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Abstract

This thesis investigated graph theoretic analysis of connectivity and habitat
availability for landscape scale management of Triturus cristatus, the Great
Crested Newt. The ecological foundations of wider landscape management
concepts and knowledge base on T. cristatus’ habitat requirements, dispersal
and migration were explored. Species presence, and aquatic and terrestrial
habitat on the Cholmondeley Estate, Malpas, Cheshire, UK was mapped and
land cover characterized for suitability and traversibility by T. cristatus. Habitat
area available and accessible from ponds were identified.

Analysis and modelling of pondscape connectivity using Probability of
Connectivity (PC) and related indices, was carried out using Euclidean and
Cost Weighted Distance and pond clustering at ecologically relevant scales
was examined. Association or correlation of presence with proximity to
breeding ponds, pond cluster size, proximity and available quantity of
terrestrial habitat, proximity to roads and moving water, and connectivity of
breeding ponds were examined at Cost Weighted and Euclidean distances.

Connectivity, (PC index), pond count in clusters at 250 and 500m thresholds
of connectivity, and proximity to core habitat (broadleaved woodland and
rough grassland) using Cost Weighted distances were positively associated
with breeding presence. Road proximity and density, proximity of core habitat
at Euclidean distances and mean inter-pond distance were not significantly
associated with breeding presence. Proximity to moving water was negatively
associated with breeding presence. Resistance to movement of various land
cover types has important implications for habitat availability and connectivity,
and important questions are raised in terms of “rule of thumb" guidelines for
estimation of connectivity between pond populations and habitat availability
around breeding ponds.

Graph analysis was used to identify priority areas for maintenance of
landscape level connectivity, and enhancement of habitat connectivity and
availability on the local population scale, with prioritization of pond
creation/protection sites against their contribution to connectivity and habitat
availability, examining various scenarios.
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Chapter 1 - Biodiversity conservation and the wider
landscape

The focus of nature conservation in the UK and Europe has historically been
the designation of discrete sites. Increasingly, the past 30 years have seen
shifts in the biodiversity conservation paradigm away from a tight focus on
discrete site or species based conservation, towards conservation at the wider
landscape scale. This has resulted from a growing realisation of the inherent
limitations of site based conservation (Adams ef al. 1994, Bromley 1997,
Lawton et al. 2010). Discrete reserves, by their nature, are vuinerable to
degradation due to pollution, drainage modification by external actors,
invasion by exotic or undesirable competitive species, catastrophic
disturbance and development pressures that impinge from the surrounding
landscape, from which their often relatively small isolated nature may preclude

effective long term recovery.

Management of such widespread and relatively small sites is generally fraught
with difficulties and is complex and expensive in time, money and effort, but
has in the past been a relatively straightforward proposition, compared with
the growing problems inherent in attempting this against the background of
complex changes at landscape, ecosystem and global climatic scales (Gaston
et al. 2006, Tyldesley 2009). An inevitable consequence of species or habitat
based approaches on discrete sites in the landscapes of the developed world,
especially in the context of global climate change, is reserves becoming
disconnected, isolated from (yet, paradoxically, vulnerable to) natural periodic
or stochastic disturbance.

“Despite the important contribution designated sites have made,
England’s wildlife habitats have become increasing fragmented and
isolated, leading to declines in the provision of some ecosystem
services, and losses to species populations.” (Lawton et al. 2010 p.
vi)

Such sites become progressively hemmed in by a landscape mosaic of
fragmented and more or less degraded natural and semi-natural
environments, intensive “factory farm” agriculture and spreading urban
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development, leaving their target species or biotopes vulnerable to the
migration of its/their climatic envelope (Piper et al. 2006). Restricted in their
ability to migrate, individuals and local populations face isolation in biotope
patches or reserves being transformed around them by changes in the
prevailing conditions, and population distributions adjustment to shifting
climatic envelopes are constrained. A realization of the need to address these
problems through management of connectivity and habitat availability in the
wider landscape is finding its way into theory and policy (Lawton et al. 2010,
DCLG 2012).

The single species or designated site approach has broadened to
accommodate the integrity and connectivity of the wider landscape and
species assemblages, with attention to single species frequently focused on
so called umbrella species, with habitat requirements and conservation needs
often seen as encompassing and supporting those of a suite of additional
species (see for example Diamond 1975 and 1981, Adams 1996, Simberloff
1998, Poiani et al. 2000). Views of biodiversity conservation (and to an extent
policy — Council of Europe 1992a and 1992b, DEFRA 2002, The Wildlife
Trusts 2009, Tyldesley 2009, Lawton et al. 2010, DCLG 2012) have expanded
to recognize the necessity for conservation activity at all levels - genes,
populations, species, communities, ecosystems and landscapes, with each
level of biological organization displaying its own level of complexity of
composition and structure, each relating to the others through dynamic and
complex patterns and processes, at multiple and nested scales.

Restoration, maintenance and enhancement of the connectedness,
connectivity and permeability of the landscape has become a focus for
attention. Landscape connectivity has been defined as (bold type for my
emphasis, not in original):

‘“The degree to which the landscape facilitates or impedes
movement among resource patches” (Taylor et al. 1993)
or

"...the functional relationship between habitat patches, owing to the
spatial contagion of habitat and the movement responses of
organisms to landscape structure” (With et al. 1997),
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or again, as the landscape function which expresses the degree to which sub-
populations are interconnected as a functioning demographic unit (Baudry
and Merriam 1988). This concept is similar, but not synonymous with
connectedness (Fry 1994), referring to the structural links between landscape
elements (see Tischendorf and Fahrig 2000a and 2000b).

Habitat fragmentation — the shredding of once continuous biotopes and
habitats into smaller parcels, separated by distances of potentially hostile
“matrix”, has numerous effects — many beyond the scope of this study such as
on carbon storage, community structures and more (Laurence 2008). Indeed,
the term ‘habitat fragmentation’ is often used inconsistently and too broadly,
applied to many patterns and processes that accompany landscape change.
As Lindenmayer and Fisher (2007) point out, this has in many respects made
it a panchreston - an explanation or theory used so broadly as to purge it of
meaning and confuse discussion and debate. In this study the term should be

understood in terms of effects on:
“Species perspective of a modified landscape”

“Perception of [sensu ability to interact effectively with] a landscape
by a given (non-human) species; important features include sources
of food and shelter, and appropriate climatic conditions”,

and the breaking of

“Functional linkages between habitat patches for a given species, a
species-specific entity” and “Functional separation of habitat patches
for a given species: a species-specific entity and the opposite of
habitat connectivity”

(Lindenmayer and Fisher (2007), table 1, p138).

The development of ecological network approaches has been a significant
response to this shift in paradigm in an effort to develop more holistic,
integrated, spatially coherent and sustainable conservation management
practices at landscape and regional scales. The ecological network approach
(applicable at any scale from global to local) seeks to maintain and support
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populations, metapopulations and communities through management at
landscape scales, supporting special reserves, designated sites or other
statutorily un-designated areas of high conservation capital over the long term,
through maintaining their functional and structural relationships with the wider
landscape and each other. Corridors and stepping stone patches constitute
the key elements of the ecological network from the point of view of
connectivity. They may serve multiple functions, but fundamental to their role
within the network is their linking function, supporting dispersal and migration,
providing movement corridors or conduits. They may also constitute habitat
patches in their own right. Buffer zones, minimizing negative impacts on the
periphery of core, corridor or stepping-stone elements may take a range of
forms; physical barriers (such as vegetated strips alongside watercourses or
still water bodies, to buffer against excessive run off or chemical pollutants
and sediments entering the water body), or may simply constitute an area free
of certain land uses (development, intensive agriculture and application of
agri-chemicals, or recreational activities (see for example Jongman and
Pungetti 2004).

The relatively recent introduction of the ecological network concept results in
direct empirical evidence for the efficacy of ecological networks as a whole,
especially at larger scales and over the longer term, being in relatively short
supply. The concentration of this thesis, however, is at the fine scale, at a
resolution where core areas constitute key ponds and pond clusters, with their
adjacent terrestrial habitat and corridors are vegetated strips on field margins
and along hedge-lines. At this level, theoretical, empirical and experimental
evidence for the function of the various network elements is now substantial
and has developed rapidly over recent years. Ecological network thinking rests
on a substantial body of ecological theory. Without flows of individuals and
genes between habitat patches and populations or groups of interacting
populations (metapopulations), apparently stable, vital populations may
become extinct quite rapidly. The “corridor” proposition was, certainly in the
early stages of the development of the network concept, accepted more
intuitively than on the basis of empirical evidence, sceptics frequently pointing
in the literature to a shortage of high quality studies relating to corridor
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function, their physical properties, utilisation, and identification of species to
one extent or another reliant on corridors for persistence (Simberloff and Cox
1987, Simberloff et al. 1992). In direct response, from the 1990’s to date, a far
larger body of literature, and more compelling evidence in the form of species
and landscape ecological studies and mathematical and GIS based spatial
modelling has been developed, which substantially underpins the theoretical
basis for the ecological network concept.

This thesis sets out to contribute to the “tool kit" available for delivery of
Favourable Conservation Status' (FCS, Jones 2002, Halahan and May 2003)
for the Great Crested Newt, Triturus cristatus. T. cristatus primarily occurs in
the UK in lowland pastoral environments (Swan and Oldham 1993), although
the species has a higher profile due to development conflicts and planning
requirements of protected species legislation in urban or urban-fringe
environments. This has been notably the case in Cheshire, where T. cristatus
records are particularly widespread due to the extensive pastoral landscape of
small fields, hedgerows and scattered woodland with high density of ponds -
certainly one of the highest, and possibly the highest such density, in England
and Wales. Populations of T. cristatus, though widespread, generally persist at
low levels of abundance (dealt with in Chapter 4). This has made the species
vulnerable to not just local stochastic, developmental, and deterministic
extinction threats (the latter largely aquatic habitat loss to hydroseral
succession and farm management changes) - but also to a particularly “bad

press”.

! Conservation status for a species is defined in Article 1(i) [Council of Europe 1992, 92/43/EEC] as
follows:

Conservation status for a species means the sum of the influences acting on the species concerned that
may affect the long-term distribution and abundance of its populations within the territory referred to in
Article 2 [Council of Europe 1992, 92/43/EEC]

The conservation status of species is considered favourable when:
a) Population dynamics data on the species concerned indicate that it is maintaining itself
on a long-term basis as a viable component of its natural habitats, and
b) The natural range of the species is neither being reduced for the foreseeable future, and
¢) There is, and will probably continue to be, a sufficiently large habitat to maintain its
populations on a long-term basis.
(Council of Europe 1992, 92/43/EEC)



Substantial media attention has focused on the high financial costs (and could
well have raised the issue of the high environmental cost, when production,
transport and disposal of large amounts of plastic fencing is taken into
account) of mitigation, as compared to small (sometimes very small) numbers
of individuals “saved” from development (see for example Sunday Mirror 2006,
Bell 2006, Salkeld 2008, Stote 2008, Wilkes 2008, Knowles 2009). Such
“exposés” are essentially media reflections of industrial and political lobbying
against conservation legislation perceived as onerous and deleterious to the
interests of economic and infrastructure development. Such articles frequently
turn logic on its head, complaining of the small numbers of animals involved,
as if suggesting that endangered or protected species conservation measures
would be more cost effective the more abundant the species in question. This
in part arises from the nature of the legislation itself, which may arguably be
described more as “animal welfare” oriented than to species conservation,
focusing on very local populations, individuals and habitat patches, rather than
FCS at landscape and regional scales. These factors have significantly
coloured policy discussion in relation to the species including, worryingly,
raising questions over the species’ listing under the Habitats Directive (Council
of Europe 1992a, incorporated into UK law as The Conservation (Natural
Habitats, andc.) Regulations, 1994).

Continued attrition of breeding pond numbers and local populations is a
significant threat to such a thinly distributed and pond dependent species. This
thesis proceeds in part, however, from the proposition that concentration on
animal welfare aspects of species protection and mitigation of individual
localised impacts such as development projects contributes to delivery of FCS
only to a limited extent relative to the financial and environmental costs of
implementation. Planning protection for critical populations (‘critical
understood as, for example, significance of size or location of a breeding site)
is clearly important. This thesis, however, advances from the position that far
more important for the long term persistence of species throughout their range
in the UK than persistence at individual sites, is the maintenance of the
species viability at landscape scales. This is thrown into particular relief when
the level of success of many mitigation projects and translocations is
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considered (see for example Edgar et al. 2005, and Lewis et al. 2007). It could
reasonably be proposed for example, that the expenditure of many tens of
thousands of pounds per animal on exclusion fencing, site monitoring, capture
and translocation with dubious success, of animals at the A 5117 road works
in Cheshire (the subject of an “exposé” (Bell 2006) referenced earlier), could
far more profitably have been spent on widespread pond and terrestrial habitat
creation to reinforce surrounding populations on farmland (or elsewhere
through Biodiversity Offsetting initiatives for example), potentially generating
income (through long term agri-environment scheme (AES) supported
management) for farm economies into the bargain.

To address these issues, this thesis focuses on:

o the theory underpinning the landscape scale ecological network
approach to habitat connectivity enhancement and maintenance,

e the autecological knowledge base available to inform this approach in
relation to a target species: Triturus cristatus, the Great Crested Newt,

e an examination of spatial targeting of conservation effort to this end,
through the application of graph theory (using the software package
CONEFOR Sensinode v2.5.8 beta, Saura and Torne 2009, Saura et al.
2011).

The aims and objectives of the thesis are therefore;

Objective 1: To develop a landscape scale perspective on conservation
management for Triturus cristatus, through:

Aim 1: an examination of the basis in ecology theory for the ecological
network/wider landscape approach

Aim 2: a synthesis of long standing and current research relating to the
species’ habitat requirements and interactions with landscape, and

Aim 3: an examination of the species distribution and landscape
associations with its pond occupation and particularly breeding
presence, within a landscape typical of its core range in the UK

Objective 2: To examine use of graph theoretic techniques for focusing on
key loci of connectivity and habitat availability, through



Aim 4: identification of key existing sites for protection of habitat
connectivity and habitat availability arising from their position within the
landscape

Aim 5: identification and selection of key sites for habitat creation or
restoration arising from their position within the landscape

1.1 Structure
This chapter has briefly described the shift in the biodiversity conservation

paradigm away from discrete site based conservation, to the “wider
landscape” approach. It outlined the nature of this paradigm shift in relation to
the growing understanding of the landscape scale impacts of habitat
fragmentation, erosion and degradation and the consequent fragility and
exposure of discrete sites to landscape scale ecological, and local and global
anthropogenic processes. The gradual acceptance and embedding of this new
approach into policy frameworks and conservation practice has as a
consequence the need to develop techniques for its implementation. Having
outlined its aims and objectives, this thesis now goes on to examine the
implications of landscape scale management as applied to a focal species
capable of acting as an umbrella species for a suite of other species with
similar habitat requirements: Triturus cristatus, the Great Crested Newt.

Chapter 2 - Conservation in the Wider Landscape examines the literature on
the fundamental basis in ecological theory for the key concepts of ecological
networks: core areas, linked by corridors and stepping stone patches. It
examines the contribution of key concepts and paradigms - Island
Biogeography and Metapopulation theory - to theoretical developments as
they relate to practical implementation. Structural elements of ecological
networks are examined and the theoretical and empirical backing for the
concept and implementation of wildlife corridors and stepping-stone patches,
the targeting of which is central to the thesis, are explored. The implications of
landscape scale management and ecological network implementation for the
attitudes of land managers and stakeholders and the norms and complex
interrelationship of ends and means involved in creation or restoration of
habitats and the extension or re-establishment of species distributions and
presence is explored.



Chapter 3, “The Great Crested Newt (Triturus cristatus) and the wider
countryside” examines the autecological knowledge base relating to the target
species, T. cristatus, the Great Crested or Warty Newt, and the terrestrial and
aquatic habitat requirements of the species, which must inform any
management planning for its conservation. It examines the importance of pond
density and dispersion in relation to T. cristatus distribution and looks at T.
cristatus’ dispersal and migration capacities, and landscape scale barriers to
the animal's movement and associated mortality factors. Population and
metapopulation persistence, decline and fluctuation at landscape scales is
examined. Analysis, quantification and modelling of landscape connectivity
using graph theory and Least Cost or Cost Weighted Distance approaches are
explored and the CONEFOR Sensinode landscape graph analysis package
(Saura and Rubio 2010) used in this study is introduced. This section also
examines the use of graph theoretic indices of connectivity in the landscape
ecological context, looking at applications and development of the technique in
the literature. It examines in detail some of the more recently developed
indices and techniques employed in this thesis, specifically the Probability of
Connectivity Index, and related indices of habitat availability (Pascual-Hortal,
and Saura 2006, Saura and Rubio 2010, Saura et al. 2011, Schick and
Lindley, 2007).

Chapter 4 deals with the criteria for study site selection and candidates for
selection. A description of the Cholmondeley Estate, Malpas, Cheshire, which
was ultimately selected, is provided, giving a detailed description of the study
area location, extent, superficial geology and topography, drainage and
transport infra-structure.

Chapter 5 deals with terrestrial and aquatic habitat survey methodologies,
data processing and techniques for analysis and classification of terrestrial
and aquatic habitat are explained. The Habitat Suitability Index (Oldham et al.
2000, ARGUK 2010), used in this study as a measure of habitat quality in the
weighting of habitat patches during connectivity and habitat availability
analysis is explained.



Chapter 6, Results, deals with the findings of terrestrial and aquatic habitat
survey and analysis of these. It describes the composition of the
Cholmondeley landscape in terms of distribution of aquatic and terrestrial
habitat, quantifying the latter in terms of totals within the study area and
quantity accessible from ponds. It further characterizes land cover types in
terms of habitat suitability and traversibility for T. cristatus. Salient features of
the Cholmondeley pondscape are outlined and discussed, in terms of
distribution, morphology, density and clustering. The clustering of ponds at
ecologically relevant spatial scales (130m, 250m and 500m inter-pond
distances considered relevant in migration and dispersal) is examined from the
perspective of both Euclidean (“as the crow flies”) and effective, or Cost
Weighted (“as the newt crawls”) distances, and the implications of this
discussed. The distribution of T. cristatus (mainly confirmed breeding
presence), is related to rates of occurrence as indicated by previous surveys
at Cholmondeley, and across Cheshire. The effects of shading and seral
succession are briefly discussed in terms of their effect on species presence.
Various hypotheses are tested to examine levels of association and
correlation of occurrence to factors in the surrounding landscape and
pondscape, such as proximity to T. cristatus breeding ponds, size of pond
clusters at relevant spatial scales, the characteristics, proximity and quantity of
terrestrial habitat, proximity to roads and moving water bodies, and levels of
connectivity of breeding ponds (at Cost Weighted, and Euclidean distances).

Chapter 7 “Application of graph analysis to conservation planning in the actual
landscape of Cholmondeley” examines the application of graph theoretic
analysis and modelling to landscape scale management for T. cristatus. It
examines the use of graph theoretic techniques (using the CONEFOR
Sensinode 2.5.8 beta software package) to identify priority areas of the
Cholmondeley pondscape for management aimed at both maintenance of
existing key areas for pondscape connectivity at whole landscape level, and
for management aimed at enhancement and improvement of habitat
availability. In terms of the latter, it focuses on a priority area, working at a
multi-farm level, at the pond/pond cluster population scale. It examines the
use of indices of connectivity and habitat availability generated in CS2.5.8 in
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the prioritization of potential pond creation sites for their contribution to
connectivity and habitat availability, examining various scenarios. The first
scenario considers prioritization based on multiple criteria, with the aim of
maximizing conservation benefits, while minimizing effort and cost. The
second considers prioritization for habitat availability, and the third at
prioritization based on benefits to improvement and maintenance of existing
pondscape connectivity.

Chapter 8, Conclusions and discussion, identifies key findings and
reservations regarding their validity and applicability, assesses the level of
success achieved by the thesis in meeting its aims and objectives, and
identifies key contributions and questions raised by the research outcomes,

proposing areas for subsequent research.

Numerous studies have been published (Cook 1985 and 1986, Franklin 1993,
Hayward et al 2000, Jehle 2000, Jehle and Arntzen 2000, Kupfer and Kneitz
2000, Malmgren 2002) of T. cristatus relationship to landscape features and
pondscape, but at much smaller scales. This study is unique, to the author's
knowledge, in being the only one to examine a complete landscape at this
scale and is also to tie together examination of landscape scale features of T.
cristatus presence and breeding with examination of the potential for spatially
targeted and prioritised management at the same spatial resolution.
“Conclusions and Discussion” draws together the various strands of the
examination, appraising its conclusions and critically reflecting upon its
strengths and weaknesses. Future plans for research in this area (both
figuratively and geographically) are summarised and briefly discussed and the
value of its findings for future practical conservation application evaluated.
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Chapter 2 - Ecological Foundations.

2.1 Niches, patches, “islands” and the landscape matrix

Chapter 2 addresses the first aim of this thesis: to examine the basis in
ecology theory for the ecological network/wider landscape approach. That
species perceive the environment as composed of parcels, or patches,
satisfying their needs to some degree or not at all, and that specialist species
may be confined to one small part of a biotope patch, while generalists may
find several biotope patches comprise their habitat, are long established
ecological concepts (e.g. Grinnell 1904, MacArthur 1972). Individual habitat
patches may be contiguous, be set in a matrix of unsuitable habitat, or form
part of a landscape mosaic of patches meeting different habitat requirements
or constituting non-habitat for the target species (Wiens 1995), which may
change in spatial arrangement over time with seasonality, disturbance and
succession. In nature, “boundaries” between habitat types are gradational, if
sometimes abrupt at human scales of perception (Bunce and Jongman, 1993,
Bunnel 1999). Mcintyre and Barrett (1992) proposed that a fragmented
landscape model, of patches or remnants isolated within hostile matrix, is an
often inappropriate approximation to reality. They proposed a landscape
model they characterised as a variegated shifting mosaic of varying suitability
(see also Mcintyre and Hobbs 1999, Debinski et al. 2001, and Vandermeer et
al. 2010). This landscape mosaic model offers a closer approximation to reality
than the simpler patch-matrix model, which assumes homogeneity within
patches and well-defined patch/matrix boundaries. It may, however, be

problematic to mode! and represent.

A species’ perception of habitat homogeneity is highly scale sensitive. A
biotope patch perceivedv by one as homogenous habitat, might to another, with
different habitat requirements and interacting with the environment at different
spatial and temporal scales, be perceived as patchy and fragmented. Habitat
fragmentation shreds once continuous habitats and, to access sufficient
habitat area or particular habitat types (for foraging, shelter or breeding),
organisms must embark upon potentially hazardous journeys through new and
possibly hostile environments, overcoming barriers (physical or behavioural) to
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dispersal and migration. Isolation and habitat fragmentation have been long
standing areas of concentration for ecological research, seen as undermining
species persistence in several ways (Wilcove et al. 1998, Hilty et al. 2006):

1. Reducing the immigration rate and so potential for “rescue” of a
declining population

2. Reducing potential for colonisation of new habitat patches (Terborgh
1975, Simberloff and Cox 1987)

3. Reducing potential for re-colonisation of habitat patches following local
extinction

4. Inhibiting gene flow, producing problems of inbreeding and genetic drift
(but see also Crowley 1981, below)

5. Preventing utilisation of sufficient area of required habitat

6. Hindering or preventing seasonal migration

7. Inhibiting re-alignment of species distributions, as the effects of climate
change alter habitat suitability, on regional and global scales (Hill et al.
1994, Walker and Steffen 1997, Piper et al. 2006)

The underlying assumption is that a species’ response to land cover may be
such that it constitutes a physical or behavioural barrier to its movement,
migration or dispersal. Identification of the nature and consequences of such
barriers for particularly species, and population dynamics in general, has been
central to ecological and especially Landscape Ecological study for decades.
Studies are numerous relating to bird, fish, insect, mammal and arboreal
marsupial species, in a range of environments, e.g. Keitt et al (1997),
Cassady St.Clair et al. (1998), Brooker et al. (1999), Laurance and Laurance
(1999), Bolger et al. (2001), Spens et al. (2007) and Ahlroth et al. (2010).
These and other studies relate empirical data on critical gap sizes,
preparedness to cross matrix, to predictive models of dispersal behaviour,
landscape connectivity, and the potential for genetic variation across
landscapes, throwing ‘Iight on dispersal and migration capacities of species in
particular environments.

Island biogeography provided the dominant paradigm in conservation biology
until the late 1980s, dealing with patches of habitat on fairly large scales. A
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patch of habitat (or “island”) will, according to biogeographical theory, hold
more species if it is near to a source of potential colonisers (other “island”
patches or “the mainland”), and if it is large, than if it is small and/or distant
from sources of colonisers. MacArthur and Wilson (1963, 1967) described an
equilibrium theory of island biogeography to provide explanation for two
empirically observed trends:

e First, the relationship between the size of the area studied and the
number of species to be found in it - the species area relationship
(Preston 1962; reviewed by McGuiness 1984, see also Boecklen and
Gotelli 1984, Qertli et al. 2002).

o Second, that “island” faunas become progressively “impoverished” (i.e.
have fewer species than the equivalent area of “mainland”) with
distance from the nearest “landmass” (Preston 1962, Moore 1962).

Before MacArthur and Wilson’s work (1963, 1967), one explanation for relative
species poverty of remote patches was lack of time for colonisation, implying
that given enough time, even remote patches may approach the species
richness and diversity of near ones. MacArthur and Wilson modified the theory
by considering extinction of established species. The number of species
becoming extinct on an “island” should increase with species richness. Three
of MacArthur and Wilson’s detailed predictions are relevant to the discussion
in this thesis:

o Chaotic fluctuation around equilibrium;

o Species turnover as some become extinct and are replaced by
immigration;

e Patches not at equilibrium (due to environmental change or
disturbance) “relax” over time to a new equilibrium (Diamond 1972).

Brown and Kodric-Brown (1977) developed these concepts still further,
describing a “rescue” effect, where extinction is less likely in nearer than more
distant patches, due to recurrent immigration boosting species’ populations
and gene pools, decreasing the effect of isolation on species richness. A
special case was also proposed by Brown (1971) and developed by Diamond
(1974) by considering species incapable of crossing gaps - no new species of

14



this type arrive, creating a dis-equilibrium and spiral to extinction of such
species. This model predicts that species richness in a patch of habitat reflects
the balance of two processes - extinction and colonization; that equilibrium
occurs because, when fewer species than the equilibrium number are present,
immigration to fill the vacant niche should compensate for extinctions and vice
versa. Extinctions are fewer on an equivalent “mainland” patch because it is
not so isolated from the surrounding habitat; its immigration rates are higher
and some of its resident species populations are maintained (or rescued) by
immigration from the surrounding habitat (Preston 1962). MacArthur and
Wilson extended the theory further, introducing the idea of “stepping stone
patches” enhancing immigration rates of species from a source to a target
patch beyond the stepping stone (MacArthur and Wilson 1967).

It is no great intuitive leap to conclude from this theoretical basis, that were
“corridors” suitable for an organism to move through to connect suitable
patches, otherwise inaccessible patches may become available. The lower the
immigration rate in a patch, the greater the potential for selective loss of
sensitive species over time (Diamond and May 1976), so corridors as conduits
for migration and dispersal, and stepping stones as intermediate staging posts
enabling dispersal or migration for species capable of some movement in the
matrix, by putatively increasing the potential for migration, may allow sensitive
species to re-colonise (Terborgh 1975). Simberloff and Cox (1987) pointed out
that the same effect should lower the extinction rate, through the operation of
the rescue effect, or the replenishment of depleted populations, both in terms
of individuals and gene flow, from neighbouring patches. The intuitive
attraction of corridors and stepping stones for conservation practitioners is
obvious. In some cases, there may be need for successful reproduction within
and along the length of the corridor (for example in plants, see Tikka et al.
2001, but also other taxa, Burel 1989; Bennett 1990, Haddad et al. 2003). In
other cases the corridor may be seen as facilitating movement only, with
reproduction confined to the habitat patches. Caution is needed, however, as
evidence suggests that functional connectivity between structurally connected
populations will not always be achieved by the construction or retention of a
corridor and that functional connectivity cannot be inferred solely from the

15



presence of individuals, or breeding populations, within corridors (Horskins et
al. 2006).

2.2 Metapopulation theory.
Metapopulation theory was developed first to describe populations of

invertebrates in small-scale mosaic habitats (Hanski 1989, and 1998a). The
basic proposition is that the numbers of any given species may fluctuate
greatly in small patches of habitat to the extent of becoming locally extinct in
some, but that the species will persist in an archipelagic collection of island
patches because either re-colonisation takes place from those where
extinction has not taken place, or populations are supplemented by
immigration and extinction is avoided. The genetic viability of metapopulations
is maintained when there is sufficient connectivity between sub populations to
allow gene flow, yet sufficient disconnectedness and asynchrony of population
fluctuations to prevent the sub-populations effectively becoming unified, which
is necessary, if genetic drift and possibly the synchronisation of stochastic
extinction events, are to be avoided.

The intuitive appeal of corridors is supported, and the logic of corridor efficacy
and close spacing of habitat patches is derived from these theories, proposing
that following a local extinction, re-colonisation is likely to be quicker across a
small gap or along a corridor, than in the absence of corridors or across larger
gaps. Alternatively, these same structural features will facilitate
supplementation of a sub-population by immigration, avoiding local extinction
in the first place, allowing species persistence in the patch system as a whole,
even where extinction may be inevitable in individual patches. It is the
movement of individuals and genes between sub-populations and patches that
are essential to metapopulation theory; corridors and stepping-stones
potentially offer a means through which the process may be manifested. It is
necessary to make an important distinction here, between a true
metapopulation and a previously continuous population which has become
fragmented through environmental change or degradation. These may appear
superficially similar - both can have the patch-matrix model applied to them,
but there are fundamental ecological differences between these two states
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which must be accounted for. Patches in a fragmented system constitute
remnants (Forman and Godron 1986) of previously continuous habitat isolated
from each other by a non-habitat matrix; species that have evolved relatively
continuous populations in relatively homogenous habitat may not have the
ability to traverse the matrix between habitat patches if previously
homogenous habitat becomes fragmented, say by human activity. A bona fide
metapopulation patch, however, may be considered an environmental patch, a
result of natural landscape heterogeneity. Areas of natural non-habitat through
which a species is adapted for movement in search of suitable patches, may
not present as much of a barrier. if a fragmented population is to act as a
metapopulation, then the individual within patch fragments of the population
must be functional as demes, within minimum habitat area thresholds and
capable of exchange of individuals and genes between patches.
Fragmentation and loss of habitat is associated with population reduction and
habitat degradation, which may inhibit or prevent this if populations are
reduced to sub-minimum viable population numbers and fall below minimum
habitat area thresholds.

The rate of colonisation and establishment in new patches, and/or the re-
colonisation of old patches after stochastic local extinction events, must equal
or exceed that of local extinction if a metapopulation is to persist. Early and
simple metapopulation models assumed that all patches are equal sources of
colonisers, i.e. that there is no distance effect and habitat patches are
homogenous (see Hanski and Gilpin 1991). However, organisms occupying a
series of habitat patches do not in reality occupy homogenous habitat, but a
collection of some more and some less suitable patches, the less suitable
requiring replenishment from the more suitable for persistence of species
within them, necessarily overcoming or bypassing behavioural or physical
constraints upon migration and dispersal. In other words, sub-populations of a
metapopulation are likely to be as much or more affected by the type and
proximity of other patches as by the resources and other conditions in the
patch or patches where they are found. Pulliam (1988) defined patches
operating as net exporters of individuals as source, and those as net importers
of individuals as sink, patches. Therefore, direct and detailed knowledge of the
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population processes working in conservation areas may be necessary to
avoid or mitigate the effects of the attempted conservation of sinks without
their sources, to the possible detriment of the metapopulation as a whole.
These processes may not be fixed, however, but shifting and spatially
unstable (Vandermeer et al. 2010), and tracking them should be part of the
long term, on-going monitoring element of conservation management

planning.

Delibes et al. (2001a and 2001b) proposed that sinks can attract dispersing
animals if high mortality or breeding failure is difficult for them to detect and
suggested that this may not be an uncommon result if individuals lack cues
associated with reduced fitness inside sinks, and consequently they select
their habitat inappropriately (see also Foppen et al. 2010). In this “attractive
sink” scenario, small changes in the proportion of sink habitat may have
disproportionate effects on the population’s persistence. This does not mean,
however, that sink populations do not contribute to metapopulation survival.
Even if the population cannot fully sustain itself, it is a member of the patch
community, contributing to its biodiversity, affecting other populations within
the community and forming part of the metapopulation’s genetic resource.
Without immigration of course a sink population must eventually become
extinct; its persistence may, however, be a common phenomenon in natural
situations and contribute to the persistence of the metapopulation. Foppen et
al's (2010) study of Reed Warbler (Acrocephalus scirpaceus) in the
Netherlands demonstrated that sinks may under certain conditions support the
stability of source patches and metapopulations, at least prolonging their
survival in decline, thereby perhaps promoting the species persistence in the
landscape.

Furthermore, local populations may fluctuate between source and sink status
with variation in local environmental conditions. Dynamically this fluctuation
represents an intermediate phase between persistence and extinction — from
which rescue through immigration, and restoration to steady source status can
potentially take place (Vandermeer et al. 2010). This may require fewer
individuals than the colonisation of a new patch (Sjégren 1991), or the re-
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colonisation of a patch after local extinction. However, the potential for the
latter is questioned by Thomas (1994) who argued that causes of stochastic
extinction allowing for available habitat for potential re-colonisation later are
uncommon (less than convincingly it must be said, since a number of
ephemeral or transitory causes of local extinction such as temporary
disturbance, point pollution events, or pathogens may readily be envisaged,
particularly in dynamic, self-contained biotopes such as ponds). Numbers
required for colonisation of new patches may be an important consideration,
depending on species characteristics, for example in species requiring
external fertilisation of eggs. Under some circumstances, the most efficient
use of individuals (viewed as a species resource) could be in supporting sink
populations, as opposed to re-colonisation of vacant patches (Sjégren 1991).

Hanski (e.g. 2001) has stressed that distance may have a major effect in
metapopulations - short distances between patches increasing the re-
colonisation rate, but also increasing probability that fluctuations in all patches
may be correlated, even synchronised. For example, Telfer et al. (2001)
examined the spatial distribution of water vole populations in four consecutive
years, investigating regional population processes (extinction, re-colonisation
and migration) influence on distribution and persistence, and how these
processes were influenced by spatial variation in habitat quality. Their findings
showed re-colonisation rates were influenced by isolation and habitat quality,
and indicated that dispersing voles actively selected habitat on the basis of its
quality and proximity. Others, such as Commins and Noble (1985) and
Debinski et al. (2001) have stressed “patch dynamics”, with fluctuations in
habitat patches and the species and populations occupying them being
correlated in a complex interplay between patch scale, movement patterns
and habitat sampling. Vandermeer and Carvajal (2001) through use of a
variety of modelling techniques showed that matrix quality can be extremely
important in determining metapopulation dynamics. A higher-quality matrix
may generally act as a buffer against extinction; however, in some situations
an increase in matrix quality could generate chaotic subpopulation dynamics,
where stability had been the rule in a lower-quality matrix.
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In other words, by forcing metapopulation dynamics on a fragmented
collection of stable subpopulations, the probability of simultaneous extinction
of all subpopulations may actually be increased. Thus, it cannot be
automatically assumed that increasing matrix quality or patch connectivity
through corridor construction will lower the probability of global extinction of a
population. Pickett and Thompson (1978) developed theory accounting for the
significance of area, related to Webb’s (1993) distinction between biotope and
habitat patches. Each biotope patch may consist of several habitat patches,
within each of which a species may become extinct and then re-colonise from
adjacent patches. Study of these internal dynamics should establish the
“minimum dynamic area”, or the area of biotope patch necessary for retention
of sufficient habitat patches to prevent extinction. These habitat patches may
reflect natural heterogeneity, or be the result of rotationally managed or
disturbed habitats. Corridors, by extending the area of a biotope patch, could
assist in providing this minimum area, but too high a level of connectivity within
a metapopulation could be disadvantageous and in practice, this serves to
reinforce the need for regular monitoring and observation of target populations
and biotopes.

Maintenance of levels of connectivity, without elevating these levels such that
complete synchrony is achieved, may be crucial to the stability and
persistence of a population (Crowley 1981). In other words, metapopulation
theory suggests that connectivity should be sufficient to dampen stochastic
population fluctuations in habitat patches (so that local extinction and dramatic
genetic effects are rare), but not so extensive as to synchronise population
fluctuations within the habitat patch system. There is evidence from modelling
studies that the relationship here is far from simple. Orrock (2005) found in
simulation that connecting a stable but isolated population to an unstable one
requiring periodic recovery (sink patch) could be beneficial or problematic,
depending on disturbance levels. Where disturbance levels were low, fixation
of beneficial alleles and loss of harmful alleles was increased, however, where
disturbance levels were high the reverse was the case, and so by changing
fixation, corridor connection could promote adaptation or extinction depending
on conditions and species’ genetic characteristics.
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As mentioned above, different species perceive habitat in different ways
depending on issues of physiology, behaviour and scale. A corridor link across
inhospitable matrix for one species or group of species may paradoxically
constitute a barrier to movement to another, whose habitat is in those patches
perceived as matrix by the other (for example see Forman and Godron 1981,
Adams and Dove 1989, Verkaar 1990, Woiwod and Thomas 1993). Often the
literature on corridors takes as the conservation model that of natural habitat
such as continuous primary forest fragmented by timber resource exploitation
or clearance for agriculture, where the target species are those of the native
natural habitat. There may not always be so clear cut a scenario, and
identification of species or habitats to be conserved so easy, for example in
regions such as the UK, where clearance of natural habitat took place so long
ago, or where it has taken place over a less protracted period, but has been
so intensive, that little if any natural habitat remains. In such cases clearly
there are major implications for the design and location of corridors, which
may raise complex questions of conservation priorities, and stakeholder

interest.

2.3 Structural elements of ecological networks.
The concept of habitat features operating as conduits, or stepping stones, for

the movement of organisms through the landscape between core habitat
areas arises from general consideration of degraded and fragmented habitats,
and barriers to dispersal. The intuitive appeal of the concept is obvious,
particularly from a practitioner point of view. However, it has often been seized
upon without adequate consideration, and it is well worth briefly examining
here the development of the literature on these structural elements, upon
which the functioning of ecological networks at any scale rests. The efficacy
and viability of ecological corridors has been the topic of recurring debate for
some decades. An early rapid expansion of publication on the concept,
combined with its intuitive appeal, saw the corridor proposition readily become
“fashionable” with practitioners. After appearing in prestigious and influential
publications (e.g. [IUCN 1980) a discussion developed in the theoretical
literature regarding the validity of the proposition, particularly following the
publication of papers critical of the concept (e.g. Simberloff and Cox 1987).
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Dawson (1994a and 1994b) identified a substantial body of literature
advocating the creation or retention of linear features, potentially functioning
as landscape conduits, up to his time of writing (e.g. Diamond 1974, 1975;
Wilson and Willis 1975; Diamond and May 1976; Forman and Godron 1981;
Noss 1983; Wittig and Schreiber 1983; Bridgewater 1987; Burgman et al.
1988, Adams and Dove 1989; Saunders and Hobbs 1989; Grove and
Schermeister 1990; Moore 1991; Council of Europe 1992a), citing also Harris
and Scheck (1991) and Helliwell (1975) as reviewers of related conservation
practice.

Dawson (1994a and 1994b) reviewed solely the concept of corridors as
“conduits” (Bennett 1990; Forman 1991; Peterken 1993) or “travel corridors”
(Johnson and Beck 1986), “biotic corridors” (Spellerberg 1989) and
“movement corridors” (Merriam 1991b). Spellerberg and Gaywood (1993),
however, reviewed the literature on all aspects of corridors and ‘“linear
habitats”, including a summary of studies suggesting conduit function.
Corridors may and do serve a range of aesthetic, recreational and other
functions (Forman and Godron 1986; Noss 1987; Moore 1990; Low 1991;
Forman 1991; Hobbs 1992; Spellerberg and Gaywood 1993, Bryant 2006,
Ignatieva et al. 2011,) and may deserve recognition by ecologists and
conservationists simply as elongated habitat patches in their own right,
regardless of any connector function (Adams and Geiss 1983; Arnold 1983;
Osbourne 1984; Forman and Godron 1986; Simberloff and Cox 1987; Noss
1987; Adams and Dove 1989; Lynch and Saunders 1991; Merriam 1991b).
Concern that species may become trapped in isolated reserves and natural
areas, latterly as climatic change renders their environment unsuitable, has
been an additional spur to interest in corridors as conduits for migration and
range adjustment (Wilcox 1980, Peters and Darling 1985, Peters 1988, Grove
and Schermeister 1990, Warren and Key 1991, Hobbs and Hopkins 1991,
Briers 2001, Shafer 2001, Piper et al. 2006), (see Fig 1, below).
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Figure 1; Conceptual illustration of corridor systems suggested to promote
movement at a range of spatial (and temporal) scales (from Dawson 1994a).

Numerous studies have demonstrated inter-patch movement happening more
easily in corridors than the matrix, or movement within and occupancy of
corridors as habitat patches, without necessarily demonstrating functionality as
conduits, though these have often lacked unconnected controls. Even these
studies are, however, sufficient to show that corridors can help meet size
threshold requirements of species, or provide migration routes, especially for
terrestrial animals such as mammals, amphibians and birds. One of the
earliest and best studies, which met the requirements of hypothesis testing,
Pollard et al. (1974), was on the distribution of Dogs Mercury (Mercurialis
perennis) in hedgerows extending from a wood in Northamptonshire, UK. This
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study is particularly interesting in that while it demonstrates movement (or
extension of area); the rate of movement along the hedgerow corridors was so
slow as to make the demonstration of readily visible results within the scale of
a human lifetime difficult, which emphasises the question of scale, both spatial
and temporal, in assessment of conduit function.

While some more recent studies dealing with corridor effectiveness have
provided positive support (e.g. Castellon and Sieving 2006, Damschen et al.
2006, Baker 2007) others do not or at least raise cause for caution (Collinge
2000, Hoyle and Gilbert 2004, Rantalainen et al. 2005). Examples of “good”
corridor studies (i.e. testing hypotheses by comparison with experimental or
natural control situations, replication, and rejection of a null hypothesis in
statistical tests) are relatively rare, while studies stating that “corridors” would
be useful in a given situation often without justification within presented
findings, are common (e.g. the otherwise admirable Roe and Georges 2007).
Gilbert-Norton et al. (2010) made a meta-analysis of a selection of 78
experiments (drawn from 130 laboratory and field studies dating from 1985 to
2008), using only studies with replicated corridor and control treatments.
Overall, 60 experiments showed positive effect sizes, suggesting corridors
increased movement between habitat patches, and 18 showed negative effect
sizes. They reported that across all the studies the mean effect size was
positive, of medium strength and highly significant, representing an
approximately 50% increase in movement between habitat patches connected
by corridors relative to movement between unconnected habitat patches.
Invertebrates, non-avian vertebrates and plants showed no significant
difference in amount of movement, but with all three taxa showing more
movement through corridors than birds, and natural experiments showing
more movement through corridors than experiments with created corridors.
This said, 23% showed that corridors were less effective than non-habitat
matrix in facilitating movement between patches, suggesting (potential for
misclassification of habitat as non-habitat and poor corridor design or
execution aside) that while corridors may be useful for many species, they are
unlikely to be used by all species, and their relevance in particular cases may
depend on the species targeted for management.
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The use of the term “corridor” itself can be problematic (as indeed can the
range of terms applied by writers in their efforts to not use the C-word, and so
invoke its implication of conduit function - see Hesse and Fischer 2001).
Numerous researchers working with corridors have noted that lack of a clear
and consistent terminology leads to confusion about the goals of corridors
(Saunders and Hobbs 1991, Loney and Hobbs 1991; Simberloff et al. 1992,
Lindenmayer et al. 1993 and 1994; Rosenberg et al, 1995, 1997 and 1998;
Hobbs and Wilson 1998, Bennett 1999 and Hess and Fischer, 2001). A much
greater degree of specificity and terminological consistency regarding corridor
function and attributes would assist clarity, particularly in relation to
differentiation between corridors as conduits, and corridors as habitat patches.
Use of “corridor” in game management, island biogeography, and
metapopulation literature is focused on function, while a structural usage of
the term has arisen in conservation management and landscape ecology.
“Corridor” is now used to describe both structural and functional aspects of
landscape features, often implicitly, in a wide range of disciplinary literature
and lack of a clear and consistent terminology has significant implications in
terms of confusion in relation to design and conservation management of
corridor features. Hess and Fischer (2001) pointed out that appropriateness
and proper design and management of a corridor depend critically on a clear
and explicit statement of its intended or inherent functions, rejecting succinct
definitions because of the complex and multiple functions a corridor may
serve. Instead, they suggest, somewhat hopefully perhaps, that
conservationists and planners consider and document explicitly the possible
functions of corridors when considering and designing them.

The efficacy of corridors, relative to that of the preservation of as much habitat
as possible, and extension of area of existing habitat patches is another
contentious issue. Substantial literature supports the proposition that
persistence and abundance in larger, unconnected patches (potential for in-
breeding depression aside) is better than in smaller connected patches (e.g.
Falcy and Estades 2007, Hodgson et al. 2011). There is also (e.g. Martensen
et al. 2008) support for the proposition that well connected fragments may
sustain a broader range of species and greater abundance of individuals, with
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the additional connectivity providing opportunity for use of multiple fragments,

and habitat types. The preservation of as many and as large fragments,

especially in areas of genuinely natural habitat, should always be a

conservation aim but connectivity between fragments can enhance the area

functionally connected and is beneficial to all functional groups and therefore

should also be a conservation priority, with balance and careful selection of

approach on a case by case basis the aim. The answers to conservation

ecological questions are rarely simple.

A range of situations and differing purposes for which corridors may prove

advantageous can be listed:

Re-colonisation; Corridors may allow species in a single habitat patch
to be saved from, or the patch to be re-colonised after, local species
extinction events (Diamond and May 1976; Forman and Godron 1981;
Adams and Dove 1989; Bennett 1990; Soulé and Gilpin 1991; Merriam
1991b; Hobbs 1992, Taylor et al. 2005, Dixon et al. 2006, Remonti et
al. 2008).

Size Threshold effects; Corridors may allow individual animals, by
facilitating movement between two or more otherwise mutually
inaccessible patches, to find enough habitat types and area for day-to-
day survival, where one of the patches in isolation would provide
insufficient resources to support them (Sullivan and Schaeffer 1975;
Forman and Godron 1981; Simberloff and Cox 1987; Goldstein-Golding
1991; Merriam 1991a and 1991b; Hobbs 1992, Martensen et al. 2008).
Migration; Migratory animals may use corridors to facilitate their
regular seasonal movement between habitats they exploit (Adams and
Dove 1989; Merriam 1991b; Hobbs 1992), so meeting the requirements
of survival, either as individuals or populations.

Climate change; Species may need to follow their habitats as their
distribution changes under the effects of climate change. Corridors may
provide the linkages necessary for these changes in distribution (Hill et
al. 1994, Peters 1988, Peters and Darling 1985, Walker and Steffen
1997, Piper et al. 2006).
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e Gene flow; Enhancing the connectivity of potentially isolated
populations corridors may facilitate gene flow across the landscape
(Forman and Godron 1981; Merriam 1991b, Shirk et al. 2010).

¢ Incidence. Corridors may enable species or individuals not in any
danger of extinction or death to range more widely than the
permeability of the matrix would otherwise allow, giving them more
access to their required habitat (conservation of the common).

2.4 Stepping Stones and connectivity
Gilpin (1980) built on the McArthur/Wilson island theory (McArthur and Wilson

1963; 1967) by allowing that individual species differ in their ability to survive
on relatively small stepping stone patches or “islands”, using a similar model to
the peninsular effect. Gilpin considered that in the absence of stepping stones,
most species would be present on the island all the time, or not at all. This
theory consequently suggests that the presence or absence of stepping stone
patches would influence very strongly a particular group of species: those
which sometimes occur on the island, and are capable of crossing matrix to
some degree. As with corridors, this sub group of species would also tend to
be those with intermediate powers of dispersal; sedentary or very poorly
dispersing species with physiological or behavioural aversions to the matrix
not benefiting at all from stepping-stones, and strongly dispersing species able
to traverse matrix unhindered, benefiting from stepping-stones only in the
special case of “staging posts” for long distance migrants. At bottom, the
function of corridors and island patches are effectively the same in the context
of an ecological network — to facilitate the movement of organisms between
habitat patches. As observed above, the essential difference may actually be
one of scale, and species characteristics. For example, a wetland site used as
a stopping off point in a regional or global scale migration corridor for
migratory birds would have to be considered a stepping-stone, albeit perhaps
on the larger scale seen as part of a corridor, and at smaller scales a habitat
patch. In the case of a low vagility amphibian species intermediate, more
isolated ponds, located between well connected pond clusters may play key
stepping stone roles in dispersal, colonisation and re-colonisation.
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Keitt et al. (1997), in their study of dispersal and movement patterns of
Mexican spotted Owls (Strix occidentalis lucida), demonstrated that stepping
stone patches, located at critical points in a network, may play a role in the
network disproportionate fo the inherent quality or size of the patch itself.
Stepping stone patches may be the locations of abrupt scale dependent
changes in levels of connectedness and connectivity, indicating that
connectivity of landscapes themselves is highly scale dependent, with marked
transitions at distances characteristic to particular species, and varying
significantly for organisms with differing dispersal capacities and behaviour.
More importantly, they showed that the sensitivity and importance of
landscape pattern is also scale dependent, peaking at scales associated with
percolation transitions (Stauffer and Aharony 1985, Gardner et al. 1989,
1992). This allows analysis to identify critical “stepping stone” patches that,
when removed from, or established in, the landscape, cause large changes in
connectivity, related not only to the spatial distribution of habitats across a
landscape, but also on the scale at which organisms interact with landscape
pattern (Merriam 1984, Gardner et al. 1989, Noss 1991). Thus, landscape
patterns can act as scale-dependent “filters”, relating differentially to the
movement of species operating on different spatial scales. Landscape
connectivity does not depend on scale alone, however; the configuration or
spatial arrangement of habitats in a landscape is also an important
determinant of connectivity (Forman and Baudry 1984, Henein and Merriam
1990, Gardner et al. 1992, Taylor et al. 1993, Alderman et al. 2005, Baguette
and Van Dyck 2007, Pascual-Hortal and Saura 2006). |

Keitt et al. (1997), presented a multi-scale analysis of landscape connectivity,
based on an extension of uniform percolation theory to non-uniform landscape
graphs (Cantwell and Forman 1993), developing both aggregate measures of
landscape connectivity and patch-based measures of individual patch
contributions to overall connectivity. An important finding of their analysis was
that habitat loss has a highly scale-dependent effect on landscape
connectivity. For organisms that perceive the landscape at fine scales,
landscape configuration and stepping stone patches must be addressed at
scales appropriate to them. Similarly, movements of species capable of long-
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range dispersal will not be strongly influenced by the configuration of individual
patches. Near the species specific percolation transition, however, landscape
configuration may play a significant role in determining landscape connectivity
- near the percolation transition, individual patches can act as corridors or
stepping-stones, bridging gaps in habitat distribution.

Species using different modes of dispersal will interact with landscape
patterns in different ways. The Keitt et al. (1997) model, was based on the
dispersal behaviour of Mexican Spotted Owls (S. o. lucida); however, an
organism that must walk, run or slither over a landscape will encounter
different barriers, and experience them differently. However, the general
approach may easily be modified to incorporate other modes of dispersal and
more detailed spatial and species information. Examinations of actual species
dispersal rates show that many do not require corridors, because they are
physically and behaviourally adapted to cross inhospitable matrix between
patches without their use. Others, such as clonal woodland plant species,
disperse so slowly even through favourable habitat, that colonisation of new
patches is unlikely in time scales realistic in a human frame of reference.
These two groups can benefit little if at all from corridors as anything other
than habitat patches in their own right. This implies, however, an intermediate
group, identification of which requires detailed species and habitat specific
data, but which will be able to utilise corridors and experience severe difficulty
or be unable to cross the matrix successfully over fairly specific distances, and
which would benefit from corridors and stepping-stones. Published examples
of studies relating to this proposition include Laurance and Laurance (1999),
Lode (2000), Perault and Lomolino (2000), Sieving et al. (2000), Trombulak
and Frissell (2000), Andreassen and Ims (2001), Berggren ef al (2001),
Bolger et al. (2001), Coffman et al. (2001), Fernandez-Juricic, (2001), Joly et
al. (2001), Mech and Hallett (2001), Palomares (2001), Pryke and Samways
(2001), Tikka et al. (2001), Tull and Krausman (2001), Dover and Settle
(2009), Bosschieter et al. (2010).
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The evidence suggests that populations benefiting most from corridors will be
specialist, disperse poorly and have been lost from remote or small fragments.
Evidence for movement along corridors, and not across matrix and barriers,
confirms the value of corridors in providing movement and migration routes
and meeting size threshold requirements. From a conservation point of view
the weight of evidence, and the undoubted cost of replacing lost corridors in
contrast to the ease of retaining them, strongly suggests that the
precautionary principle (O’'Riordan and Cameron 1994) should be exercised,
even when rigorous proofs of reliance on corridors as conduits are absent. In
other words, where corridors exist they should be retained, and enhanced
wherever possible. Where they do not, resources permit and their construction
is not contra-indicated by other factors, their creation should be considered. At
the very least, corridors should be seen as having intrinsic value as habitat
patches in themselves and their preservation or creation considered from that
point of view.

The situation with regards to stepping-stone patches is less straightforward.
Clearly all the statements relating to the intrinsic benefits of corridors as
habitat patches in their own right apply equally well to stepping-stones.
Circumstances can be envisaged (if perhaps limited ones) in which the
potential disadvantages of structural connection by corridors could be
overcome by creation of stepping-stone patches for particular species,
enhancing connectivity as perceived at that species’ spatial scale, but not at
others. The strategic creation of stepping-stones within the context of a
network may be used to generate abrupt changes in connectivity at different
spatial scales, to increase but also (by judicious removal) reduce (for example
as a control measure against pathogens or invasive species) connectivity. The
application of the network concept into planning and land use decisions could
avoid the destruction or loss to natural succession of seemingly less valuable
habitat patches (from the point of view of their own intrinsic habitat quality), the
loss of which in the stepping stone context could produce major and
unforeseen reductions in landscape connectivity.
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2.5 Structural barriers to functional connectivity, migration
and dispersal.

Anthropogenic barriers, such as roads and man-made features other than
inhospitable matrix habitat, may present barriers to movement for species and
individuals otherwise physically and behaviourally capable of crossing the
matrix. This may be either due to unsustainably high fatality rates or
behavioural inability to cross the barrier. Harris and Scheck (1991) listed the
many aspects of a cultural landscape that may be a barrier to animal
movement, some of which they considered as effective a barrier as the sea in
classic island studies. Trombulak and Frissell, (2000), in their review of the
ecological impacts of roads, highlighted not only the direct effect of roads as
physical barriers to dispersal, but the less obvious effects of changes to soil
density, temperature, soil water content, light levels, surface waters, patterns
of runoff, and sedimentation, as well as heavy metals, salts, organic
molecules, ozone, and nutrient pollution (see also Vos and Chardon 1998). It
should be noted that directionality is an issue here, as while a road may
represent a barrier to movement perpendicular to it, suitably vegetated verges
may represent corridors facilitating movement and dispersal parallel to it (e.g.
Tikka et al. 2001).

At least in the case of small mammal species, it has been demonstrated that
the road itself (rather than emissions or traffic) is actively avoided, with the
implication that traffic reduction or calming would be ineffective, and that
relatively low traffic frequencies may not necessarily diminish the barrier
effects of roads (McGregor et al. 2008, Shepard et al. 2008a and 2008b).
Lode (2000), studied the effects of a motorway on mortality and isolation of
populations for a range of species. The results showed that road mortality
considerably affected vertebrate populations with animal mortality
exponentially increasing with traffic volume, to almost 100% of migrants where
no mitigation passage existed (see also Forman and Hersperger 1996,
Alexander and Waters 2000, Mumme et al. 2000). Roe et al. (2006), in a study
of water snake species of differing vagility, demonstrated that the effects of
mortality on species varies with vagility — perhaps counter intuitively, more
mobile species (through consequent higher probability of encounters with road
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crossings) suffering substantially higher mortality compared with more
sedentary species (in this study 14-21% and 3-5% of population per year,
respectively). Corridors may in these circumstances literally as well as
metaphorically constitute a “bridge” (or indeed tunnel) facilitating movement
and dispersal.

Studies involving roads and other such barriers (Merriam ef al. 1989, Mader et
al. 1990, Bennett 1991a and 1991b) have suggested some species rarely
cross them or do indeed incur high mortality in doing so. It should be noted
though, that studies simply show most such barriers are a hindrance to re-
colonisation, not that they prevent it. However, for individual animals to
achieve minimum habitat threshold and migrants to complete seasonal
movements, they must have a reasonable probability of survival. Furthermore,
for the use of corridors to be justified in most cases, the total prevention of
possible colonisation/re-colonisation without them is not a pre-requisite; simply
that corridor provision would enhance otherwise marginal or unacceptably low
probabilities.

Low colonisation rates of suitable habitat ultimately arise through failure to
leave the source, or failure to arrive at the target patch. A poor corridor may be
a lethal trap, particularly to less readily dispersing, or vulnerable species —
poor quality, or interrupted habitat and increased predation due to edge effects
in the corridor may elevate mortality rates (Orrock et al. 2003, Orrock and
Damschen 2005), and the corridor itself may act as an “attractive sink
(Delibes et al. 2001a and 2001b). The common assumption regarding isolation
- that it is inherently a “bad thing” - needs careful consideration in itself.
Isolation is not always necessarily deleterious to the persistence of rare or
endemic species. In addition to the genetic arguments raised in Vandermeer
and Carvajal (2001), Crowley (1981), Simberloff and Cox (1987), and Panetta
and Hopkins (1991), the competition aspects warned of by Walker and Steffen
(1997), i.e. that immigrants and exploiters of corridor improved connectivity
may be predominantly invasive competitor species which may displace target
species, or predators (Burkey 1997, Holyoak 2000) and danger of pathogen
dispersal (Hess 1994 and 1996) are real concerns. Weldon (2006)
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demonstrated in a study examining the effect of increased corridor
connectivity on Indigo Bunting (Passerina cyanea) nesting success, that nest
predation was increased in connected sites as compared to unconnected
sites, identifying the mechanism as associated with edge/area ratio increase in
the connected sites.

It has also been suggested (though inconclusively and on limited evidence)
that corridors may be exploited by mammalian predators as prey-traps, with
prey species being effectively funnelled into areas of high concentration,
raising the possibility that use of corridors by predators may reduce the
effectiveness of passages in conserving other forms of wildlife. Little et al.
(2002) reviewed the literature and concluded that evidence for the existence of
prey-traps is scant, largely anecdotal and tends to indicate infrequent
opportunism rather than the establishment of patterns of recurring predation.
More research will be needed in this area. Most corridor studies record no
evidence of predation (though do not generally deal specifically with this) in or
around corridors and conversely, there is some evidence that predator species
use differently configured corridors than their prey (Little et al. 2002). On
balance, the weight of evidence falls on the side of the beneficial or at least
neutral effects of corridors on species persistence within and dispersal
between patches, but careful consideration of location and design issues must
be a fundamental prerequisite of any corridor proposition.

2.6 Lines on maps and lines in the sand.
Put simply, ecological networks and wider landscape management seek to re-

connect fragmented landscapes and ecosystems; clearly in the human
dominated landscapes of Northwest Europe, this means cooperative
management across the administrative and property boundaries
superimposed upon those landscapes and ecosystems. Consequently both
ecosystem function and process, and stakeholder perceptions, participation,
and long term social and economic planning processes must be encompassed
by the ecological networks concept (Boothby and James 2002); effective
ecological networks must be made up of “actor networks” (Selman and Wragg
1999) as well as physical and administrative constructs (James et al. 2000).
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Through these means, the scope of conservation management outside
designated sites may be broadened, crossing cadastral and property
boundaries to form a closer approximation to ecologically bounded areas and
functions, rather than being restricted by human social constructs such as
designated special conservation areas and the limits of property boundaries
(Smith 1995a and Boothby 2004).

Ecological networks of any kind or scale have no legal status in the UK
despite the terms’ appearance explicitly in the National Planning Policy
Framework (DCLG 2012) and structural plans, and will therefore require the
use of “soft levers” such as inducements from Agri-environment Scheme
(AES) funding where possible. Indeed, a somewhat loose commitment to the
network approach resulting from treaty and agreement commitments has been
translated into concerted effort on the part of government to develop them only
recently (Lawton et al. 2010, DCLG 2012). The realisation of ecological
networks is not intended to result in any new form of conservation designation,
replace or undermine any existing ones. Any part of a network receiving
designation could not do so by virtue of the creation of such a network and or
its place within it per se. However, lines on maps in themselves (Boothby
2004) may be a contentious issue. Ultimately, the creation of a network cannot
proceed without the prior identification of core areas, corridors, stepping-
stones and buffers. Consequently lines on maps are inevitable and the act of
their creation, privately or publicly, with legal status or without, may be
controversial.

The generation of even hypothetical boundaries may create antagonisms,
hidden or explicit, due to real or perceived issues of ownership and control
(Julien et al. 2001, MacFarlane 2000a and 2000b, Morris and Potter 1985).
The identification of core areas, whether some legal nature conservation
designation already applies or not, will undoubtedly bring with it additional
responsibilities (at least in perception). This effect may in some ways be more
pronounced in the case of habitat creation or enhancement areas and
connecting corridors as a result of their essentially creative purpose - be it of
new or improved habitat, or landscape connectivity and connectedness. By
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undertaking the enhancement of the “conservation estate” outside designated
areas, land deserving of formal designation may (hopefully will) be generated
over time. Resistance to voluntary agreement to create networks may well be
seen by many land managers as a necessary defence against future land use
restrictions arising from increased occurrence of protected species or biotopes
worthy of designations such as Site of Special Scientific Interest (SSSI) or
Special Area of Conservation (SAC).

Property, particularly in land, holds crucial economic and social significance
and requires that boundaries should be clearly and precisely defined, an
aspect central to their meaning. Mereotopology (the relationship between
wholes and parts) offers some useful insights (Smith 1997). Smith (1995a and
1995b) proposed that the “real” world is made up of complete “Bona fide’,
‘real” objects, and created objects defined by human actions, “fiaf’ objects.
Bona fide boundaries include physical entities, such as continental plates,
coasts, river banks and lakesides — with boundaries (however ephemeral or
indeterminate) existing irrespective of any human conceptualisation or efforts
to delineate them, resulting from qualitative discontinuities in nature. “Fiat”
boundaries remain entirely conceptual - though sometimes acquiring greater
significance in economic, political and social terms than many bona fide
boundaries - owing their existence to human administrative, legal, political or
cognitive decision making processes.

Included in this category would be political and administrative units, property
lines and most forms of “habitat boundary” (representing as they do a
gradational scale dependent progression, with the point of transition from one
to another unfixed, qualitative change being a matter of species perception,
the “boundary” as perceived by humans, being a human construct). Smith
(1997) also defines incomplete, “fuzzy” edged spatial objects lacking well
defined or lasting exterior boundaries —such as flocks of birds, shoals of fish,
population and species distributions; objects which are not the products of
human cognition and assignment of arbitrary or conventional boundaries, but
also are not necessarily representative of some underlying natural spatial
discontinuity. As Boothby (2004) observes, the concept of incompletely
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bounded objects is directly relevant to the potentially controversial boundaries
generated by ecological network development.

A very small proportion of sites which may be considered valuable to nature
conservation receive any kind of conservation designation. In designating as
valuable and applying conservation designation, bona fide boundaries (if
“incomplete” or “fuzzy” natural boundaries) are (hopefully) subsumed into
(complete) fiat boundaries. Indefinable or incomplete boundaries are a central
feature of wildlife censuses and habitat surveys - maps of species distributions
are generalised abstractions, delineating likely rather than literal presence,
often based on proxy evidence, such as climate envelopes or particular habitat
characteristics. Species distribution, though not necessarily presence, may
track underlying contours in nature - specific habitats (as perceived by
particular species) are bona fide objects, and bona fide objects may have
indeterminate and ephemeral boundaries as well as determinate fixed ones.
The creation, through survey and buffering in GIS of core areas and so on,
may correspond to bona fide boundaries - soil chemistry, geology - but more
likely in the highly fragmented, production dominated landscapes of the
developed countries, consist of collections of both fiat and bona fide objects,
given fiat status through management agreements.

Success in the objectives of conservation efforts could well confer bona fide
status on the components of the conservation area - over time their fiat status
as management areas being converted into tangible restored (semi-)natural
habitat. This conversion, or merely the potential for it, could present some
stakeholders with difficulties. The presence of ‘new” species and habitats
could bring with it duties and responsibilities that the stakeholder would prefer
not to entertain, such as for example the restraints imposed by the illegality of
interfering with a protected species or its habitat. An ecological network for
Triturus cristatus for example, would define its habitat as not just the pond in
which it breeds and surrounding terrestrial feeding and overwintering habitat,
but the pond cluster(s) which support its (meta)population(s) and the
connecting corridors and island stepping stones which link them. Creation of
new ponds and terrestrial habitat would potentially extend the population
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range through colonization and so extend, or create new and additional,
protected habitat.

Insights made possible through the concepts of mereotopology can provide a
means of conceptualising the complex interrelationship of ends and means
involved in the creation or restoration of habitats and extension or re-
establishment of species distributions and presence. Actions to promote
species can become tools for habitat protection, species protection methods
help to protect habitats, which consequently promote species persistence.
Mereotopology also forces (and allows) consideration of the ontology of
landscape, helping define those consisting of variegated, shifting or ephemeral
and patchy features - which have typically in the past been considered as
aggregations of disparate individual elements, for example in relation to pond
conservation. Through this a contribution can be made to solving the problems
of whole landscape management and planning.

The concept of ecological networks and landscape scale conservation
considered in this thesis is by necessity partial, controversial, unsupported and
unfettered by legal definition, delineating planners’ intention and fiat perhaps
as much as bona fide nature. However, the lines on maps they consist of have
the power to generate anxiety, controversy, debate, animosity and resistance.
The spatial characteristics and objectives of the network must, however, be
disclosed at some point, to facilitate their realisaton and to produce
assessable wildlife outcomes (Kleijn et al. 2001, Kleijn and Sutherland 2003
and Peach et al. 2001). Through stakeholder involvement and genuine
participation from the outset, anxiety may be reduced, resistance so far as
possible disarmed, or at least forced to articulate itself in such a way as to
make a possibly workable compromise attainable. In essence, ecological
networks and wider landscape management to one extent or another
represent a move towards a “fuzzy edged” spatial planning, where
designations become de-stabilised, rights exclusive boundaries less restrictive
and more balanced against responsibilities and co-operative management
across property boundaries. This very “Fuzziness”, paradoxically, heightens
the need for precise spatial targeting if conservation efforts are not to be
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dissipated. Means to expedite this level of targeting are at the centre of this
thesis.

This chapter has examined the theoretical underpinnings of the ecological
networks concept and structures, and has considered the evidence base for
the efficacy of their application as management tools within wider landscape
conservation management. The following chapter will examine the
autecological knowledge base in relation to T. cristatus and its interaction with
habitat at landscape scales to identify the key parameters which landscape
analysis will need to address:

o Terrestrial movement capacity in pre- and post- and breeding migration
between terrestrial and aquatic habitat and dispersal,

» the importance of proximity and connectivity of aquatic habitat for 7.
cristatus occupation and breeding presence,

e the importance of proximity and quantity of core habitat for occupation
and breeding presence.

This will inform subsequent graph theoretic analysis of the configuration of key
habitat patches in a landscape typical of the species core range, as the basis
for spatial targeting of habitat creation, preservation and enhancement.
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Chapter 3 The Great Crested Newt (Triturus
cristatus) and the wider countryside

3.1 The focal species (Triturus cristatus).

Triturus cristatus (Laurenti, 1768), the Great Crested Newt, was selected as
the focal species for its fulfilment of criteria which the focal species should
meet, and the ready availability to the author of a substantial quantity of data
on the distribution and breeding presence of the species across the Cheshire
and North Wales area within which study sites were under consideration.
Criteria for selection of the focal species were that it should;

» have limited/intermediate dispersal/migration capacity and so be part of
the sub-set of species most likely to benefit from landscape scale
management for connectivity (see chapter 2).

e have habitat requirements making it suitable for consideration as an
“umbrella” species, management in favour of which would be likely to
support the conservation of a suite of other species.

* be a species of recognised conservation interest, preferably specifically
identified in existing AES provision as one for which funding to support
management in its favour is available.

T. cristatus is a short distance dispersing, philopatric species, whose terrestrial
habitat requirements are shared with a wide variety of vertebrate and
invertebrate species of conservation interest. The species is strictly protected
under provision of the Wildlife and Countryside Act 1981 (as amended),
(HMSO 1981), and the Conservation of Habitats and Species Regulations
2010 (HMSO 2010), and listed as a species of principal importance for the
conservation of biodiversity in both England and Wales under Sections 41 and
42 (respectively) of the Natural Environment and Rural Communities (NERC)
Act 2006, (HMSO 2006). It is included in Annexes Il and IV of the Habitats
Directive (Council of Europe 1992a), and both the species and its aquatic
habitat in particular are targeted for funding within existing AES provision.
Management for provision of Favourable Conservation Status (FCS) of the
species must include management of both terrestrial and aquatic habitat, and
necessarily involve landscape features (extensive pond networks and
intervening terrestrial habitat) straddling multiple land holdings.
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In the UK, T. cristatus is found across a range of mainly lowland habitats; a
high density of suitable ponds, with adjacent daytime refugia and hibernation
sites, in a mosaic of extensive or relatively unimproved grassland and broad
leaved woodland provides what is generally considered optimal terrestrial
habitat (Langton et al. 2001, Swan and Oldham 1993); see Table 1, below.
Extensive coniferous forestry plantations are generally considered sub-
optimal, since their sparse herb layer provides limited foraging potential and
cover for adults. Their generally low pH ponds, generally macrophyte poor due
to low light levels, warm slowly in spring and provide limited egg laying
substrate and invertebrate prey for larvae.

Table 1; Recorded population densities of T. cristatus in a range of favourable habitat
(from Oldham 1994), after Cooke (1985, 1986), Oldham and Nicolson (1986),

Franklin (1993) and Horton and Branscombe (1994), with population estimates from
the Cheshire Triturus cristatus Site Inventory (CTcSI 2008).

Est. pop.
Site ; ‘ Habitat Density
(no. ha™)
Little Wittenham Large area of woodland 50 -1,500
Shillow Hill Small area of woodland, | 25 - 1,250
surrounded by agricultural land.
Leicestershire Ag. Land Agricultural mosaic 20 - 250
Lomax Brow Agricultural and old industrial land | ~20
CTcSI' (derived from all available records, habitat quality not accounted for).
Count %"
Total records 894 100.0
No population Estimate available in
record 673 75.2
Pop. Est. Low (1-10)° 128 14.4
Medium (11-100) 59 6.5
High (101+) 34 3.7

Estimates in CTcSI records are either in, or are converted for use here, to English Nature
categories (English Nature 2001) from other systems in use over the period covered at time
of writing (1910 — 2007) or from raw maximum capture/count where available. *Refers to
maximum capture/count. *Note percentages do not sum to 100 due to rounding.

3.2 The Landscape Matrix.
Joly et al. (2001) examined the effects of variation in characteristics of the

habitat matrix on three co-occurring species of newts, including T. cristatus, in
European agricultural land. Though their study examined only the effects of
presence of cultivation and woodland upon species distribution, specifically
filtering out the effects of other major causes of habitat fragmentation, such as
road networks and urbanisation, it throws useful light on key factors. They
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examined the effects of a range of breeding pond site variables (pond depth
and area; bank slope; proportion of area with floating vegetation cover and
presence of fish) and terrestrial landscape variables (proportion of woodland,
proportion of cultivated land, hedgerow length, number of ponds, angle of the
uncultivated sector, i.e. the angular sum of all directions for which a straight
line from the pond to woodland did not cross cultivated land) in 50ha areas
within a 400m radius centred on each pond. Within a subset of samples
examined to isolate the influence of cultivation from forest presence (20 sites
selected for forested area within a limited range) high abundances were
observed only where the un-cultivated angle exceeded 140 degrees. Overall,
Joly et al.’s (2001) findings broadly concurred with those of Swan and Oldham
(1993). The relationship between T. cristatus abundance and cultivated angle
followed a skewed bell curve — abundance increased with cultivated area until
a threshold level was reached, beyond which decline was rapid, suggesting
newt abundance was enhanced in areas where levels of cultivated area were
intermediate, possibly reflecting levels of landscape heterogeneity or
(perhaps) reflecting crowding due to lack of other suitable breeding habitat in
the surrounding matrix, as suggested by Grayson (1994). Association was
also found with increasing pond density (high when exceeding 5ha™).

Other landscape variables (except woodland area) negatively influenced the
abundances of all three species examined, with pond area, fish presence
(possibly conflated since larger ponds tended to be commercial fish breeding
ponds in the study area and large ponds are generally associated with higher
likelihood of fish presence), hedgerow length and a high proportion of
cultivated area being negatively related to abundance. The only surprise here
would be the negative relationship between abundance and hedgerow length.
A possible explanation for this is that the supposed beneficial effects of
hedgerow length (frequently seen as potential habitat and movement corridors
for newts) were masked by some other variable(s), as was suggested by the
authors. Possibly, this reflects a shortfall in the study, which apart from its
fairly crude spatial analysis of the arrangement of landscape components, is
that there was no assessment of the quality of terrestrial habitat elements,
other than area or length. It cannot be ruled out that what is actually being
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measured in this negative relationship between hedgerow length and newt
occurrence and abundance is the importance of the quality of this feature for
newts (as other key habitat presence, quality or area diminish), if the quality of
the hedgerows (e.g. discontinuity, connectedness, width of gaps, hedge
bottom vegetation etc., were sufficiently low (see Clements and Tofts 1995).
The positive relationship between the uncultivated area and presence and
abundance of newts validates the hypothesis that this constitutes the main
component of connectivity between aquatic and terrestrial, and probably
between terrestrial habitats for newts. For T. cristatus the relationship between
woodland area and abundance was not significant, suggesting connectivity
was the main landscape determinant for the species. The relationship
between width of uncultivated sector and newt abundance suggested to the
authors that the broader this was the more use newts were likely to make of it.

3.3 Pond density and dispersion.
Pond density is relatively high in pastoral areas of lowland Britain (Swan and

Oldham 1993, see Tables 2 and 3, and Fig. 2, below), grazing pressure
provides suitable foraging and dispersal habitat and often maintains suitable
pond marginal habitat, and arable is scattered and relatively infrequent.
Associated hedgerows, copses, scattered woodland and ditches also provide
both additional potential habitat and putative dispersal corridors. In areas of
the highest pond density, such as northwest England and most notably
Cheshire, populations are widespread in networks of farm pond clusters,
where they are often considered to constitute extensive metapopulations
(Swan and Oldham 1993, Langton et al. 2001), usually at low levels of
abundance (see Table 1 above). This is considered far more robust and
resilient for population persistence than areas where the “pondscape” is
fragmented by intensive agriculture, urban, industrial and infrastructure
development. Here, populations tend to persist in, or are centred upon, small
numbers of isolated breeding ponds, making populations much more
vulnerable to long term declines due to inbreeding depression or deterministic
factors such as habitat loss and fragmentation, or stochastic local extinction
events.
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However, (as demonstrated by Smith and Green, 2005) assumption of
metapopulation function, rather than patchy population distribution based on
assumption of short range dispersal capability, should be approached with
caution, since, as will be demonstrated, although the majority of dispersal
events are undodbtedly short range, relatively rare dispersal events may take
place over much greater distances and link populations separated by many
kilometres. Perret et al. (2003), in a study of Alpine newt (/chthyosaura
alpestris, formerly termed Triturus alpestris and Mesotriton alpestris) in SE
France, identified a transience rate of 35.5%, with no significant difference
between sexes, and that adult dispersal may contribute significantly to
between-population migrations (as suggested previously by Miaud et al.
1993).

The majority of British lowland ponds originated as marl pits dug in the
eighteenth and nineteenth centuries to provide a base rich clay used as a soil
improver, which subsequently persisted as watering points for stock. This
accounts for their often being found in quite dense clusters, frequently at
hedge line intersections, over widespread areas - a particular feature of the
Cheshire landscape. Pond numbers, density and distribution have been
reduced by pond removal due to housing, industry, transport infrastructure
development, agricultural intensification and changes in management
techniques promoted by short sighted past agricultural incentive schemes
(Boothby, 1999).

Swan and Oldham (1993) suggest a minimum pond density of 0.7 km2, with
only 31% of areas with lower densities supporting T. cristatus, by comparison
with 58% above it. Occupancy rises appreciably at higher levels, in excess of
3 ponds km2 (see table 3, below). These findings are supported by breeding
site distribution in Cheshire, recorded in the Cheshire Triturus cristatus Site
Inventory. T. cristatus was the only amphibian species with a minimum pond
density threshold suggested by the National Amphibian Survey (NAS, Swan
and Oldham 1993), occurring in only about a third of areas with densities
below 0.7 km™? (see table 3, below). Arable cultivation is the predominant land
use of just over half the farmed area of lowland Britain which, particularly
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intensive arable, imposes restrictions on T. cristatus distribution. Pesticides
and monoculture reduce the availability of invertebrate prey, fertiliser runoff
causes (often severe) eutrophication of ponds and toxicity directly affects
animals where period of application coincides with migration (Berger et al.
2012), and large numbers of ponds in arable 