

city-bioregion 
 

100-10000 km2, an entire city (or a group of cities) 

plus its rural landscape. 

Temporal 

short-term hours, days, weeks, e.g., rainfall-runoff events. 

medium-term months, seasons, e.g., harvest rhythms, winter. 

long-term years and decades. 

The hierarchical organisation of urban landscapes leads to landscape connectivity at multiple 

scales, which affects the ecological process operating at each scale (Rayfield et al., 2016; 

Scholes et al., 2013). For example, individual trees provide fruit or shade at a local site scale, 

but when connected as lines of street trees, they can serve as corridors connecting 

neighbourhood parks, and when further aggregated to the level of urban forests, they may 

provide habitat refuges that support long-distance dispersal of populations in regions with 

intensive human activities. In general, small-scale connectivity provides species access to 

spatially distributed resources in the short term, while large-scale connectivity facilitates 

species movement and gene flow across entire species ranges and are often related to climate 

change adaptation in the long term (Dilt et al., 2016). 

The dynamics of landscape and processes across multiple scales of time and space has been 

articulated by Canadian ecologist Crawford Stanley Holling. Holling stated that ecosystems 

operate at many scales, some of which are loosely, and others tightly connected, but all are 

subject to change at different rates and under different conditions (Holling, 1992). In this 

respect, ecosystem stability is scale-dependent and is neither a constant nor a phenomenon that 

defines a whole system at any one point in time and space. 

Due to the cross-scale dynamics of urban landscapes, a given ecological process of interest (at 

a specific scale) is actually a synergistic result of the process at its adjacent scales (O'Neill, 

1986; Scholes et al., 2013; Wu and Li, 2006). To be more specific, the process at a smaller 

scale provides initiating conditions to the focal scale, whilst the process at a larger scale exert 

constraints (e.g., boundary, direction) to the focal. Hierarchy theory suggests that the 
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mechanistic understanding of a phenomenon at the focal level comes from its next lower level, 

while the significance of that phenomenon can only be revealed at its next higher level (Wu, 

2007). Therefore, in order to understand and facilitate ecological processes, urban green 

infrastructure should be managed and designed from a multi-scale perspective. 

2.4.3 Process-oriented framework 

Based on understandings of the features of green infrastructure, a few conceptual frameworks 

have been developed for designing and managing green infrastructure. For instance, 

Lafortezza et al. (2013) proposed a nested model (including local, regional, and national scales) 

for analysing and developing green infrastructure, considering five interlinked conceptual 

components: ecosystem services, biodiversity, social and territorial cohesion, sustainable 

development, and human well-being (Figure 2-8). Demuzere et al. (2014) presented a 

framework for analysing the ecological services and benefits provided by green infrastructure 

for climate change mitigation and adaption (Figure 2-9). In addition, Hansen and Pauleit (2014) 

developed a conceptual framework for assessing the multifunctionality of green infrastructure 

from a social-ecological perspective (Figure 2-10). Apparently, these frameworks mainly 

focus on the ecosystem functions and services provided by green infrastructure for human 

well-beings, rather than functionally connected landscape systems for ecological processes. 

Therefore, this study develops a new conceptual framework for understanding and designing 

green infrastructure systems from a process-oriented perspective. 

 
Figure 2-8. Green infrastructure framework. Source: Lafortezza et al. (2013). 
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Figure 2-9. Green urban infrastructure services and benefits within a climate change mitigation 

and adaption framework. Source: Demuzere et al. (2014). 

 

Figure 2-10. Conceptual framework for the assessment of the multifunctionality of green 

infrastructure. Source: Hansen and Pauleit (2014). 
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The establishment of this framework is based on the above discussion about process-based 

connectivity and cross-scale dynamics (Figure 2-11). The framework consists of three scale 

levels in two dimensions, spatial and temporal. Besides of the focal scale, two adjacent scales 

(smaller and larger than the focal one) are included to account for the nested organisation of 

urban landscapes and the cross-scale interactions between ecological processes. The nested 

green infrastructure framework suggests that landscape interventions at a small scale might be 

able to affect the landscape and processes at a larger scale. In this respect, process-oriented 

green infrastructure holds the potential to profoundly reduce the amount of land required for 

green infrastructure while effectively facilitating ecological processes. 

 

Figure 2-11. The proposed conceptual framework of process-oriented green infrastructure. 

One-way arrows represent direct causal influences of one scale on another. Source: author. 

At the same time, the closed loop of “urban landscape”, “functional connectivity”, and 

“ecological process” is highlighted at each spatial-temporal scale. According to Wu (2007), 

landscapes and processes at higher levels are larger and slower (or low-frequency), while at 

lower levels are smaller and faster (or high-frequency). The closed loop, together with cross-

scale dynamics, indicates that process-oriented green infrastructure should be considered as a 

complex system, within which landscapes at multiple scales work together to deliver more 

than the sum of the individual landscapes.  
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2.5 Conclusion 

In summary, this chapter discusses the negative effects of urbanisation-induced landscape 

fragmentation on ecological processes, reviews the role of urban landscapes in balancing urban 

activities and ecological processes, describes the main feature (connectivity) of urban 

landscapes as green infrastructure in terms of advancing ecological processes, and finally, 

develops a conceptual framework of process-oriented green infrastructure for understanding 

and designing urban landscapes to facilitate ecological processes. The highlights of each 

section are as follows: 

 Global urban populations are expected to increase by 72% by 2050, reaching 6 billion. 

To support the demands of urban population growth, cities will continue to sprawl and 

fragment landscapes, resulting in further habitat fragmentation, degradation and loss. 

 Planning and designing urban landscapes are gaining increasing acceptance as nature-

based solutions for reducing landscape fragmentation and facilitating ecological 

processes. Concepts such as ecological design and planning, landscape urbanism and 

green infrastructure have been proposed by contemporary architects, landscape 

architects, and urban designers to balance urban activities and ecological processes. 

 Process-oriented connectivity links urban landscapes and ecological processes in a 

feedback loop and thus can be regarded as the overriding feature of green 

infrastructure. Although ecological processes can be maintained and improved by 

functionally connected landscapes, incorporating them into green infrastructure is still 

challenging, which requires a consideration of multiple ecological processes that 

operate at nested spatial-temporal scales.  

2.6 Reflection 

My idea of the nested framework stemmed from my interest in fractal theory. I am always 

interested in simple and general rules in the world. During my master’s study on landscape 

architecture, I came across the theory of fractal and self-similarity in landscape ecology. Most 

of my knowledge of landscape ecology was obtained from the book “Landscape Ecology: 

Pattern, Process, Scale and Hierarchy (in Chinese)” by Professor Jianguo Wu, who is currently 

a Dean’s Distinguished Professor of sustainability science in the school of life sciences and 

the school of sustainability at Arizona State University. I was impressed by the description of 

nested ecological systems and self-similar landscape pattern described in the book. Self-
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similarity can be related to fractal. Wu noted that a landscape showing self-similarity has the 

same fractal dimension at different scales.  

After that, I started to read books about fractal theory and was excited to find that fractal is 

almost everywhere in the world, from the shape of trees, river networks, to the Internet and 

urban growth. I also learned how to calculate fractal dimensions and tested the theory of self-

similarity in a case study of Acheng, Harbin city, Heilongjiang province, China (Figure 2-12).  

 

Figure 2-12. Illustration of the fractal analysis and the result for the case study of Acheng. 

Source: author. 

Another book that influenced my research is “Antifragile: Things that Gain from Disorder” by 

Nassim Nicholas Taleb, who is also the author of a famous book “The Black Swan”. In this 

book, Taleb discussed why a fractal system could cope with Black Swans (large-scale 

unpredictable and irregular events of massive consequence): 

 “Layers of redundancy are the central risk management property of natural system…In 

a system, the sacrifices of some units—fragile units, that is, or people—are often 

necessary for the well-being of other units or the whole…So antifragility gets a bit more 

intricate—and more interesting—in the presence of layers and hierarchies. A natural 

organism is not a single, final unit; it is composed of subunits and itself may be the 

subunits of some larger collective. These subunits may be contending with each 

other…How does this layering operate? A tree has many branches, and these look like 

small trees; further, these large branches have many smaller branches that sort of look 
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like even smaller trees. This is a manifestation of what is called fractal self-similarity, 

a vision by the mathematician Benoit Mandelbrot. There is a similar hierarchy in things 

and we just see the top layer from the outside…A strengthening mechanism for the 

species comes at the expense of some organisms; in turn the organism strengthens at 

the expense of some cells, all the way down and all the way up as well… Things that 

grow in a natural way, whether cities or individual houses, have a fractal quality to 

them. Like everything alive, all organisms, like lungs, or trees, grow in some form of 

self-guided but tame randomness.” 

Similarly, in his book “Out of Control: The New Biology of Machines, Social Systems, and 

the Economic World”, Kevin Kelly proposed a similar idea: 

“A complex system cannot die simply. The members of a system have a bargain with the 

whole. The parts say, ‘we are willing to sacrifice to the whole because together we are 

greater than our sum.’ Complexity locks in life. The parts may die, but the whole lives. 

As a system self-organises into greater complexity, it increases its life. Not the length of 

its life, but its lifeness. It has more lives…The self-organising subsystems in organisms 

suggest, though, that some things are more alive than others.” 

Although from different perspectives, all the three books mentioned the importance of fractal 

and hierarchy for the resilience of complex systems. This got me thinking that since urban 

(infrastructure) systems are analogous to ecological systems (both of them are interconnected, 

complex and adaptive, and exhibit scaling properties), the fractal and self-similar structure of 

ecological systems might help us improve the resilience of urban (infrastructure) systems. So, 

just right after I started my PhD, I proposed a framework of resilient urban (infrastructure) 

system based on the theory of fractal and antifragility, in which cross-scale resilience can be 

produced by the replication (redundancy) of processes and services dominating at different 

scale levels. As disruption usually occurs across a limited range of scales, I think such a fractal 

urban system could allow processes and services that operate at other, undisturbed scales to 

persist (Figure 2-13). 
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Figure 2-13. Fractal analysis framework for urban infrastructure systems (S=Social functions, 

E=Economic functions, E’=Environmental functions; Red symbol=Infrastructure failure, 

Black arrow=Maintaining critical functions; Green arrow=Reconfiguring critical functions). 

Source: author. 

Then, my research topic was changed from “resilient urban infrastructure to disasters” to 

“mapping urban green infrastructure”. Based on an understanding of scale and fractal, together 

with the features of urban green infrastructure, I developed a framework for mapping green 

infrastructure (Figure 2-14). The framework was further adjusted to fit a more detailed 

research topic of “mapping green infrastructure for forest migration”. Actually, at the 

beginning of this study, I did not know that the nested fractal structure could be used for 

studying forest migration. It was after I developed an approach for mapping forest flows (in 

Chapter 5) that I realised that since fractals are a universal phenomenon in nature, it might also 

be suitable for the study of forest migration. 
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Figure 2-14. The proposed conceptual framework for describing green infrastructure. One-

way arrows illustrate direct causal influences, while two-way arrows represent interactions 

between components. Source: author. 
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3 RESEARCH METHODOLOGY 

  



- 51 - 
 

3.1 Introduction 

In chapter 2, I discuss the negative effects of urbanisation-induced landscape fragmentation 

on ecological processes, review the role of urban landscapes in balancing urban activities and 

ecological processes, and describe the main feature (connectivity) of urban green infrastructure 

in terms of advancing ecological processes. Concepts and theories related to connectivity, such 

as functional (process-based) connectivity, spatial and temporal scales, and cross-scale 

dynamics are described in detail. On this basis, I develop a conceptual framework of process-

oriented green infrastructure for understanding and designing urban landscapes to facilitate 

ecological processes. 

This chapter elaborates the methodology used in this study for exploring the potential of urban 

green infrastructure to facilitate climate-driven forest migration through cities. The problem 

of forest migration should be seen as a wicked problem in relation to climate change. Wicked 

problems are complex, dynamic problems that cannot be described and solved with full 

accuracy, in contrast to those more traditional, determinate or so-called “tame” problems. In 

this chapter, I first describe the definition of wicked problems and review existing 

methodologies for addressing wicked problems. After that, I propose a three-phase research 

methodology to answer the following three research questions. 

1) For answering research question one “Why should we consider cities in the process of 

forest migration and what roles can urban landscapes play in the process?”, a 

transdisciplinary literature review is conducted to explore the connections between 

city, forest, and climate change. At the same time, a case study of Greater Manchester, 

UK, is used to demonstrate the contribution that urban landscapes could make to forest 

migration. 

2) In order to answer research question two “How can forest trees migrate through urban 

areas, and more specifically, how can urban landscapes, as seed sources or stepping 

stones, contribute to the process?”, a mapping-based approach is employed to depict 

the flow of forest migration through the city.  

3) Based on an understanding of the process of forest migration, a research-by-design 

methodology is employed to explore research question three “How to design urban 

green infrastructure to facilitate forest migration and, more specifically, to promote 

seed dispersal and species range expansion across urban areas?”, following an iterative 

designing-testing-refining process. 
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3.2 Methodology for wicked problems 

3.2.1 Defining wicked problems 

The concept of wicked problem was first formulated by Horst Rittel in 1972 to describe the 

complex and dynamic problems in design and planning (Rittel, 1972). The term “wicked” here 

refers to issues that prove to be highly resistant to resolution through any of the currently 

existing modes of problem-solving (Brown, 2010a). In other words, wicked problems are 

opposed to traditional, determinate or so-called “tame” problems which can be dealt with in a 

scientific (in the conventional sense) or technocratic manner and have a clear solution. Rittel 

realised that a wicked problem cannot have a final solution because any resolution will bring 

fresh changes. In this light, there is no right or wrong resolution but only the best resolution 

that can be done at that time. 

In their seminal paper “Dilemmas in a General Theory of Planning”, Horst Rittel and Melvin 

accurately elaborated the following ten characteristics of wicked problems (Rittel and Webber, 

1973, pp. 161-167). However, it should be noted that not all of them are needed to hold for a 

problem to be considered wicked (Burge and McCall, 2015). 

 There is no definitive formulation of a wicked problem; 

 Wicked problems have no stopping rule; 

 Solutions to wicked problems are not true-false, but good-bad; 

 There is no immediate and no ultimate test of a solution to a wicked problem; 

 Every solution to a wicked problem is a “one-shot operation” because there is no 

opportunity to learn by trial-and-error, every attempt counts significantly; 

 Wicked problems do not have an enumerable (or exhaustively describable) set of 

potential solutions, nor is there a well-described set of permissible operations that may 

be incorporated into the plan; 

 Every wicked problem is essentially unique; 

 Every wicked problem can be considered a symptom of another wicked problem; 

 The existence of a discrepancy representing a wicked problem can be explained in 

numerous ways. The choice of explanation determines the nature of the problem’s 

solution; and 

 The designer has no right to be wrong. 

Although the term “wicked problem” originally refers to design problems (Rittel and Webber, 

1973), it has been picked up by in a variety of disciplines for dealing with many complex and 
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dynamic problems such as climate change (Perry, 2015), biodiversity loss (Redford, Adams 

and Mace, 2013), social issues (Elia and Margherita, 2018), and public policy and management 

(Head and Alford, 2013). This leads to the development and evolution of the concept of wicked 

problem.  

For example, Farrell and Hooker (2013) examined the ten characteristics proposed by Rittel 

and Webber (1973) and showed that wickedness derives from three general sources common 

to both science and design: finitude, complexity and normativity. On this basis, they argued 

that design should not be demarcated from science. In other words, the wicked/tame distinction 

is not an exclusive dichotomy but a continuum upon which both scientific and design problems 

can be based. Their arguments indicate the need for synergetic cross-disciplinary research and 

practice. 

From a social-environmental perspective, concepts of wicked problems in the literature were 

synthesised by Xiang (2013) to include five features: (1) indeterminacy in problem 

formulation, (2) non-definitiveness in problem solution, (3) non-solubility, (4) irreversible 

consequentiality, and (5) individual uniqueness. These features suggest the need for adaptive 

management strategies to “address”, “tackle”, “manage”, or “deal with” wicked problems 

rather than those that pretend to “solve” them.  

Likewise, Perry (2015) stated that wicked problems are social-ecological, neither strictly 

social nor ecological. He summarised six common characteristics of wicked problems related 

to climate change adaptation: 

 We can’t understand the problem until we have developed a solution; 

 There is no stopping point; 

 There are no right and wrong solutions; 

 Each adaptive approach is unique; 

 Every solution is an expensive trial by error; and 

 There are no alternative solutions that might be better.  

In addition, Duckett et al. (2016) presented a set of characteristics of wicked social-

environmental problems: indefinable (and non-generalizable), ambiguously bounded, 

temporally exacting, repercussive, doubly hermeneutic, and morally consequential. 

Besides, through the lens of complex systems, Zellner and Campbell (2015) identified five 

factors that cause the wicked nature of urban crises and social problems (e.g., inner-city decline, 

urban poverty, inequality, deindustrialization, and urban violence): interaction, heterogeneity, 

feedback, neighbourhood effects, and collective interest traps. 
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3.2.2 Wicked nature of forest migration 

Problems associated with climate change can be classified as wicked or even super-wicked 

problems (Lazarus, 2009; Perry, 2015). Enormous uncertainties, circularities and conflicting 

stakeholder interests make it difficult to achieve a resolution for climate change (Lazarus, 

2009). Russell (2010) claimed that “Taking a stand or making decisions about what is the right 

thing to do in relation to climate change will involve one of the most important and complex 

decisions any generation has ever had to face.” Termeer et al. (2016) suggested that climate 

change should be called a “wicked problem par excellence” since it exhibits many 

characteristics of wicked problems proposed by Rittel and Webber (1973). Likewise, in his 

paper “Climate change as a wicked social problem”, Reiner Grundmann (2016, p. 562) argued 

that climate change is “a wicked problem, one that cannot be solved, but must instead be 

resolved and renegotiated, over and over again...Climate was misconstrued as a tame problem, 

but it is not. Climate change does not have a stopping rule. We do not know when we have 

succeeded in solving the problem, because we do not have an agreed metric.”  

The problem of forest migration should be seen as a wicked problem related to climate change 

because it exhibits many characteristics of wicked problems: 

 Firstly, due to the uncertainties in global climate change (Harris et al., 2014), there is 

considerable uncertainty in the trajectories of forest migration and in the future 

distribution of tree species (Lindner et al., 2014), which makes solutions to facilitate 

forest migration difficult to identify.  

 Secondly, strategies to assist forest migration (such as Assisted Migration) can 

themselves have unintended, negative, and possibly irreversible consequences. For 

example, because of the complexity of ecosystems, translocations of tree species 

might cause the risk of species invasion and the ethical problem with regard to 

artificial translocation of species to new places (Schwartz et al., 2012; Stone, 2010; 

Tomiolo and Ward, 2018).  

 Thirdly, since forests are one of the most important ecosystems on the planet, the 

failure of trees to track climate change is expected to have radical commercial, 

biological, and climatological consequences, some of which we cannot even yet 

imagine. Meanwhile, delays in the migration of trees may also slow the movement of 

animals that depend on them for habitat or food.  
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 Finally, the problem of forest migration will be exacerbated by the negative impacts 

of urbanisation. Urban (landscape) design has wicked problems of its own 

(Foroughmand Araabi, 2017). With an aim to design process-oriented green 

infrastructure to facilitate forest migration, this study faces the challenge of balancing 

the requirement of green spaces and the compactness of urban development (see 

Subsection 2.3.4).  

3.2.3 Methods for wicked problems 

Defining forest migration as a wicked problem can point the way towards applying effective 

approaches to understanding and facilitating the ecological process. The nature of wicked 

problems makes problem solving difficult (Rittel and Webber, 1973). Efforts to deal with a 

wicked problem in a conventionally “scientific” manner often results in the emergence of other, 

even more complex, problems that require further solutions (Jabeen and Guy, 2015). In this 

regard, wicked problems need creative solutions where “the information needed to understand 

the problem depends upon one’s idea for solving it” (Rittel and Webber, 1973), rather than 

linear divide-and-conquer strategies that aim to search for definitive solutions (Xiang, 2013). 

As Roggema (2014) explicated in his book “Swarm Planning: The Development of a Planning 

Methodology to Deal with Climate Adaptation”,  

“We cannot solve wicked problems with frameworks that were used to solve structured 

problems in a Technical Rational way. Even ‘repairing’ the existing framework to face 

fundamental different problems does not function because this repaired existing 

framework will solve problems in the way it always has done” (Roggema, 2014, p. 9). 

Recently, many attempts have been made to address wicked problems in socio-ecological 

systems. Xiang (2013) suggested that tackling wicked problems requires a holistic and 

process-oriented approach that is by nature adaptive, participatory, and transdisciplinary. This 

process-oriented approach was further elaborated in his joint paper with Head (2016). At the 

same time, a similar suggestion was made by Perry (2015), who argued that although there are 

no clear-cut solutions for addressing the wicked problems of climate change adaptation, 

delaying actions could cause more risks than taking actions under uncertainty. He suggested 

that climate change adaptation should begin by understanding the site and the surrounding 

landscapes, and proposed six strategies below for climate change adaptation: 

 Embrace multiple perspectives rather than prescribing single solutions. Invest in 

several adaptation practices at any given site. Ensure that the suite of practices 

includes ones appropriate for a range of temporal and spatial scales; 
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 Use an iterative approach. Follow classic adaptive management guidance, 

implementing practices, evaluating them, and adapting as appropriate through 

multiple iterations; 

 Generate ownership of the problem through stakeholder participation and 

transparency; 

 Facilitate a visual representation of the problem, allowing exploration of possible 

solutions; 

 Focus on simultaneously advancing several alternatives rather than on attempting to 

protect specific variables; and 

 Use scenarios and adaptive planning.  

In addition, transdisciplinary research approaches have been used in many studies to deal with 

wicked problems, given the ability of transdisciplinarity to combine the strengths of different 

disciplines and involves stakeholders in the development of solutions (Koier and Horlings, 

2014). For instance, Lawrence (2010) applied open transdisciplinary inquiry to the wicked 

problems of housing and health. Russell (2010) argued that the wicked problem of climate 

change is so complex that our knowledge of the problem will only ever be partial and fallible, 

and thus needs an approach to transdisciplinary inquiry and decision-making that remains 

flexible and open to revision and improvement.  

At the same time, participatory approaches have been increasingly advocated by researchers 

to address wicked problems about housing, urban planning, environmental conservation 

policies and public health (Lawrence, 2010). For example, Davies et al. (2015) found that 

participatory modelling can incorporate social and ecological dynamics into decision-making 

processes for addressing the wicked problems of the interactions between human activities and 

ecosystems. Innes and Booher (2016) suggested that wicked problems in socio-ecological 

systems need to be tackled, managed and dealt with through collaborative (open and 

participatory) processes of engagement and knowledge-sharing. In order to reduce the 

vulnerability of low-income households under climate change, Jabeen and Guy (2015) 

proposed a participative approach to take into account the “voices” beyond the policy and 

professional nexus.  

Besides, the capacity of design to address wicked problems has been noted by many 

researchers and designers. For instance, Dunne (2010) discussed the capacity of Positive 

Design to tackle wicked problems. Positive design is an iterative design process that focuses 

on building strong systems rather than correcting the weakest links in the systems, emphasising 

the pursuit of the possible rather than the known. Dunne argued that positive design could 
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encourage designers to think broadly and openly about the system as a whole and thus avoid 

the tendency to tame the problem by selecting only its best-defined parts. He also suggested 

the use of experimentation to reframe the problem space and test solutions. Likewise, 

Lenzholzer and Brown (2016) suggested that wicked problems can be addressed by 

“satisficing” resolutions achieved through an iterative process of designing, testing and 

refining. 

Based on the theory of swarms and tipping points, lessons from complexity, and the 

understanding of complex adaptive systems properties, Roggema (2014) developed a new 

planning theory, Swarm Planning, to deal with wicked problems. The theory of Swarm 

Planning combines active design interventions at a system level with the self-organisation of 

individual landscape elements to shape urban systems. Similarly, based on a good 

understanding of complex systems and change dynamics, Irwin (2015) suggested that 

Transition Design, which views a single design or solution as a single step in a long transition 

toward a future-based vision, could be used as a powerful tool to tackle wicked problems. 

Besides, Hocking, Brown and Harris (2015) revealed the ability of a Collective Design 

Approach to effectively address wicked problems. A collective resolution of a wicked problem 

requires moving beyond the compartmentalisation of knowledge imposed by the ruling 

knowledge sub-cultures, particularly the expert and organisational frameworks. Tietjen and 

Jørgensen (2016) discussed the contribution that Strategic Planning Approaches can make to 

the resolution of the wicked problem of shrinking peripheral rural areas in many European 

countries.  

The Woodlands project, Texas demonstrated how a process-oriented design approach can be 

used to tackle wicked problems specific to a particular site. In order to deal with the problems 

of runoff, flooding, groundwater, trees, and urbanisation at the site, Lan McHarg and his 

interdisciplinary team conducted an ecological inventory of existing natural phenomena and 

processes, and then mapped and superimposed various factors (such as ecological, economic, 

and political issues) to determine the land’s carrying capacity to support certain human 

activities and land uses.  

3.2.4 Research methodology 

Since this study is built upon three research questions, a three-phase methodology is proposed 

and applied here: each phase of the methodology corresponds to one specific research question 

(Table 3-1).  
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Table 3-1. The three-phase research methodology for this study. 

Question Methodology Method Tool 

1 Transdisciplinary 

research 

Literature review N/A 

Case study Exploratory case study N/A 

2 
 

Mapping-based 

research 

Spatial modelling Species-specific threshold 

Graph theory-based tool 

Process-based 

modelling 

Least-cost path model 

Circuit theory-based model 

Case study Descriptive case study N/A 

3 (Post-positivist) 

Research by design 

Simulation-based 

design experiment 

Species-specific threshold 

Graph theory-based tool 

Least-cost path model 

Circuit theory-based model 

Case study Explanatory case study N/A 

1) Research question one: Why should we consider cities in the process of forest 

migration and what roles can urban landscapes play in the process? 

Research methodology: transdisciplinary literature review and case study 

A transdisciplinary literature review is conducted to understand the relationships 

between city, forest, and climate change. The focus lies on the unique climate and 

landscape conditions that cities could provide for the persistence and dispersal of 

outlier populations (translocated species) under climate change. 

Moreover, given that every wicked problem is uniquely grounded in time and space 

(Rittel and Webber, 1973), this thesis select Greater Manchester, UK as a case study 

site to  study the wicked problem of climate-driven forest migration. It should be noted 

that the case study is also a component within the following two research 

methodologies, mapping-based approach and research by design, for research 

question two and three, respectively. 

2) Research question two: How can forest trees migrate through urban areas, and more 

specifically, how can urban landscapes, as seed sources or stepping stones, contribute 

to the process? 

Research methodology: mapping-based approach 
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A mapping-based approach is employed to identify potential seed sources and 

stepping stones in the city, as well as potential migration flows between urban 

woodlands. Two mapping methods—spatial model and process-based model—are 

used here. Each method offers a unique perspective on the spatial pattern of urban 

landscapes. The mapping-based approach represents an important aspect of the 

originality of this study because it allows designers and planners to re-visualise urban 

landscape as functionally connected green infrastructure to facilitate climate-driven 

forest migration. 

3) Research question three: How to design urban green infrastructure to facilitate forest 

migration and, more specifically, to promote seed dispersal and species range 

expansion across urban areas? 

Research methodology: research by design 

The mapping-based approach is followed by a design-based approach—research by 

design—to explore effective resolutions for the wicked problem of forest migration. 

Research by design enables further in-depth exploration of the potential of urban 

landscapes to facilitate forest migration. An iterative process including designing, 

testing, and refining is conducted to achieve a “satisficing” strategy to improve urban 

green infrastructure for forest migration. Simulation-based experiments are applied 

here to test the performance of different design strategies. 

3.3 Methods for research question one 

3.3.1 Transdisciplinary research 

Transdisciplinary research is a necessary way of understanding and addressing problems due 

to disciplinary fragmentation, which are usually complex, broad, systemic or wicked (Aslin 

and Blackstock, 2010; Sage, 2000). It allows for integrative thinking of knowledge and ideas 

from different academic disciplines in order to promote a deep understanding of a problem 

and achieve innovative solutions (Lawrence, 2010), and has been conducted in many areas, 

such as environmental science, social science, political science, education, management, 

philosophy, governance and human ecology (Brown, 2010b). Gibbons et al. (2012, p. 5) 

elaborated the following four features of transdisciplinarity:  

 It develops a distinct but evolving framework to guide problem-solving efforts; 
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 Although transdisciplinary knowledge may emerge from a particular context of the 

application, it has distinct theoretical structures, research methods and modes of 

practice, and thus should be regarded as a contribution to knowledge;  

 The diffusion of transdisciplinary knowledge is initially accomplished in the process 

of its production; and 

 A particular solution can become the cognitive site from which further advances can 

be made, however, it is difficult to identify where this knowledge will be used next 

and how it will develop. 

In fact, research question one “Why should we consider cities in the process of forest migration 

and what roles can urban landscapes play in the process?” itself can be considered 

transdisciplinary in nature, which requires knowledge from the disciplines of paleoecology, 

climate change, biology, urban ecology, urban forestry, landscape and urban design. 

Accordingly, a transdisciplinary literature review is carried out here to answer this question. 

Knowledge and information regarding the mechanism of forest migration as well as the 

uniqueness of urban climates and landscapes are collected and integrated. The 

transdisciplinary research has the following four steps: 

1) Firstly, a literature review on the mechanism of forest migration is conducted. The 

focus lies on the importance of outlier populations for climate-driven range shifts in 

the long term and the contribution of seed dispersal activities to species’ range 

expansion in the short term. 

2) Secondly, the suitability of urban environments for outlier populations is described: 

on one hand, the urban heat island effect is described to show that cities are already 

ahead of their surroundings in terms of climate warming and thus could provide 

favourable climate conditions for the establishment of outlier populations; on the other 

hand, the cooling effect of trees is described to reveal that planting trees in cities can 

slow the rate of warming and thus leads to relatively stable climate conditions for trees 

to grow and reach reproductive maturity. 

3) Thirdly, this study collects evidence regarding the potential of urban landscapes to act 

as seed sources and stepping stones for seed dispersal. 

4) Based on the above discussions, the proposed conceptual framework of process-

oriented green infrastructure (see subsection 2.4.3) is adjusted to provide a more 

specific framework for forest migration from the perspective of seed dispersal. 



- 61 - 
 

3.3.2 Case study 

Since every wicked problem is uniquely grounded in its place and time (Rittel and Webber, 

1973), studies of forest migration should be conducted on the basis of a case study. Case 

studies are complex multifaced investigations into a particular place, project, organisation, or 

landscape (Deming and Swaffield, 2011). A case study can be defined as “a study that 

investigates a contemporary phenomenon in depth and in its real-world context”, according to 

Yin (2015). Yin suggested that case studies are particularly useful when “how” or “why” 

questions are being posed, when the investigator has little control over events, and when the 

focus is on a contemporary phenomenon within some real-life context. He classified case 

studies into three categories, namely, exploratory, descriptive, and explanatory case studies 

(Yin, 2015).  

 Exploratory case studies tend to be conducted as preliminary research to determine 

research questions and hypotheses for subsequent research. A pilot study can be 

considered an example of exploratory case studies. Such studies are suitable for 

answering some types of “what” questions, such as “what roles can urban landscapes 

play in the process of forest migration” (in the research question one). 

 Descriptive case studies aim to describe a phenomenon or story within its real-life 

context. This type of case study is often suitable to answer “how” questions and is 

mainly used to expand on trends and themes already discovered by exploratory 

research.  

 Explanatory case studies are often undertaken to investigate causal relationships, and, 

more specifically, to explain “how” or “why” some condition came to be, for example, 

how and why a form of design intervention is working. 

Yin (2015) suggested that three key factors should be considered in selecting a case-study 

strategy: the type of question, the degree of control over the situation, and the type of 

phenomenon. Here, the exploratory role of case study research is emphasised for answering 

the research question one “Why should we consider cities in the process of forest migration 

and what roles can urban landscapes play in the process?”, while the descriptive role of case 

study research is employed to describe “How can forest trees migrate through urban areas, and 

more specifically, how can urban landscapes, as seed sources or stepping stones, contribute to 

the process?” (research question two), and the explanatory role of case study research is 

emphasised in research question three which aims to explore “How to design urban green 



- 62 - 
 

infrastructure to facilitate forest migration and, more specifically, to promote seed dispersal 

and species range expansion across urban areas?”. 

Greater Manchester, UK, is selected as the case study site. It should be noted that this study 

does not attempt to investigate tree species within the case study area in complete detail, but 

rather focus on the influence of the spatial pattern of urban landscapes on the activities of seed 

dispersal agents. 

Greater Manchester is representative of a large metropolitan region (approximately 127,600 

hectares) in Britain and Northern Europe and is comprised of ten districts: Bolton, Bury, 

Manchester, Oldham, Rochdale, Stockport, Tameside, Trafford, Wigan, and Salford. It is 

located on a river basin flanked by the Pennine hills in North West England (Figure 3-1). With 

a population of over 2.5 million, Greater Manchester is one of the most urbanised areas in the 

UK, the second city in economic terms, and the key to the economic performance of the North 

of England. 

 
Figure 3-1. (a) The location of Greater Manchester; (b) Woodlands in Greater Manchester. 

Source: author. 

Greater Manchester is a suitable case study site as it has typical urban environmental 

characters—a wide range of built forms, neighbourhood types, and land-use types with 

differing surface cover (Gill et al., 2007). Although Manchester used to be one of the world’s 
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first industrial cities, during the past two decades large-scale urban regeneration has 

transformed its land, water and building to new uses. About two thirds (62%) of Greater 

Manchester is “urbanised” areas, with the remaining 40% being agricultural land. Residential 

areas represent the dominant landscape category in the urban mosaic, accounting for about 

half of the urbanised areas, or 29% of the total region. Due to the restriction of Green Belt 

designation, urban development is focused on previously developed, brownfield land.  

Greater Manchester has been developing its green infrastructure for many years (The 

Environment Partnership, 2010), which includes open spaces (e.g., parks, woodlands, informal 

open spaces, nature reserves, lakes, historic sites and natural elements of built conservation 

areas, civic spaces and plazas, and accessible countryside), linkages (e.g., river corridors and 

canals, pathways, cycle routes and greenways), and networks of “urban green” (e.g., the 

collective resource of private gardens, pocket parks, street trees, verges and green roofs). 

The total woodland area in Greater Manchester is about 4695 hectares, representing 3.7 % of 

the land area (Figure 3-1b). Here, woodlands refer to natural, semi-natural or man-made 

forested ecosystems, used for a variety of purposes, such as recreation, nature protection and 

wood production (Bell et al., 2005). According to the National inventory of woodlands and 

trees by Forestry Commission (2002), broadleaved forests are the dominant woodland type in 

Greater Manchester, representing 74.6 % of the total forest area, followed by mixed forest 8.0 % 

and conifer forest 7.8 %. The main conifer species is pine, covering 250 hectares or 47.6 % of 

all conifer species, while the main broadleaved species are oaks covering 775 hectares or 20.8 % 

of all broadleaved species.  

In such highly fragmented landscapes, it is important to not only preserve existing forest 

fragments but also to improve landscape connectivity for the range shift of tree species under 

climate change. According to the Forestry Commission (see 

https://www.forestry.gov.uk/fr/infd-837f9j), a number of tree species need to migrate through 

Greater Manchester in this century, such as European oak (Quercus robur), sessile oak 

(Quercus petraea), European larch (Larix decidua), sweet chestnut (Castanea sativa), and 

European beech (Fagus sylvatica) (Figure 3-2). It should be noted that this study only focuses 

on animal-dispersed tree species, because water- or wind-dispersed species can be carried for 

long distances and thus may have a better chance of survival. 
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Figure 3-2. Tree species that need to migration through Greater Manchester in this century. Source: author. 
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Although trees can be dispersed by various seed dispersal agents, this study mainly considers 

frugivorous birds as effective dispersal agents, given their high adaptability to urban 

environments, good ability to move across fragmented urban landscapes, and high 

effectiveness in dispersing seeds (Horta et al., 2018; Karubian et al., 2012). Birds have 

outstanding adaptability to urban environments: they can disperse urban plant species and take 

advantage of urban landscapes such as street trees and urban forest remnants as stepping stones 

for movement (James Barth, Ian FitzGibbon and Stuart Wilson, 2015; Pena et al., 2017). 

Moreover, compared with other frugivores, birds have relatively large home ranges and 

endurance for long-distance movement, and, thus, play important roles in long-distance seed 

dispersal and climate-driven forest migration (de Casas, Willis and Donohue, 2012; Nathan, 

2006). Besides, birds are much more effective for seed dispersal: their brief and rapid feeding 

visits to fruit trees facilitate the dispersal of seeds far from parent trees, thereby increasing the 

probability of seed survival while avoiding damage and mortality caused by predation and 

pathogens (Horta et al., 2018; Pesendorfer et al., 2016). In contrast, rodents—such as mice 

and squirrels—have restricted dispersal distances and act mainly as seed predators (Gómez, 

2003; Hougner, Colding and Söderqvist, 2006; Wenny, 2000). In fact, even for some wind-

dispersed seeds, their large-scale dispersal depends on birds (Wilkinson, 1997).  

In the case study of Greater Manchester, Eurasian jay (Garrulus glandarius), Eurasian siskin 

(Spinus spinus) and coal tit (Periparus ater) are selected as main seed dispersal agents (Figure 

3-3). Eurasian jays are the predominant and probably the most active dispersal agent for acorns 

from European oaks, sweet chestnuts, sessile oaks, and European beeches (Perea, Miguel and 

Gil, 2011; Pesendorfer et al., 2016). Plants dispersed by jays show strong resilience in the face 

of habitat fragmentation and climate change (Montoya et al., 2008). Moreover, models of oak 

woodland dynamics have revealed that directed dispersal by jays could improve the regional 

abundance of large-seed trees in fragmented and heterogeneous landscapes (Purves et al., 

2007). Meanwhile, Eurasian siskins and coal tits are important seed dispersal agents for 

European larches and Sitka spruces.  

 

Figure 3-3. Seed dispersal agents in the case study area. Source: The Royal Society for the 

Protection of Birds. 
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Species-specific dispersal distances are parameterised by combining the information from the 

literature and an estimation of dispersal distances based on species’ body masses. Table 3-2 

summarises the key parameters of Eurasian jays, Eurasian siskins and coal tits in relation to 

their dispersal abilities. Most of the parameters are obtained from the literature, including 

Conway and Fuller (2010); Dyer (1995); Gómez (2003); Pascual et al. (2014); Rolando (1998); 

Sellers (2011); and Senar, Burton and Metcalfe (1992). However, observation records of the 

daily dispersal distances of Eurasian siskins and coal tits are not available in the literature. 

Therefore, this study uses the model developed by Sutherland et al. (2000) to estimate their 

daily dispersal distances based on their body masses. The minimum home-range sizes of these 

species are then derived from the estimate of dispersal distances (Jenkins et al., 2007).  

As shown in the table, the three bird species represent contrasting agent groups, in terms of 

their main ecological characteristics and dispersal distances. Eurasian jay is a large-sized 

species that has a large habitat requirement and relatively long flight distances. Eurasian siskin 

is a medium-sized species that has a large habitat requirement but medium flight distances, 

while coal tit is a small-sized species that has a small habitat requirement but relatively long 

flight distances. Spatial records of the three seed dispersal agents are obtained from the UK’s 

NBN Atlas (https://nbnatlas.org), including 193 records of Eurasian jays, 49 records of 

Eurasian siskins, and 144 records of coal tits. The spatial accuracy of these records is 100 m.  

Table 3-2. Key parameters of the three seed dispersal agents in Greater Manchester.  

Seed Dispersal 

Agent 

Habitat 

Size 

Home-range 

Size 

Daily dispersal 

Distance 

Long-distance 

Dispersal 

Body Mass 

Eurasian Jay ≥ 4 ha ≥ 10.7 ha ≤ 1 km 1 km -5 km 161.7 g 

Eurasian Siskin ≥ 4 ha ≥ 8 ha ≤ 0.5 km 0.5 km - 3 km 13.8 g 

Coal Tit ≥ 1 ha ≥ 3 ha ≤ 0.4 km 0.4 km - 5 km 9.25 g 

The land-cover data of Greater Manchester are obtained from Ordnance Survey MasterMap 

data (provided by Digimap: http://digimap.edina.ac.uk/). To avoid the bias that would result 

from selecting a study area with merely administrative delimitations, the land-cover data are 

extended into the peripheral regions surrounding Greater Manchester (see Figure 3-1b). The 

Topography layer (vector-based) in Ordnance Survey MasterMap data provides a 

comprehensive view of 13 broad land-cover types in the study area (Table 3-3).  
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Table 3-3. Land cover types in Greater Manchester. 

Land cover type Description 

Building Houses, barns and factories 

Heath Natural heathland 

Marsh Natural marshland, including marsh reeds and salt marsh 

Residential Man-made environments, such as private gardens and car parks 

Agricultural Farmland 

Orchard Natural orchard land 

Road and rail Road, rail, track, and path 

Rock Cliff, ridge, and stone 

Grassland Rough grass 

Scrub Bushes, brambles and undergrowth 

Other Other land cover types, such as slopes, quarries, historical 

structures, and unclassified lands 

Water Inland water, such as streams, lakes, rivers and canals 

Woodland Coniferous and non-coniferous trees, coppice or osiers 

At the same time, the Greenspace Layer (with detailed land use categories which captures the 

major aspects of human modification) in the Ordnance Survey MasterMap data is used to 

classify urban landscapes (woodlands) as three forms, which represent a broad sequence of 

ecological alteration or degradation, from natural, semi-natural, to manmade (Bell et al., 2005; 

Forman, 2014). Figure 3-4 shows examples for the three form. 

 Natural landscapes, with a low intensity of human modification. A natural landscape 

is unplanted and without intensive human management or use, such as a relatively 

large marsh, forest, or shrub area with little human usage, usually in the outer urban-

region ring.  

 Semi-natural landscapes, with an intermediate intensity of human modification. A 

semi-natural landscape is a large or small space resembling a natural ecosystem but 

significantly altered or degraded by people, sometimes with created unbuilt spaces 

intermixed, such as camping park, woodland park, or greenway. 

 Manmade landscapes, with a high intensity of human modification. A manmade 

landscape is a small or large area mainly covered by plants that are formed by or is 

intensively used or maintained by, people, such as street trees, backyard, farmland, or 

golf course. 
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Figure 3-4. Examples of natural, semi-natural and manmade landscapes in Greater Manchester. 

Source: author. 

In this study, climate change is considered as the main factor shaping the distribution of tree 

species. Four bioclimatic variables are taken into account, including the maximum temperature 

of the warmest month (BIO5), the minimum temperature of the coldest month (BIO6), mean 

temperature in the warmest month (BIO10), and mean temperature in the coldest month 

(BIO11). Data of these bioclimatic variables at a spatial resolution of 10 minutes 

(approximately 340 km2) for 1970-2000 are obtained from the WorldClim Version2 database 

(http://worldclim.org/version2) (Fick and Hijmans, 2017). These bioclimatic variables are 

then downscaled to a 100 m resolution using bilinear interpolation to match the resolution of 

land-cover data. 

3.4 Methods for research question two 

3.4.1 Defining map and mapping 

Almost any kind of information is mappable (Robinson et al., 1995). In essence, maps are 

models which show certain features and filter out others (Forman, 2014; MacEachren, 1995). 

From a cartographic perspective, maps are mainly regarded as a presentation of the world, 

such as a conceptual model of reality (Board, 1967; Huggan, 2011), a graphic representation 

of the milieu (Robinson and Petchenik, 2011), and a semblance of reality filtered by the 

mapmaker’s motives and perceptions (Korzybski, 1958). MacEachren (1995) claimed that 

maps are about things in particular places and times. He classified maps into four categories 

from a functional perspective, including static visual maps, static tactile maps, dynamic visual 

maps, and dynamic audio maps. In the field of human geography, Dodge, Kitchin and Perkins 

(2011, p. xix) stated that “maps are rhetorically powerful graphic images that frame our 

understanding of the human and physical world, shaping our mental image of places and 

constructing our sense of spatial relations”. Further, landscape architect James Corner (2011) 

argued that maps are not only a reflection of the world but also a re-creation of it. In this 
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respect, all maps have a double-sided characteristic. On one side, maps record the surface of 

the earth as direct impressions and thus are taken to be ‘true’ and ‘objective’ measures of the 

world. By contrast, the other side is the inevitable abstractness of maps, the result of selection, 

omission, isolation, distance and codification.  

Mapping is one of the key components of visual culture and has proved to be a vital 

representational technology across all societies for hundreds of years, at least as old as the 

invention of language (Blaut et al., 2003; Dodge, Kitchin and Perkins, 2011). Mapping can be 

regarded as both ontological and epistemological—it is both a set of assertions about the world 

itself and a way of thinking about the world (Kitchin, Perkins and Dodge, 2011). In other 

words, the power of mapping lies in not only representing the reality, but also exploring the 

invisible, such as knowledge, phenomena, or processes. Robinson and Petchenik (1976, p. 74), 

for example, claimed that “in mapping, one objective is to discover (by seeing) meaningful 

physical and intellectual shape organisations in the milieu, structures that are likely to remain 

hidden until they have been mapped…plotting out or mapping is a method for searching for 

such meaningful designs”. In a similar vein, Dodge, Kitchin and Perkins (2011) argued that 

mapping should be employed as a means of organising multidimensional information to 

explore novel insights about spatial relations, patterns and trends, which cannot be revealed 

by other methods. 

Corner (2011) stated that the capacity of mapping lies in uncovering realities previously 

unseen or unimagined. These include natural processes, such as wind and sun; historical events 

and local stories; economic and legislative conditions; even political interests, regulatory 

mechanisms and programmatic structures. He identified three essential operations in mapping: 

1) the creation of a field, the setting of rules and the establishment of a system, 2) the extraction, 

isolation or ‘de-territorialisation’ of parts and data; and, 3) the plotting, the drawing out, the 

setting up of relationships, or the ‘re-territorialisation’ of the parts. 

3.4.2 Mapping-based approach 

Mapping, as a research method, has been used in a wide range of disciplines, such as 

environmental science (e.g., Yildirim and Topkaya, 2007), education (e.g., Novak, 1990), 

engineering (e.g., Phillips, Sicker and Grunwald, 2013), psychology (e.g., Bass et al., 2016), 

economics (e.g., Eklund et al., 2016), biology (e.g., Jablonski, McNulty and Schlesinger, 

2010), physics (e.g., Galaktionov et al., 2002), and mathematics (e.g., Delillo and Pfaltzgraff, 

1998). This study uses the term research as described within the general design disciplines’ 

discourse: an academic, rigorous and in-depth activity to search for answers to research 
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questions, to generate new knowledge (qualitative or quantitative) and to find new insights 

(Glanville, 2015; Lenzholzer and Brown, 2016; Lenzholzer, Duchhart and Brink, 2017). 

One famous example of mapping-based research was Dr John Snow solving the mystery of 

cholera through mapping the spatial pattern of the disease. By plotting the residential locations 

of those infected with cholera, Snow demonstrated how the cases of cholera in central London 

were clustered around a neighbourhood water pump on Broad Street, which received untreated 

water from the Thames (Figure 3-5). The map of cholera confirmed his theory that 

contaminated water contained disease-causing organisms. 

 

Figure 3-5. John Snow’s map of cholera. Source: drawn by Dr John Snow in 1854. 

For planners and designers, mapping-based research provides an effective means of 

identifying, describing, and understanding the visible and invisible attributes of a place, such 

as how processes operate and interact in space and time. Forester, planner and conservationist 

Benton MacKaye argued that mappings of industrial flows, as well as the overlay of 
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constructed and natural systems, could be instrumental tools in reconceiving territorial 

infrastructures and urban development according to geographic logics (MacKaye, 1990).  

In his ecological design and planning strategy “Design with Nature”, McHarg created a series 

of maps to visualise existing conditions relative to underlying geologic, biologic, and 

constructed systems (McHarg, 2014). These maps enabled designers to understand and 

incorporate essential elements such as wildlife habitat, historic landmarks, scenic views, and 

existing land use into their planning, from a specific site to regional levels. 

Corner recognised early on that differences in modes of representation and notation affect the 

way in which one sees. He suggested that using mapping to think and see in a more complex 

way can overcome a blinkered, singular viewpoint (Corner, 1992). In a more recent paper “The 

Agency of Mapping: Speculation, Critique and Invention”, Corner (2011) explored the role 

that maps play in creative design and demonstrated the strategic, constitutive and inventive 

capacities of mapping. He argued that “The interrelationships amongst things and space, as 

well as the effects produced by such dynamic interactions, are becoming of greater 

significance for intervening in urban landscapes than solely compositional arrangements of 

objects and surfaces” (Corner, 2011, p. 227).  

3.4.3 Mapping methods 

This subsection reviews seven mapping methods that can be used to map urban landscapes: 

spatial modelling, process-based modelling, look-up table, proxy-based method, participatory 

and expert-based method, empirical method, and scoring-based method.  

1) Spatial modelling 

Spatial modelling is commonly employed to map landscape patterns. Some studies have 

applied morphological analysis to delineate hubs, links, as well as related structural classes 

(e.g., loop, branch, edge, perforation, and islet) in the landscape (e.g., Chang et al., 2015; Kang 

and Kim, 2015; Vogt et al., 2007; Wickham et al., 2010). These studies were often conducted 

at a regional or national scale.  

Some studies have used species-specific thresholds, such as grain size, density threshold, gap 

threshold, and spur threshold to delineate habitat patches (Albert et al., 2017; Girvetz and 

Greco, 2007; Stăncioiu, Niță and Lazăr, 2018). This is because animals utilise landscapes with 

species-specific thresholds. In highly fragmented landscapes, animals that cannot find habitats 
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large enough to support their resource need may be able to utilise nearly continuous fragments 

of suitable habitat as a single patch of habitat (Albert et al., 2017). 

2) Process-based modelling 

Process-based modelling is suitable for mapping ecological flows and movements, such as 

hydrological processes, special movement and dispersal (Wolff, Schulp and Verburg, 2015). 

Generally, this method requires a thorough understanding of the system, high amounts of data 

(e.g., soil, vegetation, land use/land cover, topography, and elevation), and expert knowledge 

(Crossman et al., 2013; Cuddington et al., 2013; McPhearson, Kremer and Hamstead, 2013). 

A wide array of tools have been developed for process-based modelling (Cushman et al., 2013; 

Lechner et al., 2015; Rayfield, Fortin and Fall, 2011; Saura et al., 2011b), among which the 

least-cost path model (Adriaensen et al., 2003) and circuit theory-based model (McRae and 

Beier, 2007) are commonly used for simulating species’ movement. 

The least-cost path model uses a raster-based optimisation algorithm to identify the single most 

optimal path between patches, in terms of cumulative land-cover resistance (e.g., energetic 

cost, difficulty, or perceived risk) (Watts et al., 2010), based on an assumption that animals 

have accurate cognitive maps of their home ranges and thus tend to follow optimal paths 

(Hovestadt et al., 2012). 

Circuit theory (McRae and Beier, 2007) has been widely applied in recent years because of its 

ability to model random dispersal patterns and to predict all possible movement pathways 

across a landscape simultaneously. Circuit theory treats the landscape as a conductive surface 

within an electrical circuit, characterises resistance/conductance to the movement for every 

raster grid cell, and simulates the movement of species across the landscape as analogous to 

the flow of electrical current through the conductive surface. Recently, many studies have used 

circuit theory-based methods to model climate-driven migration of species (e.g., Lawler et al., 

2013; Littlefield et al., 2017). 

3) Graph theory-based method 

Graph theory (also referred to as network theory) has been shown to be an effective way of 

representing complex landscape structures (e.g., Kong et al., 2010), assessing landscape 

connectivity (e.g., Albert et al., 2017; Galpern, Manseau and Fall, 2011; Urban and Keitt, 

2001), and identifying priority areas for biodiversity conservation and restoration (e.g., Hou, 

Neubert and Walz, 2017; Qi et al., 2017; Roy et al., 2016). It allows the landscape to been 

simplified into a planar graph, in which habitat patches are represented as nodes that are 
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connected by links (potential movement between patches) in order to analyse functional 

connectivity (Galpern, Manseau and Fall, 2011). In general, the area of each patch is taken as 

the attribute of its corresponding node, and the inter-patch distance is assigned to the link’s 

attribute. In addition, a number graph theory-based indices with different characteristics and 

degrees of complexity have been developed to assess the importance of individual landscape 

elements for connectivity (Pascual-Hortal and Saura, 2007; Saura et al., 2011a; Saura and 

Pascual-Hortal, 2007), some of which have shown similar outcomes to the those provided by 

more complex and spatially explicit population models (Minor and Urban, 2007; Visconti and 

Elkin, 2009). 

4) Look-up table 

This method can be used to map ecosystem services provided by urban landscapes (Burkhard 

et al., 2014; Martínez-Harms and Balvanera, 2012; Pulighe, Fava and Lupia, 2016). In general, 

the look-up table links ecosystem services to different green space types, such as public parks, 

gardens, street trees, and woodland. Each greenspace type is assigned a value indicating 

relative capacity per service class. Values are obtained from previous studies in other places 

or expert estimations. 

5) Proxy-based method 

This method can be used to map and quantify ecosystem services provided by urban 

landscapes. Compared to the look-up table, the proxy-based method incorporates existing 

knowledge on the causal relationships between landscape heterogeneity (composition and 

configuration) and the supply of ecosystem services, using primary or secondary indicators 

(Eigenbrod et al., 2010; Martínez-Harms and Balvanera, 2012), and thus allows for a spatially 

explicit assessment of services (Ungaro, Zasada and Piorr, 2014). 

6) Participatory and expert-based method 

Participatory and expert-based method uses the knowledge or perceptions of stakeholders and 

experts to map and evaluate urban landscapes, often supported with information from literature 

and secondary data (Brown and Fagerholm, 2015; Wolff, Schulp and Verburg, 2015). 

Participatory method is often used to map the cultural value of landscapes, such as aesthetics 

and recreation services, which are highly subjective and difficult to quantify (Ives et al., 2017; 

Plieninger et al., 2013; Zoderer et al., 2016), while expert-based method is mainly applied in 

the assessment which involves high complexities and uncertainties (Kopperoinen, Itkonen and 

Niemelä, 2014; Nahuelhual et al., 2014). According to Martínez-Harms and Balvanera (2012), 
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this method has the advantage of being a relatively fast assessment, but also the disadvantage 

of having high levels of subjectivity in the assessment and mapping processes.  

7) Empirical method 

Empirical methods such as direct observations and site measurements are often used to obtain 

empirical data for mapping the characteristics of a given spatial unit or modelling ecological 

processes (Gulickx et al., 2013; Huse et al., 2016; Martínez-Harms and Balvanera, 2012; 

Pesch et al., 2011). However, although the empirical method can provide the best estimate of 

a landscape and lead to very accurate maps, it usually requires a large amount of time and cost 

(Egoh et al., 2012). 

8) Scoring-based method 

This method can be used to evaluate the importance of urban landscapes in terms of 

maintaining multiple ecological functions, services, or processes (European Environment 

Agency, 2014; Liquete et al., 2015). It is often based on the data sets generated from the above 

mapping methods and models. These data sets are normalised (e.g., assigning a score from 1 

to 5 to each pixel) and aggregated on a pixel-by-pixel basis. The pixels with the highest values 

of the aggregated scores are selected as the landscapes which have the highest priority for 

protection. A major disadvantage of this method is that in the process of linear aggregation, 

all the values are combined through an arithmetic mean, which may lead to the missing of 

landscape patches which are important for individual functions, services, or processes (Figure 

3-6). 

.  

Figure 3-6. Illustration of the disadvantage with linear aggregation in the scoring-based 

method. Source: author. 
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3.4.4 Research design 

In order to explore research question two “How can forest trees migrate through urban areas, 

and more specifically, how can urban landscapes, as seed sources or stepping stones, 

contribute to the process?”, a hybrid mapping approach which combines spatial modelling, 

graph theory-based methods, and process-based modelling is proposed here (Figure 3-7). 

 

Figure 3-7. Illustration of the hybrid mapping approach. Source: author. 

1) Spatial modelling—Firstly, species-specific thresholds are used to delineate habitat 

patches for different seed dispersal agents. Here, the minimum habitat size of each 

seed dispersal agent is taken as the species’ grain size to change the resolution of a 

landscape map, aggregating small, scattered habitat fragments into large, contiguous 

habitat patches.  

2) Process-based modelling—Since the probability of seed dispersal between habitats is 

inversely related to the least-cost distance between them (Peña-Domene, Minor and 

Howe, 2016), the least-cost path model is then applied to map the movement of seed 

dispersal agents among habitat patches.  
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3) Graph theory-based method—After that, graph theory-based tools are applied to map 

the functional connections between habitat patches and to measure the connectivity of 

seed sources and the accessibility of stepping stones.  

4) Process-based modelling—Finally, the circuit theory-based model are used to map the 

flow of forest migration among seed sources and to identify areas with high 

probabilities of forest migration. 

3.5 Methods for research question three 

3.5.1 Defining design 

While design is usually defined as “a kind of creative, imaginative authoring practice” 

(Bleecker, 2009, p. 6), it can be seen as a special form of knowledge production. Cross (2001) 

claimed that design is a genuine way of producing knowledge, which is different from science 

and art. Roggema (2016, p. 2) described design as “explorative and innovative, exceeding the 

limits of the body of knowledge both in a methodological and a theoretical way, it is exploring 

several truths, and studies multiple futures”. Westerlund and Wetter-Edman (2017) argued that 

a fundamental competence of design is prototyping, which is an activity for exploring, 

proposing and creating knowledge.  

Moreover, the iterative process of design allows for an exploration of possibilities for the 

future. Schön (1992) described design as “a reflective conversation with the situation”, a fluid, 

iterative, active, and thoughtful process whose sequence and shape can vary according to need. 

Simon (1996, p. 163) pointed out the evolutionary and iterative characteristic of design and 

suggested that the real result of design is “to establish initial conditions for the next succeeding 

stage of action”. Hocking (2010) argued that the way in which design engages with questions 

about “what kind of future we want” is through the ability to enact knowledge in an iterative 

process.  

Besides, architects and landscape architects have highlighted the spatial dimension of design, 

in comparison to the definitions of design in other disciplines, such as policy sciences, 

mechanical engineering, information technology, which have no relation to shaping space in 

any sense (Lenzholzer, Duchhart and Brink, 2017). Drawing, mapping, visualising, 

representing, and giving shape are considered unique activities for designing. 
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3.5.2 Research by design 

Design research is both the study of design and the process of knowledge production that 

occurs through the act of designing (Fallman, 2007; Koskinen et al., 2013). In the face of a 

changing environment, there is a need for knowledge on how to design complex systems or 

environments for living, working, playing, and learning. The production of such knowledge 

often requires the inclusion of design in a research process (Lenzholzer and Brown, 2016). 

According to Blessing and Chakrabarti (2009), “design research aims at increasing our 

understanding of the phenomena of design in all its complexity and at the development and 

validation of knowledge, methods and tools to improve the observed situation in design”. In 

fact, the tools and methodologies of design have been adopted by a variety of academic fields 

and disciplines to find, frame and address problems, such as architecture, art, engineering, 

agriculture, biology, business, health care, computer science, communication and journalism 

(Irwin, 2015; Willis, Jost and Nilakanta, 2007). 

The relationship between “design” and “research” can be categorised into four categories 

(Table 3-4): research for design, research into (on or about) design, research by (through) 

design, and research as design (Frankel and Racine, 2010; Frayling, 1993; Friedman, 2008; 

Jonas, 2012). In particular, research by design is the type of research in which the act of 

designing is considered the essential part of a research process (de Jong and van der Voordt, 

2002; Roggema, 2016), and thus can be seen as the heart of all design disciplines (Lenzholzer, 

Duchhart and Brink, 2017; Stappers, Sleeswijk Visser and Keller, 2014). 

Table 3-4. Knowledge generation in design research: the concepts of research for/by/about/as 

design in relation to observer positions. 

Observation mode Outside the design system Inside the design system 

Outwards Research for design: research 

based upon certain assumptions 

regarding the structure/nature of 

design processes, aiming at their 

improvement 

Research by (through) design: 

research guided by the design 

process, aiming at transferable 

knowledge and innovation 

Inwards Research about design: research 

by means of disciplinary scientific 

methods, applied in order to 

explore various aspects of design 

Research as design: probably 

the essential mental and social 

"mechanism" of generating new 

ideas, the location of abductive 

reasoning 
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Many researchers have described research by design from different perspectives. For example, 

Bowring (1997) outlined four criteria for research by design: 1) clarity of objectives, 2) 

relevance and insight, 3) creative and innovative process and presentation, and 4) outcomes 

which are coherent, original and fruitful. de Jong and van der Voordt (2002, p. 455) claimed 

that research by design is “the development of knowledge by designing, studying the effects 

of this design, changing the design itself or its context, and studying the effects of the 

transformations”.  

Steenbergen (2008) used the terms “design experiment” and “experimental design” to describe 

research by design. The main difference between them is that design experiments may relate 

specifically to the context, while the experimental design may be applied in variable contexts. 

More specifically, design experiments apply different design-based strategies to investigate 

the possibilities within a given context (e.g., a given site). Experimental design, on the other 

hand, explores new types of conceptual design solution that can be applied in many different 

contexts. 

More recently, Roggema (2016, p. 15) defined research by design as “a method, which uses 

design to research spatial solutions for a certain area, accommodating a design process, 

consisting of a pre-design phase, a design phase and a post-design phase, herewith providing 

a philosophical and normative basis for the design process, allowing to investigate the qualities 

and problems of a location and test its (spatial) potentials, meanwhile creating the freedom to 

move with the proposals in uncharted territory, and producing new insights and knowledge 

interesting and useful for a wide audience”, based on a literature review on research by design 

and several practical examples of design-led research projects. 

The methodology of research by design is extremely suitable for addressing wicked problems 

(Lenzholzer and Brown, 2016). Firstly, it could deal with uncertainties in wicked problems. 

Unlike most research methodologies, research by design is an approach to plan for the future, 

especially in projects concerning uncertainty such as complex environmental challenges, 

because it is not constrained by the dichotomies of technical rationality (Roggema, 2016). As 

claimed by Westerlund and Wetter-Edman (2017), one of design’s core competencies is 

staying with uncertainty and trouble and exploring alternative propositions throughout the 

whole design process.  

Secondly, research by design is a type of case-study research (Deming and Swaffield, 2011) 

and thus can be applied to tackle wicked problems that are uniquely grounded in time and 

space (Rittel and Webber, 1973). Design experiments in research by design are always set 

within a given context to investigate the outcomes of different design-based strategies, 
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although research questions may be set within a wider theoretical context to explore new 

knowledge (Steenbergen, 2008). 

Thirdly, design could produce new knowledge and insight about the world through its purposes, 

protocols, and outcome and thus offer unprecedented resolutions and inventions for wicked 

problems (Deming and Swaffield, 2011; Hauberg, 2011). The outcome of research by design 

is often in the form of generic design prototypes or design guidelines, which are applicable in 

design practices or in further research (Lenzholzer and Brown, 2016; Lenzholzer, Duchhart 

and Brink, 2017). 

Finally, the iterative process of research by design can be used to explore “satisficing” 

resolutions for wicked problems (Lenzholzer and Brown, 2016). Unlike other design-related 

research methodologies, research by design includes an iterative process of designing, testing, 

and refining as part of the research. In the iterative process, proposed design ideas are tested, 

and then adjusted and retested based on test outcomes. After several rounds of testing and 

refining, a satisficing solution can be achieved. 

3.5.3 Design methods 

Lenzholzer, Duchhart and Koh (2013) proposed four different types of research by design in 

landscape architecture: post-positivist, constructivist participatory and pragmatist. Post-

positivist research by design uses quantitative evaluations to test designs, while constructivist 

research by design evaluates designs based on their cultural, aesthetic or ethical values. 

Participatory research by design involves the local community in the production of new 

knowledge and pragmatist research by design combines the above three methods.  

Among these methodologies, the post-positivist research by design is suitable for exploring 

research question three “How to design urban green infrastructure to facilitate forest migration 

and, more specifically, to promote seed dispersal and species range expansion across urban 

areas?”. This question requires quantitative evaluations of the effectiveness of design 

interventions in terms of improving landscape connectivity for forest migration. This is in line 

with the post-positivist methodology that requires quantitative methods such as empirical 

observation, measurement, and predictive models to test design strategies. Moreover, the 

knowledge generated by the post-positivist research by design is usually quantitative, objective 

and generalisable (Lenzholzer, Duchhart and Koh, 2013), which is suitable for developing 

generic prototypes or guidelines for the development of urban green infrastructure for forest 

migration.  
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Particularly, simulation methods are used in this study to test the effectiveness of design 

interventions. Simulation methods have been commonly-used in recently studies to test design 

proposals as computer simulations are easy to change and can provide spatially explicit results 

quickly (N.Groat and Wang, 2013). For example, Hodgson et al. (2011) simulated species’ 

range expansion across a heavily fragmented landscape in the United Kingdom to investigate 

the effectiveness of six habitat creation strategies. Mokany et al. (2013) applied a modelling 

approach to compare the performance of different habitat configuration strategies (design 

strategies) in retaining plant biodiversity under climate change. Wessely et al. (2017) 

simulated rangy dynamics of 51 species in Central Europe to study the effect of three habitat-

based conservation strategies, including establishing corridors, improving the landscape 

matrix, and protected area management, on species range shifts. In order to improve urban 

microclimate, Taleghani et al. (2014), Ghaffarianhoseini, Berardi and Ghaffarianhoseini 

(2015), and Lenzholzer (2012) employed ENVI-met based simulation methods to test different 

urban microclimate responsive design proposals. 

3.5.4 Research design 

Based on the above discussions, this study employs an iterative process of research by design 

to explore “satisficing” design strategies to improve urban green infrastructure for forest 

migration. The iterative process includes three steps: designing, (simulation-based) testing and 

refining.  

1) The iterative research process starts with proposing the following three design 

intervention strategies. 1) Strategy one: planting one tree in every private garden and 

every 10 meters along each street, 2) Strategy two: planting trees in non-woodland 

public parks to achieve a tree canopy cover of at least 30% per hectare, and 3) Strategy 

three: planting trees in non-woodland areas (including private gardens, streets, and 

public parks) around current seed sources. These afforestation strategies are designed 

to facilitate the process of forest migration from different perspectives. Strategy one 

aims to create a large number of small habitat patches that could act as stepping stones 

for the movement of seed dispersal agents, while strategy two intends to form large 

habitat patches with high connectivity which could serve as population sources for 

seed dispersal, and the objective of strategy three is to create highly connected patches 

around current seed sources.  

2) The effectiveness of each design intervention strategy is then tested by mapping and 

assessing improved seed dispersal networks after an increase in tree canopy cover. 



- 81 - 
 

Here, overall network connectivity, seed source connectivity, dispersal path 

accessibility, and urban permeability are selected as measures to represent the 

effectiveness of design interventions. 

3) Finally, based on test outcomes, a new design intervention strategy which combines 

advantages of the three former strategies is proposed and tested, repeating step two. 

3.6 Conclusion 

In summary, this chapter describes the wicked nature of climate-driven forest migration, 

reviews the methodologies that can be used to address wicked problems, and proposes a three-

phase research methodology for three research questions. Methods employed to answer each 

research question are then described in detail. The highlights of this chapter are as follows: 

 Climate-driven forest migration should be seen as a wicked problem, considering its 

uncertainty, irreversible consequentiality, complexity, and non-solubility.  

 A transdisciplinary literature review, which combines knowledge and information in 

paleoecology, climate change, biology, urban ecology, urban forestry, landscape and 

urban design, is conducted to explore the roles that cities and urban landscapes could 

play in the process of forest migration. 

 A mapping-based approach is used to map and assess the process of forest migration 

through the city. Spatial modelling, graph theory-based methods, and process-based 

modelling are included in the approach. 

 Finally, with an aim to facilitate the process of forest migration, a research by design 

methodology is applied to explore “satisficing” landscape interventions to improve 

urban green infrastructure, following an iterative designing-testing-refining process. 
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4 URBAN INFRASTRUCTURE FOR 

FOREST MIGRATION 
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4.1 Introduction 

In Chapter 3, I discuss the wicked nature of climate-driven forest migration, review the 

methodologies that can be used to tackle wicked problems, and then propose a three-phase 

research methodology to answer three research questions, which includes a transdisciplinary 

literature review, a mapping-based approach and a research by design methodology. The 

transdisciplinary literature review aims to explore the roles that cities and urban landscapes 

could play in the process of forest migration (for research question one). The mapping-based 

approach intends to understand the process of forest migration through urban areas and to 

assess the contribution of urban landscapes to the process (for research question two). Finally, 

the methodology of research by design employs an iterative designing-testing-refining process 

to explore “satisficing” landscape design (intervention) strategies to facilitate forest migration 

(for research question three). 

This chapter attempts to answer research question one “Why should we consider cities in the 

process of forest migration and what roles can urban landscapes play in the process?”. Section 

4.1 describes the mechanism of forest migration, focusing on the role of outlier populations in 

long-term range shifts and the contribution of seed dispersal to short-term local expansion. On 

this basis, the following two sections, section 4.2 and section 4.3, discuss the suitability of 

urban climates and landscapes for the persistence and dispersal of outlier populations, 

respectively. 

Section 4.2 discusses the unique climatic conditions that cities could provide for the 

persistence of outlier populations: on one hand, due to the urban heat island effect, cities are 

already ahead of their surroundings in terms of climate warming, and thus can provide suitable 

climatic conditions for the survival of outlier populations in front of their native ranges; on the 

other hand, since trees can cool their environment, establishing outlier populations in cities 

can slow the rate of warming, which in turn allows them to grow for decades to reach 

reproductive maturity for further expansion.  

Section 4.3 demonstrates the ability of urban landscapes to act as seed sources and stepping 

stones for the local dispersal of outlier populations. Empirical evidence from the literature 

suggests that large green spaces (such as nurseries, botanic gardens, parks and forest remnants) 

can be used to receive and accommodate translocated tree species, offering population sources 

for local seed dispersal. Meanwhile, small, scattered green spaces and trees in both public 

lands and private properties, such as streets, private gardens, and agricultural islands, could 
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serve as stepping stones, providing stop-over points, food and shelter for the movement of 

seed dispersal agents across open spaces.  

Section 4.4 uses Greater Manchester as a case study to demonstrate the suitability of urban 

climates for outlier populations and the potential of urban green spaces to serve as seed sources 

and stepping stones. Finally, section 4.5 summarises the contributions that urban climates and 

landscapes could make in the establishment, persistence, and spread of outlier populations, 

and then proposes a framework for designing and managing process-oriented green 

infrastructure to facilitate forest migration. 

4.2 The mechanism of forest migration 

4.2.1 Outlier populations 

The Earth’s vegetation has been shaped by many episodes of global climate change during 

millions of years of geological time (McElwain, 2018). Evidence from fossil records has 

shown that past global warming events (particularly during the Quaternary period) led to 

massive migration in terrestrial tree species, which dramatically altered the composition and 

dominance of plant community (Christmas, Breed and Lowe, 2015; Petit, Hu and Dick, 2008). 

For example, in North America, most tree species survived during the dozen-plus glacial 

cycles over the Quaternary by successful migration, and only one species became extinct 

(Jackson and Weng, 1999). Figure 4-1 illustrates the migration pattern of spruce (Picea spp.) 

(Figure 4-1A) and oak (Quercus spp.) (Figure 4-1B) during the past 25,000 years. Spruce 

shifted its entire range to new latitudes, while oak expanded from glacial refuges (Davis and 

Shaw, 2001). In Europe, the rates of post-glacial spread for Corylus, Ulmus and Alnus were 

at least 1000 m every year, while the average rates for Tilia, Quercus, Fagus and Carpinus 

were 400 m every year on average (Giesecke et al., 2017).  



- 85 - 
 

 

Figure 4-1. Ranges (as indicated by pollen percentages in sediment) of spruce and oak in 

eastern North America at intervals of about 5000 years during the late Quaternary. (A) Both 

southern and northern range boundaries of spruce shifted northward. (B) Oak expanded from 

the southeast but continued to grow near the location of full-glacial refuges. Source: Davis and 

Shaw (2001) adapted from Jacobson et al. (1987). 

While climate has been historically considered the main driver of species’ range shifts, it is 

suggested that current rates of global warming are too fast for tree species to track their 

climatic niches (Christmas, Breed and Lowe, 2015). A modelling study of 15 wide-ranging 

forest tree species in western North America indicated that, on average, tree populations have 

already lagged behind their optimal climate niche by approximately 130 km in latitude or 60 

m in elevation, and the migration lag will reach approximately 310 km in latitude or 140 m in 

elevation by the 2020s (Gray and Hamann, 2012). In addition, Cunze, Heydel and Tackenberg 

(2013) computed the past (after the last glacial maximum) and future range shifts of 140 

European plant species that are dispersed by wind and animals, and found that most of the 

considered species will not be able to catch up with future climate change due to dispersal 

limitation.  

Despite these pessimistic predictions, we may underestimate the potential of trees to track 

climate change. According to the 19th-century Palaeobotanist Clement Reid, trees moved 
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much farther than their theoretical migration distance after the most recent glacial period, 

which suggests that they might do so again in the future. In his book, The Origin of the British 

Flora, Reid pointed out that oak (Quercus spp.) could not have reached its current northern 

limit from southern Europe during the Holocene migration considering their seed dispersal 

distance:  

“The oak, to gain its present most northerly position in North Britain after being driven 

out by the cold, probably had to travel fully six hundred miles, and this without external 

aid would take something like a million years.” (Reid, 1899, p. 14). 

The apparent mismatch between observed (theoretical) seed dispersal distances and estimates 

based on post-glacial re-colonisation is called as "Reid's Paradox" (Clark et al., 1998). As 

pollen records have amassed in recent decades, more and more species are enrolled in the 

paradox. 

While the effect of avian dispersers—referred to as long-distance dispersal—has often been 

used to explain the paradox (Clark et al., 1998), the existence of higher-latitude outlier 

populations is recently proposed as an alternative explanation (Lenoir, Hattab and Pierre, 

2017). Molecular evidence from paleoecology suggests that rapid range shifts of boreal and 

temperate tree species following the retreat of ice sheets (after the last glacial period) were 

achieved by local dispersal from small, isolated populations occupying high-latitude 

microrefugia, where local climates were favourable for their persistence outside of main 

distribution range during the glacial period (Anderson et al., 2006; Bao et al., 2015; Hu, 

Hampe and Petit, 2009; McLachlan, Clark and Manos, 2005; Tzedakis, Emerson and Hewitt, 

2013).  

During the glacial period, small populations of boreal and temperate trees survived in high-

latitude areas that were free of glaciers, while their main populations were restricted to areas 

far south of the continental ice sheets. Such outlier populations provided nuclei for the re-

colonisation of trees at the end to the glacial period, so that trees only need to move less than 

100 m every year (Aitken et al., 2008; McLachlan, Clark and Manos, 2005) (Figure 4-2). 

However, since they were closer to their present range limits, it appears as if tree species 

shifted their ranges very quickly. A famous example is ice-free refugia in northern Scandinavia 

during the Last Glacial Maximum, which supported the survival and expansion of conifer trees 

under climate changes (Parducci et al., 2012).  
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Figure 4-2. Outlier populations in front of the main range could reduce the dispersal distance 

required for trees to track climate change. (A) Migration without outlier populations. (B) 

Migration from outlier populations. Source: author. 

Recent models have also highlighted the favourable effects of outlier populations on the range 

shift of plant species. For example, a model by Patsiou et al. (2014) showed that small outlier 

populations (in microrefugia) have facilitated range expansions/shifts of Saxifraga florulenta 

since the last glacial maximum. Likewise, Snell and Cowling (2015) simulated the migration 

rates of three tree species, Acer rubrum, Fagus grandifolia and Picea glauca and compared 

landscape colonisation rates both with and without the presence of northern outlier populations. 

They found that for all three species, northern outlier populations increased their colonisation 

rates. At the same time, increasing the number of outlier populations could further increase the 

rate of colonisation, which was maximised when outlier populations were separated from one 

another. Also, a study of pin oak (Quercus palustris) demonstrated that even a small number 

of trees planted far beyond their native range limit can be sufficient to establish naturalised 

populations (Lopez and Stone, 2018).  

The role of outlier populations in the past may have an analogy under future climate change, 

as outlier populations can not only occur naturally as relicts of past climates but also could 
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result from anthropogenic planting (Corlett and Westcott, 2013). It is therefore expected that 

future tree migration does not necessarily lag behind climate change, given the favourable 

effects of outlier populations. With the aim of maintaining biodiversity in this century of rapid 

climate change, it may be worthwhile to translocate species beyond their current distributions 

to initiate outlier populations.  

4.2.2 Seed dispersal 

While large-scale forest migration can be facilitated by the persistence of outlier populations, 

the success of such migration depends on effective seed dispersal between local forest 

fragments. Individual trees, unlike animals, cannot move themselves to follow the moving 

climate. Instead, shifts in the distribution of species occur through passive seed dispersal and 

subsequent seedling establishment in sites where conditions permit (Davis and Shaw, 2001). 

Dispersal is essential for the persistence of populations in space and time (Carlo, Aukema and 

Morales, 2007). It is defined as the movement of an individual from the site of birth to site of 

reproduction or its movement between successive sites of reproduction (Matthysen, 2012). 

The mechanisms of dispersal can be classified as active and passive. Active dispersal implies 

that organism controls its own movement leading to, or contributing to, the dispersal process, 

while passive dispersal means that movement is largely outside the organism’s immediate 

control and depends on external forces such as gravity, wind, water currents, and other 

organisms. In plants, dispersal is mostly passive: seed dispersal is the only mechanism for 

most plant species to reach a new place of potential establishment (de Casas, Willis and 

Donohue, 2012; Nathan, 2006), and thus can be seen as one of the major factors that influence 

diversity in plant communities (Carlo, Aukema and Morales, 2007).  

Dispersal distance is a fundamental characteristic of seed dispersal (Nathan et al., 2012), which 

strongly affects the recruitment pattern of plants (Spiegel and Nathan, 2007). A probability 

density function, termed the “dispersal kernel”, is often used to portray the statistical 

distribution of dispersal distances in a population. In general, a dispersal kernel is shaped by 

the combined effect of a wide range of potential seed dispersal agents (Lehouck et al., 2012). 

Most seed dispersal kernels are leptokurtic, where the vast majority of seeds are dispersed 

short distances near the parent plant, with relatively little dispersed over long distances 

(Willson, 1993). Figure 4-3 shows a hypothetical example of a dispersal kernel. 
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Figure 4-3. A histogram of 100 dispersal distances and the fitted dispersal kernel (��), for 

example, the probability density function of the distribution of the dispersal distance travelled 

by a disperser. Source: Nathan et al. (2012). 

Long-distance (>1 km) dispersal is important for a variety of ecological and evolutionary 

processes (Cain, Milligan and Strand, 2000; Nathan, 2006). Although the likelihood of long-

distance dispersal events is hard to measure (Nathan and Muller-Landau, 2000), the outcome 

associated with seed dispersal over long distances plays a major role in large-scale population 

dynamics in terms of the following aspects (Cain, Milligan and Strand, 2000).  

 Firstly, long-distance dispersal facilitates gene flow. By studying the population 

establishment of ponderosa pine (Pinus ponderosa), Lesser and Jackson (2013) 

demonstrated the necessity of repeated long-distance dispersal events to initial 

colonisation and subsequent population growth during early phases of expansion and 

highlighted the gene-flow benefits of long-distance dispersal in contrast to wind 

pollination. 

 Secondly, long-distance dispersal can result in relatively high seed dispersal 

effectiveness by facilitating directed dispersal and increasing dispersal quality 

(Pesendorfer et al., 2016). Seeds that are dispersed for long distances have a high 

possibility to arrive at locations that are favourable for germination and seedling 

growth (Howe and Smallwood, 1982; Wenny et al., 2011; Wenny and Levey, 1998). 

Some studies have demonstrated that to reach preferred habitat areas for foraging or 
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seed caching, birds sometimes have to traverse non-suitable areas before depositing 

seeds, leading to increased long-distance dispersal (Gómez, 2003; Lenz et al., 2011; 

Pesendorfer et al., 2016). The long-distance dispersal could improve the probability 

of seed survival by dispersing seeds far from their parent trees, thereby avoiding 

damage and mortality result from predation and pathogens (Horta et al., 2018).  

 Thirdly, tree populations that are driven by long-distance dispersal can quickly 

respond to changes in habitat availability in spite of the immobility of parent trees 

(Pesendorfer et al., 2016). One example is the rapid colonisation and range expansion 

of walnut (Juglans regia) in abandoned agricultural fields in Central Europe over the 

past 20 years due to the preference of Rooks (Corvus frugilegus) to cached nuts in 

ploughed fields (Lenda et al., 2011). 

 In addition, long-distance dispersal can increase the ability of species to migrate 

rapidly through fragmented landscapes (Lazarus and McGill, 2014). In general, when 

fragmentation leads to a decrease in the abundance of frugivorous animals, this will 

almost inevitably cause a decrease in seed dispersal rates and distance, since a large 

number of seeds will fall below parent trees (within the maternal site). However, when 

ignoring the high proportion of seeds that land under the parent crown, the dispersal 

distance and recruitment success of seeds carried by frugivores are not necessarily 

reduced (Lehouck et al., 2012). In fact, these “effectively dispersed seeds” are often 

the only relevant ones contributing to gene flow. 

 Furthermore, in the face of climate change, long-distance dispersals through 

heterogeneous landscapes are becoming increasingly important in tree species. This is 

because seeds dispersed for long distances will have greater success of reaching 

climatically suitable areas (Christmas, Breed and Lowe, 2015; Davies, White and 

Lowe, 2004; Pearson and Dawson, 2005). In particular, if the geographic scale is large 

then long-distance dispersal may be the only mechanism by which species can migrate 

rapidly enough to keep pace with the changing climate (Pearson and Dawson, 2005). 

For example, Pesendorfer et al. (2016) suggested that long-distance seed dispersal by 

Corvidae will likely to play a pivotal role in the ability of oaks and other large-seeded 

trees to shift their range in response to climate change. Higgins and Richardson (1999) 

demonstrated that a small proportion (0.1%) of seeds moving long distances can result 

in an order of magnitude increase in predicted rates of plant migration. 
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While seeds can be transported away from their parent plants by multiple dispersal agents, e.g., 

wind, water, birds, bats, and large mammals (Nathan, 2006), frugivorous animals are 

considered to be major seed dispersal agents (Carlo, Aukema and Morales, 2007; Herrera, 

2002; Terborgh et al., 2002). For example, 40-90% of tree species in tropical rainforests and 

25-80% of temperate plant species depend on animal-mediated seed dispersal (Howe and 

Smallwood, 1982; Jordano, 2000). Animals with large habitats and home-ranges make great 

contributions to rapid migration rates and long migration distances of tree species (Cunze, 

Heydel and Tackenberg, 2013). In urban environments, particularly, birds show outstanding 

abilities to disperse plant species (Horta et al., 2018).  

Almost all species of plant dispersed by animals share multiple seed dispersal agents (Carlo, 

Aukema and Morales, 2007) and various seed dispersal forms. For example, some seeds are 

dispersed through the ingestion and subsequent regurgitation or defecation of animals (Jordano, 

2000), and some are dispersed by adhering to the exterior of their dispersal agents (which tend 

to be furry or woolly animals) (Will and Tackenberg, 2008), while some are picked up and 

deposited elsewhere (Pesendorfer et al., 2016).  

Managing seed dispersal has long been recognised as a particularly effective and efficient way 

to maintain and restore habitat (Byers et al., 2006; de la Peña-Domene et al., 2014; Franklin 

Howe and Martínez-Garza, 2014; Pesendorfer et al., 2016). Many efforts have been made to 

facilitate seed dispersal activities of birds in targeted areas and to create suitable conditions 

for the regeneration of dispersed seeds. For example, in Germany, an approach named 

“ecological silviculture” conserves large oaks as seed sources and thins woodlands to favour 

the growth of oak seedlings (Pesendorfer et al., 2016). In Spain, forest managers plant small 

areas of seed-source trees to attract scatter-hoarders to deposit seeds at the edge of the wooded 

areas in order to restore oak habitat (Benayas, Bullock and Newton, 2008). Additionally, Pons 

and Pausas (2008) suggested that clearing brush and enhancing diverse and complex habitat 

structure could increase the density of birds and thus facilitate the restoration of woodlands.  

The spatial pattern of seed dispersal depend on the ways in which dispersal agents (frugivores) 

move and interact with the spatial structure of the landscape (Carlo, Aukema and Morales, 

2007). On one hand, the behaviour and movement of dispersal agents between plant 

individuals influence the spatial pattern of seed dispersal. In general, locations used frequently 

by dispersal agents, such as sleeping sites and roosts, may experience high seed deposition 

rates and spatial clumping of seedlings (Russo, Portnoy and Augspurger, 2006; Wenny and 

Levey, 1998). In fact, many studies have shown that if a disturbed site is surrounded by enough 

habitat and food resources (seeds) for frugivores, the activities of frugivores will accelerate 
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the process of vegetation succession and land reclamation on the disturbed site (Franklin Howe 

and Martínez-Garza, 2014; Neilan et al., 2006; Robinson and Handel, 1993; Robinson and 

Handel, 2000). Pesendorfer et al. (2016) studied unique advantages of avian scatter-hoarders 

as seed dispersal agents by reviewing the interaction between members of the avian family 

Corvidae (crows, ravens, jays, magpies, and nutcrackers) and nut-bearing trees such as pines 

(Pinus spp.) and oaks (Quercus spp.). They found that corvid seed dispersal plays an important 

role in the population dynamics of trees, especially in the restoration of oak- and pine-

dominated habitats (Figure 4-4). 

 

Figure 4-4. Key steps of the scatter-hoarding process: (1) seed selection, (2) transportation, 

and (3) deposition. Seeds can be cached within and between patches of suitable habitat already 

colonised by the species, in a patch of unsuitable habitat, or in suitable habitats that can be 

colonized. Source: Pesendorfer et al. (2016).  

On the other hand, the spatial structure of the landscape influences the foraging decisions and 

movements of frugivores (Carlo, Aukema and Morales, 2007; Saracco, Collazo and Groom, 

2004). Accordingly, differences in landscape composition and configuration may result in 

differential spatial patterns of seed dispersal through changing the behaviour of dispersal 

agents, whilst changes in landscape composition and configuration can affect how seeds are 

deposited over a range of scales (Alcantara et al., 2000; Lehouck et al., 2012; Rodríguez-Pérez, 

Wiegand and Santamaria, 2012). Carlo, Aukema and Morales (2007) noted that the spatial 

pattern of plant populations, together with the availability of frugivores, determine whether 

plants compete for or facilitate seed dispersal. 
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Based on an understanding of the relationship between plants, frugivores, and seed dispersal, 

Carlo, Aukema and Morales (2007) presented a spatial network framework with hubs or hub-

like elements to describe hierarchical network properties (topologies) in plant-frugivore 

interactions (Figure 4-5). In this network, plants are considered as network elements that are 

connected by the movement of frugivores. Although this framework was proposed to describe 

both intraspecific networks and interspecific community networks, this study mainly focuses 

on the intraspecific level. The framework implies that, in plant networks, just a handful of 

plant populations are responsible for a disproportionate share of seed dispersal events. These 

plant populations can be defined as hubs. Hub populations show high connectivity to other 

network elements and thus have a relatively high probability of visitation by dispersal agents. 

Accordingly, landscape connectivity is suggested to be of great importance for seed dispersal 

because it directly influences the occurrence and abundance of dispersal agents, whereas 

landscape features related to habitat quality or human modification might be of limited value.  

 

Figure 4-5. Hypothetical representation of how hub plants affect the flow of frugivore 

movements within a local plant community. The thickness of a line indicates the frequency of 

movement. Movement is most common between hubs (grey circles) and least common 

between non-hub species (triangles and squares). Inset shows that some non-hub species 

(squares) interact more strongly (heavier arrow) with hubs than others. The probability of 

movement from hub to non-hub plants decreases with distance. Source: Carlo, Aukema and 

Morales (2007). 
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In regions with intensive human activities, effective seed dispersal relies on functional-

connected landscapes to support the movement of seed dispersal agents (de la Pena-Domene, 

Minor and Howe, 2016). Continuous green corridors are often suggested to be able to provide 

landscape connectivity for movements that rely on standard dispersal mechanisms (Hansson 

et al., 2014). However, for climate-driven forest migration which depends on long-distance 

seed dispersal, corridors may not be effective as connectivity providers (Pearson and Dawson, 

2005; Robillard et al., 2015). In fact, recent studies have suggested that corridors might reduce 

the seed dispersal effectiveness of birds because corridors could induce birds to move large 

distances along them while increasing the likelihood that seeds are deposited in the corridor 

before reaching the habitats that are suitable for the establishment of new populations. For 

instance, Pouzols and Moilanen (2014) found that corridors could lead to relatively long 

distance and time required for thrushes to move seeds between habitat patches. In addition, 

since different tree species move as individuals along their own trajectories rather than as 

communities (Davis, 1983), increasing connectivity by creating corridors is unlikely to 

provide a universal solution for all species affected by climate change. Furthermore, numerous 

constraints in urban environments will make the creation of large linear green spaces difficult, 

especially in high-density residential areas and city centres. As such, an alternative strategy of 

stepping stones should be a general recommendation (Bierwagen, 2007; Serret et al., 2014). 

Compared with corridors, stepping stones might be more effective in terms of promoting seed 

dispersal through cities. The small, scattered green spaces (such as private gardens, 

agricultural islands, roadside hedges and copse) could provide stop-over points, food and 

shelter for seed dispersal agents, creating potential seed dispersal networks across open spaces 

and thereby mitigating the effects of landscape fragmentation (Fischer and Lindenmayer, 2002; 

Niebuhr et al., 2015; Saura et al., 2014). For example, Estrada et al. (1993) have demonstrated 

that agricultural islands are able to support the movement and persistence of seed dispersal 

agents by compensating the fragmentation and isolation of urban forests. Encarnacao and 

Becker (2015) showed that roadside hedges and copse could improve habitat connectivity for 

the movement of small mammals. Indeed, empirical evidence has suggested that birds and 

mammals prefer stepping stones to corridors when moving across human-modified landscapes 

(Doerr, Doerr and Davies, 2010). In this regard, improving connectivity by adding stepping 

stones would be a viable solution for facilitating seed dispersal in the short term and range 

shifts in the long term.  
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4.3 Urban climates for outlier populations 

4.3.1 Urban heat island effect  

Urbanisation is usually perceived as a considerable impediment to range shifts of tree 

populations. However, due to anthropogenic heat generation and corresponding urban heat 

island effects, cities could provide future climatic conditions for outlier populations and thus 

facilitate poleward tree migration (Figure 4-6). 

 

Figure 4-6. Using urban heat islands to facilitate forest migration. Source: author. 

Cities are already ahead of their surroundings in terms of climate warming. Urban areas tend 

to have higher temperatures than their surrounding rural areas as if a warmer city air lies in a 

“sea” of cooler rural air. This phenomenon has been commonly observed and investigated 

around the world, known as the urban heat island effect (Stewart and Oke, 2012; Varquez and 

Kanda, 2018).  

The urban heat island effect is an “inadvertent” modification of local climates during 

urbanisation and industrialisation of human civilisation, resulting from multiple factors, such 

as anthropogenic modifications of the landscape, anthropogenic heat emissions, and the heat 

stored and re-radiated by buildings and other urban structures (Rizwan, Dennis and Liu, 2008; 

Taha, 1997). From the perspective of surface energy exchange, Oke (1988) identified two 

major sources of energy available to cause urban heat islands: downward net solar radiation 
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and anthropogenic heat flux produced by appliances, building heating and light, humans, 

combustion engines, and transportation. 

The intensity of urban heat islands varies with time, season and cities. In general, it is more 

apparent at night than during the day, in summer months than in winter, and in large cities than 

in small ones: 

 Urban-rural temperature differences are often more distinct at night (Kalnay and Cai, 

2003; Levermore and Cheung, 2012; Varquez and Kanda, 2018). This is because the 

factors that drive urban heat islands during the day are different than those at night 

(Peng et al., 2012). During the day, downward net solar radiation plays the most 

important role in the urban heat island effect, because urban areas have less vegetation 

coverage to modulate the incoming solar energy than suburban areas. In contrast, 

during the night, anthropogenic heat flux produced by human activities is the major 

factor that causes urban heat islands.  

 The urban heat island effect is seasonally asymmetric, tending to be more apparent 

during summer months (Whitford, Ennos and Handley, 2001). In Europe, the urban 

heat island intensity of urban agglomerations can typically reach a maximum of 3 °C 

in summer and 0.5 °C in winter (Zhou, Rybski and Kropp, 2013). Similarly, an 

analysis of 38 most populous cities in the USA revealed that the surface urban heat 

island in summertime (4.3 °C) can be quite high relative to that in wintertime (1.3 °C) 

(Imhoff et al., 2010). 

 The intensity of urban heat islands also exhibits a size dependency (Arnfield, 2003). 

Cities or metropolises with a large population and intensive human activities usually 

have a more intense urban heat island (Rizwan, Dennis and Liu, 2008; Zhou, Rybski 

and Kropp, 2013), which could reach 6-12 °C sometimes (Kaye et al., 2006).  

Although the urban heat island effect is a local phenomenon with negligible impacts on global 

warming (Parker, 2010), its intensity may represent harbingers of future climates (Grimm et 

al., 2008). The average annual surface temperature difference between urban and rural areas 

can be 1.5 ± 1.2 °C during the day and 1.1 ± 0.5 °C at night (Peng et al., 2012). On the other 

hand, the observed global mean surface temperature has increased by approximately 1.0 °C 

(likely to be between 0.8 °C and 1.2 °C) above 1850-1900 levels (IPCC, 2018). Such warming 

is expected to reach 1.5 °C between 2030 and 2052 if it continues to increase at the current 

rate of about 0.2 °C (likely to be between 0.1 °C and 0.3 °C) per decade. In fact, a case study 

of Baltimore revealed that the urban-rural difference in atmospheric CO2 and air temperature 
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are similar to changes predicted in the short term with global change (George et al., 2007). 

This means that cities are experiencing a preview of future climates for nearby rural areas, 

thereby potentially offering an environment suitable for the persistence of outlier populations 

at higher latitudes than their native ranges (Figure 4-7).  

 



- 98 - 
 

Figure 4-7. Urban heat islands in Greater Manchester and Birmingham, UK could provide 

suitable climates for European oak (Quercus robur). Suitability data are obtained from the 

European Commission (https://ec.europa.eu/info/index), and climate data are obtained from 

the WorldClim Version2 (Fick and Hijmans, 2017). 

Higher temperatures in cities can affect the living conditions of trees by stimulating 

photosynthetic activity (if the temperature optimum of a species is not yet reached) (Medlyn 

et al., 2002) and extending the growing season length. For example, Zipper et al. (2016) found 

that, in the city of Madison, Wisconsin, USA growing season length in urban areas was about 

5 days longer than that in surrounding rural areas for 2012-2014, due to urban heat island-

induced increase in temperature. Dallimer et al. (2016) compared vegetation phenology 

between urban and rural areas in 15 largest cities in the UK and found that, on average, urban 

areas experienced a growing season 8.8 days longer than surrounding rural areas. Also, recent 

studies found that urban tree populations tend to grow faster than their counterparts in rural 

surroundings (Dahlhausen et al., 2018; Pretzsch et al., 2017; Searle et al., 2012), indicating 

the influence of urban climates on tree populations.  

Establishing outlier populations in urban heat islands is expected to provide a substantial head 

start on poleward range shifts for tree species. Taking temperate broadleaf forests as an 

example, if the current rate of global warming continues, tree populations would need to move 

at least 107 km poleward over the next 100 years without considering habitat fragmentation 

(Ordonez, Williams and Svenning, 2016). Given their migration rates (<100 m per year) during 

the early Holocene (McLachlan, Clark and Manos, 2005), temperate broadleaf species are 

likely to lag behind climate change by at least 97 km. On the other hand, daytime surface 

temperatures in temperate cities are as much as 0.46-1.43 °C higher than in their surrounding 

rural areas (Chakraborty and Lee, 2019), which means that outlier populations in the cities 

could be closer to their future ranges by about 59-182 km than their native ranges with 

analogous climates (taking into account a 0.87 °C increase in urban-rural temperature 

differences as being equivalent to a 111 km poleward movement of species’ optimal climatic 

conditions) (Wang et al., 2011). It is, therefore, possible to shorten or even eliminate the 

migration lag of tree species by establishing outlier populations in urban heat islands (Figure 

4-8).  
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Figure 4-8. Using temperate cities as hot stepping stones could reduce migration lags in 

temperate broadleaf species by about 59-182 km. Source: author. 

Establishing outlier populations in cities could reduce the uncertainties in assisted migration 

because it relies on the certainty (urban heat islands) in the current climate, rather than on 

projections of where the climate will be suitable in the future. Here, the future distribution of 

a species is considered as a moving target, which can be achieved by local dispersal from small, 

isolated outlier populations in front of their native ranges. 

4.3.2 Cooling effect 

The capacity of cities to support outlier populations depends on whether favourable urban 

climates can persist for a few decades for the growth and reproduction of tree populations 

under global warming (Hannah et al., 2014; Keppel and Wardell-Johnson, 2015; Robillard et 

al., 2015). According to the mean ages at reproductive maturity of woody angiosperms (15 

years) and gymnosperms (16.9 years), urban climates need to be suitable for at least 5-26 years 

to match the expected length of tree reproduction cycles (Craven et al., 2016). Some tree 

species take thirty years or more from seeds to first reproduction.  
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Planting trees in cities can slow the rate of climate warming, leading to more stable 

microclimate conditions relative to surrounding areas (Bowler et al., 2010). Trees cool their 

environment through shading, evapotranspiration and solar radiation reflection (Smithers et 

al., 2018). Evapotranspiration consumes energy from solar radiation, cooling the temperature 

of the air surrounding leaves (Bowler et al., 2010). It is estimated that the evapotranspiration 

of an adult hardwood tree can provide the cooling effect equivalent to that of ten room-sized 

air-conditioning units (Beatley, 2011). At the same time, shading from tree canopies cools the 

environment by blocking solar radiance and preventing the warming of the land surface and 

air (Oke et al., 1989). As a result, air temperatures within urban green spaces are much cooler 

than nearby urban areas or structures (Bowler et al., 2010; Vaz Monteiro et al., 2016).  

The extent of cooling effects, in terms of cooling distance and intensity, is strongly influenced 

by the vegetation and size of green spaces (Vaz Monteiro et al., 2016). Green spaces with 

higher tree canopy cover are usually cooler than those with lower canopy cover, which are 

cooler than those covered by grasses, especially during the daytime (Bowler et al., 2010; 

Potchter, Cohen and Bitan, 2006; Yu et al., 2018). Besides, larger green spaces often exhibit 

greater cooling extents. A study of eight green spaces in London has found that cooling 

distance increases linearly with greenspace size, while cooling intensity increases non-linearly 

with greenspace size (Vaz Monteiro et al., 2016). In addition, local background climate 

conditions, such as precipitation and wind speed, also affect the cooling effect of trees and 

green spaces (Yu et al., 2018).  

The cooling effect of trees and green spaces has been demonstrated in numerous studies at 

different spatial scales. At the site scale, for example, Berry, Livesley and Aye (2013) found 

that tree shade could reduce wall surface temperatures by up to 9 °C and external air 

temperatures by up to 1 °C, while Bowler et al. (2010) revealed an average cooling effect of 

0.94 °C of urban parks during the day. At the neighbourhood scale, Giridharan et al. (2008) 

suggested that increasing tree canopy cover from 25% to 40% in the pocket parks in high-rise 

high-density residential areas of Hong Kong could lead to a decrease of 0.5 °C in the intensity 

of daytime urban heat island. At the city scale, an investigation in Changzhou, China showed 

that increasing tree canopy cover by 10% could decrease land surface temperatures by 0.78 °C 

(Wang et al., 2018). 

The cooling effect of trees, combined with global warming, is expected to create relatively 

stable temperature conditions in cities, which in turn allow tree populations to grow for 

decades to reach reproductive maturity (Figure 4-9). In fact, empirical evidence has shown the 

combined effect of urban background climate and the cooling effect on the growing season 
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length in urban parks, which is 1.7 – 3.2 days longer than that in rural areas and 1.5 – 3.3 days 

shorter than in nearby urban areas, implying relatively stable microclimates in urban green 

spaces for the persistence of outlier populations (Zipper et al., 2016). 

 

Figure 4-9. Conceptual curves of urban temperature under the combined effect of global 

warming (under three different CO2 emission scenarios) (Collins et al., 2013) and tree cooling 

due to increased tree cover in a 4-ha tree nursery (Vaz Monteiro et al., 2016; Yu et al., 2018). 

Niche position is the average climatic conditions within the climate niche of individual species 

(Kendal et al., 2018). Source: author. 

4.4 Urban landscapes for seed dispersal 

4.4.1 Greenspaces as seed sources 

Cities already move species around, although have not been considered as microrefugia for 

outlier populations. Urban green spaces, such as nurseries, botanic gardens, parks and forest 

remnants, have a great potential to receive and accommodate translocated tree species 

(including planting seeds and raising juveniles), acting as seed sources for species’ further 

expansion (Kendal, Williams and Williams, 2012). One famous example is the botanic gardens 
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in Central Europe. The wide variety of plants cultivated in the gardens and the regular 

exchange of plant material between countries contributed to the development of the flora of 

Central Europe in the last two hundred years (Galera and Sudnik-Wojcikowska, 2010). While 

there are no thoughts or concerns about climate change in this effort, it implies that the same 

human action could also promote the dispersal of outlier populations under future climate 

change. Recently, botanic gardens are beginning to explore their capacity to actively facilitate 

forest migration: A programme of “chaperoned” managed relocation is transferring species 

from natural areas to a network of more than 3,100 botanic gardens to actively cope with 

climate change (Schwartz et al., 2012; Smith et al., 2013). 

Urban green spaces have contained numerous tree species far outside of their native ranges 

(Kendal, Williams and Williams, 2012; Woodall et al., 2010). In the eastern United States, for 

example, a lot of tree species native to southern forests are found in northern urban areas as 

ornamental plants, potentially speeding the process of tree migration to a rate of 1 km per year 

(Woodall et al., 2010; Woodall et al., 2009). Besides, an investigation of 357 native European 

plant species showed that 73% of the species have been moved into nurseries and gardens 

hundreds or even thousands of kilometres north of their natural range limits (Van der Veken 

et al., 2008). Likewise, another study of 534 non-native ornamental species in Britain revealed 

that 27% of these species have escaped from cultivation and 30% of those have established in 

the wild (Dehnen-Schmutz et al., 2007). 

Empirical evidence has suggested that even a small number of source populations can be 

sufficient to establish a naturalised population beyond their native range limit. For instance,  

Lopez and Stone (2018) conducted genetic analysis on a naturalised population of pin oak 

(Quercus palustris) that was 275 km from its native range limit, and found that at least 75% 

of the population stemmed from six trees in a small horticultural planting in 1950, with at least 

one-third of the population descending from two individual trees. 

Establishing outlier populations in urban green spaces could avoid problems associated with 

planting tree species outside their native ranges, in comparison to current practices of assisted 

migration. On one hand, since cities are highly designed and altered ecosystems that are 

already replete with non-native (exotic) tree species (Bell et al., 2005), it is unnecessary to 

consider ethical problems with regard to artificial translocation of species to new places 

(Hobbs et al., 2011; Schwartz et al., 2012). On the other hand, the translocation of tree species 

from a wild location to a man-made landscape would be easier and safer than that between 

two wild locations: not only because cities could provide translocated populations with 

extensive horticultural expertise, regular care, and record-keeping, but also because cities 
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could offer real-world laboratories for ecologists, foresters, landscapers, and managers to 

monitor and minimise the invasiveness of translocated species in their new haunts (Mueller 

and Hellmann, 2008; Ricciardi and Simberloff, 2009; Sáenz-Romero et al., 2016; Tomiolo 

and Ward, 2018) and their potential for creating pest problems (Ledig, Rehfeldt and Jaquish, 

2012). In fact, the role of cities as laboratories for ecological research has already been 

advocated by many researchers. For example, Cook et al. (2004) treated urban landscaping as 

an experimental substrate to test the ecological effects of different landscaping strategies. 

Farrell, Szota and Arndt (2015) argued that cities can be used as “living laboratories” for 

understanding plant responses to climate change because they are able to provide a “future 

climate” for species, and thus proposed assimilating ecological research and experiments 

within urban design projects.  

4.4.2 Greenspaces as stepping stones 

In addition to the potential of large green spaces to serve as seed sources, small green spaces 

in cities could play a similarly vital role in seed dispersal by acting as stepping stones for the 

movement of seed dispersal agents. Successful forest migration relies not only on the 

persistence of outlier populations but also on their ability to spread into surrounding areas and 

subsequently develop naturalised populations as climatic conditions allow. 

Empirical evidence has revealed the ability of tree species to escape from urban environments 

and colonise surrounding areas without direct human assistance. From example, Walther, 

Berger and Sykes (2005) found that individuals of European holly (Ilex aquifolium) are able 

to escape from planted gardens to woods. In a similar vein, a study of exotic plants in coastal 

forests in eastern Northland, New Zealand suggested that private gardens have a significant 

contribution to the abundance of exotic plant species in native forests (Sullivan, Timmins and 

Williams, 2005). The process of species’ range expansion can be supported by urban green 

spaces, such as private gardens, agricultural islands, and boulevards (Encarnacao and Becker, 

2015; Herrera and García, 2009; Horta et al., 2018). These man-made landscapes work as 

chains of stepping stones that provide stop-over points, food and shelter for the movement of 

seed dispersal agents (such as crows, jays and nutcrackers), which permits the process of seed 

dispersal from urban to rural areas.  

Besides, most cities around the world have substantial room (in both public lands and private 

properties) for tree planting (Secretariat of the Convention on Biological Diversity, 2012), 

which implies considerable opportunities to create stepping stones for seed dispersal. In the 

city of Baltimore, for example, tree canopy cover can be increased from 20% to 70% through 
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urban planting (Beatley, 2011). Particularly, spaces around and between buildings and streets, 

such as private gardens and yards, are the most available spaces for tree planting (Bossu et al., 

2014). In European cities, private gardens contribute 16-36% of the total urban area (Goddard, 

Dougill and Benton, 2010). In fact, a number of cities around the world, such as Los Angeles, 

New York City, Bristol, and Brisbane, have been actively encouraging and promoting tree-

planting initiatives and forest conservation programmes (Beatley, 2011; Simson and Krajter 

Ostoić, 2016).  

4.5 Case study 

This section uses Greater Manchester as a case study to demonstrate the potential of urban 

climates to support outlier populations and urban landscapes to serve as seed sources and 

stepping stones for local seed dispersal. 

Greater Manchester is a typical metropolitan area with a clear urban heat island effect (Cheung, 

Coles and Levermore, 2015). Many studies have been conducted to measure the intensity of 

its urban heat island. For example, Gill et al. (2007) measured the difference in maximum 

surface temperatures between woodlands and that of town centres and suggested an urban heat 

island effect of 12.8 °C in 1961–1990. They also projected an increase of 1.1 °C in the urban 

heat island effect by 2080s (with the high emissions scenario). Knight, Smith and Roberts 

(2010) mapped the urban heat island effect in Greater Manchester and found that the difference 

in air temperatures between the warmest areas (in central Manchester) and the coolest areas 

(in south of Trafford) was 10 ± 1.2 °C. Smith et al. (2011) measured the fine-scale (sub-

kilometre) spatial variation of temperature across the metropolitan area during the summer 

periods (June, July, August) of 2007 and 2008. Their results revealed an average air 

temperature heat island effect of 3 °C during the daytime and 5 °C at night, as well as a 

maximum daytime surface temperature heat island of 10 °C (Figure 4-10). Levermore and 

Cheung (2012) observed an apparent temperature difference of 8 °C between rural areas and 

the city centre. In a study of the city of Manchester, Levermore et al. (2014) revealed a 

maximum daily urban heat island effect of 6 °C from 1996 to 2011 and a steady mean annual 

increase of about 0.02 °C. The trend of the urban heat island of Manchester might result from 

increased urbanisation with less green areas. 
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Figure 4-10. Empirically modelled surface temperature urban heat island. Source: Smith et al. 

(2011). 

Due to the urban heat island effect, Greater Manchester has a great potential to provide 

favourable climatic conditions for the persistence of tree populations far north of their native 

ranges. Here, I use four extreme weather variables for 1970-2000 from the WorldClim 

Version2 (Fick and Hijmans, 2017), including the maximum temperature of the warmest 

month (BIO5), the minimum temperature of the coldest month (BIO6), mean temperature in 

the warmest month (BIO10), and mean temperature in the coldest month (BIO11), to 

demonstrate the suitability of urban climates for outlier populations (Figure 4-11). 
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Figure 4-11. Greater Manchester is already ahead of its surroundings in terms of climate 

warming. BIO5: the maximum temperature of the warmest month. BIO6: the minimum 

temperature of the coldest month. BIO10: mean temperature in the warmest month. BIO11: 

and mean temperature in the coldest month. Source: author.  
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After that, European oak (Quercus robur), Sweet chestnut (Castanea sativa), Sessile oak 

(Quercus petraea), and European beech (Fagus sylvatica) are identified as the tree species that 

could take advantage of the urban heat island in Greater Manchester to establish outlier 

population for future migration, according to their suitability maps in 2000 and 2080 (Figure 

4-12). The suitability maps show the optimal environmental conditions for tree species under 

present and future climates and can be downloaded from the European Commission 

(https://ec.europa.eu/info/index). It should be noted that, due to damage of Phytophthora 

ramorum in plantations, the planting of larch species in woodlands is not recommended 

(personal communication with Andrew Long, a woodlands officer in City of Trees team). 

Therefore, European larch (Larix decidua) is not considered in this study.  
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Figure 4-12. Greater Manchester provides suitable climatic conditions for tree species to 

establish outlier populations for future migration. Source: author. 

Planting trees in Greater Manchester is expected to create significant cooling effects. 

According to Gill et al. (2007), adding 10 % tree canopy cover to areas with little green (e.g., 

high-density residential areas and town centres) could keep the maximum urban temperatures 
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of Greater Manchester at or below the maximum surface temperature in 1961–1990 until the 

2080s (Figure 4-13 and Figure 4-14). This means that a 10% increase in tree cover will 

counterbalance projected increases in surface temperature due to climate change in the 2080s 

relative to 1961-1990. On the other hand, removing 10% green cover from the city will 

increase surface temperatures by up to 8.2 °C in high-density residential areas and 7 °C in 

town centres. 

 

Figure 4-13. Maximum surface temperature for the 98th percentile summer day in high-density 

residential areas, with current form and when 10 per cent green cover is added or removed. 

The dashed line shows the temperature for the 1961–1990 current form case. Source: Gill et 

al. (2007). 

 

Figure 4-14. Maximum surface temperature for the 98th percentile summer day in town centres, 

with current form and when 10 per cent green cover is added or removed. The dashed line 

shows the temperature for the 1961–1990 current form case. Source: Gill et al. (2007). 
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Greater Manchester has a total of 517 woodlands over 2 hectares with a mean woodland area 

of 8.4 hectares, a total of 1354 woodlands from 0.1 hectares to 2.0 hectares with a mean 

woodland area of 0.27 hectares, and a total of 536 thousand trees outside woodlands. These 

woodlands and trees could serve as seed sources for accommodating translocated tree species 

or serve as chains of stepping stones for the movement of seed dispersal agents (Figure 4-15). 

In the next chapter, I will map and identify potential seed sources and stepping stones in 

Greater Manchester for three seed dispersal agents, namely, Eurasian jays, Eurasian siskins, 

and coal tits, based on their habitat requirements and dispersal distances. 

 

Figure 4-15. Urban woodlands in Greater Manchester could serve as stepping stones for seed 

dispersal. Source: author. 

Moreover, there is great potential for creating new seed sources and stepping stones in Greater 

Manchester. Currently, trees only cover on average 12% over the total metropolitan region, 

16% in urbanised areas, and only 5% in town centres (Gill et al., 2007). In public parks and 

gardens, 69% (about 2699 hectares) of the areas are non-woodland, whilst in residential areas, 

which account for almost half of the urbanised areas, 26% of low-density residential areas are 

covered by tree canopies, followed by only 13% in medium density and 7% in high-density 

areas (Figure 4-16). The non-woodland areas in both public lands and private properties 

provide considerable opportunities for urban afforestation. Although in town centres and high-
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density residential areas, creating large woodlands is not feasible, trees can be inserted into the 

urban matrix by making the most of all opportunities, for example, planting trees in private 

gardens and streets. In fact, an innovative and ambitious movement initiated by The Oglesby 

Charitable Trust and Community Forest Trust, “City of Trees”, is currently working on 

planting 3 million trees in Greater Manchester, one for every person across the metropolitan 

region. This movement has planted 459,925 trees, including 352 street trees. 

 

Figure 4-16 Proportional surface cover in high-, medium- and low-density residential areas. 

Source: Gill et al. (2007). 

4.6 Green infrastructure for forest migration 

Adding cities into the tree-climate relationship provides new insights into and possibilities for 

solving the wicked problem of climate-driven forest migration. Based on the above discussions, 

I summarise the contributions that urban climates and landscapes could make in the 

establishment, persistence, and spread of outlier populations (Figure 4-17): 

1) Establishment: Due to the urban heat island effect, cities could provide favourable 

climate conditions for the establishment of outlier populations far outside of their 

native ranges. Hence, seeds and seedlings collected from their native ranges should be 

strategically translocated to the city in front of their natural range limits. 

2) Persistence: The cooling effect of trees (translocated tree species), combined with 

global warming, is expected to create a relatively stable temperature condition in the 

city, which in turn allows outlier populations to grow for decades to reach reproductive 

maturity. 
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3) Spread: The reproductive populations in cities could then serve as seed sources, from 

which species spread into surrounding areas and subsequently develop naturalised 

populations as climatic conditions allowed, thereby facilitating further range shifts 

under climate change. During this stage, urban green spaces can be shared with seed 

dispersal agents as stepping stones for movement. 

 

Figure 4-17. Roles of urban climates and landscapes in the establishment, persistence, and 

spread of outlier populations, with conceptual curves of urban and rural temperatures: ① urban 

temperature under global warming (IPCC, 2018), ② urban temperature under the cooling 

effect of trees (Vaz Monteiro et al., 2016; Yu et al., 2018), ③ urban temperature under the 

combined effect of global warming and tree cooling, ④  rural temperature under global 

warming (IPCC, 2018), ⑤ niche range of tree species, ⑥ urban heat island effect. Niche 

position is the average climatic conditions within the niche of a tree species (Kendal et al., 

2018). Source: author. 
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Despite the potential of urban climates and landscapes to facilitate forest migration, a 

systematic design strategy is needed for cities with highly modified and fragmented landscapes. 

Based on the framework of process-oriented green infrastructure (see Figure 2-11 in 

subsection 2.4.3), I propose a framework for designing and managing green infrastructure to 

facilitate forest migration, taking into account the role of urban landscapes as seed sources and 

stepping stones (Figure 4-18). Since the aim of this study is to facilitate seed dispersal through 

the city (focal scale), bioregion (larger scale) and site (smaller scale) are identified as two 

adjacent scales. 

 

Figure 4-18. The proposed framework of green infrastructure for forest migration. Source: 

author. 

The framework begins with a bioregion scale. From a spatial and ecological perspective, the 

bioregion of a city can be considered as the largest scale in relation to urban environments, 

which is also an important scale for analysing urban sustainability and resilience (Newman 

and Jennings, 2012). In general, bioregion is defined as the scale of an entire city (or a group 

of cities) plus its rural landscape. According to Robert L. Thayer (2003, p. 3), a bioregion is  

“a unique region definable by natural (rather than political) boundaries with a 

geographic, climatic, hydrological, and ecological character capable of supporting 

unique human and nonhuman living communities. Bioregions can be variously defined 

by the geography of watersheds, similar plant and animal ecosystems, and related, 

identifiable landforms (e.g., particular mountain ranges, prairies, or coastal zones) and 
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by the unique human cultures that grow from natural limits and potentials of the region. 

Most importantly, the bioregion is emerging as the most logical locus and scale for a 

sustainable, regenerative community to take root and to take place”.  

Here, bioregion is defined as the reproductive region within which similar ecological and 

climatic characteristics are found. 

According to the framework, effective seed dispersal at the city scale is influenced by the 

landscapes and ecological processes at both the bioregion and site scales: large forest 

fragments at the bioregion scale determine the directions and pathways (boundaries) of 

migration imposed by climate change, while trees at the site scale offer food and shelter 

(resources) to seed dispersal agents, forming the seed sources and stepping stones at the city 

scale (Figure 4-19).  

 

Figure 4-19 An illustration of landscapes and processes at three spatial scales in relation to 

forest migration. Source: author. 

This framework emphasises a process-oriented solution to address the wicked problem of 

forest migration. Since the migration of trees is a continuing process that does not rely on their 

future ranges, a process-oriented solution avoids the projections of future climate, and thus 

might be more robust to climate change than current “goal-oriented” practices for assisted 
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migration, which rely on the projections of “where species should be in the future”. 

Furthermore, understanding the process of forest migration enables us to identify critical 

locations along the process for accommodating translocated tree species and initiating outlier 

populations, so that from those areas the species could expand further to colonise surrounding 

natural areas. Besides, it may be easier for managers to focus on the process of forest migration, 

rather than to maintain a translocated species at a given site, especially in urban areas where 

human activity is intense and implementing large continuous reserves is not possible.  

4.7 Conclusion 

In order to answer research question one “Why should we consider cities in the process of 

forest migration and what roles can urban landscapes play in the process?”, this chapter 

conducts a transdisciplinary literature review to collect and combine the knowledge and 

information regarding the mechanism of forest migration as well as the uniqueness of urban 

climates and landscapes, from the disciplines of paleoecology, climate change, biology, urban 

ecology, urban forestry, landscape and urban design. The results indicate that cities could 

facilitate the process of forest migration by supporting the establishment and dispersal of 

outlier populations. 

On one hand, empirical studies of post-glacial re-colonisation of tree species indicated that the 

process of forest migration can be facilitated by outlier populations in advance of their main 

ranges. Rapid range shifts of boreal and temperate tree species occurred following the retreat 

of ice sheets after the last glacial period. Molecular evidence from paleoecology suggests that 

such range shifts were achieved by local dispersal from small, isolated populations occupying 

high-latitude microrefugia, where local climates were favourable for their persistence outside 

of main distribution ranges during the glacial period. Due to the urban heat island effect, cities 

are already ahead of their surroundings in terms of climate warming, and thus can provide 

suitable climatic conditions for establishing outlier populations in front of their native ranges. 

Moreover, since trees can cool their environment, establishing outlier populations in cities can 

slow the rate of warming, leading to relatively stable climate conditions for trees to grow and 

reach reproductive maturity for further expansion.  

On the other hand, the local dispersal and expansion of outlier populations depend on passive 

seed dispersal. Empirical evidence from the literature has suggested the potential of urban 

landscapes to serve as seed sources and stepping stones for seed dispersal: large green spaces 

such as nurseries, botanic gardens, parks and forest remnants are able to receive and 

accommodate translocated tree species and thus offer population sources for seed dispersal, 
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whilst small, scattered green spaces such as private gardens, street trees and agricultural 

islands could act as stepping stones, providing stop-over points, food and shelter for the 

movement of seed dispersal agents across open spaces.  

In conclusion, cities are expected to become part of the solution to address the wicked problem 

of forest migration due to their unique climate and landscape conditions, although they are 

always considered as non-permeable barriers to natural processes. Adding cities into the tree-

climate relationship provides new insights into and possibilities for facilitating forest 

migration. It can be regarded as a process-oriented strategy which intends to facilitate forest 

migration by establishing outlier populations and promoting local seed dispersal, in contrast 

with current goal-oriented assisted migration practices that relies on projections of “where 

species should be in the future”. Since the migration of trees is a continuing process that does 

not rely on their future ranges, the process-oriented strategy could avoid projections of species’ 

future distributions, and thus might be more robust to future climate change than current 

practices of assisted migration. Moreover, by establishing outlier populations in urban 

environments, the process-oriented approach could minimise the invasiveness and pest threats 

of translocated species, as well as the ethical problems associated with artificial translocation 

of species to new places. 

4.8 Discussion 

Although cities have the potential to facilitate forest migration, proactive efforts are needed to 

implement this approach effectively. Firstly, urban landscapes need to be designed and 

managed to favour the movement of seed dispersal agents and thus accelerate the spread of 

tree populations. More specifically, we need to understand the topology of seed dispersal 

networks, identify “hub” woodlands in the networks where seed dispersal events are 

concentrated and outlier populations should be initiated, and further increase landscape 

connectivity at multiple spatial and temporal scales within which different dispersal agents act. 

In the next chapter, I will explore how to identify potential seed sources and stepping stones 

in cities and how to map the process of forest migration through cities, using Greater 

Manchester as a case study. 

Secondly, the cooling effect (in terms of both intensity and distance) of different urban 

afforestation strategies needs to be tested to create an optimal configuration for maintaining 

favourable climatic conditions. This can be achieved by site-specific observations (Vaz 

Monteiro et al., 2016) and ENVI-met based simulations (Stewart and Oke, 2012; Wang and 

Akbari, 2016). 
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Thirdly, natural areas within and around cities need to be protected and managed to allow for 

spontaneous migration and colonisation of urban tree populations. In particular, nursery 

species (e.g., western redcedars) should be planted in these areas to attract dispersal agents 

and provide shaded conditions suitable for seedling establishment and growth (Park et al., 

2014; Pommerening and Murphy, 2004).  

Finally, to better share urban spaces with outlier populations, this approach must be 

assimilated within urban planning and design projects, which treat urban landscaping as an 

experimental substrate to study the persistence and invasiveness of translocated species whilst 

maintaining and improving ecosystem services for human beings (Bell et al., 2005). This calls 

for closer cooperation between biologists, foresters, urban designers, landscape architects, and 

managers. 
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5 MAPPING FOREST MIGRATION 

FLOWS 
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5.1 Introduction 

In chapter 4, I discuss the potential of cities and urban landscapes to aid climate-driven forest 

migration based on a transdisciplinary literature review. I describe the mechanism of forest 

migration, especially the role of outlier populations in long-term range shifts and the 

contribution of seed dispersal to short-term local expansion. On this basis, I discuss the 

suitability of urban climates for the establishment of outlier populations and the ability of 

urban green spaces to serve as seed sources and stepping stones for local seed dispersal. 

Greater Manchester is then used as a case study to demonstrate the feasible of this approach. 

After that, I summarise the potential of urban climates and landscapes to support the 

establishment, persistence, and spread of outlier populations, and then propose a framework 

for designing and managing process-oriented green infrastructure to facilitate forest migration. 

This chapter aims to answer research question two “How can forest trees migrate through 

urban areas, and more specifically, how can urban landscapes, as seed sources or stepping 

stones, contribute to the process?”. According to the discussions in chapter 4, urban landscapes 

could facilitate local seed dispersal of tree populations by acting as seed sources and stepping 

stones. On one hand, large green spaces with high connectivity could serve as population 

sources for seed dispersal, receiving translocated species and supporting their long-term 

persistence. On the other hand, small green spaces could enhance the permeability of the urban 

matrix to seed dispersal, working as stepping stones for the movement of seed dispersal agents 

among seed sources, especially in highly fragmented landscapes.  

To understand the process of forest migration through Greater Manchester, this chapter 

develops a four-step mapping process, which includes modelling the movement of seed 

dispersal agents as seed dispersal networks (in Section 5.1), identifying urban woodlands with 

high connectivity as potential seed sources (in Section 5.2), assessing the accessibility of the 

stepping-stone paths between seed sources (in Section 5.3), and finally, mapping the flow of 

forest migration between seed sources (in Section 5.4). A least-cost path model, graph theory-

based indices and a circuit theory-based model are used in the mapping process. The least-cost 

path model is applied to map the movement of seed dispersal agents as seed dispersal networks, 

and then graph theory-based indices are used to identify and analyse potential seed sources 

and stepping stones in the networks, which in turn are used as the basis for circuit theory-based 

modelling to map the flow of forest migration across the city. The following will go through 

each of these steps in detail.  
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5.2 Mapping dispersal networks 

According to the discussions in chapter 4, successful forest migration depends on effective 

seed dispersal between forest fragments, which is affected by the ways in which seed dispersal 

agents move and interact with the landscape. Therefore, knowing the topology of seed 

dispersal networks can help us select which urban green spaces to use as seed sources for 

establishing outlier populations and which green spaces to reserve as stepping stones for the 

movement of seed dispersal agents. 

Seed dispersal networks comprise habitat patches and the dispersal paths among patches: 

habitat patches serve as food resources for seed dispersal agents, while dispersal paths support 

the movement of seed dispersal agents between habitats (Holling, 1992). Accordingly, the 

mapping of seed dispersal networks includes two steps: 1) delineating the habitat patches for 

seed dispersal agents based on species-specific habitat requirements; and 2) modelling seed 

dispersal paths between habitat patches based a least-cost path algorithm. The following will 

go through the two steps in detail. Here, Eurasian jays, Eurasian siskins, and coal tits are 

selected as main seed dispersal agents in Greater Manchester. 

5.2.1 Mapping habitat patches 

This study employs species-specific thresholds—grain sizes—to delineate habitat patches for 

different seed dispersal agents. Grain refers to the spatial or temporal resolution of a focal 

landscape (Wiens, 1989; Wu, 2007). Animals perceive landscapes with their species-specific 

grain sizes and occupy habitat patches which contain non-habitat fragments (Holling, 1992). 

Here, the minimum habitat size of each seed dispersal agent is taken as the species’ grain size 

to change the resolution of a landscape map, aggregating small, scattered habitat fragments 

into large, contiguous habitat patches. 

In the case study of Greater Manchester, the vector map of land cover is converted to a raster-

format habitat map (10 m cell size), in which land cover types are reclassified as either habitat 

or non-habitat area for seed dispersal agents (Figure 5-1). Since this study aims to map the 

flow of forest migration, all types of urban woodlands, including broadleaved, coniferous and 

mixed woodlands, are selected as suitable for habitat. 
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After that, the minimum habitat size of each seed dispersal agent (4 hectares for Eurasian jays 

and siskins, 1 hectare for coal tits) is used as the grain size to change the resolution of the 

habitat map, forming groups of habitat pixels that are large and close enough to be used by the 

species. Cells are assigned to the class of habitat when at least 30% area inside the cell is 

habitat. This is because animals can only perceive a landscape as a habitat when at least 30% 

of the landscape is suitable for habitat (Andren, 1994; Freemark and Collins, 1992). This 

spatial modelling method aggregates mosaics of small, scattered habitat fragments into large, 

contiguous habitat patches (Figure 5-2).  

Specifically, hexagonal grids are used here to represent habitat patches, rather than frequently 

used rectangular grids, considering their advantages in modelling movement paths. According 

to Birch, Oom and Beecham (2007), hexagonal grids are more suitable than rectangular grids 

in studies on connectivity and movement paths, especially for the calculation of least-cost 

distance, which will be conducted in the next subsection for mapping seed dispersal paths.  

In the case study area, the aggregation of habitat areas yields 869, 869 and 2916 habitat patches 

for Eurasian jays, Eurasian siskins, and coal tits, covering 4.6% (9998 hectares), 4.6% (9998 

hectares), and 5.9% (12746 hectares) of the total study area, respectively (Figure 5-3 and 

Figure 5-4). More habitat patches are identified for coal tits because they have a much smaller 

habitat size requirement (1 hectare) than Eurasian jays and Eurasian siskins (4 hectares). 
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Figure 5-2. Example of habitat patches identified for (a) Eurasian jays and Eurasian siskins, 

and (b) coal tits, in a certain landscape. Source: author. 
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5.2.2 Mapping dispersal networks 

The movements of seed dispersal agents at both habitat and home-range scales are mapped in 

this study to account for the multi-scale behaviour of frugivorous birds. Birds experience their 

landscapes as a mosaic of patches at multiple scales nested within each other and make 

different decisions at each scale, in terms of both space and time (Holling, 1992) (Figure 5-5). 

As a result, the occurrence and abundance of birds at a given location are influenced by 

landscape patterns at multiple scales (Boscolo and Metzger, 2009). Since the case study 

focuses on a metropolitan region, only the habitat and home-range scales of birds are 

considered; other scales are either too small in time or too big in space for the case. 

 

Figure 5-5. Scales in the hierarchy of decisions made by birds. Source: author, based on the 

work by Holling (1992). 

1) Daily dispersal at the habitat scale 

Dispersal paths at the habitat scale provide seed dispersal agents access to food resources on 

a daily basis (Holling, 1992). In highly fragmented landscapes, frugivores that cannot find 

habitat large enough to support their survival may be able to overcome short distances (through 

non-habitat areas) and include neighbouring patches within their range of movement to 

complement resource requirements (Andren, 1994; Boscolo and Metzger, 2011; Galpern, 

Manseau and Fall, 2011; Kang, Lee and Park, 2012) (Figure 5-6).  
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Figure 5-6. Animals that are unable to find sufficient resources in their prime habitat could use 

additional resources, for example, human-transformed habitat, as supplementation. Source: 

Smith et al. (2014). 

This study applies the least-cost path model to map the dispersal paths between habitat patches 

The least-cost path model is the most common method used to map connections between 

habitat areas (Rayfield et al., 2016). It employs a raster-based optimisation algorithm to 

identify the single most optimal path between patches, in terms of cumulative land-

cover resistance (e.g., energetic cost, difficulty, or perceived risk) (Watts et al., 2010), based 

on an assumption that animals have accurate cognitive maps of their home ranges and thus 

tend to follow the optimal paths (Hovestadt et al., 2012). Empirical evidence has shown that 

the probability of seed dispersal is inversely related to the least-cost distance between habitats. 

For example, de la Pena-Domene, Minor and Howe (2016) examined patterns of naturally 

recruited seedlings of a bird-dispersed tree species and suggested that the abundance of 

seedlings was most strongly related to the least-cost distance from parent trees. This is because 

accumulated costs in least-cost paths could better describe the difficulty or risk associated with 

traversing heterogeneous landscapes, in comparison to Euclidian distance which ignores the 

ecological cost of movement for seed dispersal agents. In addition, Barbosa et al. (2017) 

revealed the influence of the landscape matrix on the effectiveness of small forest fragments 

as stepping stones for birds, implying the ecological cost of seed dispersal. In the study of 

Greater Manchester, the resistance values of the 13 land-cover types for each seed dispersal 

agent are obtained by habitat suitability modelling.  

Habitat suitability modelling provides a more objective approach for evaluating resistance 

values than commonly-used expert-based approaches (Milanesi et al., 2017; Stevenson-Holt 

et al., 2014). It calculates the habitat suitability index (HSI) scores of non-habitat areas to infer 

the degree to which different land-cover types limit inter-patch movement relative to habitat 

(land-cover resistance value), given that the spatial records of a species in non-habitat areas 

are related to its preference in movement (Stevenson-Holt et al., 2014).  
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The MaxEnt software is applied here to conduct the habitat suitability modelling (Phillips, 

Dudík and Schapire, 2017). The MaxEnt software is based on a machine-learning algorithm 

which estimates species-environment relationships from spatial environmental data and 

species’ occurrence locations. Due to its high predictive performance, computational 

efficiency and ease of use, MaxEnt has been considered as one of the best performing 

correlative species distribution models (Beaumont et al., 2016; Elith et al., 2006; Ofori et al., 

2017). The spatial records of seed dispersal agents from 2005 to 2015 and the 2010 land-cover 

raster map (with a resolution of 100 m to match the spatial accuracy of the jay records) are 

used as input data for the modelling. All habitat areas (woodlands) are removed from the land-

cover map to prevent their incorporation in the model. At the same time, all areas over 500 m 

from roads are also removed to account for sampling bias towards accessible areas (Warton, 

Renner and Ramp, 2013). This leaves a total of 148 records for Eurasian jays, 42 Eurasian 

siskins, and 130 coal tits that are within the remaining areas for the habitat suitability 

modelling.  

The output HSI scores (in a logistic format) from MaxEnt indicate the probability of a species’ 

occurrence within each land-cover type, ranging from 0-1 (Figure 5-7). To obtain land-cover 

resistance values, the HSI scores are reversed to a range of 0-100 by using (1-HSI) * 100. 

Table 5-1 shows the HSI score for each land-cover type and the corresponding resistance value. 

Woodlands are given a value of 1 to account for their suitability for habitat. 
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Table 5-1. Habitat suitability index (HSI) scores obtained from the MaxEnt software and the 

land-cover resistance values for three dispersal agents. 

Land Cover Type 
Eurasian Jay Eurasian Siskin Coal Tit 

HSI Resistance HSI Resistance HSI Resistance 

Buildings 0.46 54 0.45 55 0.51 49 

Heath 0.43 57 0.45 55 0.43 57 

Marsh 0.43 57 0.45 55 0.43 57 

Residential 0.47 53 0.58 42 0.61 39 

Agricultural 0.4 60 0.45 55 0.39 61 

Orchard 0.43 57 0.45 55 0.43 57 

Roads 0.69 31 0.45 55 0.43 57 

Rock 0.5 50 0.45 55 0.43 57 

Grassland 0.41 59 0.58 42 0.43 57 

Scrub 0.67 33 0.57 43 0.57 43 

Other 0.43 57 0.45 55 0.43 57 

Water 0.85 15 0.78 22 0.86 14 

Woodland N/A 1 N/A 1 N/A 1 

Based on the resistance values, the least-cost path tool in the Graphab software (Foltête, 

Clauzel and Vuidel, 2012) is applied to create edge-to-edge dispersal paths between habitat 

patches for each seed dispersal agent. Considering the large number of habitat patches, least-

cost paths are modelled within planar graphs. The same method has been used in other studies 

of habitat networks, such as Albert et al. (2017). The distance threshold of the dispersal paths 

is determined by the maximum daily dispersal distances of the dispersal agent: 1 km for 

Eurasian jays, 0.5 km for Eurasian siskins, and 0.4 km for coal tits. The least-cost path 

modelling results in 700, 385, and 2852 dispersal paths at the habitat scale for Eurasian jays, 

Eurasian siskins, and coal tits, respectively (Figure 5-8). 
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Figure 5-8. Habitat networks for (a) Eurasian jays, (b) Eurasian siskins, and (c) coal tits. Darker 

(grey) colours show areas with lower resistance to species’ movement. 
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2) Long-distance dispersal at the home-range scale 

While daily seed dispersal is contributed by the inter-patch movements of seed dispersal agents 

at habitat scale, long-distance seed dispersal, which plays an important in climate-driven forest 

migration (McCarthy-Neumann and Ibáñez, 2012), results from movements at the annual 

home-range scale (Rayfield et al., 2016). 

The paths of long-distance seed dispersal are mapped based on the habitat networks of seed 

dispersal agents. First, each set of interconnected patches in the habitat networks (Figure 5-8) 

is defined as a meta-patch (an isolated patch constitutes a meta-patch itself). Then, meta-

patches that are bigger than the minimum resource requirement (minimum home-range size, 

see Table 3-2) of the seed dispersal agent are identified as “home ranges”. This results in 144 

home ranges for Eurasian jays, 275 for Eurasian siskins, and 399 for coal tits (Figure 5-9). 

Habitat patches within these home ranges contribute to the movement of seed dispersal agents 

at the annual home-range scale and thus can be used to map long-distance seed dispersal. 

The least-cost path model is applied to map long-distance dispersal paths based on the land-

cover resistance values previously obtained (Table 5-1). Here, the distance threshold of paths 

is determined by the maximum distance that the animal could move in its search for new home 

ranges. As a result of the least-cost path modelling, 527, 502, and 2960 dispersal paths are 

mapped for Eurasian jays, Eurasian siskins, and coal tits, respectively (Figure 5-10). 

As shown in Figure 5-10, seed dispersal networks vary relative to the ecological characteristics 

(e.g., habitat size requirement and preference in movement) and dispersal distances of seed 

dispersal agents. This implies that the contributions of urban landscapes to forest migration 

might vary across tree species. As such, in order to facilitate forest migration, urban green 

infrastructure should be designed to allow seed dispersal to occur at multiple spatial scales. 
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Figure 5-9. Home ranges for (a) Eurasian jays, (b) Eurasian siskins, and (c) coal tits. 



- 134 - 
 

 

Figure 5-10. Daily dispersal and long-distance dispersal networks of (a) Eurasian jays, (b) 

Eurasian siskins, and (c) coal tits. 
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5.3 Mapping seed sources 

5.3.1 Assessing habitat connectivity 

In the context of forest migration, seed sources are defined as contiguous woodland areas with 

reproductive populations, from which species could expand further to colonise other suitable 

habitats (Pereira et al., 2017). In order to identify woodlands that could act as seed sources in 

the city, this study assesses the connectivity of each habitat patch in the dispersal networks 

(see Figure 5-10), assuming that habitats with higher connectivity might have a higher 

frequency of visitation by seed dispersal agents and therefore have a higher probability of seed 

dispersal. 

Both patch area and inter-patch connections are taken into account in the assessment of habitat 

connectivity. According to Boscolo and Metzger (2011), the presence of species is positively 

affected by the amount of surrounding habitat and negatively affected by inter-patch distance. 

Likewise, Chace and Walsh (2006) found that the occurrence of birds in cities is strongly 

influenced by the area and structure of urban green spaces. Besides, Wang et al. (2010) 

demonstrated that the area of habitat patches greatly influences seed production of tree 

populations. Here, graph analysis is applied to assess the connectivity of habitat patches, 

because it could integrate both patch area and inter-patch connections in one measure. 

Graph analysis provides functional and ecologically relevant measures of landscape structure 

and process with minimal data inputs (Kang et al., 2016), and has been shown to be an 

effective way of representing complex landscape structures (e.g., Kong et al., 2010), 

performing connectivity evaluations (e.g., Urban and Keitt, 2001), and modelling species 

occurrence (e.g., Awade, Boscolo and Metzger, 2011). It transforms the landscape into a 

planar graph, in which patches are represented as nodes and the paths/movements between 

them are expressed as links. In general, the area of each patch is taken as the attribute of its 

corresponding node, and the length of each path is assigned to the link’s attribute. Here, the 

Graphab software (Foltête, Clauzel and Vuidel, 2012) is used to transform the dispersal 

networks into node-link graphs (Figure 5-11). 



- 136 - 
 

 

Figure 5-11. Node-link graphs representing the seed dispersal networks of (a) Eurasian jays, 

(b) Eurasian siskins, and (c) coal tits. 
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A graph theory-based index, the probability of connectivity (PC), is used to assess the 

connectivity of each node in the graphs. The PC index is a probabilistic index that integrates 

both patch area and inter-patch distance in one measure, with the degree of connectivity 

increasing as the area gets bigger while decreasing as the distance gets longer (Saura and 

Pascual-Hortal, 2007). It is given by the following expression: 

�� =
∑ ∑ �������

∗�
���

�
���

��
�  

where �� and �� are the areas of the habitat patches i and j, �� is the total area of the study zone 

including both habitat and non-habitat areas, and ���
∗  is the maximum probability of dispersal 

between patches i and j. 

Since the probability of effective seed dispersal is a decreasing function of inter-patch distance 

(Peña-Domene, Minor and Howe, 2016), the PC index is suggested to be suitable for the 

measurement of patch connectivity for seed dispersal. Indeed, empirical evidence has 

indicated that the PC index relates significantly to actual movements and occurrence patterns 

of species (Awade, Boscolo and Metzger, 2011; Pereira et al., 2017). 

The connectivity of each individual patch is evaluated based on a quantification of its 

contribution to the overall PC index value of the dispersal network in absolute terms (varPC) 

and in relative terms (dPC). This is achieved by a node removal approach which calculates the 

overall PC index value before and after the removal of patch �: 

������ = �� − ��������,� 

����(%) = 100 ×
������

��
 

where PC is the connectivity index value when patch �  is present in the network and 

��������,� is the connectivity value after the removal of patch �. To do this, I first calculate 

the PC index for the whole dispersal network, and then systematically remove each node to 

recalculate the PC index without that node. The percentage of connectivity loss indicates the 

contribution of each patch to the overall network connectivity and can be interpreted as the 

relative probability of seed dispersal from or to that patch. This calculation is conducted with 

the Graphab software, in which a few parameters are set to obtain a 5% probability of dispersal 

corresponding to the maximum daily dispersal distances of birds. Figure 5-12 illustrates the 

relative connectivity of individual nodes in the three dispersal networks. 
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Figure 5-12. The relative connectivity (dPC index value) of individual nodes in the dispersal 

networks of (a) Eurasian jays, (b) Eurasian siskins, and (c) coal tits. The size of each node is 

proportional to the area of its corresponding patch. 
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According to the calculation of the dPC index, the most connected habitat patches are, on 

average, not the largest ones, although large patches usually have a better function of providing 

habitat. This illustrates the influence of patch position on seed dispersal. Moreover, as shown 

in the figure, the contribution of urban landscapes to connectivity varies across seed dispersal 

agents. This is because different species have different habitat requirements and dispersal 

distances, and thus respond very differently to landscape fragmentation. As such, designing 

and managing process-oriented green infrastructure for forest migration should account for the 

needs of multiple seed dispersal agents.  

5.3.2 Identifying seed sources 

According to the resulting maps from graph analysis, for all the three seed dispersal agents, 

the majority of nodes have low connectivity and act mainly as intermediate connectors in the 

transfer of seeds. In fact, only a few nodes drive most interactions (seed dispersal events) in 

the networks. These nodes are critical for maintaining network connectivity and facilitating 

interactions among the elements of the network and thus can be regarded as “hubs” in seed 

dispersal networks (Carlo, Aukema and Morales, 2007). Woodlands in the hubs could have a 

high probability of seed dispersal and, therefore, could serve as seed sources for local dispersal 

of outlier populations. 

This study prioritises habitat patches based their relative connectivity (dPC index values) in 

seed dispersal networks (Figure 5-13). As shown in the figure, only a handful of nodes are 

responsible for a disproportionate share of the overall network connectivity. Here, the top 20% 

most connected habitat patches are selected as hubs (potential seed sources) because they 

account for more than 80% of the overall network connectivity: 82.5% for Eurasian jays, 84.7% 

for Eurasian siskins, and 92% for coal tits, respectively. This phenomenon can be explained 

by the 80/20 rule, that is, approximately 80% of the total performance of a network is provided 

by about 20% of its elements.  
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Figure 5-13. The relative connectivity (dPC index values) of individual habitat patches for 

Eurasian jays, Eurasian siskins and coal tits. 
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The 80/20 rule was first proposed by Vilfredo Pareto, a 19th-century economist, who noticed 

that in Italy roughly 80% of the wealth belonged to 20% of the population, and vice versa 

(Barabási, 2016; Taleb, 2013). The 80/20 rule is very common and has been found in many 

types of networks, such as the Internet, social relationships, biochemical pathways, and trophic 

webs. For example, 80% of links on the Web point to only 15% of webpages; 80% of citations 

go to only 38% of scientists; 80% of links in Hollywood are connected to 30% of actors 

(Barabási, 2016). 

In particular, habitat patches less than 20 hectares in size are removed from seed sources 

because very small patches are generally not suitable for the long-term persistence of outlier 

populations (Bierregaard Jr and Lovejoy, 1989; Niebuhr et al., 2015). Accordingly, 89 habitat 

patches are identified as seed sources in the dispersal networks of Eurasian jays. These patches 

account for 76.5% of the overall network connectivity but only 43.6% (4362 hectares) of the 

total area of patches. In the case of Eurasian siskins, 95 habitat patches that account for 82.4% 

of the overall network connectivity are identified as seed sources, covering 45.3% (4530 

hectares) of the total area of patches. At the same time, 105 habitat patches are identified as 

seed sources in the dispersal networks of coal tits. These patches account for 71.2% of the 

overall network connectivity but only cover 34% (4339 hectares) of the total habitat area. It 

appears that for all the three seed dispersal agents, seed sources cover approximately 40% of 

the total habitat area, although they only account for less than 20% of the total number of 

habitat patches. Figure 5-14 illustrates the spatial distribution of the seed sources. 
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Figure 5-14. Seed sources and stepping stones for (a) Eurasian jays, (b) Eurasian siskins, and 

(c) coal tits. 
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5.4 Mapping stepping-stone paths 

5.4.1 Assessing path accessibility 

While the top 20% most connected habitat patches capture a large share of seed dispersal 

events in the landscape, the other 80% small and isolated habitat patches are also important. 

These small patches could diminish the distances travelled between habitat fragments and 

enhance the permeability of the urban matrix to seed dispersal, acting as intermediate stepping 

stones (functional connectors) in the transfer of seeds (Bodin et al., 2006; Craven et al., 2016; 

Niebuhr et al., 2015). 

As discussed in the last section, habitat patches smaller than 20 hectares are unable to support 

viable populations of birds in the long-term given the scarcity of resources (Bierregaard Jr and 

Lovejoy, 1989; Niebuhr et al., 2015). Therefore, in cases that aim to maintain a landscape with 

suitable and enough habitat, most efforts should be made to protect large habitat patches as 

permanent habitats. However, when dispersal and migration become the key issue, especially 

in the context of global climate change, efforts need to move beyond just protecting large 

habitat patches and begin to take into account the function of small habitat patches as stepping 

stones. Empirical data and simulations have suggested that large protected areas connected 

through stepping stones embedded in a permeable matrix could promote population 

persistence and facilitate range shift (Keeley et al., 2018). This is because small patches can 

reduce functional distances between larger habitat fragments by providing stop-over points, 

temporary shelter and food (Fischer and Lindenmayer, 2002; Niebuhr et al., 2015; Saura et al., 

2014), especially for species occurring in a network of habitat patches, which benefit from 

habitat complementation (Smith et al., 2014).  

In order to measure the effect of stepping stones on the movement of seed dispersal agents, 

this study applied a graph-based approach, Space Syntax, to assess the accessibility of 

dispersal paths formed by stepping stones (hereafter simply referred to as stepping-stone paths). 

Since forming dispersal paths and transmitting ecological flows, rather than providing 

permanent habitats are the dominant functions of stepping stones (Boscolo and Metzger, 2011), 

the area of habitat patches is not considered in the assessment. 

Space syntax is both a theory of urban planning and design and a suite of techniques and tools  

for spatial morphological analysis (Bafna, 2003; Hillier, 1999; Hillier, 2007; Hillier and 

Hanson, 1989). It is often used by architects and urban designers to analyse the spatial layout 

of buildings and cities as well as the effect of spatial configuration on accessibility and 
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movement (Baran, Rodríguez and Khattak, 2008; Hillier et al., 1993). The three most 

frequently used indices in space syntax are Integration, Choice, and Depth Distance. 

In particular, the integration index has been widely applied to measure the accessibility of 

street networks (Hillier, 2012; Law, Chiaradia and Schwander, 2012; Nubani and Wineman, 

2005). It is suggested that the distribution of integration across a network relate positively to 

the movement pattern within that network. According to Hillier and Hanson (1989), 

integration is a normalised measure of distance from any a space of origin to all others in a 

system. In general, it calculates how close the origin space is to all other spaces. In the analysis 

of street accessibility, the integration index measures the average topological distance (number 

of direction changes) form each street segment to all the others within a certain radius.  

In this study, species’ dispersal networks are regarded as an analogy to street networks. 

Therefore, the integration index is used to analyse the accessibility of stepping-stone paths. 

Here, links in the seed dispersal networks are taken as segments for the calculation of the 

integration index within a radius of the maximum distance that a species could move in its 

search for new home ranges (long-distance dispersal). A QGIS plug-in, Qgis space syntax 

toolkit, is used for the calculation of the integration index. Figure 5-15 shows the integration 

degree of each stepping-stone path in seed dispersal networks, with a higher integration degree 

implying higher accessibility for seed dispersal agents. 
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Figure 5-15. Accessibility (Integration degree) of the stepping-stone paths for (a) Eurasian 

jays, (b) Eurasian siskins, (c) coal tits. 
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5.4.2 Assessing urban permeability 

Assessing and improving urban permeability for seed dispersal (the movement of seed 

dispersal agents) is suggested to be an effective strategy to facilitate forest migration (Smith 

et al., 2014). Here, “permeability” refers to the capacity of a landscape to support species’ 

movements. Increasing the permeability of the urban matrix could enhance the success of seed 

dispersal and facilitate the local range expansion of outlier populations (Aben et al., 2016). 

Several methods have been proposed for assessing landscape permeability. Most of them 

focused on specific landscape features related to habitat quality or human modification, for 

example, land cover type, road density, and housing density (e.g., Gray et al., 2016; Littlefield 

et al., 2017). Other studies estimated landscape permeability by modelling or experiments (e.g., 

Caryl, Thomson and van der Ree, 2013; Cline and Hunter, 2014; Gastón et al., 2016; 

Shimazaki et al., 2016). Additionally, Anderson et al. (2015) utilised genetic data to infer the 

permeability of landscape features to animal movement. 

Although these methods provide spatially explicit estimates of landscape permeability, they 

may be less useful for the study of forest migration. On one hand, these methods focus on the 

movement of active dispersers (animals) and thus may be unsuitable for the migration of trees 

that depend on passive seed dispersal. On the other hand, in human-dominated environments 

where landscapes are highly modified and fragmented, the accessibility of stepping-stone 

paths is of great importance because it directly influences the movement of seed dispersal 

agents, whereas landscape features related to habitat quality or human modification might be 

of limited value.  

Accordingly, this study evaluates urban permeability based on the accessibility of stepping-

stone paths. Here, the accessibility of each path is used as a weight to calculate the kernel 

density of dispersal networks, with a search distance of the daily foraging limit of birds. Kernel 

density is a spatial method that calculates the density of features in a neighbourhood around 

those features, using a kernel function to fit a smooth surface to each feature (Sheather, 1986). 

The Kernel Density tool in ArcGIS 10.6 Spatial Analyst is used for the calculation. Areas with 

a high density of accessibility indicate a relatively high probability of seed dispersal, and thus 

can be regarded as highly permeable to the migration of trees. The permeability values are 

then classified into four categories: high-permeable, medium-permeable, low-permeable, and 

impermeable, using the method of natural breaks in ArcGIS. Figure 5-16 shows the spatial 

distribution of the four permeability classes for three seed dispersal agents, as well as the range 

of permeability values for each class.  
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Figure 5-16. Urban permeability for the movement of (a) Eurasian jays, (b) Eurasian siskins, 

and (c) coal tits, with higher values indicating greater ease of movement. 
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On average, the permeability of the urban matrix to Eurasian siskins (0.55) is lower than that 

to Eurasian jays (1.51) and coal tits (20.2). This is in line with the spatial records of the three 

species and can be explained by their physical characteristics and mobility: siskins are 

medium-sized birds with medium dispersal abilities. In a fragmented landscape, medium-sized 

species like siskins need to move outside their habitat to find resources, however, they may 

not be able reach other resources due to their limited mobility range (Hansson et al., 2014). In 

comparison, small species like coal tits are able to use very small habitat fragments to meet 

their resource needs, while big species with high mobility, such as Eurasian jays, have a large 

foraging range to support their survival in even extremely fragmented landscapes (Holling, 

1992). It is therefore expected that range shifts of tree species that depend on medium-sized 

birds may be influenced most by the habitat loss, landscape fragmentation, and spatial 

scattering of resources in urban environments. 

5.5 Mapping forest migration flows 

In order to identify urban areas through which tree species are likely to move to track the 

changing climate, an electronic circuit theory-based method is applied in this study to model 

the flow of forest migration through Greater Manchester based on the above assessment of 

urban permeability.  

Unlike the least-cost path model, which intends to identify the single most optimal path 

between patches, electrical circuit theory-based methods model random dispersal patterns and 

predict all possible movement pathways across the landscape matrix. It treats the landscape as 

a conductive surface within an electrical circuit, characterises resistance/conductance to the 

movement for every raster grid cell, and simulates the movement of species across the 

landscape as analogous to the flow of electric current through the conductive surface. Recently, 

circuit theory-based methods have been used by many studies to model climate-driven 

migration of species. For example, Lawler et al. (2013) used circuit theory to identify areas 

with projected high densities of movements for 2903 vertebrate species under climate change. 

Similarly, Littlefield et al. (2017) mapped potential species’ movement pathways between 

current climates and future climate analogues across western North America based on 

electrical circuit theory.  

In the study of forest migration, the conductance surface is obtained from the above assessment 

of urban permeability for seed dispersal. Each land-cover cell is assigned a value representing 

its conductance to forest migration based on its permeability to seed dispersal, with higher 

values indicate greater ease of movement. 
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The flow of forest migration is then modelled as the flow of electrical current between the seed 

sources identified in section 5.3, using the pairwise mode in the Circuitscape software (Shah 

and McRae, 2008). All the current flows between pairs of seed sources are then integrated to 

generate a cumulative current map for each seed dispersal agent. The cumulative current map 

captures the potential migration pattern of trees, with high current values (amps) indicating a 

relatively high probability of migration (Figure 5-17). In addition, differences in the resulting 

maps of three dispersal agents indicate that the pattern and probability of forest migration are 

strongly influenced by the physical characteristics and mobility of local species. As shown in 

the figure, many areas that emerge as flow channels for the migration of jay- and tit-dispersed 

tree species cannot be used by siskin-dispersed species.  
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Figure 5-17. Flows of forest migration between seed sources: (a) Eurasian jay-dispersed trees, 

(b) Eurasian siskin-dispersed trees, and (c) coal tit-dispersed trees. 



- 151 - 
 

In order to obtain an overall view of forest migration in the study area, I integrate the migration 

flows of Eurasian jay-, Eurasian siskin-, and coal tit-dispersed tree species into one map 

(Figure 5-18). The resulting current values in the map are then categorised into four classes: 

high probability, medium probability, low probability, and no probability of forest migration, 

using the method of natural breaks in ArcGIS. Figure 5-19 shows the spatial distribution of 

the four probability classes. 

Areas showing a high probability of forest migration occupy 5.8% (12,612 hectares) of the 

study area when all the three seed dispersal agents are considered. These areas are suggested 

to be a high priority for protection or improvement, as they are critical for the process of forest 

migration. In these areas, a habitat loss could impede migration speeds or modify migration 

patterns, whereas maintaining or enhancing habitat quality wound guarantee their functional 

performance. As shown in the figure, areas with a high probability of forest migration are 

likely to be concentrated in the districts of Wigan, Bolton, Salford and Bury. 

Areas corresponding to the medium probability class account for 21.9% (47,623 hectares) of 

the total study area. These areas are also important for forest migration because they connect 

the high-probability areas. Adding stepping stones in these areas could increase urban 

permeability and thus improve migration flows. 

At the same time, 59.7% (129,821 hectares) of the study area exhibit low probability of forest 

migration, and 12.6% (27,399 hectares) of the study area are unlikely to experience forest 

migration due to their low permeability to seed dispersal, when only Eurasian jays, Eurasian 

siskins and coal tits are taken into account as seed dispersal agents. Urban woodlands in these 

areas should be considered to be low in priority for protection as they have little contribution 

to forest migration. However, design interventions such as adding seed sources or stepping 

stones might be able to increase their contributions to the migration process. 

I also calculate the percentage of each probability class in the ten districts of Greater 

Manchester. As shown in Figure 5-20, about half of the areas in Wigan and Bolton show high 

or medium probability of forest migration. In contrast, less than 20% of the areas in Trafford, 

Rochdale and Oldham are within the high or medium probability classes and more than 20% 

of the areas are unlikely to experience forest migration. This result allows implementing more 

efficient measures for forest management at the district scale to cope with the warming climate. 
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Figure 5-20. Percentages of four migration probability classes in the ten districts of Greater 

Manchester. 

5.6 Conclusion 

This chapter answers research question two “How can forest trees migrate through urban areas, 

and more specifically, how can urban landscapes, as seed sources or stepping stones, 

contribute to the process?”. A mapping-based research methodology is employed to identify 

seed sources and stepping stones in Greater Manchester, as well as potential forest migration 

flows across the city. The mapping process combines the least-cost path model, graph analysis 

and circuit theory-based model. The least-cost path model is applied to map the movement of 

seed dispersal agents as seed dispersal networks. On this basis, two graph theory-based indices, 

the probability of connectivity (PC) and the integration index (in Space Syntax) are used to 

assess the connectivity of habitat patches and the accessibility of dispersal paths, respectively. 

Habitat patches with high connectivity are identified as seed sources considering their high 

probability of seed dispersal, while the other patches are defined as stepping stones for the 

movement of seed dispersal agents between seed sources. The results of graph analysis are 

then used as the basis for circuit theory-based modelling to map the flow of forest migration 

across the city. 

The resulting maps identify the functional connections between urban woodlands and reveal 

areas with a high probability of forest migration. This allows designers to re-visualise urban 

landscapes as a series of interconnected flow channels, which in turn allows for a more 

piecemeal form of landscape design to optimise urban landscapes for climate adaptation. 
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Therefore, although the results presented here are largely specific to Greater Manchester, the 

methods developed here are readily applicable to other cities and regions where human 

activities are concentrated and implementing large continuous corridors or reserves is not 

feasible. The next chapter will explore how to design effective landscape interventions in the 

city to favour the movement of seed dispersal agents and thus to facilitate the process of forest 

migration. 

5.7 Discussion 

This study avoids a tree species-specific perspective but focuses on the movement of seed 

dispersal agents, assuming that effective seed dispersal is the major factor that determines the 

success of forest migration. In contrast, a tree species-specific approach usually requires 

explicit assessments of many biotic and abiotic factors, such as species density, life-history 

traits, interspecific competition, slope, aspect, solar radiation, soil type and moisture (Kang et 

al., 2016). Although these assessments are useful, especially for species of particular 

ecological importance at a local scale, the complexity of the biotic and abiotic factors makes 

it difficult, if not impossible, to conduct species-specific studies over extensive geographical 

areas such as metropolitan regions, especially under climate change. Moreover, the purpose of 

this study is not to provide a detailed assessment for a single tree species but to capture broad-

scale forest migration patterns and, specifically, to provide general guidance for planning or 

designing urban landscapes for forest migration. In this respect, the process-based approach is 

more feasible and efficient because it could map the migration pattern of a number of tree 

species dispersed by a set of specific dispersal agents. Nevertheless, this approach could be 

complemented with species-specific models for tree species with specialised habitat 

requirements. 

This study evaluates the connectivity and accessibility of urban landscapes for seed dispersal 

based on graph analysis. A more sophisticated approach would be a field-based analysis of 

seed dispersal agents. However, the data required for the analysis is not commonly available, 

particularly for bird species over a large spatial extent, whilst observing bird activities is 

beyond the scope of this research. Moreover, a distinction is difficult to make between the 

presence of a bird in a landscape that can be explained by a habitat function and the presence 

due to a dispersal function. In other words, the capture of a bird in a particular location does 

not necessarily indicate that it is foraging in that area, rather it may simply be moving through 

the area to a different location (Aborn and Moore, 1997). As such, a graph-based approach 

might be more suitable and feasible for analysing the activities of dispersal agents. 

Particularly, this method offers an additional advantage: it allows precise evaluations of the 
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potential benefits and efficiency of adding new woodlands (through afforestation or 

reforestation programmes) in the urban matrix to favour the movements of seed dispersal 

agents and thereby to facilitate the process of forest migration. 

Besides, this study considers three seed dispersal agents to account for the influence of species’ 

dispersal abilities on the process of forest migration, rather than using certain connectivity 

thresholds. The results provide a comparison of the migration flows of tree species dispersed 

by different seed dispersal agents. It appears that the pattern and probability of forest migration 

are strongly influenced by the physical characteristics and mobility of seed dispersal agents: 

trees that depend on medium-sized birds with medium dispersal abilities such as siskins may 

be influenced most by habitat loss, landscape fragmentation, and spatial scattering of resources.  

In spite of the above advantages, this study is based on several simplifying assumptions, and 

therefore has a few limitations. Firstly, Eurasian jays, Eurasian siskins and coal tits are 

assumed to be the main seed dispersal agents in the study, although there are a number of other 

dispersal agents available in Greater Manchester. As different animals may respond very 

differently to the landscape, results presented in this study do not cover all the important areas 

that could facilitate forest migration. For future studies of Greater Manchester, it would be 

desirable to consider other seed dispersal agents with different dispersal abilities, such as 

squirrels. Secondly, the land-cover map is simplified as a binary habitat-matrix map, based on 

an assumption that habitat area and spatial distribution are the most important features 

influencing species’ movement and survival, although real landscapes are much more 

heterogeneous and complex. Moreover, urban landscapes are assumed to be static for the 

analysis even though human activities will continue to alter the landscapes. 
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6 DESIGNING GREEN 

INFRASTRUCTURE FOR 

FOREST MIGRATION 
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6.1 Introduction 

In chapter 5, I develop a four-step approach to mapping the process of forest migration, which 

includes 1) modelling the movement of seed dispersal agents as seed dispersal networks, 2) 

identifying urban woodlands with high connectivity as potential seed sources, 3) assessing the 

accessibility of stepping-stone paths between seed sources, and finally, 4) mapping the flow 

of forest migration between seed sources. A least-cost path model, graph theory-based indices 

and a circuit theory-based model are used in the mapping process. The least-cost path model 

is applied to map the movement of seed dispersal agents as seed dispersal networks, based on 

which graph theory-based indices are used to identify and analyse seed sources and stepping 

stones, which in turn are used as the basis for circuit theory-based modelling to map the flow 

of forest migration across the city. The resulting maps identify the functional connections 

between urban woodlands, capture the potential migration pattern of forest trees, and reveal 

areas with a high probability of forest migration. 

This chapter explores feasible and effective ways to insert nature into the urban matrix with 

an aim to answer research question three “How to design urban green infrastructure to facilitate 

forest migration and, more specifically, to promote seed dispersal and species range expansion 

across urban areas?”. The wicked nature of climate-driven forest migration means that the 

problem cannot be solved with full accuracy but can be addressed by “satisficing” resolutions. 

This study uses an iterative process of research by design to explore a “satisficing” design 

strategy to increase the connectivity of urban landscapes for effective seed dispersal. The 

iterative research process includes three steps: (1) designing—three tree planting strategies are 

proposed to improve landscape connectivity from different perspectives; (2) testing—

simulation-based experiments are applied to test the effectiveness of each design strategy; and 

(3) refining—a mixed strategy that combines the advantages of the three afforestation 

strategies is proposed and tested. Particularly, in order to account for the cross-scale 

interactions of ecological processes (that is, effective seed dispersal at the city scale is 

influenced by the landscapes and ecological processes at both bioregion and site scales), the 

research process is conducted from a multi-scale perspective. 

Section 6.2 identifies directions of forest migration at the bioregion scale and the migration 

pathways within which efforts to improve landscape connectivity should be concentrated. On 

this basis, section 6.3 proposes and simulates three afforestation (tree planting) strategies as 

design interventions at the site scale to increase landscape connectivity within the migration 

pathways. These strategies are designed as general as possible so that they can be applied to 

other human-modified and fragmented landscapes: strategy one is planting trees in private 
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gardens and streets; strategy two is planting trees in non-woodland public parks to achieve a 

tree canopy cover of at least 30%; and, strategy three is planting trees in non-woodland areas 

(including private gardens, streets, and public parks) around current seed sources. Section 6.4 

tests the effectiveness of each afforestation strategy by mapping and assessing the seed 

dispersal networks of Eurasian jays, Eurasian siskins, and coal tits at the city scale. Here, 

overall network connectivity, seed source connectivity, dispersal path accessibility, and urban 

permeability are selected as measures to represent the effectiveness of afforestation strategies. 

Based on test outcomes, section 6.5 proposes a mixed strategy that combines the advantages 

of the three former afforestation strategies. The effectiveness of the mixed strategy is then 

tested at the city scale. 

6.2 Identifying migration directions and pathways 

According to the framework of process-oriented green infrastructure for forest migration (see 

chapter 4, section 4.6), effective seed dispersal in the city scale is influenced by the landscapes 

and ecological processes at both bioregion and site scales. Large forest fragments at the 

bioregion scale determine the directions and pathways (boundaries) of forest migration 

imposed by climate change. At the same time, trees at the site scale offer food and shelter 

(resources) to seed dispersal agents, serving as seed sources and stepping-stones for seed 

dispersal at the city scale. 

Therefore, studies at the scale of bioregion aim at identifying the directions of forest migration 

and the migration pathways where efforts to improve landscape connectivity should be 

concentrated. Species’ range shifts in the long term depend on the connectivity between 

habitats that are suitable at present and those that will be suitable in the future.  

In this study, climate change is considered to be the main factor shaping the location and 

availability of suitable habitat. Therefore, to facilitate the process of forest migration, efforts 

should be made to increase landscape connectivity along the expected direction of climate 

change. 

Given the considerable uncertainty and variability in projections of future climate change, the 

direction of climate change is identified based on existing climatic gradients rather than 

present/future climatic conditions. Temperature gradients over extensive geographical areas 

(from several kilometres to several hundred kilometres) are driven largely by topography and 

are expected to maintain their geographic directions as climate changes (Daly, 2006). The 

same assumption has been used in many studies to identify corridors for climate-driven 
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movements of species (Cushman et al., 2013; McGuire et al., 2016; Nuñez et al., 2013). It is 

expected that if forest fragments of different temperatures are connected along temperature 

gradients, forest trees can move to the nearest fragments with relatively cooler present-day 

climates as the climate warms and continue occupying their climatic niches (Nuñez et al., 

2013). In this respect, landscape connectivity along temperature gradients could also offer 

flexibility to the migration process if the climate warms more or less than projected. 

Multiple bioclimatic variables are taken into account in the analysis of temperature gradients. 

These variables reflect important but different effects of climate on species performance such 

as survival in cold periods and energy input during growth periods. It has been found that 

northern populations of most temperate and boreal zone species have substantial winter 

chilling requirements (DeHayes et al., 2000). For instance, Walther, Berger and Sykes (2005) 

found that the expansion of palms into natural forests is driven by changes in winter 

temperature (the minimum temperature of the coldest month) and growing season length. On 

the other hand, the growth of offspring is influenced by maximum daily air temperatures 

during the growing season, which can be best represented by the maximum temperature of the 

warmest month (Park et al., 2014). One example is Aspens, the range of which is most 

influenced by the mean maximum temperature of the warmest month (Rehfeldt et al., 2015). 

Accordingly, climatic gradients related to winter and summer temperatures should be 

considered in the modelling of migration pathways at the bioregion scale. 

Here, four extreme weather variables from the WorldClim Version2 (Fick and Hijmans, 2017) 

are taken as the key climatic determinants of species’ distributions, including the maximum 

temperature of the warmest month (BIO5), the minimum temperature of the coldest month 

(BIO6), mean temperature in the warmest month (BIO10), and mean temperature in the coldest 

month (BIO11) (Walther, Berger and Sykes, 2005). These bioclimatic variables represent the 

magnitude and the seasonal variation in temperature and are suggested to be more important 

than the mean annual temperature, which might control adults but only has a minimal impact 

on offspring (Körner et al., 2016; Park and Talbot, 2018; Zhu, Woodall and Clark, 2012). 

Accordingly, the expected migration pathways between forest fragments are modelled along 

the temperature gradients of the four bioclimatic variables, using an ArcGIS-based tool, 

climate linkage mapper (Nuñez et al., 2013). The climate linkage mapper tool modifies the 

standard least-cost path model to identify movement pathways between “core areas” that 

follow temperature gradients while simultaneously minimising cumulative resistance to 

movement related to habitat quality or human modification. Here, the “core areas” are defined 

as the large (>= 0.5 hectares) forest areas in National Forest Inventory. Within the bioregion, 
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a total of 20 forest areas are identified as “core areas”. At the same time, the resistance surface 

is achieved by reversing the tree cover density map of the bioregion in 2015 (obtained from 

https://land.copernicus.eu/pan-european/high-resolution-layers/forests/tree-cover-

density/status-maps) to a range of 0 – 100, based on an assumption that areas with a high tree 

cover density are more permeable to climate-driven forest migration at the bioregion scale. 

The model requires several parameters to be set: minimum distance between core areas (1 km, 

according to long-distance seed dispersal), maximum distance between core areas (100 km, 

migration distance over the next 100 years), climate threshold (core areas will only be 

connected if the temperature difference between them is greater than the threshold, 1 °C), and 

climate variable cost (the distance to climate ratio, 50 km per 1 °C).  

Using the above parameters, the climate linkage mapper tool creates a network of least-cost 

pathways that link neighbouring forest areas to each other. The extent of the pathways is then 

obtained through reclassifying the resulting raster maps into core pathway areas and buffer 

areas, using a classification method of natural breaks in ArcGIS, which are statistically more 

representative than percentiles (Loro et al., 2015). The extent of the pathways represents the 

potential areas within which the foraging activities of seed dispersal agents are expected to 

contribute most to forest migration. Figure 6-1 shows the identified migration pathways along 

four bioclimatic gradients at the bioregion scale.  

After that, the core pathway areas in each map are integrated to generate a map of combined 

migration pathways (see Figure 6-2), which captures the directions and boundaries of forest 

migration imposed by climate change. About 67.4% of the Greater Manchester area are within 

the combined migration pathways. Designing and managing urban landscapes within these 

areas are expected to promote the process of forest migration. 
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Figure 6-1. Forest migration pathways along climatic gradients at the bioregion scale: (a) 

pathways along BIO5, (b) pathways along BIO6, (c) pathways along BIO10, and (d) pathways 

along BIO11. 
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Figure 6-2. Integrated migration pathways along climatic gradients at the bioregion scale. 
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6.3 Simulating design interventions 

To help tree species traverse existing human-created barriers, increasing the functional 

connectivity of urban landscapes is expected to be a necessary action (de la Pena-Domene, 

Minor and Howe, 2016). Connected urban landscapes could facilitate the movement of seed 

dispersal agents, thereby facilitating the process of forest migration.  

“Greening” existing areas of the built environment is often suggested to be an effective way 

to increase landscape connectivity in dense urban areas while maintaining compact urban 

development (Beatley, 2012). This can be achieved by planting trees, creating urban forests, 

adding green roofs and green walls, and other design and planning interventions. Therefore, 

studies at the site scale attempt to explore how to design effective landscape interventions to 

increase connectivity for seed dispersal. Since the purpose of this study is to facilitate forest 

migration, landscape interventions here refer to urban afforestation (tree planting) strategies. 

In the case study of Greater Manchester, private gardens, roadsides, and non-woodland public 

parks (and gardens) are considered as potential afforestation sites. Other urban areas are not 

regarded as suitable for afforestation, given the considerable cost and constraint of tree 

planting, especially in the city centre (personal communication with Andrew Long, a 

woodlands officer in City of Trees team). Besides, according to the framework of process-

oriented green infrastructure, efforts to improve connectivity should be concentrated in areas 

along the expected pathways of forest migration, within which seed dispersal events can 

contribute most to climate-driven forest migration. Accordingly, design interventions are 

limited to be conducted in private gardens, roadsides, and non-woodland public parks (and 

gardens) within regional migration pathways. 

This study simulates three afforestation strategies to facilitate the process of forest migration 

through Greater Manchester. These strategies represent different spatial arrangements of 

afforestation sites and are designed as general as possible so that they can be applied to other 

urban environments. The following will go through each of these strategies in detail. 

 Strategy one is planting trees in private gardens and streets. This strategy aims to 

create a large number of small habitat patches that could act as stepping stones for 

seed dispersal agents, increasing urban permeability for forest migration.  

 Strategy two is planting trees in non-woodland public parks to achieve a tree canopy 

cover of at least 30%. This strategy intends to form large habitat patches which could 

serve as population sources for seed dispersal.  
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 Strategy three is planting trees in non-woodland areas (including private gardens, 

streets, and public parks) around current seed sources. Since seed sources are highly 

connected patches, it is expected that planting trees around seed sources could create 

new patches with high connectivity while increasing the connectivity of seed sources. 

6.3.1 Strategy one 

Strategy one simulates a large-scale afforestation programme in the study area. It is suggested 

that tree-planting campaigns without explicit spatial targets but enacted at a large enough scale 

are able to accelerate the migration rate of a forest biome (Lazarus and McGill, 2014). Two 

famous examples are the Green Belt Movement in Kenya founded by the late Nobel Laureate 

Professor Wangari Maathai and the Billion Tree Campaign launched by the United Nations 

Environment Programme. Here, private gardens bigger than 50 m2 and all the streets are 

considered to be suitable for planting trees. Figure 6-3 shows an example of the tree-planting 

programme in a neighbourhood. 

 

Figure 6-3. An example of potential afforestation sites in Greater Manchester. 
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ArcGIS is used to simulate the afforestation programme within regional migration pathways—

that is, planting a tree in every garden bigger than 50 m2 and at 10-meter intervals along each 

street. The parameters are chosen according to maximum size of a mature tree in urban areas. 

The geospatial data of private gardens and streets are obtained from the Topography layer and 

Greenspace Layer in Ordnance Survey MasterMap data, respectively. The afforestation 

programme results in 609,740 garden trees and 420,283 street trees in Greater Manchester 

(Figure 6-4). I then calculate increased tree cover after the afforestation programme over future 

years, based on an average canopy radius of 4 m for a mature tree (Pretzsch et al., 2015). The 

result shows that this strategy could contribute to a significant increase (about 5150 hectares) 

in the city’s tree cover. It should be noted that this study does not take into account tree loss 

due to mortality or other factors. 
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6.3.2 Strategy two 

In contrast to strategy one, which aims to create a large number of small habitat patches as 

stepping stones for the movement of seed dispersal agents, strategy two intends to form large 

habitat patches that could serve as population sources for seed dispersal. To this end, efforts 

should be made to restore and regrow urban forests in non-woodland public parks (and 

gardens). These areas are very suitable to be shared with tree species as nurseries to foster 

outlier populations as they are not likely to be logged and replanted for a long time. Here, trees 

are planted to achieve 30% tree canopy cover in non-woodland public parks, given that birds 

can perceive a landscape as a habitat when at least 30% of the landscape is suitable for habitat 

(Andren, 1994; Freemark and Collins, 1992). 

To simulate strategy two, the non-woodland public parks within regional migration pathways 

are converted into woodlands with 30% tree canopy cover. The geospatial data of non-

woodland public parks are obtained from the Greenspace Layer in Ordnance Survey 

MasterMap data. As a result, this strategy identifies a total of 1737 hectares non-woodland 

areas suitable for afforestation, within which 30% tree canopy cover can be achieved by 

planting approximately 104,160 trees. Figure 6-5 shows the spatial distribution of the new 

woodlands. These woodlands connect many small, fragmented woodlands in the current urban 

matrix, increasing the average area of the top 200 biggest woodlands within regional migration 

pathways from 10.9 hectares to 18.3 hectares. 
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6.3.3 Strategy three 

Strategy three intends to create both small and large habitat patches around the seed sources 

identified in chapter 5, section 5.3 (page 139). These seed sources are defined as contiguous 

woodland areas with reproductive populations, from which species could expand further to 

colonise other suitable habitats. Given the high connectivity of seed sources, new habitat 

patches connected to them are expected to have high connectivity in the seed dispersal 

networks whilst further increasing the connectivity of current seed sources. Hence, species-

specific dispersal abilities should be taken into account in this afforestation strategy. 

Here, I use ArcGIS to identify non-woodland areas (including private gardens, streets, and 

public parks) within 1000-m, 500-m, 400-m buffer areas around each seed source for Eurasian 

jays, Eurasian siskins, and coal tits, respectively, based on their maximum daily dispersal 

distances. Within these buffer areas, trees are added in gardens bigger than 50 m2 (one tree in 

every garden), along streets (at 10-meter intervals along each street), and in non-woodland 

public parks to achieve 30% tree canopy cover. This afforestation strategy yields 186,439 trees 

in private gardens and roadsides as well as 391 hectares new woodlands with 30% tree cover 

(which are equivalent to 54,660 trees). Figure 6-6 shows the spatial distribution of the new 

trees and woodlands. 
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6.4 Testing design interventions 

The effectiveness of each design afforestation strategy is tested by mapping and assessing 

improved seed dispersal networks after an increase in tree canopy cover. Eurasian jays, 

Eurasian siskins and coal tits are included as seed dispersal agents in the testing to account for 

different dispersal characteristics. For the purpose of this study, overall network connectivity, 

seed source connectivity, dispersal path accessibility, and urban permeability are selected as 

measures to represent the effectiveness of afforestation strategies. 

6.4.1 Testing strategy one 

Based on the minimum habitat size (4 hectares) of Eurasian jays and siskins, planting trees in 

private gardens and streets over the urban matrix results in 1084 habitat patches, which lead 

to an increase of 2084 hectares (21%) in their overall habitat area. Comparatively, in the case 

of coal tits, which have a much smaller habitat requirement (≥ 1 hectare), the aggregation of 

tree canopy cover yields 3824 habitat patches, increasing the overall habitat area by 2959 

hectares (23%). Table 6-1 shows the number and average area of new habitat patches, as well 

as the average area of the 50 biggest habitat patches within regional migration pathways. 

Table 6-1. The number and average area of new habitat patches and the average area of the 50 

biggest patches within regional migration pathways after strategy one. 

Dispersal agent 
New habitat patch Average area of the 50 biggest patches  

Number Area Current Strategy 1 Increased 

Eurasian jay 245 5.5 ha 48.2 ha 55.5 ha 7.3 ha (15.1%) 

Eurasian siskin 245 5.5 ha 48.2 ha 55.5 ha 7.3 ha (15.1%) 

Coal tit 1039 1.8 ha 45.1 ha 51.9 ha 6.8 ha (15.1%) 

As shown in the table, strategy one creates a large number of small habitat patches for Eurasian 

jays (245), Eurasian siskins (245), and coal tits (1039), while increasing the area of their large 

habitat patches by 15.1%. Although these small patches might not be able to support viable 

populations of the seed dispersal agents in the long term given the scarcity of resources, they 

can provide critical resources for the nesting and foraging needs of birds in the short term, 

acting as stepping stones for the movement between large habitat areas (Holling, 1992). 

Due to various built-up densities across the metropolitan area, trees planted in private gardens 

and streets appear different patterns of aggregation, which might influence the effectiveness 

of this strategy in terms of forming habitat patches. Therefore, in order to explore the influence 
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of residential density on the effectiveness of tree planting, I calculate the percentage of trees 

that could contribute to habitat patches in different built-up density areas. 

The data of built-up density are obtained from the European Urban Atlas, which classify urban 

blocks into five density categories based on the percentage of built-up areas: very low density 

(< 10%), low density (10-30%), medium density (30-50%), high density (50-80%), and very 

high density (> 80%). Very-low- and low-density blocks tend to be adjacent to agricultural 

land or open space. Many of the houses in these blocks have relatively large front and back 

gardens. In contrast, very-high- and high-density blocks usually have small (or no) front 

gardens and back gardens, some of which are too small (< 50 m2) for planting trees. Within 

the migration pathways, high-density urban blocks cover the largest area (13740 hectares), 

followed by medium-density urban blocks (8334 hectares), very-high- and low-density blocks 

(both are 1011 hectares), while very-low-density blocks only occupy 46.5 hectares. 

Here, QGIS is used to count the number of newly planted trees and the number/percentage of 

trees that contribute to habitat patches in each built-up density class. Figure 6-7 compares the 

results of the five built-up density classes. As shown in the figure, the level of built-up density 

could affect the effectiveness of tree planting in terms of forming habitat patches. For all the 

three seed dispersal agents, trees in medium- and high-density areas have much higher 

possibilities to form habitat patches than in the other areas. In the cases of Eurasian jays and 

Eurasian siskins, about 7% of the garden trees and street trees in medium- and high-density 

built-up areas contribute to habitat patches. The percentage is much lower in low-density areas 

(2.2%), which is slightly higher than in very-low and very-high density areas (approximately 

1%). Similarly, in the case of coal tits, high-density areas have the highest percentage of trees 

that form patches (14.94%), which is followed by medium density areas (10.68%) and very-

low-density areas (8.49%). Low density and very-high density areas only have 3.28% and 3.85% 

of trees providing habitat, respectively.  

The percentage of trees to form habitat patches is determined by their aggregation degree in 

different built-up density areas. In general, trees in very-low- and low-density areas have a 

relatively lower degree of aggregation due to the low density of (front/back) gardens, while 

trees in medium- and high-density areas generate more aggregated tree canopies and thus more 

habitat patches. It should, however, be noted that although very-high density areas have a 

relatively high density of gardens, some of them are too small for planting trees, thereby 

leading to a low degree of tree aggregation. Particularly, trees in very-low-density areas have 

a much higher possibility to form habitat patches for coal tits than for Eurasian jays and siskins. 

This is because coal tits have a small habitat size requirement (1 hectare) which can be 
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achieved by trees planted in gardens and streets, together with forest fragments adjacent to 

residential areas. 

 

Figure 6-7. The percentage of trees that form habitat patches (for Eurasian jays, Eurasian 

siskins and coal tits) in different built-up density areas. 

In addition, due to the large area of medium- and high- density urban blocks, trees planted in 

these blocks contribute to 86% of the new habitat area for Eurasian jays and siskins and 84% 

for coal tits (Figure 6-8). In this respect, a more cost-effective way to form habitat patches in 

the study area would be planting trees in medium- and high- density urban blocks. 

 

Figure 6-8. Newly planted trees in medium- and high-density urban blocks contribute to about 

85% of the new habitat area for three seed dispersal agents. 
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The least-cost path model is used to map the improved seed dispersal networks of Eurasian 

jays, Eurasian siskins, and coal tits after strategy one, based on the land-cover resistance values 

previously obtained. Figure 6-9 shows the improved seed dispersal networks. To quantify 

improved connectivity for seed dispersal, I calculate the PC index value of the seed dispersal 

networks and the varPC index value of the seed sources within regional migration pathways. 

As shown in Table 6-2, the effectiveness of this afforestation strategy varies across seed 

dispersal agents: it increases the overall connectivity of the seed dispersal networks by 20.4%, 

16.7%, and 18.1% for Eurasian jays, Eurasian siskins, and coal tits, respectively, as well as 

the average connectivity of the seed sources by 27.9%, 25.3% and 19.4%. 

In order to assess the accessibility of dispersal paths, the integration degree of each path is 

calculated in Space Syntax, which in turn is used to assess the improved permeability of the 

urban matrix after this afforestation strategy. As shown in  

Table 6-3, on average, this strategy improves the accessibility of seed dispersal paths by 40.7%, 

27.8% and 17.3% for Eurasian jays, Eurasian siskins, and coal tits, respectively, which leads 

to a significant increase in the permeability of the urban matrix (within regional migration 

pathways), especially in the case of Eurasian jays (163.9%) and Eurasian siskins (160%).  

The results suggest that by planting trees in private gardens and on roadsides it would be 

possible to form a large number of stepping stones across the urban matrix to improve the 

permeability of the “average” landscape, thereby increasing the rate of forest migration across 

the city while maintaining the compactness of urban development. 
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Figure 6-9. Improved seed dispersal networks of (a) Eurasian jays, (b) Eurasian siskins, and 

(c) coal tits after strategy one. 
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Table 6-2. The overall connectivity of seed dispersal networks and the average connectivity 

of the seed sources within migration pathways after strategy one. 

Dispersal 

agent 

Overall network connectivity 

(PC value) 

Seed source connectivity 

(varPC value) 

Current Strategy 1 Increased Current Strategy 1 Increased 

Jay 1.04E-05 1.25E-05 20.4% 1.0216E-07 1.3062E-07 27.9% 

Siskin 9.05E-06 1.06E-05 16.7% 7.828E-08 9.805E-08 25.3% 

Tit 8.66E-06 1.02E-05 18.1% 8.454E-08 1.0097E-07 19.4% 

 

Table 6-3. The accessibility of seed dispersal paths and the permeability of the urban matrix 

within migration pathways after strategy one. 

Dispersal agent 

Dispersal path accessibility 

(integration degree) 

Urban permeability 

(path density) 

Current Strategy 1 Increased Current Strategy 1 Increased 

Eurasian jay 30.26 42.57 40.7% 3.6 9.5 163.9% 

Eurasian siskin 16.2 20.7 27.8% 1.5 3.9 160.0% 

Coal tit 109.8 128.8 17.3% 37 62 67.6% 

6.4.2 Testing strategy two 

Restoring urban forests in non-woodland parks generates a total of 1737 hectares new 

woodlands with 30% tree canopy cover. These new woodlands connect many small, 

fragmented woodlands in the current landscape matrix, increasing the number of habitat 

patches for both Eurasian jays and Eurasian siskins from 854 to 887, which in turn increase 

their overall habitat area by 992 hectares (10%). Comparatively, in the case of coal tits, the 

aggregation of tree canopy cover yields 2898 habitat patches, increasing the overall habitat 

area by 1156 hectares (9%).  

Table 6-4 shows the number and average area of new habitat patches, as well as the average 

area of the 50 biggest habitat patches within regional migration pathways. Relative to strategy 

one, this afforestation strategy creates less new habitat patches: 53 for Eurasian jays and 

siskins and 121 for coal tits. However, it increases the average area of large habitat patches by 

13.2 hectares for all the three seed dispersal agents. 
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Table 6-4. The number and average area of new habitat patches and the average area of the 50 

biggest habitat patches within regional migration pathways after strategy two. 

Dispersal agent 
New habitat patch Average area of the 50 biggest patches 

Number Area Current Strategy 2 Increased 

Eurasian jay 53 4.8 ha 48.2 ha 61.4 ha 13.2 ha (27.4%) 

Eurasian siskin 53 4.8 ha 48.2 ha 61.4 ha 13.2 ha (27.4%) 

Coal tit 121 1.5 ha 45.1 ha 58.3 ha 13.2 ha (29.3%) 

Figure 6-10 illustrates the improved seed dispersal networks of Eurasian jays, Eurasian siskins 

and coal tits after this afforestation strategy. I also calculate the contribution that non-

woodland parks would make to overall network connectivity if reforested (Table 6-5). The 

results reveal that restoring urban forests in non-woodland parks could increase the overall 

connectivity of seed dispersal networks by about 27% for all the three seed dispersal agents. 

Moreover, this afforestation strategy leads to a significant increase in the connectivity of the 

seed sources within regional migration pathways: 51.8% for the case of Eurasian jays, 74.66% 

for Eurasian siskins, and 43.86% for coal tits. 

Nevertheless, this strategy does not show an obvious effect on the accessibility of seed 

dispersal paths as well as the corresponding permeability of the urban matrix, in contrast to 

strategy one ( 

Table 6-6). On average, it only increases path accessibility by 5.75% for Eurasian jays and 

3.09% for Eurasian siskins. In the case of coal tits, path accessibility decreases by 32.06%. 

This is because the new woodlands connect current fragmented habitat areas and thus reduce 

the number of habitat patches as well as the paths between them (Figure 6-11). As a result, the 

permeability of the urban matrix (within regional migration pathways) increases by 30.56% 

and 24.67% in the case of Eurasian jays and Eurasian siskins, respectively, but decreases by 

43.51% in the case of coal tits.  
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Figure 6-10. Improved seed dispersal networks of (a) Eurasian jays, (b) Eurasian siskins, and 

(c) coal tits after strategy two. 



- 180 - 
 

Table 6-5. The overall connectivity of seed dispersal networks and the average connectivity 

of seed sources within migration pathways after strategy two. 

Dispersal 

agent 

Overall network connectivity 

(PC value) 

Seed source connectivity 

(varPC value) 

Current Strategy 2 Increased Current Strategy 2 Increased 

Jay 1.04E-05 1.32E-05 27.05% 1.0216E-07 1.5508E-07 51.80% 

Siskin 9.05E-06 1.15E-05 27.13% 7.828E-08 1.3672E-07 74.66% 

Tit 8.66E-06 1.10E-05 27.44% 8.454E-08 1.2162E-07 43.86% 

 

Table 6-6. The accessibility of seed dispersal paths and the permeability of the urban matrix 

within migration pathways after strategy two. 

Dispersal 

agent 

Dispersal path accessibility 

(integration degree) 
Urban permeability (path density) 

Current Strategy 2 Increased Current Strategy 2 Increased 

Eurasian jay 30.26 32 5.75% 3.6 4.7 30.56% 

Eurasian siskin 16.2 16.7 3.09% 1.5 1.87 24.67% 

Coal tit 109.8 74.6 -32.06% 37 20.9 -43.51% 

 

Figure 6-11. New woodlands connect current fragmented habitat areas and thus reduce the 

number of habitat patches: (a) habitat patches in current woodlands, (b) habitat patches after 

strategy two. 
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The above analysis indicates that afforesting large areas of land could significantly increase 

the occurrence of seed dispersal events from seed sources but have little impact on the 

movement of seed dispersal agents across the urban matrix. This is because the new woodland 

areas have a limited number and mainly serve as large habitat patches rather than stepping 

stones for the movement for seed dispersal agents. 

6.4.3 Testing strategy three 

Planting trees in the public parks, private gardens and streets around current seed sources result 

in 879 habitat patches for Eurasian jays and Eurasian siskins, which lead to an increase of 972 

hectares (9.7%) in their overall habitat area. Comparatively, in the case of coal tits, this 

afforestation strategy generates 2920 habitat patches, increasing the overall habitat area by 836 

hectares (6.6%).  

Table 6-7 shows the number and average area of new habitat patches, as well as the average 

area of the 50 biggest patches within regional migration pathways. Similar to the results of 

strategy two, this strategy only creates 46 new patches for both Eurasian jays and siskins and 

113 new patches for coal tits, but significantly increases the average area of large habitat 

patches for all the three seed dispersal agents: 14 hectares for Eurasian jays and siskins and 10 

hectares for coal tits. 

Table 6-7. The number and average area of new habitat patches and the average area of the 50 

biggest patches within regional migration pathways after strategy three. 

Dispersal agent 
New habitat patch Average area of the 50 biggest patches 

Number Area Current Strategy 3 Increased 

Eurasian jay 46 4.6 ha 48.2 ha 62.2 ha 14 ha (29%) 

Eurasian siskin 46 4.6 ha 48.2 ha 62.2 ha 14 ha (29%) 

Coal tit 113 1.3 ha 45.1 ha 55.1 ha 10 ha (22.2%) 

Figure 6-12 and Table 6-8 illustrate the improved seed dispersal networks of Eurasian jays, 

Eurasian siskins and coal tits after this afforestation strategy. The results of graph analyses 

reveal that planting trees around seed sources could increase the overall connectivity of seed 

dispersal networks by about 31% for both Eurasian jays and Eurasian siskins and by 19.4% 

for coal tits. Moreover, this afforestation strategy results in a significant increase in the 

connectivity of seed sources, especially for Eurasian jays (66.8%) and Eurasian siskins (89%). 
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Figure 6-12. Improved seed dispersal networks of (a) Eurasian jays, (b) Eurasian siskins, and 

(c) coal tits after strategy three. 
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Table 6-8. The overall connectivity of seed dispersal networks and the average connectivity 

of the seed sources within migration pathways after strategy three. 

Dispersal 

agent 

Overall network connectivity  

(PC value) 

Seed source connectivity  

(varPC value) 

Current Strategy 3 Increased Current Strategy 3 Increased 

Jay 1.04E-05 1.37E-05 31.5% 1.0216E-07 1.70E-07 66.8% 

Siskin 9.05E-06 1.19E-05 31.0% 7.828E-08 1.48E-07 89.0% 

Tit 8.66E-06 1.03E-05 19.4% 8.454E-08 1.11E-07 30.7% 

Similar to the results of strategy two which restores urban forests in non-woodland parks, 

planting trees around seed sources has little effect on the accessibility of seed dispersal paths 

(Table 6-9). On average, it only increases path accessibility by 4.8% for Eurasian jays and 3.1% 

for Eurasian siskins, while deceases path accessibility for coal tits by 32%. As a result, the 

permeability of the urban matrix (within migration pathways) increases by 20.83% and 18% 

for the case of Eurasian jays and Eurasian siskins, respectively, but decreases by 52.7% for 

coal tits. This is because the new woodland areas mainly serve as habitat within or adjacent to 

the seed sources, rather than stepping stones for the movement for seed dispersal agents. 

Table 6-9. The accessibility of seed dispersal paths and the permeability of the urban matrix 

within migration pathways after strategy three. 

Dispersal agent 

Dispersal path accessibility 

(integration degree) 
Urban permeability (path density) 

Current Strategy 3 Increased Current Strategy 3 Increased 

Eurasian jay 30.26 31.7 4.8% 3.6 4.35 20.83% 

Eurasian siskin 16.2 16.7 3.1% 1.5 1.77 18.00% 

Coal tit 109.8 74.7 -32.0% 37 17.5 -52.70% 

6.4.4 Combined testing results 

Based on the above analyses, I compare the effectiveness of the three afforestation strategies. 

Figure 6-13 shows the number of new habitat patches created in each strategy for Eurasian 

jays, Eurasian siskins and coal tits, and Figure 6-14 compares increased percentages of the 

average areas of the 50 biggest habitat patches within regional migration pathways after 

different afforestation strategies.  

Among the three strategies, strategy one forms the most patches for all the three seed dispersal 

agents, while the other two strategies yield a similar number of patches. Nevertheless, strategy 



- 184 - 
 

two and three significantly increase the average areas of large habitat patches for the three seed 

dispersal agents, which are much bigger than strategy one.  

 

Figure 6-13. Number of new habitat patches created after three afforestation strategies. 

 

Figure 6-14. Increased percentages of the average areas of the 50 biggest habitat patches for 

Eurasian jays, Eurasian siskins and coal tits, after three afforestation strategies. 
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Figure 6-15 demonstrates the relative connectivity (varPC index value) of individual nodes in 

the improved seed dispersal networks after different afforestation strategies. The size of each 

node is proportional to the area of its corresponding patch. Then, Figure 6-16 and Figure 6-17 

compare the effectiveness of the three strategies in terms of increasing the overall connectivity 

of seed dispersal networks and the average connectivity of seed sources, respectively. 

 

Figure 6-16. Improved overall connectivity of seed dispersal networks after three afforestation 

strategies.  

 

Figure 6-17. Increased average connectivity of seed sources after three afforestation strategies. 
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In line with my predictions, strategy three exhibits the best performance for both Eurasian jays 

and Eurasian siskins in terms of increasing overall network connectivity and seed source 

connectivity, which is slightly higher than strategy two. Nevertheless, strategy two yields 

significant connectivity gains for coal tits. In contrast, strategy one does not contribute much 

to the connectivity of seed sources, although it has the largest number of newly planted trees 

and new habitat patches among the three strategies. The results indicate that although an 

increase in the total amount of habitat can result in an increase in the connectivity of seed 

dispersal networks, the improvement of connectivity is strongly related to the spatial 

arrangement of afforestation sites as well as the dispersal abilities of seed dispersal agents. 

In terms of improving path accessibility and urban permeability, strategy one is the best among 

the three strategies. Figure 6-18 and Figure 6-19 illustrate the accessibility of dispersal paths 

(measured by the integration index in Space Syntax) for seed dispersal agents and the 

corresponding permeability of the urban matrix to seed dispersal after different afforestation 

strategies, respectively. Figure 6-20 and Figure 6-21 compare the effectiveness of the three 

strategies in terms of improving path accessibility and enhancing urban permeability within 

regional migration pathways. 
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Figure 6-20. Improved average accessibility of dispersal paths after three afforestation 

strategies. 

 

Figure 6-21. Improved urban permeability after three afforestation strategies. 

As shown in the figures, for all the three seed dispersal agents, strategy one significantly 

improves the average accessibility of dispersal paths and the permeability of the urban matrix, 

indicating a marked influence on the movement of seed dispersal agents. In the case of 

Eurasian jays, for example, strategy one contributes to a dramatic increase of 163.9% in the 

average permeability of the urban matrix, in contrast to strategy two and three which only 

improve urban permeability by 30.6% and 20.8%, respectively. This is because planting trees 

in private gardens and streets create a large number of small habitat patches across the urban 
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matrix. These small patches could serve as stepping stones, connecting fragmented habitat 

patches and thus facilitating the movement of seed dispersal agents across open spaces. 

In contrast, the large and aggregated habitat patches created by strategy two and three exhibit 

little influence on the stepping-stone movement of Eurasian jays and Eurasian siskins, and 

even reduce the accessibility of dispersal paths by about 30% in the case of coal tits. The 

reason for the decrease in path accessibility is that the new woodlands connect current 

fragmented habitat areas and thus reduce the number of habitat patches as well as the paths 

between them. The result is consistent with the findings by Hodgson et al. (2012), who reveal 

that spatial aggregation of habitat tends to increase a species’ probability of persistence once 

established but reduce the speed of range shifts in fragmented landscapes. Nevertheless, they 

found that it is possible to achieve both rapid range shifts and relatively high probabilities of 

persistence by building corridors or chains of stepping stones between habitat patches. As a 

result, increasing urban permeability by the creation of a large number of small habitat patches 

is suggested to be an effective strategy to facilitate species’ range expansion. 

In summary, while urban afforestation could improve the ability of urban landscapes to aid 

forest migration, its effectiveness is strongly influenced by the spatial arrangement of trees 

across the urban matrix. The above exploratory analyses suggest that in order to facilitate the 

movement of seed dispersal agents and the range expansion of tree species, efforts should be 

made to create a large number of small habitat patches as stepping stones across the urban 

matrix. In contrast, if the aim is to increase the possibility of seed dispersal events in existing 

habitat and to support the persistence of tree populations, planting trees around seed sources 

would be better than reforesting large areas of land which would be better than creating small 

stepping stones. It is therefore expected that landscapes containing large habitat patches (as 

seed sources) connected through stepping stones embedded in a permeable matrix will increase 

seed dispersal events and facilitate range expansion. 

6.5 Refining design interventions 

6.5.1 New design strategy 

According to the testing results of the three afforestation strategies, the occurrence of seed 

dispersal events from seed sources would be promoted most by planting trees around seed 

sources (strategy three), while the range expansion of tree species across the urban matrix 

would be facilitated most from a large number of stepping stones formed by garden and street 

trees (strategy one). Therefore, a mixed strategy that brings together the advantages of both 
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strategy one and three is proposed to aid forest migration—that is, planting trees in the gardens 

and streets, as well as in the non-woodland parks around the seed sources, within regional 

migration pathways. 

Particularly, instead of planting trees in every garden and street, the new strategy only 

considers the gardens (bigger than 50 m2) and streets in high- and medium-density residential 

areas. According to the testing results of strategy one, trees in medium- and high-density areas 

have much higher possibilities to form habitat patches than in the other areas and contribute 

to about 85% of the new habitat areas for the three dispersal agents. It is therefore expected 

that planting trees in high- and medium-density residential areas could obtain a more cost-

effective outcome. In addition, seed sources in the current seed dispersal network of coal tits 

are excluded in the new strategy, considering that they already have very high connectivity 

(for seed dispersal) which cannot be improved much by adding new woodlands (see Figure 

6-17). Figure 6-22 shows the spatial distribution of urban trees and woodlands after the new 

afforestation strategy. 
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The new strategy results in a total of 765,621 new trees in the Greater Manchester area, which 

include 746,481 garden and street trees in medium- and high- density urban blocks and 319 

hectares new woodlands with 30% tree cover (which are equivalent to 19,140 trees) in the 

public parks and gardens around the seed sources for Eurasian jays and siskins. As illustrated 

in Figure 6-23, the new strategy only requires 70.6% (765,621) of the total number (1,084,683) 

of trees in strategy one and three, although it combines the afforestation patterns of these two 

strategies.  

 

Figure 6-23. The number of trees planted in five afforestation strategies. 

6.5.2 Mapping improved dispersal networks 

The new afforestation strategy results in 1021 habitat patches for Eurasian jays and Eurasian 

siskins, which lead to an increase of 2849 hectares (28.5%) in their overall habitat area. 

Comparatively, in the case of coal tits, this afforestation strategy generates 3505 habitat 

patches, increasing the overall habitat area by 2851 hectares (22.4%). Table 6-10 shows the 

number and average area of new habitat patches, as well as the average area of the 50 biggest 

patches within regional migration pathways. Figure 6-24 and Figure 6-25 compare the results 

of this new strategy with the results of the three former strategies. 
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Table 6-10. The number and average area of new habitat patches and the average area of the 

50 biggest patches within regional migration pathways after the new strategy. 

Dispersal agent 
New habitat patch Average area of the 50 biggest patches 

Number Area Current New strategy Increased 

Eurasian jay 207 6.8 ha 48.2 ha 74.2 ha 26 ha (54%) 

Eurasian siskin 207 6.8 ha 48.2 ha 74.2 ha 26 ha (54%) 

Coal tit 829 2.1 ha 45.1 ha 64 ha 19 ha (42.1%) 

 

 

Figure 6-24. The number of new habitat patches created in four afforestation strategies. 

 

Figure 6-25. Increased percentages of the average areas of the 50 biggest habitat patches for 

Eurasian jays, Eurasian siskins and coal tits in four afforestation strategies. 
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As shown in the table and figures, the mixed strategy creates a large number of small habitat 

patches for seed dispersal agents: 207 for Eurasian jays and siskins and 829 for coal tits, which 

are slightly less than the number of new patches in strategy one (245 for Eurasian jays and 

siskins and 1039 for coal tits). At the same time, it significantly increases the average area of 

large habitat patches: 26 hectares (54%) for Eurasian jays and siskins and 19 hectares (42.1%) 

for coal tits, which are much higher than the results of the three former strategies. 

The habitat patches for Eurasian jays, Eurasian siskins and coal tits are then connected by 2133, 

1973 and 7633 dispersal paths, respectively, using the least-cost path modelling. Figure 6-26 

illustrates the improved seed dispersal networks after the new afforestation strategy.  
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Figure 6-26. Improved seed dispersal networks of (a) Eurasian jays, (b) Eurasian siskins, and 

(c) coal tits after the new afforestation strategy. 
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6.5.3 Re-testing seed sources 

To quantify the effectiveness of the new afforestation strategy in terms of promoting seed 

dispersal, this study calculates the increase in overall network connectivity and in seed source 

connectivity, using the PC index and the varPC index, respectively. Figure 6-27 compares the 

relative connectivity of the nodes (habitat patches) in the current and improved dispersal 

networks. The size of each node is proportional to the area of its corresponding patch. Figure 

6-28 and Figure 6-29 compare the effectiveness of the four strategies in terms of increasing 

overall network connectivity and seed source connectivity within regional migration pathways, 

respectively. 

As shown in the figures, the new afforestation strategy results in a notable increase in both 

overall network connectivity and seed source connectivity in contrast to the three former 

strategies, although the improvement varies across different seed dispersal agents. The new 

strategy contributes to an 86% increase in the overall network connectivity for Eurasian siskins, 

which is slightly lower than the increase (92.2%) in the case of Eurasian jays but much higher 

than the increase (59.2%) in the case of coal tits. In terms of the connectivity of seed sources, 

the highest increase (263.6%) occurs in the case of Eurasian jays, followed by Eurasian siskins 

(223.7%) and coal tits (116.6%).  

In addition to the increase in connectivity, the new strategy yields 41, 63 and 29 new seed 

sources for Eurasian jays, Eurasian siskins and coal tits, respectively. These new seed sources 

are identified based on the 80/20 rule: approximately 80% of the overall network connectivity 

is provided by the 20% most connected nodes (habitat patches) in the network. Particularly, 

habitat patches less than 20 hectares in size are removed from seed sources as very small 

patches are generally not suitable for the long-term persistence of outlier populations. These 

new seed sources, together with existing seed sources, account for 51.2%, 56%, and 40% of 

the total habitat areas for Eurasian jays, Eurasian siskins, and coal tits, respectively, and 79.6%, 

87.7%, and 75.3% of the overall network connectivity. Figure 6-30 illustrates the spatial 

distribution of the new seed sources. 
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Figure 6-28. Improved overall connectivity of seed dispersal networks after four afforestation 

strategies.  

 

Figure 6-29. Increased average connectivity of the seed sources within regional migration 

pathways after four afforestation strategies. 

 



- 201 - 
 

 
Figure 6-30. Current and new seed sources in the seed dispersal networks of (a) Eurasian jays, 

(b) Eurasian siskins, and (c) coal tits. 
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6.5.4 Re-testing stepping stones 

To quantify the effectiveness of the new afforestation strategy in terms of facilitating species’ 

range expansion, this study calculates the accessibility of each dispersal path and the 

corresponding permeability of the urban matrix, using the integration index in Space Syntax. 

Figure 6-31 compares the accessibility of dispersal paths in the current and improved seed 

dispersal networks. Figure 6-32 demonstrates the improved permeability of the urban matrix 

after the new afforestation strategy.  

As shown in the figures, the effect of the new afforestation strategy on path accessibility and 

urban permeability varies across seed dispersal agents. The new strategy improves the 

accessibility of seed dispersal paths by 29.9% for Eurasian jays and 21.6% for Eurasian siskins 

on average while slightly reducing the accessibility of coal tits’ dispersal paths by 1.3%. This 

leads to significant increases (more than 110%) in the permeability of the urban matrix (within 

regional migration pathways) for both Eurasian jays and Eurasian siskins, which is much 

higher than the increase of 28.1% in the case of coal tits. 

Figure 6-33 and Figure 6-34 compare the effectiveness of the new afforestation strategy with 

that of the three former strategies, in terms of path accessibility and urban permeability, 

respectively. The results indicate that the new strategy is much more effective than strategy 

two and three but is slightly less effective than strategy one, for all the three seed dispersal 

agents. This is because strategy one generates the most stepping stones among the four 

strategies. 
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Figure 6-33. Improved overall connectivity of seed dispersal networks after four afforestation 

strategies.  

  

Figure 6-34. Improved urban permeability for seed dispersal after four afforestation strategies. 

6.5.5 Mapping improved migration flows 

Finally, this study maps improved flows of forest migration through Greater Manchester after 

the new afforestation strategy, using the electronic circuit theory-based modelling. The 

measurement results of urban permeability are taken as conductance surfaces to model 
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migration flows as electrical current flows among the seed sources identified in the new seed 

dispersal networks, with high current values indicating a relatively high probability of 

migration. Figure 6-35 compares the flows of forest migration in the case of each seed 

dispersal agent after the new afforestation strategy with the flows of forest migration in current 

landscapes. 

In order to obtain an overall view of improved forest migration flows after the new 

afforestation strategy, I integrate the migration flows of Eurasian jay-, Eurasian siskin-, and 

coal tit-dispersed tree species into one map (Figure 6-36). A comparison of the improved and 

current forest migration flows shows that the new afforestation strategy could increase the 

probability of forest migration by 140% on average in the study area. The resulting current 

values in the map are then categorised into four classes: high probability of migration, medium 

probability of migration, low probability of migration, and no probability of migration, using 

the same breaks that are used in generating Figure 5-19. Figure 6-37 shows the spatial 

distribution of the four migration probability classes after the new afforestation strategy.  
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The area of each migration probability class after the new afforestation strategy is then 

compared with that in the current landscape (Figure 6-37 vs. Figure 5-19). As shown in Figure 

6-38, the new strategy significantly improves the process of forest migration through Greater 

Manchester. Areas showing a high probability of forest migration occupy 26.7% (58,060 

hectares) of the total study area when all the three seed dispersal agents are considered, in 

contrast to current high probability areas, which only account for 5.8% (12,612 hectares) of 

the study area. Areas corresponding to the medium probability class increases by 7.7% (16,744 

hectares), from current 21.9% (47,623 hectares) to 29.6% (64,367 hectares) after the new 

afforestation strategy. At the same time, the low probability class and no probability class 

decrease by 22.8% (49580 hectares) and 5.8% (12,612 hectares), respectively, occupying 36.9% 

(80,241 hectares) and 6.8% (14,787 hectares) of the study area. This means that many areas 

that currently emerge as having a low probability for forest migration are expected to become 

high probability areas after the new afforestation strategy. 

 

Figure 6-38. The area of each migration probability class with and without the new 

afforestation strategy. 

I also calculate the percentage of each migration probability class within the regional migration 

pathways after the new afforestation strategy. Most (80%) of the areas within the migration 

pathways have a high or medium probability of forest migration after the new afforestation 

strategy when all the three seed dispersal agents are considered. The high migration probability 

class occupies 44% of the regional migration pathways, which is followed by the medium 

(39%) and the low (19%) probability class. Only 1% of the areas within the migration 

pathways are unlikely to experience forest migration. Figure 6-39 compares the percentage of 
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each migration probability class after the new afforestation strategy with that in the current 

landscape.  

 

Figure 6-39. The percentage of each migration probability class within regional migration 

pathways (a) in the current landscape and (b) after the new afforestation strategy. 

6.6 Conclusion 

This chapter explores feasible and effective ways to insert nature into the urban matrix with 

an aim to answer research question three “How to design urban green infrastructure to facilitate 

forest migration and, more specifically, to promote seed dispersal and species range expansion 

across urban areas?”. The results indicate that, in order to facilitate the process of forest 

migration through Greater Manchester, efforts should be made to plant trees in gardens and 

streets within medium- and high-density residential areas, as well as in non-woodland public 

parks around seed sources to achieve a tree canopy cover of at least 30%. Planting trees in 

private gardens and streets could create a large number of small habitat patches as stepping 

stones across the urban matrix, increasing urban permeability for species’ range shifts, whilst 

planting trees around seed sources could promote the occurrence of seed dispersal events from 

seed sources. 

An iterative process of research by design is employed in this chapter. The process starts with 

proposing three afforestation strategies which intend to improve landscape connectivity from 

different perspectives: strategy one generates a large number of small habitat patches by 

planting trees in private gardens and streets; strategy two yields large habitat patches by 

creating 30% tree canopy cover in non-woodland public parks (and public gardens); and 
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strategy three results in highly connected habitat patches by planting trees in non-woodland 

areas (including private gardens, streets, and public parks) around current seed sources.  

The effectiveness of each afforestation strategy is then tested in the cases of Eurasian jays, 

Eurasian siskins, and coal tits, in terms of networks connectivity, seed source connectivity, 

dispersal path accessibility, and urban permeability. The results reveal that urban afforestation 

could facilitate the process of forest migration through the urban matrix, however, its 

effectiveness is strongly influenced by the spatial arrangement of trees. The occurrence of seed 

dispersal events from seed sources would be promoted most by planting trees around the seed 

sources (strategy three), while the range expansion of tree species across the urban matrix 

would be facilitated most from a large number of stepping stones formed by garden and street 

trees (strategy one). In addition, the results of strategy one reveal that the level of built-up 

density could affect the effectiveness of tree planting in terms of forming habitat patches. In 

general, trees planted in medium- and high-density residential areas have much higher 

possibilities to form habitat patches than trees in the other residential areas. 

Based on the test outcomes, a mixed strategy that combines the advantages of strategy one and 

strategy three is then proposed—that is, planting trees in gardens and streets within medium- 

and high-density urban blocks, as well as in the non-woodland parks around seed sources. The 

new strategy not only shows a better performance than the three former strategies in terms of 

increasing seed dispersal events, but also achieves a notable increase in urban permeability for 

species’ range expansion, higher than strategy two and three but slightly lower than strategy 

one. The resulting map of forest flows indicates that the new strategy will significantly 

facilitate the process of forest migration through Greater Manchester: many areas that emerge 

as low probability of forest migration in the current landscape are expected to become high 

probability areas after the new afforestation strategy. Moreover, the new strategy only requires 

70.6% of the total number of trees in strategy one and three and thus can be considered a more 

cost-effective strategy. 

6.7 Discussion 

This chapter demonstrates a process-oriented design approach, which focuses on improving 

the functional connectivity of urban landscapes for ecological processes. It applies the 

framework of process-oriented infrastructure, incorporating both top-down and bottom-up 

approaches into the design of urban green infrastructure for climate-driven forest migration. 

On one hand, mapping the migration pathways between forest fragments at the bioregion scale 

identifies areas where efforts to improve landscape connectivity should be concentrated. 
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Targeted planting within the migration pathways assumes a top-down approach to design 

interventions. On the other hand, such interventions are conducted through a bottom-up 

approach in which people act locally (e.g., planting trees in their own gardens). The case study 

of Greater Manchester suggests that the process of forest migration at a metropolitan scale can 

be facilitated by a large number of landscape interventions at site scales which creates small, 

distributed but functional-connected green spaces for effective seed dispersal. It is, therefore, 

possible to improve urban green infrastructure for ecological processes without significantly 

reducing the compactness of urban development or modifying human activities. From this 

perspective, the process-oriented design approach might be more feasible and manageable than 

traditional goal-oriented ones. 

This study avoids the uncertainties associated with the projections of climate change. While 

climate change is considered to be the main factor shaping the distribution of tree species, this 

study identifies the directions of forest migration based on existing climatic gradients rather 

than present/future climatic conditions, assuming that temperature gradients are conserved in 

a changing climate.  

While this study only focuses on three seed dispersal agents, Eurasian jays, Eurasian siskins, 

and coal tits, the results could represent the effectiveness of design interventions in general as 

these species represent contrasting agent groups with respect to dispersal abilities: Eurasian 

jay is a large-sized species that has a large habitat requirement and relatively long flight 

distances, Eurasian siskin is a medium-sized species that has a large habitat requirement and 

medium flight distances, and coal tit is a small-sized species that has a small habitat 

requirement but relatively long flight distances. Nevertheless, further tests with more seed 

dispersal agents would be useful to obtain a more accurate assessment of design interventions. 

Moreover, compared to Eurasian jays and coal tits, Eurasian siskins are expected to be 

influenced most by the habitat loss, landscape fragmentation, and spatial scattering of 

resources in urban environments, due to their large habitat requirement but limited mobility 

range. As a result, many areas that emerge as flow channels for the migration of jay- and tit-

dispersed tree species cannot be used by siskin-dispersed species in the maps of forest 

migration flows. Therefore, more efforts should be made in the future to design more effective 

landscape interventions in the city for the movement of Eurasian siskins. 

The design intervention strategies proposed in this chapter do not take into account the choice 

of species at each afforestation site but focuses on the spatial layout of trees, assuming that all 

the afforestation sites in Greater Manchester are ecologically suitable for tree species to grow, 

survive, and reproduce. This assumption enables an assessment of the relative effects of the 
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spatial arrangement of trees on the simulation results of forest migration. However, given the 

heterogeneity and complexity of urban landscapes, future work should consider other biotic 

and abiotic factors (such as species density, interspecific competition, slope, solar radiation, 

soil type and moisture) of the afforestation sites to obtain more detailed guidelines for tree 

plantings. 

Moreover, the afforestation strategies proposed in the case study of Greater Manchester are 

designed as general as possible so that they can be tested and applied to other urban 

environments. Nevertheless, the outcome of this study cannot be directly applied to other cities, 

as the spatial characteristics of these cities, such as road width and garden size, can affect the 

effectiveness of the afforestation strategies. 

Finally, private gardens smaller than 50 m2 are not included in the afforestation strategies as 

they might be too small for accommodating trees with canopy radius of 4 m. However, by 

selecting appropriate species (with smaller canopies), it could be possible to planting trees in 

these gardens and thus increasing the tree canopy cover of urban blocks, especially in high- 

and very high-density residential areas. Figure 6-40 shows an example of small garden trees. 

Future research is needed to investigate the most appropriate species to plant on a given garden 

size. 
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Figure 6-40. Trees planted in a small garden. Source: author. 
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7 CONCLUSION 
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7.1 Conclusion 

As pollution from fuel burning continues to warm our planet, many species have already 

started to move to new habitats with more suitable climate conditions. Nevertheless, such 

movements do not guarantee their survival if they are not able to move fast enough to keep 

pace with the moving climate, especially for those relatively immobile tree species.  

Redistribution of tree species is the most important threat related to climate change. The failure 

of trees to track climate change is expected to have radical commercial, biological, and 

climatological consequences, some of which we cannot even yet imagine. Delays in forest 

migration may also slow the movements of animals that depend on trees for habitat or food.  

Within this context, this study explores the potential of urban green infrastructure to facilitate 

climate-driven forest migration. The focus lies on the connectivity of urban landscapes for 

effective seed dispersal. My original contribution to knowledge is the development of a 

process-oriented approach to map and design urban landscapes to facilitate forest migration 

under climate change. 

The study was guided by the following three research questions: (1) Why should we consider 

cities in the process of forest migration and what roles can urban landscapes play in the process? 

(2) How can forest trees migrate through urban areas, and more specifically, how can urban 

landscapes, as seed sources or stepping stones, contribute to the process? (3) How to design 

urban green infrastructure to facilitate forest migration and, more specifically, to promote seed 

dispersal and species’ range expansion across urban areas? 

Based on an understanding of the wicked nature of climate-driven forest migration, a three-

phase research methodology, which includes a transdisciplinary literature review, a mapping-

based approach and a research by design methodology, was proposed to answer each of the 

three research questions, respectively. Greater Manchester, UK, was selected as a case study 

site. Eurasian jays, Eurasian siskins, and coal tits were selected as the main seed dispersal 

agents in the study area. The following outlines the conclusions for each question. 

7.1.1 Answers to research question one 

To explore the potential of cities and urban landscapes to aid forest migration, this study 

collected and combined the knowledge and information regarding the mechanism of forest 

migration and the uniqueness of urban climates and landscapes, from the disciplines of 

paleoecology, climate change, biology, urban ecology, urban forestry, landscape and urban 
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design. The results of the transdisciplinary literature review suggest that cities are able to 

facilitate the process of forest migration by supporting the persistence and dispersal of outlier 

populations. 

While current rates of global warming are projected to be too fast for trees to track their 

climatic niches, empirical studies of post-glacial re-colonisation of tree species indicate that 

future tree migration does not necessarily lag behind climate change, as the migration can be 

facilitated by outlier populations in advance of their main ranges. Rapid range shifts of boreal 

and temperate tree species occurred following the retreat of ice sheets after the last glacial 

period. Molecular evidence from paleoecology suggests that such range shifts were achieved 

by local dispersal from small, isolated populations outside of main distribution ranges during 

the glacial period. Since outlier populations not only can occur naturally as relicts of past 

climates but also could result from anthropogenic planting, it is expected that the role of outlier 

populations in the past may have an analogy under future climate change. 

Due to anthropogenic heat generation and corresponding urban heat island effects, cities are 

already ahead of their surroundings in terms of climate warming, and thus could provide 

suitable climatic conditions for the establishment of outlier populations far beyond their native 

range limits, shortening or even eliminating their migration lags. In general, temperate cities 

with urban heat islands could support the survival of broadleaf populations 59-182 km in front 

of their native ranges with analogous climates. In the case study of Greater Manchester, 

European oak (Quercus robur), Sweet chestnut (Castanea sativa), Sessile oak (Quercus 

petraea), and European beech (Fagus sylvatica) are identified as species that could take 

advantage of urban climates to establish outlier populations. Moreover, since trees can cool 

their environment through shading, evapotranspiration and solar radiation reflection, 

establishing outlier populations in cities could, in turn, slow the rate of warming, leading to 

relatively stable climate conditions for trees to grow and reach reproductive maturity. It is 

estimated that, in Greater Manchester, a 10% increase of tree cover in high-density residential 

areas or town centres could counterbalance projected increases in maximum surface 

temperature due to climate change in the 2080s relative to 1961-1990.  

In addition to urban climates, urban landscapes could serve as seed sources and stepping stones 

for local dispersal of outlier populations. Empirical evidence from the literature suggests that 

large green spaces (such as nurseries, botanic gardens, parks and forest remnants) can be used 

to receive and accommodate translocated tree species, offering population sources for local 

seed dispersal. In fact, even a small number of source populations can be sufficient to establish 

a naturalised population beyond their native range limits. Meanwhile, small, scattered green 
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spaces and trees in both public lands and private properties, such as streets, private gardens, 

and agricultural islands, could serve as stepping stones, providing stop-over points, food and 

shelter for the movement of seed dispersal agents across open spaces. It is, therefore, possible 

to take advantage of urban landscapes to accelerate the spread of outlier populations.  

7.1.2 Answers to research question two 

To understand the process of forest migration through cities, this study developed a four-step 

mapping process, which includes 1) modelling the movement of seed dispersal agents as seed 

dispersal networks, 2) identifying urban woodlands with high connectivity as potential seed 

sources, 3) assessing the accessibility of stepping-stone paths between seed sources, and 

finally, 4) mapping the flow of forest migration between seed sources. The mapping approach 

combines a least-cost path model, graph theory-based indices and a circuit theory-based model. 

The least-cost path model was applied to map the movement of seed dispersal agents as seed 

dispersal networks, based on which graph theory-based indices were used to identify and 

assess seed sources and stepping stones, which in turn were used as the basis for circuit theory-

based modelling to map the flow of forest migration across the city.  

In Greater Manchester, 869, 869 and 2916 habitat patches were identified for Eurasian jays, 

Eurasian siskins, and coal tits, covering 4.6% (9998 hectares), 4.6% (9998 hectares), and 5.9% 

(12746 hectares) of the total study area, respectively. More habitat patches were identified for 

coal tits because they have a much smaller habitat size requirement (1 hectare) than Eurasian 

jays and Eurasian siskins (4 hectares). On this basis, the least-cost path modelling mapped 

1227, 887, and 5812 seed dispersal paths (stepping-stone paths) among habitat patches for 

Eurasian jays, Eurasian siskins, and coal tits, respectively. The results indicate that seed 

dispersal networks (consisting of habitat patches and dispersal paths) vary relative to the 

habitat size requirement, preference in movement, and dispersal distance of seed dispersal 

agents. This means that the contribution of urban landscapes to forest migration might vary 

across tree species. 

After that, a graph theory-based index, probability of connectivity (PC), was used to assess the 

connectivity of each habitat patch in the seed dispersal networks and further identify patches 

with high connectivity as potential seed sources, based on an assumption that habitats with a 

high connectivity might have a high frequency of visitation by seed dispersal agents and thus 

a high probability of seed dispersal. Here, seed sources are defined as large, contiguous 

woodland areas (≥ 20 hectares) with reproductive populations, from which species could 

expand further to colonise other suitable habitats. The graph analysis identified 89, 95, and 
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105 seed sources in the dispersal networks of Eurasian jays, Eurasian siskins, and coal tits, 

respectively. These seed sources account for less than 20% of the total number of habitat 

patches, cover approximately 40% of the total habitat area, but are responsible for more than 

80% of the overall network connectivity (82.5% for Eurasian jays, 84.7% for Eurasian siskins, 

and 92% for coal tits), and thus could capture a large share of seed dispersal events in the 

dispersal networks. This result agrees well with the 80/20 rule in network science, that is, 

approximately 80% of the total performance of a network is provided by about 20% of its 

elements. 

At the same time, the integration index in Space Syntax was applied to measure the 

accessibility of individual stepping-stone paths between seed sources, which in turn was used 

as a weight to calculate the kernel density of seed dispersal networks. Areas with a high density 

represent a relatively high permeability to seed dispersal. The results show that, on average, 

the permeability of the urban matrix to the movement of Eurasian siskins is lower than the 

permeability to Eurasian jays and coal tits. This is in line with the spatial records of these 

species and can be explained by their physical characteristics and mobility: compared with 

jays and tits, siskins are medium-sized birds with medium mobility, and thus can neither use 

very small habitat fragments nor reach distant resources. It is therefore expected that range 

shifts of tree species that depend on the birds with medium body sizes and mobility will be 

influenced most by habitat loss, landscape fragmentation, and spatial scattering of resources. 

The measurement of urban permeability was then used as the basis for circuit theory-based 

modelling to map the flow of forest migration across the city. The resulting map identifies the 

functional connections between urban woodlands, captures the potential migration pattern of 

forest trees, and reveals areas with a high probability of forest migration. Moreover, a 

comparison of results from different dispersal agents suggests that the pattern and probability 

of forest migration are strongly influenced by the dispersal capabilities of local species: many 

areas that emerge as flow channels for the migration of jay- and tit-dispersed tree species 

cannot be used by siskin-dispersed species. This means that habitat loss and landscape 

fragmentation in the urban matrix will severely limit the migration of forest trees that depends 

on Eurasian siskins. In addition, when all the three seed dispersal agents are included in the 

model, areas showing a high- and medium- probability of forest migration occupy 5.8% and 

21.9% of the metropolitan region, respectively, while 59.7% of the study area exhibit low 

probability of forest migration, and 12.6% of the study area are unlikely to experience forest 

migration. In the districts of Wigan and Bolton, about half of the areas show high or medium 

probability of forest migration, in comparison to Trafford, Rochdale and Oldham, where the 
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percentage of high and medium probability is less than 20%. This allows implementing a more 

efficient measure for forest management at the district scale to cope with the warming climate. 

7.1.3 Answers to research question three 

Based on an understanding of the nested organisation of urban landscapes and the cross-scale 

dynamics of ecological processes, this study developed a conceptual framework of process-

oriented green infrastructure and applied it to the design of urban green infrastructure for 

climate-driven forest migration. The focus of this framework lies on improving the functional 

connectivity of urban landscapes to facilitate ecological processes, from a multi-scale 

perspective. The framework suggests that effective seed dispersal at the city scale is influenced 

by the landscapes and ecological processes at both bioregion and site scales: large forest 

fragments at the bioregion scale determine the directions and pathways (boundaries) of forest 

migration, while trees at the site scale offer food and shelter (resources) to seed dispersal 

agents, forming seed sources and stepping-stones for seed dispersal events at the city scale.  

Accordingly, with an aim to promote seed dispersal for climate-driven forest migration, this 

study identified the directions and pathways of forest migration along climatic gradients at the 

bioregion scale and then explored feasible and effective ways to insert nature into the urban 

matrix to improve landscape connectivity within the migration pathways, using an iterative 

process of research by design. The iterative research process includes three steps: (1) 

designing—three afforestation strategies were proposed as design interventions at the site 

scale to improve landscape connectivity for seed dispersal; (2) testing—simulation-based 

experiments were applied to test the effectiveness of these afforestation strategies; and (3) 

refining—a mixed strategy that combines the advantages of different afforestation strategies 

was proposed and tested.  

The three afforestation strategies proposed in the first step intends to improve landscape 

connectivity from different perspectives: strategy one generates a large number of small 

habitat patches by planting trees in private gardens and streets; strategy two forms large habitat 

patches by creating 30% tree canopy cover in non-woodland public parks and gardens; and 

strategy three yields highly connected habitat patches by planting trees in non-woodland areas 

(including private gardens, streets, and public parks) around current seed sources. 

The second step tested the effectiveness of each afforestation strategy in terms of overall 

network connectivity, seed source connectivity, dispersal path accessibility, and urban 

permeability. The results show that the effectiveness of urban afforestation is strongly related 

to the spatial arrangement of trees across the urban matrix. In general, strategy three exhibits 
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the best performance in terms of increasing overall network connectivity and seed source 

connectivity, while in terms of improving path accessibility and urban permeability, strategy 

one is the best among the three strategies. In addition, the testing result of strategy one reveals 

that trees planted in medium- and high-density residential areas have much higher 

opportunities to form habitat patches than trees in the other residential areas.  

In the third step, a mixed strategy that brings together the advantages of both strategy one and 

strategy three was proposed and tested—that is, planting trees in gardens and streets within 

medium- and high-density residential areas, as well as in non-woodland public parks and 

gardens around seed sources to achieve a tree canopy cover of at least 30%. The testing results 

show that the new afforestation strategy significantly increases overall network connectivity 

and seed source connectivity for all the three seed dispersal agents, in contrast to the three 

former strategies. At the same time, it also achieves a notable increase in dispersal path 

accessibility and urban permeability, higher than strategy two and three but slightly lower than 

strategy one. Moreover, a comparison of the improved and current forest migration flows 

illustrates that the new afforestation strategy could increase the probability of forest migration 

by 140% on average in the study area. Areas showing a high probability of forest migration 

increases from 5.8% of the study area to 26.7%, and areas corresponding to the medium 

probability class increases by 7.7%, while the low probability class and no probability class 

decrease by 22.8% and 5.8%, respectively, when all the three seed dispersal agents are 

considered. This means that many areas that currently emerge as having a low probability of 

forest migration are expected to become high probability areas after the new afforestation 

strategy. Besides, the new strategy results in 80% of the areas within regional migration 

pathways showing a high or medium probability of forest migration, but only requires 70.6% 

of the total number of trees in strategy one and three and, thus, can be considered a more cost-

effective strategy. 

7.2 Discussion 

By adding cities into the tree-climate relationship, this study developed a process-oriented 

approach to tackling the wicked problem of climate-driven forest migration. In comparison to 

the current “goal-oriented” strategy of assisted migration which focuses on “where species 

should be in the future”, the process-oriented approach aims to facilitate forest migration by 

establishing outlier populations and promoting seed dispersal in cities. It has the following 

advantages. 
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Firstly, the process-oriented approach reduces the uncertainties and risks in assisted migration. 

On one hand, it relies on the certainty of current urban climates (urban heat islands) to establish 

outlier populations, thereby avoiding the uncertainties associated with future climate change. 

Here, species’ future distributions are viewed as moving targets, which can be achieved by 

local dispersal from small, isolated outlier populations in front of their native ranges. On the 

other hand, the process-oriented approach could minimise the invasiveness and pest threats of 

translocated species and, at the same time, avoid ethical problems associated with assisted 

migration. Translocating tree species from a wild location to a man-made landscape would be 

easier and safer than that between two wild locations: not only because cities could provide 

them with extensive horticultural expertise, regular care, and record-keeping, but also because 

cities could offer real-world laboratories for ecologists, foresters and managers to monitor and 

minimise the invasiveness of species in their new environments, as well as their potential for 

creating pest problems. Moreover, since cities are highly designed and modified environments 

that are already replete with translocated species, it is unnecessary to consider ethical problems 

associated with artificial translocation of species to new places. 

Secondly, it might be easier to promote the process of forest migration than to maintain a 

translocated species at a given site, especially in urban areas where human activities are intense 

and implementing large continuous reserves is not feasible. The process-oriented approach 

could identify the functional connections between urban woodlands, capture the potential 

migration pattern of forest trees, and reveal areas with a high probability of forest migration. 

This allows designers to re-visualise urban landscapes as a series of interconnected flow 

channels, which in turn allows for a more piecemeal form of landscape design to optimise 

urban landscapes for climate-driven forest migration. Therefore, although the results of this 

study are largely specific to Greater Manchester, the process-oriented approach is readily 

applicable to other cities and regions. 

Thirdly, the process-oriented approach incorporates both top-down and bottom-up approaches 

into the design of urban landscapes (green infrastructure). On one hand, mapping the migration 

pathways between forest fragments at the bioregion scale identifies areas where efforts to 

improve landscape connectivity should be concentrated. Targeted planting within the 

migration pathways assumes a top-down approach to design interventions. On the other hand, 

such interventions are conducted through a bottom-up approach in which people act locally 

(e.g., planting trees in their own gardens). The case study of Greater Manchester suggests that 

the process of forest migration at a metropolitan scale can be facilitated by a large number of 

landscape interventions at site (such as private gardens and streets) scales which creates small, 

distributed but functional-connected green spaces for effective seed dispersal. It is, therefore, 
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possible to improve urban green infrastructure for ecological processes without significantly 

reducing the compactness of urban development or modifying human activities. From this 

perspective, the process-oriented approach might be more feasible and manageable than 

traditional goal-oriented ones. 

In spite of the above advantages, the process-oriented approach is developed based on several 

simplifying assumptions and thus has some limitations. Firstly, it cannot provide a detailed 

assessment and design for a specific tree species. The process-oriented approach mainly 

focuses on the movement of seed dispersal agents, assuming that effective seed dispersal is 

the major factor that determines the success of forest migration. In contrast, a tree species-

specific approach usually requires explicit assessments of many biotic and abiotic factors, such 

as species density, life-history traits, interspecific competition, slope, aspect, solar radiation, 

soil type and moisture. Although these assessments are useful, especially for species of 

particular ecological importance at a local scale, the complexity of the biotic and abiotic factors 

makes it difficult, if not impossible, to conduct species-specific studies over extensive 

geographical areas such as a metropolitan region, especially under a changing climate. From 

this regard, the process-oriented approach might be more feasible because it could capture 

broad-scale migration patterns of a set of tree species dispersed by a specific dispersal agent 

and thus provide general guidance for planning and designing urban landscapes. Nevertheless, 

future studies should be conducted to complement the process-oriented approach with species-

specific models to aid the migration of tree species that have specialised habitat requirements. 

In addition, Eurasian jays, Eurasian siskins and coal tits are assumed to be the main seed 

dispersal agents, although there are a number of other dispersal agents available in Greater 

Manchester, such as grey squirrel (Sciurus carolinensis) and goldfinch (Carduelis carduelis). 

Even so, results presented in this study could demonstrate the effectiveness of the process-

oriented approach in general because the three frugivorous species represent contrasting agent 

groups with respect to dispersal abilities: Eurasian jay is a large-sized species that has a large 

habitat requirement and relatively long flight distances; Eurasian siskin is a medium-sized 

species that has a large habitat requirement and medium flight distances; and coal tit is a small-

sized species that has a small habitat requirement but relatively long flight distances. However, 

for future studies of Greater Manchester, it would be desirable to consider other seed dispersal 

agents with different dispersal abilities, as different animals may respond very differently to 

the landscape. 

Moreover, the design intervention strategies proposed in this study do not take into account 

the choice of species at each afforestation site but focuses on the spatial layout of trees, 
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assuming that all the afforestation sites in Greater Manchester are ecologically suitable for tree 

species to grow, survive, and reproduce. This assumption enables an assessment of the relative 

effects of the spatial arrangement of trees on the simulation results of forest migration. 

However, given the heterogeneity and complexity of urban landscapes, future work should 

consider other biotic and abiotic factors of the afforestation sites to obtain more detailed 

guidelines for tree plantings. 

7.3 Contribution to knowledge 

My original contribution to knowledge is the development of a process-oriented approach to 

map and design urban landscapes to facilitate forest migration under climate change. Rapid 

climate change is expected to result in migration lags in many tree species. While in order to 

assist tree migration many efforts have been made to translocate species outside of their native 

ranges, there is a risk of moving species too far or not far enough due to uncertainties in species 

distribution projections. Within this context, this study proposes, for the first time, a process-

oriented strategy to facilitate forest migration by establishing outlier populations and 

promoting seed dispersal in cities. The thesis advances knowledge in the following ways.  

 It develops a conceptual framework of process-oriented green infrastructure, which 

suggests that urban green infrastructure should be designed and managed as a complex, 

nested system, within which landscapes at multiple scales work together to deliver 

more than the sum of individual landscapes.  

 It reveals that modern cities could provide suitable climate (urban heat islands) and 

landscape conditions for the establishment and dispersal of outlier populations at 

higher latitudes than their native ranges, thereby shortening or even eliminating 

migration lags in tree species.  

 It develops a new approach to map the process of forest migration from the perspective 

of seed dispersal, which could allow designers to re-visualise urban landscapes as a 

series of interconnected flow channels and thus to improve urban landscapes for 

climate adaptation by a more piecemeal form of design interventions. 

 It demonstrates that the process of forest migration at a metropolitan scale can be 

facilitated by a large number of landscape interventions at site scales which create 

small, distributed but functional-connected green spaces for effective seed dispersal.  
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7.4 Future work 

While our understanding of the process of climate-driven forest migration through urban areas 

remains quite limited, this study is nonetheless a positive step: it offers some hope that cities 

might be able to facilitate forest migration by designing and managing their green spaces, 

thereby shortening or even eliminating migration lags in tree species while maintaining the 

compactness of urban development. Future research is needed to better understand the 

relationships among cities, climates, and species and to develop more detailed and practical 

guidelines for designing and managing urban landscapes for climate adaptation. The following 

lists some future research opportunities that arise from this study. 

Considering more seed dispersal agents in Greater Manchester 

As discussed above, this study only considers three seed dispersal agents in Greater 

Manchester: Eurasian jays, Eurasian siskins, and coal tits. As different frugivorous animals 

may respond very differently to the landscape and exhibit different spatial patterns of seed 

dispersal, future studies of Greater Manchester should consider more seed dispersal agents 

with different dispersal abilities. In particular, since the current study only focused on 

frugivorous birds, future research should pay more attention to frugivorous mammals in urban 

environments, such as grey squirrels (Sciurus carolinensis), which are highly mobile and can 

disperse chestnuts and acorns readily through fragmented urban landscapes. Also, it might be 

worth comparing the result from frugivorous birds with that from mammals. 

Applying the process-oriented approach to different urban environments 

Although the process-oriented approach proposed in this thesis has been demonstrated in a 

typical metropolitan area, Greater Manchester, future work is still needed to apply and test it 

within other heterogenous, human-dominated landscapes at different locations and spatial 

scales. On one hand, the outcome of the case study—the new afforestation strategy—cannot 

be directly applied to other cities. In this study, the spatial arrangement of trees is determined 

by the spatial characteristics of cities, such as road width and garden size. As such, the 

effectiveness of a certain afforestation strategy might be different in different cities. In order 

to develop more general and applicable guidelines for designing and managing urban 

landscapes to aid forest migration, efforts should be made to apply the process-oriented 

approach to other cities with different spatial characteristics. On the other hand, since climate-

driven forest migration usually occurs at regional or even continental scales, future research is 
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needed to apply the process-oriented approach to broader spatial scales, such as the Liverpool-

Manchester-Leeds-Sheffield region. 

Simulating the cooling effect of afforestation strategies 

According to the discussions in chapter 4, the cooling effect of trees, combined with global 

warming, is expected to create relatively stable temperature conditions for the persistence of 

outlier populations in cities. Since the extent of the cooling effect (in terms of both distance 

and intensity) is determined by the size and characteristics of urban green spaces, different 

afforestation strategies might show different cooling effect extents. In London, for example, 

greater cooling extents are often associated with larger green areas: cooling distance increases 

linearly with the size of green spaces while cooling intensity increases non-linearly with the 

size of green spaces (Vaz Monteiro et al., 2016). Indeed, very small green spaces (smaller than 

0.5 ha) cannot provide substantial cooling effects. It is therefore expected that, among the three 

afforestation strategies in Greater Manchester, strategy two (which forms large habitat patches 

by planting trees in non-woodland public parks and gardens) might have the best cooling effect, 

while strategy one (which creates a large number of small, scattered habitat patches by planting 

trees in private gardens and streets) might not be able to contribute to continuous cooling 

across the city. 

In order to achieve an optimal spatial configuration of trees to maintain favourable climatic 

conditions for outlier populations, research efforts are needed to simulate the cooling effect of 

different afforestation strategies. In the future, I will use the ENVI-met software to simulate 

the cooling effect of tree plantings (Stewart and Oke, 2012; Wang and Akbari, 2016). Besides, 

since ENVI-met could take current and projected weather data from Meteonorm (which is a 

meteorological database) as input, the combined effect of global warming and tree cooling will 

also be projected in the simulation. 

Evaluating ecosystem services of urban afforestation 

Urban afforestation, whether in private gardens, streets, or public parks, can deliver multiple 

ecosystem services for the city and make it more resilient to changes in the climate. For 

example, trees planted in streets can purify air and water, sequestrate carbon, regulate 

microclimate, reduce noise, and manage stormwater runoff and flooding (O'Sullivan et al., 

2017; Salmond et al., 2016). Planting trees in urban districts, neighbourhoods, and blocks 

could also promote social contact and encourage informal social networks at different urban 

levels, which in turn could help build local social resilience to the effects of climate change. 
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Although for the purpose of this study, the benefits of urban afforestation are mainly measured 

by its impacts on seed dispersal, future research will assess multiple ecosystem services 

provided by different afforestation strategies.  

Developing more detailed urban afforestation design 

In order to develop more a detailed tree-planting strategy in Greater Manchester for climate-

driven forest migration, future study will conduct an explicit assessment of the suitability of 

each afforestation site for the establishment, growth, survival, and reproduction of tree species. 

Tree species-specific habitat requirements, such as species density, interspecific competition, 

slope, solar radiation, soil type and moisture, among other biotic and abiotic factors, will be 

considered in the assessment to complement the process-oriented approach proposed in this 

study, which mainly focuses on the spatial arrangement of trees. 

In addition, to better share urban spaces with outlier populations, the process-oriented 

approach must be assimilated within urban planning and design projects, which treat the urban 

matrix as an experimental substrate to study the persistence and invasiveness of translocated 

species. This will call for closer cooperation between biologists, foresters, urban designers, 

landscape architects, and managers. 

It is my hope that this thesis will offer important insights for the biodiversity management in 

cities, encourage researchers who currently work in climate-driven species migration to 

consider taking advantage of urban landscapes, and promote tree-planting programmes in 

urban areas for climate adaptation. 
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