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Abstract
Rapid climate change will create extreme problems for the biota of the planet. Much of it will have to migrate towards the
poles at a rate far beyond normal speeds. In this context, the concept of assisted migration has been proposed to facilitate
themigration of trees. Yet current practices of assistedmigration focus on “where tree species should be in the future” and
thus have many uncertainties. We suggest that more attention should be paid on the flow of forest migration. Therefore,
this study develops a three-stepmethodology for mapping the flow of forest migration under climate change. Since themi-
gration of trees depends on the activities of their seed dispersal agents, the accessibility of landscapes for dispersal agents
is mainly considered in this study. The developed method combines a least-cost path model, a graph-based approach, and
a circuit theory-based model. The least-cost path model is applied to map the movement of dispersal agents, based on
which graph-based indices are used to evaluate the accessibility of landscapes for dispersal agents, which in turn is used as
the basis for circuit theory-basedmodelling to map the flow of forest migration. The proposedmethod is demonstrated by
a case study in the Greater Manchester area, UK. The resulting maps identify areas with high probability of climate-driven
migration of trees.
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1. Introduction

Transformation of tree species is the most important
threat relatedwith climate change (Dyderski, Paź, Frelich,
& Jagodziński, 2018). According to projections by the In-
tergovernmental Panel on Climate Change (IPCC, 2013),
the global mean surface temperature is likely to increase
1.1–4.8°C relative to 1986–2005 by the end of this cen-
tury. One major consequence is that about 84% of all
species have moved towards the poles to track suitable
climate conditions (Thomas, 2010). Nevertheless, such
movements do not guarantee their survival if they are
not able to move fast enough to keep pace with the mov-

ing climate, especially for those relatively immobile plant
species (Jump & Peñuelas, 2005).

Normal rates of plant movement in unfragmented
habitats range from 1.7m to 1500m every year, whereas
the rates of future climatic warming could be 3000m to
5000m each year (Petit, Hu, & Dick, 2008). This implies
that most plant species will lag behind future climate
change (Cunze, Heydel, & Tackenberg, 2013). Since trees
are essential elements of forest ecosystems, the failure
of them to track climate change will not only lead to the
loss of wood resource and ecological functions but also
slow themovements of animals that depend on them for
habitat or food.
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Within this context, the concept of assistedmigration
(also called managed translocation or assisted colonisa-
tion) is gaining increased acceptance as an important
strategy to facilitate natural migration. Assisted migra-
tion refers to the translocation of species or genotypes
from their natural ranges to areas where future climate
might be favourable (Petit et al., 2008). In the face of
ongoing climate change, assisted migration has already
been incorporated into forest management in many re-
gions and countries. In England, the Forestry Commis-
sion recommends that “at least one source of seed from
slightly warmer climates sources from two to five de-
grees of latitude further south than the site is used”.
In Canada, several provinces have modified their seed-
transfer guidelines in anticipation of moderate climate
warming. Despite the widespread implementation of as-
sisted migration, there is a considerable uncertainty in
the projections of future species ranges due to the large
uncertainty and variability among the projections of cli-
mate change (Lindner et al., 2014), which results in a risk
ofmoving tree species too far or not far enough (Ferrarini
et al., 2016).

To address this problem, we suggest that more ef-
forts should be made on understanding the process
(flow) of forest migration rather than predicting “where
species should be in the future”. Since migration of trees
is a continuing process that does not rely on their future
ranges, a “process-oriented” solution avoids the projec-
tions of future climate, and thus might be more robust
to climate change than current “goal-oriented” practices.
Moreover, understanding the process of forest migration
enables us to identify critical locations along the process
for accommodating relocated tree species, so that from
those areas the species could expand further to colonise
other suitable habitats (Pereira, Saura, & Jordán, 2017).
Also, it may be easier for managers to focus on the pro-
cess of forest migration, rather than to maintain a relo-
cated species at a given site, especially in urban areas
where human activity is intense and implementing large
continuous reserves is not possible.

There are several methods available to map ecolog-
ical processes and flows in heterogeneous landscapes
(Adriaensen et al., 2003; Cushman et al., 2013; Lechner,
Doerr, Harris, Doerr, & Lefroy, 2015; Rayfield, Fortin, &
Fall, 2011; Saura, Vogt, Velázquez, Hernando, & Tejera,
2011). Of all these methods, circuit theory (McRae &
Beier, 2007) has been widely applied in recent years
because of its ability to model random dispersal pat-
terns and to predict all possible movement pathways
across a landscape simultaneously. Circuit theory treats
the landscape as a conductive surface within an elec-
trical circuit, characterising resistance/conductance to
movement for every raster grid cell, considering cur-
rent flow as analogous to movement patterns across
the landscape. Recently, many methods have been de-
veloped to model climate-driven migration of species
based on circuit theory (e.g., Lawler, Ruesch, Olden, &
McRae, 2013; Littlefield, McRae, Michalak, Lawler, &

Carroll, 2017). However,most of them focus on themove-
ment of active dispersers (animals), characterising resis-
tance/conductance based on specific landscape features
related to habitat quality or the intensity of human mod-
ification (e.g., land cover type, road density, and housing
density), and thus may be less suitable for the migration
of tree species that depends on passive seed dispersal.

Successful forest migration depends on effective
seed dispersal between forest fragments, which is af-
fected by the ways in which seed dispersal agents
move and interact with the landscape (Carlo, Aukema,
& Morales, 2007). Hence, the movement of dispersal
agents should be taken into account for the analysis of
forest migration. It should be noted that, for the aim
of this study, we only focus on animal-dispersed tree
species, since water- or wind-dispersed species can be
carried for long distances and thus may have a better
chance of survival. From this perspective, the spatial pat-
tern of a landscape is actually of great importance be-
cause it directly influences the accessibility of the land-
scape for dispersal agents, whereas landscape features
related to habitat quality or human modification may be
of limited value. Therefore, a new method is needed for
mapping the flow of forest migration from the perspec-
tive of seed dispersal.

To this end, this study develops a three-step method-
ology combining a least-cost path (LCP) model and a
graph-based approach with the circuit theory. The LCP
model is applied to map the movement of dispersal
agents in the landscape, based on which graph-based in-
dices are used to evaluate landscape accessibility for dis-
persal agents, which in turn is used as the basis for circuit
theory-based modelling to map the flow of forest migra-
tion under climate change. Since the focus of this study
is on seed dispersal, the behaviour of dispersal agents is
mainly considered; other biotic or abiotic factors such as
soil type, plant diversity, or interspecific competition are
excluded. In particular, the habitat and home-range scale
of dispersal agents are simultaneously considered in this
method to account for their multi-scale behaviours. The
proposedmethod is demonstrated by a case study in the
Greater Manchester area, UK.

2. Study Area and Data

Greater Manchester is a metropolitan region of approx-
imately 127,600 hectares in North West England, UK
(Figure 1a). The region comprises ten districts: Bolton,
Bury, Manchester, Oldham, Rochdale, Stockport, Tame-
side, Trafford, Wigan, and Salford. The total forest area
in Greater Manchester is about 4695 hectares, repre-
senting 3.7% of the land area (Figure 1b). Broadleaved
forests are the dominant woodland type representing
74.6% of all woodlands, followed by mixed forests 8.0%
and conifer forests 7.8%.

The Ordnance SurveyMaster Map of Greater Manch-
ester (provided by Digimap at digimap.edina.ac.uk) is
used as the land-cover data source for the study. To avoid
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Figure 1. The study area: (a) the location of the study area; (b) woodlands in the study area.

the bias that would result from selecting a study area
with merely administrative delimitations, the land-cover
data are extended into the peripheral regions surround-
ing Greater Manchester. The 2010 topography layer (vec-
tor map) in the Ordnance Survey Master Map gives a
comprehensive view of 13 broad land-cover types in the
study area. In addition, to compare the resulting map
from the proposed method with that from other circuit
theory-based methods which focus on habitat quality
or human modification, the Greenspace Layer (with de-
tailed land use categories which captures the major as-
pects of human modification) in the Ordnance Survey
Master Map is used to classify urban landscapes as:
(1) natural, with a low intensity of human modification
(e.g., natural woodland); (2) semi-natural, with an inter-
mediate intensity of human modification (e.g., camping
park, cemetery, golf course, public park or garden); and
(3) manmade, with a high intensity of human modifica-
tion (e.g., transport, bowling green, sports facility).

Although tree species can be dispersed by various
dispersal agents, this study mainly considers frugivorous
birds as effective dispersal agents, given their contribu-
tion to long-distance seed dispersal, which is highly im-
portant for climate-driven range shifts of trees (de Casas,
Willis, & Donohue, 2012; Nathan, 2006). Compared with
other frugivores, birds have relatively large habitats and
home ranges and are much more effective for seed

dispersal: rodents—such as mice and squirrels—have
restricted dispersal distances and act mainly as seed
predators (Hougner, Colding, & Söderqvist, 2006;Wenny,
2000); and even for some “wind dispersed” seeds,
their large-scale dispersion is due to birds (Wilkinson,
1997). For the study of Greater Manchester, Eurasian jay
(Garrulus glandarius) is selected as the main dispersal
agent. Eurasian jay is a prevalent and probably the most
active seed dispersal agent for many tree species that
need to migrate through Greater Manchester in this cen-
tury (Gómez, 2003; Pons & Pausas, 2007), such as lodge-
pole pine (Pinus contorta), sweet chestnut (Castanea
sativa), sessile oak (Quercus petraea), beech (Fagus),
and Scots pine (Pinus sylvestris; see the Forestry Com-
mission at forestry.gov.uk/fr/infd-837f9j). The large habi-
tat and home-range size, as well as flight distance of the
bird contribute to the high migration rates of many tree
species (Cunze et al., 2013). Table 1 shows the key param-
eters of Eurasian jays in relation to their seed dispersal
ability. The spatial records of Eurasian jays are obtained
from the UK’s NBN Atlas (nbnatlas.org).

For the propose of this study, climate change is con-
sidered as the main factor shaping tree species distri-
butions in the future. We use the average mean tem-
perature from 1970 to 2000 with a spatial resolution
of 10 minutes (approximately 340km2) to obtain the re-
gional temperature gradients in the study area. The cli-

Table 1. Key parameters about the dispersal ability of Eurasian jays, obtained from Conway and Fuller (2010), Dyer (1995),
Gómez (2003) and Rolando (1998).

Spatial scale Area Dispersal distance

Habitat ≥ 4ha ≤ 1km
Home range ≥ 10.7ha 1km–5km
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mate data are downloaded from theWorldClim Version2
(Fick & Hijmans, 2017).

3. Methods

The developed method is a three-step mapping process:
(1) identifying landscape networks for dispersal agents
(Eurasian jays) based on least-cost modelling; (2) assess-
ing landscape accessibility for dispersal agents based on
graph analyses; and (3) mapping the flow of forest mi-
gration based on circuit theory. The following will go
through each of these steps in detail. Figure 2 is an illus-
tration of the mapping process.

3.1. Step 1: Identifying Landscape Networks

This study uses a hierarchical approach tomap themove-
ment of dispersal agents, given that animals experience
their landscape as a mosaic of patches at multiple scales
nested within each other (Holling, 1992). Since the case
study is a metropolitan region, only the habitat and
home-range scale of Eurasian jays are considered; other
scales are either too small in time or too big in space for
the study.

3.1.1. Habitat Network

The landscape network at habitat scale (hereafter sim-
ply referred to as habitat network) provides animals ac-

cess to food resources on a daily basis (Holling, 1992).
It comprises habitat patches that serve as resources
and paths which support the movements of animals
among resources.

To identify habitat patches, the vector map of land
cover is converted to a raster-format map, in which land-
cover types are reclassified as either habitat or non-
habitat area for dispersal agents. For the aim of this
study, all the woodlands, including broadleaved, conifer-
ous andmixed forests, are selected as suitable for habitat.
After that, we change the resolution of the habitat map
based on the minimum size (4ha) of habitat utilised by
jays, aggregating small, scattered habitat fragments into
large, contiguous habitat patches (Figure 2a). This is be-
cause animals utilise their habitats with species-specific
grain size and may occupy habitat patches which contain
non-habitat fragments (Holling, 1992). Cells are assigned
to the habitat class when at least 30% area inside the cell
is woodland (Andrén, 1994; Freemark & Collins, 1992).
Specifically, hexagonal grids are used to represent habi-
tat maps for the birds, rather than frequently-used rect-
angular grids, considering their advantages in modelling
movement paths (Birch, Oom, & Beecham, 2007). ArcGIS
10.4 software is used for the identification of patches.

Since the dispersal probability between habitats is
inversely related to the least-cost distance between
them (Peña-Domene, Minor, & Howe, 2016), the LCP
model is applied to map the paths between habitats
(Figure 2b). The LCP model uses a raster-based optimi-

Figure 2.An illustration of themapping process. Step 1: (a) identify habitat patches; (b)map LCPs betweenhabitats; (c) iden-
tify home ranges by grouping connected habitat patches; (d) map LCPs between home ranges. Step 2: (e) assess habitat
accessibility based on graph analyses; (f) assess home range accessibility based on graph analyses. Step 3: (g) create a
conductance surface for circuit modelling based on landscape accessibility (dark green areas are high conductance to
movements, while light green areas are low conductance); (h) map the flow of forest migration (white areas) by circuit
theory-based modelling.
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sation algorithm to identify the single most optimal path
between patches, in terms of cumulative land-cover re-
sistance (e.g., energetic cost, difficulty, or perceived risk;
Watts et al., 2010), based on an assumption that ani-
mals have accurate cognitive maps of their home ranges
and thus tend to follow the optimal paths (Hovestadt,
Bonte, Dytham,& Poethke, 2012). In the study of Greater
Manchester, the resistance values of the 13 land-cover
types for Eurasian jays are obtained by habitat suitabil-
ity modelling.

Habitat suitability modelling provides a more ob-
jective approach for evaluating resistance values than
commonly-used expert-based approaches (Milanesi
et al., 2017; Stevenson-Holt, Watts, Bellamy, Nevin, &
Ramsey, 2014). It calculates the habitat suitability in-
dex (HSI) scores of non-habitat areas to infer land-cover
resistance values, given that the spatial records of a
species in non-habitat areas are related to its prefer-
ence in movements (Stevenson-Holt et al., 2014). We
use the MaxEnt software to conduct habitat suitability
modelling (Phillips, Dudík, & Schapire, 2017). The spa-
tial records of Eurasian jays from 2005 to 2015 and the
2010 land-cover raster map (with a resolution of 100m
tomatch the spatial accuracy of the jay records) are used
as input data. 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 500m
from roads are also removed to account for sampling
bias towards accessible areas (Warton, Renner, & Ramp,
2013). This leaves a total of 148 records of Eurasian jays
that are within the remaining areas for habitat suitability
modelling. The output HSI scores (in a logistic format)
from MaxEnt indicate the probability of a species’ oc-
currence within each land-cover type, ranging from 0 to
1. To obtain land-cover resistance values, the HSI scores
are reversed to a range of 0–100 by using (1-HSI) * 100.
Woodlands are given a value of 1 to account for their
suitability for habitat.

Based on the resistance values, the LCP tool in
Graphab software (Foltête, Clauzel, & Vuidel, 2012) is
applied to create edge-to-edge dispersal paths between
habitats, as well as the corridors associated to the paths.
The distance threshold of the dispersal paths is de-
termined by the maximum daily dispersal distances of
jays (1km).

3.1.2. Home-Range Network

While the inter-patch movements at habitat scale con-
tribute to daily seed dispersal, the long-distance dis-
persal (> 1km) of seeds, which facilitates the migra-
tion of trees over wider spatial extents, depends on the
movements of dispersal agents at their annual home-
range scale (Hougner et al., 2006; McCarthy-Neumann &
Ibáñez, 2012; Rayfield et al., 2016).

The identification of home ranges (foraging areas)
is based on the above mapping of habitat networks. In
highly fragmented landscapes, animals that cannot find

habitat patches 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 supply their resource needs
(Galpern, Manseau, & Fall, 2011; Kang, Lee, & Park,
2012). Therefore, the home range of Eurasian jays is
composed of a cluster of functionally connected habitat
patches (an isolated patchmakes up a home range itself),
which could support their minimum resource require-
ment (minimumhome-range size, 10.7ha; Figure 2c). The
long-distance dispersal paths between home ranges are
mapped by LCP modelling (Figure 2d), using the land-
cover resistance values previously obtained. The dis-
tance threshold of the paths is determined by the maxi-
mum distance (5km) that jays could move in their search
for new home ranges.

3.2. Step 2: Assessing Landscape Accessibility

Since animals experience their landscapes at multiple
scales and make different decisions at each scale, the
presence of dispersal agents (the probability of seed dis-
persal) at a given location is based on resource accessi-
bility at multiple scales, especially in fragmented land-
scapes (Boscolo & Metzger, 2009). Landscape accessibil-
ity is determined by patch area and inter-patch connec-
tions (Boscolo & Metzger, 2011). In this respect, graph-
based indices are especially suitable for assessing acces-
sibility because they can integrate both patch area and
inter-patch connections in one measure. Graph analysis
has been shown to be an effective way of representing
complex landscape structures (e.g., Kong, Yin, Nakagoshi,
& Zong, 2010), performing connectivity evaluations (e.g.,
Urban & Keitt, 2001), and modelling species occurrence
(e.g., Awade, Boscolo, & Metzger, 2011). It transforms
the landscape into a planar graph, in which patches are
represented as nodes and the paths between them are
expressed as links. In general, the area of each patch is
taken as the attribute of its corresponding node, and the
distance of each path is assigned to the link’s attribute
as well.

In this study, two graph-based connectivity indices,
the probability of connectivity (PC; Saura & Pascual-
Hortal, 2007) and the integral index of connectivity (IIC;
Pascual-Hortal & Saura, 2006), are used to assess land-
scape accessibility for Eurasian jays at habitat and home-
range scale, respectively (Figures 2e and 2f). The main
difference between PC and IIC is that the former is a
probabilistic index, where the length of each dispersal
path is taken into account to calculate inter-patch con-
nection probabilities, while the latter is a binary index,
which focuses on the topological distances (in terms of
the number of paths) between patches, with the degree
of connectivity decreasing as the topological distance
gets larger.

The PC index relates significantly to the actual move-
ment and occurrence patterns of species at habitat scale
(Awade et al., 2011; Pereira et al., 2017), especially for
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seed dispersal, because the probability of effective seed
dispersal is a decreasing function of inter-patch distance
(Peña-Domene et al., 2016). The accessibility of each
habitat or path for jays can be inferred from a quantifi-
cation of its contribution to the overall connectivity (PC
value) of the home range that the patch or path belongs
to. To do this, we first calculate the PC index for the home
range, and then remove each patch or path and recalcu-
late the PC index. The percentage of connectivity loss in-
dicates the individual contribution of each patch or path.
Patches with a high contribution are believed to be key
hubs for seed dispersal and have a high frequency of vis-
itation by dispersal agents (Carlo et al., 2007; Hock &
Mumby, 2015). The calculation of the PC index is con-
ducted with the Graphab software, in which a few pa-
rameters are set to obtain a 5% probability of dispersal
corresponding to the maximum daily dispersal distance
(1km) of jays.

Along with the calculation of the PC index at habitat
scale, the IIC index is used to evaluate the accessibility
of each home range, within which all habitat patches are
conceptualised as a single node. The IIC index provides
a rough description of inter-patch connections and has
been shown to better relate to the functional connectiv-
ity among home ranges than PC (Decout, Manel, Miaud,
& Luque, 2012). Similarly, the accessibility of each home
range is evaluated by a measurement of its contribution
to the overall connectivity (IIC value) of the home-range
network, using the Graphab software.

3.3. Step 3: Mapping the Flow of Forest Migration

In the final step, a circuit theory-basedmethod is applied
tomodel the flow of forestmigration based on the under-
standing of landscape accessibility for dispersal agents.
A conductance surface which represents the permeabil-
ity of landscapes to forest migration and sets of sources
and targets that determinemigration directions are used
as inputs for themodelling. Accordingly, the potential mi-
gration patterns of trees are predicted as the electrical
current flows from sources to targets through the con-
ductance surface.

The conductance surface is the basis for the mod-
elling, which relates the above assessment of landscape
accessibility to the migration process of trees. In this
study, the conductance value of each land-cover cell is
determined by its accessibility at multiple scales, based
on an assumption that landscapes with higher accessibil-
ity for dispersal agents might have a higher probability
of seed dispersal and thus are more permeable to the
migration of trees (Figure 2g). Given the interactions be-
tween landscapes at different scales (Awade et al., 2011),
the conductance surface is created by multiplying the
results of accessibility assessment at both habitat and
home-range scale. ArcGIS 10.4 software is used to calcu-
late the conductance surface. Since landscape permeabil-
ity is a relative measure, the conductance values are nor-

malised to a range of 1–100, with higher values indicate
greater ease of movement.

To avoid the uncertainty in the projections of future
climate change, the directions of forestmigration are pre-
dicted by the historical climate gradients in the study
area, according to an assumption that spatial temper-
ature change is relatively uniform in direction. This as-
sumption is based on evidence that temperature gradi-
ents over extensive geographical areas (from several kilo-
metres to several hundred kilometres) are driven largely
by topography (Daly, 2006). Since topography is con-
stant over time, it can be expected that the directions
of these climate gradients will not change substantially.
This same assumption has been used in many studies for
identifying corridors for climate-driven movements (e.g.,
Cushman et al., 2013; McGuire, Lawler, McRae, Nuñez,
& Theobald, 2016; Nuñez et al., 2013). As a result, we
use the temperature gradients in the study area to iden-
tify pairs of source and target forests (woodlands big-
ger than 100ha), that, if connected, would allow trees to
move from warmer to cooler areas. The advanced mode
in Circuitscape software is applied to model the flow of
forest migration between each pair of forests (Figure 2h).

4. Results

4.1. Landscape Networks

At habitat scale, the aggregation of habitat areas yields
1886 habitat patches for Eurasian jays, covering 5.3% of
the total study area (Figure 3a). These patches are con-
nected by 1808 dispersal paths in the LCP model. The
land-cover resistance values for the LCP model are de-
rived from the habitat suitability modelling in MaxEnt.
Table 2 shows the HSI score for each land-cover type and
the corresponding resistance value. After that, all habi-
tat patches are divided into 551 separate components
of interconnected patches. According to the minimum
home-range size of Eurasian jays, 285 components are
identified as annual home ranges, accounting for 94% of
all habitat patches. These home ranges are connected
by 554 long-distance dispersal paths in the LCP model
(Figure 3b).

4.2. Landscape Accessibility

The result of graph analyses is an understanding of which
patches in the landscape are expected to be accessible
for dispersal agents. Figure 4 illustrates the relative acces-
sibility of individual habitats and home ranges. Patches
with high values are critical for maintaining landscape
connectivity and therefore can be regarded as key hubs
for seed dispersal. As shown in Figure 4b, at home-range
scale, only a handful of habitats are responsible for a
disproportionate contribution to the overall connectiv-
ity (IIC value) of the landscape, and therefore should be
given more attention for protection.
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Figure 3. Landscape networks for Eurasian jays: (a) habitat network; (b) home-range network.

Table 2. HSI scores obtained from MaxEnt and the corresponding resistance values.

Land-cover type HSI score Resistance value

Buildings 0.46 54
Health 0.43 57
Marsh 0.43 57
Residential land 0.47 53
Agricultural land 0.4 60
Orchard 0.43 57
Roads 0.69 31
Rock 0.5 50
Rough Grassland 0.41 59
Scrub 0.67 33
Urban 0.43 57
Water 0.85 15
Woodland N/A 1
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Figure 4. Landscape accessibility for Eurasian jays: (a) habitat accessibility (PC value); (b) home-range accessibility
(IIC value).

4.3. Forest Migration Flows

In the final step, flows of forestmigration aremodelled as
the electrical current flows from source to target forests.
The resulting current maps (Figure 5) capture the broad-
scale migration pattern of trees, with high current values
(amps) indicating a relatively high probability of move-
ment. All the current maps are then integrated to gen-
erate a cumulative current map (Figure 6) for identify-
ing critical areas for forest migration where conservation
efforts should be concentrated. Sites with higher values
are suggested to be a high priority for protection or im-
provement, as they have a great impact on the process
of forest migration. In these areas, a habitat loss would
impede migration speed or modify migration pattern,
whereas maintaining or enhancing habitat quality would
guarantee or facilitate this ecological process. However,
areas with lower values could be considered to be low in
priority for protection as they have little contributions to
forest migration, when only the seed dispersal activities
of Eurasian jays are considered. As shown in Figure 6, lo-
cations that are critical for forest migration is likely to be
concentrated in a fewareas. For example, in Bolton,most
areas are considered important for the flow of forest mi-
gration, while greenspaces in Rochdale and Oldham con-
tribute little to this ecological process. This allows im-
plementing a more efficient measure for forest manage-
ment to cope with the warming climate.

With an aim to illustrate the difference between
passive and active migration, we compare the resulting
map generated with our seed dispersal-based method
with a map of ecological flows based on the intensity
of human modification of the landscape (Figure 6 ver-
sus Figure 7). Considering seed dispersal in circuit theory-
based modelling substantially shifts and constrains the
priority areas for movements to a smaller proportion of
the landscape than when human modification is consid-
ered. Many areas that emerge as important for passive
treemigration in our resultingmap are less important for

active species’ movements that based on the intensity of
humanmodification. Our results illustrate that migration
flows that depend on passive dispersal may differ from
those that rely on active dispersal.

5. Discussion and Conclusion

This study develops a sophisticated method to map the
flow of forest migration under climate change. The re-
sulting map of Greater Manchester not only identifies
the functional connections between urban landscapes
that may be able to conduct flows of forest migration,
but also highlights important areas in the study area
that could support the migration of trees. This allows
designers to re-visualise the landscape as a series of in-
terconnected flow channels, which in turn allows for a
more piecemeal form of landscape design to optimise
urban landscapes for climate adaptation. In this respect,
this method would be especially important for the areas
where human activity is intense and implementing large
continuous reserves is not possible.

This study avoids a tree species-specific perspective
but focuses on the movement of seed dispersal agents.
This is because a tree species-specific approach requires
an explicit assessment of many biotic and abiotic factors,
such as species density, life-history traits, interspecific
competition, elevation, land use, soil type and moisture.
Such an approach is useful, especially for species of par-
ticular ecological importance at a local scale. However,
the complexity of these factors makes it is difficult, if not
impossible, over extensive geographical areas, especially
under a changing climate. Moreover, our purpose here
is not to provide a detailed assessment for a single tree
species but to capture broad-scale potential movements
and, specifically, to provide more general guidance for
planning or designing urban landscapes for forest migra-
tion. In this respect, the method based on seed dispersal
ismore efficient and general because it could capture the
migration pattern of a set of tree species dispersed by a
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Figure 5. The flows of forest migration between different pairs of forests.
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Figure 6. The integrated flows of forest migration in the study area.

Figure 7. The flows of active migration based on the intensity of human modification.

specific dispersal agent. Nevertheless, this method could
be complemented with species-specific models for tree
species with specialised habitat requirements.

This method evaluates landscape accessibility for dis-
persal agents based on graph analyses. A more sophisti-
cated approach would be a field-based analysis of disper-
sal agents. However, the data required for the analysis
is not commonly available, particularly for bird species
over a large spatial extent, and observing bird activities
is beyond the scope of this research. Moreover, a dis-
tinction is difficult to made 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, 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 &Moore, 1997). Therefore, a
graph-based approach might be more suitable and prac-
tical for analysing the activities of dispersal agents. Par-
ticularly, this method offers an additional advantage: it
allows a precise evaluation of the potential benefits and
efficiency of adding new patches (through forestation or
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restoration programs) in the landscape matrix to favour
the movements of dispersal agents and thereby to facili-
tate the migration of trees.

Furthermore, this method avoids the uncertain-
ties associated with the projections of climate change.
Rather than connecting current habitat areas to areas
predicted to have suitable climate conditions in the fu-
ture, our method connects forests based on general cli-
mate patterns, assuming that temperature gradients are
conserved in a changing climate. In this way, this method
could be more robust to future climate change.

Although this mapping method provides certain ad-
vantages, it is based on several simplifying assumptions,
and therefore has two limitations. On one hand, since
this method uses temperature gradients at a large scale,
it mightmiss some of themore localised climate patterns
(e.g., urban heat island effect) and thus cannot be ap-
plied to a small spatial extent or locations with unique
climatic gradients. On the other hand, Eurasian jays are
assumed to be the main dispersal agents in the study,
although there are a number of seed dispersal agents
available in Greater Manchester, for example, Eurasian
siskins, coal tits and grey squirrels. As different disper-
sal agents (with different dispersal abilities)may respond
very differently to the landscape (Saunders, Hobbs, &
Margules, 1991), results presented in this study do not
cover all the important greenspaces that could facilitate
forest migration. For future studies of Greater Manch-
ester, it would be desirable to take other seed dispersal
agents into account.
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