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Abstract

Effective biodiversity conservation requires an enstinding of how land management
choices effect the distribution of species. Howetlez response of bats to changes in
landscape composition and configuration in temperegions is not well understood.
This thesis presents a national investigation efrthbitat associations of seven UK bat
species. Data from the National Bat Monitoring Pamgme are used to relate roost
selection and foraging incidence to measures alsleappe composition, configuration
and linear habitat character. The availability afdulleaved woodland affected both
roost selection and foraging incidence of everyspaties assessed. In general, bats
were more likely to roost and forage in landscapiéls a greater proportion of
broadleaved woodland. Roost location was not aftebly the size of the nearest
woodland patch, nor was there clear evidence efgative effect of woodland
disaggregation on foraging incidence. However, lbotst selection and foraging
incidence were affected by woodland proximity. Batssted closer to broadleaved
woodland than would be expected by chance, arspatlies for which data were
available were encountered more frequently as idtartte to the nearest woodland
patch decreased. The majority of species demoedteapositive association with the
proportion of improved grassland. Foraging incidenas higher in landscapes with
more dispersed grassland patches, suggestingrissiand boundary features may
influence landscape quality for bats. The userddr features by four bat species was
examinedPipistrellus pipistrellus andPipistrellus pygmaeus incidence was positively
associated with the presence of hedgerows anditie-however, only linear features
that contained trees were consistently benefioi&l pygmaeus. Nyctalus noctula and
Eptesicus serotinus were not affected by the density of linear featumethe landscape.
Associations between roost location, foraging ienite and landscape structure was
assessed at multiple spatial scales. No single segitured all habitat associations
demonstrated by each species. Increasing the pyows$ broadleaved woodland and
hedgerow trees should form the focus of bat com$env strategies at a landscape scale.
To benefit the bat species assessed in this thvesa]land creation schemes should aim
to maximise woodland extent, particularly in larases with limited woodland cover,
and reduce patch isolation. Agri-environment opgishould be amended to include
financial compensation for the provision and ratendf hedgerow trees.
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Chapter 1

I ntroduction

1.1. Understanding species distribution

One of the fundamental requirements of effectivliversity conservation is an
understanding of the environmental factors thagmeine the distribution of species
(Rushton et al. 2004). Species distribution mo@&I3Ms), statistical models that link
the incidence or abundance of organisms to envieortah measures, are the most
widely used tool for the quantitative assessmeispeties-habitat relationships (Elith
and Leathwick 2009). SDMs encompass a huge vasfedpproaches, with ever
increasing sophistication. They are used to progm#ogical insight, test hypotheses
and, more recently, as a predictive tool of spedissibution. A sizeable body of
literature has developed concerning both methodcdbgpproaches and the application
of SDMs. One of the most commonly identified issisethe choice of study scale
(Rushton et al. 2004). The extent and resolutiomhath data are collected can affect
both the performance and utility of the resultingd®l, and so require careful

consideration when applying the results of SDMsdonservation problems.

1.1.1. Generality in species distribution modelling

The use of SDMs to inform conservation policy, angarticular as a means of
predicting species’ response to landscape chaageagquire the application of the
model to sites beyond the geographic or environat@ahge originally sampled. This is
termed extrapolation, and can have serious imbieatfor model performance (Elith
and Leathwick 2009; Whittingham et al. 2007). Ther@ numerous reasons why an
SDM may fail to accurately predict species disttidu under novel conditions. If the
relationship between species incidence and anamwiental predictor is non-linear, its
form may change considerably depending on the raag®led. Influential predictors
may not display adequate variation within the owgditraining’ data to accurately
model relationships. For example, hunting presswag be negligible in some regions,

as a result of protection measures or isolatiomfroiman populations, while in other
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Chapter 1: Introduction

regions it may exert a strong influence on spedistsibution (Gray et al. 2009).
Species-habitat relationships may also be alteyaedteractions that result from novel
combinations of environmental predictors, or byyirag correlation between distal
predictors and their underlying ecological drivgEsth and Leathwick 2009). As an
example of both these cases, the American M&tames americana displays a strong
affinity with mature coniferous stands throughdstrange, however this relationship is
a poor predictor of Marten distribution in regiomgh extensive broadleaved cover. In
such regions the availability of suitably structliferest is no longer correlated with the
distribution of closed-canopy coniferous forests@@inette et al. 1997). Biotic
interactions, both within and between species,aipalongside environmental
predictors to determine species distribution (Wbradnd Kriticos 2004). Biotic
interactions have the potential to vary greatlge@ographical space, but when measured
in the field they can be hard to separate fromtabedfects (Guisan and Thuiller 2005).
The presence of location-specific restrictions mpersal, such as topographic barriers
or historic population depression (Donohue et @@, will also reduce the predictive
ability of SDMs in novel situations. Given the patial pitfalls associated with
extrapolation to unsampled locations, it is advgedaus if the extent over which data
are sampled matches the extent to which modelhtsigr predictions are to be applied.
As most conservation policy is enacted at a nati@val, this requires SDMs
conducted across multi-regional or even nationtdres. With the proliferation of GIS
technology and remote sensed environmental dasandw feasible to collect and
analyse data at such broad scales, and largersodielling studies have been
completed for many species (Corsi et al. 1999; dohret al. 2004; Sattler et al. 2007).

1.1.2. Data resolution

Species distribution can be influenced by factoteg across a range of scales (Levin
1992). Climatic factors will limit the global rangé a species (Morin et al. 2007), while
at the other extreme vegetation structure may ohéterthe location of an individual
within a habitat patch (Warren et al. 2000). Halstdection can also be viewed as a
hierarchy, in which the choice of foraging patcfiuances the selection of a home
range, which in turn affects the species rangeh(Bind Leathwick 2009). To provide

the closest fit to the data, the resolution of avilenmental predictor, that is the size of
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Chapter 1: Introduction

the individual units of observation, should mateé $cale at which the predictor acts to

influence distribution.

Although several methods have been developed exdstales of pattern inherent in
data (Beever et al. 2006; Cushman and McGariga22@ese are for the most part
untested in species distribution modellifige most widely used approach remains to
select a scale or range of scales a priori, basediwent ecological knowledge. New
model algorithms are emerging that allow scaleetanlcorporated within model
structure. For example, hierarchical regressidgpa of generalized linear mixed
model, allows data to be clustered in a hierardiscales, with cluster membership
fitted as a random effect (Rabe-Hesketh and Skidi(iB).

Just as extrapolating to novel extents carrieqareased risk of prediction error, so
does the use of species-habitat relationships rieatlat one scale to predict habitat
selection at different scales (Collingham et aD@Q0 Species-habitat relationships

should be assessed at a range of scales to p@valrist evidence base.

1.2. Distribution modelling of bats

1.2.1. Conservation status and threats to bat populations

There are currently 1,150 known species of batdvade, representing 20% of all
mammalian biodiversity, second only to the Rodeintirms of number of species.
15% of bat species are listed as vulnerable orregetad by the International Union for
Conservation of Natur@dUCN 2008). Although population trends have prowand to
estimate due to a paucity of historical monitoritaga, counts at hibernacula,
documented range contractions and anecdotal evedadicate a decline in a broad
suite of species over the®@entury (Daan 1980; Harris et al. 1995; Hutsoal €2001;
Stebbings and Griffith 1986). Bat species withsirreted range, particularly those
endemic to islands, are among the most threatdb€@N(2008), however there have
also been substantial declines in widespread amddamt speciefhinolophus
hipposideros, once found throughout Europe, is now critically @mgered or extinct in
a number of European countries, as a result oferangtraction over the last 50 years
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Chapter 1: Introduction

(Temple and Terry 2007). In Central and North Ameewidespread declines in colony
size of a number of cave roosting species have tegEmted since the 1950s. Losses of
up to 99% of individuals at knowradarida brasiliensis cave roostsvere seen between
1950 and 1960 in the Southern United States, alothies numbering hundreds of
thousands of individuals in Mexico have disappeamdpletely (Hutson et al. 2001).
Similar declines have also been reportechft. grisescens andMyotis sodalis (Hutson
et al. 2001). In the UK, monitoring data collectethually since 1995 indicate tHat
hipposideros andP. pipistrellus populations are currently increasing (Bat Conséraat
Trust 2009), following respective historic declirdsapproximately 90% over the last
100 years, and 55% between 1978-83 (Stebbings 188Bpugh the time span of data
is not adequate to reveal reliable population tsefiod other UK bat species, there is no

evidence of further marked declines.

Most threats to bats can be directly related todmuarctivities. Over-hunting for food is
known to have caused the extinction of a numbét@fopus species on islands
throughout the tropics, and unregulated huntinat$ is widespread across Asia. Large
scale persecution of fruit-eating bats in fruitgwoing regions is also common. In
Australia it has been estimated that if the curratd of culling continues, the
population of 2 million fruit bats will be reducéal 100,000 in 30 years (Richards and
Hall 1998). Bats are also persecuted through fedisease. A program to prevent the
transmission of rabies from infect®&smodus rotundus to humans resulted in the
destruction of 40,000 colonies in Venezuela (Hutsbal. 2001). An emerging threat to
bats, which does not currently appear to be reltdéadiman activities, is White-nose
syndrome. First observed in hibernating bats inithied States, it is characterised by
white fungal growth on the skin, increased aroasal day flying during hibernation,
emaciation, and mortality of up to 75% of indivithian infected colonies (Blehert et al.
2009; Gargas et al. 2009). To what extent the fangthe cause of White-nose
syndrome, or whether it is symptomatic of an ungiegl problem, has not yet been

established.

The threats described above have strong regiofeatef however at a global scale the
primary cause of population declines is thoughiddabitat loss (Hutson et al. 2001;
Stebbings 1988). This includes the loss of botlsting and foraging habitat, and the
fragmentation and degradation of remaining halpiéthes. Habitat loss has principally
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Chapter 1: Introduction

been driven by the expansion and intensificatioagviculture, and to a lesser extent by
increasing urbanisation (Millennium Ecosystem Assant 2005; Vitousek 1994).
Agricultural intensification is also though to kesponsible for a decline in insect
abundance in rural landscapes (Conrad et al. 2@Q@)tential threat to the 70% of bat
species that are insectivorous. Although the @tatip between bat populations and
habitat loss is poorly understood, habitat chamge® occurred concurrently alongside
most reported declines (Racey and Entwistle 2008) therefore essential for effective
bat conservation that the links between bat distidm and habitat, and in particular the

effects of habitat loss and fragmentation, are tstded.

1.2.2. Methods used to survey bat distribution

The earliest surveys of bat distribution involvediets at maternity roosts or
hibernacula (Bogdanowicz 1983), trapping (Meyeaale2004) or observational records
in the field, sometimes aided by the use of liglgsstor reflective markers (Racey and
Swift 1985). Acoustic detectors were first use@stablish bat-habitat relationships in
the 1970s (Fenton 1970), and have become ubiquitdoest research since, while
perhaps the finest resolution distribution datapaicrided by radio-telemetry studies
(e.g. Davidson-Watts et al. 2006). However, alllmods contain inherent difficulties for
the study of bat-habitat relationships. Visual ebagons of such highly mobile,
nocturnal species are extremely error prone, atglrbake minimal use of the
surrounding landscape during hibernation, so nethtéhese methods are well suited to
habitat association studies. The non-random setecti roost location has been used to
infer habitat preferences (Entwistle et al. 199@k€&ey and Jones 1998) but roosts,
particularly of tree roosting species, are extrgnaéficult to locate without concurrent
radio-tracking. As part of a roost survey validatexercise in the UK, an intensive
search of 18 randomly selected 1km squares resultie location of just 2 previously
unknown maternity roost locations, and in the mgjaf squares no roosts were
located, despite previous reports of roosts witheasquare (Walsh et al. 2001). Both
acoustic detector surveys and radio-tracking anemely time and resource intensive,
and the use of radio-telemetry for the study o$ Ibets, until the recent development of
miniature radio transmitters, been limited by gac&athat transmitters should weigh no
more than 5% of the body weight of the bat (Aldadmd Brigham 1988). The
restrictions on sample size caused by these camtstizave resulted in the majority of
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bat-habitat associations studies have been cordlattecal or regional extents; large
scale studies (e.g. Russ and Montgomery 2002; WaaddiHarris 1996) are rare. The
extent to which local bat-habitat relationships barsuccessfully extrapolated to a
national scale, and can therefore be used to inf@tonal conservation policy, is

untested.

1.2.3. Bat-habitat associations

It is estimated that between one third to one bfalhe terrestrial surface of the earth
has been substantially altered by human activityr{ér et al. 1990; Vitousek 1994). In
some landscapes, such as the New World Tropicsnsixe habitat alteration is a
relatively new phenomena (although the extentliahbitat has been altered by the
indigenous people of these regions is not yet fuliglerstood, Williams 2000).
However, in Europe, substantial habitat alteratawk place over a millennia ago,
creating a landscape of fragmented semi-naturataiatithin a predominantly
agricultural matrix. Over this time, European bigsity may have adapted to habitat
fragmentation, and as a result habitat associatleasribed in more recently altered
landscapes may not be directly transferable to fiurAs this thesis considers bat-
habitat associations within a UK context, this esvwill focus primarily on the habitat

associations of European bats.

Bat-habitat associations have been studied withetgo both roost location and the
occurrence or abundance of foraging bats. Rooatitwtis determined by the
availability of suitable roosting structures (Baked Lacki 2006; Miles et al. 2006), the
prevailing climate (Bihari 2004; Briggler and Pratli2003) and the distribution of
suitable foraging habitat. Associations betweerstrémcation and landscape structure
have been demonstrated in previous studies. Fon@edipistrellus pipistrellus,
Plecotus auritus, andRhinolophus hipposideros, species which roost primarily in man-
made structures, all select roosts that are ctoderoadleaved woodland, and are
located in landscapes containing a greater prapodf broadleaved woodland, than
would be expected if roost selection was randonmwv(stie et al. 1997; Jenkins et al.
1998; Reiter 2004).
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All bat species found on mainland Europe are imgaius, and as such the selection of
foraging habitat is strongly influenced by inseatiadance (Fukui et al. 2006;
Wickramasinghe et al. 2004). Elevated insect dgmsihought to be responsible for the
positive association of many European bat speciéshadies of water (Glendell and
Vaughan 2002; Vaughan et al. 1997; Walsh and HA8$6) and cattle pasture (Catto
et al. 1996; McAney and Fairley 1988). Bats are &sind a wide variety of other
habitats, including woodland, scrub, arable farm)ametlands and urban areas (Avila-
Flores and Fenton 2005; Flaquer et al. 2006; MaakdeRacey 2007; Menzel et al.
2005; Russo and Jones 2003; Walsh and Harris 1B8@kgver, broadleaved woodland
is the habitat type favoured by the greatest rafiggiropean bat species (Racey and
Entwistle 2003). In areas lacking broadleaveddbcever, bats make extensive use of
linear woody habitats, such as hedgerows and itnes-(Limpens et al. 1989; Limpens
and Kapteyn 1991), as they are structurally simdavoodland edges and provide
many of the same foraging opportunities (Kanuchl.e2008; Kusch et al. 2004;
Nicholls and Racey 2006). Linear features formmapartant component of the
European landscape, and the management of linbaahir biodiversity is a common
conservation tool in rural areas. However, the beaksuch conservation actions for
bats is restricted by a lack of knowledge of how ¢haracteristics of linear features

affect their use by bats.

The foraging associations of European bat speeiede arranged approximately along
a scale of increasing structural complexity (Sctieitand Kalko 2001), from species
that prefer to forage in open habitats, such.a®ctula, which forages at height over
woodland and grassland (Kronwitter 1988), to spethiat prefer to forage in cluttered
habitats, such alecotus auritus, which forages within the canopy of broadleaved
woodland and around scattered trees (SchnitzleKaficb 2001). This variation can be
ascribed to differences in echolocation call andgamorphology (Russ 1999). Species
that forage in open habitats typically echolocata mear constant frequency (QCF).
They concentrate the energy of the call within mowa band of frequencies, so the call
travels further, but the returning echo providdatreely little detail of their
surroundings. Bats foraging in cluttered habitgpscilly produce a frequency
modulated (FM) call, that spans a broader randgeegtiencies. The energy of the call is
spread over a greater number of frequencies, selesrgy is concentrated at each

frequency. As a result an FM call cannot travdbass a QCF call. It is therefore

20



Chapter 1: Introduction

unsuitable for echolocating in very open areasjthidaes provide greater detail of the
surroundings when negotiating cluttered habitalte flesponse of bats to habitat
complexity can also be related to wing morpholdggrberg and Rayner 1987).
Species that forage in open habitats typically Hamg narrow wings that allow fast
direct flight, while species that forage in cluéérabitats typically have broader wings
that allow manoeuvrable flight, and are often dblaover briefly to glean insects from

surfaces.

All European bat species take prey on the wing,fanthe majority of species this is

the only hunting technique employed (Dietz et 802). However a minority of species
have developed specialised hunting techniqueshthat resulting in specific habitat
associations. For exampMyotis daubentonii andMyotis dasycneme specialise in

taking insects from the surface of still water, anel therefore predominantly associated
with water bodies and riparian vegetation (DietaleR006), while the large pinna Bf
auritus allow it to hear insects moving across the surtdogegetation, so is often
encountered foraging close to or within the tresopg (Entwistle et al. 1996; Russ
1999).

An organism may respond to habitat changes atiatyaf scales, so the scale of
measurement can have a significant effect on tieegth of observed habitat
relationships (discussed further in section 1.13)dies of bat-habitat associations
have considered the distribution of bats amongebfit habitat patches (Russ and
Montgomery 2002; Walsh and Harris 1996) and difiefandscapes (Sattler et al.
2007), and habitat associations at both scalesgmond well. However, several studies
have highlighted scale dependent associations kettvepical forest bat species and
landscape composition, related to differences ibiltp and home-range size
(Gorresen and Willig 2004; Gorresen et al. 200%ndeil and Willig 2009). The

extent to which scale dependent landscape assware shown by other bat species

is not well understood.

Habitat studies at a landscape scale are ables¢ssathe response of bats to changing
landscape configuration, and in particular theaféd habitat fragmentation on bat
distribution. Habitat fragmentation can be chanastel by three components; a

reduction in the extent of the original habitatgi@asing patch size, and increasing
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patch isolation (Andrén 1994). It can impact bi@dsity by reducing available habitat,
impeding movement between patches, and reducintghgbality as a result of edge
effects such as increased light penetration, dasatand predation. The effect of
habitat fragmentation on bat distribution has b&tedied extensively in tropical

regions, particularly the Neotropics, but is rargtydied in Europe.

Many studies have shown bat biodiversity is affedig the fragmentation of tropical
forests, although the nature of the relationshipgsnsistent. Meyer et al (Meyer and
Kalko 2008) found Phyllostomid diversity on foregislands in Lake Gatin, Panama to
be lower than diversity on the mainland, with islarfiurthest from the mainland having
the lowest diversity. Phyllostomid abundance in Alal, Mexico was significantly

lower at sites where the forest had been fragmentetkforestation than in continuous
forest (Fenton et al. 1992). Brosset et al. (1986ihd bat species richness in a forested
landscape in French Guiana to be negatively agsdcveth deforestation, however bat
abundance in deforested areas was over four tilghsitthan in primary forest.
Similarly, bat species diversity in a naturallygnaented savannah landscape in Bolivia
was negatively associated with forest patch sigeabundance in forest islands was
almost five times higher than in continuous fofgstayza and Loiselle 2009). Other
studies have found the greatest richness of batespen moderately fragmented forest
landscapes, as a result of the coexistence ofdbatiier adapted and open area adapted
bat species (Estrada-Villegas et al.; Gorreservditicg 2004; Klingbeil and Willig
2009).

When associations are considered at guild or spémiel, it becomes clear that
characteristics such as diet and wing morphology ph important role in determining
the response of bats to fragmentation (GorreseM\id) 2004; Meyer and Kalko
2008). Frugivores that forage in the forest undeest, typically clutter adapted species
with slow manoeuvrable flight, are more sensitivédrest loss than overstorey
frugivores, which are typically strong, fast fliesle to cross larger areas between
forest patches (Cosson et al. 1999). The latterispenay actually benefit from
fragmentation due to the proliferation of pionewiting plants that colonise deforested
areas (Ochoa 2000). Gleaning insectivores, whiemaaye typically clutter adapted,
are strongly negatively affected by fragmentatiBrogset et al. 1996; Fenton et al.
1992; Meyer and Kalko 2008; Ochoa 2000), whileaenisectivores of the family
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Molossidae were positively association with foless (Ochoa 2000). Similar findings
were reported by Estrada-Villegas et al. (2010) Wdund species richness of forest
and forest edge specialist insectivores on islamtiake Gatin was negatively affected
by decreasing island size and increasing isoldtmmn the mainland, while abundance

of open area adapted insectivores was lower atlamairsites than on islands.

One of the few studies to address habitat fragrntientan a European landscape
reported a similar pattern of species specificaasps (Ekman and de Jong 1996). The
occurrence of the forest specialiBtsauritus andMyotis brandti (Dietz et al. 2009), on
forested islands in lakdalarenin Sweden was negatively impacted by the degree of
isolation from similar habitat (Ekman and de JoA§4), whileP. pipistrellus and
Eptesicus nilssoni, both species that could be characterised as @dgeatists (Haupt et
al. 2006; Nicholls and Racey 2006), were unaffected

Evidence from field studies and simulations of rape fragmentation suggest that in
landscapes with a high proportion of original habithe effect of fragmentation on
population size is primarily the result of decliginabitat extent, and that the effect of
patch disaggregation becomes more important gsrdportion of suitable habitat
decreases (Andrén 1994). Landscape scale measguraiitat fragmentation, such as
mean patch size, mean nearest neighbour distadcedge density, tend to be
correlated with habitat extent, and so untanglirgihdependent effects of habitat
extent and habitat disaggregation is difficult. sTisi rarely addressed in studies of bat
habitat-associations. One of the most common methedd to correct for the
confounding effect of habitat extent in fragmermtatstudies is the use of residual
regression, employed by Gorresen et al (GorreséMéhig 2004; Gorresen et al.
2005) in the study of Phyllostomid bats in the Atle forests of Paraguay. However,
this technique has been shown to produce unrelegtimates of effect size (Freckleton
2002). No study of the effect of fragmentation asthas employed metrics of
fragmentation that are truly independent of halatdaent. The degree to which bats
respond to changes in the spatial configuratioinagfmented landscapes, as apposed to

changes in habitat extent, is unknown.

The response of bats to fragmentation may alsondepe the scale at which

fragmentation is measured. Fragmentation is tylyichlaracterised as a series of
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discrete focal habitat patches imbedded within &imaef less preferred habitat.
However, this reductive representation of the laads disguises the fact that as the
size of the study landscape increases, so dods pataplexity and internal
heterogeneity. This can potentially affect thetreteship between species distribution
and landscape configuration (Kotliar and Wiens 398@udies of bats in tropical forests
have shown scale dependent associations betweste @kspecies and metrics of
fragmentation, (Gorresen et al. 2005; Klingbeil &iflig 2009), with no one scale able

to capture the response of all species simultamgf@srresen et al. 2005).

1.2.4. The National Bat Monitoring Programme

The National Bat Monitoring Programme (NBMP) isaianwide bat survey begun in
1995. Although designed primarily as a tool to nmnbat population trends, the
records it has amassed offer an opportunity toessdgaps in our understanding of bat-
habitat associations, in particular the respondsats to habitat composition and
configuration in a historically fragmented temperindscape. It also provides the
unique opportunity to investigate bat-habitat asgmmns at a national scale, and
evaluate the utility of small scale habitat assimmastudies in national conservation
planning. The Bat Conservation Trust, a UK non-goreental organisation, was
commissioned to establish the NBMP by the Departrakthe Environment, Transport
and the Regions in 1995 (Walsh et al. 2001). Tlognam was conceived to provide an
effective monitoring program for resident UK baésies, as required by The
Agreement on the Conservation of Populations obpean Bats (Bonn
Convention/EUROBATS 1994) and the EC Habitats Diveq(Council Directive
92/43/EEC). The program was designed to providesstally robust estimates of
population trends, updated distribution map®] inform conservation policy
development. The NBMP has run annually since 1@97he 18 bat species resident in
the UK, 15 are currently monitored by the NBMP, atatistically significant
population trends have been produced for 11 spesieseys are carried out by a
network of volunteers and local bat groups. In 200818 volunteers completed
surveys, and a total of 4,639 sites, covering Exjl&cotland, Wales and Northern
Ireland, have been monitored since 1997 (Bat Coatien Trust 2008). The NBMP
originally consisted of three multi-species suregeynponents; colony counts,

hibernation counts and field transect detectoreygyvtogether with a waterway survey
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targeted toward®l. daubentonii. It expanded in 2005 to include two further multi-
species surveys, the bats and roadside mammalsysamd the woodland survey. A
survey targeted aMlyotis bechsteini was launched in 2007, and a survey designed to
locatePipistrellus nauthusi was piloted in 2009. To provide the most widelplagable
results, this thesis concentrates on multi-spestiegey data collected during the
breeding season, when increased energetic demagats mabitat quality is likely to be
most important. Of the four summer multi-specievsys, the colony counts and field
survey were chosen for analysis, as they haveatigedt sample size both in terms of
national coverage and repeat visits. Although Isotiveys were designed to monitor
population trends, they also provide data suitédnidabitat association modelling, as
discussed in section 1.5.1. Three species of banhanitored using both colony counts
and field surveys. This will allow the cross vatida of habitat associations modelled

using different datasets.

Colony counts: Beginning in spring, female bathigain maternity colonies, located
most commonly in buildings or trees. The youngallgwa single pup but exceptionally
twins, are born in June and July. The adults lehgeoost to forage at dusk. The
NBMP monitors colony size using two counts of enregdats, made on separate
nights between late May and mid June. Roosts ofs@cies are monitored:
Rhinolophus hipposideros, Pipistrellus pipistrellus, P. pygmaeus, Plecotus auritus,

Myotis nattereri andEptesicus serotinus (Walsh et al. 2001).

Field survey: The field survey monitors number$oofging and commuting bats. A
transect approximately 3km in length, containedinita 1km national grid square, is
walked with a heterodyne detector twice during Jlilye number oP. pipistrellus, P.
pygmaeus, N. noctula andE. serotinus passes heard along the transect are recorded
(Walsh et al. 2001).

Each survey follows standardised monitoring prof®designed to reduce bias and

maximise precision. These are described in grelatail in the relevant data chapters.
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1.2.5. National digital datasets

The use of NBMP data to model habitat associai®nsade possible by the availability
of high quality digital environmental datasets. B@@s of habitat at a landscape scale
can be derived from the Landcover Map 2000 (Fdtaal. 2002), a 25 x 25m raster grid
of the UK classified into 16 broad habitat typessatibed further in chapter 2).
However, digital data are now also available at Imfireer resolutions, allowing
nationwide habitat metrics to be calculated athpated even within-patch level. For this
study, fine resolution data were derived from OrdraSurvey MasterMap, a digital
topographic map of Britain providing the locationf@atures such as buildings,
woodland and water to within 0.4-3.5m, and fromaemagery with a resolution of

50cm per pixel or better, available within Googldka

1.3 British Bats

This thesis uses data from NBMP colony counts @&id $urveys to investigate the
habitat associations of seven British bat spediksir ecology and distribution are

described below.

1.3.1. Pipistrellus pipistrellus

Common pipistrelle

Pipistrellus pipistrellusis the smallest bat in the UK, weighing between&53g
(Schober and Grimmberger 1997). It is a fast flymgjle bat the forages close to
vegetation, often around head height (Russ 19893liét consists mainly of small
Diptera, particularly Chironomidae, and small Leyptera (Arlettaz et al. 2000; Barlow
1997; Vaughan 1997).

Pipistrellus pipistrellus roosts are found predominantly in man-made strast@@ones
et al. 1996), but also in tree cavities, rock aresiand bat boxes. They move between
roosts throughout the year. In Germany, a color®y. gipistrellus was reported to
switch roosts every 11-12 days (Feyerabend ands2060). Maternity colonies can
number over 100 individuals, but are often smgkdtringham 2003). During the
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winter P. pipistrellus hibernates in buildings (Racey 1973), caves (Nagly$zanto
2003) and similar structures with a cool, stableroglimate.

Pipistrellus pipistrellus forages in a wide range of habitats (Davidson-Wetttd. 2006;
Russ and Montgomery 2002; Vaughan et al. 1997)jsataderant to deviations from
optimal habitat (Sattler et al. 2007). It utilide®adleaved woodland, water bodies,
grassland and human settlements (Davidson-Wadts 2006; Kusch et al. 2004; Sattler
et al. 2007), and is also associated with linehithts such as tree-lines, hedgerows and
woodland edges (Downs and Racey 2006; Russ €d@3; 2erboom and Huitema
1997).Pipistrellus pipistrellus occurs across Europe and North Africa (Nowak 1984).
is one of the most widespread and abundant baitespieacEurope, and is common
throughout the UK (Richardson 2000, fig 1.1a).

1.3.2. Pipistrellus pygmaeus

Soprano pipistrelle

Pipistrellus pygmaeus is morphologically similar té. pipistrellus (Barlow et al. 1997,
H&aussler et al. 1999), and consumes a similar rahgeey, but with a greater portion
of aquatic diptera thaR. pipstrellus (Vaughan 1997).

Roosts are found in predominantly man-made strasfwith maternity roosts of
between 500-700 individuals not uncommon. It dertrates greater roost fidelity than
P. pipistrellus, often using the same roost throughout the seasdryear after year
(Altringham 2003; Schober and Grimmberger 198istrellus pygmaeusis found in

a similar range of habitats Bspipistrellus, but shows a greater association with
riparian habitats and water bodies (Davidson-W&tted. 2006; Nicholls and Racey
2006; Russ and Montgomery 2002; Russo and Jon&).200

Pipistrellus pygmaeusis found across Europe and North Africa, and oypsrkhat ofP.
pipistrellus (Mayer and Von Helversen 2001; Nowak 1994). Howéwe relative
abundance of the two species varies throughout ithiege Pipistrellus pygmaeus is

more abundant th&. pipistrellusin Sweden (Mayer and Von Helversen 2001) and in
the Mediterranean region (Mayer and Von Helver€g®il?. However, along over 20

road transects distributed throughout Switzerl&hgbi pistrellus activity was over thirty

27



Chapter 1: Introduction

times greater thaR. pygmaeus (Sattler et al. 2007Ripistrellus pipistrellusis the more
abundant species generally across central Europeeter there is localised variation in
relative abundance throughout this region (Mayerdon Helversen 2001). In the UK,
P. pygmaeus is common and widespread (Richardson 2000) witatemwide range

(fig. 1.1b). NBMP field survey data suggest tRapipistrellusis generally the more
abundant species, although there is localized @mniacross England and Wales, and
P. pygmaeus is the more abundant of the two species in ceBiratland (chapter 3, fig
3.2 and 3.3).

1.3.3. Rhinolophus hipposideros

Lesser horseshoe bat

Rhinolophus hipposiderosis one of only two representatives of the Rhinoldgamily

in the UK (the other being the Greater HorseshaeRbanol ophus ferrumequinum). It

is a small bat (4-9g, Schober and Grimmberger 1,98ifh broad short wings allowing
manoeuvrable flight in cluttered environments (R1839). It has a distinctive nose-
leaf, through which it produces echolocation vagaions. Unlike Vespertilionid bats,
R. hipposideros employs Doppler shift to echolocate. The dieRolipposideros
includes Diptera and small Lepidoptera (Feldmaal.€2000; Vaughan 1997), and prey

is taken in flight or gleaned from surfaces (Ru389).

Rhinol ophus hipposideros roosts in man-made structures, caves, mines amelsin
Individuals hang directly from the ceiling of thaosst, and require a direct flight path to
the roost position. Maternity roosts can numbetaup00 individuals (Schober and
Grimmberger 1997). Although individual bats mayasionally move between roosts,
the majority of the colony will use a single rotstoughout the summer (Knight 2006).
Hibernacula are found in similar structures to ¢hosed during the summer, preferring

locations with a cool and relatively stable micnoate (Zukal et al. 2005).

This speciess associated with woodland and pasture (Bontaelimh 2002; Reiter
2004; Wickramasinghe et al. 2003) and linear festguch as hedgerows (Motte and
Libois 2002).Rhinolophus hipposiderosis found across Europe into central Asia and

North Africa. In Europe it has undergone significeange contraction (Hutson et al.
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2001). The species is at the northern limit otlitgribution in the UK, where it is rare
and restricted to South-west England and Wales Xfitr).

1.3.4. Plecotus auritus

Brown long-eared bat

Plecotus auritusis a medium sized bat (6-12 g, Schober and Grimgarelr997) with
short broad wings and a low wing aspect ratiowahg slow manoeuvrable flight close
to and within vegetation (Russ 1999). Its dietundles Lepidoptera (Vaughan 1997),
Diptera and a wide range of arthropod prey gledraed vegetation (Shiel et al. 1991).

Relative toPipistrellus species, it forms small roosts (Furmankiewicz attdmgham
2007). Mean colony size of 12 intensively studiedsts in north-east Scotland was 16
individuals (Entwistle et al. 2000). A study of B¥bsts along the river Dee in Scotland
found a mean roost size 16.8 individuals (Speaketah 1991). Individuals regularly
change their position within the roost, but demi@istl a high degree of roost fidelity
during the year (Entwistle et al. 2000). This spegs associated with woodland habitat
(Entwistle et al. 1996), areas with scattered t(Eesrmann and Seitz 1992) and makes
use of linear features such as hedgerows as comgmatiites (Entwistle et al. 1997). It
is found across Europe and Asia, and is commoméaheispread throughout the UK

(fig 1.1d)

1.3.5. Nyctalus noctula

Noctule

Nyctalus noctula is the largest bat in the UK, and one of the largesoss Europe (19-
409, Schober and Grimmberger 1997). It has lasdatively narrow wings allowing
fast straight flight (Russ 1999lyctalus noctula typically forages between 10-40m
from the ground (Schober and Grimmberger 1997) Boasists primarily of Diptera,
but Coleoptera and Lepidoptera are also taken (Waud997).

It roosts in tree cavities (Boonman 2000), partidylold woodpecker holes (Ruczynski
and Bogdanowicz 2005), and to a lesser extenttibdpees and buildings. Maternity

roosts typically number between 20-60 individubddernation occurs in thick walled
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tree cavities and crevices in buildings, cavesdlifig (Dietz et al. 2009)Nyctalus

noctula forages in a wide range of habitats including pastparkland and suburban
areas (Gaisler et al. 1998; Glendell and Vaugh&2 2Blackie and Racey 2007), but is
particularly associated with water bodies (Rachvi&lfl2) , open canopy woodland and
woodland edge (Kanuch et al. 2008; Mackie and R268y).Nyctalus noctula is

found across Europe and most of temperate Asiapatathily in Indonesia and Algeria.
In the UK it is fairly common throughout Englanddawales, and is occasionally

recorded in southern and central Scotland (fig)l.1e

1.3.6. Eptesicus serotinus

Serotine

Eptesicus serotinusis a large bat (15-35g, Schober and Grimmberger 1@#h broad
wings and a relatively slow flight speed. It forage to heights of 5-10m (Russ 1999).
The diet consists mainly of Coleoptera, but a watege of other prey items including
Diptera and Lepidoptera are also consumed (Catib @094; Vaughan 1997),
including prey gleaned from the ground (Catto efl@b6).

Maternity roosts are found predominantly in builgnbut this species is also
occasionally found in bat boxes and tree cavitdonies number up to 30 individuals,
and bats are strongly philopatric to their roosewheproductively active (Catto et al.
1996).Eptesicus serotinus forages in a wide range of habitats including waad|
suburban habitats, water bodies, unimproved gmnadsfarkland and pasture, especially
where dung from livestock is present (Bartonickd Zokal 2003; Catto et al. 1996;
Glendell and Vaughan 2002; Robinson and Stebbifg%;IVaughan et al. 1997). It is
found throughout western and central Europe, afbia to Korea. In the UK is
restricted to southern England and South WaleslL(fif), where it is widespread and

fairly common (Richardson 2000).

1.3.7. Myotis nattereri
Natterer's bat

Myotis nattereri is a medium sized bat (6-12g, Schober and Grimneloerg97) with

broad wings that allow it to forage close to vetietaand low over water (Russ 1999;
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Siemers and Schnitzler 2000). It takes insecthheming and also gleans prey from
surfaces The diet consists of medium sized arth®@petbmm long, including
Opiliones and small numbers of Lepidoptera, Dipt@aleoptera, Trichoptera,
Neuroptera and Araneae (Swift 1997; Swift and R&@§2; Vaughan 1997). Up to
42% of prey is gleaned (Shiel et al. 1991).

Roosts are found in tree cavities (Kanuch 2005 tisand Racey 2005), buildings
(Swift 1997) and bat boxes. Maternity roosts numigeto 200 individuals, including

up to 25% males (Swift 199Myotis nattereri frequently moves between roosts during
the summer. A study of M. nattereri population inhabiting bat boxes in a Scottish
coniferous plantation found that they switched teas average every 2.5 days
(Mortimer 2006). Roosts are located within a ‘carea of approximately 2KigBmith

and Racey 2005Myotis nattereri is associated with coniferous and broadleaved
woodland, grassland, parkland and water bodiest{iMer 2006; Parsons and Jones
2003; Smith and Racey 2008; Swift 1997). It is fd@cross Europe, North Africa and
the Middle East and is widespread and fairly comttwoughout the UK (fig 1.1g).
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Figure 1.1 Distribution maps of the bat species monitoredhgyNational Bat Monitoring Program
colony counts and field survey. Maps reproduceti wérmission from th&cond Report by the UK
under Article 17 on the implementation of the Habitats Directive from January 2001 to December 2006

(Joint Nature Conservation Committee 2007).
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1.4. Thesis aims

The aim of this thesis is to examine the relatignbletween the distribution of seven

UK bat species and habitat at a national scalecifsqaly, | address two aspects of
habitat use that are poorly understood within aopean context: the response of bats to
habitat configuration, and the use of linear retlfgatures in rural landscapes. This
thesis uses data from the NBMP colony counts ald §urvey to model habitat
associations simultaneously for a suite of UK Ip&tcges. The results will be used to
evaluate the utility of NBMP data in the study efdnabitat associations and, through

partnership with the Bat Conservation Trust, hefprim effective bat conservation.

1.5. Model construction and selection

1.5.1. Selection of model algorithm

There are a vast array of statistical techniquesntly used to model species
distribution. One of the most basic distinctionbétween techniques that model
distribution in terms of presence/absence, ancethivet use a measure of abundance.
NBMP survey data offer the opportunity to modelsgrece/absence and abundance, in
the form of colony size and the number of bat passeorded along field transects
(termed activity). Measures of abundance can pesichore sensitive measure of
habitat suitability, however both colony counts actlvity present problems in the
investigation of habitat associations. Colony ceuyprbvide a relative measure of the
number of bats occupying a particular roost, batlithk between colony size and
population size is untested. The population of btising a particular landscape may
occupy one large roost, or several smaller rodstsa result, the relationship between
colony size and landscape suitability is likelyo®highly variable. The link between
roost location and the surrounding landscape ie&eg to be more robust, and so was

employed in this study.

The field survey provides a relative measure ofdoéivity along a transect. Of the four
species monitoredy. noctula andE. serotinus are comparatively rare, resulting in a
high proportion of zero counts. Statistical diaftibns used to model count data, such

as the Poisson or negative binomial distributie@rfgrmed poorly for these species. A
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high proportion of zero counts can sometimes beessdeéd by fitting a zero-inflated
generalized linear model, which distinguishes betwiactors that affect
presence/absence and those that affect the abwendaimelividuals at occupied sites
(Hall 2000). However, performance remained poongisioth zero-inflated Poisson and
zero-inflated negative binomial models. Presena®iate, fitted using logistic
regression, was a more robust measufé. obctula andE. serotinus incidence along

field transects, and was therefore used to moaedligtribution of these two species.

1.5.2. Model selection and inference

The use of information theoretic criteria to sel@ttong and draw inferences from
multiple models is now common-place in the ecolabjiiterature, and is used in this
thesis. The modelling technigues advocated by Barmlnd Anderson (2002) have
been followed, with the exception of two areas mal the nature of the investigation

required an alternative approach.

Burnham and Anderson recommend the use of a satalf sliscrete candidate models,
each designed to test a separate, carefully cordtdiypothesis (Burnham and
Anderson 2002). They caution against the use afygy@ssible combination of
explanatory predictors as a form of data dredditayever, there are problems with
this recommendation in practice. Having identifgeddictors with a plausible causal
relationship with the dependent variable, themaftisn no ecological evidence to
support one combination of predictors being anyenwrless valid than any other.
Making an a priori judgement as to which candidatalels to test also risks
introducing bias, and limits the scope of the inigedion. Using a candidate set of all
possible subsets negates these issues. It alsabalthe frequency with which each
predictor appears within the candidate set, a remeént when model averaging
techniques are used (Burnham and Anderson 2002)h&se reasons, all possible

combinations of predictors were used to generaididate model sets.

Secondly, Burnham and Anderson oppose the usédifaay levels of significance to
distinguish between important and unimportant mteds. However, in practice it is
useful to be able to distinguish between predidtoas have a well supported

association with the dependent variable, and tboskely to have an effect. Any such
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method must also account for the probability thgitven level of importance could
have arisen by chance, whether this is implictheamethod, or explicit, as with the use
of significance levels. Burnham and Anderson thévesesuggest several ways of
distinguishing between models, and by extensiompthdictors they contain: Models
that vary by less than two units of Akaike’s Inf@ton Criterion (AIC) from the best
model are deemed to have substantial support, Wioke that vary by more than 10
have essentially no support (Burnham and Ander802Y They also describe the use
of a confidence set of supported models, constiuzgesumming the Akaike weight of
each model from largest to smallest, until it equalexceeds 0.95. Thus the confidence
set is the group of models with a 95% probabilityncluding the best approximating
model. Here, | use the concept of a null intergalistinguish between important
predictors and those with an effect no better theendom variable. This concept has
been developed in this thesis from an approach log&dhittingham et al. (2005). The
relative importance of a predictor can be asselsgasdimming the Akaike weight of all
models in which that predictor appears. This valae be interpreted as a selection
probability, the estimated probability that, of pitedictors considered, the predictor in
question is in the best approximating model (Wingttiam et al. 2005). The null interval
represents the distribution of selection probabgitichieved by 1000 randomly
generated variables. Predictors with a selectiobatility exceeding the 980value of
this distribution, when ranked from highest to |styevere considered well supported.

This approach described in greater detail in chiafie

1.6. Thesis structure

The data chapters of this thesis are structuréct@sded for publication. The first two
data chapters examine the associations betweeaidiseasures of landscape
composition and configuration. Chapter two usea ttatm the NBMP colony counts to
relate roost selection by six bat species to thestre of the landscape surrounding the
roost. In particular, | consider the associatiotwieen roost location and the spatial
arrangement of woodland patches. Models are pradaicevo spatial scales to contrast
habitat associations within the ‘core’ foragingitedof the roost to those measured
across the home range of the colony. Chapter tietates the incidence of four bat
species along field transects to the structuréetandscape surrounding the transect,
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using data from the NBMP field survey. Associationgh a suite of habitat classes are
modelled at a landscape scale. An index of fragatemt that is independent of habitat
extent is used to evaluate the independent eftédtabitat extent and habitat
disaggregation of two focal habitat types: broaddelawoodland and improved
grassland. Models are fitted at three spatial sdal@xamine patterns of scale
dependency in the observed relationships. Chapterexamines the use of linear
features, such as hedgerows and tree-lines, bybfspecies in rural landscapes. Data
from the NBMP field survey is used to investigatevibat incidence adjacent to linear
features is affected by hedgerow width, tree dgnagsociation with water and
proximity of woodland. The final chapter summariaes evaluates the findings of the
previous chapters in respect to the aims of theishprovides conservation

recommendations, and presents directions for fuwtioek.
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Chapter 2

The effect of landscape scale measur es of broadleaved woodland extent

and configuration on roost selection by UK bats

Abstract

European landscapes have been transformed by iesntfideforestation and the
remaining forest cover is highly fragmented. Breasied woodland is an important
habitat for European bat species, therefore woddtagation schemes have potential as
bat conservation tools. However, the benefits chsschemes are limited by a lack of
knowledge of how bats respond to changes in woddbxient and to the spatial
arrangement of woodland patches. | use data froatianal bat survey to relate roost
selection by six UK bat species to the composi#iod configuration of the landscape
surrounding the roost. In particular | examinedleociation between roost location,
woodland proximity and the size of the nearest tlesved woodland patch. Landscape
metrics are measured at two spatial scales selectgaproximate the ‘core’ foraging
area and the home range of the colony, derived femho-telemetry studieg.or the
majority of species, models fitted using metricshaf core foraging area performed
better than models fitted using metrics of the hoamge, although this difference was
only significant forPipistrellus pipistrellus. In contrast, roost selection Myotis

nattereri was better explained using metrics of the homgeaRoost selection by all
species was positively associated with either gtend or proximity of broadleaved
woodland. Where a positive association existedgtbatest effect of increasing
woodland extent was seen between 0-20% woodlaner déipistrellus pipistrellus,
Pipistrellus pygmaeus, Rhinolophus hipposideros, Eptesicus serotinus andM. nattereri

all roosted closer to broadleaved woodland thanldvba expected by chance. Across
all species 90% of roosts were located within 44@toroadleaved woodland. Roost
selection by bats was not affected by the sizé®hiearest broadleaved patch. These
findings suggest that the bat species assesséiststady will benefit from the creation
of an extensive network of woodland patches, inalg@mall patches, in landscapes
with little existing woodland cover.

49



Chapter 2: Roost selection and woodland

2.1. Introduction

Habitat destruction and degradation are the prirdawers of biodiversity loss in
terrestrial ecosystems (Millennium Ecosystem Agsess 2005; Tilman et al. 1994;
Vitousek 1994). Deforestation is one of the priatipauses of habitat destruction
globally, and has been largely responsible forttéwesformation of the European
landscape (Williams 2000). In the UK, deforestati@gan with early settlement around
6500 years ago, and extensive forest loss haddglaurred by the end of the'15
century. Today forests and woodland cover 12% ef4K, compared to a Europe-wide
average of 37%, and the remaining habitat is hiffalgmented. However forest cover
in the UK is currently increasing, after reachinigwa of 5% at the beginning of the 20
century (Forestry Commission 2009). The conseraaticforests and the promotion of
sustainable forestry are now subject to a numbartefnational agreements
(Convention on Biological Diversity 199R®inisterial Conferences on the Protection of
Forests in Europegnd continued reforestation and the promotion efribn-market
benefits of woodland, such as biodiversity condssmaand amenity use, are UK
government policies (Forestry Commission 2004).

The primary policy mechanism for promoting the @mation of woodland in the UK

is the provision of grants for woodland creatiod amnagement (Forestry Commission
2004). These grants are funded by the EU and Ukaient of the Environment,

Food and Rural Affairs, as set out in regional RDevelopment Programmes. Grants
are awarded to woodland managers through natigmaéavironment schemes and the
Forestry Commission’s Woodland Grant Scheme. Tisfgdtinding, grant applications
must meet the priorities set out by the UK ForeStigndard (Forestry Commission
2004). Funding is provided for the creation of wiaod totalling 0.25ha or more, with
priority given to the creation of larger woodlaraghose which buffer or connect

existing patches. The use of native species isueaged.

The biodiversity benefits provided by new woodlaneation schemes depend not only
on the characteristics of the woodland, such asispeomposition, stand age, and
structural complexity, but also on landscape sfadtors such as woodland extent and
the spatial arrangement of woodland patches. Almib&uropean bat species utilise
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woodland as foraging habitat (Bontadina et al. 2@#idson-Watts et al. 2006;
Glendell and Vaughan 2002; Kanuch et al. 2008; Maakd Racey 2007; Meschede
and Heller 2000; Nicholls and Racey 2006b; Robiremh Stebbings 1997; Russ et al.
2003; Russ and Montgomery 2002; Vaughan et al. 1@&fsh and Harris 1996).
Woodland reforestation policy therefore has theptél to benefit bat conservation.
However, the response of bats to increasing woddtxient has been studied only for a
small range of species. Oakeley and Jones (1988}fa significantly greater
proportion of deciduous woodland arourighi strellus pygmaeus roosts than around
random points, and Sattler et al. (2007) demorestritat a series of factors describing
P. pygmaeus incidence along driven transects were positivelyetated with the extent
of open woodland, although the form of the relalip was not described. There is
also little knowledge regarding how bats are aéfédiy the spatial distribution of
woodland patches in European landscapes. The ecoarofPlecotus auritus and
Myotis brandti on forested islands in Lake Malaren in Sweden neggtively affected
by the degree of isolation from similar habitat i and de Jong 1996), suggesting
that increasing distances between woodland fragnerihe agricultural matrix may
have a similar effect. Patch size may also affatdistribution. Bat species
characterised as woodland specialists, which depemndoodland for both roosting and
foraging habitat, are found to occur more frequemntllarger woodland patches,
however bat species that predominantly roost in-made structures appear less

affected by patch size (Lesinski et al. 2007).

In this study | use data from a nationwide bat syito investigate roost selection by six
UK bat species in relation to patterns of habitatfiguration and landscape
composition measured at different spatial scatepatlticular | assess 1) the relationship
between roost location and the proportion of breaddd woodland in the landscape,
the proximity of broadleaved woodland and the sizéhe nearest broadleaved patch,
and discuss how these associations are reflectedrbgnt woodland reforestation
policy, as underpinned by the UK Forest Standard,2) the scale at which
associations between roost location and landsaap@asition are strongest. Radio-
telemetry studies suggest that most bat species foancentrate foraging effort close to
the roost. It is therefore predicted that roosatmmn will be better predicted by habitat
composition measured within this ‘core’ foragingathan by the habitat composition

of the home-range of the colony. Sample radii appnating the core and home-range
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areas of the species in this study were derived fricevious radio-telemetry studies of

bat distribution.

2.2. Methods

2.2.1. Sudy design

Data on the location of bats roosts was availaile fthe National Bat Monitoring
Programme (NBMP) Summer Colony Counts, part ofite i surveys designed to
monitor bat population trends in the UK (Walshle@01). Volunteer surveyors
identify a roost and count emerging bats on twassp evenings between late May
and early June. Surveys are carried out in eartynser to coincide with the period of
peak occupancy and are repeated annually. Dataavai@ble for six species:
Pipistrellus pipistrellus, P. pygmaeus, Rhinolophus hipposideros, P. auritus, Eptesicus
serotinus andMyotis nattereri. Four of these specieB. (pipistrellus, P. pygmaeus, P.
auritus andM. nattereri) have a nationwide distribution, whife hipposiderosis
restricted to Wales and south-west England,E&rsdrotinus to southern and eastern
England. Range maps and a description of the egalbgach species are presented in
chapter one. NBMP Colony Counts began in 1995, adltlitional data foR.
hipposideros available from a comparable survey begun in 1881of 2007, 2382
volunteers have taken part and 2050 roost locatians been recorded.

Roosts were selected for this study if they weripied for at least one year during the
period 1991-2007 (Fig. 2.P, pipistrellus n = 359 ,P. pygmaeus n = 246 R.

hipposideros n = 235P. auritusn = 129 E. serotinus n = 91, andM. nattereri n = 69).
Roost location was determined by matching the raddtess to a 12 figure grid
reference using Ordnance Survey MasterMap dataodsis were self-selected by
volunteers they do not represent a random samgatabosts. All roosts were located
in manmade structures, 73% being in private ho@éthe six study species, five are
though to roost predominantly in man-made strustud®weveiM. nattereri is also
found commonly in tree cavities (Kanuch 2005; Sraitld Racey 2005), arrl
pipistrellus, P. pygmaeus, P. auritus andE. serotinus will make use of cavities in trees
and rocks, especially in areas of low building dees It is unlikely that the foraging
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preferences of bats roosting in man-made structlifies from those roosting in natural
structures, so habitat associations demonstratedsistudy are likely to be generally
applicable to the species. However, the distributbroosts followed patterns of
building density (Fig. 2.1) so habitats that gelyi@ntain a low density of buildings,
such as wetlands or upland heath, or which weeewéhin the species range, were
underrepresented in this study. Such habitatsyfich no association could be

demonstrated, should not be considered unimpadidavdts.

It is also possible that roosts reported as patt@NBMP Colony Counts are the larger
and hence more readily noticed roosts. In genfeiaale bats roost in larger numbers
than males, which form smaller bachelor coloniesost alone (Dietz et al. 2009), so
the roosts sampled here are probably largely mtegoosts dominated by females.
Previous studies suggest that the high energetiadds of pregnancy and lactation
restrict reproductive females to optimal roosting éoraging locations, while non-
reproductive females and males are able to forayglaer elevations and in marginal
habitat (Cryan et al. 2000; Dietz et al. 2006; Maand Racey 2007; Senior et al.
2005). As such, the habitat associations demoestitat female bats are likely to
represent optimal habitat requirements for theisgess a whole, but not the full range

of habitats utilised by all individuals.
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Figure 2.1 Distribution of roosts used in this study, reportgdvoluntary surveyors as part of the
National Bat Monitoring Programme Summer Colony @sietween 1995-2007. Species range maps

are presented in chapter 1.

This study employed a ‘used-available’ analysisgtesvhich quantifies the degree to
which habitat surrounding roosts deviates from Wiath is available (Manly et al.
2002). To ensure a valid comparison between r@rgishe available landscape, the
distribution of locations used to sample the atdddandscape must follow the same
geographical distribution as the sample of rodBtss was achieved by pairing each
roost with a building chosen at random from withidOkm radius of the roost. The
40km radius was chosen to encompass the largesibfwarea sharing similar climate
parameters, as described by the CRU TS 2.1 cligratgMitchell and Jones 2005).
Selecting either a random address or a randomidocabuld have biased the available
sample towards high or low building densities, eetipely. To avoid this, the UK was
divided into six building density bands, constractising the urban and suburban
habitat classes defined by the CEH Landcover M&® Z8ee section 2.2.2.). The
density band within which the roost fell was id&at, and a random point was
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generated within the same density band, and wahifkm radius of the roost (using
the Hawth'’s Tools extension for ArcGIS, Beyer 200@)e building closest to this point
was identified using OS MasterMap, and used to fibrensample of the available

landscape.

2.2.2. Habitat data

Potential predictors of bat roost distribution wietentified from previous studies of
habitat associations (Glendell and Vaughan 2002ukh et al. 2008; Russ and
Montgomery 2002; Sattler et al. 2007; Vaughan e1297; Walsh and Harris 1996),
and reviewed with respect to the availability ofiolvide datasets that described these

predictors with sufficient resolution and accuracy.

Radiotracking studies demonstrate that many baiepeoncentrate their foraging
activity within ‘core areas’ of their home rangspally within 1-2km of the roost
(Bontadina et al. 2002; Entwistle et al. 1996; Fudéinn and Seitz 1992; Harbusch 2003;
Simon et al. 2004; Trappmann and Clemen 2001) Xptoes whether associations in
this core area differ from those across the homgeaas a whole, data were extracted at
two spatial scales: (i) from within 1km of each ggepoint and (ii) from an area
equivalent to the home range of the species, difiyea radius corresponding to the
greatest straight line distance a radio trackedhastbeen recorded from its roost (table
2.1.). Models were fitted separately for each sgm@t each spatial scale.
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Table 2.1. Maximum foraging radii, used as a proxy for homege in the analysis,

and sample sizes across all studies consulted.

Species Maximum foraging No. roosts where Bats tracked
radius (km) captures took place

R. hipposideros 412 2 9

P. pipistrellus 4343 5 45

P. pygmaeus 33 2 35

Plecotus auritus 367 8 24

E. serotinus 7891011 11 80

M. nattereri 41213 6 21

1. Bontadina et al. 2002; 2. Holzhaider et al. 2BDavidson-Watts and Jones 2006;
4. Feyerabend and Simon 2000; 5. Nicholls and R266¢a; 6. Fuhrmann and Seitz
1992; 7. Entwistle et al. 1996; 8. Robinson and§itegs 1997; 9. Catto et al. 1996.
One observation d&. serotinusrecorded 11.5km from it's roost was discarded as
exceptional, being almost twice as far as the geeditest distance recorded in the
study; 10. Harbusch 2003; 11. Simon et al. 2004 Tt@ppmann and Clemen 2001; 13.
Meschede and Heller 2000.

Habitat data were derived from the Landcover Map2@CM2000), produced as part
of the Countryside Survey 2000 (CS2000). LCM20G@GBsifies the entire UK into a 25

x 25m raster grid of 16 habitat classes, basegeatsal reflectance parameters derived
from satellite images (Fuller et al. 2002). Datalif&M2000 were collected between
1998 and 2001. 57% of roosts used in this studg wenfirmed to be active between
1998-2001. The remaining roosts may have beeneadtiving this period, but were not
monitored. Between 1998 and 2007 the change indvild mass under the most
extensive land cover types was considered smallgimtor LCM2000 to be applied
across the entire study period (arable 1.9% dealmeroved grassland 1.1% increase,
broadleaved/mixed woodland 0.3% increase, coniteveandland 0.2% decline, change
in urban areas not reported, Carey et al. 2008nhg2wison with the field survey
element of CS2000, which surveyed 569 one-kilom&greares in detail, suggests that
LCM2000 identifies habitat classes with an accuraay 85% (Fuller et al. 2002). Of
key habitats; broadleaved woodland, coniferous \Waralj arable land and grassland
were well classified, while the distinction betweasproved and semi-natural grassland
was less robust due to difficulties defining aafiifpoint in an essentially continuous
scale of improvement (Fuller et al. 2002). Howetlee, marked ecological differences
between improved and semi-natural grassland waasdnsidering them here as

separate categoriest each spatial scale, the proportion of each LCMRBabitat class
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was extracted, and for selected habitat classestifdy associated with roost location
reported in previous studies), mean patch areahuhnsity, patch edge density, mean
perimeter-area ratio and mean nearest neighbowandes were calculated using
FRAGSTATS (McGarigal et al. 2002). Sea was excludenh calculations. Distance
from the sample location to the nearest patch @hdiieaved/mixed woodland
(minimum patch size of one pixel = 62%mand the size of the nearest
broadleaved/mixed woodland patch was calculatadg ArcGIS 9.1 (ESRI, Redlands,
CA). LCM2000 excludes features less than 50m igtleor 0.5ha in area, making
identification of small water bodies problematigstance from the sample location to
the nearest water body was therefore measured asiagtor layer extracted from OS
Land-line.Plus, locating the position of all rivestreams, drains, canals, lakes,
reservoirs and ponds to within 0.4-3.5m. Elevatbthe sample location was obtained
from the OS Panorama digital terrain model. The/tes elevation to the nearest

metre with 50m x 50mesolution.

2.2.3. Satistical analysis

From the large number of predictors generateddtall, Appendix I), predictors
appearing in fewer than 10% of observations pecispavere excluded as having
insufficient variation. Colinearity was evaluated@ng the remaining set. Pairs of
predictors with squared correlation coefficients5S>@ere considered unacceptably
correlated (Freckleton 2002). All landscape scadasuares of habitat configuration
(mean patch area, patch density, patch edge demsfn perimeter-area ratio and
mean nearest neighbour distance) were stronglgleded with habitat extent. They
were removed from the analysis in favour of thepprtion of the habitat in landscape,
which is most often a stronger predictor of spetieglence than measures of
landscape configuration (Fahrig 2003). Nine prexigtvere retained for modelling
(table 2.2.).
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Table 2.2. Explanatory predictors used to model bat roostibtlistion.

Predictor Units Description

Arablée' % Proportion of cereals, horticulture, perennialps or unknown arable
crops. Also includes freshly ploughed land andtiotal setaside

Broadleaved % Proportion of broad-leaved woodland or mixeduland with canopy
cover greater than 20%, or scrub with cover grahtam 30%.

Coniferou$ % Proportion of coniferous woodland or plantatidth canopy cover greater
than 20%

Improved % Proportion of improved grassland, including sieka grass

Semi-naturdl % Proportion of rough, calcareous and acid serirahgrasslands and
bracken

Distbroad km Euclidian distance from sample point to edgaexdrest

broadleaved/mixed woodland patch

Areabroad km? Area of the nearest broadleaved/mixed woodlanchpat
Distwatef km Euclidian distance from sample point to neaneder body
Elevatior? m Elevation of sample point

1. LCM2000

2. OS Landline.Plus
3. OS Panorama DEM.

Conditional logistic regression was used to accéamthe paired nature of the data
(Compton et al. 2002). The used-available desigss ¢hot provide a truly binomial
response variable, as bat roosts can be foundtintbe present and available sample.
In this situation, logistic regression has beemshto produce valid parameter
estimates, with the caveat that predicted proliaslof occurrence can not be directly
interpreted, instead they represent a value thabisortional to the probability of
occurrence (Johnson et al. 2006; Manly et al. 26@2rce and Boyce 2006).

Model evaluation and parameter estimation was pedd using the multi-model
inference techniques described by Burnham and Aodegi2002). All species, with the
exception ofP. pipistrellus, had a ratio of observations to predictors of appnately
40 or below (15.6-46.6), therefore AIC correcteddmall sample size, AlCwas used
in all modelling. All possible combinations of thiame predictors were modelled,
creating a candidate set of 511 models. Regressiefficients and unconditional
standard errors were weighted by the Akaike wedfle|ach model, then averaged

across the candidate set (Burnham and Anderson.2002

The prediction accuracy of the averaged modelsasasssed using receiver operating
characteristic (ROC) curves. Predictive power gesented by the area under the curve
(AUC), with 1 equating to perfect classificationda5 representing prediction no
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better than chance. ROC curves may underestimatactturacy of presence-available
models, as the response variable is not truly biabfBoyce et al. 2002). However,
they are useful for comparing the predictive accygmong models, and there is not
yet a commonly adopted alternative (although sbaskn et al. 2006). AUC values
were compared between models using a chi-squareftdee hypothesis that
AUC;=AUC,, adjusted for independent samples, as describ&tbgng et al. (1988).

To assess the relative importance of each prediatitre model, the Akaike weight of
all models in which that predictor appeared wasraeohacross the candidate set. This
produced a selection probability; the estimatedbabdity that, of all predictors
considered, the predictor in question is in theé Bpproximating model (Whittingham
et al. 2005). Poor predictors may not have selegirobabilities close to zero. To
identify predictors unlikely to be associated wiltle dependent variable, a random
variable (range 0-1) was generated and added toriieal set of predictors, following
Whittingham et al(2005). All possible combinations of predictors enodelled and
the selection probability of the random variabliegkated. This process was repeated
1000 times, creating a distribution of possibld salection probabilities specific to the
dataset (for an example see Fig. 2.2.). A ‘95%-miéirval’ was determined from this
distribution. The lower bound of this distributioras defined by the smallest null
selection probability and the upper limit (95%wv..1) was defined as the 98@alue
when ranked from lowest to highest. This interegresents the range which contained
the selection probability of the random variabl®%®6 of model-averaging runs.
Predictors with selection probabilities within thell interval were considered weakly
supported. Statistical analysis was carried outgusustom written routines in STATA
8 (StataCorp, TX).
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Figure 2.2. Frequency distribution of selection probabilitiedotilated for a randomly generated variable

over 1000 model-averaging runs. The selection hitibaof the random variable was assessed within a

candidate set of models relatiRghipposideros roost location to the landscape within 1km of thest.

2.3 Results

The ability of the averaged models to correcthynitfg landscapes containing roosts

varied between species (table 2.3). The stroragssiciation between roost location and

the surrounding landscape was showrRblgipposideros, P. pygmaeus, P. auritus and

M. nattereri, with AUC scores between 0.805-0.877, represemgagonable predictive

accuracy (Swets 1988). Prediction accurady.afrotinus models was lower but still
reasonable (AUC 0.784 and 0.744), wiilepipistrellus demonstrated the weakest

association between roost location and the suriagrdndscape, with model AUC
scores of 0.708 and 0.670. All candidate modelb e&IC <A; 2 are shown in table

3.6, appendix II.

Table 2.3 AUC scores of models fitted using habitat predgtxtracted from within

1km of the sample point, and from within a scaleiegjent to the home-range of the

species. Also reported are the results of a chawsgtest of the equality of AUC scores at

the two scales.

1km sample radius

HR sample radius

Species AUC SE AUC SE x2 p

P. pipistrellus 0.708 0.019 0.670 0.200 6.66 0.010
P. pygmaeus 0.843 0018 0841 0018 003  0.854
R. hipposideros 0.823 0.190 0.810 0.020 1.90 0.169
P. auritus 0.830 0.025 0.805 0.027 2.59 0.108
E. serotinus 0.784 0.033 0.744 0.036 2.20 0.138
M. nattereri 0.835 0.035 0.877 0.028 2.54 0.111
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At least one broadleaved woodland metric was astatiwith roost location for all
study species (table 2.4, fig. 2.3 and 2Rigcotus auritus roosts were more likely to be
located in landscapes with a greater proportiooroddleaved woodlan@wi1xm=
0.9993winr= 0.986), whileE. serotinus andM. nattereri selected roosts that were
located closer to broadleaved woodland than woeldxXpected given the availability of
broadleaved patches in the landscaje £ 0.983, fig. 2.3)Pipistrellus pipistrellus, P.
pygmaeus andR. hipposideros roosts were positively associated with the extént o
broadleaved woodland and were also located closamoadleaved woodland than
would be expected{v; > 0.813). The greatest effect of increasing broadida
woodland extent within a radius of 1km on roosesgbn byP. pipistrellus, P. auritus
andR. hipposideros occurred at proportions between 0% and approxima@lo
broadleaved cover (fig. 2.4). FBr pygmaeus the effect of changing proportion of
broadleaved woodland within 1km remained consterdss the range of woodland
extents tested. Across all species, roosts weegddmn average 183m + 482 SD from
the nearest patch of broadleaved woodland, wheasa®mly selected building were
located on average 354m + 618 SD from broadleawsatiland. 90% of all roosts were
within 440m of broadleaved woodland. There wakelgupport for an association
between roost location and the size of the nearesidleaved woodland patch in any
model. The selection probability of this predictaas low Ew; < 0.450) and within the
95% null interval in every model. Of the five halbitypes for which proportion
measures were calculated, broadleaved woodlanthkagtrongest association with
roost location foP. pipistrellus, P. pygmaeus, R. hipposideros andP. auritus. No
species demonstrated a strongly supported asswciaiih the extent of coniferous
woodland, however a positive association betweauritus and coniferous woodland
received moderate support. The selection probwlofitoniferous woodland came
close to exceeding the null interval when extra¢tech within 1km of the sample point
(Zw; = 0.638, 95%&w, = 0.689).
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Figure 2.3 The relative probability of roost presence intielato the proportion of broadleaved

woodland within 1km of the sample point, showndpecies that demonstrated a supported association

with this predictor at the 1km spatial scale.
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All species exceR. hipposideros selected roosts in landscapes with a greater
proportion of improved grassland at one or botthefspatial scales testexinf > 0.781
where predictor exceeded the null interval, fig) 2lacreasing the proportion of
improved grassland within 1km had the greatestetia roost location between 0%
and approximately 40% improved grassland covePfgipistrellus, P. auritus andE.
serotinus. ForP. pygmaeus the effect of increasing the proportion of improved
grassland within 1km remained constant acrossatihger of extents tested. Roost
selection byM. nattereri was positively associated with the proportion ehseatural
grassland at the home-range scale(r = 0.994), however support for an association
between the remaining species and this habitatvigseequivocal, as the selection
probability of semi-natural grassland failed to exd the null interval in all other
models at either spatial scale. Two spedfegjpistrellus andM. nattereri were more
likely to roost in landscapes with a greater praparof arable landXw; > 0.840). At
the spatial scales considered, no habitats wereedo
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Figure 2.5 The relative probability of roost presence in rielato the proportion of broadleaved
woodland within 1km of the sample point, showndpecies that demonstrated a supported association

with this predictor at the 1km spatial scale.
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An association betwed? pygmaeus roost location and the distribution of water
features received strong support at both spatsésdipistrellus pygmaeus was more
likely to roost closer to water than would be expdaiven the availability of water
features in the landscapenxm = 0.930,Xwiur = 0.956). On average pygmaeus

roosts were locate@ 1km £+ 0.1 SD from the nearest water feature, @megbto an
average distance of 0.15km + 0.2 SD between randsetcted buildings and the
nearest water. An association between distandeetodarest water features dhd
auritusroost location received moderate support whendestngside measures of
habitat proportion extracted at the 1km scale,strahg support when tested alongside
was measures of habitat proportion extracted ahdinee-range scal&wim = 0.617,
95% EWnuii 1km = 0.687 Zwinr = 0.721, mean distance from roost to water fea@ukkm

+ 0.12D, mean distance from randomly selected mgltb water feature 0.16km + 0.20
SD ). BothP. pygmaeus andP. auritus was also more likely to roost at lower elevations
(Zw; > 0.928). The mean elevation Bf pygmaeus andP. auritus roosts was 69m * 54
SD and 87m + 73 SD above sea level, respectiveimpared to the mean elevation of
randomly selected buildings of 112m = 107 SD faitdings paired withP. pygmaeus
roosts, and 113m + 104 SD for buildings paired Withuritus roosts. All other
associations between roost location and the exygdanpredictors tested here received

weak or no support.
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Table 2.4 Averaged coefficient estimates, unconditional stadcerrors and selection probabiliti&sw)

calculated over a candidate set of models relatiogt location to measures of landscape composition

and configuration. For predictor definitions selgld¢a2.2.

1km sample radius

HR sample radius

Predictor R SE Tw R SE w

P. pipistrellus

Arable 0.015 0.006 0.944 0.013 0.006 0.840
Broadleaved 0.049 0.012 >0.999 0.043 0.016 0.948
Coniferous 0.008 0.007 0.488 0.005 0.006 0.340
Improved 0.027 0.007 0.999 0.014 0.007 0.808
Semi-natural 0.007 0.005 0.538 0.001 0.004 0.306
Distbroad -0.080 0.083 0.443 -0.278 0.152 0.830
Areabroad -0.010 0.017 0.307 -0.011 0.019 0.315
Distwater -0.345 0.299 0.503 -0.561 0.366 0.663
Elevation 9.36E-05 1.39E-04 0.371 5.11E-05 1.17E-04 0.300
MeanX Wy 0.382 0.379
95% X Wy 0.746 0.749
P. pygmaeus

Arable 0.005 0.005 0.443 0.001 0.003 0.297
Broadleaved 0.029 0.015 0.813 0.057 0.023 0.926
Coniferous 0.002 0.005 0.291 0.007 0.009 0.367
Improved 0.028 0.010 0.984 0.020 0.011 0.781
Semi-natural 0.010 0.008 0.525 0.015 0.011 0.616
Distbroad -2.108 0.659 0.997 -2.177 0.580 >0.999
Areabroad -0.004 0.033 0.277 -0.036 0.049 0.348
Distwater -2.175 0.906 0.930 -2.213 0.864 0.956
Elevation -0.010 0.002 >0.999 -0.011 0.003 >0.999
MeanX Wy 0.376 0.375
95% X Wy 0.720 0.733
R. hipposideros

Arable 0.009 0.008 0.504 0.008 0.008 0.458
Broadleaved 0.058 0.019 0.993 0.049 0.023 0.837
Coniferous -0.002 0.006 0.300 -0.005 0.009 0.316
Improved 0.007 0.006 0.509 0.010 0.008 0.606
Semi-natural -0.012 0.009 0.623 -0.007 0.008 0.459
Distbroad -2.729 0.885 0.994 -3.936 0.858 >0.999
Areabroad -0.033 0.064 0.300 0.101 0.102 0.445
Distwater -0.133 0.222 0.312 -0.225 0.270 0.372
Elevation -2.88E-05 6.66E-05 0.281  -9.86E-06 6.03E-05 0.269
MeanX Wy 0.371 0.372
95%Z Wi 0.722 0.701

66



Chapter 2: Roost selection and woodland

Table 2.4 continued

1km sample radius HR sample radius
Predictor 3 SE T w 3 SE zw
P. auritus
Arable -0.001 0.004 0.306 -0.005 0.006 0.405
Broadleaved 0.085 0.022 0.999 0.076 0.025 0.986
Coniferous 0.018 0.012 0.638 0.010 0.011 0.428
Improved 0.043 0.015 0.990 0.035 0.015 0.902
Semi-natural 0.013 0.011 0.542 0.014 0.012 0.509
Distbroad -0.023 0.110 0.265 -0.160 0.181 0.392
Areabroad -0.102 0.119 0.371 -0.030 0.076 0.279
Distwater -1.197 0.853 0.617 -1.421 0.856 0.721
Elevation -0.010 0.003 0.984 -0.007 0.003 0.928
MeanZ Wy 0.370 0.366
95% X Wiy 0.689 0.694
E. serotinus
Arable 0.005 0.007 0.386 0.002 0.006 0.279
Broadleaved -0.006 0.009 0.326 0.022 0.021 0.440
Coniferous -0.064 0.053 0.543 -0.001 0.025 0.269
Improved 0.047 0.017 0.965 0.075 0.032 0.909
Semi-natural -2.98E-04 0.007 0.264 0.013 0.017 0.334
Distbroad -3.328 1.090 0.998 -2.933 1.008 0.995
Areabroad 0.017 0.038 0.287 -0.007 0.030 0.274
Distwater 0.083 0.225 0.277 -0.016 0.198 0.267
Elevation -0.002 0.002 0.411 -0.003 0.002 0.516
MeanZ Wy 0.370 0.376
95% X Wiy 0.703 0.733
M. nattereri
Arable 0.023 0.017 0.605 0.078 0.034 0.950
Broadleaved 0.016 0.021 0.399 -0.009 0.017 0.285
Coniferous -0.002 0.011 0.274 0.008 0.017 0.293
Improved 0.027 0.020 0.639 0.142 0.061 0.994
Semi-natural 0.019 0.020 0.458 0.076 0.044 0.771
Distbroad -2.059 0.801 0.983 -3.030 0.996 0.999
Areabroad -0.233 0.250 0.449 -0.059 0.116 0.289
Distwater -0.400 0.591 0.323 -0.258 0.525 0.287
Elevation -0.002 0.002 0.410 0.002 0.002 0.349
MeanZ Wy 0.375 0.379
95%2X W 0.749 0.760

2.3.1. The effect of measurement scale on landscape scale habitat associations

The association between the locatiorPopipistrellus roosts and measures of landscape
composition and configuration was strongest wittkm of the roost (table 2.3).
Landscapes containirig) pipistrellus roosts were identified with significantly better
accuracy using data extracted from within 1km efd¢ample location than from within
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the home range (AUfGm = 0.708 + 0.019 SE, AU = 0.670 + 0.200 SB? = 6.66,p

= 0.010), although associations at both spatidésaaere relatively weak when
compared to the other study species. The effeal ttiree strongly supported habitat
associations (with arable, broadleaved woodlandimpdoved grassland) weakened at
the larger spatial scale (table 2.4). Landscapetasong roosts oR. hipposideros, P.
auritus andE. serotinus were also identified more accurately using dateaeted from
within 1km, however the difference between the spatial scales was not significant
(table 2.3). The ability of the averaged modeldteniify landscapes containify
pygmaeus roosts was virtually identical at both spatial ssalAUG, = 0.843+ 0.018
SE, AUGR =0.841+ 0.018 SE;(,2 = 0.03,p = 0.854). The effect of the proportion of
broadleaved woodland on roost selection was weatkiéie larger spatial scale, but the
effect of improved grassland was slightly strondreicontrast to the other species
tested, landscapes containiMgnattereri roosts were identified more accurately using
data from within the home-range of the roost. Tifikei@nce was not significant
(AUCym = 0.835 + 0.035 SE, AUG = 0.877 + 0.028 SB? = 2.54,p = 0.111),
however associations with measures of landscap@asition were only supported at
the larger spatial scale. The effect of these htbhweakened considerably when using
proportions calculated within 1km of the roost, awdmeasure of landscape

composition exceeded the 95% null interval.

2.4 Discussion

2.4.1. Roost selection by UK bats

Roost selection by all six bat species considaratis study displayed a positive
association with broadleaved woodland, and allomat species displayed a positive
association with the proportion of improved grasdlan the landscape. The proportion
of arable and semi-natural grassland was assoaatledoost selection by fewer
species (two species and a single species, regglgtiand no species demonstrated a

strongly supported association with the proportbnoniferous woodland.

The strength of association between roost locatahlandscape structure (both

composition and configuration) at both the 1km kmder home-range scales was
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markedly weaker foP. pipistrellus than the other species testBgistrellus
pipistrellusis by far the most adaptable British bat, foragmg wide range of habitats
(Davidson-Watts et al. 2006; Russ and MontgomeB22Russo and Jones 2003) and
tolerant to deviations from its optimal requirenge(®attler et al. 2007). Such flexible

habitat requirements may explain the poor predecizcuracy oP. pipistrellus models.

2.4.2. Associations with the extent and spatial arrangement of broadleaved woodland

Either the extent or distribution of broadleavedadiand was associated with the
location of roosts of all species tested in thiglgt This is in agreement with previous
studies of bat habitat-associations, which suggesst distribution is the most
important determinate of bat distribution in tengierregions (Racey and Entwistle
2003), and corresponds with previous studies daftreelection by. pipistrellus, P.
auritus, andR. hipposideros which showed these species selected roosts clmser t
broadleaved woodland, and in areas with a greatgroption of broadleaved woodland,
than would be expected if roost selection was ranfentwistle et al. 1997; Jenkins et
al. 1998; Reiter 2004). Many species of bats roo#te cavities formed in mature and
senescent broadleaved trees, so an associatiohrodldleaved woodland may be
explained by the availability of suitable roosustures. However, species that
predominantly roost in man-made structures alswstoong associations with the
proportion of broadleaved woodland (Bontadina e2@02; Davidson-Watts et al.
2006; Nicholls and Racey 2006b; Vaughan et al. L9badleaved woodland
provides a complex three dimensional habitat stre¢iand also has the capacity to act
as a wind break in otherwise exposed environm&uath these characteristics increase
insect abundance and diversity (Lewis and Dibley01®erckx et al. 2010; Verboom
and Huitema 1997; Verboom and Spoelstra 1999)namdtherefore enhance landscape
quality for bats. The habitat vertical of broadledwoodland may also offer bats
shelter from the elements and protection from apriedators (Limpens et al. 1989;
Verboom and Spoelstra 1999).

Five out of the six study species selected rotstswere closer to broadleaved
woodland than would be expected by chance. Thisbedhe result of a need to
maximise foraging efficiency, or may reflect theneased vulnerability of bats to

diurnal predators as they emerge at dusk (Averg1B8vergé et al. 2000l ecotus
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auritus was the only species for which roost location watsassociated with the
distance to the nearest woodland paktbwever, an effect of woodland proximity was
demonstrated in previous studies of bBtlauritus roost selection (Entwistle et al.
1997) and foraging patch selection (Ekman and dg 1896). Given the strong
association with woodland extent seen here (thatgsein terms of effect size of all
species tested) it seems likely that the spatstidution of woodland will have an
effect on the distribution d®. auritus. 90% of all roosts were within 440m of
broadleaved woodland, suggesting that bats arellimyvio travel further to reach

suitable foraging habitat.

Despite strongly supported associations with waudlfagroximity, none of the species
tested showed an association between roost locatidrthe size of the nearest
broadleaved woodland patch. Although the effegiaith size has been investigated
extensively in tropical regions (Gorresen et aD2&KIlingbeil and Willig 2009; Loayza
and Loiselle 2009), relatively few studies haveraddes the effect of patch size on bats
in European landscapes. Lesinski et al (2007) fabadeffect of patch size on bat
incidence within forest patch ‘islands’ in Polantfated among species, with species
dependent on tree roosts most likely to be nedsitaféected by decreasing patch size.
The six species tested in this study all roost amrmade structures, and additionally
they can all be characterised as ‘edge specia(Sttinitzler and Kalko 2001), showing
a greater association with woodland edge and ogeopy woodland than closed
canopy woodland interior (Kanuch et al. 2008; Kusthl. 2004; Nicholls and Racey
2006b). Small woodland patches may therefore peosidtable foraging habitat for
these species, and as such their distribution reditle affected by decreasing patch
size. However, further research into the use ofdkaal patches in temperate

agricultural landscapes is needed to confirm tkpeetation.

2.4.3 Associations with landscape composition

Improved grassland was positively associated vaitistr selection by all species except
R. hipposideros. Studies that quantify bat incidence within disereabitat patches have
foundP. pygmaeus andP. pipistrellus occur less frequently within improved grassland
than would be expected by chance (Nicholls and yRa666b; Russ and Montgomery
2002; Sattler et al. 2007; Walsh and Harris 1986¢ontrastE. serotinus is positively
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associated with grassland habitats, particularlyroved cattle pasture where livestock
dung is present (Catto et al. 1996; Robinson aablstgs 1997; Vaughan et al. 1997).
In this study, the preference for improved gras$skeeen across species may reflect the
sampling of improved grassland at a landscaperr#the patch scale, which will
capture the association between improved grassladather habitat types, particularly
linear features such as hedgerows and trees. Buogespested in this study, with
exception ofE. serotinus, all show a consistent association with linear fe=gyDowns
and Racey 2006; Limpens et al. 1989; Walsh andi$12896). Linear features occur at
a greater density in grassland than in arable s (Haines-Young et al. 2000).
Insect density is also higher in grassland landssapvans et al. (2007) found aerial
insect abundance to be between two to seven tilghsrhover grazed fields than
cropped fields, even when livestock were absenit Whas attributed to the regular input
of dung, lack of mechanical tillage and reduceditef pesticides and fertilizers to
grasslands. Linear features within an improvedsiaasi matrix may therefore provide
high quality foraging habitat for bats. Similartiie occurrence of linear features in
arable landscapes, although at a lower densitydhassland landscapes, may explain
the positive association between roost locationthagroportion of arable land
demonstrated bky. pipistrellus andM. nattereri, a habitat that is typically used less than
expected by several bat species when use is adsessag patches (Vaughan et al.
1997).

An association between roost location and the ptapoof semi-natural grassland was
shown by onlyM. nattereri, which is perhaps surprising given the numbeipetges
positively associated with improved grassland is situdy. Across all landscapes
sampled, improved grassland made up on averageo2@% available habitat, whilst
semi-natural grassland comprised 16% of availabiddcape. Semi-natural grassland
appeared in over 90% of samples, however this wedominantly in the form of small
isolated patches. Concentrations of semi-natuessignd large enough to impact
landscape quality were concentrated in upland aread¥ales, northern England and
Scotland, where the negative effect of increasedaglon may mask habitat
associations (Kanuch and Kristin 2006; Sattled.2@07). Higher elevations are
generally associated with lower proportions of bieaved woodland, and also cooler
temperatures, which impede the development of ydaatg (Zahn 1999). Selection of

roosts at lower elevations was showrFopygmaeus andP. auritus in this study.
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Pipistrellus pygmaeus also selected roosts located closer to waterwmand be
expected by chance, demonstrating that the stresgcation betweeR. pygmaeus and
water features seen in studies of foraging assong{Davidson-Watts et al. 2006;
Downs and Racey 2006; Nicholls and Racey 2006kteBat al. 2007) extends to the

selection of roost location.

2.4.4. Scale of response to landscape composition

For all species, with the exceptionMf nattereri, there was a slight but in most cases
insignificant improvement in model fit using landpe measures from within 1km of
the roost as apposed to measures calculated oweeamepresenting the maximal

likely home-range of the colony. This is in accardawith observations that foraging
activity of many bat is higher closer to the ro@dntadina et al. 2002; Entwistle et al.
1996; Fuhrmann and Seitz 1992; Harbusch 2003; Sehah 2004; Trappmann and
Clemen 2001), suggesting that the landscape cotigosloser to the roost may exert a

greater influence on bats that the compositioteirthome range.

Myotis nattereri was the only species for which models performetebetsing
landscape measures calculated at the home rarigeMyatis nattereri is a prolific
roost switcher (Smith and Racey 2005). A studiylohattereri inhabiting bat boxes in
a coniferous plantation in Scotland found colomes/ed between roosts on average
every 2.5 days (Mortimer 2006). The better predecability of landscape composition
measured across the home range as apposed tdoited hamposition within 1km of
one particular roost may result from the use ofimiper of roosts located throughout

the home-range.

2.4.5. Sudy limitations

Roosts used in this study were located entirelyuildings, and therefore their national
distribution followed patterns of population andlbung density. To account for this in
the methodology the sample of the available lamquse#as constrained to follow the
same distribution as the sample of roosts. Howédaedscape types with low
population or building density, including uplandetiand and heath, were
underrepresented in the sample, and as a resulags®ciation with bat distribution
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could not be assessed. Habitat associations mayalaffected by the availability of
suitable roosts. For example, many bat speciefoaral at low density in coniferous
plantations due in part to the paucity of suitablest structures. However, bats will
readily colonise bat boxes in coniferous forestsl, ia such instances are found to
forage extensively in coniferous habitat (Mortin2806). This study controlled for

roost availability by comparing the habitat arowadsts to that surrounding randomly
selected buildings located within the same strataudding density. The habitat
associations demonstrated here are therefore ligelflect foraging associations rather

than differences in roost availability.

Finally, this study did not consider roost seletty any true woodland specialist bat
species, such &arbastella barbastellus or M. bechsteini, that roost and forage
predominantly within broadleaved woodland (Dietalet2009). Such species are likely
to show a different response to woodland extentspadial configuration than the edge
specialist species considered here (Lesinski @08&l7). Their needs should also be

considered when designing conservation measurdmfer

2.4.6. Conservation implications

A broad suite of bat species are associated withddeaved woodland, so the creation
and management of woodlands has great potentiadoove landscape quality for bats.
In the present study, the greatest effect of irgtnggbroadleaved woodland extent on a
suite of edge specialist bat species was obsetled/devels of broadleaved cover, up
to proportions of approximately 20% of the avaitalaindscape. Roost selection by the
majority of species tested was also positively eissed with woodland proximity, but
was not associated with patch size (assessed tngrgize of the nearest woodland
patch). Together, the observed relationships witbhdiand extent and configuration
suggest that, given a fixed amount of funding, esjgerialist bats species will benefit
equally from the creation of an extensive netwdrwoodland patches in landscapes
with little existing woodland cover, as from thdagement of existing woodland
patches. This is consistent with the preferentalatation of woodland edge habitat
and the highly mobile nature of the bat specig®telsere, but departs from
recommendations that arise from the study of d&gdimited woodland specialist taxa,

or from surveys of woodland biodiversity. A simudet of woodland colonisation
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suggested that small farm woodlands with closdssliio existing woodland habitat will
be more readily colonised by a wider range of sgettian isolated patches, and similar
result have been shown in field studies of plaatgdiemyn et al. 2003) and avian
diversity (Opdam et al. 1995). Bird species riclsnesalso affected by patch size,
largely due to the absence of woodland specidhsis smaller patches (Dolman et al.
2007). Such studies recommend that woodland creatbemes focus on enlarging
woodland patches within existing woodland netwolkg,do not recommend the
establishment of new woodland networks in landssagth little existing woodland

cover.

In England, the primary sources of funding for Waod creation are the English
Woodland Grant Scheme (EWGS) and the Higher Leteat/&dship scheme (HLS).
HLS funds woodland creation on farmland in blockg@ 1ha each, and not exceeding
3ha in total, whereas the EWGS funds woodland ioreatf any size on private land.

Both schemes are targeted and competitive.

EWGS grants are awarded on a points basis, basesyimmal priorities than can
include native planting, the expansion of exissegi-natural woodland, or for specific
woodland designs that benefit a UK Biodiversityi@dotPlan priority species (UK BAP,
JNCC, 2007). Examples of appropriate species amabsel woodland designs are

provided in the regional scoring guidance literatur

HLS targeting takes two forms; target areas anchése Target areas are identified as
containing nationally important landscape featutd§ BAP priority habitats and
priority species. Applications within these areasstrmeet the objectives outlined by
the UK BAP. Outside target areas, application fier LS must address one or more
themes, which include increasing the resilienceiOBAP priority habitats to climate
change, reversing farmland bird decline, and rasigropulations of UK BAP priority

species in non-priority habitats.

Pipistrellus pygmaeus, R. hipposideros, P. auritus andN. noctula are all BAP priority
species in England, so both the EWGS and the Ho®ige a mechanism by which
woodland creation can be targeted to improve laaquscuality for these species.

However, the implementation of woodland creatianidat conservation is hindered by
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a lack of information describing appropriate woodlaesign for bats. Based on the
findings of this study, | recommended that to consg@opulations of the bat species
assessed here, the extent of broadleaved woodighéd iandscape should be increased,
with benefits particularly marked in areas wheresblteaved extent within a 1km radius
is currently less than 20%. Land managers should@icreate an extensive network of
woodland patches across the land holding, includmgll patches designed to take
advantage of available land and increase the poovid woodland edge habitat.
Patches should be spread throughout the holditigggmo one patch is isolated, and
distances between patches should not exceed 440m.

Incorporating these recommendations into the EWGBHLS will meet action plan
objectives of several UK BAP priority species, afgb fulfil international obligations

to protect and conserve bats.
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2.6 Appendix |

Table 2.5 Complete list of predictors assessed for inclugiomodels relating roost location to the
surrounding habitat. Cor. prop.= predictor excluded to an unacceptable level of correlation wigh t
proportion of habitat in the landscape (Peardor0.5). Insuf. var. = predictor excluded due to

insufficient variation (appearing in <10% of obs#ions).

Predictor Units Description Notes

Broadleaved:
Proportion % Broad-leaved and mixed woodland with
Patch density km canopy cover greater than 20%, or scrub Cor. prop.
Mean patch area km/km with cover greater than 30% Cor. prop.
Edge density km Cor. prop.
Mean perimeter-edge Cor. prop.
ratio
Mean distance to patch km Cor. prop.
of same habitat type

Coniferous:
Proportion % Coniferous woodland or plantation with
Patch density canopy cover greater than 20% Cor. prop.
Mean patch area Km Cor. prop.
Edge density km/kin Cor. prop.
Mean perimeter-edge Cor. prop.
ratio
Mean distance to patch km Cor. prop.
of same habitat type

Arable:
Proportion % Cereals, horticulture, perenoiaps or

unknown arable crops. Also includes
freshly ploughed land and rotational

setaside
Improved:
Proportion % Improved grassland and setaside grass
Patch density Cor. prop.
Mean patch area Km Cor. prop.
Edge density km/kin Cor. prop.
Mean perimeter-edge Cor. prop.
ratio
Mean distance to patch km Cor. prop.
of same habitat type
Semi-natural:
Proportion % Rough, calcareous and acid semi-natural
Patch density grasslands and bracken Cor. prop.
Mean patch area Km Cor. prop.
Edge density km/kin Cor. prop.
Mean perimeter-edge Cor. prop.
ratio
Mean distance to patch km Cor. prop.
of same habitat type
Heath:
Proportion % Dwarf and open shrub heath Ingaf.
Wetland:
Proportion % Fen, marsh and swamp Insuf. var.
Bog:
Proportion % Insuf. var.
Montane:
Proportion % Montane habitats Insuf. var.
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Predictor Units Description Notes
Bare ground:
Proportion % Inland rock, bare ground and désg
semi-natural areas
Supra-littoral:
Proportion % Supra-littoral rock and sediment Insuf. var.
Littoral:
Proportion % Littoral rock, sediment and saltsin Insuf. var.
Distbroad km Euclidian distance from sample paint t
edge of nearest broadleaved cover
Areabroad krh Area of nearest broadleaved patch
Distwater km Euclidian distance from sample paint t
nearest water body
Elevation m Elevation of sample point
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2.7. Appendix I

Table 2.6 Results of AIC-based model selection across alsiptescombinations of explanatory
predictors (candidate set of 511 models), usingra 4ample radius and home-range (HR) sample radius.
Models shown are 4; 2. For each model the number of estimable param@t AIC score corrected

for small sample size (cAlf; Akaike difference from the best moda| § and Akaike weightw;) are

presented.

Model K CAIC, A W

P. pipistrellus (1km sample radius)

Distbroad + Distwater + Broadleaved + Arable + toyed 5 476.03 0.000 0.074
Distbroad + Distwater + Broadleaved + Coniferousrable +

Improved 6 477.21 1.182 0.041
Distbroad + Broadleaved + Arable + Improved 4 477.21.242 0.040
Distbroad + Areabroad + Distwater + Broadleavedrable +

Improved 6 477,51 1.482 0.035
Distbroad + Distwater + Elevation + Broadleaved ratéle +

Improved 6 477.66 1.628 0.033
Distbroad + Distwater + Broadleaved + Arable + Ioyed +

Semi-natural 6 477.80 1.773 0.030

P. pipistrellus (HR sample radius)

Distbroad+ Distwater + Broadleaved + Arable + Im@md 5 476.03 0 0.074
Distbroad + Distwater + Broadleaved + Coniferousrable +

Improved 6 477.21 1.182 0.041
Distbroad + Broadleaved + Arable + Improved 4 477.21.242 0.040
Distbroad + Areabroad + Distwater + Broadleavedrable +

Improved 6 47751 1.482 0.035
Distbroad + Distwater + Elevation + Broadleaved ratéle +

Improved 6 477.66 1.628 0.033
Distbroad + Distwater + Broadleaved + Arable + Ioyed +

Semi-natural 6 477.80 1.773 0.030

P. pygmaeus (1km sample radius)

Distbroad + Distwater + Elevation + Broadleavednptoved 5 252.36 0.000 0.119
Distbroad + Distwater + Elevation + Broadleaved ral#le +

Improved + Semi-natural 7 252.44 0.082 0.114
Distbroad + Distwater + Elevation + Broadleavednptoved +

Semi-natural 6 25290 0.545 0.091
Distbroad + Distwater + Elevation + Broadleavedaniferous +

Arable + Improved + Semi-natural 8 253.72 1.361 60.0
Distbroad + Distwater + Elevation + Broadleaved ral#le +

Improved 6 253.83 1.474 0.057
Distbroad + Areabroad + Distwater + Elevation + &tleaved +

Improved 6 254.33 1.968 0.044
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Table 2.6 continued.

Model K CAIC, A W
P. pygmaeus (HR sample radius)
Distbroad + Distwater + Elevation + Broadleavednptoved +

Semi-natural 6 254.64 0.000 0.134
Distbroad + Distwater + Elevation + Broadleavedan{ferous +

Improved + Semi-natural 7 255.65 1.014 0.081
Distbroad + Areabroad + Distwater + Elevation + &feaved +

Improved + Semi-natural 7 255.83 1.194 0.074
Distbroad + Distwater + Elevation + Broadleavednptoved 5 256.09 1.446 0.065
Distbroad + Distwater + Elevation + Broadleaved raldle +

Improved + Semi-natural 7 256.53 1.887 0.052
R. hipposideros (1km sample radius)

Distbroad + Broadleaved + Semi-natural 3 246.77 0.0 0.065
Distbroad + Broadleaved + Arable + Improved 4 227.00.251 0.058
Distbroad + Broadleaved + Coniferous + Semi-natural 4 248.23 1.456 0.031
Distbroad + Distwater + Broadleaved + Semi-natural 4 248.39 1.619 0.029
Distbroad + Broadleaved + Arable + Semi-natural 4 48.20 1.628 0.029
Distbroad + Broadleaved + Improved + Semi-natural 4248.46 1.691 0.028

Distbroad + Areabroad + Broadleaved + Semi-natural 4 248.52 1.746 0.027
Distbroad + Distwater + Broadleaved + Arable + lmmd 5 248.52 1.751 0.027
Distbroad + Elevation + Broadleaved + Semi-natural 4 248.63 1.858 0.026
Distbroad + Broadleaved + Arable + Improved + Seatiiral 5 248.65 1.881 0.025
Distbroad + Areabroad + Broadleaved + Arable + lomed 5 248.67 1.901 0.025

R. hipposideros (HR sample radius)

Distbroad + Broadleaved + Arable + Improved 4 288.40.000 0.044
Distbroad + Areabroad + Broadleaved + Arable + lomed 5 259.22 0.738 0.031
Distbroad + Broadleaved + Improved 3 259.48 0.99402D
Distbroad + Distwater + Broadleaved + Arable + lomd 5 259.53 1.050 0.026
Distbroad + Broadleaved + Semi-natural 3 259.77 84.2 0.023
Distbroad + Areabroad + Distwater + Broadleavedrable +

Improved 6 260.26 1.772 0.018
Distbroad + Areabroad + Broadleaved + Improved 4 0.26 1.853 0.018
Distbroad + Broadleaved + Coniferous + Arable +oved 5 260.46 1.976 0.016
Distbroad + Distwater + Broadleaved + Improved 4 028 1999 0.016

P. auritus (1km sample radius)
Distwater + Elevation + Broadleaved + Coniferousnproved +

Semi-natural 6 140.07 0.000 0.087
Areabroad + Distwater + Elevation + Broadleavedonirous +

Improved + Semi-natural 7 141.18 1.104 0.050
Distwater + Elevation + Broadleaved + Coniferousnproved 5 141.26 1.191 0.048

Elevation + Broadleaved + Coniferous + Improvedembnatural 5 141.41 1.333 0.045
Distwater + Elevation + Broadleaved + Coniferousrable +

Improved + Semi-natural 7 141.97 1901 0.034
Areabroad + Distwater + Elevation + Broadleavedoniferous +
Improved 6 142.03 1.961 0.033
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Table 2.6 continued.

Model K CAIC, A W

P. auritus (HR sample radius)

Distwater + Elevation + Broadleaved + Coniferousnproved +

Semi-natural 6 150.34 0.000 0.055
Distwater + Elevation + Broadleaved + Arable + loyed 5 150.94 0.601 0.041
Distwater + Elevation + Broadleaved + Improved m&eatural 5 151.10 0.761 0.038
Distwater + Elevation + Broadleaved + Improved 4 1284 0905 0.035
Distbroad + Distwater + Elevation + Broadleavedaniferous +

Improved + Semi-natural 7 15156 1.220 0.030
Distwater + Elevation + Broadleaved + Coniferousnproved 5 151.62 1.284 0.029
Distbroad + Distwater + Elevation + Broadleavednptoved +

Semi-natural 6 151.70 1.358 0.028
Distbroad + Distwater + Elevation + Broadleaved radle +

Improved 6 15191 1566 0.025
Distwater + Elevation + Broadleaved + Arable + loyed +

Semi-natural 6 151.95 1.611 0.025
Elevation + Broadleaved + Coniferous + Improvedembnatural 5 152.17 1.828 0.022
Distbroad + Distwater + Elevation + Broadleavednptoved 5 152.17 1.832 0.022
Areabroad + Distwater + Elevation + Broadleavedoni€rous +

Improved + Semi-natural 7 152.26 1916 0.021
E. serotinus (1km sample radius)

Distbroad + Coniferous + Improved 3 105.16  0.000 060.
Distbroad + Elevation + Coniferous + Improved 4 J06 1.015 0.036
Distbroad + Arable + Improved 3 106.45 1.291 0.032
Distbroad + Coniferous + Arable + Improved 4 106.69..532 0.028
Distbroad + Improved 2 106.69 1.539 0.028
Distbroad + Elevation + Improved 3 106.91 1.756 26.0
Distbroad + Broadleaved + Coniferous + Improved 4 06.21 1.759 0.025

Distbroad + Elevation + Arable + Improved
Distbroad + Areabroad + Coniferous + Improved

E. serotinus (HR sample radius)

4 106.951.790 0.025
4 .187 1995 0.022

Distbroad + Improved 2 111.34 0.000 0.053
Distbroad + Elevation + Improved 3 111.56 0.220 48.0
Distbroad + Elevation + Broadleaved + Improved 4 1714 0.402 0.044
Distbroad + Broadleaved + Improved 3 112.63 1.286028
Distbroad + Improved + Semi-natural 3 112.77  1.426.026
Distbroad + Elevation + Improved + Semi-natural 4 1316 1.824 0.021
Distbroad + Elevation + Broadleaved + Improved mBeatural 5 113.20 1.859 0.021
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Table 2.6 continued.

Model

K CAIC, A W
M. nattereri (1km sample radius)
Distbroad + Areabroad + Broadleaved + Arable + lowpd +
Semi-natural 6 81.37 0.000 0.032
Distbroad + Broadleaved + Arable + Improved + Seatidiral 5 81.56 0.193 0.029
Distbroad + Arable + Improved + Semi-natural 4 819 0.572 0.024
Distbroad + Arable + Improved 3 82.22 0.852 0.021
Distbroad + Elevation + Arable + Improved + Semitmal 5 82.25 0.876 0.021
Distbroad + Elevation + Broadleaved + Arable + lonyad +
Semi-natural 6 82.32 0.952 0.020
Distbroad + Areabroad + Elevation + Broadleavedrable +
Improved + Semi-natural 7 82.67 1.301 0.017
Distbroad + Areabroad 2 82.89 1.514 0.015
Distbroad + Improved 2 83.15 1.783 0.013
Distbroad + Distwater + Arable + Improved 4 83.24 .87 0.013
Distbroad + Areabroad + Elevation 3 83.25 1.877 18.0
Distbroad + Areabroad + Improved 3 83.25 1.877 B8.01
Distbroad + Elevation 2 83.32 1.947 0.012
Distbroad + Areabroad + Distwater + Broadleavedrable +
Improved + Semi-natural 7 83.33 1.954 0.012
M. nattereri (HR sample radius)
Distbroad + Arable + Improved + Semi-natural 4 ®7.6 0.000 0.126
Distbroad + Elevation + Arable + Improved + Semitmal 5 68.82 1.134 0.072
Distbroad + Coniferous + Arable + Improved + Semitmal 5 69.20 1.518 0.059
Distbroad + Areabroad + Arable + Improved + Sentiirel 5 69.49 1.808 0.051
Distbroad + Broadleaved + Arable + Improved + Seatiiral 5 69.50 1.818 0.051
Distbroad + Distwater + Arable + Improved + Semitmal 5 69.64 1.957 0.047
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Chapter 3

Separ ating the effects of habitat extent and habitat aggregation on the
incidence of batsin afragmented landscape

Abstract

Habitat fragmentation is characterised by two psses, a reduction in habitat extent
and the breaking apart of remaining habitat. Toemtly assess the effect of habitat
fragmentation on biodiversity, it is important toderstand how species respond to
these separate processes, yet few studies of himhgenentation distinguish between
the two. Here | use data from a national survdyatfdistribution in the UK to assess
the independent effects of habitat extent and ggeegation of habitat patches on the
incidence of four bat specidgipistrellus pipistrellus, Pipistrellus pygmaeus, Nyctalus
noctula andEptesicus serotinus. The effect of scale on the relationships betwesgn
incidence and landscape structure was assessétrgyrmodels at multiple spatial
scales. The effect of habitat aggregation on laténce was weak when compared to
habitat extent measured at an appropriate scaleleimce of all four species was greater
in landscapes with a higher proportion of broadéebwoodland cover. Onk.
pipistrellus was affected by the aggregation of woodland patdhen broadleaved
woodland exceeded 9% of the landscape, activiB. pfpistrellus was greatest in
landscapes with more dispersed woodland patchesey in landscapes with a low
extent of broadleaved woodlarf, pipistrellus activity was greatest when woodland
patches were more aggregateiistrellus pygmaeus andN. noctula incidence was
positively associated with the proportion of impedwgrassland in the landscape. Both
species preferred landscapes with dispersed gnalsgichesPipistrellus pygmaeus,

N. noctula andE. serotinus were also positively associated with the proporbd
coniferous woodland in the landscape. No one dpat&de captured all landscape scale
habitat associations shown by each species. THm§a of this study suggest that
increasing the extent of broadleaved woodland shfmuin the focus of bat

conservation strategies at a landscape scale.
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3.1. Introduction

Habitat fragmentation almost inevitably accompamiehropogenic habitat alteration,
and as a result has become a central topic ecalagisearch (reviewed by Andrén
1994; Fahrig 2003; Saunders et al. 1991). The geookfragmentation can be
characterised as a reduction in the extent of tiggnal habitat and the breaking apart of
remaining habitat, resulting in decreased patob @@ increased patch isolation
(Andrén 1994). In addition to the impact of habitats, fragmentation can have
negative consequences for biodiversity as a resustmong other factors, the loss of
species with large home-range requirements frormagtnpatches (Fahrig 2003), the
disruption of gene flow between populations (KeHlad Largiader 2003), increased
habitat disturbance along patch edges (Beier @08R), and the modification of
ecosystem processes (Saunders et al. 1991). Hoveeveservation actions designed to
reduced the negative effects of habitat fragmesmadre often hindered by a lack of

knowledge regarding how species respond to therédifit components of the process.

Many commonly used measures of habitat fragmemtasiach as patch density, patch
size, patch isolation and edge density, are cde@haith habitat extent in natural
landscapes. As a result the relative effects oithiloss and habitat disaggregation are
hard to distinguish. Research to date suggestshtbaelationship between biodiversity
and habitat loss is overwhelmingly negative, whetea effects of habitat
disaggregation are much weaker, and are at ledigehsto be positive as negative
(Fahrig 2003). Another little studied aspect ofyfreentation is the interaction between
habitat loss and habitat disaggregation. The resd@ilsimulations of landscape
fragmentation suggest that population declineami$capes with a high proportion of
focal habitat are primarily a response to habdas] while the effects of habitat
disaggregation are important only in landscapes litite remaining original habitat
(Andrén 1994).

The response of bats to fragmentation has beeredtagtensively in tropical regions
(eg. Bernard and Fenton 2007; Cosson et al. 199t#adia-Villegas et al.; Klingbeil and
Willig 2009), and to a lesser extent in temperatelscapes (Ekman and de Jong 1996;
Lesinski et al. 2007). However, very few studiegenattempted to assess the
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independent effects of habitat loss and habitagdjsegation. Gorresen et al (Gorresen
and Willig 2004; Gorresen et al. 2005) used redicegression to correct measures of
landscape configuration for habitat extent in @gtof Phyllostomid bats in the Atlantic
forests of Paraguay. However, residual regressigrbleen shown to produce biased
estimates of effect size in the presence of catitye@reckleton 2002). No study of the
response of bats to habitat fragmentation has graglmetrics of fragmentation that are

truly independent of habitat extent.

In this paper | utilise an index of habitat aggtemaproposed by McGarigal et al
(2002) that is independent of habitat extent, sess the effects of landscape
composition and configuration on incidence of fbat species. | use data from a
national survey of bat activity in the UK to addreélse following hypotheses. 1) The
activity of bats recorded along field transectd i more strongly associated with
measures of habitat extent than with measurestofahalisaggregation. 2) The effect of
habitat disaggregation on bat activity will varcarding to the extent of focal habitat in
the landscape. 3) The scale at which the landdeagracterised with impact the
strength of the observed associations betweendtabétrics and bat activity. As the
scale at which UK bats respond to landscape steicgunot known, models are fitted at

series of nested scales in order to assess pattesnale dependency.

3.2. Methods

3.2.1. Species ecology and range

This study models the landscape scale habitat ias®eos of four vespertilionid bat
speciesPipistrellus pipistrellus, Pipistrellus pygmaeus, Nyctalus noctula andEptesicus
serotinus. Pipistrellus pipistrellus andP. pygmaeus are the smallest bats found in the
UK, weighing between 3.5-8g (Schober and Grimmbet§87). They forage close to
vegetation, often around head height (Russ 1998 Bpecies are common and
widespread in the UK, with a nationwide range (Rrctson 2000), although the relative
frequency of these two species varies acrossttege (see section 3.3). noctula and

E. serotinus are among the largest British bats, weighing 1§-&d 14-33g

respectively (Schober and Grimmberger 1987 hoctula typically forages between 10-
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40m, sometimes up to 70m, in open areas and abse® (Schober and Grimmberger
1997). It is fairly common throughout England andlég, up to southern Scotland.
Eptesicus serotinus forages from ground level up to heights of 5-1@mch closer to
vegetation tham. noctula (Russ 1999). It is restricted to southern England South
Wales (Richardson 2000). Further details of théoggoand distribution of these
species are provided in chapter 1.

3.2.2. Survey methodology

Species distribution data were derived from &dWl transects, surveyed between 1998-
2007 as part of the National Bat Monitoring Prognaen(fig. 3.1). Trained volunteer
surveyors were each assigned a 1km grid squaestsdlin a stratified-random sample
design proportional to the extent of the 40 UK oradil land classes (as defined by the
Institute of Terrestrial Ecology, Bunce et al. 19B@ward et al. 1999. See Walsh et al.
2001 for further details of the stratification pedcire). Despite the stratified-random
design some landscape types, such as upland atahd/éabitats, were
underrepresented in the sample and associatiohghveése habitat types could not be
tested. Habitats for which associations could mo¢$tablished should not be
considered unimportant to bats. Within each sgadransect of approximately 3km in
length was mapped, following as closely as possktriangular route. Although
transect routes deviated in most cases from tradisgel route, biases in transect
placement are expected to be constant across kpel$gpes, so the analysis of
landscape scale habitat associations should bemaliyi affected. Transect were split
into twelve approximately equal sections. BeginrZOgminutes after sunset, surveyors
walked the transect with a heterodyne detectordtn@5 kHz, and noted the number
of N. noctula andE. serotinus ‘passes’ heard along each section. A pass wasedkés

a sequence of two or more echolocation calls madelmt flies past the detector
(Thomas and West 1989). At the end of each seatiwvo minute point count was
made with the detector tuned to 50 kHz, and thebmurofP. pipistrellus andP.
pygmaeus passes noted. Species were distinguished usirtgriaequality, rhythm,
repetition rate and peak frequency of their echatioa calls N. noctula < 21kHz,E.
serotinus 25-32kHz,P. pipistrellus 44-48kHz P. pygmaeus > 52kHz) and where
possible using visual clues such as size and fhglttern. To minimise identification

error, passes that showed the characteristicspéaes of interest, but could not be
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attributed with confidence, were noted as ‘unsureansects were surveyed twice

during July, and surveys were repeated annuallyinQuhe study period, each transect
was visited on an average of 473.9 SD) occasions. Transect routes were recorded 0
enlarged 1:25,000 Ordnance Survey maps, and @ditisth reference to 1:25,000 OS

raster tiles.

Legend
@ Nyctalus noctula

Eptesicus serotinus
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Figure 3.1. Distribution of field transects surveyed 1998-2@&/part of the National Bat Monitoring
Programme, which were used in this study. Ciradggasent 10km grid squares containing at least one
transect. Also shown are the minimum convex polggesed to delimit the range Nf noctula andE.

serotinus. A nation-wide range was assumed Fopipistrellus andP. pygmaeus.

Data from all point counts and transect sectionewembined to provide a measure of
species incidence per transect, to corresponceteetiolution of available habitat data.
The mean number &. pipistrellus andP. pygmaeus passes per survey was calculated

for each transect. Due to the relative raritjNohoctula andE. serotinus along
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transectsincidence of these species could not be modelledcamtinuous variable.

The number of passes recorded along each tranasanstead transformed into
presence/absence, combining records from all sarsempleted during the study
period. To reduce false absences, transects albiup\& species was recorded, but
where unidentified bats showing the characteristfdbe species of interest were noted,
were not used in the analysis of that species.

In this study | focus on landscape level predictidrspecies distribution, rather than
bioclimatic factors that may set the limits of @sjes range. As such only sites within
the range of each species were used for modeTlmglelimit species range, minimum
convex polygons were constructed using observatdNs noctula andE. serotinus
from the present survey combined with UK Nationelddversity Network records from
1958 onwards. Three non-roost recordslofioctula from the North Scottish coast
were removed as probable vagrants. All sites wesaraed to fall within the range Bf
pipistrellus andP. pygmaeus (fig 3.1). The number of transects used to construc

species distribution models for each species rafrged 266-526 (table 3.1.).

Table 3.1. Number of transects used to construct species
distribution models for each species, and the peage

of transects along which each species occurred.

Species N Occupancy (%)
P. pipistrellus 526 83
P. pygmaeus 526 56
N. noctula 440 67
E. serotinus 266 49

3.2.3. Habitat Data

The habitat composition and configuration of thediscape was characterised at three
spatial scales. Home-range size is likely to hastang influence on the scale at which
bats perceive landscape change, therefore dateldegdypical home-range size were
gathered from published radio-telemetry studiesfe large differences in maximal
home-range size, the distance from the roost wiiltiich bats spent the majority of
foraging time (the ‘core’ foraging radius) was telaly consistent between species
(table 3.2). A sample radius of 1500m was choserpesent the core foraging range

of the species in this study, however, due to dlok bf knowledge regarding the scale at
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which bats respond to landscape structure, datalsasampled at half and twice this
distance from the transect.

Table 3.2. Literature describing bat foraging behaviour, usethform choice of data extraction radius.

Species Distance Note Citation
(km)
P. pipistrellus  1.44 Mean distance from roost to core area of égtiv Nicholls and Racey
2006a
1.90 Mean distance from roost to furthest point Davidson-Watts
travelled and Jones 2006a
P. pygmaeus 0.69 Mean distance from roost to core area of activitiNicholls and Racey
2006a
1.94 Mean distance from roost to furthest point Davidson-Watts
travelled and Jones 2006a
1.75 Maximum distance from roost to foraging site Bait&na et al.
2008a
N. noctula 3.82 Median of maximum distance individual Mackie and Racey
lactating bats recorded from roost 2007
2.00 Radius of main activity of maternity colony h&ddt 1988
1.30 Mean distance from roost to frequently used  Kronwitter 1988
foraging area
E. serotinus 1.70 Distance within which bats spent 91% of Harbusch 2003
foraging time
1.25 Average distance from roost to foraging patch Simon et al. 2004

Habitat data were derived from the Land Cover Ma@®2(LCM2000, Fuller et al.
2002); a 25m raster grid of 16 broad land coveesyglassified using spectral
reflectance parameters from satellite images. Agoent field survey of 569 1km
squares suggests LCM2000 identifies broad landrdygpes with an accuracy of

85% (Fuller et al. 2002, further details of claigsifion accuracy are provided in chapter
1). Satellite data were collected between 19982&d. Between 1998 and 2007 the
change in UK land mass under the most extensivcedawer types was considered
small enough for LCM2000 to be applied across titgeestudy period (arable 1.9%
decline, improved grassland 1.1% increase, broaetémixed woodland 0.3%
increase, coniferous woodland 0.2% decline, Caray. 2008). The proportion of each
LCM2000 habitat class was calculated at each sastple. Measures of habitat
fragmentation are often highly correlated with hatbéxtent, making an independent
assessment of the effects of habitat loss anddtabgaggregation difficult. To
overcome this difficulty, McGarigal et al. have é&ped an index of fragmentation

termedclumpiness, that is independent of habitat extent (McGaregadl. 2002). For a
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given landscape and focal habitat type, this inetgxals the deviation of the observed
habitat distribution from that expected under aigfig random distribution of the same
habitat extent, based on the number of like ad@esrbetween pixels. The index
ranges from —1 when habitat is maximally disaggiesty#o 1 when habitat is maximally
clumped, with zero representing a spatial randastridution. Here | use the terms
aggregation anddisaggregation to refer to the specific aspect of habitat fragtaton
measured by the clumpiness index, and reservethgragmentation for the combined
effect of habitat loss and habitat disaggregawmyregation of broadleaved woodland,
improved grassland and semi-natural grassland veasuned at each spatial scale, as
previous studies have shown these habitat typles pmsitively associated with the bat
species investigated here (Glendell and Vaughag;208ughan et al. 1997; Walsh and
Harris 1996). The effect of habitat extent on thlatfonship between habitat
aggregation and bat incidence was investigateddyding the interaction of habitat
proportion and the aggregation index. Mean elewatias calculated using the
Ordnance Survey Panorama digital terrain model (Efster, elevation recorded to the
nearest metre). Spatial data processing was caniedsing FRAGSTATS (McGarigal
et al. 2002) and ArcGIS 9.2 (ESRI, Redlands CA).

3.2.4. Satigtical analysis

Variation in bat activity was modelled using a Gith a log link and a negative
binomial error term foPipistrellus species, and a logit link and binomial error tean f
N. noctula andE. serotinus. From the initial set of predictors (table 3.8papdix 1),
those which displayed insufficient variation torhedelled accurately (appearing in
<10% of observations) were removed. Multicollineawas assessed among the
remaining predictors. Where necessary predictors wentred by subtracting the mean
value from each observation to reduce colineagtyveen main effects and interaction
terms. In England and Wales, semi-natural grasskaodncentrated on marginal land,
generally occurring at higher elevations. As a ltesemi-natural grassland and
elevation were highly correlated when only datarfithhese two countries were used, as
for N. noctula andE. serotinus. For these species, the proportion of semi-natural
grassland was removed from models in favour oingtg average elevation. All
remaining predictors demonstrated acceptable l@falslinearity (squared Spearman
correlation coefficients <0.5, Freckleton 2002).
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Not all transects were surveyed every year. Popul@ahange over the study period
could therefore cause variation in bat activitywestn transects surveyed over a
differing subsets of years. To control for this m@uof variation, a mean population
index was included in all models. This was cal@datsing the smoothed population
trends estimated from NBMP field survey data (Bahservation Trust 2008). For each
transect, a mean population index value was cadtulilay averaging the national index
value over the years the transect was surveyedefféet of survey effort on the
likelihood of correctly establishing the presen€&onoctula andE. serotinus was
controlled for by including transect length and thenber of times each transect was
surveyed in everi. noctula andE. serotinus model. Within their range (fig. 3.1), both
N. noctula andE. serotinus demonstrated a decline in incidence with increakitiude
that was not sufficiently explained by the seledtabitat predictors. Therefore
northing, measured with reference to OSGB 36, walsided inN. noctula andE.
serotinus models. The final set of predictors used to modetes incidence are shown
in table 3.3.

Table 3.3. Environmental predictors used to model site oacay

Predictor Units  Description

Arable % Proportion of cereals, horticulture, peiahcrops or unknown arable
crops. Also includes freshly ploughed land andtiotal setaside

Broadleaved % Proportion of broad-leaved and mixeddland (canopy cover greater
than 20%), or scrub (with cover greater than 30%)

CLUbroadleaved Aggregation of broadleaved woodlaatoitat patches, represented by an
index of ‘clumpiness’.

Coniferous: % Proportion of coniferous woodlangltamtation (canopy cover greater
than 20%)

Improved % Proportion of improved grassland andside grass

CLUimproved Aggregation of improved grassland kettpatches, represented by an
index of ‘clumpiness’.

Semi-natural % Proportion of rough, calcareousausid semi-natural grasslands and
bracken. P. pipistrellus andP. pygmaeus only)

CLUsemi-natural Aggregation of semi-natural grasdlhabitat patches, represented by an

index of ‘clumpiness’
(P. pipistrellus andP. pygmaeus only)

Bare ground Inland rock, bare ground and despgsidi-natural areas

Built % Proportion of continuous urban, suburbad aural developed areas
Heath % Proportion of dwarf and open shrub heath

Water % Proportion of inland water

Elevation m Mean elevation of landscape, in medtes/e sea-level

Included in every model:

Mean population National population index averaged over the yearh site has been
index surveyed

Number of Number of surveys used to determine species presnnoctula andE.
surveys serotinus only)

Length m Transect lengtiN( noctula andE. serotinus only)

Northing m With reference to OSGB 36
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At each spatial scale, all possible combinationgretlictors and interaction terms were
modelled, and averaged parameter estimates wendatald using the methods
described by Burnham and Anderson (2002). 95% denée intervals were
constructed for each predictor using unconditiatahdard errors. The utility of each
predictor within the averaged model was assessaetlan whether the confidence
interval of the coefficient estimate overlappeddz@ihe performance of models fitted
using data at different spatial scales was compasadj AICc score. Spatial
autocorrelation of residuals was assessed usingvior. All analyses were performed
using STATA 10 (StataCorp, TX).

3.3 Results

3.3.1. National patterns of activity

The mean number of bat passes recorded per suavieg\greatly among transects for
all study species. Activity d?. pipistrellesranged from 0 to 67 passes per survey, with
hotspots of high activity distributed patchily thghout England and Wales (fig. 3.2a).
Activity was generally lower in Scotland. Activibf P. pygmaeus ranged from 0 to 62
passes per survey, showing discrete hotspots bfdatjvity in areas such as central
Scotland and the Norfolk Broads (fig. 3.2b). Thees localised variation in the

relative activity levels oP. pipistrellus andP. pygmaeus across much of their range.
However,P. pygmaeus was the dominant species across central and wast 8cotland
(fig 3.3).
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a) P. pipistrellus b) P. pygmaeus
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Figure 3.2 Variation in activity level of alp. pipistrellus and b)P. pygmaeus. Each 10km grid square
shows the mean number of passes recorded per quevésansect, averaged over all transects falling

within that square. Grey squares represent gridreguthat were surveyed, but where the speciesotas

recorded.
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Figure 3.3 Relative activity levels of. pipistrellus andP. pygmaeus. Each 10km grid square represents
the ratio of the mean number of passes per sppeiesansect, averaged over all transects thaivitin
the square. Blue squares represent areas domimakegipistrellus, green squares represent areas

dominated byP. pygmaeus.

Nyctalus noctula activity was low across England and Wales (figa}.4 was recorded
rarely in southern and central Scotland, and wasetwrded in northern Scotland.
Within it's national range (fig. 3.1), it was pres@long 67% of transects, and mean
activity per survey varied from 0 to 44 passes aytoansectsEptesi cus serotinus was
encountered most frequently in southern and eagtegiand (fig. 3.4b). It was

recorded less frequently in central England anded/adnd was not recorded in northern
England or Scotland. Within it's range (fig. 3.iijvias recorded along 49% of transects,

and mean activity per survey varied from 0O to 23ses.
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a) N. noctula b) E. serotinus
Legend
&
& Mean no. passes
ST per survey
- 25+

0.1
0

0 50 100 200 kmA

Figure 3.4 Variation in activity level of aN. noctula and b)E. serotinus. Each 10km grid square shows
the mean number of passes recorded per surveyapeett, averaged over all transects falling withat

square. Grey squares represent grid squares thatsweveyed, but where the species was not recorded

3.3.2. Landscape metrics

Model residuals showed low levels of spatial depeicgt (Moran’d —0.003-0.042,
where a value of 0 equals a spatially random pati€residual variation, and 1 equals
perfect spatial correlation). There was a weakskgrtificant spatial dependencyfn
serotinus model residuals (Moran1s0.038-0.042, p < 0.001), however, this level of

dependency was not large enough to require coreenteasures (Legendre 1993).
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3.3.2.1. P. pipistrellus and P. pygmaeus

Variation inP. pipistrellus andP. pygmaeus activity along field transects was best
explained using metrics of landscape structure aredswithin 750m of the transect.
There was a trend of increasing AICc score, ande@sing model performance, as the
scale used to measure landscape structure incr@abésl 3.4 and table 3.5).
Pipistrellus pipistrellus activity was negatively associated with the proiporof heath

at all three spatial scales. Activity was positwassociated with the proportion of
broadleaved woodland measured at 1500m and 30@mitfe transect. At 750m from
the transect, the averaged coefficient of the pitapoof broadleaved woodland was
distinct from zero at the 90% confidence leye:(0.015, 90% CI 0.002-0.028), but not
at the 95% level. An effect of habitat aggregati@s seen only at the largest spatial
scale (fig. 3.5). At low proportions of broadleawedodland, activity decreased as
woodland became increasingly disaggregated. Atgtmms of woodland greater than
9%, the opposite relationship was seen, activitg ineas higher in landscapes with
more disaggregated woodland. Habitat aggregatidrothf broadleaved woodland and
improved grassland was greater than 0.5 in alldeapes, indicating these habitats were
more clumped than would be expected under a slyat@@dom distribution. Such a

result is expected when grain (pixel) size is swedditive to patch size, as in this study.
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30 4 o

Mean passes per survey

Broadleaved woodland aggregation (3000m)

Figure 3.5 Pipistrellus pipistrellus activity in relation to the aggregation of broadied woodland,
measured within a 3000m radius of the transect.fitieel relationship is shown for 5% broadleaved
woodland (lower quartilesolid line) and 13% broadleaved woodland (upper quadéshed line). Open
circles represent observations within the lower quartilbroadleaved woodland extent (1-5%jlled
circlesindicate observations within the upper quartil®-8r%). Noise was added to the x-axis so that all

data points were visible.

Across all three spatial scal€s,pygmaeus activity was positively associated with the
proportion of improved grassland and coniferous dlaad in the landscape, and at the
two smaller scales, was also positively associaidtdthe proportion of broadleaved
woodland and negatively associated with the avesdgation of the landscape. At the
largest spatial scal®, pygmaeus activity was negatively associated with the
aggregation of improved grassland (fig. 3.6). Aityiincreased as improved grassland
habitat became more disaggregated. This associademot affected by the proportion

of improved grassland in the landscape.effect of woodland aggregation was seen.
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Figure 3.6 Pipistrellus pygmaeus activity in relation to the aggregation of improvgiéssland, measured

within a 3000m radius of the transect. Noise wateddo the x-axis so that all data points wereblgsi

3.3.2.2. N. noctula and E. serotinus

For N. noctula, variation in incidence among transects was bedaagu by landscape
metrics calculated within 750m of the transectl@&h6). ForE. serotinus models
constructed using data from within 750m and 300Gmeviboth well supported (table
3.7). However there was no clear trend in moddioperance across spatial scales for
either species. Incidence of both species wasipelyiassociated with the proportion
of broadleaved woodland at every spatial scale canderous woodland at the 3000m
scale. A negative association between the propodidhe landscape containing urban
or suburban development within 750m was shownh hyoctula. This species was
positively related to the proportion of improvedsggland at 1500m and 3000m from
the transect, but not 750m. However, at the smadlaleN. noctula incidence was
related to the aggregation of improved grassldmd;gpecies was more likely to occur
in landscapes with more dispersed grassland h&bgaB.7). The only other landscape
metric associated with the incidenceboferotinus was the average elevation of the
landscapeEptesicus serotinus was more likely to occur along transects at lower

elevations, measured at all three spatial scales.
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Figure 3.7 Predicted probability of encounteribg noctula, in relation to the aggregation of improved
grassland measured within 750m of the transeatash level of aggregation, the frequency of tratssec

whereN. noctula was present are plotted on the upper axis, andendiggent on the lower axis.
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Table 3.4 Results of GLM analysis relating mean activitydesf P. pipistrellus along transects to the composition and configunadiithe surrounding landscape, measured

at three spatial scales. Parameters shown aregadecaefficient estimates, unconditional standardre and 95% confidence intervals of the averagedficients

calculatedover all possible combinations of explanatory petaats and interaction terms. For each model, Marainieasure of the spatial autocorrelation of residusis
score corrected for small sample size (AlCc) andikd difference from the best moddl § are presented. Coefficient estimates with 95%§idence intervals that do not

include zero are shown in bold.

750m 1500m 3000m
95% CI 95% ClI 95% CI

Predictor B SE Lower Upper B SE Lower Upper B SE Lower Upper
Arable 0.002 0.003 -0.004 0.008 0.001 0.002 4.00 0.006 0.001 0.002 -0.004 0.005
Broadleaved 0.015 0.008 -7.50E-5 0.030 0.017 0.009 0.000 0.034 0.033 0.011 0.011 0.055
CLUbroadleaved -1.793 1.393 -4.522 0.937 -0.985 .803  -4.518 2.548 -0.384 2.264 -4.821 4.053
CLUbroadleaved*Broadleaved -0.103 0.087 -0.273 68.0 -0.235 0.153 -0.534 0.064 -0.808 0.287 -1.371  -0.245
Coniferous -2.25E-4 0.003 -0.006 0.005 -2.15E-4  0.002 -0.005 0.004 .00 0.003 -0.008 0.004
Improved 0.002 0.003 -0.004 0.009 0.003 0.003 004. 0.009 0.006 0.004 -0.002 0.014
CLUimproved -2.316 1571 -5.395 0.763 -4.362 2.26 -8.800 0.075 -2.457 2.090 -6.553 1.640
CLUimproved*Improved 0.006 0.012 -0.017 0.029 ™0 0.061 -0.049 0.189 0.141 0.103 -0.062 0.343
Semi-natural 0.006 0.004 -0.003 0.014 0.006 0.0060.006 0.018 1.45E-5 0.002 -0.005 0.005
CLUsemi-natural -0.746 1.361 -3.413 1.922 -2.4031.707 -5.748 0.942 0.060 0.531 -0.982 1.101
CLUsemi-natural*Semi-natural 0.012 0.019 -0.026 050. 0.123 0.083 -0.040 0.286 0.003 0.006 -0.008 .014
Bare ground 0.010 0.013 -0.015 0.036 0.009 0.0150.020 0.039 -0.001 0.014 -0.028 0.026
Built -0.007 0.004 -0.014 0.000 -0.006 0.003 120 0.001 -0.006 0.003 -0.013 0.001
Heath -0.041  0.009 -0.059  -0.022 -0.032 0.009 -0.049  -0.016 -0.033 0.008 -0.049  -0.016
Water -0.008 0.009 -0.026 0.010 -0.045 0.025 94.0 0.003 -0.060 0.035 -0.129 0.009
Elevation 6.95E-5 2.90E-4-4.99E-4 6.38E-4 -3.33E-5 3.25E-4 -6.69E-4 6.03E-4 1.92E-4 3.13E-4 -4.23E-4 8.06E-4
Mean population index 0.017 0.003 0.012 0.023 0.018 0.003 0.012 0.023 0.016 0.003 0.011 0.021
Moran's | 0.040 p =0.083 0.036 p =0.092 0.034 p=0.100
AlCc 3149 3224 3266

A 0.000 75.724 116.962
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Table 3.5 Results of GLM analysis relating mean activitydesf P. pygmaeus along transects to the composition and configunatibthe surrounding landscape, measured

at three spatial scales. Parameters shown aregadecaefficient estimates, unconditional standardre and 95% confidence intervals of the averagedficients

calculatedover all possible combinations of explanatory petaats and interaction terms. For each model, Maranieasure of the spatial autocorrelation of residusis

score corrected for small sample size (AlCc) andikd difference from the best modal § are presented. Coefficient estimates with 95%§idence intervals that do not

include zero are shown in bold.

750m 1500m 3000m
95% ClI 95% CI 95% CI

Predictor B SE Lower Upper B SE Lower Upper B SE Lower Upper
Arable 0.001 0.003 -0.005 0.006 0.002 0.004 £.00 0.009 -1.77E-4 0.004 -0.009 0.009
Broadleaved 0.036 0.012 0.014 0.059 0.035 0.015 0.005 0.065 0.019 0.014 -0.008 0.045
CLUbroadleaved -0.767 2.138 -4.957 3.424 0.227 642. -4.950 5.405 1.915 3.619 -5.178 9.008
CLUbroadleaved*Broadleaved 0.007 0.062 -0.115 0.129 0.002 0.079 -0.152 0.157 0.028 0.097 -0.162 0.218
Coniferous 0.021 0.010 0.001 0.040 0.032 0.013 0.006 0.058 0.045 0.016 0.015 0.076
Improved 0.021 0.006 0.009 0.034 0.023 0.008 0.008 0.039 0.023 0.008 0.006 0.039
CLUimproved -2.470 2.716 -7.794 2.853 -5.607 4.25 -13.944 2.730 -11.758  4.957  -21.475 -2.042
CLUimproved*Improved 0.067 0.065 -0.060 0.193 131 0.112 -0.102 0.338 0.206 0.169 -0.126 0.538
Semi-natural 4.92E-4 0.004 -0.008 0.009 0.004 0.007 -0.010 0.018 0.0130.010 -0.006 0.033
CLUsemi-natural 0.634 2.146 -3.571 4.840 1.217 73@. -4.146 6.580 -1.041 1.509 -3.998 1.917
CLUsemi-natural*Semi-natural -0.014 0.022 -0.058 0.030 -0.072 0.073 -0.215 D.07 -0.059 0.062 -0.180 0.063
Bare ground 0.004 0.014 -0.023 0.031 0.014 0.0240.033 0.060 0.002 0.022 -0.041 0.045
Built -0.001 0.003 -0.006 0.005 0.001 0.004 -6.00 0.008 0.003 0.005 -0.006 0.012
Heath -3.96E-4 0.004 -0.008 0.007 0.001 0.005 -0.009 0.011 .00 0.007 -0.020 0.008
Water 0.007 0.013 -0.018 0.032 0.012 0.019 -0.0250.048 -0.012 0.022 -0.054 0.031
Elevation -0.004 0.001 -0.007 -0.002 -0.003 0.001 -0.006 -0.001 -0.002 0.001 -0.005 0.000
Mean population index 0.078 0.031 0.017 0.138 0.081 0.031 0.020 0.142 0.065 0.031 0.004 0.126
Moran's | -0.003 p =0.483 0.001 p =0.463 6.00 p =0.382
AlCc 2108 2147 2174
A 0.000 38.594 65.705
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Table 3.6 Results of GLM analysis relating the presenchl.afoctula along transects to the composition and configunagithe surrounding landscape, measured at three

spatial scales. Parameters shown are averagedcem@festimates, unconditional standard errors3¥% confidence intervals of the averaged coefiisiealculateaver

all possible combinations of explanatory predictomd interaction terms. For each model, Morameasure of the spatial autocorrelation of residuslS score corrected

for small sample size (AICc) and Akaike differeriam the best modelX ) are presented. Coefficient estimates with 95¥fidence intervals that do not include zero are

shown in bold.

750m 1500m 3000m
95% CI 95% ClI 95% CI

Predictor B SE Lower Upper B SE Lower Upper B SE Lower Upper
Arable 0.002 0.004 -0.006 0.009 0.007 0.005 -8.00 0.017 0.011 0.007 -0.002 0.024
Broadleaved 0.033 0.016 0.003 0.064 0.037 0.017 0.003 0.071 0.061 0.025 0.012 0.110
CLUbroadleaved -4.868 2.878 -10.509 0.773 -1.2291.703 -4.568 2.109 -6.600 4.008 -14.456 1.256
CLUbroadleaved*Broadleaved 0.011 0.081 -0.148 0.169 -0.036 0.065 -0.164 0.092 -0.058 0.144 -0.340 0.223
Coniferous 0.002 0.005 -0.008 0.012 0.028 0.0180.007 0.063 0.062 0.026 0.010 0.113
Improved 0.011 0.007 -0.002 0.025 0.022 0.008 0.005 0.039 0.028 0.010 0.009 0.047
CLUimproved -7.371 3435 -14.103 -0.640 -3.668 4.059 -11.623 4.288 -9.366 5.338  -19.827.094
CLUimproved*Improved -0.016 0.035 -0.085 0.053 .04y 0.063 -0.170 0.076 0.031 0.074 -0.114 0.176
Bare ground 0.005 0.017 -0.029 0.038 -0.020 0.0290.077 0.037 -0.012 0.030 -0.072 0.047
Built -0.013  0.006 -0.025 -0.001 -0.003 0.005 -0.012 0.006 0.001 0.005 -0.009 ®.01
Heath -0.009 0.011 -0.030 0.012 -0.006 0.010 2®.0 0.013 -0.012 0.014 -0.039 0.016
Water 0.006 0.016 -0.025 0.036 0.003 0.016 -0.0280.034 0.013 0.026 -0.037 0.064
Elevation -9.09E-48.79E-4 -0.003 8.14E-4 -5.52E-46.91E-4 -0.002 8.01E-4 -5.49E-47.23E-4 -0.002 8.68E-4
Mean population index -0.004 0.011 -0.026 0.017 .006 0.010 -0.027 0.014 -0.008 0.010 -0.028 0.013
No. surveys 0.165 0.037 0.093 0.237 0.174 0.036 0.102 0.245 0.172 0.036 0.101 0.242
Length -3.45E-5 2.02E-4 -4.31E-4 3.62E-4 -2.22E-5 1.99E-4 -4.13E-4 3.68E-4 -3.14E-5 2.02E-4 -4.27E-4 3.64E-4
Northing -3.34E-6 7.90E-7 -4.89E-6 -1.79E-6 -2.80E-6 7.73E-7 -4.40E-6 -1.37E-6 -2.56E-6 8.06E-7 -4.14E-6 -9.77E-7
Moran’s | 0.034 p =0.075 0.036 p = 0.056 0.03 p =0.086
AlCc 486 504 500
A 0.000 18.293 13.941
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Table 3.7 Results of GLM analysis relating the presencE.afrotinus along transects to the composition and configunatiothe surrounding landscape, measured at three

spatial scales. Parameters shown are averagedcem@festimates, unconditional standard errors3¥% confidence intervals of the averaged coefiisiealculatedver

all possible combinations of explanatory predictamd interaction terms. For each model, Morameasure of the spatial autocorrelation of residusls score corrected

for small sample size (AICc) and Akaike differeriam the best modelX ) are presented. Coefficient estimates with 95¥fidence intervals that do not include zero are

shown in bold.

750m 1500m 3000m
95% CI 95% ClI 95% CI

Predictor B SE Lower Upper B SE Lower Upper B SE Lower Upper
Arable 0.004 0.006 -0.007 0.015 0.006 0.006 ©.00 0.019 0.012 0.009 -0.006 0.030
Broadleaved 0.061 0.021 0.020 0.102 0.080 0.025 0.032 0.129 0.112 0.035 0.043 0.181
CLUbroadleaved -5.188 3.653  -12.349 1.973 -3.0322.854 -8.626 2.561 -1.681 3.477 -8.495 5.134
CLUbroadleaved*Broadleaved -0.254 0.231 -0.708 0.199 -0.119 0.148 -0.409 D.17 -0.733 0.547 -1.806 0.340
Coniferous 0.020 0.014 -0.007 0.048 0.031 0.0180.005 0.067 0.090 0.045 0.002 0.178
Improved 0.002 0.006 -0.010 0.014 0.005 0.007 00®. 0.019 0.009 0.010 -0.011 0.029
CLUimproved -4.271 3.610 -11.346 2.805 -0.794 58.1 -5.024 3.436 -0.206 2.487 -5.080 4.668
CLUimproved*Improved 0.006 0.021 -0.035 0.046 01® 0.026 -0.067 0.034 -0.002 0.017 -0.036 0.031
Bare ground -0.016 0.031 -0.076 0.045 -0.010 2.03-0.073 0.053 0.016 0.046 -0.075 0.106
Built -0.011 0.007 -0.025 0.003 -0.005 0.007 19.0 0.009 0.001 0.010 -0.018 0.020
Heath -0.057 0.040 -0.136 0.022 -0.055 0.042 30D.1 0.028 -0.164 0.085 -0.330 0.001
Water -0.010 0.015 -0.039 0.020 -0.017 0.023 68.0 0.029 -0.018 0.032 -0.080 0.043
Elevation -0.006  0.003 -0.011 -0.001 -0.007 0.003 -0.012 -0.002 -0.007 0.003 -0.013 -0.001
Mean population index 0.058 0.022 0.016 0.101 0.052 0.021 0.011 0.093 0.050 0.022 0.008 0.092
No. surveys 0.058 0.033 -0.007 0.123 0.055 0.0330.009 0.119 0.057 0.034 -0.009 0.123
Length -7.18E-6 2.32E-4 -4.63E-4 4.48E-4 -5.43E-5 2.32E-4 -5.09E-4 4.01E-4 -9.96E-5 2.37E-4 -5.63E-4 3.64E-4
Northing -5.60E-6 2.05E-6 -9.61E-6 -1.58E-6 -497E-6 2.06E-6 -9.02E-6 -9.29E-7 -4.74E-6 2.32E-6 -9.29E-6 -1.90E-7
Moran’s | 0.042 p <0.001 0.04 p <0.001 0.038 p<0.001
AlCc 331 341 329
A 1.580 11.480 0.000
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3.4. Discussion

3.4.1. Landscape level associations with habitat extent

The incidence of all four bat species was posiiesisociated with the proportion of
broadleaved woodland in the landscape, at eitlee®@¥6 or 95% confidence level, at
every spatial scale tested with the exception eftlodel fitted foilP. pygmaeus at

3000m. It was the only habitat to be consisterdgoaiated with incidence of all four
species, and confirms that the positive associatitinbroadleaved woodland
demonstrated at patch level by previous studiesast UK bat species is also observed
at a landscape scale (Russ and Montgomery 2002)haawet al. 1997; Walsh and
Harris 1996). The influence of broadleaved woodlandhe distribution of a broad

suite of bat species is discussed further in clh&pte

The proportion of improved grassland was positiagociated with incidence Bf
pygmaeus at all three spatial scales aNdnoctula at the two larger scales, again
indicating a fairly consistent association withsthabitat type. The habitat classification
scheme used in this study defines improved gragslamgrassland swards dominated by
productive grass species, managed by reseeditizértreatment and/or weed control
(Jackson 2000). 97% of improved grassland in thasJ&griculturally productive

(Fuller et al. 2002), of that, 43% is used for legpiasture, 32% for sheep pasture and
20% for hay or silage (Carey et al. 2008)yctalus noctula is often observed foraging
over pasture (Mackie and Racey 2007; Vaughan &08I7), so an association with
improved grassland is expected. Convergelyygmaeus is most often shown to avoid
grassland habitats (Bartonicka et al. 2008b; Nisherid Racey 2006b; Russ and
Montgomery 2002). HoweveP. pygmaeus is strongly associated with linear habitat
elements such as tree lines and hedgerows (DovwthRarey 2006; Glendell and
Vaughan 2002; Oakeley and Jones 1998; Russ €2@8) 2ZThe network of linear

habitat features that subdivide grassland landsc@e greater density than in
comparable arable habitat, Carey et al. 2008), enplain the landscape-level
association betwedn pygmaeus and improved grasslanBipistrellus pipistrellusis

also strongly associated with linear features (derb and Huitema 1997; Walsh and

Harris 1996) but did not show an association witpbrioved grassland. However, it is
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much more of a generalist forager tHampygmaeus (Sattler et al. 2007), and its
presence in almost all landscape types may mastahabsociations at a landscape
scale. Of note is the lack of an association betveeserotinus and the proportion of
improved grassland in the landscape. At patch Jelied species shows a strong
association with pasture (Catto et al. 1996; Raimrend Stebbings 1997), however this
association was not observed in this study at @skeape scale. The use of pastur&by
serotinusis opportunistic, being particularly related to giresence of fresh cattle dung
(Catto et al. 1996). It may be that such trandmafitat associations are not readily

revealed at a landscape scale.

A further association demonstrated at patch leygdrbvious studies, but not apparent
at a landscape scale in the present study, wasstoeiation betwedd pygmaeus and
water bodies (Davidson-Watts et al. 2006b; Nichalld Racey 2006b). Features less
than 50m in length or 0.5ha in area were not cagtby the habitat map used to
quantify landscape structure. As such, small wigigiures were not represented by the
inland water habitat category, with the result thatinland water habitat category may
have been too low resolution to appropriately mdkelassociations between bats and

water features.

The present study found a positive association &etw. pygmaeus and coniferous
woodland extent measured at all spatial scalesagrabitive association betweln
noctula, E. serotinus and coniferous woodland extent that largest spatiale. This isn
contrast to studies which assess species occumvatita habitat patches, where
coniferous woodland is either used in proportioavailability (Russ and Montgomery
2002), or avoided (Racey and Swift 1985; Walshldadis 1996). The avoidance of
coniferous woodland by bats has been attributeabigify of roosting opportunities and
the low abundance of invertebrate prey supportecbbyiguous plantations (Fahy and
Gormally 1998; Winter 1983). However, a populatodM. nattereri was found to
make extensive use of coniferous woodland as foggigabitat when the availability of
roosting opportunities was increased by the prowisif artificial bat boxes (Mortimer
2006). This indicates that coniferous woodland mavide suitable foraging habitat for
bats. The species examined in the current studshallv a preferences for areas of open
woodland (Kanuch et al. 2008; Kusch et al. 2004tl&eet al. 2007), and in particular
forage along woodland edge in preference to woabliaterior (Kanuch et al. 2008;
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Nicholls and Racey 2006b; Rachwald 1992). Wherea@a@opy, clearings and edges
exist within coniferous woodland, invertebrate dsiy and abundance are increased
(Butterfield et al. 1995and can be comparable to broadleaved woodland €Daly

1993; Woodcock et al. 2003). UK forestry policyuegs all new woodland to include
at least 10% open space, and that the open spatantof existing woodland be
brought in line with this standard where possibleréstry Commission 2004). It also
requires that woodland edges, rides and open spaeesanaged with the needs of
biodiversity conservation in mind. As a result lacapes that contain a greater cover of
coniferous woodland may also provide a greaterijeosthe woodland; this may
explain the positive association between conifemosdland and foraging incidence

observed in this study.

A negative association between the proportion afthen the landscape and the
incidence ofP. pipistrelluswas seen at all spatial scales tested. Heathsarsthdy was
characterised by the presence of ericaceous asé ghrub cover, and an absence of
tree cover. When heath occurs in upland areagéngrally used less than would be
expected by bats, as a result of its exposed nahdeypically lower insect densities
than lowland habitat (Russ and Montgomery 2002;sWahd Harris 1996). This may
explain the negative association betwBepipistrellusincidence and heath shown

here. Negative habitat associations involving tteobat species assessed in this study

would be harder to demonstrate, due to their xedacarcity across all habitat types.

3.4.2. Habitat aggregation

The relationship between bat incidence and hahggtegation, independent of habitat
extent, was assessed for two focal habitat typesidbeaved woodland and improved
grassland. Effects of habitat aggregation wereddonthree of the four species tested.
However, in contrast to measures of habitat exsssociations with habitat aggregation
at the 95% confidence level were seen at only dtieecthree spatial scales tested
(750m forN. noctula and 3000m foP. pipistrellus andP. pygmaeus), and appeared

only once in a best performing model. It is unhkiiat habitat aggregation would

effect bat incidence at a single, discrete spatiale, rather this finding suggests that the
independent effect of habitat aggregation is weadal, relative to the effect of habitat

extent when measured at an appropriate scale.&@lynleak effects of habitat
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configuration, relative to habitat loss, have besported across a broad range of taxa
(Fahrig 2003).

Two speciesP. pygmaeus andN. noctula, were positively associated with the
proportion of improved grassland in the landsc&u¢h of these species were also
associated with grassland aggregation; in bothsdaatincidence increased as
improved grassland habitat became more dispersethtéraction between aggregation
and extent was not supported. A negative assowiatith improved grassland
aggregation may be explained by a preference fmsigind edge habitat. In the UK,
improved grassland is often bordered by linearuest such as hedgerows and tree-
lines. As noted abov®, pygmaeus is strongly associated with such features, and may
therefore benefit from grassland disaggregatiosedhabundance is increased adjacent
to linear features, particularly in the presence@ds (Lewis 1969, 1970; Merckx et al.
2010; Merckx et al. 2009), and this effect exteimtis the adjacent field by up to 10
times the height of the feature (Lewis 1969), sedr features may also benefit bats that

do not directly forage along the feature itself.

An association with broadleaved woodland aggregatias shown bf?. pipistrellus
when measured within 3000m of the transect, howtneedirection of the relationship
was dependent on the extent of broadleaved wooditatie: landscape. At proportions
of broadleaved woodland above 9o pipistrellus incidence was greater in landscapes
with more dispersed woodlanéipistrellus pipistrellus can be characterised as a
woodland edge specialist, found more often foragiogg woodland edge than in the
woodland interior (Kanuch et al. 2008; Nicholls d&acey 2006b). A preference for
woodland edge over woodland interior may explaityvat higher proportions of
broadleaved woodlan®®. pipistrellus actually benefits from woodland disaggregation.
Positive associations between bat incidence am$fdragmentation have also been
observed in tropical forest systems, generally lving species able to exploit
successional or matrix habitats (Gorresen and §\2il04; Ochoa 2000). A study of bat
assemblages on islands in Lake Gatun, Panama, mgedsensitivity, represented by
the difference in captures at edge relative taioteites, was the strongest ecological
correlation of sensitivity to fragmentation (Meysral. 2008). A preference for edge

habitat may therefore ameliorate the negative &ffetfragmentation.
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The opposite relationship with broadleaved woodlaggregation was seen at low
woodland extents. Hel pipistrellus incidence was greater in landscapes in which
broadleaved woodland was more clumped. Severalksttioht model population
persistence in simulated landscapes have foundetative effects of habitat
disaggregation become more marked at lower extéritcal habitat (Fahrig 1998;
Flather and Bevers 2002), and a review of theditee suggests this may also be the
case for birds and mammals inhabiting island syst@ndrén 1994). However other
studies, both theoretical and empirical, have daitedetect an interaction between
habitat extent and disaggregation (Fahrig 1997cimski et al. 1999; Villard et al.
1999). Although there is clear ecological explamats to whyP. pipistrellus may

benefit from habitat disaggregation at high woodlartents, the processes which may
lead to detrimental effects at low extents arectedr. The index of aggregation used in
this study is based on the number of like adjaenisetween habitat pixels, and as a
result it represents the break up of large patettessmaller habitats more closely than
it does the increasing distances between patclwgever, it is unlikely that P.
pipistrellus is negatively affected by patch sikkis species forages in edge habitat, and
shows an equal association with woodland edgedises with other structurally similar
habitats such as tree-lines (Verboom and Huiten8& Y19 addition it does not rely on
woodland for roosting opportunities (Dietz et &02). A similar response to
broadleaved aggregation was not shown by otheresptested, despite positive
associations between the incidence of every spaa@svoodland extent. | therefore
suggest that this result is interpreted with cautio

3.4.3. Scale dependency

Variation in the relationship between incidence Emtiscape structure, and with
individual measures of landscape composition amfiguaration, has been shown by
many taxa, including bats (Gorresen et al. 2008gsk{Steffan-Dewenter et al. 2002)
and birds (Mitchell et al. 2001; Séderstrém and P800), and most often corresponds

to variation in home range size.

For the two species with the smallest home rarggspistrellus andP. pygmaeus,
models fitted at the smallest spatial scale peréatimetter than models at the larger two

spatial scales. The home rangd’gdistrellus pipistrellus andP. pygmaeus tends to
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extend approximately 3-4km from the roost, althotlghmajority of foraging effort is
concentrated into a ‘core’ area usually within 2&hthe roost (Bartonicka et al. 2008a,;
Davidson-Watts and Jones 2006a; Feyerabend anch&6a®; Nicholls and Racey
2006a). This finding shows that pipistrellus andP. pygmaeus respond to landscape
structure at a scale smaller even than their ayeging range. The trend for better
model performance at smaller scales was less digtnN. noctula, and completely
absent folE. serotinus, the two species with the largest home ranges ¢appately
10km and 7km from the roost, respectively, Cattal€1996; Harbusch 2003; Mackie
and Racey 2007; Meschede and Heller 2000; Robiasdrstebbings 1997; Simon et
al. 2004). It therefore appears that the scalehatiwbats respond to the landscape is
linked to home range size, although the optimdkesatwhich to measure the effect of

landscape structure may lie below the core foragange of the species.

The strength of the relationship between bat imetdeand measures of landscape
composition and configuration varied across scakéh, no one scale capturing all
associations demonstrated by each species. Fompéxamssociations between the two
Pipistrellus species and measures of habitat aggregation, awedx@N. noctula andE.
serotinus and the proportion of coniferous woodland, werensady at the largest
spatial scale. This suggests that bats responifféoetht habitat types and different
measures of landscape structure at different sddtmsever, with data for only four bat

species, general patterns of spatial dependendyaatieto determine.

3.4.4. Conservation implications

Of the nine habitat types assessed in this studpdieaved woodland was the only
habitat positively associated with incidence offallr bat species, suggesting that the
provision of broadleaved woodland should form theus of bat conservation strategies
at a landscape scale. The lack of clear evidenca fegative effect of broadleaved
woodland disaggregation suggests that increasmgsttent of woodland should be
prioritised, rather than altering its configuratidinis study also highlights the potential
of improved grassland and coniferous woodland twige foraging habitat for bats. In
particular, consideration should be given to tHe of boundary features in influencing
habitat quality for bats in pastoral landscapesordporating bat conservation measures
within agricultural and forestry policy will helpeet international obligations to
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conserve these species (e.g. EC Habitats Direc@ioencil Directive 92/43/EEC).
However, response to landscape structure variegbegies and by scale. Conservation
actions assessed at one scale may not achieveamiivesults when applied at a

different scale, and the benefits will not applyaity to all species.

This study demonstrates that the effect of halots can differ in both strength and
direction from the effect of habitat disaggregatiBuature studies of bat-habitat
relationships at a landscape scale should seektingliish between the effects of
landscape composition and configuration. Such @ncageh will prevent the negative
consequences of habitat loss being erroneousiigw@tttd to habitat disaggregation,

which may in fact have negligible, or even positfiects on bat populations.
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3.6 Appendix |

Table 3.8. Complete list of predictors assessed for inclugiomodels bat incidence along transect to the
composition and configuration of the surroundingdiscape. Cor. = predictor excluded due to an
unacceptable level of correlation with a retaineetljctor (Pearsorf >0.5), insuf. var. = predictor

excluded due to insufficient variation (appearingiL0% of observations).

Predictor Units  Description Notes

Broadleaved % Proportion of broad-leaved and mixed
woodland (canopy cover greater than 20%),
or scrub (with cover greater than 30%)

CLUbroad Aggregation of broadleaved woodland,
represented by an index of ‘clumpiness’.

Coniferous: % Proportion of coniferous woodland or
plantation (canopy cover greater than 20%)

Arable % Proportion of cereals, horticulture, paiah

crops or unknown arable crops. Also
includes freshly ploughed land and
rotational setaside

Improved % Proportion of improved grassland and
setaside grass
CLUimproved Aggregation of improved grassland,
represented by an index of ‘clumpiness’.
Semi-natural % Proportion of rough, calcareousauid Corr.
semi-natural grasslands and bracken. (N. noctula andE. serotinus
only)
CLUsemi-natural Aggregation of semi-natural grasd| Not included inN. noctula or

represented by an index of ‘clumpiness’  E. serotinus models due to the
removal of proportion of semi-
natural grassland

Heath % Proportion of dwarf and open shrub heath
Wetland % Proportion of fen, marsh and swamp Ingaf,
Bog % Proportion of bog habitat Insuf. var
Montane % Proportion of montane habitats Insuf. var
Bare ground Inland rock, bare ground and despoiled
semi-natural areas
Built % Proportion of continuous urban, suburban
and rural developed areas
Supra-littoral % Proportion of supra-littoral roakd Insuf. var
sediment
Littoral % Proportion of Littoral rock, sedimentdn  Insuf. var
saltmarsh
Water % Proportion of inland water
Elevation m Mean elevation of landscape, in metres

above sea-level

Included in every model:

Mean population National population index averaged over the
index years each site has been surveyed
Number of Number of surveys used to determine
surveys species presenchl.(noctula andE.
serotinus only)
Length m Transect lengtiN( noctula andE. serotinus
only)
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Chapter 4

Optimising the conser vation benefits of hedger ows: how the physical
characteristics of linear features and the proximity of foraging habitat

affect their use by bats

Abstract

Within agricultural landscapes, linear featureshsag hedgerows and tree-lines provide
valuable habitat for many species. Agri-environnsaitemes offer financial incentives
for the creation and management of hedgerows iaerdgadprovide an environmental
improvement in rural landscapes. Optimising thellviersity benefits provided by these
features maximises the effectiveness of these sehrere, | use data from a national
acoustic bat survey to examine the incidence aof @i species adjacent to linear
features in rural areas. The use of linear featisrassessed in relation to hedgerow
width, tree density, the presence of water and \emmtproximity. To examine the
effect of tree density, linear features were categd into three types: hedgerows
without trees, hedgerows with sparse trees (compgris 50% tree canopy) and tree-
lines (>50% tree canopy). Occurrenced’gdistrellus pipistrellus was higher adjacent to
linear features than in open areas, and all typbsear feature had a similar effect.
The use of linear features Bypistrellus pygmaeus depended on tree density and the
proximity of woodland; only linear features contamptrees were consistently
beneficial toP. pygmaeus across all distances from woodland. The use oéfifeatures
by P. pipistrellus andP. pygmaeus was not affected by hedgerow width or by the
presence of water. The incidenceNyttalus noctula andEptesicus serotinus was
unaffected by the density of linear features of gpg. Agri-environment schemes do
not currently provide compensation for the estaintisnt of hedgerow trees. The
effectiveness of hedgerow management for biodixecsiuld be improved by measures

that encourage the establishment and retentioedgdrow trees.
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4.1. Introduction

Hedgerows and tree-lines are a common featurerafudimiral landscapes worldwide,
and play a key role in sustaining rural biodivetsithey increase structural
heterogeneity, landscape connectivity and botawulie@rsity, and provide breeding
sites, food resources and cover for foraging andllmovement of many species of
birds, small mammals and invertebrates (Burel 188&er and Sparks 2000; Hannon
2009; Hinsley and Bellamy 2000; Tattersall et 802, Whittingham et al. 2009),
including a suite of species associated with fanchidnat have undergone widespread

population declines across Britain and Europe (Rsdn and Sutherland 2002).

Intensification of agriculture over the last 60 rgehas led to the widespread removal of
hedgerows and tree-lines. Since 1940, hedgerowes tbeen removed from the
American Midwest at a rate of between 0.6% and 8¥@apnum (Baltensperger 1987),
while a study of medieval field patterns in the &z&epublic recorded a 71%
reduction in hedgerow length between 1950 and 2Z8REenicka et al. 2009). In the
UK, large scale removal of hedgerows began in 8604 (Robinson and Sutherland
2002) with the loss of approximately 600,000km60% of total length, between 1960
and 1993 (Robinson 1997), and a further loss diQkm, or 1.7% of total length,
between 1998-2007 (Carey et al. 2008). Negledss lzaving a detrimental effect on
UK hedgerows. Between 1998-2007 the length of hedlgeclassified as ‘managed’ by
the UK Countryside Survey declined by 6.2% (Caregl €2008). Only 41% of UK
hedgerows surveyed between 2006-2008 were clabsifideing in favourable
condition (Wolton 2010). The primary causes of poamdition were nutrient
enrichment, excessive gaps, and insufficient heaghtidth as a result of excessive

trimming.

In the EU, both the EC Habitats Directive (Coumilective 92/43/EECand Common
Agricultural Policy (Cross compliance regulationS Eo. 73/2009) require the
protection of linear features. In the UK, basims&ds of protection and management
are required by national legislation (the Foresity 1967, the Hedgerow Regulations
1997) and the Single Farm Payment Scheme. Addltforacial incentives to manage
hedgerows for the benefit of biodiversity are pdad by agri-environment schemes.
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The effectiveness of such incentives, both in tesfrost and biodiversity gain, can be
improved by an understanding of how the benefitsigied by linear features are

affected by factors such as physical structurelamdscape context.

Many European bat species make preferential usedgerows and tree-lines (Downs
and Racey 2006; Entwistle et al. 1996; Glendell¥dadghan 2002; Limpens et al.
1989; Limpens and Kapteyn 1991; Pocock and Jenr2@@8; Racey and Swift 1985;
Robinson and Stebbings 1997; Russ et al. 2003; &ws$1ontgomery 2002; Walsh
and Harris 1996). These features provide foragaigtht for insectivorous bats (Racey
and Swift 1985; Walsh and Harris 1996), they harlgyaater insect densities than open
habitats (Lewis 1969, 1970), and are structuraitylar to the woodland edges
preferred by many bat species (Kanuch et al. 2B08¢h et al. 2004; Nicholls and
Racey 2006). They may also function to increasddeape connectivity, providing a
commuting route between foraging patches thateiested from predators and the
elements (Limpens et al. 1989; Verboom and Speel€i09).There is also evidence
that the density of linear habitat in the landscauag influence bat distribution.
Oakeley and Jones (1998) fouighi strellus pygmaeus maternity roosts were located in
areas with a greater density of hedgerows with gergrtrees than was found around
randomly selected points, and Verboom and Huitel887) found the number of
Eptesicus serotinus passes recorded along linear elements was pogitigsbciated

with the density of linear landscape elements (Marwtledge, hedgerows and tree-
lines) within a 1x1km square. However, little isokim about how the characteristics of
linear features affect their use by bats. In aomatide study of bat-habitat associations
in the UK, Walsh and Harris (1996) found bat atyiyof predominantlyPipistrellus
species) was positively associated with hedgeravedl ipastoral land classes, but in
only one of three arable classes, suggesting lapéscontext may influence the use of
linear features by bats. At a smaller scale, ismtatf the linear feature, represented by
the distance from the linear fragment to the neaber linear fragment, had no affect
on Pipistrellus pipistrellus activity (Verboom and Huitema 1997). Studies thakena
distinction between hedgerows and tree-lines goiatgeneral preference for tree-lines
over hedgerows, although the effect of emergesstvathin hedgerows is not known.
For example, Russ and Montgomery (Russ and Montgog@®2) foundP.

pipistrellus, P. pygmaeus andNyctalus leisleri activity was greater alongside tree-lines

than would be predicted by their availability, vehiledgerows were used according to
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availability byP. pipistrellus and less than would be predicted by their availsibly P.
pygmaeus andN. leisleri. Downs and Racey (Downs and Racey 2006) foundigc(.
pipistrellus, P. pygmaeus andMyotis daubentonii combined) alongside linear features
was highest along woodland edges and streamspamdi along hedgerows, the latter
type used less than would be expected. In a stulilysar feature use in the
Netherlands, it was noted tHatpipistrellus was not observed foraging along features
less than 6m high, also suggesting a greater aggwcivith tree-lines as apposed to

hedgerows (Verboom and Huitema 1997).

In this study | investigate how the use of linezattires by bats in rural landscapes is
affected by the physical characteristics of théueaand the proximity of foraging
habitat. | use data from a national survey of litiution in the UK to relate the
incidence of four bats specids,pipistrellus, P. pygmaeus, Nyctalus noctula andE.
serotinus, to hedgerow width, the density of hedgerow trees presence of water and
the proximity of preferred foraging habitat, remeted here as the distance to the
nearest woodland fragment. If linear features fiamcprimarily as commuting routes, |
would expect the association between bats andrlfeatures to increase with
increasing proximity to woodland. However, if limdaatures also provide foraging
habitat, the use of linear features would eitheum&ffected by woodland proximity, or

would be greater in locations further from woodland

4.2. Methods

The distribution and ecology of the study specresdgscribed in chapters 1 and 3.

4.2.1. Survey methodology and sample construction

Species incidence was recorded along 315 fieléd#ets distributed across the UK,
surveyed between 1998-2007 as part of the NatidatMonitoring Programme, a
nationwide survey using standardised methodolo@®MR, Walsh et al. 2001). Each
transect was approximately 3km long, and was ddvidéo twelve approximately equal
sections. Surveyors walked the transect with arbéyme bat detector, beginning 20
minutes after sunset, and recorded the numbir wdctula andE. serotinus ‘passes’

heard along each section. At the end of each sedioveyors completed a two minute
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point count, noting the number Bf pipistrellus andP. pygmaeus passes heard. Each
transect was walked twice during July, and survesre repeated each year. Further
details of the survey methodology are providedhapter 3. Transect routes were
recorded on enlarged 1:25 000 Ordnance Survey mapgjigitised with reference to
1:25 000 raster OS data tiles.

Species presence along each transect section aadhapoint count was determined by
combining data from all surveys undertaken betwi¥98-2007. Occasionally transects
routes were altered between years. If the new poiant or transect section was within
10m of the original location (measured from theta®d of the transect section), data
from the new and original sections were combinedmthetermining species presence.
If the new point count or transect section diffebgdmore than 10m from the original
location, it was treated as a separate sectiomediace falsely assigned absences, those
point counts or transect sections where the stpdgies was not recorded, but where

unidentified bat passes were noted, were excluaed the analysis of that species.

Transects were selected for analysis from witheUK range of each study species.
Species range was delimited as described in cha@pidris study focuses on the use of
linear features by bats in rural areas as disfroat linear features in urban areas, such
as street trees and gardens, which are subjedfécedt legislation and management
pressures. Rural habitats included all habitaselagxcept urban and suburban areas, as
defined by the Landcover Map 2000 (Fuller et aD20All point counts that fell within

a rural habitat class, or transect sections widlaigr than 75% of their length within

rural habitat classes, were included in the analydie final sample size and incidence

of each species (ranging from 44-10%, table 4.X sudficiently large to permit

multivariate logistic regression analysis.

Table 4.1. Number of points count/transect sections uselléranalysis, the number of

transects they are drawn from, and the percentaggections occupied.

Species Points/Sections Transects Percentagerniffsgictions occupied
P. pipistrellus 2357 291 44%
P. pygmaeus 2354 291 19%
N. noctula 2170 219 21%
E. serotinus 1607 161 10%
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4.2.2 Detection radii

A bat heard on a detector may be located somendistisom the observer. As such,
habitat data was sampled from within the ‘detectemtius’ of each point count and
transect section. Typical detection radii for egphcies in the field were established
using a Batbox Duet (Batbox Ltd., Sussex UK), ohthe most frequently used
detectors in the NBMP field survey. A roost of eaplecies was identified, and
monitored at dusk to identify commonly used fliglths. Echolocation calls made by
bats as they emerge from the roost can differ ftgpical’ search phase echolocation
calls, so a point was chosen at a distance fromoibst where calls were
overwhelmingly of the typical kind. One surveyom@&ned on the flight path, while a
second surveyor moved perpendicular to the fligth until passing bats (as indicated
by the first surveyor) could no longer be heardlendetector, and the distance between
the two surveyors was measured. To ensure theinabgsive buffer was used, the
maximum distance measured (rounded up to the rigargswas chosen to represent
the detection radii of the species. Fresh batteveze used each night, and estimates
were not made during rain or mist, due to the iaseel attenuation caused by high
humidity. ForP. pipistrellus, P. pygmaeus andE. serotinus, passes by at least twenty
bats were assessed on two separate nightl, factula, six passes were usdrioosts
were located within Norfolk and Suffolk, in east&ngland. The detection radii (and
range of distances measured) for each species Riggaistrellus 20m (14-19mpand

P. pygmaeus 20m (14-18.5m)E. serotinus 35m (27-32m) and\. noctula 75m (66-
73m). This resulted in sample areas of 0.13 héhPipistrellus species, surveyed
using point counts, and of approximately 56.7dra\. noctula and 22.2 hdor E.

serotinus, based on the average transect section lengté2wh 2

4.2.3. Habitat data

Linear features were digitised from GoogleEartharectified and georeferenced aerial
photographs with a resolution of 50cm per pixebetter, taken over the period 1999-
2008. To assess the spatial accuracy of the imagagmple of 20 landscape features
were digitised within GoogleEarth, and their cotoades compared to those derived
from Ordnance Survey MasterMap data, which is ateuo within 0.4-3.5m.

Locations differed by on average 2.0m, and by ncen3a8m.
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All linear features comprising shrubs or treess lémn 30m wide and located within
75m of a transect were digitised. Digitised linkgatures were assumed to represent a
random sample of linear features available actus$JK, as transect routes were
distributed relative to the extent of national latasses, and were equally likely to
sample linear features of all types. Features wlassified as either hedgerows without
trees, hedgerows with sparse trees, or tree-Isest@ble 4.2 for category definitions).
Trees were distinguished from shrubs by their agpemwn canopy, extending beyond
that of the shrub component of the feature. Theioiy/gappiness of the feature was
also estimated, however there was insufficientat&m in this characteristic to include
it as an explanatory predictor in the analysissésh, only continuous or near
continuous features (features with gaps less tBam\2ide and comprising no more
than 50% gaps in total), were used in the analyglsere present, the width of the shrub
component of the linear feature was also classifsceither narrow (<2m), medium (2-
5m) or wide (>5m). In the absence of informatiosat#ing the response of bats to
variation in linear feature characteristics, catggtefinitions were based on the
observed variation in width, continuity and treasigy, as determined by a visual
inspection of aerial photographs from across the UiKear features were classified
according to the dominant characteristics of tlauee between intersections, or over

lengths separated from other linear features bg gegater than 20m.

Each point count was classified according to tipe ©yf linear features present within
the detection radius, or as an ‘open area’ if nedr features were present within 40m
(table 4.2). Point counts that did not fall intoyaategory were removed from the
dataset (table 4.1). Transect sections coveredgdater area than point counts, so
rather than categorising each section accordifigear feature type, the density of

linear features of each type within the detectaatius was calculated.

The proximity of woodland habitat was derived fr@8 MasterMap. Woodland is
defined within OS MasterMap as an area in whiclividdal trees are no more than
30m apart. Patch sizes ranged from 28kariess than 10fr(mean 0.02kr),
representing all woodland types from relativelytommous woodland blocks to highly
fragmented small farm woodlands. Distance to tregest patch of broadleaved or
mixed woodland, and distance to the nearest woddbartch of any type (broadleaved,

mixed or coniferous) were measured from the paint location or mid point of the
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transect section. Distances were square root tramsfl for analysis. Both woodland
measures were highly correlated (Spearmad.8). Coniferous woodland can provide
foraging habitat for bats (Mortimer 2006 and chafe so distance to the nearest
woodland patch of any type was chosen as the mohesive measure of foraging
habitat proximity. Easting and northing (OSGB 3@rgvmeasured from the point count
location or mid point of the transect section. Adstial explanatory predictors
measured only at point counts included width ofgeedws and the presence of water
within the detection radius, the latter determifredh OS MasterMap data. As a result
of the large area sampled by each transect sedtiwwas not considered appropriate to
use data collected along transect sections taltestffect of small scale variation in
hedgerow width or the distribution of water featuom bat incidence. Differences in
survey effort were controlled for by including thember of separate surveys at each
point or transect section, and fdrnoctula andE. serotinus, section length. Not all

sites were surveyed in every year, so populati@mga over the study period could
result in a differing encounter rate between tratsssurveyed over a different subsets
of years. This was controlled by including a meapydation index, calculated using the
smoothed population trends estimated from NBMRIfslrvey data (Bat Conservation
Trust 2008). For each transect the mean populataex of each species was calculated
by averaging the national index value over theyéae transect was surveyed. Previous
analysis of NBMP data suggests that site occupengtyongly influenced by landscape
context (chapters 2 and 3), therefore the propodidoroadleaved woodland and
improved grassland within 1.5km of each transed gaculated from the Landcover
Map 2000, (Fuller et al. 2002), a description @$ thataset is provided in chapter two).
All predictors demonstrated acceptable levels tihearity (squared Spearman
correlation coefficient <0.5 (Freckleton 2002). fgladata processing was carried out
using ArcGIS 9.2 (ESRI, Redlands CA).
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Table 4.2. Summary of predictors used to model the effecingfdr feature characteristics on the

incidence of bats

Units Description
Predictors included iRipistrellus models
Hedgerow width Categorical
Narrow Less than 2m wide
Medium 2-5m wide
Wide Greater than 5m wide
Feature type Categorical
Hedgerow without trees Shrubby linear featuitbout trees
Hedgerow with sparse trees Shrubby lineaufeawith a tree canopy comprising less
than 50% of its length
Tree-line Linear feature with a tree canopgnprising more than
50% of its length, with or without a shrub undersjo
Open area Reference category. No linear featwithin 40m
Distwood sqrt(m) Distance from point count locattomearest woodland
patch
Water 0/1 Presence of water features within detaatdius

Predictors included ilN. noctula andE. serotinus models
Feature density (entered into models as a grotireé predictors)

Hedgerows without trees km/km Density of hedgerows without trees within detettio
radius of transect section. Category definition as
Pipistrellus sp.
Hedgerows with sparse trees  knfkm As above
Tree-lines km/kin As above
Distwood sqrt(m) Distance from mid-point of transsection to nearest

woodland patch

Control covariates included in every model

Easting m With reference to OSGB 36

Northing m As above

Number of surveys Number of surveys used to deterspecies presence

Length m Transect section lengti foctula andE. serotinus only)

Mean population index National population inderr@aged over the years each
site has been surveyed

Broadleaved woodland % Proportion of broadleaveddiamd within 1.5km of the
transect

Improved grassland % Proportion of improved grasblaithin 1.5km of the
transect

4.2.4. Model structure and statistical analysis

Hierarchical logistic regression was used to relata&lence of bats to the characteristics
of linear features, with transect ID fitted as taedom intercept to allow for
dependence between points located along the samsett (Rabe-Hesketh and
Skrondal 2008). The effect of hedgerow width onitfugdence oPipistrellus bats was
assessed first, using the subset point countsheitigerows within the detection radius.

The importance of hedgerow widthRopistrellus bats was assessed by comparing the
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AICc score of a null model containing only control coates to one that in addition
contained a categorical predictor describing healgevidth (for classification see table
4.2). The effect of medium and wide hedgerows vetisnated relative to narrow
hedgerows. The importance of each level of hedgevmith was assessed based on

whether the 95% confidence interval of the coeffitiestimate overlapped zero.

The remaining predictors were assessed using alraeeeging procedure
incorporating the full dataset. The effect of waodl proximity and the presence of
water Pipistrellus species only) on the use of linear features bywatsmodelled by
including the interactionteature type* distwood andfeature type*water. In addition,
variation in the use of linear features acrosd.ilevas assessed by modellifegture
type* easting andfeature type* northing. A candidate set of models comprising all
possible combinations of predictors and interactesms was fitted, and average
parameter estimates were calculated using the miethescribed by Burnham and
Anderson (2002). For analysis, the effect of featype was estimated relativedgen.
Where necessary, predictors were centred by stipigabe mean value from each
observation to reduce colinearity between mainc&dfand interaction terms. The
relative importance of each predictor within ther@mged model was assessed by
summing the Akaike weight of each candidate made&thich that predictor appeared.
This produces a selection probabiliB/w;); the estimated probability that, of all
predictors considered, the predictor in questigreaps in the best approximating model
(Whittingham et al. 2005). The calculation of sétat probabilities requires that each
predictor appears with a similar frequency withie tandidate set. This creates a
problem when the candidate set contains interagtias the main effects will appear in
twice as many models as the interaction terms.réate a balanced candidate set, the
importance of the interactions terms was first ssse over all possible combinations of
explanatory predictors (39 models Ripistrellus species and 13 models fdr noctula
andE. serotinus, control covariates listed in table 4.2 were incllideevery model).

An interaction term was deemed to be supportedabpeared within the subset of
substantially supported models &2, (Burnham and Anderson 2002), and the 95%
confidence interval of the averaged coefficienineate did not overlap zero. Supported
interaction terms were retained, and all modelshich the main effect appeared
without the associated interaction term were rerddu@m the candidate set. Where

these conditions were not met, there was considerbd little support for inclusion of
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the interaction term within the averaged model, ahchodels containing the

interaction term were removed from the candidate/seeraged parameter estimates
and selection probabilities were then recalculatest this new candidate set of models.
All analyses were performed using STATA 10 (StatqgCd X).

4.3. Results

4.3.1. Bat species abundance

Pipistrellus pipistrellus was the most commonly encountered of the Rngstrellus
species, present at twice as many point countsiéosa(44%) a$. pygmaeus (present
at 19% of point count locations, table 4.1). Of tlve larger bat speciehl. noctula was
the more commonly occurring species. Within theomal range of each speciés,
noctula was present along 21% of transect sections, ihierotinus occurred along
10% of transect sections.

4.3.2. UK linear feature stock

In total 891km of linear features were mapped.H@ftbtal length of mapped features,
95% were continuous or near continuous, class#sgedomprising less than 50% gaps
and with no gaps greater than 20m. 43% of the goatis or near continuous features
were classified as hedgerows without trees, 11#%edgerows with sparse trees and
46% as tree-lines. 38% of hedgerows were less2hrawide, 42% were between 2m
and 5m wide, and 20% were greater than 5m wide.

4.3.3. The use of linear features by P. pipistrellus and P. pygmaeus

Hedgerow width

The incidence oP. pipistrellus andP. pygmaeus along hedgerows was not affected by
hedgerow width, represented here using three catagtevels; narrow, medium and

wide. The addition of a predictor describing hedgewidth to the null model resulted

in an increase in Al€score A; > 3 for both species, table 4.3), indicating tihat
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inclusion of hedgerow width does not improve thplaratory power of the null model,

and an association between bat incidence and rmdgedth is therefore unlikely.

Table 4.3 Comparison of the performance of the null model

(containing only the control covariates listedable 4.2) with a

model that in addition contains a categorical predidescribing

hedgerow width, estimated over the subset of pminohts

containing hedgerows.

Model K AIC, A
P. pipistrellus (n=758)
Null model 8 815.40 0
Null model + hedge width 10 818.83 3.430
P. pygmaeus (n=757)
Null model 8 658.92 0
Null model + hedge width 10 662.57 3.655

The 95% confidence intervals of the effect of medand wide hedgerows, estimated

relative to narrow hedgerows, overlapped zero €tdbd). This suggests that the effect

of medium and wide hedgerows on bat incidence doediffer from that of narrow

hedgerows, providing further evidence tRapipistrellus andP. pygmaeus do not

discriminate between hedgerows of different widths.

Table 4.4 Parameter estimates for the logistic regressiotiainelating

bat incidence at point counts to hedgerow width.

95% Cl

Predictor 3 SE Lower Upper
P. pipistrellus
Hedgerow width (with reference to narrow hedgerows)

Medium -0.170 0.263 -0.685 0.345

Wide 0.046 0.318 -0.576 0.669
Easting 3.57E-6 1.76E-6 1.10E-6 7.02E-6
Northing 6.56E-8 9.37E-7 -1.77E-6 1.90E-6
Number of surveys 0.265 0.045 0.177 0.352
Mean population index 0.035 0.009 0.017 0.053
Broadleaved woodland 0.049 0.026 -0.001 0.099
Improved grassland 0.020 0.011 -0.001 0.041
P. pygmaeus
Hedgerow width (with reference to narrow hedgerows)

Medium 0.077 0.321 -0.552 0.707

Wide -0.164  0.378 -0.906 0.578
Easting 3.72E-6 2.43E-6 -1.05E-6 8.48E-6
Northing 2.16E-6 1.26E-6 -3.12E-7 4.63E-6
Number of surveys 0.106 0.047 0.014 0.198
Mean population index 0.123 0.077 -0.028 0.274
Broadleaved woodland 0.062 0.032 -0.001 0.126
Improved grassland 0.017 0.015 -0.011 0.046
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Physical characteristics and woodland proximity

ForP. pipistrellus, models containing interaction terms did not recawigstantial
support within the candidate set representingadbkfple combinations of explanatory
predictors and interactions (table 4.9, appendiRdditionally the 95% confidence
intervals of the averaged regression coefficiemt®¥ery interaction term overlapped
zero (table 4.10, appendix I). Models containintgiiaction terms were removed from
the candidate set and Akaike weights were recatdilaver the remaining seven
models (table 4.5).

Table 4.5 Results of AIC-based model selection across a datelset of models predicting the
occurrence oP. pipistrellus andP. pygmaeus at point count locations. Candidate set was ddfafeer
assessing the importance of interaction terms (Agixd). For each model the number of estimable
parametersK), AIC score corrected for small sample size (cAJ@kaike difference from the best

model @; ) and Akaike weightw;) are presented.

Model* K cAIC, A Wi

P. pipistrellus

Feature type + distwood + water 13 2368.51  0.000 55@.
Feature type + distwood 12 2368.98 0.464 0.441
Feature type + water 12 2380.57 12.059 0.001
Feature type 11 2381.56 13.042 0.001
Distwood + water 10 2402.64 34.1252.16E-08
Distwood 9 2408.04 39.5261.45E-09
Water 9 2426.24 57.7241.63E-13
P. pygmaeus

Feature type + distwood + feature type*distwood 151808.13  0.000 0.710
Feature type + distwood + water + feature typetaistd 16 1809.93  1.793 0.290
Water 9 1834.91 26.7741.09E-06

1. All models included site fitted as a randomrioépt, and the control covariates easting, northing
number of surveys, mean population index, proportibbroadleaved woodland and proportion of

improved grassland within 1.5km. See table 4.2fedictor definitions.

Incidence ofP. pipistrellus at point counts adjacent to hedgerows without frees
hedgerows with sparse trees and tree-lines wagihighn at point counts in open areas
(fig. 4.1). The 95% confidence intervals of theraged coefficient estimates of feature
type overlapped substantially (table 4.6), sugggdtiat the strength of association
betweerP. pipistrellus and all three types of linear feature is similaatare type had a

selection probability of almost one, indicatingywetrong support for the importance of
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this predictor. The importance of distance to tearast woodland patch also received
very strong suppor®(w; = 0.998). Incidence d?. pipistrellusincreased as distance to
the nearest woodland patch decreased. The laakppbst for an interaction between
feature type and distance to the nearest woodlatidates that the use of linear features
by P. pipistrellusis not affected by woodland proximity. Interactidretween feature
type and easting, northing and the presence ofr\adge received little support,
indicating that the association Bf pipistrellus with linear features is independent of
the presence of water, and remains constant aitredsK. The main effect of water on
P. pipistrellusincidence also received little suppattw; = 0.558, 95% CI of averaged
coefficient -0.075-0.367).

1.0 1.0

0.8 A - 0.8

0.6 A - 0.6

0.4 + — o — - 0.4

0.2 A - 0.2

Predicted probability of presence
Proportion of point counts occupied

0.0 T T T T 0.0

Open Hedge no Hedge Tree-line
trees sparse trees

Figure 4.1 The predicted probability of encounteriRgpipistrellusin open areas aratljacent to
different types of linear featurepdjnts), and the proportion of point counts in each catg@t whichP.

pipistrellus occurred pars).

For P. pygmaeus, the only interaction supported was between fedfyre and distance
to the nearest woodland patch (table 4.9 and AgPendix I). A new candidate set was
constructed in which feature type and distancestrest woodland were constrained to

appear alongside their interaction, and the remgiimiteraction terms were omitted
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(table 4.5). Averaged coefficients and selectiaybpbilities were recalculated over this
new candidate set (table 4.6).

The use of linear features By pygmaeus was dependent on both the type of feature
and the proximity of woodland. The selection praligifor the group of three
predictors feature type, distwood andfeature type* distwood) was >0.999, indicating
very strong support. In open areas, the probatafigncounterind?. pygmaeus

declined as the distance to the nearest woodlatoth pecreased (figure 4.2). Incidence
of P. pygmaeus along tree-lines was consistently higher than ierogreas both close to
and further from woodland. The effect of hedgerawtbout trees on incidence &t
pygmaeus depended entirely on the proximity of woodlandclimse proximity to
woodland, incidence adjacent to hedgerows with@gistwas no higher than in open
areas. At approximately 100m from woodland, thes@nee of hedgerows without trees
resulted in a marginal increase in incidence neddltd open areas, and this effect
strengthened as the distance to the nearest wabgétoh increased. The presence of
hedgerows with sparse trees resulted in a greategase irP. pygmaeus incidence
relative to open areas, and this effect was se&ssa greater range of woodland
proximity. However, fewer point counts were avalato test this relationship in
comparison to the other feature types. As a réisalaveraged coefficient of the
interaction term had a relatively wide confidenaiival that included zero (table 4.6),
S0 we can have less confidence that the relatipris#tiveen bat incidence and
hedgerows with sparse trees takes the exact foomrsin figure 4.2. As withP.
pipistrellus, the incidence oP. pygmaeus at point count locations was not affected by
the presence of wateX (v; = 0.288), and the lack of support for the othégriaction
terms indicates that the association betwgrygmaeus and linear features was not

altered by the presence of water or by geograplocation.
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Figure 4.2 The relationship between distance to the nearestliiaod patch and the predicted probability
of encountering®. pygmaeus, shown for point counts in open areas and adjacetifferent types of

linear feature.
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Table 4.6 Averaged coefficient estimates, unconditional stéadcerrors, selection probabilities \{)

and 95% confidence intervals of the averaged aneffis calculated fdP. pipistrellus andP. pygmaeus

over all models retained after the importance teriaction terms has been assessed.

95% CI

Predictor ) SE Zw, Lower Upper
P. pipistrellus
Feature type >0.999

Hedgerow without trees 0.489 0.138 0.219 0.76

Hedgerow with sparse trees 0.937 0.212 0.521 1.353

Tree-line 0.664 0.147 0.376 0.952
Distwood -0.040 0.011 0.998 -0.062 -0.018
Water 0.146 0.113 0.558 -0.075 0.367
Easting 1.83E-06 1.17E-06 -4.60E-07 4.13E-06
Northing -1.17E-06  6.20E-06 -1.30E-05 1.10E-05
Number of surveys 0.228 0.027 0.175 0.281
Mean population index 0.037 0.005 0.027 0.047
Broadleaved woodland 0.013 0.016 -0.018 0.044
Improved grassland 0.014 0.007 2.80E-04 0.028
P. pygmaeus
Feature type >0.999

Hedgerow without trees 0.288 0.167 -0.039 15.6

Hedgerow with sparse trees 0.611 0.232 0.156 1.066

Tree-line 0.450 0.179 0.099 0.801
Distwood -0.072 0.020 >0.999 -0.111 -0.033
Feature type*distwood >0.999

Hedgerow without 0.072 0.024

trees*distwood 0.025 0.119

Hedgerow with sparse 0.068 0.035

trees*distwood -0.001 0.137

Tree-line*distwood 0.007 0.025 -0.042 0.056
Water 0.028 0.060 0.288 -0.090 0.146
Number of surveys 0.162 0.031 0.101 0.223
Mean population index 0.067 0.050 -0.031 0.165
Easting 2.04E-06  1.56E-06 -1.00E-06 5.09E-06
Northing 8.33E-07  8.09E-07 -7.50E-07 2.42E-06
Broadleaved woodland 0.054 0.021 0.013 0.095
Improved grassland 0.014 0.010 -0.006 0.034

4.3.4. The use of linear features by N. noctula and E. serotinus

No interaction terms were supported for inclusiothie candidate set of models used

test the relationship between linear features aoidéence ofN. noctula andE. serotinus

(table 4.9 and 4.11, appendix I). Three models me@aain the candidate set following

the removal of interaction terms (table 4.7).
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Table 4.7 Results of AlIC-based model selection across aidatelset of
models predicting the occurrenceMfnoctula andE. serotinus along
transect sections. Candidate set was definedagtarssing the importance
of interaction terms (Appendix ). For each motthel number of estimable
parametersK), AIC score corrected for small sample size (cA@kaike

difference from the best modey;() and Akaike weightw;) are presented.

Model K cAIC, A W,
N. noctula
Distwood 10 1818.00 0.000 0.826
Feature density + distwood 13 1821.70 3.702 0.130
Feature density 12 1823.83 5.832 0.045
E. serotinus
Distwood 10 846.42 0.000 0.908
Feature density + distwood 13 851.04 4.625 0.090
Feature density 12 858.39 11.964 0.002

Incidence of both species along transect sectimreased as the distance from the
transect to the nearest woodland patch decreasigld @.8). The large Akaike weight of
the model containing only this predictor lends sgygupport to it being the best model
within the candidate set for both specis=0.826 forN. noctula andw;=0.908 forE.
serotinus, table 4.7). The predictor was also strongly suggzbwtithin the averaged
model £ w; >0.900). The group of predictors describing thesitg of linear features
within the detection radius of the transect sectiad a low selection probability for
both species{w; <0.2) and the 95% confidence interval of eachiptedincluded

zero (table 4.8). Thus, this analysis provideswidesnce thalN. noctula or E. serotinus

make preferential use of the linear feature typsessed here.
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Table 4.8 Averaged coefficient estimates, unconditional déad errors, selection probabilitiesy;) and

95% confidence intervals of the averaged coeffisiealculated foN. noctula andE. serotinus over all

models retained after the importance of interactismms has been assessed.

95% Cl
Predictor 3 SE PR Lower Upper
N. noctula
Feature density 0.174
Hedgerow without trees -0.002 0.003 -0.009 008.
Hedgerow with sparse trees 0.008 0.009 -0.009 0.025
Tree-line -0.001 0.003 -0.007 0.005
Distwood -0.024 0.011 0.955 -0.046 -0.001
Number of surveys -3.42E-07 1.60E-06 -3.47E-06 9R-006
Section length -1.77E-06  9.94E-07 -3.72E-06 1.8ZE-
Mean population index 0.167 0.030 0.108 0.226
Easting 2.66E-04  6.16E-04 -9.41E-04 1.47E-03
Northing -1.47E-03  1.63E-02 -0.033 0.030
Broadleaved woodland 0.016 0.019 -0.022 0.054
Improved grassland 0.011 0.010 -0.009 0.032
E. serotinus
Feature density 0.092
Hedgerow without trees 6.26E-05  1.98E-03 -3:83E 3.93E-03
Hedgerow with sparse trees 0.001 0.004 -0.006  .0080
Tree-line 0.002 0.002 -0.003 0.007
Distwood -0.066 0.020 0.998 -0.106 -0.026
Number of surveys 1.09E-05 2.52E-06 5.94E-06 1-68BE
Section length -9.99E-06 3.12E-06 -1.61E-05 -3:88E
Mean population index 0.043 0.038 -0.031 0.117
Easting 1.75E-03  8.25E-04 1.29E-04 3.36E-03
Northing 0.045 0.027 -0.008 0.098
Broadleaved woodland -0.002 0.025 -0.050 0.046
Improved grassland 0.031 0.018 -0.004 0.066

4 .4. Discussion

4.4.1. Associations with linear features

Hedgerows and tree-lines are widely assumed teebeflzial to bats. However, this

study demonstrates that the association betweesrahdtlinear features varies among

speciesPipistrellus pipistrellus andP. pygmaeus were positively associated with the

presence of hedgerows and tree-lines, while nceeiel was found of an association

betweerN. noctula andE. serotinus and linear feature densitiyctalus noctula andE.

serotinus are thought to be less dependent on linear feathea other bat species, as

they often forage in open habitats (Glendell andglean 2002; Kanuch and Kristin
2005; Limpens et al. 1989; Vaughan et al. 1997;afakd Rehak 2006). Pocock and

Jennings (2008) found. noctula activity was greater within fields than along field
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boundaries, and althoudh serotinus has been observed commuting along linear
features (Robinson and Stebbings 1997), its inciel@m detector surveys is not as
strongly associated with the presence of lineaufea aslipistrellus species (Pocock
and Jennings 2008; Verboom and Huitema 1997). Hewyéhe lack of association
between the larger bat species and linear feasa@s in this study may also be an
artefact of the use of acoustic detectors as sunay. Calls oN. noctula andE.
serotinus carry further that those of smaller vespertiliogpgcies, making it difficult to
associate a bat pass heard on a detector withcdispabitat (Russ et al. 2003). In the
current study, this problem was compounded by tdwdipg of records along transect
sections, further increasing the area from whibatgpass may have originated.
Nevertheless, if a strong association betweenrtidence of either of the larger bat
species and the extent of linear features in theseape existed, it is likely that it would

have been seen in this study.

4.4.2. The use of linear features by Pipistrellus species

The use of linear features Bypipistrellus was not affected by tree density. The
presence of hedgerows without trees, hedgerowsspdise trees and tree-lines all
provided a similar increase in incidence relatvepen areas. In contrast, the use of
linear features bf. pygmaeus was affected by both the type of linear feature téwed
distance of the feature from the nearest woodlatchp Tree-lines and hedgerows with
sparse trees were consistently associated withaedse ifP. pygmaeus incidence,
whereas the effect of hedgerows lacking trees wsaomparable to linear features
containing trees in areas located at distance fwowdland. This suggests tHat
pygmaeus prefers linear features that contain trees, andntb@gerows without trees are
utilised only when other, higher quality habitats anavailable. By increasing both the
height and volume of a linear feature, hedgeroestigovide greater shelter from
predators and the elements (Limpens et al. 198806en and Spoelstra 1999), and
also provide better foraging opportunities, aséhagcumulation in the lee of
hedgerows increases with increasing feature héighwis 1967). Both the abundance
and diversity of macro-moths is increased in tlognvly of hedgerow trees (Merckx et
al. 2009), primarily to the additional shelter th@gvide in agricultural landscapes
(Merckx et al. 2010)Hedgerow trees also provide additional microh&hitsuch as
senescing and dead wood, that can increase invageddoundance and diversity
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(DEFRA 2010). The greater association between @rmzd and the presence of trees
shown byP. pygmaeus suggests a possible mechanism which may at leet paplain
the differing habitat selection & pygmaeus andP. pipistrellus (Davidson-Watts et al.
2006; Nicholls and Racey 2006; Sattler et al. 2007)

Both P. pipistrellus andP. pygmaeus were more likely to be encountered closer to areas
of woodland, in agreement with previous studies liaae found a positive association
between both these species and woodland habitatsdgbn-Watts et al. 2006;

Glendell and Vaughan 2002; Nicholls and Racey 2&&s et al. 2003; Russ and
Montgomery 2002; Vaughan et al. 1997; Walsh andisla®©96). However, the
association with linear features was not increasetbse proximity to woodland, as
would be expected if linear features were usedysakcommuting routes connecting
foraging patches. It is therefore likely that liné@atures also provide foraging habitat
for bats, functioning as a substitute for woodladde habitat in areas lacking

woodland.

The remaining linear attributes tested in this gtine¢dgerow width and the presence of
water, did not affect the use of linear feature®itlyerPipistrellus species. The lack of
an association with water, either adjacent to lifieatures or in open areas, is perhaps
surprising given the association with riparian kelshown by both species in previous
studies, particularly bi. pygmaeus, (Davidson-Watts et al. 2006; Nicholls and Racey
2006). In this study water was represented by watdures mapped by OS MasterMap,
including very small features such as field draind ditches that are unlikely to be
associated with significant riparian habitat, arelyrbe too small to influence choice of
foraging patch. Hedgerow width may fail to influenttie use of linear features if, it is
feature height, and not width, that is the physotelracteristic of primary importance to
bats. Nationwide data describing linear featurglmeivere not available to this study.
Further research investigating the relationshigvbet feature height and the use of
linear features by bats is needed, in particulastess the relative benefits of

increasing hedgerow height in comparison to inenggthe density of hedgerow trees.
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4.4.3. Conservation implications

In this studyP. pipistrellus andP. pygmaeus both showed positive associations with
linear features, whil®l. noctula andE. serotinus did not. These associations were
consistent across the UK. So while policies thahpte the management of linear
features have the potential to benefit bat popaatnationally, not all species will

benefit equally.

This study suggests that the presence of treegwigdgerows increases the quality of
the hedgerow foP. pygmaeus, a priority species in the UK Biodiversity Actiétan
(JNCC 2007). Hedgerow trees have also been showcrease the abundance and
diversity of birds (Hinsley and Bellamy 2000; Wallet al. 2005), although, as in the
current study, species-specific responses to gasity have been reported. Green et al.
(1994) found the incidence of Linn€arduelis cannabina, Common whitethroa®ylvia
communis and Lesser whitethro& curruca, was negatively affected by increasing tree
density, and a study by DEFRA (2010) found grouesting species, including Red-
legged partridgdlectoris rufa, Meadow pipitAnthus pratensis and House sparrow
Passer domesticus, were more abundant in short, treeless hedges.

Article 10 of the EC Habitats Directive (CouncilrBetive 92/43/EEC)equires that the
management of linear landscape features be coedigéthin the land-use policies of
the member states, however the conservation ofdnedgtrees and tree-lines is
neglected by current conservation legislationhe WK, hedgerows are protected under
the Hedgerow Regulations 1997, the Good Environatemd Agricultural Condition
requirements of UK agricultural policy, and hedgemanagement is addressed by
current UK agri-environments schemes. Tree-lineaataeceive the same protection.
The Hedgerows Regulations do not apply to linesess without a shrub understorey,
and as the Regulations are concerned only withdredgdestruction and not
degradation, they do not explicitly prohibit then@val of trees associated with
hedgerows so long as the shrub portion of the hedgeemains intact. The removal of
trees in the UK is controlled by a system of fejliitenses (Forestry Act 1967, as
amended), and Tree Preservation Orders (Town andtGoPlanning Act 1990).
However, these schemes only apply to the remowvalayé than 5 cubic metres of wood

in the former case, and only to trees clearly \esfiom public rights of way in the
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latter, so neither offer a practical means of pritg hedgerow trees or tree-lines.
These features are therefore vulnerable to loser @3% of the length of linear features
mapped as part of this study were lacking treethdrlJK, successive surveys have
noted a 6.6% decline in hedgerow trees over thadasdecades (Carey et al. 2008;
Haines-Young et al. 2000). Thirty percent of theaeing hedgerow tree population is
now over 100 years old, while the number of newvglyablished trees declined by 40%
between 1990-1998 (Haines-Young et al. 2000). $hggests a lack of recruitment is a
major cause of the decline. In order to stabilsedurrent UK population of 1.6 million
isolated hedgerows trees, it is estimated thatO80t&kes must be established annually.
Currently this figure stands at between 10-15,800urther declines in the hedgerow
tree population are possible (DEFRA 2010). Esthhiisnt of new emergent trees in
hedgerows is hindered by the additional costsnodas created by such features.
Hedgerow trees are an impediment to mechanicahtmg, while tree-lines cover a
greater basal area and cast a larger shadow gaeeaticrops than an intensively
managed hedgerow. However, financial compensatiothé provision of hedgerows
trees is rarely provided by EU agri-environmentesols. As a result, the decline in the
population of hedgerow trees is expected to comtimith negative consequences For

pygmaeus populations in rural landscapes.

This study demonstrates that hedgerow managemsrihéagotential to affect the
distribution ofP. pipistrellus andP. pygmaeus in rural landscapes, amil pygmaeus

will benefit from an increased provision of hedgeitoees. Legislation which
specifically restricts the removal of tree-linesldredgerow trees, combined with agri-
environment options that encourage the establishar@hmanagement of these
features, will benefiPipistrellus bat populations and secure these valuable landscape

resources for the future.
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4.6 Appendix |

Table 4.9 Results of AlC-based model selection across aksiptescombinations of explanatory

predictors and interaction terms. Models showrtla@e95% confidence set of models with whicty, >

0.95. For each model the number of estimable pasm), AIC score corrected for small sample size

(cAIC,), Akaike difference from the best modal § and Akaike weightw;) are presented.

Model K CAIC, A W

P. pipistrellus (N= 2357) |
Feature type + distwood + water 13 2368.51 0.000 0.377
Feature type + distwood 12 2368.98 0.464 0.299
Feature type + distwood + water + feature typeimag 16 2371.63 3.114 0.079
Feature type + distwood + feature type*northing »R72.09 3.577 0.063
Feature type + distwood + water + feature type*wate 16 2372.92 4.411 0.042
Feature type + distwood + water + feature typetaistd 16 2373.61 5.099 0.029
Feature type + distwood + feature type*distwood 873.97 5.454 0.025
Feature type + distwood + water + feature typefagst 16 2374.07 5.562 0.023
Feature type + distwood + feature type*easting P374.56 6.046 0.018
P. pygmaeus (N= 2354)

Feature type + distwood + feature type*distwood 1808.13 0.000 0.457
Feature type + distwood + water + feature typetaistd 16 1809.93 1.793 0.186
Feature type + distwood + feature type*distwooeattdire type*northing 181811.12 2.983 0.103
Feature type + distwood + feature type*distwooeattire type*easting 181812.77 4.635 0.045
Feature type + distwood + water + feature typetaistd + feature

type*northing 19 181290 4.770 0.042
Feature type + distwood + water + feature typetaistd + feature

type*water 19 181294 4.809 0.041
Feature type + distwood + feature type*distwooeattdire type*easting +

feature type*northing 21 1813.37 5.234 0.033
Feature type + distwood 12 1814.32 6.192 0.021
Feature type + distwood + water + feature typetaistd + feature

type*easting 19 1814.60 6.466 0.018
Feature type + distwood + water + feature typetaistd + feature

type*easting + feature type*northing 22815.21 7.074 0.013
N. noctula (N=2170)

Distwood 10 1818.00 0.000 0.497
Feature density + distwood + feature density*distdve- feature

density*northing 19 1821.23 3.231 0.099
Feature density + distwood + feature density*noighi 16 1821.49 3.493 0.087
Feature density + distwood + feature density*distd/o 16 1821.66 3.656 0.080
Feature density + distwood 13 1821.70 3.702 0.078
Feature density + feature density*northing 185823.31 5.314 0.035
Feature density 12 1823.83 5.832 0.027
Feature density + distwood + feature density*egstin 16 1823.91 5.907 0.026
Feature density + distwood + feature density*egstifieature

density*northing 19 1824.20 6.203 0.022
Feature density + distwood + feature density*distdve- feature

density*easting 19 182453 6.536 0.019
E. serotinus (N= 1607)

Distwood 10 846.42 0.000 0.783
Feature density + distwood 13 851.04 4.625 0.078
Feature density + distwood + feature density*distd/o 16 851.66 5.239 0.057
Feature density + distwood + feature density*distive feature

density*easting 19 852.54 6.121 0.037
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Table 4.10 Averaged coefficient estimates, unconditional stadcrrors, selection probabilities ;) and 95% confidence intervals of the averagedficierits

calculated folP. pipistrellus andP. pygmaeus over all possible combinations of explanatory petais and interaction terms

P. pipistrellus P. pygmaeus
95% Confidence Interval 95% Confidence Inaerv

Predictor K] SE Lower Upper K] SE Lower Upper
Feature type

Hedgerow without trees 0.496 0.14 0.222 0.77 0.284 0.169 -0.047 0.614

Hedgerow with sparse trees 0.934 0.216 0.511 .3581L 0.616 0.24 0.146 1.086

Tree-line 0.662 0.149 0.37 0.953 0.501 0.183 0.142 0.86
Distwood -0.04 0.011 -0.062 -0.019 -0.07 0.022 11G. -0.028
Water 0.159 0.123 -0.082 0.4 0.029 0.078 -0.123 0.181
Feature type*distwood

Hedgerow without trees*distwood -8.39E-04 E&8 -4.13E-03 2.45E-03 0.069 0.023 0.023 0.114

Hedgerow with sparse trees* distwood 1.31E-02.73E-03  -4.05E-03 6.67E-03 0.064 0.034 -0.002 0.131

Tree-line*distwood 7.98E-04 1.67E-03 -2.48E-034.08E-03 0.006 0.024 -0.04 0.052
Feature type*water

Hedgerow without trees*water -0.022 0.028 73.0 0.033 -0.009 0.024 -0.056 0.038

Hedgerow with sparse trees*water 0.014 0.032 0.048 0.076 -0.034 0.044 -0.12 0.053

Tree-line*water 0 0.019 -0.037 0.037 0.021 0.03 -0.038 0.081
Feature type*easting

Hedgerow without trees*easting 8.50E-09 7.9BE- -1.46E-07 1.63E-07 8.90E-08 1.99E-07 -3.00E-07 4.78E-07

Hedgerows with sparse tree*easting 8.37E-08 43B-07 -1.96E-07 3.63E-07 3.20E-07  3.83E-07 -4.30E-07 1.07E-06

Tree-line*easting 2.45E-08 8.42E-08 -1.41E-07.90E-07 1.78€E-07 2.51E-07 -3.15E-07 6.70E-07
Feature type*northing

Hedgerow without trees*northing 2.19E-07 2.ZBE -2.27E-07 6.65E-07 -457E-08 2.07E-07 -4.50E-07 3.59E-07

Hedgerow with sparse trees*northing 1.32E-07 .80B-07 -4.17E-07 6.81E-07 5.36E-07 5.36E-07 -5.14E-07 1.59E-06

Tree-line*northing -2.20E-08 1.44E-07 -3.04E-0 2.60E-07 1.85E-07 2.51E-07 -3.07E-07 6.78E-07
Easting 1.79E-06 1.19E-06 -5.36E-07 4.12E-06 1.91E-06 1.63E-06 -1.28E-06 5.09E-06
Northing -1.24E-06 6.58E-07 -2.53E-06 4.85E-08 7.46E-07 8.56E-07 -9.31E-07 2.42E-06
Number of surveys 0.228 0.027 0.176 0.281 0.163 0.031 0.103 0.223
Mean population index 0.037 0.005 0.026 0.047 0.068 0.05 -0.031 0.167
Broadleaved woodland 0.014 0.016 -0.018 0.046 0.055 0.021 0.014 0.095
Improved grassland 0.014 0.007 -1.73E-04 0.029 0.014 0.01 -0.005 0.034
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Table 4.11 Averaged coefficient estimates, unconditional séadcrrors, selection probabilities ;) and 95% confidence intervals of the averagedficierits

calculated folN. noctula andE. serotinus over all possible combinations of explanatory petais and interaction terms.

N. noctula E. serotinus
95% Confidence Interval 95% Confidence Interval

Predictor 3 SE Lower Upper ) SE Lower Upper
Feature density

Hedgerow without trees -0.004 0.009 -0.022 18.0 0 0.005 -0.01 0.009

Hedgerow with sparse trees 0.024 0.02 -0.017 .0640 0.002 0.009 -0.016 0.02

Tree-line -0.002 0.009 -0.019 0.015 0.001 0.006 -0.01 0.013
Distwood -0.023 0.011 -0.046 -0.001 -0.066 0.021 -0.107 -0.026
Feature denisty*distwood

Hedgerow without trees*distwood 7.35E-04 T78¥E -7.63E-04 2.23E-03 3.38E-04 4.12E-04 -4.70E-04 1.15E-03

Hedgerow with sparse trees* distwood 8.17E-08.00E-04 -7.51E-04 2.39E-03 -5.63E-04 8.23E-04 -2.18E-03 1.05E-03

Tree-line*distwood 1.05E-03  1.33E-03 -1.57E-033.67E-03 -5.68E-04 6.26E-04 -1.79E-03 6.58E-04
Feature denisty*easting

Hedgerow without trees*easting 1.32E-08 2.0BE- -2.90E-08 5.53E-08 5.52E-09 1.48E-08 -2.34E-08 3.45E-08

Hedgerows with sparse tree*easting -3.72E-08.94B-08 -1.34E-07 5.96E-08 -4.69E-09 2.91E-08 -6.17E-08 5.23E-08

Tree-line*easting -1.57E-08 2.14E-08 -5.76E-0&.62E-08 3.05E-08 3.18E-08 -3.18E-08 9.29E-08
Feature denisty*northing

Hedgerow without trees*northing 3.40E-08 4.4 -4.63E-08 1.14E-07 456E-10 3.76E-09 -6.92E-09 7.83E-09

Hedgerow with sparse trees*northing 1.63E-07 .448E-07 -1.19E-07 4.46E-07 -2.57E-09 7.23E-09 -1.67E-08 1.16E-08

Tree-line*northing -3.32E-08 3.85E-08 -1.09E-0 4.22E-08 -1.50E-10 4.06E-09 -8.11E-09 7.81E-09
Easting -4.89E-07 1.62E-06 -3.67E-06 2.69E-06 1.09E-05 2.52E-06 5.94E-06 1.58E-05
Northing -1.71E-06 1.01E-06 -3.68E-06 2.65E-07 -1.00E-05 3.12E-06 -1.61E-05 -3.90E-06
Number of surveys 0.166 0.03 0.107 0.224 0.043 0.038 -0.031 0.118
Length 2.46E-04 6.21E-04 -9.72E-04 1.46E-03 1.76E-03  8.28E-04  1.40E-04  3.39E-03
Mean population index -0.001 0.016 -0.033 0.031 0.046 0.027 -0.007 0.099
Broadleaved woodland 0.015 0.02 -0.023 0.054 -0.002 0.025 -0.05 0.047
Improved grassland 0.011 0.011 -0.01 0.032 0.031 0.018 -0.004 0.066




Chapter 5

Concluding remarks

5.1. Habitat associations of UK bats

5.1.1. Habitat associations at landscape and local scales

This thesis examined the habitat associationswarsbat species, representing two
families and six genera. Landscape scale habgatadions were investigated using
two approaches. The first compared the habitabsading bat roosts to that generally
available (roost selection, chapter 2), and thersg¢:celated the incidence of bats along
transects to the habitat composition and configoumatf the surrounding landscape
(chapters 3 and 4). Species specific responsestistape structure were demonstrated
using both approaches, and these are discusske ielevant data chapters. However,
associations common among species and betweenaghpsowere also evident.

The availability of broadleaved woodland affectedhbroost selection and foraging
incidence of every species assessed in this th@kthe six species for which roost
location data were availabl@ipistrellus pipistrellus, Pipistrellus pygmaeus,

Rhinol ophus hipposideros andPlecotus auritus were more likely to roost in landscapes
with a greater proportion of broadleaved woodldfataging incidence data were
available for four specie®., pipistrellus, P. pygmaeus, Nyctalus noctula andEptesicus
serotinus. All four species were encountered more frequantlgndscapes with a
greater proportion of broadleaved woodland. Woddllaroximity had strong effects on
both roost location and foraging incidenBepipistrellus, P. pygmaeus, R.

hipposideros, E. serotinus andMyotis nattereri all roosted closer to broadleaved
woodland than would be expected by chance, arspatlies for which data were
available were encountered along transects mogedrely as the distance to the
nearest woodland patch (broadleaved and coniferoaslland combined) decreased.
There was little evidence of an effect of woodlgadich size on the bat species assessed

here. The size of the nearest broadleaved patchadidffect the roost location of any
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species, and evidence of a negative effect of beasdd woodland disaggregation (the

breaking up of larger patches into smaller patcbhadpraging incidence was equivocal.

Roost selection and foraging incidence of a nunobspecies were also affected by the
availability of improved grasslan®ipistrellus pipistrellus, P. pygmaeus, P. auritus, E.
serotinus andM. nattereri were all more likely to select roosts in landscapilk a
greater proportion of improved grassland, Bhgygmaeus andN. noctula were both
more frequently encountered in landscapes witheatgr proportion of improved
grassland. Only two of these specigsnoctula andE. serotinus, are known to
regularly forage over grassland habitats (Cattl.et996; Mackie and Racey 2007,
Vaughan et al. 1997). For the remaining speé&tepipistrellus, P. pygmaeus, P. auritus
andM. nattereri, the association with improved grassland may ceflee higher density
hedgerows and tree-lines found in grassland lapescavhen compared to other rural
landscape types (Haines-Young et al. 2000). Thential importance of linear
boundary features to bats is also suggested biathéhat incidence d?. pygmaeus
andN. noctula was higher in landscapes with more dispersed inggtgrassland

patches.

When the effect of linear features on bat incidemas assessed, two specis,
pipistrellus, P. pygmaeus were found to occur more frequently adjacent tedin

features than in open areas, wiNlenoctula andE. serotinus were unaffected by the
density of linear features in the landscape. Theeafisinear features ipistrellus

species was not affected by hedgerow width or taegmce of water, ari®l pipistrellus
was unaffected by the density of trees within thedr feature. However, incidence of

P. pygmaeus was highest adjacent to linear features that coatbirees. Tree density is
strongly associated with the abundance and spechesess of small mammals and

birds within linear features (Gelling et al. 200facdonald and Johnson 1995; Parish et
al. 1994; Walker et al. 2005) although, unlfi@istrellus species, hedgerow size
(height, width or volume) is also of major importan(Arnold 1983; Macdonald and
Johnson 1995; Michel et al. 2007; Parish et al4)9@ general, abundance and species
richness of birds are positively associated witle wlensity, however at species level
some birds display the opposite relationship; thendance of LinneTarduelis

cannabina, WhitethroatSylvia communis and Lesser whitethro&lvia curruca, is

negatively affected by increasing tree density é@ret al. 1994). Other taxa, including
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Lepidoptera and ground beetles Carabidae are plynaffiected by landscape context
and the composition of the herbaceous layer, rdkt@zer hedgerow structure (Dover and
Sparks 2000; Dover 1999; Petit and Usher 1998)palih a study by Merckx et al.
(2009) showed the abundance and diversity of larg#h species was positively

related to the presence of hedgerow trees.

5.1.2. Scale of landscape perception

Very little is known about the scale at which b&spond to changes in landscape
composition and configuration. In this thesis lazagse metrics were measured at
multiple spatial scales to assess variation intatlbssociations with scale. No one scale
was best at explaining all associations betweendrad the surrounding landscape,
rather the most appropriate scale depended ondtie kesponse variable in question
(roost location or foraging incidence), the mokibf the species and the specific

habitat metric considered.

The landscape scale which best explained the fogagcidence of bats appeared to be
linked to species mobility. Landscape measures sailated within 750m, 1500m
and 3000m of field transects. The two species thighsmallest home rangda (
pipistrellus andP. pygmaeus, home range of approximately 3-4km, table) 2vére most
strongly associated with the surrounding landscapasured at the smallest spatial
scale. However, no clear trend in model performamress the range of scales tested
was apparent for the two species with the largestehrangesN. noctula andE.

serotinus, home range of approximately 10km and 7km respelgtitable 2.1 and
Mackie and Racey 2007).

For the majority of species, roost selection watebexplained by the landscape within
1km of the roost than by the landscape within tla&imum foraging radius of the
colony. However, this was not the caseNbmattereri, the species with the greatest
propensity to switch roosts. Roost selectiovoyattereri was better explained using
data measured across the home range of the cqlossibly as a result of the regular
use of a number of roosts located throughout timeeh@nge. It is therefore

recommended that studies of roost selection inuglgpecies that regularly move
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between roosts should quantify the landscape edla squivalent to the maximum
home range of the species, in addition to any atpatial scales considered.

5.2. Conservation implications and recommendations

The conservation implications of this thesis prilyazoncern the provision of
broadleaved woodland and linear features within.ikdandscape. As
recommendations are drawn from a national datdsst,can be expected to be
applicable across the UK (although see sectiorl 5at. a discussion of regional

patterns of habitat use).

5.2.1. Broadleaved woodland in the UK

The findings of this thesis indicate that the aadaility of broadleaved woodland plays a
central role in determining landscape suitabildythe bats. This study supports the
continued reforestation of the UK, with an emphasidroadleaved planting, that is
currently encouraged by grants available throughWoodland Grant Scheme and
Higher Level Stewardship scheme (Forestry Comnmis2@)9; Natural England 2010).
However, there is also the opportunity to introdspecific woodland creation
guidelines into these schemes to benefit bat ceasen. Measures should primarily
focus on increasing broadleaved woodland extemticp&arly in landscapes with little
existing broadleaved cover. Schemes should aimette an extensive network of
woodland patches, including small patches desigmedake efficient use of available
land and maximise the provision of edge habitae @ieation of woodland patches
isolated by more than 440m from existing cover shhde avoided.

These actions will benefit populations of edge &dest bat species, including the
species assessed in this thesis, and help meebjénaives of the UK Biodiversity
Action Plan (UK BAP, JNCC 2007). However true waatt specialist bats, such as
Myotis bechsteini andBarbastella barbastellus, also occur in the UK, and their
requirements must also be considered. Bbtbechsteini andB. barbastellus roost and
forage primarily within broadleaved woodland (Kahwt al. 2008; Meschede and
Heller 2000; Sierro 1999Myotis bechsteini roosts in old woodpecker holes and tree
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cavities (Meschede and Heller 2000) within woodtawnath a high proportion of oak
(Kanuch et al. 2008Barbastella barbastellus roosts behind loose bark, and to a lesser
extent in tree cavities (Meschede and Heller 2BRisso et al. 2005) within unmanaged
woodland, roosting less often than would be expgkict®pen woodland and areas
containing pasture, given the availability of theaditats (Russo et al. 2004). Both
species regularly move between roosts (Meschedélaler 2000; Russo et al. 2005),
and so both require woodland patches containinficgrit numbers of mature or
senescent trees with cavities and loose bark. &aghrements are likely to be met only
in large, long established woodland patches. Abnoel@fB. barbastellus was shown

to increase with increasing forest patch size witdm agricultural landscape in Poland
(Lesinski et al. 2007), and while little is knowncaut the effect of patch isolation on
these two species, the movemenkbibechsteini was shown to be impeded by a
motorway cutting through a forest patch, suggestingyspecies is unwilling to cross
open areas (Kerth and Melber 2009). In areas adpiexisting populations of these
species, woodland creation schemes should pretiis enlargement of existing
woodland patches, and forestry practices shoulabbgted that increase availability of

mature and senescent trees.

5.2.2.Linear habitat features

The management of linear features offers furth@odpnities to improve landscape
quality for bats, and to meet the objectives ofleBAP. Increasing the availability of
linear features will benefR. pipistrellus andP. pygmaeus in rural landscapes, aritl
pygmaeus, a UK BAP priority species, will benefit from ireasing provision of
hedgerow trees. Hedgerow management is alreadst afd@oth the Entry Level and
Higher Level Stewardship schemes (Natural Engl@@822010). The addition of
options to these schemes that compensate farmetsefprovision of hedgerows trees

is recommended.

5.3. Utility of National Bat Monitoring Program dat

This thesis demonstrates that, although designatbtotor population trends, NBMP

data can also be used to provide valuable insiglighe habitat use of UK bats.
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Perhaps the greatest benefit of the data is thenahiextent, which, together with a
multi-species scope, allows bat-habitat relatigpsho be assessed in a manner that is

of relevance to national policy development.

The NBMP is made possible by the efforts of a lapgrip of skilled and committed
volunteers. However, the use of volunteers rathen paid professionals necessarily
imposes limits on the data that can be collectedrder to maintain volunteer
involvement, survey time and the number of repesatsvare kept to the minimum
required to detect significant population trendsimalicated by power analysis of data
collected during the first three years of the pangi(Walsh et al. 2001). Reduced survey
effort can reduce precision, in this case by inftathe number of false absences
reported by field surveys. However, problems ot precision along any particular

survey were overcome by the large overall sampke si

In order to maximise the sensitivity of the monitgrprogram to population trends,
survey methods were designed to optimise specmsuater rate. For the rarer species
monitored by the field surve( noctula andE. serotinus) this necessitated the use of
transect surveys rather than points counts. Howg@eaealing species records along
transect sections compounds problems caused bgrtfeedetection range of these
species, as discussed in chapter 4. This may préwerdentification of small scale
habitat relationships fd{. noctula andE. serotinus using current NBMP data.

However, this may be overcome by the use of br@eud lnletector technology.

Currently heterodyne detectors are used durinfjelesurvey. They must be tuned to a
specific sound frequency, and so can only detdcsfiecies that echolocate at or near
that frequency. In contrast, broadband detectarswaanitor all frequencies, and
therefore all species, simultaneously. This wolillmaN. noctula andE. serotinusto be
monitored alongsidBipistrellus spp. during the point counts, providing fine resolu
distribution data for these species. Simultaneoositoring also increases survey
efficiency, which may allow overall survey effod be increased. The most recent
NBMP surveys (Bats and Roadside Mammals, Woodladd\&thusius’ pipistrelle
survey, Bat Conservation Trust 2009) all employalditwand detectors, and are therefore
likely to provide high quality data for assessirag-babitat associations as their

coverage expands.
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The need to prioritise population monitoring haalkstricted the amount of additional
data, including habitat data, that can be collect&édugh the original survey protocols
included estimates of percentage cover of basittdidipes, the collection of habitat
data was discontinued due to a lack of funds aegdtor quality of habitat data
returned (Walsh et al. 2001). The scope of hahitatysis is therefore limited by the
availability of national datasets. Although the daaver Map 2000 is suitable for
analysis at landscape scale, local habitat datariently restricted to features mapped
by Ordnance Survey (MasterMap). This may changeiihe latest version of the
Landcover Map is released in 2010. This will ineggrremote sensed land cover data
with MasterMap landscape parcels (Centre for Egofdydrology 2010), providing

a comprehensive habitat map with a fine resolutigitable for patch level analysis.
However, comprehensive national data that provatgtat quality and other within-

patch measures are still lacking.

Both colony counts and field survey data are aéigdty the non-random selection of
sample sites. This does not affect the use of gutata for its primary purpose, the
estimation of population trends, but does haveitapbns when used to assess habitat
associations (discussed further in sections 2.23a2)d A number of habitat types were
underrepresented in the analysis of both roostseteand incidence along field
transects. Targeted sampling by future surveys advallibw the use of these habitats to

be investigated.

Finally, NBMP methodology does not distinguish bedw bats of different sex or
reproductive status. The extent to which sex aptbuctive status affect habitat
selection has not been established for the majofispecies, however, there is evidence
that during pregnancy and lactation, female batg Imearestricted to habitats able to
support their increased energetic demands, whamaseproductive females and males
can make use of more marginal habitats (Cryan @08&I0; Dietz et al. 2006; Mackie
and Racey 2007; Senior et al. 2005). The BCT iseadly trialling a survey method to
help establish the presence of reproductive fenvaitbsn a roost, using a second set of
counts in late summer designed to detect an inerease number of emerging bats as
young become volant. Combining reproductive femealigis non-reproductive females
and males for analysis may make habitat assocgtiarder to distinguish, but will not

undermine the validity of results.
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5.4. Future directions

The analysis of NBMP data at a national scale fedgd useful insights into bat
habitat use, and indicates that this approach doeilsliccessfully applied to other
datasets collected by the NBMP. This will incretisesuite of species for which
national recommendations are available, includargrrspecies such B bechsteinii
andB. barbasatellus. However there are many aspects of bat habitathasean only
be effectively addressed by the collection of dpedatasets at a smaller scale ,
including the effect of habitat quality, prey awadility, associations with
underrepresented habitat types (see section 508); mteractions and seasonal
changes (e.g. Crampton and Barclay 1998; Erickadrivédest 2003; Fukui et al. 2006).

5.4.1. Regional analysis

Species-habitat relationships can vary geograghiaatl with landscape context.
Robinson et al. (2001) demonstrated that the oglahip between the abundance of
some farmland birds species and the extent of atsiitat within a 1kfarea depends
on the availability of arable land in the surrourgliandscape. In general, positive
associations were strongest, and negative assow@atieakest, in landscapes where
arable land was rare. The effects of habitat condiion (patch size and isolation) are
also expected to be stronger in landscapes witkvaktent of suitable habitat, based on
threshold effects for contiguity observed in sinedalandscapes (Andrén 1994). An
effect of landscape context on farmland bird-habé&tationships was not shown by
Whittingham et al. (2007), however, models fittacbhe geographic region of the UK
performed poorly when tested with data from otlegians, suggesting that farmland
bird habitat associations varied regionally (Whitiam et al. 2007). Modelling
national data necessarily sacrifices some regac@iracy for generality, a compromise
required of most national conservation policy. Heare the relevance of relationships
modelled at a national scale will be enhanced bgssessment of the extent to which
national bat-habitat asscoiations vary betweeroregand landscape types. In this
thesis, geographical variation in the use of lifeatures by bats was assessed by
modelling the interaction between easting, nortlaing selected habitat predictors.
When an all subsets modelling approach in usenh, tss thesis, the number of
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candidate models increases exponentially with edditional predictor. As such, the
addition of easting, northing and associated iotéya terms was only possible when
the set of habitat predictors was limited, as iaptar 4. Where the set of habitat
predictors exceeded nine, as was the case in chdptad 3, the addition of
geographical variables resulted in an impractidaltge candidate set of models. An
alternative approach to assessing geographicaltiariin modelled relationships is to
subdivide the data into regions, and fit a différ@odel for each region. Such an
approach could yield valuable information aboutdgkaeral applicability of the
landscape scale habitat associations revealeddthtsis. It will be particularly
valuable to examine how the positive associatiah Wwioadleaved woodland
demonstrated by all species in this study variésdsen regions with different

woodland cover.

5.4.2. Landscape change

The NBMP currently has thirteen years of field yrdata, covering 584 sites. Of
these, 111 sites have been monitored for five y@ansore, raising the possibility that
population response to landscape change coulddmiegd. Reliable landscape scale
estimates of habitat change will be available fierfirst time with the release of the
latest version of the CEH Landcover Map (CentreHoology & Hydrology 2010),

which can be compared to the previous version edda¢tween 1998-2001 (Fuller et al.
2002). At a pixel level the two datasets are negadly comparable, as habitat patches in
LCM2000 were identified by grouping pixels with sian reflectance parameters,
whereas the latest version uses landscape paefeied by OS MasterMap. However,
at a landscape scale these two datasets shouldi@@vobust measure of habitat

change.

This thesis aims to extend the knowledge of theofadhat determine bat distribution
by drawing together habitat relationships acrosmge of rarely-studied scales. In
demonstrating key habitat associations, it is nehiiat this thesis can further the

conservation of these enigmatic animals.
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