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ABSTRACT

Maintenance of habitat connectivity is recommended as a method of promoting biodiversity.
A systematic manipulation of a simple theoretical landscape was used to assess how a
landscape connectivity index responded to specific changes in habitat distribution.
Quantifying the response of the index to changes in the spatial scale of dispersal is proposed
as a method of objectively quantifying multiple aspects of landscape structure known to
influence habitat connectivity. An ecosystem simulation model was used to assess if the
index demonstrated the same patterns of response to changes in complex landscapes, and to
quantify impact of logging distribution, roads, natural disturbances and habitat corridors. The
high degree of sensitivity to the presence of roads, and the scale of response to different
management scenarios highlight the value of the proposed index, and the sensitivity to the

assumptions of habitat delineation used in index calculation.
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CHAPTER 1: LANDSCAPE CONNECTIVITY

INTRODUCTION

Managing for diverse social, economic and ecological values is a common theme in
sustainable forest management, and the conservation of biodiversity contributes to these
values (Ehrlich and Ehrlich 1992, Carey 2003). Modern forest management attempts to
maximize the post-harvest habitat value of the forestry land base in order to conserve
biodiversity (Lindenmayer 2009). Modern ecosystem management recognizes that
ecosystems are not static entities and that periodic disturbances result in a heterogeneous
distribution of seral stages and structural conditions across the landscape. By manipulating
the location, nature, and timing of harvest, a manager can emulate natural disturbances
(Klenk et al. 2009) and in the process create landscapes that are more likely to recover
existing flora and fauna (Mitchell et al. 2002, Buddle et al. 2006). Habitat connectivity has
been widely recognized as a factor that contributes to maintaining biodiversity in ecosystems
affected by anthropogenic disturbances (Taylor et al. 1993, Fahrig 2003, Lindenmayer and
Fischer 2007, Brudvig et al. 2009). Promoting connectivity within a landscape contributes to
biodiversity conservation by creating conditions where the retained habitat patches conserve
species typical of non-disturbed habitat, and serve as routes to facilitate the re-colonization of

depopulated areas (Polasky et al. 2005).

Although the concept of habitat connectivity and its value as a conservation strategy
make intuitive sense, its application to landscape management has been limited by the lack of
a consistently-applied objective metric to quantify connectivity and compare the outcome of
management strategies, due primarily to the multitude of proposed metrics. Habitat
connectivity has been interpreted from a variety of perspectives, with different metrics
proposed to quantify each perspective (Baguette and Van Dyck 2007). The assumptions
inherent in each approach will affect the assessment of connectivity for identical distributions
of habitat. Furthermore, the spatial scale of examination and the data limitations inherent in
landscape scale analyses further complicate the objective quantification of landscape

connectivity values. In order to help guide forest management strategies a connectivity



metric must realistically represent the impacts of forestry to a range of species.

Values derived from connectivity indices are simply an empirical method of
describing the landscape characteristics: they do not carry with them any weighting of what
is an ideal landscape structure. The metrics that describe an affected landscape must be
compared to a desired or initial landscape composition in order to provide some context to
the impacts of anthropogenic disturbances (Nielsen et al. 2007, Matisziw and Murray 2009).
Frequently the estimated state of ecosystems prior to anthropogenic disturbances is used as a
benchmark when attempting to determine a desirable landscape state. In addition to the
difficulties of determining landscape structure outside of the narrow time frame for which we
have extensive forest inventories, there is a natural range of variability in age distribution of
forests in landscapes subject to natural disturbances (Keane et al. 2009). In order to
determine what this range may be, assessments must be performed at a relevant spatial and

temporal scale (Mayer and Rietkerk 2004).

CONNECTIVITY DYNAMICS

Habitat connectivity contributes to biodiversity conservation through its impact on
metapopulation dynamics. The term metapopulation was first introduced in 1970 by Richard
Levins, and can be summarized as a population of populations, where a metapopulation
encompasses all individuals of multiple populations of a species that exist within a defined
geographic region (Hanski 1999). “Metapopulation biology is concerned with the dynamic
consequences of migration among local populations and the conditions of regional
persistence of species with unstable local populations” (Hanski 1998). Immigration and
emigration rates between habitat patches are understood to impact the persistence of both
subpopulations and the metapopulation as a whole (Hanski et al. 2008). Immigration and
emigration rates are affected by the ease of dispersal between populations, and the net
reproductive output of the source populations. If a landscape is well connected, it allows for
the movement of individuals or genetic material between populations, decreasing the
probability of extinction for both populations and enhancing metapopulation persistence
(Hanski and Ovaskainen 2003, Ovaskainen et al. 2004). Stable metapopulations of species

can be maintained in landscapes subject to disturbance regimes if disturbances occur at a



frequency and distribution that allows for previously disturbed habitat to regain similar
habitat characteristics, making them suitable for colonization, and there is sufficient
connectivity between extant populations and areas where a population has been extirpated
(With et al. 2006, Vuilleumier et al. 2007, Nabe-Nielsen et al. 2010). A metric that can
quantify the limitations to dispersal between habitat patches can therefore be used to assess
the how the distribution of habitat affects metapopulation persistence within a landscape.
Since species vary in the spatial scale of dispersal, a metric that quantifies the distribution of

habitat at a range of spatial scales will provide insight for a larger range of species.

Despite the interactions and similarities between the disciplines of landscape ecology
and metapopulation biology, segregation exists between the two disciplines (Moilanen and
Hanski 2001, Tischendorf and Fahrig 2001, Prugh 2009, Jacobson and Peres-Neto 2010,
Schooley and Branch 2011). Both disciplines are concerned with the emergent properties at
larger spatial scales resulting from many small scale relationships. The division between the
two disciplines is largely based on the perspective of examination, and exacerbated by
different terminology sometimes being used to describe the same concept between
disciplines. A widely-cited definition of landscape connectivity is, “the degree to which the
landscape facilitates or impedes movement among resource patches”, (Taylor et al. 1993).
This definition highlights the differences between landscape connectivity, where the degree
that landscape structure impedes movement in general is quantified, and patch connectivity,
where the movement to/from a specific habitat patch is quantified (Tischendorf and Fahrig
2001). In metapopulation theory, the dynamics of subpopulations are quantified at the patch
scale and the impediments to the greater metapopulation persistence is quantified at the
landscape scale (Hanski and Ovaskainen 2000). Landscape connectivity metrics are objective
methods of combining all patch level connections within a landscape to calculate an

assessment of overall connectivity.

For the majority of species within a landscape, metapopulation dynamics play a
greater role in species distribution and composition than the survival and dispersal of
individuals since local extinctions are an expected occurrence in many metapopualtion
models (Hanski 1999). Additionally, in many landscapes site-specific environmental

characteristics of a habitat patch play a greater role in determining species composition than



connectivity to other habitat patches (St-Laurent et al. 2009). Maintaining landscape
connectivity should therefore not be viewed as a “silver bullet” solution that can be expected
to satisfy all biodiversity concerns. The connectivity of a landscape will only affect the
probability of emigrating individuals reaching other habitat patches, and other
metapopulation values must be appropriately managed to ensure that there is a net output of
dispersers (Hodgson et al. 2009, 2011). When considering the connections between patches
in a landscape, individual dispersal is relevant only in how it defines limitations to

emigration, immigration and colonization rates of a metapopulation.

FORESTRY AND CONNECTIVITY

Forestry is widespread in British Columbia, representing one of the dominant land
use types, and is understood to affect landscape structure by transforming late seral habitat
and re-setting it to early seral habitat that is often inhospitable to many of the species that
previously utilized the harvested area (McGarigal et al. 2001, Molina et al. 2006, Nitschke
2008). Forestry reduces the total pool of late seral forest habitat and may fragment remaining
late seral habitat with tracts of inhospitable early seral habitat to be crossed (Wulder et al.
2009, Zwolak 2009). Forestry also fragments habitat through the influence of the road
network necessary for timber extraction, since roads directly impact populations through
mortality, and act as a semi permeable barrier to the dispersal of genetic material (Reed et al.
1996, Holderegger and Di Giulio 2010). The severity of these effects varies between species,
based on their motility and habitat requirements, but are generally viewed as fragmenting
otherwise contiguous patches of forest habitat and results in negative population impacts
(Tinker et al. 1998, Fahrig and Rytwinski 2009). The forests of British Columbia have been
subject to a short history of industrial disturbances on the global scale of anthropogenic
disturbances. Unlike residential developments, agriculture, or the conversion of forests,
logging does not result in a permanent loss of forest habitat and there is the potential for
impacted habitat to regain some or all of its former value as succession proceeds (Clark et al.
2003, Welsh et al. 2008). The goal of modern forest management is to determine strategies
that will allow for continued resource extraction over time without impacting landscape
structure to the point that it results in an unacceptable loss of biodiversity (Boutin et al.

2009). Conceptually, biodiversity is maintained by conserving desirable habitat so that there
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are patches to support populations of species that use a particular habitat type, and sufficient
connectivity between patches to maintain a viable metapopulation in the landscape. In
addition to forestry, the distribution of mature forest habitat is affected by natural
disturbances, that are widely recognized as playing a key role in the heterogeneous age
distribution of forests in North America (Klenner et al. 2000, Amiro et al. 2001). The current
policy of forest management in British Columbia recognizes the necessity of concurrently
managing for both economic and environmental values (Hoberg and Malkinson 2012).
Distributing areas of harvesting so that landscape connectivity is maintained will increase the
persistence of late seral species, allowing continued resource extraction while maintaining

biodiversity.

The concept of habitat connectivity is a largely theoretical construct with no single
widely-adopted metric for assessment, yet it is widely cited as a proposed method of
mitigating or preventing anthropogenic ecosystem impacts (Bailey 2007). There are a range
of proposed metrics based on either extrapolation of the theoretical basis of habitat
connectivity or computer simulations, each with inherent assumptions and limitations in how
they quantify landscape connectivity (Schumaker 1996, Tischendorf and Fahrig 2000b, Vos
et al. 2008, Watts and Handley 2010, Minor and Lookingbill 2010). An impediment to the
management of landscapes for connectivity is the disparity between the scale at which we are
interested in managing landscapes, and the scale at which connectivity indices have been

empirically validated and can be practically applied.

LANDSCAPE FACTORS

In any examination of connectivity the most basic underlying assumptions are the
criteria for delineating acceptable habitat from inhospitable habitat within a landscape
(Girvetz and Greco 2007). The delineation of habitat requires a subjective decision of which
species assemblies are to be conserved within the landscape. Although there is recognition of
the importance of maintaining a heterogeneous distribution of tree species and ages,
frequently the habitat type of concern in most forestry conservation strategies is late seral or
old-growth forests (Richards et al. 2002, St-Laurent et al. 2008). This focus on late seral

habitat does not solely represent a bias towards old forest structure, as there is a lesser need



to manage for early seral stage habitat for a variety of reasons. For example, we are able to
easily create new early seral habitat by inducing disturbances where we desire that habitat
type, compared to late seral habitats which are more difficult to replace since centuries may
be required after disturbance to regain previous habitat structure. Also, the species that
occupy early seral habitat primarily exploit that niche through high dispersal and
establishment capabilities (Franklin 1993, Molina et al. 2006, James et al. 2007). It would
therefore be expected that lower levels of connectivity between early seral habitat patches are
required to maintain viable metapopulations (Acuna and Estades 2011). Based on these
factors, the majority of forestry management is focused on the conservation of late seral

forest habitat within landscape units.

Although debate exists as to the best method of quantifying landscape connectivity of
delineated habitat patches, there are several basic aspects of landscape structure that exert an
influence on connectivity. Currently connectivity is viewed as a function of both the
distribution of habitat and how alternative habitat types impede movement between habitat
patches (Ricketts 2001, Fahrig 2003, Hodgson et al. 2011). There are several factors of the
distribution of habitat that affect the likelihood of dispersal between patches including the
fragmentation of habitat, the spatial dispersion of fragmented patches, and the total amount

of habitat in the landscape.

Two patches are considered to be fragmented when they are isolated from areas of
similar habitat by some expanse of a comparatively inhospitable habitat type (Lindenmayer
and Fischer 2006). In the context of quantifying the impacts of forestry on landscape
connectivity, early seral harvested sites and their associated road networks are assumed to
fragment patches of late seral forest (McGarigal et al. 2001, Houle et al. 2010). At the
landscape scale, fragmentation is the degree that total available habitat is fragmented into
different patches. When habitat is fragmented into an increased number of patches, it
decreases the connectivity of that landscape, and divides large populations into groups of
smaller, potentially unconnected subpopulations, therefore decreasing the probability of both
population and metapopulation persistence (Andren 1994). Larger distances of inhospitable
matrix between fragmented patches increases the dispersion of those patches. The level of

dispersion necessary for two patches to be considered unconnected is a function of the



assumed dispersal capabilities of a species for that habitat type (Swihart et al. 2003, Bowler
and Benton 2005). At the landscape scale, all potential habitat connections are considered to
give an assessment of overall habitat dispersion (Anderson et al. 2006). At the patch scale,
habitat amount describes the size of each habitat patch. Increased habitat patch sizes are
considered beneficial for metapopulation persistence. At the landscape scale, habitat amount

refers to the total proportion of the landscape occupied by a specific habitat type.

Habitat amount has been demonstrated to be the primary determinant of species
abundance and persistence (Fahrig 2003, St-Laurent et al. 2009). The amount of habitat in a
landscape exerts substantial influence on landscape connectivity, to the extent that above a
percolation threshold of habitat amount, the distribution of habitat has minimal impacts on
connectivity (With and Crist 1995, Flather and Bevers 2002, Holyoak 2008). Management
decisions regarding the amount of forest to be harvested or conserved are frequently based on
extraneous economic, social and ecological considerations (Snetsinger 2008). Connectivity
indices are proposed as a method of determining how the prescribed amounts of harvest
should be distributed across a landscape to mitigate the impacts of the inevitable habitat loss
on the fragmentation and dispersion of the remaining habitat patches throughout the rotation
period (Smith et al. 2009). In this context, an index that is able to distinguish differences in
the interdependent factors of habitat amount and distribution is necessary for useful

comparisons (Long et al. 2010).

CONNECTIVITY METRICS

The primary conceptual perspectives for quantifying connectivity are structural,
functional, and potential connectivity (Doak et al. 1992, Demers et al. 1995, Tischendorf and
Fahrig 2000a, 2000b, Calabrese and Fagan 2004, Kindlmann and Burel 2008). Structural
connectivity describes only the distribution of habitat patches in a landscape without any
consideration of how species move through the landscape. Functional connectivity
quantifies actual rates of movement of a species, incorporating as many factors as necessary
to accurately describe observed population dynamics (Kadoya 2009). The potential
connectivity of a landscape is an intermediate perspective where landscape structure,

combined with generalized assumptions of the limitations to dispersal, are used to describe



the connectivity of a landscape.

Structural connectivity metrics, such as the number of patches, nearest neighbour
distance, patch area, core area, patch perimeter, contagion, fractal dimension and patch
cohesion have been widely applied in examinations of habitat distribution, due in part to their
low data requirements and ease of calculation (Schumaker 1996, Fagan and Calabrese 2006).
Structural connectivity explicitly quantifies a specific landscape characteristic. These indices
are not direct measures of landscape connectivity, but rather of habitat characteristics
understood to be indicators of a well-connected landscape. These types of simple metrics
may accurately capture the influence of landscape changes on a single factor of landscape
structure, such as fragmentation, but can be completely insensitive to the dispersion and

amount of habitat in the fragmented patches.

Functional connectivity considers the realized movement of populations, individuals
or genetic material between different patches of habitat (Kindlmann and Burel 2008). Since
different species move through and use habitat at different spatial scales, functional
connectivity is species-specific and dependent on both the behaviour of the species of
concern and the landscape structure (Kadoya 2009). Two habitat patches can therefore have
high functional connectivity for an organism that is able to disperse long distances, but have
low functional connectivity for an organism with lower dispersal abilities (Swihart et al.
2003). When the goal of landscape management is to conserve biodiversity, the impacts of
anthropogenic disturbances must be considered for species with both large and small

dispersal capabilities.

A common method of quantifying functional connectivity is to apply spatially-explicit
population models of a focal species to quantify connections between habitat patches and
extrapolate those values to a landscape scale metric (Ovaskainen and Hanski 2003, Betts et
al. 2006, Horne et al. 2008). Though this approach is useful for the management of a species
of concern, it may not necessarily reflect the general patterns of habitat distribution in a
landscape (Edenius and Mikusinski 2006). There are many factors that will affect the value
of a habitat patch and its contribution to species abundance outside of its connectedness to

other habitat patches (Ovaskainen and Hanski 2003, Bowler and Benton 2005, Radford et al.



2005). Spatially-explicit population models will therefore be influenced by a multitude of
species-specific factors that may have limited influence on other species that use a habitat
type. Some impediments to individual dispersal may indicate a well-connected landscape.
For example, intra-specific territoriality could limit an individual's ability to move through a
habitat patch, but would indicate a viable metapopulation since habitat patches would need to
be occupied by conspecifics in order for territoriality to act as a barrier to dispersal.
Establishing a spatially-explicit population model for a focal species is also inherently prone
to uncertainty in terms of how well each additional model factor accurately represents the
behavior of that species (Beier et al. 2009). The accuracy of these values is important as
minor changes to model inputs lead to significant variation in the results of connectivity
indices based on population models (Rayfield et al. 2010). In addition to the logistical
difficulties of establishing an accurate spatially-explicit population model, there is debate as
to the validity of extrapolating results from a focal species to a range of species since it
contradicts the theory of niche specialization leading to heterogeneous species distribution
(Lindenmayer et al. 2002). When assessing landscape connectivity for the conservation of
biodiversity, the goal is to quantify the degree to which anthropogenic disturbances reduce
the ability of a variety of species to occupy acceptable habitat that is available in the
landscape. These impacts are not likely to be detected by functional connectivity metrics of a

single focal species.

For landscape managers seeking to maintain connectivity for biodiversity
conservation, connectivity metrics may need to only incorporate general principles of
connectivity, such as distance thresholds, to accurately reflect broad scale connectivity (Doerr
et al. 2010). If the explicit quantification of functional connectivity is inherently prone to
uncertainty in its accuracy and applicability to other environments and species, a more
informative perspective would be to quantify how forestry impacts the potential connectivity
of a focal habitat type from the perspective of hypothetical species which use the focal
habitat type (Watts et al. 2010). In the case of hypothetical species (Huggard et al. 2007),
dispersal abilities are not based on any one existing species, but are assigned to fall within
the range of dispersal abilities of organisms that exist within that habitat type. Using a

measure of potential connectivity, the assumptions incorporated into a metrics calculation can
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be tailored to reflect the impacts of forestry, independent of species specific factors that

would limit dispersal regardless of whether harvesting had occurred.

GRAPH-BASED METRICS

Graph theory has emerged as an effective method of quantifying the sum of patch
interactions to give an overall assessment of landscape connectivity (Urban and Keitt 2001,
Minor and Urban 2008, Zetterberg et al. 2010). The results of graph-based analyses produce
comparable results to those obtained from detailed spatially-explicit habitat models (Minor
and Urban 2007), with less detailed inputs required to reflect biological realism (Calabrese
and Fagan 2004). A graph network is composed of nodes and links, each of which has
defined characteristics. Nodes that are connected by links are defined as belonging to the
same component. When applying graph theory to habitat connectivity, different habitat
patches constitute the nodes and the movement of individuals or genetic material between
patches are the links between nodes. The assumptions inherent in criteria used to describe
nodes and links will affect the outcome of any connectivity metrics applied to the graph
network and therefore must be recognized. But, this allows for the flexibility to tailor these
assumptions to reflect the impacts of forestry. Calculating graph-based metrics with varying
assumptions of dispersal capabilities will allow for the quantification of the connectivity
impacts of forestry across a range of scales. If identical methods of defining habitat and
hypothetical dispersal capabilities are applied to multiple potential distributions of habitat in
the same landscape, the distribution of the habitat can be deduced to be the cause of the

changes in index results.

PROBABILITY OF CONNECTIVITY

Of the array of current graph metrics, the probability of connectivity index (PC)
possesses many qualities that make it well suited to the quantification of the connectivity
impacts of forest management. PC index values are defined as the probability that two
randomly selected habitat patches are considered connected based on the structure of the
landscape of examination and defined dispersal behaviour. The probability of connectivity
index was reported by Saura and Pascual-Hortal (2007) where it was compared to a variety

of existing landscape indices using 13 properties that they argued a viable landscape index



11

should detect (Table 1.1). Since then, the PC index has been frequently used and has not
been critically refuted. The index has been applied in studies ranging from computer
simulations, population distribution studies, and explorations of connectivity theory and
metrics (Bodin 2009, Bodin and Saura 2010b, Garcia-Feced et al. 2011, Morzillo et al. 2011,
Gurrutxaga et al. 2011, Awade et al. 2012, Zozaya et al. 2012, Mazaris et al. 2013, Bergsten
et al. 2013). Some desirable characteristics of the index from the perspective of forestry
management include: (1) the index can be applied to both raster and vector data, (2) it has a
predefined range of variation between 0 and 1, (3) it detects the effects of stepping-stone
habitats, and (4) it performs calculations on a large number of polygons (Saura and Pascual-
Hortal 2007). The PC index may be calculated using CONEFOR 2.6, a software package
that uses node and connection files derived from habitat maps to calculate a suite of
connectivity indices (Saura and Torne 2009). CONEFOR is based on the Sensinode 1.0
software developed at Duke University by D.L Urban and uses a graph theoretic approach to
calculate a range of connectivity indices. CONEFOR calculates the PC metric by applying

user-supplied node and connection files for a landscape to the function:

n n
C:Zi—l ijlpijaiaj

P (1
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where:

e g,= the node attributes of a source polygon,

e g~=node attributes of a destination polygon,

e P";=the maximum product probability of movement between the two polygons, and

e A,=total landscape area of both habitat and non-habitat areas.

Node and connection files are derived from GIS landscape maps using the freely
available CONEFOR input tools at Jenness Enterprises (Jenness 2008). The node file
provides a unique identification number for each habitat patch (node) in the landscape and
the value of that node as a habitat patch (a;). These habitat values are typically an area-
weighted habitat suitability value and are defined by the selected habitat assessment criteria

included as a variable in the GIS data. The connection file provides information on
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Table 1.1 Response of different indices to the 13 properties relevant for their use for
quantifying connectivity in landscape conservation planning and change analysis applications
(from Saura and Pascual-Hortal, 2007). An ideal index should systematically provide an
affirmative answer to each of these questions. An affirmative answer here means that the
index consistently achieves that property in every case (i.e., with no variable reaction
depending on the particular way a certain type of spatial change occurs).

PC Flux Area Patch Correlation Integral Dispersal Search Time Cell
Weighted Cohesion Length Index of Success Immigration
Flux Connectivity

-1 Does it have a predefined Yes No No Yes No Yes No No No
and bounded range of
variation?
-2 Can it be computed both Yes Yes  Yes No (%) No Yes Yes Yes No
on vector and raster data?
-3 Is it insensitive to subpixel Yes Yes  Yes No (*) Yes Yes Yes Yes No
resampling of landscape
pattern?
-4 Does it indicate lower Yes Yes  Yes No No (**) No (*%) Yes Yes Yes
connectivity when the
distance between patches
increases?
-5 Does it attain its maximum Yes No No Yes Yes Yes No No Yes
value when a single habitat
patch covers the whole
landscape?
-6 Does it indicate lower Yes No No Yes No Yes No No Yes
connectivity as the habitat is
progressively more
fragmented?
-7 Does it consider negative ~ Yes Yes  Yes No No Yes Yes No Yes
the loss of a connected patch?
-8 Does it consider negative ~ Yes No No No No Yes No No No
the loss of an isolated patch?
-9 Does it consider negative ~ Yes No No No No Yes No No Yes
the loss of a part of a patch?
-10 Does it detect as more Yes No Yes Yes No Yes No No Yes
important the loss of bigger
patches?
-11 Is it able to detect the Yes No No No Yes Yes Yes No Yes
importance of key stepping-
stone patches?
-12 Is it able to detect as Yes No No No No Yes No No No

those key stepping-stones
patches that when lost leave
most of the remaining habitat

-13 Is it unaffected by the Yes No No No Yes No No No Yes
presence of adjacent habitat
patches?
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the links between different habitat patches (nodes) in the landscape. The values for these
links can be supplied either as an externally calculated probability of direct dispersal between
two habitat patches based on a custom dispersal kernel (P;), or as distances between habitat
patches (d;). In instances where connections are supplied as distances, CONEFOR converts
the supplied list of distance values (d;) to probability of direct dispersal (P;) based on the

exponential distance decay kernel,

P=e 7 )

where k is a constant that calibrates the function to the user-supplied combination of distance
and probability (e.g., all other dispersal probabilities are calibrated to user-supplied
specification that nodes separated by 100 units have 0.05 probability of dispersal). When the
PC index is calculated, these probabilities of direct dispersal are converted to the maximum
product probability of dispersal, that considers if there is a greater probability of reaching a
destination patch by dispersing through intermediate habitat patches than dispersing by a

direct route between two patches (Fig. 1).

A criticism of the PC index is that it produces results with values much lower than
other connectivity metrics (Neel 2008). In response, the authors proposed an adaptation of
the PC index with a more intuitively interpretable scale of response, the equivalent connected
area (ECA) (Saura et al. 2011a). The ECA 1is calculated as the square root of the numerator

used in the calculation of the PC index,

_ n n
ECA—\/( i1 j_lPl.jal.aj) (3)

and is equal to the area of land that when contained in a single polygon has the same level of
connectivity as the sum of the fragmented habitat patches. This measure does not have a pre-
defined range of variation and the scale of potential results will be dependent on the size of
the landscape being examined. This index can be adapted to have a predefined range of
variation by dividing the ECA by the total area of the landscape of examination.

Mathematically this is equivalent to the v/PC as the term PCp, is common to the formula



P*AB = 0.25

(A> C> B)
=0.5x0.5

Figure 1.1. A schematic illustration of the difference between the probability of direct
dispersal (Pyz) and maximum product probability of (P",5) between habitat patches 4 and B,

from (Saura and Pascual-Hortal 2007).

14
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for both PC and ECA since the PC formula (1) can be simplified to:
PC
PC= Num 4)
A 2
L

which is equivalent to the equation:

v PCNum

Ap

JPC= (5)

L. v FC.,',., .
Substituting ECA for Aum ojves the formula

JPC= EC% (©)
L

The +PC is therefore equivalent to the proportion of the landscape, that when
amalgamated into a single habitat patch, would be equivalent to connectivity of the examined
scenario. At sufficiently high dispersal values, all habitat will be considered connected, and
the ECA will be equal to the total amount of habitat in the landscape, which divided by the
total landscape area (A4,) gives the total proportion of the landscape occupied by habitat. Due
to this relationship to the total amount of habitat in the landscape I propose the VPC as an

intuitively interpretable value and is used in all subsequent analyses.

PCRC

The response curve of the vPC index (PCRC) calculated over a range of spatial
scales will quantify the overall landscape connectivity of a focal habitat type to a range of
species and better quantify the impacts of land use impacts on biodiversity than a single
connectivity value based on a single dispersal capability. Plotting connectivity index results
against the dispersal distances used for their calculation will result in a response curve of
connectivity index values that increases with increased dispersal values as more and more
patches are considered to be connected. If a sufficiently large range of values are used, this

curve would include all possible perceptions of the landscape's connectivity, from an
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organism unable to cross any distance of inhospitable matrix, to an organism able to access
all available habitat in a landscape. A similar procedure of calculating PC index over a range
of dispersal thresholds has been previously applied to assess the impact of the distribution of

wildlife reserve patches (Laita et al. 2010).

The results of this form of examination represent the maximum potential connectivity
of that landscape assuming that the only limitation to dispersal is the distribution of habitat in
the landscape. Presenting connectivity metrics in this manner allows for the rapid assessment
of a range of relevant landscape characteristics. The PCRC intercept represents how the
landscape would impede movement of an organism unable to disperse across any gap in the
contiguous habitat reflecting the fragmentation of the landscape. The upper asymptote of a
PCRC reflects connectivity of the landscape when dispersal values are high enough that the
entire landscape is considered connected, and is therefore a function of the total amount of
the focal habitat type in the landscape. The rate at which +PC values increase with
increased dispersal distances is a function of the distances that need to be crossed for habitat
patches to be considered connected and will reflect the dispersion of habitat in a landscape.
This type of examination better quantifies the impacts of forestry because it simultaneously
reflects impacts at a range of spatial scales that would be missed by an assessment that
considered only the scale of dispersal of a focal species. Impacts at multiple spatial scales
are important to consider since species can be affected by landscape structure at spatial scales

outside of their maximum dispersal capabilities (Dyer et al. 2002).

INDEX ASSESSMENTS

In order to be appropriately applied as a landscape management tool, the efficacy of
PCRC must first be tested. Without a thorough examination of the ways that an index
responds to controlled changes in landscape structure, any interpretation of results may be
misguided. I assessed the value of PCRC to quantify the effects of forestry on landscape
connectivity, using a series of examinations where landscape factors were manipulated
independently to isolate the response of the index to specific factors known to affect
connectivity. To simplify the assessment process, these factors were analyzed in increasingly

complex scenarios where additional factors could be examined once the dynamics of the
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more basic factors had been examined. In Chapter 2, [ manipulated the amount,
fragmentation, dispersion, and inter-patch connections of habitat in a simple theoretical
landscape to calibrate index response to specific types of landscape change. In Chapter 3, |
used ecosystem simulation model projections for an existing forest landscape near
Clearwater, BC to assess the response of PCRC to controlled manipulations of landscape
structure, and to compare the outcomes of alternative distributions of conservation areas in
landscapes subject to anthropogenic and natural disturbances. In Chapter 4 I will argue the
benefits of PCRC in assessing changes in landscape structure and its application potential to

landscape management.
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CHAPTER 2: QUANTIFYING LANDSCAPE CONNECTIVITY THROUGH THE
USE OF CONNECTIVITY RESPONSE CURVES.

INTRODUCTION

Habitat connectivity has become a focus of modern ecosystem management and is
widely recognized as a key factor in the conservation of biodiversity (Taylor et al. 1993,
Fischer and Lindenmayer 2007, Lindenmayer et al. 2008, Brudvig et al. 2009). For example,
in a review of 22 years of recommendations for biodiversity management in the face of
climate change, increasing connectivity was the most frequently recommended method of
conserving biodiversity (Heller and Zavaleta 2009). Despite this recognition, there are no
accepted standards for the measurement of habitat connectivity, or benchmarks against which
measurements can be compared (Lindenmayer and Fischer 2007, Kindlmann and Burel
2008). Connectivity promotes biodiversity through its effect on rates of immigration and
emigration between habitat patches, processes necessary for the continued persistence of
meta-populations within a landscape (Visconti and Elkin 2009). Although connectivity plays
an important role in metapopulation dynamics, it can only facilitate movement among
otherwise productive populations, and cannot be expected to maintain biodiversity if other

habitat values are not managed concurrently.

Biodiversity conservation is focused on maintaining the metapopulation persistence
of a range of species (Drielsma and Ferrier 2009). Any metrics intended to guide
biodiversity conservation should therefore represent landscape connectivity values from the
perspective of a range of species in order to promote a range of viable populations that can
serve as sources for re-colonization following disturbance and local extirpation. With these
goals in mind, landscape management strategies should focus on the conservation of
landscape connectivity as opposed to the functional connectivity of a focal species.
Landscape connectivity is widely defined as, "the degree to which a landscape facilitates or
impedes movement among resource patches" (Taylor et al. 1993), in contrast to the
functional connectivity of a focal species that quantifies rates of dispersal between habitat

patches based on spatially-explicit population models (Beier et al. 2008). In addition to the
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logistical difficulties of establishing accurate spatially-explicit population models, there is
debate as to the validity of extrapolating results from a focal species to a range of species, as
this contradicts the theory of niche specialization leading to heterogeneous species
distribution, where the interaction of environmental tolerances and interspecific competition
determine species distribution (Lindenmayer et al. 2002, Ficetola et al. 2007). An alternative
approach is to identify a focal habitat type and calculate connectivity based on a range of
dispersal capabilities (Laita et al. 2010). Quantifying connectivity from this perspective
better approximates the previously stated definition of landscape connectivity, in that it
quantifies how the structure of the landscape impedes movement between patches across a

range of spatial scales, rather than quantifying dispersal success of a single species.

In order for a connectivity metric to be of practical use in landscape management, it
should be robust to application across large spatial extents while retaining sensitivity to fine-
scale habitat features. It should also reflect the impacts of biologically relevant landscape
structure. Our understanding of landscape structure that promotes connectivity is largely
theoretical in nature, due primarily to the difficulties in conducting well designed trials at the
spatial and temporal scales inherent in landscape management (Saura et al. 2011b). The
agreement between theoretical projections of connectivity values and observed population
impacts from the existing empirical evidence has been mixed, and responses are highly
species-specific (Debinski and Holt 2000). When assessing the connectivity of a landscape,
the two factors considered to be of primary biological significance are the amount of suitable
habitat and how that habitat is distributed (Fahrig 2003, Lindenmayer and Fischer 2007,
Long et al. 2010). The amount of suitable habitat has a confounding effect on landscape
connectivity that differs from the impacts of fragmentation per se. (Fahrig 2003, Betts et al.
2006, Koper et al. 2007, Smith et al. 2009, Cushman et al. 2012, Tscharntke et al. 2012).
Hence, there is value in an index that responds independently to changes in the amount and
distribution of suitable habitat. For a given amount of habitat, fragmentation into a greater
number of patches (Saunders et al. 1991, With et al. 2006, Zuckerberg and Porter 2010), and
increased spatial dispersion (Tischendorf et al. 2005, Matter et al. 2005, Hinam and St. Clair
2008) have detrimental population effects. Inter-patch connections in the form of corridors

and “‘stepping-stone” habitats are frequently recommended to promote connectivity and have
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mixed but predominantly beneficial population effects (Perault and Lomolino 2000,
Tewksbury et al. 2002, Loehle 2007, Chan-McLeod and Moy 2007, Gilbert-Norton et al.
2010). Biodiversity conservation is frequently focused on the distribution of residual habitat
patches and reserves in the face of anthropogenic habitat loss, with increased reserve areas
having beneficial effects (Chapin et al. 1998, Lindenmayer et al. 2006, 2008). The allocation
of limited habitat reserves necessitates balancing the impacts of patch size and patch

dispersion (Acuna and Estades 2011).

CONEFOR is a software package that calculates a range of graph-theoretic
connectivity indices (Saura and Torne 2009). The probability of connectivity (PC) index was
created by the developers of CONEFOR as a response to the conceptual deficiencies they
observed in other available connectivity metrics (Saura and Pascual-Hortal 2007). Since its
publication, the PC index and its derivatives have been widely employed in a range of
theoretical and practical applications (Neel 2008, Bodin 2009, Perotto-Baldivieso et al. 2009,
Bodin and Saura 2010a, Garcia-Feced et al. 2011, Morzillo et al. 2011, Gurrutxaga et al.
2011, Awade et al. 2012, Zozaya et al. 2012, Rubio et al. 2012, Mazaris et al. 2013, Bergsten
et al. 2013).

I examined whether connectivity response curves (PCRC) created by plotting vPC
index values as a function of the dispersal values used for their calculation are sensitive to
changes in landscape structure. The square root of the PC index was used due to its intuitive
relationship to the amount of habitat in a landscape described below. The amount,
fragmentation, and spatial dispersion of suitable habitat within simple landscapes were
manipulated in a systematic fashion to isolate how PCRC respond to changes in each factor.
To have practical use as landscape connectivity metric, PCRC should respond to
manipulations of each factor in a unique and interpretable fashion. To reflect the currently
accepted principles of landscape connectivity, PCRC should indicate higher connectivity for
scenarios with greater amounts of suitable habitat, scenarios where the extent of suitable
habitat is fragmented into a smaller number of patches, and scenarios where fragmented
patches are separated by smaller distances. To assess if PCRC responds to management
strategies intended to promote connectivity, corridor and stepping-stone connections were

established between symmetrical distributions of habitat patches, a varying number of habitat
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reserves were aligned or isolated in a matrix of random habitat, and stepping-stone
connections were established between habitat reserves. To reflect the impacts of these
strategies, expected under the current accepted principles 