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Abstract

Countryside recreation is hugely popular and demand is on the rise. Whilst participation
should be encouraged, sensitive management is required to reduce associated
environmental impact3-his thesignvestigates current and future patterns in countryside
recreation at multiple spatial scales, from national to site, to explore the potential impacts

on biodiversity and enhance the evidence base for conservation interventions.

A nationatlevel recreation model is developed from a unique and massive data set
of georeferenced recreational visits collected over 3 years, which predicts the probability
of visitation as a function of land cover composition and accessibility to and within a site,
whilst controlling for source population and sediemographic diffeneces. Land cover
types were subdivided into proportion designated anddesignatedor high nature
value, usingsites of Special Scientific Interest (SSSI) as a proxy. Probability of visitation
to preferred land covers, coast and freshwater, decreassad $85I designated, witio
effect for broadleaved woodland. Therefgenerarecreational usby the publiadid not
represenain important ecosystem servicepobtected highnaturevalue areas. The model
was employed to create nationahd countylevel spatially-explicit predictions of
countryside recreation under present and future conditions, the conservation implications

of which are discussed.

As species conservation requires knowledge of how recreational pressure is
distributed throughout a sita,novel methodology was developed using Thetford Forest as
a case study. GiBased Network Analysis was combined with statistical modelling to
predict the number of disturbance events from recreationists for all path sections
throughout the site. This towlas able to test the consequences of altering site access on

the number of hypothetical new woodlark territories likely todmeeoccupied.

This study contributes to a relatively small body of work on the importance of
biodiversity for recreation and @rides novel spatial approaches for quantifying demand

and testing conservation interventions.
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Chapter 1

Introduction

1.1 The societalrole of outdoor recreation

Demand for outdoor recreation is high and ever growing, and with recognised societal
benefits for human health and wbking as well as local economies this is to be
encouraged; but recreational use of the countryside bririgstweinvironmental impacts,

requiring sensitive management based on sound scientific understanding.

Around the world, public perception of nature and landscapes has changed in recent
decades from a functional to a more hedonistic infBggs, Pedroli & Luginbihl 2006)
and global participation in outdoor recreation is on the incrébsesen & Koch 2004;
Balmfordet al.2009; Natural England 2011Jhe scientific study of outdoor recreation
has likewise grown, now a large and ever expanding research area, spanning several
disciplines from the social sciences, to health, economics and environmental sciences. A
large focus has been on the psychological, physiological and social benefits of interacting
with nature(Tzoulaset al.2007; Kenigeet al.2013) for example recreating in a natural
setting can increase s&fteem and enhance md&udettyetal. 2007) Environmental
scientists have found thaagicipaton in outdoor recreatiooan increase pro
environmental behavioPunlap & Heffernan 1975; Theodori, Luloff & Willits 1998;
Ardoin et al.2015) and advocate that itygsnatural areaamenityvalueand generates

revenues for conservati@Bell et al.2007; Balmfordet al.2009)

Such scientific findings filtered through to governments andareprofits, who
developed strategies and campaigns to engage people in outdoor activities (e.g. Natural
(QJODQGTV $FFHVV DQG (Narrd ErgRrIQYY2NM&BUtBIMOR Bdot
campaign\ww.britainonfoot.couk DQG WKH :LOGOLIH 7 (RchWardsobry 'D
et al.2016) Despite campaigns and government access recommendations, however, there
is still inequality in access to recreational opportunities; the potential spatial access to
neighbourhood parks differs for U.S. residents depending on the state in which they live
(Zhang, Lu & Holt 2011)the availability of green spaces within different distance bands

from home differs between four Flemish cit{®&an Herzele & Wiedemann 20Q3)


http://www.britainonfoot.co.uk/
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approximately half of Seoul residents do not have access to a neighbourhood park (Oh &
Jeong 2007), and only 36.5% of households in Sheffield, England, have a green space
within 300 m (a government recommended standard) (Barbosa et al. 2007). Accessibility is
also uneven across socio-economic (Barbosa et al. 2007) and ethnic groups (Comber,
Brunsdon & Green 2008). Disparities also exist in the uptake of recreational opportunities
by different socio-demographic groups; ethnic minorities, young adults (aged 16-25) and
less affluent members of society were underrepresented in a sample of visitors (1,095
people) to protected areas in a region of England (Booth, Gaston & Armsworth 2010), and
ethnic minorities in Denmark were less likely to regularly visit green spaces than people
from a western background (Schipperijn et al. 2010). Lack of provision of recreational
opportunities and the imbalance in the use of available areas is detrimental to overall
public health and well-being, as some sectors of society are not receiving the physical and

mental benefits of outdoor recreation.

Research into outdoor recreation covers a wide range of settings (Fig. 1.1) and
activities. This thesis focuses on natural or semi-natural spaces (‘nature-based recreation’),
with the broad purpose of understanding patterns in recreational use to inform conservation
and land management. Specifically, this thesis examines the drivers of recreational demand
and the spatial distribution of recreational demand at multiple scales (country, to county to
individual site) from a biodiversity conservation perspective, using the UK as a case study.
The rest of this chapter summarises the current body of research in these areas, providing

the context for the empirical chapters that follow.
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Fig. 1.1Typology of green and public spaces developeBdili; Montarzino, et al. (2007)

1.2 A brief history of outdoor recreation in the UK

3Man does not live by bread alone. Some men at least need the beauty of nature,
even the wilderness of nature, the contact with animals leading their own lives, in
WKHLU RZQ VXUURXQGLQJV ~

J.S. Huxley, chairman oft : L @e330nservation Special R P P L WS4 3. BB

In the 19" century, outdoor recreation in the UK countryside was an upper class pastime,
predominantly aristocrats hunting game on their private prof@iyyis 1991) James

Bryce first attempted to open up the countryside to the general public in 1884 through the
Access to the Mountair($cotland)Bill (Butler 1985) D SULYDWH PHPEHUTfV E
failed in 1884, 1888 and 189Bathe 2007)In the early 20 century more than fotfifths

of the population in England lived in urban areas, with poor living conditions for many and
high density terraced housing leaving little space for recreation @éds 199).

'HPDQG IRU UHFUHDWLRQDO DFFHVV VWDUWHG WR LQF
from town, facilitated by increased ownership of bicycles and the legal right to paid
holidays(Glytis 1991) Many outdoor clubs became established and radical groups such as
WKH 5DPEOHUVY 5LJKWYVY ORYHPHQW EHJDQ (GIREE\LQJ I
1991) Following protests and mass trespassesdrif20s and early 1930s, the most

famous of which was the mass trespass at Kinder Scout in the Peak District {(Ba9®&2
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2007), the Rights of Way Act 1932 was passed which provided for public access to paths
in use for at least 20 continuous years (Ramblers 2013). Further progress came in the form
of the National Parks and Access to the Countryside Act 1949, which focused on rights of
way as well as conserving important areas of the countryside (Seabrooke & Miles 1993).
The Act designated ten national parks and established the National Parks Commission to
“ensure the preservation and enhancement of natural beauty and provision of opportunities
for open air recreation within them” (Glytis 1991). The National Parks Commission was
also given the power to designate Sites of Special Scientific Interest (SSSIs) and National

Nature Reserves (NNRs), and local authorities to designate Local Nature Reserves (LNRs).

With mass car ownership, demand for recreation grew dramatically as did the need to
protect the wider countryside. The Countryside Act 1968 helped to address this by
providing guidelines for conserving areas of the countryside outside protected areas
(Seabrooke & Miles 1993). This Act replaced the National Parks Commission with the
Countryside Commission, which had wider powers, and provided for the designation of
country parks — areas primarily intended for recreation. Whilst there were ongoing
concerns regarding conflicts between recreation and conservation, government recognition
that participation in outdoor recreation is positive and should be encouraged was affirmed
by the House of Lords Select Committee on Sport and Leisure in 1973 (Glytis 1991).
Further provisions for public rights of way were included in the Wildlife and Countryside
Act 1981, which required local authorities to maintain up-to-date definitive maps of rights

of way.

In 2000 the UK saw major policy reform with the passing of the Countryside Rights
of Way (CRoW) Act by a newly elected Labour Government. Denying access rights over
open land had long been considered by the general populace as ‘an assault on liberty by
landowning interests’, and historically many Labour politicians supported the access lobby
seeking a resolution to the class inequality in public access (Parker 2008). In implementing
the CRoW Act, Labour leader Tony Blair stated “I hope and believe that matters can be
resolved sensibly, so that people have access to more of our countryside, which they have
wanted for many years, without interfering with the proper use of the land by it owners”
(Hansard 2004). The CRoW Act provided for the first time a statutory right of access to
open country and registered common land in England and Wales, after decades of political
battles between private property rights and public access rights (Parker 2008). This was


http://www.devon.gov.uk/index/environmentplanning/natural_environment/biodiversity/wildlife_guidelines/wildlife_designations.htm#sssi
http://www.devon.gov.uk/index/environmentplanning/natural_environment/biodiversity/wildlife_guidelines/wildlife_designations.htm#nnr
http://www.devon.gov.uk/index/environmentplanning/natural_environment/biodiversity/wildlife_guidelines/wildlife_designations.htm#nnr
http://www.devon.gov.uk/index/environmentplanning/natural_environment/biodiversity/wildlife_guidelines/wildlife_designations.htm#lnr
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seen as a major triumph for the British people who had been campaigning for this right for

almost a century.

The CRoW Act grats a right of access on foot to areas of mountain, moor, heath,
down and registered common land, provided that access does not impinge on wildlife
(Bathe 2007)Whilst the CRoW Act strengthened legal protection of wildlife from
recreational impacts, there was a lot of uncertainty about what the likely impacts would be,
particularly in light of the fact that 55% atcess land was also designated for
conservation as a SS@athe 2007)Scientific research ensued aided byeyoment
funding, and assessment guidelines based on empirical evidence were written by the
Wildlife and Access Advisory Group (formed of statutory agencies and conservation
NGOs)(Bathe 2007,)Rising pressure on the natural environment from changing demand,
increasing population, and new breadth in the types of activities people can perform
outdoors (e.g. mountairiking, geocaching, gorge walking and mechanised activities such
as snowmobiling, jet skiing and ATV riding), as well as other factors such as climate
change that may interplay with recreational impacts, requires that research is ongoing to

find solutions ® the ceexistence of recreation and conservation.
1.3 Recreation and biodiversity conservation
1.3.1 Importance of biodiversity to recreationists

It is well-established that exposure to and contact with the natural environment benefits
human health and welieing(Kenigeret al.2013) Much less is known, however, about

the importance of the quality of the environme&udndifer, SuttoiGrier & Ward(2015)

reviewed the current limited literature on the psychological and physiological benefits of
biodiversity, aQG FRQFOXGH WKDW SWDNHQ WRJHWKHU WKHYV
biodiverse environments, or those perceived to be biodiverse, result in positive benefits to
humanwelEHLQJ" +RZHYHU RQO\ WZR RI WKH VWXGLHV U
and biodiversity in seranatural space@-ulleret al.2007; Dallimeret al.2012) A more

recent study b arruset al.(2015)found that recreationists reported higher viring

and perceived restorativeness in high compared tdiodiversity areas. HoweveQiu,

Lindberg & Nielsen(2013)found no positive relationship between preference for, and
perception of, biodiversity, WKk DQ RUQDPHQWDO SDUN KDYLQJ PRU

woodland, despite recreationists recognising its comparatively low level of species



Chapter 1 Introduction

richness. This mismatch between psychological benefits of, and preferences for,

biodiversity clearly requires furén investigation.

Preferences for high biodiversity may also be uncovered through empirical research
on recreational site use. A comparison of protected areas in Finland found that total annual
visits increased with increasing biodivergi8iikamakiet al.2015)and a comparison of
protected area attributes for parks in Namibia showed that number of bird spetye®|
be seen is a strong driver of park chqidaidoo & Adamowicz 2005)Hence biodiversity
clearly plays a factor in selection of protet®tes for nature tourism. However, in Europe,
whilst protected areas cover a large praparof seminatural habitatshere are many
opportunities to pursue recreational activitieghi@ wider countrysideThere is therefore a
gap in knowledge on the importance of biodiversity for recreational site selection in the

wider landscape (i.e. excluding large, statutorily protected areas).
1.3.2 Impacts of recreationon biodiversity

Recreationists can negatively imp#woe environment during their visit in a multitude of
ways (e.gMcClunget al.2004; Mallordet al.2007; Pi&ering & Hill 2007; Reed &
Merenlender 2008; Thompson 2045d references therein). For decades ecologists have
been investigating if, how and to what extent an environment or species is compromised by
recreational activities. In the field of populatibimlogy, techniques have advanced from
simple comparative studies to complex modelling and computer simula@ding€007)
describes how recreational disturbance may not always lead to a poplda&bresponse

in a species, as this depends onstinength of densitdependence within theystem
Identification of the mechanism and magnitude of detrimental effects of recreation on
biodiversity is key to informing management decisions to obtain a balance between the
two. New approaches in spatial analysis in particular could provide ngighits into the
complex interactions between recreationists and wildlife, and provide essential tools for

conservation and land management.
1.3.3 Managing recreation for biodiversity conservation

Land managers have a variety options available to them to abdexistence of wildlife

and recreatiorknight & Temple(1995)give four ca¢gories of restrictions: spatial,
temporal, behavioural and visual. Spatial restrictions can involve designating areas
important to wildlife, often as a reserve network under legal protection with regulation of

recreational activities (e.¢yladsen, Pihl & Clausen 1998)eung & Marion(1999)

10
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describe four spatial strategies for managing visitor impacts that can implemented at
various spatial scales (Table 1.1). The particular strategy employed should be based on
VRXQG VFLHQWLILF XQGHUVW DitGrbapdeNralloR ev8.2606H V | U
demonstrate howifferent access strategies and therefore spatial distributions of
GLVWXUEDQFH FDQ KDYH YHU\ GLIITHUHQW FRQVHTXHQI

7THPSRUDO UHVWULFWLRQV DUH DOVR VWURQJO\ L(
ecology, as management interventiddbdJ H DSSOLHG IRU pWLPH SHULRG
FULWL F D O(KdighY & TeptedH1'99R) Various temporal scales cae bonsidered,
from certain times of the day during, for example, key feeding or sleeping times, to periods

lasting many weeks, for example during breeding or hibernation.

Table 1.1Typology of spatial strategies for managing visitor impacts in national parks and
other protected areas developedbyng & Marion(1999)

Behavioural restrictions centre on altering human behaviour, for example noise,
speed and type of recreational actiknight & Temple 1995)Motorised recreational
activities tend to have greater impacts than other-gomsumptive) recreational activities,
and are often prohibited in areas of cond€tale & Landres 1995Dog walkers may be
required to keep dogs on leads in conservation areas, for example where ground nesting
birds are present, and swimrgiand boating may be prohibited in protected lakes to
conserve reed beds and associated biodiversity.

11



Chapter 1 Introduction

Visual buffers can screemcreationists fromwildlife to reduce or eliminate adverse
impacts. These can include bird hides, vegetation Teygor, Green & Perrins 2007jree
lines,fences with a viewing flap et&night & Temple(1995)state that visual buffers can
reduce the need for spatial restrictions, as recreationists may be undetected or pose less o

threat at closer distances than without visual interventions.

Placing restrictions on recreational access cbaldvoided through appropriately
designing recreational areas, giving careful consideration to spatial arrangement of
facilities (Knight & Temple 1995; Leung & Marion 1999 his affects routes taken within
a site(Orellanaet al.2012)and the locations where recreational impacts may be
concentrated (e.g. in resting/picnic places or campsites), amddieerelative recreational
pressure throughout a site. Optimal placement of campsites, trails and attractions in the
interest of conservation is generally considered on dgisate basis in sitspecific
management planknight & Temple(1995)argue that more studies are required on
wildlife -responses to recreation so thahgralisations can be made to inform management

plans.
1.4 Current knowledge of recreational demand

Understanding the drivers of recreational demand is key to providing suitable recreational
opportunities and increasing participation, whilst knowledge oflistetbution of demand

is crucial for informing conservation.

Demand is clearly disproportionate across habitat types, with preferences
elucidated for coastal and freshwater sites, followed by mountain and woodland sites in
England(Senet al.2014) Similarly in Denmarkparks had the highest frequency of daily
visits, followed by beach, sea and lake then fai@shipperijnet al.2010) Preferences are
also evident for certain characteristics within a habitag;tfgr exampldedwardset al.
(2012)found that phase of development (establishment, young, medium and old) and size
of trees positively increased recreational value of forests, and that broadleaved woodlands
were slightly preferred over coniferous. Coastal users, however, had redalepces for
specific coastal habitats (sand, rocks, sand dunes, saltmarsh and cliffs), although bird
watchers indicated a higher preference for saltmarshes and sandCooedes & Jones
2010) There is a lack of evidence, however, for how habitat quality affects recreational
use, for example whether high conservation value woodlangsefegred over degraded,

low biodiversity woodlands.

12
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Importantly, recreationist demands differ with the activity they are performing. For
example, horse riders, mountain bikers, joggers and walkers in forests require paths with
different surfaces, widthgondition, gradient and features along the r¢Rtovers,

Hermy & Gulinck 2002; Janowsky & Becker 2008nhd dog walkers at the coast had a
higher preference for a wide and remote beach than other(Geenmbes & Jones 2010)
It is therefore preferable that when modelling recreational demand, separate models be

constructed for different user groufigrainard, Bateman & Lovett 2001)

Predicting demand for a recreational site is important, as this can provide
information on how close a site is to carrying capacity and allow estimation of visit
numbers under future scenarios, for example climate cH@&uagsmbes, Jones &
Sutheland 2009) Visitor management, however, also requires an understanding of the
spatietemporal distribution of visitors throughout a g@ole & Daniel 2003)Such
knowledge not only leads to more effective planning and management to enhance the
visitor experience (e.g. developing transportation and facift@e & Daniel 2003; Beeco
et al.2013) but is also crucial for managing visisan the interests of conservation. It is,
however, very difficult to model or predict visitor distribution within a site; a variety of

approaches have been tried, each of which has limitations.
1.4.1 Approaches to mapping and modelling visitor distribution

The sitebased interview is a long established method for visitor monitoring and
management, but has more recently been used to make spatltyt predictions of the

levels of recreational use throughout a stiemallwood, Beckley & Moor€2011)mapped

the density of onand offshore recreation during peak and-péfak months within a

marine national park bad on travel pathways of coastal recreationists created by linking
start and end locations obtained through questionn&mesnbes & Jone010)used a

similar approach, mapping the intensity of recreational use across a coastal area based on
route maps sketched by recreationists during ssrwilst these methods can provide an
assessment of the current relative recreational pressure across the site, it does not provide
statistical model that can be used to predict future patterns arising from management
interventions (e.g. closing accgssnts) or change in source population; the mechanisms
underlying the current spattemporal distribution of recreation have not been identified.
Another issue concerns recall bias, as respondents may find it difficult to recall or map
their route(Taczanowska, Mhar & Brandenburg 2008Jor instance, of 257 visitors at

campgrounds in the Flinders Ranges gorges, Australia, that were shown a topographic maj

13
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with key features marked and given a brief map orientation, over one fifth (22%) were
unable to remember whe they had camped, 35% unable to recall where they had stopped
and 65% for how long they had stopp®dolf, Hagenloh & Croft 2012)seltreported

reliability alsoindicated uncertainty in responses of those who thought they could
remember. Whilst sitbased interviewsemain important iwvisitor researchvisitor

impacts on natural environments result more from what people do than what they say they
do (Cessford &uhar, 2003; Cole & Daniel, 2003)

Wolf, Hagenloh & Croft(2012)therefore recommend the use of Global Pasitig
System (GPS) technology to significantly increase both reliability and detail of data
obtained (e.g. duration of stops, location of stopping places and departures from designate
trails; Taczanowka, Muhar & Brandenbur008) Reliable data on visitor movements
can be obtained by ugj] GPS technology to trackovements for the duration of tivesit,
althoughdata quality may be compromised due to poor GPS signal for example under a
forest canop (Taczamwska, Muhar & Brandenburg 200&PS data can be combined
with other monitoring methogsuch as questionnaire responses to help describe, and
potentially explain, travel patterns (eMarwijk, Elands & Lengkeek 2007; Beeebal.

2013) However, retrievingsPS devices may prove difficult, precluding participants not
plaming to return to a staffed locati¢ghaczanowska, Muhar & Brandenburg 200&)

risking low return rateBeecoet al.2013)issued @S receivers and questionnaires and
instructed participants to return both in a-poeElressed prstamped box at the end of their
trip, achieving only a 65% return rate (3.1% of participants did not return the GPS unit,
5.5% returned the GPS with zero datal 26.6% were missing questionnaire data) with the
possibility of selection bias. Of the literature in which GPS technology was employed in
the study of recreational behaviour, most have focused on describing patterns rather than

investigating the mech&ams driving these patteriiBeecoet al.2013)
1.4.2 Combining observational data with statistical modelling

It is possible to develop mechanistic models using observed nlaggr@ational visits if

models include information on the factors that influence visitor distribution, and these may
be used to make spatialkplicit predictions of visitor numbers at unknown locations

within a site. Objective, quantitative data on tasuse and distribution can be obtained by
on-site visitor counting, a wekstablished visitor monitoring techniq(@ope, Doxford &
Probert 200Q)Visitor counts may be recorded manually by obserfeegsDolman, Lake

& Bertoncelj 2008; Clarke, Sharp & Liley 201,d)me-lapse video recordine.g.

14
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Arnberger & Hinterberger 20033erial surveyge.g.Smallwoodet al.2011; Tratalo®t al.
2013) preexisting data collected by land management organisations as pagang
recreation provision assessmef@@epe, Doxford & Probert 200@nd various other
methals.

Dolman, Lake & Bertoncelj2008)modeled the distribution of recreational visits
within an extensive site (94,00@) using a large sample of visitor counts collected by
observers from 308 locations (path intersections) throughout the site. Predictions of
number of disturbance events (reci@adl passes) per hour per path section could then be
made for the entire path network and alternative scenarios of house building were explored
to predict future levels of recreational activity. Predictions were used to inform stone
curlew Burhinus oedinemu$ conservation. Whilst the collection of data for this approach
IS time-consuming requiring many observer hours (e.g. 1,110 hours in the above study), it
requires no special equipment or training and can be collected by a team of volunteers. The
mainadvantage is that it allows for hypothetical experimental manipulation to investigate
potential changes in recreational demand (e.g. population increase) and possible mitigatior
strategies (e.g. closing access points). It is based on empirical datagantbttherefore
have any of the uncertainties or errors associated with questionnaires and recall bias. With
such an extensive site it would also be very difficult to issue and reclaim GPS devices, and
there would be potential for poor signal in foresteebs. The approach could however be
improved by taking into account path types along the whole route from an access point to a
surveyed path, rather than just the path type of surveyed paths (which was included as a
categorical variable in the model), regreationists may deviate from the shortest linear

distance along the path network if they favour particular path types.

Coppes & BrauniscfR013)develop a statistical model based on observations of
visitors to predict the probability of winter recreationists leaving marked trails in the
southern Black Forest, Germany. Six locations of potential conflict with red deer and 56
with capercaillie were identified by intersecting high probability siessSHFLHV Y KDE
maps Similarly, Braunisch, Patthey & Arletta2011)mapped the probability of presence
of black grouse and snegportrecreationists in the Swiss Alps and found that both are
likely to occur in 67% of suitable black grouse wintering habitat. The resulting conflict
maps can be used to identify areas with intense hwmidhfe conflict in need of
designation as wildlife serves with controls on human acc@saunisch, Patthey &

Arlettaz 2011) Whilst these models can predict areas of likelpcourrence, they do not

15
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give estimates of recreationist numbers, which is an important consideration in evaluating

recreational impacts.

1.4.3 Methodological approach used in this thesis

This thesis uses a statistical modelling approach based on observational records of
recreationists. A massive data set of visited locations is modelled to identify the drivers of
recreational site selection, and observations of recreationists within an extensive and
complex site are used to model within-site distribution. Whilst this approach does not
incorporate social psychological constructs such as place attachment, which is known to
affect recreational demand (Hailu, Boxall & McFarlane 2005), it identifies overarching
population-level trends (Coombes 2007) and therefore allows examination of population

and demographic change.

1.5 Thesis aims and structure

The broad aim of this thesis is to improve mechanistic understanding of the distribution of
recreational demand at a variety of spatial scales from national to individual site. It then
aims to use these statistical models to propose solutions for reducing conflict between

recreation and biodiversity conservation.

This broad aim can be subdivided into four more detailed aims, each of which are
addressed in four empirical chapters. In Chapter 2 a model is developed to investigate the
drivers of recreational site selection on a national scale, specifically how land cover type
affects the likelihood of site selection and how this is modified by high nature value. This
enables us to examine whether recreational use is an important ecosystem service of
biodiversity and whether the creation of (or improvement of access to) low biodiversity

areas can relieve pressure from vulnerable biodiverse areas.

Chapter 3 investigates spatial patterns of recreational demand across England
through application of the model developed in Chapter 2. Fine-scale visit estimates were
mapped across the country to reveal the current pressures on habitats and conservation
areas, and future population projections were used to investigate the potential changes in

distribution and volume of visits.

Chapter 4 builds on the work of Chapter 3 for a case study area (Norfolk), in which
potential changes in recreational pressure on natural and semi-natural land covers arising
from proposed new housing (changes in land use and localised population increase) and

road developments is explored.

16
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Chapter 5 uses a novel, large data set editmvisitor counts to develagm
innovative methodology for prediction of withgite (footpath level) spatial distribution of
recreational pressusapable of exploring the effects of midevel site change$Spatial
patterns of recreational disturbance are overlaid with proposed avkaeiritories to
estimate the number of territories potentially lost due to disturbance. The effects of house
building on disturbance levels and therefore number of territories lost is also investigated
along with possible mitigation through closing aaxgoints. Finally, Chapter 6 presents a
discussion of how this thesis has furthered our knowledge of Hadige=l recreation and
contributed vital insights for conservation and land management. Possible directions for

future research are also discussed.

All empirical chapters (Chapter 25) are written in the format of manuscripts for
peerreviewed journals, thus each chapter has a separate reference list. Cliaper 2
slightly condensed fornt)as been accepted for publication in PLoS ONE pending
revisions(see Appendix A)and Chapters 4 and 5 are intended to be submitted to relevant
journals imminentlyl. Lake and P. Dolman made important contributions to the
conception of the study, experimental design and interpretations of the results. Their
contibutions will be recognised through-emithorship of future manuscripts arising from
Chapters 5. Chapter 5 is based in large part on visitor records obtained via field surveys
conducted in 2007 coordinated by I. Berton¢@lplman, Lake & Bertoncelj 200&nd
20089 (Dolman 2010)which were augmented with additional records collected by K.
Hornigold via fieldwork conducted in 2013 and 2014 during the current PhD study. Also,
the forest path network wasodified and updated from an original layer created by I.
Bertoncelj. The contribution of I. Bertoncelj to Chapter 5 will be recognised through co

authorship of a manuscript for publication in a pestiewed journal.
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Chapter 2

Recreational use of the countryside:

no evidence thathigh nature valueenhances a key

ecosystem service

Abstract

In WesternEurope, ecreationahmenityis presented as an important ecosystem service of
protected highmaturevalueareasputwhethermrecreatioal use by the general publg
enhanced byD VLW H{V RRIQesHhkivolyv Thieflcacy of mitigation of

recreational impacts aconservatioraready provisionof D O W H W@ én\ificagtiuciur
alsorequires evidenc&Ve address both issues with the first studyntmel UHFUHD W LR Q
habitat preferencest a national scal@cludingstatutory designatioas an mdicabr of
conservationmportance Recreationistpreferred areas of coast, freshwater, broadleaved
woodlandandhigher densities of footpaths and avoided arable cov@niferous woodland
and lowland heattAlthough sites with conservation designation had similar or greater
public access than undesignated areas of the same habitat, si@dstgnation

decreasedhe probability of visitatiorio coastal and freshwater sitesd gaveno dfect for
broadleaved woodlan@husgenerarecreational usby the wider publidid notrepresent

an important ecosystem servicepobtectechigh-naturevalueareasManagement oless
importantconservatiorareago enhance provision dbotpatts anddesirable habitatsan

thereforemitigaterecreationalmpacts omearbyvaluableconservabn areas
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Chapter 2 Nature value and recreational amenity

2.1 Introduction

Naturebased ecreation ipresented as an importantlturalecosystem serviddEA
2005; Mace, Norris & Fitter 2012hatis frequentlyused to support investment in
biodiversity conservatio(Balmford et al.2009; Defra 2011)Supportingevidencss,
however, surprisingly scar¢8andifer, SuttoiGrier & Ward 2015)Interacting with
nature beneféphysicalhealth(e.g. reducing stress levels and mortality), cognitive
performance (e.g. reducing mental fatigue) and psychologicabel (e.g. elevated
mood and selesteemKenigeret al.2013; Sandifer, Sutte@rier & Ward 2015)On a
global scale, vis#t toprotectecareagPAs)are on the increagBalmfordet al.2009)and
there is evidence th&Asholding greater levels dfiodiversityare preferentially visited
by naturebased tourist@Naidoo & Adamowicz 2005; Siikamakt al.2015) However,
whether the general public places greater recreational valyegbmaturevaluefareas
(i.e. areagdesignated for rare or characteristic species and/or high biodiyeesisys the
wider countrysiddor everyday recreational visits unknown.This is especially important
in Europe wherg¢here are many opportunities to pursue recreational activitiether
types of yWJUHHQI VSDFH

Recreationistgan have undesirable effects high nature valuareagPickering &
Hill 2007; Reed & Merenlender 20Q8)et public use givesuchareasamenity value with
potential to generate conservation rever(Besmfordet al.2009) It is therefore important
to strategically manage provisiofi recreational opportunities, where possige
distributingrecreationapressurdo area®f lower nature valueAn understanding dhe
relative importance diigh nature value areas versus the wider countryside
recreationistsvould aid in such provision teupportconservation of potentially impacted

areas.

Eigerbrodet al. (2009)found thatPAsacross Englandelivered ecosystem service
benefits forbiodiversity but fewer recreational visits occurred witRissthanwas
predicted from their land areBlowever, the recreational benefitsuld not beully
evalwatedaslocal population densitywas not included in thanalysis;an important
omission apopulation density was twice as high in the vicinity of visits to the wider
countryside than visits to PAs in this study, and consideringtieanajority of
recrational visits take place within a few kilometfesm home(Dolman, Lake &
Bertoncelj 2008; Schipperijet al.2010; Seret al.2014) Access networkshould also be

considered as recreational visits occur within a limited distance from roads, and
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Chapter 2 Nature value and recreational amenity

recreationists may have a preferencddad cover typgboth of which were also not
included in the study bigigenbrodet al. (2009) Senet al. (2014)modelledrecreational
visits in Britain based ortand cover clasgravel distancesocicdemographisand
population butasthis workassessdthe economic value of recreation seal@cologically
distinctland cover typesvere merged (e.g. mountain, moorland kwdand heathland),

visits within builtup areas were included and conservation statu®méted

Here we use a modelling approach to identify the drivers of recreasiomal
selectionfrom an ecological perspectivesing anationwidesample of over 30,000
spatially referenced visits to the countrysitdée model the influence of site characteristics
including land coveon the probability of site visitation, controlling faccessibility,
population density and local behavioural differen¥gs.examined hovigh nature value
affectedprobability of site visitation usingstatutory designatioasSitesof Special
Scientific Interest (SSSIs) asproxy SSSIs represent the UKs most important sites for
biodiversity conservatio(Ratcliffe 1977) aredesignated using objective criteaad
include all National Nature Reserves (NNRs) and Natura 2000 sites designated under
European DirectivedVe aim todeterminewhether high nature value ares® undemore
recreational pressure and whethecreational use is an important ecosystem service of
suchareasThis would inform whether the creatioof nature recreation opportunities in
places of lower conservation concern carevelipressure from monailnerable
conservation areaBurthermore we aim tenhance the evidendmse for mitigatiorof
recreational impactsdentifyingwhich habitats are in greatest demand and whese

creation of alternative green infrastructure is most required and mdathiould comprise
2.2 Methods

2.2.1 Study design

A casecontrol desigr(Manly et al.2002)was employeda@mparing recreational vissites

with randomly selected countrysidies(controls).Point vsit locationswere taken from

the Monitor of Engagement with the Natural Environment (MENE) survey ¢2002) of
recreational activity by English househol(@i&tural England 2012alraceto-face inhome
interviews were conducted every weeklod tyear, with a nationally representative sample
obtained every weelRespondents were asked the number of recreational trips undertaken
during the seven days preceding the interview, type of place visited and activities
undertakenOne recreational visiwas randomly selectetlring the interviewor which
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the location was obtained, resulting in 44,485 visits. These were provided as a grid
reference (Ordnance Survey National Grid) and mapped as points in ArcGIS 10.1
(Copyright © ESRI, USA); hereafter ‘visit points’. We excluded visits in predominantly
built-up areas to focus on countryside visits (see Appendix S2.1 in Supplementary
Information), resulting in a final data set of 31,502 visit points for modelling. Controls
(hereafter ‘control points’) were generated using Geospatial Modelling Environment
(GME; Beyer 2012), which were randomly located within the boundaries of England but
constrained to be at least 25 m from visit points so that control points could not be placed
in a known visit location. Twice as many control points were generated (63,000) to
maximise statistical robustness within the bounds of computational limitations. Controls
within predominantly built-up areas were excluded in the same way as for visits (Fig. 2.1).
A quasi-experimental design was tested where control points were stratified by distance-
weighted population, a combined measure of travel cost and population density
surrounding visit points (see section 2.2.2.3). Random controls however were considered
superior as an explicit measure of population and travel cost could be included in models
(see Appendix S2.1). As recreationists generally visit an area not just one point, visit and
control points were buffered by a 400 m radius, informed by empirical evidence of visitor
countryside access patterns (see Appendix S2.1). Buffered visit and control points are
hereafter referred to as ‘visit sites” and ‘control sites’, or jointly as ‘sites’. Due to the
heterogeneous representation of land cover within each visit site, statistical matching to

pair protected locations with sites having similar characteristics were infeasible.
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Fig. 2.1.Distribution within England of visit and control points used in this study
2.2.2 Predictors of visitation
2.2.2.1 Land cover data

The poportionof each land cover was extracted for all sitesn the 25m resolution Land
Cover Map 2007 (LCM200Mortonet al.2011) The 22 LCM2007and coer classes

were aggregated into 11 broad classes as some were not distinguished reliably using
spectral signature (e.geutral, calcareous, acid and rough grassland, therefore grouped as
seminatural grasslandvlorton et al.2011)and others were limited in area (e.g. supra
littoral rock, that was grouped with littoral rock)and cover classeappearing in fewer

than 10% of visisiteswere excluded from analysis due to irfsuént power (following
Boughey et al2011) so that 9 classes remaind@lle 21).

To examine the influence afture valuaipon visitation,&nd cover classes were
furtherdivided intoareas inside or outside Sites of Special Scientific Interest (SSSI), as
mapped bWNatural England2012b) Land cover classes not subdivided included fuplt
and improved grasslands as these are not designated as SSSIs, and arable land which is
rarely designated. SSSIs cover more than 8% of the counthamaajority (98% of total
SSSI areaare asignated for biodiversitfNatural England 20119lthough a small number

have also been designated for their geologitatest
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Given that we are examining recreational visits between SSSis arfiS®is it is
important to examine access constraints between these two areas. To defgremne
accesdgiwe combined areas designated as either havstgtutory right ohccessinder he
Countyyside Rights of Way Act (CRoW), or as Country Parks or Local Nature Reserves
which are open to the public. Together these cover 8.5% of England. We theatedicul
the proportion of broadleaved woodland, freshwateastand lowlandheaththat was
ppen acces{ithin and outside SSSIs. For land camith SSSI designation -B0O times
as much area was open access (coast, 6.2%; freshwater, 17.1%; broadleaved woodland,
29.7%; lowland heath, 86.0%) than for equivalent land cover sigrmted as SSSI
(0.3%, 1.4%, 5.2% and 4.1% respectively) so that, all else being equal, a much greater
visitation rate would be expected. A further subsidiary analysis was also carried out, in
which we divided land cover classes into areas inside odeutational Nature Reserves
(NNRs).NNRs are high quality SSSIs used to showcase management of SSSIs and engag:
the public; thus are areas of high nature value with recreational access encouraged. The

results from this analysis are compared with those fr@original SSSI analysis.
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Table 2.1. Candidate variables used to mopgedbability of site visitation by
recreationists.

Code Predictor Units Description
Comp Arable* Proportion Proportion of annual and perennial crops and frest
ploughed land
Coast* Proportion Proportion of sand dunes, shingle, littoral mud and
littoral sand

Broadleaved* Proportion Proportion of broadleaved woodland with >20% tre
cover or >30% scrub cover

Built-up* Proportion Proportion of urban and suburbareasncluding
towns, citieqand residential gardens), car parks ar
industrial estates

Coniferous* Proportion Proportion of coniferous woodland with >20% cove
Freshwater* Proportion Proportion of lakes, canals, rivers and streams

Improved* Proportion Proportion ofgrasslandnodified by fertiliser and
reseeding typically managed as pasture or mown

Lowland* Proportion Proportion of heather and dwarf shrub, gorse and
heath below 30én a.s.l.asdefined byGimingham
(1972) delimited according to the digital terrain
model OSTerrain 50(0OS Terrain 50 2013)

Seminatural*  Proportion Proportion of neutral, calcareous, acid and rough
grassland

Pop Weight.pop.2 No. people Total number of people residing within kth of the
site, inverseweightedby straightline distance from
visit and control points

Cty CountyA 94 levels  County in which the site is located
Path Path.lengt m Total length of path network within site
Elev Mean.elef m Mean of all Digital Terrain Model 5t cells within
site
Road Dist.Aroad* m Distance from visit and control points to nearest
major road
* LCM2007

,1km resolution population raster created from 2011 ONS census data

AAssigned according to county boundaries downloaded from http://www.gadm.org/
§ OpenStreetMap

9 OS Terrain 50

** OS Meridian
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2.2.2.2 Additional within sitevariables

Outdoor recreation in the UK is enabled by a network of public rights of way. A path
network layer encompassing bridleways, cycleways, footpaths, paths and tracks was
extracted fromOpenStreetMap (2013the only digital dataset delineating publiaghts of
way with a national coverag&hese data were collected by contributors using GPS
devices, aerial imagery and field mapgich we validated against OS maps (see
Appendix 2.1). Site accessibility was indexed as the path network length vatleisand
additionallyasthe straight line distance from visit and control points to the neagst
road(A Road;OS Meridian 2 2013)

Mean elevation o$ites(extracted from OST5R013)was selected priori as a
predictor variable, asiteswith lower mean elevatiowere expected thavea greater
probability ofvisitation, as those engaging in ardgoactivity are a subset of recreationists.

Elevation gain withirsiteswas explored but provided less explanatory power.
2.2.2.3 Distanceweighted population

The larger the resident population in the vicinity of a site the more likely it is to be visited,
diminishing with distancePopulation data from the 2011 census of households provided
by theOffice for National Statistic€2011)(England and Wales) amdational Records of
Scotland (2011yvere linked to coordinates, using the UK Postcode Dire§toikDS

2013) and aggregated intokin grid cells to create @K population rastefsome visits

close to the borders may originaterfraVales or ScotlandDf three population density
functions testedyeight.pop.2 (population weighted by inverse of distance squared) best
distinguished visit from contraitesand was included in all bsequent modelsee
AppendixS2.1).

2.2.2.4 Analysis

Generalised linear mixed models (GLMMs) with binomial error and logit link function
predictedP(Visiti), the probability of a recreational visit to siteas a function of the
proportions of site land covetassegComp), mean site elevation, distance from nearest
major roadand path density (fixed effectBable 21), controlling for distanceveighted
population(weight.pop.2)and county (random effectg}ounies vary inareafrom 28km?

to 7965km? with a mean population of 644,94eategorical 85 levels from database of
Global Administrative Area8GADM 2013). The interaction between weight.pop.2 and
countycapturel unobserved heterogeneity between counties and edliw potential
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differencedn per capitadrequency of recreational actividue to socioeconomic or cultural
effects Predictorvariables were centred and scaled with zero mean and unit standard
deviation for comparability of coefficien{Schielzeth 2010)Two GLMMs were fitted in
model 1 all land cover classes were includedey in model 2 selected land cover classes

were divided into areas designated and-designated as SSSis:
P(Visiti) = f(Comp, Elev, Road, Path, Pop, Cty) (model 1)
P(Visit})) = f(Comp.nondes, Comp.des Elev, Road, Path, Pop, Cty:) (model2)

Differences betweerequivaleninon-designatednddesignatedmodel2) land cover

coefficients were evaluated by Z tests.

GLMMs were fittedusing the Ime4 packadBateset al.2013) Inspection of
correlograms establisk that spatial autocorrelation was negliginleothmodels (see
Appendix 2.1). Predictive performance of th&o models was evaluated against
independent data from tlsebsequer20122013 MENE survey (& 10,622) and
additional random control® = 10,622). For each model, AUChe area under the
receiver operating characteristic (ROC) curveas calculated using the pROC package in
R (Robinet al.2011) AUC ranges from 0.5 for models that perform no better than
random, to 1 for models with perfect discriminat{®earce & Ferrier 2000\Whether
AUC values (and thus model prediction accuratiffered significantlyamong models

was testedfollowing DeLonget al. 1988)within the pROC package.
2.3 Results
231 5HFUHDWLRQLVWVY SUHIHUHQFHV IRU VLWH FKDUL

The initial modelexamining the effects of site characteristipen visitation probability
without considering designation statodicatedthatthe strongest effect was the positive
influence of path density (me#&ngthwithin visit sites2055m + 1916 SD; within control
sites604m + 865SD, Table 22). Visitationprobability was strongly reducddr sitesat
higher elevatioror far from amajor roadintercepts for each county ranged from
-1.45+0.1695%ClI to 1.4 + 0.2495%CI and weight.pop.2 coefficients frorh.67
+0.%595%Cl to 2.5 £ 0.6195%CI (Fig. S23), showing variation iper capita

visitation probability bet/een counties and supporting inclusiorraridom effect terms.
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Table 22 Generalised linear mixadodel predicting recreational demand in the
countryside, controlling for population andunty. Dependent variable: probabildfy
visitation.P VRS S VR

Standardised Std. Lower Upper

Coefficient  Error z P Cl Cl
Nonland cover
variables
Path length 0.8%6 0.014 59.96 0.799 0.853
Elevation -0.370 0.017 -2222 ™ -0.403 -0.338
Distance tanajor road -0.12 0.013 -983 ™  -0.158 -0.106
Land cover classe
with positive effect
Built-up 0.63L 0.022 29.14 0.589 0.673
Coast 0.287 0.016 18.49 0.256 0.317
Freshwater 0.161 0.010 16.26 ™ 0.142 0.181
Broadleaved 0.1 0.05 10.37 0.128 0.188
Land cover classe
with negative effect
Arable -0.656 0.031 -20.70 ™ -0.706 -0.584
Improved -0.129 0.02 -5.80 -0.172 -0.085
Lowland heath -0.080 0.012 -6.64 -0.103 -0.056
Coniferous -0.078 0.013 -6.18 -0.103 -0.053
Seminatural -0.043 0.016 -2.73 " -0.074 -0.012
Constant -0.697 0.077 -9.06 -0.847 -0.545

Of the seminatural land cover classes, coast had the strongest positive effect on the
probability of visitationfollowed byfreshwater and broadleaved woodlaRdbbabilityof
visitationwas50% at proportionate covers of coast and freshwaterllafaid 015
respectively(Figs2.2a & 2.2b), whereas greater covesf broadleaved woodland
(approximately @13 and aboveFig. 22c) was required beforesitewas more likely to be

visited than not.

The land cover with the strongest negative effect on visitation probability was
arable land, which had a large negative coefficient relative to latheércover classe
(Fig. 2.2d). Receationists were less likely to visittescomprising of a greater proportion

of lowland heathland, improved and semaitural grassland or coniferous woodland.
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Fig. 2.2.Predicted influence on visitation probability of coast, freshwater, broadleaved aled arab
cover, from model 1 (see section 2.2)Zdntrolling for path length, elevation, distance to nearest
major road, weighted population and county. Bars show thadray distribution (square root

scaled) within visit (unfilled) and control (grey) sites. Predictions were obtained by varying the
proportionate cover of the land cover class shown betw&e®. A\l other land cover classes were
held proportional to theimean such that they sum to 0.2 (so that total land cover proportion did not
exceed 1). Control variables were held at their mean. Horizontal box and whisker plots show
median, quartiles and outliers of land cover proportions in visit (unfilled) and t¢areg) sites

2.3.2 Effect of habitat designation

We then examinegreferences foland cover classeof potentiatonservation importance
separately, according to whether they occurred inside or outside anERfi&hatory
power increased({AIC =-186), with a slight increase ipredictive ability (Modell:

AUC =0.825+ 0.005 95%CI; Model 2: AUC = 0.8430+ 0.00595%Cl; Z=2.44

P <0.05.

The appeal of broadleaved woodland was sinmitaspective ofvhether it wasvithin
an SSSIZ = 0.7, P =0.47;Fig. 23) with the coefficient similar between these models
(0G=-0.013+ 0.018SE), whereas the attractiveness of coast and freshwater was
significantly greater when not designat@d=(7.8, P < 0.001 an& = 6.2, P <0.001
respectivelyfig. 2.3). Nondesignated coast and freshwater coefficients were close to the
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original (modell) coefficient error bounds, but SS&signated coefficients were lower
(designatedrersusnon-designatedcoast (= -0.188+ 0.024SE;freshwater

0=-0.079+ 0.013SE). Effectsof designating the freshwater or coastal area witlsitbea
was examined separately for low (20%) and high (80%) overall doekelingremaining
land cover classes constant in proportion to their national messhwatedesignation
minimally affectedvisitation probability at low cover (859 non-designated0.518
designated) but at high cowasitation probability decreased with designat{0r900non
designated0.813designatedFig. S24a). Coastal @signatiorsubstantially reduced
visitation probability (low cover:0.748 non-designated0.544 designatedhigh cover:
0.9% non-designated0.865designatedEig. S24b). The negative effect of sematural
grassland did not diffewith designationwhereas coniferous woodland and lowland heath
were significantly more negativg associagdwith visitation probability wherdesignated
(Z=4.45 P<0.001 andZ = 2.2Q, P < 0.05respectively)Results from the subsidiary
analysis on land covers divided irdeeas inside or outsiddNRs were consistentith
SSSI results for broadleaf woodland, coast, freshwater andnegunal grassland, but
lowland heath and coniferous woodland SSSIs had no significant effect on visitation
probability Fig. S25).

Fig. 2.3.Effects on visitation probability of land covers separately outside or inside an SSSI,
showing standardised coefficients from a GLMM controlling for path length, elevation, distance to
nearest major road, weighted population and county. Bars denoterdtanda. For each land

cover,P values ofZ-tests compare pairs of coefficients between outside/inside BS&D01

(VO [Vl o
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2.4 Discussion

This study found thaalthoughbroadleaveavoodland had clear appeal to recreationists,
someotherland covers of conservation importance such as lowland heath were not
preferentially selectedvost importantly, for preferrethnd cover classewe found no
evidence thaBSSldesignated highaturevaluesiteshad greater appealespite these
having much greater levels of permitted open acCBsss is an important development of
previous work (e.gSenet al.2014)which did not considegcologically distinct land uses
or importance of nature valuBecreation wapreviously found to benderrepresented by
protected areas in Englaralt in analyses that did not control for source population
density, road access or footpath dengtigenbrodet al.2009) Controlling for these
factors,we nowprovide clear evidence that high natureuea{inferred by statutory
designation as SSSI) does not confer additional recreational valine fgeneral public.
This has important implications for provision of recreational infrastructode
justifications of biodiversity conservatioRrovision ofrecreational opportunities iow
naturevalue sites opreferredhabitat type can reduce pressuo@ vulnerableconservation

areasassuming that the number of visits in a recreational catchment remains constant.

When a lanatoverwas of elevated conseation importance (i.e. designated as a
SSSlor NNR) recreational usby the wider publiavas not enhanced and in the case of
coasts and freshwatiiwas less likely to be visitedallimer et al. (2012)found no
consistent relationshipetween species richnemsd human welbeing ina survey of
visitors to riparian greenspacdmit a positiveeffect ofperceivedichnessWe conclude
thatconservation importanaoes not strengthehe cultural service of recreational
opportunitiesobtained from ecosystems because this is not reamisoughby most
recreationistsWhilst biodiversity is an important factor for nature tourists visiting national
parks in FinlandSiikamakiet al.2015)and protected areas in Ugar(aidoo &

Adamowicz 2005jhis is based on a sedtlected samplef aature enthusiasts; here we use

a representative nationwide sample and find no evidence that conservation value plays a
role in recreational site selection for dayday use. ASSSI statuslid not add to the

appeal okitesfor most recreationists, thriblic expenditure on these highly valued
conservatiorareag£85.4 million in England in 20089; Committee of Public Accounts
2009)whilst benefitingconservatiordoes not bring benefits in terms of recreatidost

public benefis arelikely expressed through narse valus (Dolman 2000)
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This study showed that there is a higher likelihood of recreationists visiting
broadleaved over coniferous woodland, a distinction not made in previous studies of forest
recreation in Britain (Hill & Courtney 2006; Jones et al. 2010). Recreation value of
coniferous woodlands can therefore be enhanced by planting or retention of broadleaved
species along paths. Recreational activities in woodlands can impact sensitive ground flora
and cause disturbance to wildlife and animal behaviour change (Marzano & Dandy 2012),
which could compromise the effectiveness of woodlands designated for conservation. That
designated and non-designated broadleaved woodlands were of equal appeal to
recreationists has important implications for conservation woodlands, as provision of low
biodiversity broadleaved woodland would be a suitable substitute to draw recreationists
away from potentially vulnerable conservation areas. Lowland heaths support species and
habitats of European conservation importance that are sensitive to recreational impacts;
consequently there has been much research on visitation patterns within heathland (e.g.
Clarke et al. 2006; Liley et al. 2005). Surprisingly, our study indicated that on a national
level, in spite of their conservation importance, lowland heathland was not favoured by
recreationists. It may be that lowland heaths are visited when local to recreationists

although more desirable land covers may still be preferred.

The strong effect of path density emphasises the importance of public rights of way,
both as a means to attract recreationists and to manage the intensity of recreational pressure
through restriction of access to and within conservation areas. The Countryside Rights of
Way Act (CRoW) 2000, provides a statutory right of access to mountains, moors, heaths,
downs and registered common land in England and Wales (Bathe 2001) but allows
mitigation by closure of access to protect breeding wildlife (Murison et al. 2007). Access
restriction in deciduous forests aided vegetation recovery (Roovers et al. 2005) and closure
to recreation was predicted to increase coastal ringed plover (Charadrius hiaticula) by
85% (Liley & Sutherland 2007). However, as it is not always possible to restrict access
completely, an alternative is to create or re-route trails to divert recreationists to areas
where they will have a lower impact on biodiversity (Tomczyk & Ewertowski 2013).
Whether restriction or re-routing of paths is chosen, access management is an important

tool for balancing recreation and conservation interests.
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2.5 Conclusions

8QGHUVWDQGLQJ WKH PHFKDQLVPV GULYLQJ FRXQWU\\
supports management of the countryside for both recreation and conservation. The
relationships we identifwere derived from a nationally representative sample of English
householdsand are likely to be relevant to other developed, urban based countries. Further
studies are requirdtbweverto gain a better understanding of cultural differences in the
importance of nature value for general recreatasthe global picture may highfht

differing trends as with natufgased tourisniBalmfordet al.2009) This analysishows

that, in spite of recreational ubeing freqently presented as an importa&ebsystem

service and used to support investment in conservation, theret®sygstem service gain

from highernature valuen terms of recreational valu®y the general publi¢®rotected
areasenefit thewider publicthrough noruse values andeconciliation ofconservation

and recreation remains pertinent.
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Supplementary I nformation
Appendix S2.1. Additional methodological details

OHWKRGRORJ\ IRU GHILQ Li@.JexclEsoX Qf Wsits\ i LiGan freéeh VL W V

spaces

As the focus of this study is to examine the effects of outdoor recreatssmnanatural

habitats, we excluded visits in builp areas. The daset included all recreational visits to
WKH pQDW X U D(@clHdihy foteRaphpléu@antrecreatiorognds, parks and
playgrounds), only excluding shopping trips and visiting allotments or personal gardens.
7R VHOHFWLYHO\ UHPRYH pXUEDQ JUud br€a (&3racket fvofin W K
Land Cower Map 200{Morton et al. 2010)within buffers suroundingvisit pointswas

examined and a culff point applied to define a vidibcationas builtup or countryside.

Cut-off points of 50%, 60%, 70%, 80% and 90% built area were examined at buffer

sizes of 200, 400, 600, 800m radii (Jexdble S2.L

The visitlocalitiesthat were retained were examined spatially overlaid on the land
cover map (LCM2007) foEast Anglia to see where thesere in réation to builtup
areas. Visit localitiesetained under each percentageadffitat each buffer radius ihable
S2.1were examined in turn and it was determitteat the 70% cubff within 400m
buffers performed besghighlighted in bold) as visit localitiedose tolargeareas of open
space within builup areas andn the edge of cities were retained, wihiisit localities
within large homogenous buillp areas were removedlt the 70% cuioff approximately
25% ofobservediisits wereexcluded due to beingithin builtup areagTable S2.1).
Table S2.1 Number of visits excluded frombserved visit (MENEYataset (n= 44,495

at different exclusion thresholds for builp area within buffers and at different buffer
radii

% built -up Buffer radius

area 200m 400m 600m 800m
>50 19303 19617 19146 18444
>60 15968 15776 15225 14565
>70 12851 12301 11796 10903
>80 9848 8579 7769 7049
>90 6721 4730 3704 2990
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Methodology for creation of stratified controls, analysis using stratified control sample

and comparison of results from models with stratified controls and random controls

We tried an alternative method of controlling for the effects of local source population
density and travel cost. Instead of includdigtanceweightedsource population
(weight.pop)as a random effect in the mogdek stratified the controls (i.e. used@wset

of controlsgenerated by stratified random sampling) to have a similar frequency histogram
of distanceweightedsourcepopulation as visit localities; thus we controlled for population
and travel distance effects through locating controls in avéhsa similar source

population within the 10 km travel distance as the visit sample, making the weight.pop
variable redundant. By allocatirmgsimilar ratio of control to visit localities within

intervals of distance weighed populati@ee below) thisllowedconclusions to be made
regarding tle relative of pull of differenfand cover types without confounding effects of

local population density or proximity to residential areas.

The stratified cotrols were generated as follows. Tihequency histogma of
distanceweightedpopulation for visiocalities gave the number that felithin 22 bands
of 5000 increments between the minimwmight.pop(zero) and maximum (110,000). &h
countswere then doubled tcetithe sample sizes for contralghin the sane bands. To
generate control pointsandom points wenglacedwithin the boundaries of England and
weight.pop wagalculated until the sample sizes for eaghght.popband was achieved.
These points were then buffered by 400m to create the final ctodadities. Model 2 (see
section 2.3 in main paper) was run using the existing visit localities and the new stratified
control localities and resulting coefficients were compared to original model coefficients
(Fig. S2.1). The effect of significantly paise land covers were very similar to the original
model. Nonrsignificant and significantly negative land cover coefficients show some

differences but their effect sizes remain trivial.
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Fig. S2.1.Effects on visitation probability of land covessparately outside or inside an
SSSJ showing standardised coefficients frga) stratified control mode(b) random
control modelsdontrolling for path length, elevation, distance to nearegor road
weightedpopulation and county both) bars dena standard errorP VRN |
P<0.0lp ¥ W Attestscomparingpairs of coefficients of the same land cover
typeareshown next to each pdiNS denotes nesignificant)

Justification for choice of buffer radius within which to extractharacteristics of the

area surrounding visit and control points

OHDQ PMSHQHWUDWLRQ GLVWDQFHVY GH IlpdhHosthB VY WKH
URXWH WR W K(Hlep & RIH2005 )k 7Qmiidr dog walkergn=3), and 79%n

for walkers (&2), for three heathland complexes in southern England. As these are large
protected areas (mean size 5421 ha, range-24@@ha), they are not likely to be
representative of the visit behaviour captured in this study as the majority of visits will take
place locally (over 80% of respondents reported travelling less than 5 miles to their
destination). Mean penetration distance reduces consistently with a reduction in site area
(Clarke et al. 2006)hich lends support for a smaller buffer size for this stitence a

buffer of 400n radius was chosen with which to extract characterisfitse area visited
Buffering the point representing visit locations will also account for any uncertainty in the
initial mapping by sweyors, as although precisen{Lgrid references were provided, often

respondents could only give a description of where they.went
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Validation of path network layer

For validationof the path network laydOpenStreetMap n.d.Y1 km grid squares were

randomly placed in East Anglia (n=100)cathe North East (n=100) and the

OpenStreetMap path network was visually compared to paths mapped by Ordnance Surve!
(OS) VectorMaf§ (definitive but not available in a useable digital format) within each grid
square. In East Anglia 87% of grid squares fudlgt corresponding paths aria the North

East 72%, thus it was concluded that the path network layer was a good representation of
reality.

Determining best fitting distanceveighted population function

To obtain inverse distanageighted population pesite, 1 km resolution Euclidean

distance rasters with a 10 km radius around visit and control points were generated and
multiplied with the population raster as per egd. A 10 km radius was chosen as 82% of
respondents reported travelling less théksn. Three different distance weightings were

applied to determine the best function for these data (equati®ns 1

weight.pop.1= pop * (1/d) AIC =104,393 (egn 1)
weight.pop.2= pop * (1/df) OAIC from eqn 1 =4,973.9 (eqgn 2)
weight.pop.3= pop *(1/c?d) OAIC fromegn 1 = 9,760.5 (eqn 3)

Wherepop= number of people per Km

d = distance from focal 1 km x 1 km cell that the visit or control point lies within,
calculated ad = (centroid distance from focal cell centroid (m) + 1000)/1000 Hctlilea

maximum weighting of 1 was assigned to the focal cell

To determine the best fitting function these three distargighted population metrics

were entered separately into univariate generalised linear models (GLMs) with logit link
and binomial errostructure, to estimate visitation probability (using visit and control
localities as a binomial response variable) as a function of surrounding disteigteed
population. Weight.pop.2 provided the best fit to the data based on AIC and thus was

includedin all subsequennultivariatemodels

To check if builtup area shared some explanatory power with weight.pop.2, the
proportion of builtup areawithin localities (i.e. 400m buffers) was added to a model with
only weight.pop.2. Upon additiothe weight.pp.2 coefficientvasreduced from
1.97+ 0.02SE to 0.99% 0.02SE, suggesting builip area partly aetias a proxy for
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source populatiarHowever, they werenly moderately correlated € 0.48, df= 94500,

P <0.001) and thus butlip was retained in fsequent models.
Checking for spatial autocorrelation

Correlogram®f the spatial dependence between residuais GLMMs (as estimated by

0 R U D QMEXE examined to check for spatial autocorrelatiarréograms were plted

using the ncf package in [Bjornstad 2013JFig. S2.3. Due to computational limitations,
random samples of 10% of the data were used to generate correlograms (repeated three
times per model for robustness). Inspection of correlograms led us to conclude that spatial

autocorrelatiorwas negligible and supported the use of-spatial GLMMs.

Fig. S2.2 Correlogramgrom residuals from (&) model Iwhich doesot consider
designation status and-{ffimodel 2where land coverlassesredivided into SSSI and
non-SSSi(created usinghreerandomsample of 10% of the datee. 9465 observations
due to computational intensity)

46



Chapter 2 Nature value and recreational amenity

Supplementary references

Bjornstad, O.N., 2013. ncf: spatial nonparametric covariance functions. R package verSion 1.1
http://CRAN.Rproject.org/package=hc

Clarke, R.T. et al., 200&/isitor access patterns on the Dorset heathlamdgerborough: English
Nature.

Liley, D., Jackson, D. & UnderhiDay, J.C., 2005Visitor access patterns on the Thames Basin
Heaths Peterborough: English Nature.

Morton, D. ¢ al., 2011 Final report for LCM2007+the new UK land cover mag@ountryside
Survey Technical Report No. 11/07 NERC/Centre for Ecology & Hydrology.

OpenStreetMap, © OpenStreetMap contributors, licensed under the Open Data Commons Open
Database License drthe Creative Commons AttributieBhareAlike 2.0 license. Available at:
http://download.geofabrik.de/europe/greaitain.html.

47



Chapter 2 Nature value and recreational amenity

Appendix S2.2. Supplementary figures
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Fig. S2.3. Point estimates (filled circles) for random effect parameters (intercept and weight.pop.2)
with 95% confidence intervals (bars) per county. Intercept = additive effect of county, weight.pop.2
= coefficient of effect of distance-weighted population. Intercepts are taken to represent probability
of visitation by visitors outside the 10km radius of sites (for which ‘local population’ i.e.
weight.pop.2 was measured).

48



Chapter 2 Nature value and recreational amenity

a
_—
=
a s
O
o «©
= o
o
o <
QO o
9
9
o N
ql_) o
o

<

(=]

00 02 04 06 08 0.0 02 04 06 08
Proportion Freshwater Proportion coast

Fig. S2.4. Predicted influence on visitation probability of (a) freshwater and (b) coast when SSSI
designated (dashed line) and non-designated (solid line), from model 2 (see text) that controls for
path length, elevation, distance to nearest major road, weighted population and county. Predictions
were obtained by varying the proportion of the land cover type shown either as designated or non-
designated, setting the alternative designation status at zero. All other land cover classes were held
proportional to their mean such that they sum to 0.2 (so that total land cover proportion did not
exceed 1). Control variables were held at their mean.
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Fig. S2.5. Effects on visitation probability of non-NNR-designated or NNR-designated land covers,
showing standardised coefficients from a GLMM controlling for path length, elevation, distance to
nearest major road, weighted population and county. Bars denote standard error. For each land
cover, P values of Z-tests compare pairs of coefficients between non-NNR-designated/NNR-
designated (P<0.001 “***’ P<0.01 “*** P<0.05 ‘**)
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Chapter 3

Mapping current and future recreational demand in

rural England

Abstract

Across Europe recreational use of the natural environment is increasing in popularity and
together with increasing population the volume of recreational visits is likely to rise.
England is a case in point, with a varied landscape receiving an estimated 2.5 billion
recreational visits per annum and experiencing the fifth largest population increase in
Europe. As recreational activities can negatively impact the four major landscape
components (soils, vegetation, animals and water) it is important to understand how
recreationists are dispersed across the landscape, whether they coincide with important
reserves for native habitats and wildlife, and how such patterns may change in the future.
The aim of this study was to investigate spatial patterns of recreational demand for
different habitat types and protected areas using a model to predict probability of visitation
based on land cover composition and statutory designation. We mapped the estimated
volume of annual recreational visits at over 800,000 sites covering the entire English
countryside, scaling up from probabilities using Natural England’s regional visit estimates.
Using local authority population projections for the year 2030 and regional per capita
annual visit rates we then estimated how the spatial pattern and volume of visits would
change in the future. The map of current visits conformed to prior expectations, however,
attractive protected landscapes were not attributed high numbers of visits, as ‘nature
tourism’ was underrepresented in the calibration data. Furthermore, the resolution of the
visit map proved too course to garner reliable summary statistics for Sites of Special
Scientific Interest. The future visit map produced from population projections did not
reveal fine scale changes in the distribution of recreational visits, however land use change
(urban expansion) was not incorporated. Future work could involve obtaining strategic
growth locations at a smaller scale (e.g. county) to investigate a scenario of urban growth

and associated land use change.
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3.1. Introduction

Across Europ@ublic appreciation of naturd@ndscape has becomeommonplacéde
Vries, KleinLankhorst & Buijs 2007; Vizzari 2011Assessinghe provision accessibility
and quality of QDW XU D O [HJU{H U SdRadidatiddatisehasgrown as a research
areain recent yearéBarboseet al.2007; Zhang, Lu & Holt 2011; Kienast al.2012)
reflecting thegrowingimportanceof naturebased recremn to societyRecreational use

of the natural environment is evgranging, developingnd increasing in popularity,
leading to complex issues and conflicts of inte(Bsll et al.2007) With an upsurge in
demand for outdoor recreation as well as increasing population in 15 out of the 28 EU
membe stategEurostat 2014)he volume of recreational visits will rise in many European
countries. Within a country, areas with a higher relative increase in populationrer whe
there is already a greater propensity to partake in outdoor recreation may experience

greater proportional increases in recreational visits.

The English landscape is varied and offers outdoor enthusiasts many opportunities
to partake in recreationaltadties. The annual visit rat® the natural environmeint
England was estimated at 6&igits per capitaresulting inaround 2.5illion recreational
visits per year(Natural England 2012aEngland is a densely populated country and in
addition is experiencing the fifth largest population increase in E({fapestat 2014)
England is also home to many species and habitats of international and European
importance, with 7.6% of the country designated as terrestrial Sites of Special Scientific
Interest, 9%as National Parks and 15% as Areas of Outstanding Natural Bé&ityal
England 2012b)Recreational activities can negatively impact the four major landscape
componentsnamely soils, vegetation, animals and wétole 1993)It is therefore
importantto understanthow recreationists are dispersatoss the landscaped how
such patterns may change in the future. This would enabidehgfication of areas with
high concentratios of recreational visitorand whether thegoincide withimportant
reserves for native habitats anddlife. Such areas would require careful planning and

management to reconcile the needeegafeatiorsts with conservation objectives.

Previous researdmas focused omappinghotspots of highly attractive natural
places(de Vrieset al.2013) recreation opportunitgdoyce & Sutton 200@ndspatial
distribution ofrecreationistaround towngKienastet al.2012) However therehas been
no attempt at largecale mapping of recreational pressilirging the distribution of

recreatbnistsacross the landscapath the consequentplicationsfor conservationA
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conservatiorfocused spatiallyexplicit, nationatlevel stug on recreational use of the
natural environmenwould be beneficial foplannersrevealingthe current pressuresn
habitats and conservation areAsspatially explicitmodel of recreational pressure would
providea means to assess the conservatigpiications of changes in policy, population

growth or large scale langse change

Senet d. (2014)examined how the distribution of recreational visits in Great
Britain would change under future scenawbd$and useand changing socioeconomic and
demographic characteristicBhey predicted very difirent changes resulting framrange
of scenariosthatdiffered their relativeemphasion conservation, economic gah and
selfsufficiencyas driving forces for chandelainesYoung, Paterson & Potschin 2011)
HoweverSenet al.(2014)present and disiss theconsequences Economiderms
mappingthe change imonetaryaluesof visits, rather thamational recreational pressure,

with no discussion ahe potentialsignificance for conservation.

The aim of thisstudywasto mapthe estimate volumeof annualrecreationalisits
across England accordingempirically derivedpreferences for land cover composition
investigate spatial patterns of recreational demandiff@rent habitat typeandprotected
areasWe appliedanaionallevel recreatio modelthat includes land cover types and
controlsfor transport and footpath networks, soupopulation density andgegional
behavioural difference® predict the probability of a recreational visit occurragver
800,000 sites coverintpe entire Bglish countrysideUsingthesesite probabilitieswe
redistributed an estimatd thetotal volume of recreational visiis England in 2011
amongst cells in a 400 resolution rasteio map fine scale visit estimates across the
country.We then estimateldow the spatial pattern and volume of visits would change
under gpopulationprojectionfor the year 2030
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3.2.  Methods
3.2.1. Recreation model

The forces driving recreationists’ choice to visit particular areas of the countryside over
other available areas are numerous. To explore this, in Chapter 2 we developed a recreation
model comprising of various site characteristics a priori selected as having an influence on
where recreationists choose to go as well as site land cover composition in order to
determine relative preference for certain land cover types. Briefly, observed countryside
visit sites were compared with control sites placed randomly in the available countryside
(hereafter collectively termed ‘sites’). Visit sites were acquired from Natural England’s
Monitor of Engagement with the Natural Environment (MENE) household survey (Natural
England 2012a), in which a visit was defined as any time spent outdoors close to home,
work or while on holiday in England, in the week preceding a household interview,
excluding for shopping or time in your own garden. Sites were point locations that were
buffered by 400 m to obtain ‘(potential) visited area’; informed by empirical evidence on
visitor ‘penetration distances’ at various locations in England (see Appendix S2.1). A
generalised linear mixed model (GLMM) with binomial error distribution and logit link
function predicts the probability of visitation to sites across England as a function of land
cover composition and accessibility (fixed effects) and source population and county
(random effects). Source population was measured as the number of residents within

10 km of a site, inverse weighted by squared distance to account for the exponential decay
in the number of people visiting a site the further away they live. Source population,
hereafter termed distance-weighted population, was entered as a random effect in the
model, along with county, to allow for variations in per capita visit rate between counties
thereby accounting for socioeconomic and demographic differences. There was no issue of
multicollinearity between predictors (see Table S3.1 in Supplementary Information). The
explanatory variables used are nationally available so that the model can be used to predict
the probability of a recreational visit to all sites across England under current and future
population estimates. A more detailed description of these methods can be found in
Chapter 2.

The recreation model in Chapter 2 was adapted slightly with the addition of a
‘scenic destination’ variable. This is the proportion of a site’s area designated as Areas of
Outstanding Natural Beauty (AONB) and National Parks (NP), which was a priori

considered to be an important predictor of a recreational visit; protected areas (PAS) are
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popular tourism and recreation destinations as demonstrated by the global rising trend in
numbers of PA visit¢Balmfordet al.2009) Also some land cove(broadleaved

woodland and semmatural grassland) thatere split intgproportion insideand outside
conservation areas (Sites of Special Scientific Integ38) in Chapter 2 were not split
hereasthere was naignificantdifference intheir probabhlity of visitation. The model was
evaluated usindUC (the area under the receiver operatingve) in order to assess
predictive ability.Recreational visits from the subsequent MENE survey (ZI3B; n =
10,622) and a new set of random controls (06229 were used to calculate AUGSing

the pROC package in Robinet al.2011)

3.2.2. Extrapolation acrossEngland

To map recreational pressure agdngland we extracted the explanaiasables for all
possible sites across Englafithese sites wenepresented asopits placed within the
boundaries of England in a regular grid pattern spaced@g@art, resulting in 813,405
points.The 400m spacing was chosen as once buffered bydOOVR REWDLQ HYLVL
D U HH2% would be some overlgpreferable to gaps created by rowmerlapping circular
buffers) and thedata setvas manageable cqmatationally. Thesitesin our model
calibrationsamplewere subset to include ondjtes inthe countryside we classed
countrysidesitesas sits containing €ss than 70% builip areain the 400 nbuffer.
Consequentlysiteswere removedrom the England datasttat contained greater than
70% built upareawithin buffers, resulting ir7 73,028 sitesTherecreatiormodel was then
used to predidhe probabiliy of visitationusing the predict function ithe Ime4 package
(Bateset al.2013)

3.2.3. Converting to actual visits

To scale up from probabilities of visitation to actual numbers of visits, we used Natural
(QJODQGTVY HVWLPDWH RI takrHo WdrniatibaDerntiroomeRtly e Y LV L
English adult population in 204Natural Englad 2012a) The estimate was generated by
taking into account the number of trips reported by each respondent (taken in the seven
GD\V SUHFHGLQJ WKH LQWHUYLHZ PXOWLSOLHG E\ Wi
to take into account varying respenates among different population groups) and

multiplied by a Calendar Month Factor (total days in the reporting month divided by seven;

Natural England2012a) This gave a annuaber capitavisit rate to multiply by total

54



Chapter 3 Mapping current and future demand

population. The total volume eofsits is estimated for all 82giors in Englandand given in

Appendix 4 of the MENE technical report.

As mentioned,ite MENE visit estimates are for all #ssto the natural environment
whereas we exclude visits in predominantly urban gissesection 3.2.2 To determine
the estimated XPEHU RI pFRXQWU\V L G th§ proportlomofisisih ti® O F X O L
MENE visit dataremaining after the filtering by builip aredor each regionThis gave a
range of proportions from 0.46 of all visits in London being countryside visits, ta0.78
all visits in the East Midlands. The MENEgionalannualvisit estimates wermultiplied
by their respective regional proportion of countryside visits to obtain regional estimates of
theannual number of countryside visits. To mapulidin-regionspatial distribution of
countryside visitsyisit estimates were applied to aite-level predicted probabilitie§P)
in 2011as per equatioh.

Egh,

REgh Total countryside visit estimate for regjon (eqnl)

Wherei = site (n = 773,028cross all regions
j =region (n =9)

The resulting estimated numbers of visits per site were mapped in ArcGIS represented as ¢
400m resolution rasteAlthough the sites were originally 400 spaced points that were
buffered by 400 DQG WKHUHIRUH DGMDFHQW SRLQWVY EXIIH
display this in raster format. Hence conversion of points to arifikter was considered a
suiteble representation.

3.2.4. Relative pressure on habitats

The map of current visit estimates was subdivided into total volume of visits by habitat
type using the 25 resolution land cover map LCM2007. The 400esolution visit map
wasresampledo 25 x 25m tooverlay with LCM2007 using nearest neighbour assignment
i.e. each of the 256 2625 m cells resampled from400x 400 m cell were assigned the
value of their parent cell, and were then divided by 256 to maintain the original total. This
method distribute visit estimates from 40@ cells evenly among the 25 land cover

cells within them, asve had no information on where within a 48Qcell a recreationist

would visit. The zonal statistics tool was then utgeobtain thesum of visits per habitat

usingLCM2007 to summarise thesampled 2B resolution visit raster
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3.2.5. Predictions for future population projection

We re-estimated the probabilities of visitation for all sites across England using an updated
distance-weighted population variable, calculated using the 2012 based subnational
population projections for 2030. These were obtained from the Office for National
Statistics (England), the Welsh Assembly Government and the General Register Office for
Scotland covering the 326 local authority districts in England, 22 local authorities in Wales
and 32 council areas in Scotland. They represent the highest resolution data available for
population projections in each of the countries, which does not take into account within-
district movement to peri-urban areas or between towns and villages due to changes in
working patterns, transport costs and facilities, etc. The cohort component method is used
to produce these projections, which takes an existing estimate of the population, ages on
the population by one year and adjusts for births, deaths and migration to calculate the
population at the end of the year (Office for National Statistics 2010). Differences arise in
the assumptions per country (Office for National Statistics 2010), thus there are some
minor inconsistencies near the borders. Also, as projections are produced at the local
authority level there are abrupt differences in population change at county boundaries.
These projections assume that recent demographic trends will continue and do not take into
account potential effects of housing developments, policy change or wider socio-economic
change (Office for National Statistics 2010). Therefore the projections are used here to
explore the possible consequences on the volume of recreational visits of an increased
population following the demographic assumptions made by the constituent countries of

Great Britain.

A raster of UK population in 2030 was created with which to extract the distance-
weighted population surrounding each site for making future predictions. The subnational
population projections database was joined to a shapefile delineating UK district, borough
and unitary boundaries (OS boundary line) and the percentage population change from
2011 to 2030 per area unit was calculated with which it was converted to a 1 km raster
(Fig. 3.1). The per 1 km cell change in population was calculated by multiplying the 2011
population raster by the percentage population change raster, giving a range from 773
fewer, to 4,388 additional people per 1 km cell. To create the final 2030 population raster,
the per cell population change raster was added to the 2011 population raster. The
distance-weighted population surrounding each site in England was then re-calculated as

for the sample data set and used with all other input variables unchanged to re-estimate
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probabhlity of visitation based on local authority levalojected population in 2030. This

assumes that land cover will remain unchanged over this period.

Fig. 3.1. Percentagerojectedpopulation change per local authority in Great Brifaom 2011 to
2030. Used to adjust the 201 krh population raster to create a raster of population in 2030.

To obtain future countryside visit estimates for 2030 (i.e. to update the MENE visit
estimates according to future populatior® multiplied the MENE annualper capita
regionalvisit rates by projected 203@gionalpopuldion and proportion o¥isits per
region classed as countryside visithis assumes that visites remainthe same in 2030.

To obtain and maghe estimated visits per site 203 we followed equation &dbove,
substituting the predicted probabilities for 2011 with predicted probabilities for 2030
(obtaned using the updatetistanceweighted populationariable), ad multiplying by the

2030 regionatountryside visit estimates.
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3.3. Results
3.3.1. Recreationmodel

The recreatin model has good predictiability, with an AUC scoref 0.84 obtained
usingindependent data. Thigas consideredatisfactoryto predictprobabilities of
visitationto out of sampleountryside sites across EnglaAdl. fixed effectvariables were
significant except for scenic destinatiwhich washoweverretainedasa priori these
areas were considered attractive recreation destingliaiée 3.1) Intercepts for each
county ranged froml.41 £ 0.1695%CI to 1.11 £ 0.2495% CI anddistanceweighted
populationcoefficients from-1.68 £ 0.94 95%ClI to 214 + 0.6195%ClI, showing

variation inper capitgorobability of visitationbetveen counties.

As we are investigating the effect of changing population, it is irapbtb explore
possible collinearity between distanseighted population and other variabl&he
proportion ofbuilt-up area wasn part accounting folocal sourcgpopulationas here is
moderae correlation between distaneeighted population and btiKS DUHD 3HDUV
r = 0.48, df=94,600,P < 0.001). To further test whether builp area shared some
explanatory power with distaneeeighted population wiwokedat coefficiensin models
with distanceweightedpopulation as a fixed effect with andtiout built-up in the model,
and obtained predictions from a GLMM both with and without lypltarea in the model
to see what difference this made to predictions Aggxendix S3L in Supplementary
Information). There was negligible difference betweasdmmtions from these models and
the originalmodel that incorporatedistanceweighted population as a random effect

hence the model presentedTiable 31 is used for all subsequent predictions.
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Table 31. Fixed effect coefficients from thecreatiormodel predicting recreatnal
demand in the countryside (random effects: distameightedpopulation and counjy

Dependent variablgarobability of visitation.P Mo, PK TR |
Standardisec
Coefficient  Std. Error z P
Nonland cover variable

Path length 0.825 0.014 59.51 ***
Elevation -0.385 0.017 22211 ¥
Distance tanajor road -0.134 0.013 -9.98

Scenic destination 0.023 0.013 -1.86

Land cover classewith positive effect
Built-up 0.617 0.022 28.35 ***
Coast(nonSSS) 0.327 0.021 15.66 ***
Broadleaved 0.150 0.015 9.79 ¥
Freshwate(non-SSSI) 0.147 0.010 1495 ***
Coast(SSSI) 0.140 0.012 11.94  *
Freshwate(SSSI) 0.069 0.008 8.56  ***
Land cover classewith negative effec

Arable -0.656 0.031 -20.9
Improved -0.134 0.022 -5.98 M+
Coniferous(SSSI) -0.099 0.010 Q.77
Lowland heath (SSSI) -0.068 0.011 -6.04  *+*
Seminatural -0.045 0.016 -2.84 *x
Coniferoug(non-SSSI) -0.036 0.012 297 **
Lowland heatl{non-SSSI) -0.033 0.013 -2.6 *x
Constant -0.683 0.078 -886

3.3.2. Nationwide distribution of current recreational demand

Therecreaton modeDQG 1DWXUDO (QJODQGTV UHJLRQDO YLVL!
1,924,123,785 visitper annumafterexcluding visits to predominantly urban areasre

used tgpredict theannual number of visit® all 400x 400m cellsacrosghe Endish
countryside The rumber of visitper cellrangedirom 11 to 38,38 per annumwith a

mean of 2404 (Fig. 3.2a). There is arobvious pattern of highisit numbergadiating ot

from large urban centréseelabelled examples iRig. 32a) There are clear influences of

habitat effects (for example higher probabilitiewisiting the coastFig. 32b) andalsoan
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elevationeffect with uplandareasn the north of England hawnowervisit numbers

(Fig. 3.2c). However, he area irFig. 3.2c isa national parktfie Lake District National
Park), a popular recreation destination, but the lack of significance for the scenic
destination variable coupled with lower local populatiengity and higher mean elevation

causes the moded produce lowevisit numberdhan the area should have in reality

Two areas were chosen to inspect estimated visit patterns at a finer scale, an urban
fringe and a village with surrounding countrysiéigg6 3.3a and b)Estimded visit
numbers were lower on agricultural laommpared to the woods and green spaces closer to
the city inFig. 33a and woodlands and lakes clearly elevated visit numbe&ig.iB3b,
hence thenationatscalemodel performed @il at predicting finescale distribution of visits
within local landscaped here are some anomalies in visit estimgatesvever;for
example, high visit numbevserepredicted along an agricultural drainage ditch due to the
presence of water, which hapaesitive association witprobability of visitation
(Fig. 3.4a), abrupt changes in visit numbers at county bounddrtieso county specific
intercepts and distanaeeighted population coefficients allowing for differences in
recreational propensiifrig. 3.4b) andobvious effects othe digital elevation model
(Fig. 3.4c).
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Fig. 3.2. Spatial distribution of predicted annual number of visits in 2011 to 400 m grid cells (a) in
England (b) at the Suffolk Coast, and (c) an example of an upland (high elevation) area with
predicted low numbers of visits.
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(@) (b)

Fig. 3.3. Visit estimates (upper images) and Google Earth imagery (lower images) for two example
areas (a) an urban fringe (b) a small town. See Fig. 3.2 legend for estimated visit numbers.
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Fig. 34. Example of (a) an agricultural drainage ditch (blue line across the centre), (b) abrupt
changes in visit estimates at county boundaries (c) influence of digital elevation model (right) on
visit estimates (left). Seeig. 32 legend for estimated visit nunse

3.3.3. Recreational demand on habitats

Theannualnumber of visitperhectare of each habitat type largely conforms to
expectations based on the identified preferefroes the recreation modefFig. 35).
Arable and improved grassland in particular recéfae fewer visits hd than other land
covers despite having a greater coverage across Englaadttractivenessf coast and

freshwater i®vident, 8 these have the highest estimated visit densities
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Fig. 3.5. Predicted number of visits per hectare (bars) per land cover type in 2011 and area (ha) of
each land cover type in England (light grey fill).

3.3.4. Future distribution of recreational demand

We first calculated regional countryside visit estimates in 2030, based on Natural
England’s visit rate per capita, proportion of visits to the countryside and predicted
population in 2030 (Table 3.2). The proportion of visits to the countryside is similar
between regions at around 70%, except for London which is lower at 46%, whilst the per
capita visit rate is more variable between regions (Table 3.2). There was an estimated 50%
increase in total visits, from 1,924,123,785 in 2011 to 2,890,335,003 visits in 2030
predicted as a consequence of a 13.4% increase in total population, accounting for the visit
rate per capita and proportion of visits that are to the countryside. The increase in visits
was unevenly distributed amongst regions; London had the highest increase (107.7%),
whilst the North East had the lowest (18.5%; Table 3.2). As London has the lowest visit
rate per capita and lowest proportion of countryside visits, the large increase in visits is
driven by the large initial population and large proportionate increase in population. The
percentage increase in visits across all regions largely corresponds to the percentage
increases in population, with visit estimates only modified slightly by per capita visit rates
(Table 3.2).

We then redistributed these visit estimates throughout their respective regions using
the predicted probability of visitation in 2030 per 400 m cell obtained using updated
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distance-weighted population from local authority level population projections. We
predicted an increase of between 4 and 41,286 (mean 1,162) recreational visits per 400 m
cell across the English countryside (Fig. 3.6a). The regional visit estimates clearly had the
strongest effect on predicted number of visits in 2030, as the mapped per cell changes in
visits from 2011 to 2030 (Fig. 3.6b) match very closely the overall regional change (Table
3.2; regional boundaries shown in Fig. 3.6¢). The finer-scale local authority level
population projections used in re-estimating probability of visitation from the recreation
model are less evident and the spatial distribution of visits in 2030 are almost the same as

2011 within each region, just the absolute number is higher.

Table 3.2. Estimated regional countryside visits in 2030 (the product of per capita visit
rate, proportion of countryside visits and population in 2030 per region), proportionate
increase in population and proportionate increase in number of visits from 2011.

Region Visit  Proportion Population | Estimated Increase  Increase
rate  of visits to in 2030 | countryside in in visits
per  countryside Visits in population  from

capita 2030 from 2011 2011

London 44.2 0.46 10,101,000 | 206,947,384 0.24 107.7

East Anglia  81.7 0.77 6,801,000 | 427,542,820 0.16 67.8

South East  76.6 0.71 9,922,000 | 540,956,208 0.15 66.4

East 74.1 0.78 5,075,000 | 293,881,618 0.12 43.2

Midlands

South West  97.8 0.74 5,992,000 | 435,634,857 0.13 40.8

North West ~ 55.8 0.71 7,524,000 | 299,407,843 0.07 39.8

Yorkshire 69 0.74 5,774,000 | 293,915,455 0.09 39

West 55.1 0.7 6,184,000 | 238,756,837  0.10 36.5

Midlands

North East 75.6 0.74 2,733,000 | 153,291,980 0.05 18.5
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Fig. 3.6. (a) Predicted number of additional visits and (b) percentage change in visits per 400 m grid cell in 2030 from 2011, (c) regional
boundaries in England.
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3.4. Discussion

Using the recreation model developed hbet identifiedrelationships between site
characteristics and probability wiitationwe mapped current estimates of recreational
visits to the English countrige. The spatial distribution of visits conforms to prior
expectations, as visit estimates are higthese tourban areas and morergeely populated
cities,which is comsistent with recreation studies from the field of environmental
economicgBrainard, Bateman & Lovett 2001; Hill & Courtney 2006ne<et al.2010;

Senet al.2014) In these studiessize of locapopulation and travel time from origin to site
weresignificant predictors of recreational demaRtkferable habitats such as beacieds
woodlands receivhigher visits than less gegred habitatsas expectedHowever,

attractive landscapes, such as the Lake District National Park, were not attributed high
numbers of visitsyetin 2015 the Lake District National Park was estimated to have
received 17.32 million tourisver 25.21million tourist daygCumbria Tourism 2016)t

is likely thatlandscapeGHVLJQDWLRQ pVFHQAdtgrdiehutiWth€ DWLRQ T
recreation moddbecause the calibration sample was based on visits undertaken within the
seven days preceding the suryshatural England 2012a&nd thereforéongerdistance

trips to touristc destinationsvereunderrepresentedhe Lake District, for example, is too

far to drive for a day trip even from the nearby cities.

Therewerealso some anomalies in visit estimatest aroselue to spectral
signatures indicating a land use (e.g. water bodythe land cover mapat is not a
suitable recreation site (e.g. agricultwtath). Furthermore, gunty boundaries are evident
on the visit mapn places, where neighbouring counties have a large difference in initial
propensity to undertakeerecreational visifi.e. differentcountyinterceptsand distance
weighted population afficients, which is an artificial boundary that is in reality less

sharply defined

The relative distribution of recreational press{uisit density)on habitats
coincides with expectations according to the strength of coefficients in the recreation
model, but alsgrovides additional information regarding habitat use by recreatonis
Although broadleaved woodland and freshwater coefficients are similar, visit density is
higher for freshwate{54% more visits 1), and despite the negative coefficiémt
coniferous woodland SSSI, visit density is similar to broadleaved woodlaredmay be
due to broadleaved woodland covering a much greater €2@#06ha compared to

35,044ha of coniferous SSSI woodlana@prusing visit density to be lowdResuts
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regarding habitat use should however be interpreted with caution, as visit estimates from
400 m cells were distributed evenly among the 25 m land cover cells within them, as we
had no information on where within a 400 m cell a recreationist would visit. We
contemplated weighting land covers using the coefficients from the model to assign greater
numbers of visits to more desirable habitats, but as estimates were based on the mix of
habitats in a 400 m cell we chose to distribute visits uniformly. Recreationists may, for
example, walk along the edge of a woodland, in which case it would not be accurate to
assign greater visit numbers to the woodland. One intended application of this work was to
investigate recreational pressure on Sites of Special Scientific Interest (SSSIs) and how it
may change in the future. However, the 400 m resolution of the visit raster proved too
course to garner reliable summary statistics for many SSSIs, which have irregular shapes
and may overlap small portions of one or more cells, and as for land cover types, we could

not infer where within a 400 m cell recreationists would visit.

Using a future population scenario and annual visit estimates we were not able to
reveal meaningful, fine scale changes in the distribution of recreational visits in 2030.
Local authority level projected changes in population that were used to recalculate site-
level distance-weighted population did not result in substantial changes to predicted
probabilities of visitation. The mapped change in estimated visit numbers therefore simply
reflected the scaled-up regional visit estimates. Distance-weighted population did not have
a large effect size, and even a doubling of distance-weighted population in a subsidiary

analysis did not substantially increase predicted probabilities (see Appendix S3.2).

The future scenario was not realistic, as we increased future population without
increasing built-up area to accommodate the additional people. Hypothetical scenarios
could have been developed to investigate the effects of land use change, such as those used
for the National Ecosystem Assessment (Haines-Young, Paterson & Potschin 2011).
Alternatively, cellular automata (CA) models could be used to simulate urban growth,
which assume that “past urban development affects future patterns through local
interactions among land uses” (Santé et al. 2010). CA models are complex (see
explanation in Santé et al. 2010) and choosing the most appropriate model is difficult, but
they have been used extensively for urban simulation and urban planning in recent years
(e.g. Clarke & Gaydos 1998; Barredo & Kasanko 2003; Guan et al. 2011).

Simulations are however inherently subject to errors stemming from uncertainties

regarding future conditions and changes in current trends. Forecasting for actual
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development planis therefore preferable. Unfartately, thisvas not possible on a

national scale due to the devolved planning system in England and associated difficulties
in obtaining comparable housing plansnir all unitary authoritiedt could be possible to
obtain such plans at a smaller scag(county}o update builup area in the land cover

map and population according to number of new households, providing much finer scale

population predictions and future land cover.

As fine-scalevisit estimatesisingthe future scenariberewas notpossiblewe did
notexamine relative distribution of recreational pressure on habitats in the ague,
had intended.

3.5. Conclusions

We have developedmedictive modelsing a large representative sample of the English
adult population andationally aailablepredictorvariables which we used to map
recreational visits across Englaridhis baseline map can serve as a useful comparison to

future scenariosf recreatioal demand based @xtensive land use change

The future population scenario invigstted here was unrealistas land use change
in terms of urban growtthat isassociated with increasing populations was not
incorporatedFuture work could involvebtainng strategic growth locations at a smaller
scale (e.g. county) to investigatecesario of urban growtand associated land use
change applying the model developed here.
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Supplementary Information

Table S3.1.Pearson correlation coefficients between all pairs of predictor variables

Broadieaved Coniferous Semt Lowland heath Freshwater Coast Coniferous Lowland Freshwater
(nonSSSI) natural (nonSSSI)  (nonSSSI) (nonSSSI)  (SSSI)  heath (SSSI)  (SSSI)

Broadleaved
Coniferous (nofSSSI) 0.105

Seminatural -0.065 -0.016

Lowland heath (non

SSSI) -0.001 0.099 0.143

Freshwater (noi®SSI) 0.013 0.001 -0.033 -0.007

Coast (norSSSI) -0.076 -0.031 -0.045 -0.013 -0.008

Coniferous (SSSI) 0.063 0.022 -0.007 -0.002 -0.014 -0.011

Lowland heath (SSSI)  -0.007 0.012 0.034 0.038 -0.017 -0.013 0.094

Freshwater (SSSI) 0.006 -0.012 -0.009 -0.008 0.017 -0.004 0.012 0.000

Coniferous (SSSI) -0.061 -0.028 -0.045 -0.019 -0.011 0.127 0.002 -0.006 0.018
Arable -0.270 -0.157 -0.254 -0.131 -0.109 -0.131 -0.072 -0.097 -0.050
Improved -0.078 -0.127 -0.052 -0.037 -0.060 -0.120 -0.071 -0.082 -0.048
Built-up -0.081 -0.090 -0.172 -0.055 0.063 0.179 -0.037 -0.053 -0.022
Path length 0.255 0.047 -0.062 -0.012 0.168 0.095 0.073 0.044 0.011
Elevation -0.004 0.155 0.380 0.1%3 -0.076 -0.134 -0.014 0.074 -0.029
Distance to major roac  -0.087 0.184 0.199 0.093 -0.067 -0.053 0.006 0.066 0.003
Scenic destination 0.118 0.097 0.261 0.104 -0.055 -0.048 0.028 0.142 0.005

Distanceweighted pop 0.072 -0.063 -0.135 -0.045 0.157 0.042 -0.019 -0.033 -0.001




Table S3.1 cont.

Coniferous . . Distan_ce Scenic Dis.t ance
(SSS) Arable Improved Built-up Pathlength Elevation to major destination weighted
road pop
Arable -0.110
Improved -0.093 -0.398
Built-up 0.056 -0.382 -0.131
Path length 0.012 -0.325 -0.021 0.345
Elevation -0.117 -0.303 0.046 -0.239 -0.119
Distance to major road 0.013 0.006 -0.065 -0.302 -0.191 0.370
Scenic destination -0.013 -0.197 0.025 -0.239 -0.052 0.470 0.277
Distanceweighted pop -0.005 -0.267 0.043 0.476 0.565 -0.183 -0.257 -0.209
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Appendix S31

Two alternative GLMMs were specified with distangeighted population as a fixed

effect with and withouthebuilt-up variablein the model to examiniés effecton the

strength of tk distanceweighted population coefficienthe coefficient of distanee

weighted population with buiip in the model was 0.18 (SD * 0.03) compared to 0.35
(SD % 0.03) withoutThe land cover fixed effects in the GLMM without the buift

variable changedrastically; the only land covers that positively influenced visitation were
coast and freshwater @5SI. Despite the lack of interpretability and apparent breakdown
of meaningful relationships this model was used for comparative purpastse
distarce-weighted population variable had greater explanatory pautbout builtup we

obtaired predictions from botiGLMMs to see what difference this made.

Predictedorobabilities did not changauch when removing builip from the
model (mean differenda predictions from the two GLMM€.004 + 0.04 SD; Fig. S3.1
Therefore, as removal of builip from the model caused substantial reduction in
explanatory power {|AIC = 975) and drastic changes ather land cover effectbuilt-up

was retained in the motde

Fig. S3.1 Histogram of the ifference in predicted probability sites across Englaficom a
GLMM without and with proportion of builtip, with distanceneighted populatioas a fixed
effect. Predictions based on 2011 population.
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Appendix S32

Probability of visitation to all sites across England was estimated under a hypothetical
scenario, doubling the source population to a site by multiplystgriteweighted

population by twoThis represents a much greater increase in distaaighted

population than the increase frahe populationprojections for2030 (mean distanee
weighted population in 2030: 30305164 SD, compared to 5505 + 9173 SD from doubled
2011 distancaveightedpopulation).Despite this huge artificial increasepopulation the
mean difference in predicted probabilities weasy 0.01 + 0.045SD (Fig.S3.2.

Fig. S3.2 Histogram of the ifference in predicted probabilitp sites across England
using distanceveighted population based on 2011 population, and doubled distance
weighted population.
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Chapter 4

Large increase in perturban recreational visits

predicted around newhousingdevelopments

Abstract

Populationandurbangrowthareongoing threato biodiversity conservation and with
rising trends sustainable developmeista pertinent issudhe UK currenty mitigates
impacts for thesites being developedut does not consider the increaseenreational
pressurgdue to the larger resident population, thdikisly to beplaced orthe

surrounding countryside or urbgneenspacegcollectively reen Infrastructur§Gl).

This may lead to adverse effects on biodiversiy consequence not currently accounted
for by biodiversityoffsetting policiesn the WK for sites outside EU protectiodsing
government plans for new housing developmerts a 15 year horizoftotalling 40,467
dwellings)for an administrative area in Engla(&509km?), we quantifyconversion of
land coverandthen examine recreational use of Gl, predicting the potentiaaserin
visits arising from the urban growth scenaiiio do this, ve make spatiallyexplicit
predictions of the change in numbers of recreational visits across the amap increases
in recreational pressure on,@kinga model that incorporates fueuland cover
composition, road network and localised increases in population dédeitglopments are
largely planned on arable land which ladsw biodiversity offsetting requiremerbut as
recreationists arpredictedto visit habitats of higher biodersityvaluethisindicates a
PDMRU VKRUWFRPLQJ LQ WKH 8.V FXUUHQW ELRGLYHL
increase in visits from future developments and population rise will be extremelyblaical
emphasise that thiepresents the dap-day use of the natural environment rather than
visits to honeypot sites The esultant maps can be used as part of a comprehgmsive
developmenbiodiversity impact assessmeRtturework is needed tdurther our
knowledge on the concepts and mechanisms proposed hx#aioinform the sustainable
development agenda, for which we make seve@mmendations
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4.1. Introduction

In denselypopulated areas of the world the landscape has been highlfiedddisupport
the human population, most notably in term$ofd converson to urban areandfarming

In 2012, cropland accounted for 24.7% of the total area across B¥eEiber states,

whilst grassland covered 19.5% and buifiareast.6% (Eurostat 2015) : LW K WKH ZRU
population continuing to expand, urban grovgtla significandriver of ecological change.
Whilst urban growth is considered in some cases to pose atthieadiversity(e.g.
Paucharcet al.2006; Mcdonald, Kareiva & Forman 200&any studies have shown for
some taxa that species richness or population density insseidisenoderate to intense
urbanisatior(Trataloset al.2007; McKinney 2008and urban areas can harbour species o
conservation concefffruller, Tratalos & Gaston 2009)here bss of native speciaes and
around urban areakesoccur, this may bealue to habitat losslegradatiorand
fragmentation, physical changes (a.and soil polltion, increase in temperat),
introduction of nomative species arttbman disturbanc¢eéncluding that associated with
recreationMcKinney 2002) Recreational activities in the surrounding countryside
reducepopulations of species of conservation con¢bftallord et al.2006; Liley &
Sutherland 2007)

In populous urbanareas, much of the remaining biodiverggrsistan rural areas
(McKinney 2002)or within urban areas inndevelopedjreen spacedong et al.2010)
(hereaftercollectivelytermed Greemnfrastructure Gl). In England the governments
committal to sustainable development and p$stect controlson planningwith
conservation of biodiversitg high priority (Defra 2005; DCLG 2012Brownfield (i.e.
previously developgdandis developed firstvith high densities fonew housing to reduce
development of greenfielgdindevelopedi.e. seminatural or agriculturalland (Defra
2005) However under this policysubsequenhtegrity of both undevelogd and newly
created Gmaystill becompromised ag mustmeet the ecosystem service needs of the
larger residenpopulation(Niemel&et al. 2010). A case in point concernscreational
ecosystem servicedydare will be a larger source population seeking recreational
opportunities in remaininGl, which couldplace sensitive species under stress for
example fromncreasedrampling(Liddle 1991) eutrophication associated with domestic
dogwaste(Shaw, Lankey & Hollingham 19959r disturbancéGill 2007).

Much published worlemphasisethe needo integrateecosystem servisavith

land use planninée.g.Jansson 2013; Batemanal.2013)but competing interests and
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multiple stakeholder involvement means tplainningpractitionerdace difficulties in
implementation Thusthe increase in recreatianedated impacts on the environment

arising from urbamgrowthmay not be accounted for iocal development planEuropean
wildlife sites (i.e. Natura 2000 sites) are an exception, however, as environmental impact
DVVHVVPHQWY DUH UHTXLUHG E\ ODZ $SUWLFOH RI WI
there could be adverse impafitsm developmentand in such casgdannirg authorities

have undertaken assessmavitbkely recreational impactor example, 8% increase in

visits to Breckland Special Protection Area in the East of England was predicted based on
5000 new houses in the nearby town of Thetford, which raiseckecoes for the Annex |

bird species breeding not far from the tofiiley & Tyldesley 2011) There appears
howeverto bea paucity ofacademiagesearclguantifyingthe conservation implications

which is surprisig due to theurrentrate and extent of urban growth.

Whereadverse impacts dburopean wildlife site are anticipatedhe development
must either be relocatex mitigation strategiemcorporatedn accordance witrticle 6
of the Council Directive 92/43/EECon the Conservatiorof naturalhabitatsandof wild
faunaandflora, known as theHabitatsDirective This states thany plan likely to fave a
significant effect on the sitghall be subject to appropriate assessment of its implications in
view Rl WKH VLWHYV FR Qantlwilvablbe Rppravesl M WilFribt ladvidrsely
DITHFW WKH VLWHYV L QW Hall ddmj¥nsaioly mdasusit\beXaRed Y RL G
However, in the UKsites outsid the protection of the EC Habitats [Ritige are only
considered fobiodiversity mitigatioraccording ta¢he actualsite developedThis
mitigation strategyuses biodiversity offsets, whepetentialbiodiversity losses arising
from adevelopment arguantifiedand compensated for by restooatior creation of
habitats(Defra 2012) Under this system the potential recreational impactsites with
biodiversity valueoutside theestictive focus on the developentland would not be

considered for biodiversity offsetting

Here wefirst quantify expectethnd cover and population changeross an
administrative area in Englaficbm abaseline tduture scenaridbased on geernment
plans for new housing developmentser a 15 year horizon. Wlenexaminerecreational
use of GlI, predicting the potential rease in visits arising from the urban growth scenario.
To do this, wanake spatidy-explicit predictions of the change in numbersedreational
visits across the ardaom the baselingo future scenarito examine potential increases in

recreational pessure on Gbased ora model that incorporatésture land cover
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composition road networkand localised increases in population density. The methodology
that we develop can be used to evaluate potential conflicts with biodiversity conservation
at the panning stage so thatmore comprehensive biodiversity impact assessment can be
made an@ppropriate adjustments or mitigation measures implemented.

4.2. Study area

England is a densely populated nation representative of many western European countries
LQ WHUPV RI SRSXODWLRQ GHQVLW\ ODQG FRYHU DQG
is projected to increase by around 7 million by 2@8®ver60 million inhabitantgOffice

for National Statistics 201@nd the government is tasked with meeting subsequent

housing needdVe focus on one county in Englamidorfolk, as a case study for

developingour methodologyKig. 41). Countiesin Englandmay be split intseveral

smaller aeas (nitary authoriesor District Councils) that are responsible for housing and

planning applicationdNorfolk is compised of seven District Councils.

Fig. 4.1. (a) The location of Norfolk within the UK and (b) District Council boundaries.
Dark grey areas represent sites allocated for new housing developments.

Norfolk is important from an ecologicakspective, with 11.4% of th§509 km?
total areadesignated as areas of significant conservation import&iteeof Special
Scientific Interesbr County Wildlife Site)ln additionthe Broads National Park, a large
protectedvetland covering 308m?, is almost wholly within Norfolkand the Norfolk
Coast Area of Outstandingatural Beauty (AONB) covers over 4&M? of undeveloped
coast These sis are highly popufadestinations for outdoor recreationists, receiving
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millions of visits per yeartOutdoor recreation is popularthis region with a higher visit
rate than the national averagstimated at B.7 visits per adult per annum compared to
68.7;Natural England 20)2Norfolk is progcted to experience a 13% increase in
population from 84,042 in 2011(Office for NationalStatistics 20110 approximately
950000 by the year 202@ffice for National Statistics 20143lightly higher than the
11.4% national increas&husNorfolk is an ideal case study for investigating the impacts
of population and urban growtn the number and distribution of recreational viartd

the subsequent conservation implications
4.3. Methodology

4.3.1. Recreation model

Several investigations have modelled ratimal use of the natural environment at the site
scale, often using esite surveys and sigcale predictors (e.@rainard, Bateman &

Lovett 2001; Jonest al.2010) These models are limited in predictive ability to the types
of sites the sample came from. In Cha@{est model is presented that describes theets

of reaeational site selection by tlgeneral pubt based oran extensive and massive
countrywide sample of recreational visifNatural England 2012 haracteristics othese
visit siteswere comparewith available (noteported asisited) controlsites Visit sites

and control sites were point locations across England, tratstam the characteristics of
these sites, they were buffered by #0@based on likely area visited according to
empirical studies)The bufferedvisit and controkites are hereatetWHUPHG uVDPSOH
The explanatory variables used are nationalbjilatle so that the model can be used to

predict the probability of a recreational visit to any site across England

The modelvas formulated as a binomial generalised linear mixed model that
predicts the probability of a recreational visit as a funatiland cover composition,
accessibility and source populatidource population was measured as the total
population within a 1&m buffer of sample site centroi@ss the majority (82%)f
respondents il DW XU D O $@uk@épQiedithavelling leshan 58 km). The 10km
cut-off distance is further supported bther studies of recreational uSable S31). The
percentagéravelling from beyond 8 km islightly greatelin some of these studiésan
from the NEnational surveywhich may be becaethesesurveys wereconducted idarge
protected areswhich attract visitors from further away. The use okf®in this study
implies that thd.8% of recreational visits in the national survey used to calibrate the model
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will not be accurately modelledlvithin the 10km bufferdifferent distanceweightings

were tested in univariate generalised linear models predicting visit probability as a function
of source populatiowithin 10 km, butChapter 3 demonstrated thaverse squace
distancghereafterpGanve ZHLIJKW H G S pr&/iked bhngeR Q@ 1P the data

according to change in AIC

As we were testing a scenario involving future changes in populatiodisthece
weighting determining the scale over whttle populationfrom new developments exs
an effectwas a vital component of our predictive model. We therefonelacted a
sensitivity analysis in which w&pecified models using different distance weightings of
population ande-predictedprobability of visitsto Gl for comparisonPopulation weighted
by inversesquare distancgthe measure that gave the lowest A§f@yethe population
within 1 km a weight of 1within 2 km a weight of 0.54 kma weight 0f0.25,etc., thus
those living closetto a site contributt WK H P RV W \8bRrcé\pigptilavidrmwel T V
alternative functionsvereused for making predictionall still measuring population

within 10km of a site

™pop * (1/d) (eqn 1)
™SRS ) ¥G (eqn 2)

We alsoexaminedotal unweighted population (i.tatd number of peopl&vithin 20km
radius)andthe proportion of buitup area in a 18m radius around sitgas a proxy for
populatior). Our hypothesis was thabmesites would experiencelargerchange in
probabilityof visitsin the future, asn increae in populatioriurther away from a sitwill
FRQWULEXWH PRUH WR WKH fofpypideffivhweighted ByHn\@R& X O D W
squared distance

Accessibility to sample sites was measured as the dist@meehe centre poirntb
the nearest majapad, which had a negative relationship with visit probability. Thus if a
new road is built, accessibility of nearby sites and thus their visitation probability may
increase. Land cover, distance to major road and distance weighted population were
significant predictors of visit probability, therefore to model the future we must test

scenarios involving changes in these.

The model was evaluated using AUC (the area under the receiver operating curve)

in order to assess predictive ability. Recreational vigts an independent data set using
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the same survey methofts= 10,622) and a new set of random controls (n = 10,622) were
used to calculate AUC using the pROC package ([Rébinet al.2011)

4.3.2. Baseline and @iture scenarics

To investigate the change in number and distribution of recreational visits across Norfolk
in the future wdirst need a baselin®Ve predictthe probability of a visit to all sites across
Norfolk usingbaseline datésee sectiod.3.3), then rerunthe predictions usingpdated

data forexpected change land coverpopulation and road network, ithe future
scenarid The baseline year is 2011, the yeathaf latest UK population censu=or all

other variables, age of dagats vary due to availability but were created in 2007 or. later

Thefuturescenario tested here is basedegplicit Local Development Plans
(LDPs), which specify land allocations for new housing developmeamtisproposed major
roads. Based on¢lse we madeprojections for future land cover, population and
accessibility via major roadsDPsare a legal requirement for &lbcal Planning
Authorities {.e. District Councilsunder theNational Planning Policy Framewo(©OCLG
2012) Six of thesevenDistrict Councilsin Norfolk haveLDPsin placewith detailedSite
Allocation Plans(Norfolk County Council 2014thatmap locationgor newhousing
developmentstotalling 40,467 dwellings)ip to the year 202@able 41, Fig. 41), which
is therefore the yeanf our future scenarid@ite Allocation Plansprovideestimated
numbers of houseand considerations regardiggeen space requirements, access, flood
risk and other factors potentially affected by the developnitmising dasities vary
accordingo local charactefmean 31 houses per hectar@)mbers per site apFovided in
Site Allocation PlansDevelopmenboundaries were obtained fraach of théistrict
Councils as ESRshapefiles and imported inforcGIS 10.1 (ESRIRedlands, California).

The only new major road planned during the period of the Local Development Plans
for Norfolk is the Northern Distributor Road (NDR)¢20 km long dualcarriageway that
will be constructed within Broadland, northtbe city ofNorwich by around 2017. We
first examine the predicted number of visits arising solely from new housing and source
population (scenario 1), then those predicted from new housing and also the construction
of the NDR (scenario 2) to quantify the separateat$fon recreational patterns of

improved Gl accessibility.
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Table 41. Details ofproposechousing developments District CouncilSite Allocation
Plans and estimated number of residents

District No. of housing Mean size (ha) No. of house’s Estimated no. of
development of development resident$”
sites (+ SD)¥

Breckland 46 10.4 (x 43.0) 10,064 24,153.6

Broadland 51 17.2 (£ 45.4) 12,566 30,158.4

Kings Lynn 89 3.1(x6.2) 4,889 11,733.6
and West
Norfolk

North 46 4.4 (+ 12.8) 3,086 7,406.4
Norfolk

Norwich 62 1.8 (+ 4.1) 5,877 14,104.8

South 62 3.5(x6.2) 3,985 9,564
Norfolk

Total 356 40467 97,120.8

¥Provided as shapefiles by the respedigrict Council.
* Taken fromDistrict Council site allocation documents

“Calculated by multiplying number of houses by mean number of residents per hou€xéfie4
for National Statistics 2011)

4.3.3. Land cover, population, and infrastructure projections

Investigating the impacts of thieture scenariaequired updating) the land cover
composition to reflect the new housing developmentthe source population, reflecting
the localised increases in number of residentsjigrile road network to incorporate
increasedite accessibility from the proposed Northern Diaitor Road

Land cover data used for builditige recreation modelame from the 2k
resolution Land Cover Map 2007 (LCM20MMprtonet al.2011) The propdiion of each
land cover withinsample sitesvas extracted and entered as separate variables into the
model.LCM2007 was used tobtain land cover variables for all sites in Norfollptedict
the distribution of recreational visits across Norfolk in the baseline scdsagection
4.3.4), but needed to be updated for the future scenario according to locations of new
housing developmentblousing developments may contain a mix of land covers due to the
retention of tredines, creation of Gsuch as parks and recreation grouetts, therefore
the areas allocated for development couldsimoply be classified as 100% builip (the

mostobvious land covetlassificationfor housingin LCM2007) Thus, toestimatethe
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land cover composition of the proposed housing developments, as represented in
LCM2007, nineteen recently completed developments across Norfolk were identified in
Google Earth using the historical imagery tool. Developments were chosen that were
completed after 1999, and therefore have a similar housing density and housing type as
proposed developments. Furthermore, the chosen completed developments were
constructed by 2006, before the date of satellite images used to create LCM2007, so
represent land cover composition in the early phase (1-8 years) after building. The nineteen
completed development boundaries were digitised in Google Earth and imported into
ArcGIS (mean area (ha) = 7.2 = 5.8 SD). Land cover composition was extracted from
LCM2007 and the mean proportionate cover calculated (84% built-up, 2% broadleaf, 7%
arable, 7% improved grassland and 1% semi-natural grassland). This represents the
average remote-sense classification of land cover for a modern housing development in
this region. This was then used to update 25 m raster cells in LCM2007 in areas allocated
for future developments in Site Allocation Plans by randomly recoding cells to revised

land covers proportionate to the mean composition of recent developments.

To calculate source population as an input for the recreation model, a 1 km
resolution baseline raster was created from population data from the 2011 census for
England (Office for National Statistics 2011). The 2011 population raster was used for
predictions under the baseline scenario. To create our 2026 future population raster,
population projections made by the ONS are too course even at the smallest administrative
unit, the District Council level (n = 7, mean area = 826 km?; Fig. 4.1), which does not
reflect localised increases resulting from housing developments, nor does it allow fine
scale predictions of changes in spatial distribution of recreational visits resulting from
population increase. Thus we used the allocations for new housing developments to update
our 2011 population raster, multiplying the estimated numbers of houses per development
by the average household size in England (2.4 persons; Office for National Statistics 2013)
to estimate the additional population per development in 2026 (Table 4.1). The additional
population was assumed to be dispersed evenly across the development; thus cells of the
1 km population raster received additional people according to the proportion of the new
development overlapping with each 1 km population grid cell. Developments were only
obtained for the county of Norfolk, but there may be developments planned in
neighbouring counties close to the Norfolk borders that could increase the source

population to sites in Norfolk within 5 km of the border. Therefore numbers of visits to
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some sitesvithin 5 km ofthe borders may be underestimateok: validation, thel km?
populationpredictions wersummed per district and compared with ONS district level

predictions

The proposed routier the NDR provided by Broadland District Counciljas
merged with thexistingroad network A roads;OS Meridian 2 2013for the future

scenario.
4.3.4. Predicting visits

To extrapolatédrom the samplé¢o the whole oNorfolk, points were placed across Norfolk
in a regular grid patterspaced 400n apart (n= 33498)and buffered by 406h as this was
the nature of the sampéitesused in model calibratiohe 400m spacing was chos¢n
ensure complete coverage of Norfolk as #0Buffers overlapped slightly. For each buffer
(site) the explanatory variables were extraasthg thebasdéine data andthe recreation
model(calibrated on national datajas used to predict probability of a recreational ¥esit
all sites across dtfolk under the baselirgcenarioThenvariables for proportion of land
covers within eacBite, source populan and distancéom nearest major road were-
extractedrom the updated layet® re-estimatethe probability of vigation underscenario

1 and 2None of the sites had a predictasitation probability of 1 in either the baseline
or futurescenarig so there was no issue sdturatinghe upper thresholfthat would

curtail the predicted increase in recreation)

As site visitationprobabilities(per week)are not intuitive we scaled up to estimate
total numbers of visitper site per year. Firstifhe annual numbeof visits in Norfolk in
2011were calculated as per &8, wherebyNorfolk popis the total populatiof Norfolk
from the2011 population rastevisit rateis 1DW XUD O (Q J O DpQusil§tionHsk W L P D \
rate forEastern England (87 Misits persort year'; Natural England 2012)ndproportion
of countryside visitgs the proportion of visits that we deemed countryside visits (0.7)
1DWXUDO (QJOfar @asteinvi EA@an&OH R X Q Wsill §¥/thab tha site
containing less than 70% urban arg&e visit estimate from E¢@wasdividedby ™;,
the sumacross all sitesf visitation probabilities to get a visationrate {/r) per unit of
probability (Eqrd). We then multiged Pi, the probability of a recreational visit to site

by this visiation rateto obtaina visit estimateor eachsite inNorfolk (Egn 5)
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Total countryside Norfolk visit estimate = Norfolk pop * visit rate * proportion of

countryside visits (egn 3)
Vr = Total countryside Norfolk visit estimate / Y P; (egn 4)
No. visits.yr! cell’t = vr * P; (egn 5)

To predict the new visitation rates for sites in 2026, we substituted P; in Eqn 4 and 5 with
visitation probabilities from the two future scenarios (scenario 1: incorporates increases

arising from increased population; scenario 2: increased population and updated distance
from major road incorporating the NDR) but retained the same Vr. The predicted number
of visits per site were subsequently represented as a continuous (400 m resolution) raster

surface with each site represented as a cell for ease of interpretation.
4.4. Results

4.4.1. Changes in land cover and population

New developments are mainly planned on arable land and improved grassland, which are
therefore predicted to experience the largest loss of cover within Norfolk relative to other
LCM2007 land cover types (c.1360 ha and 170 ha respectively).

The population of Norfolk in 2026 predicted from estimated numbers of additional
residents in new houses planned by District Councils was 953,985, in close agreement with
the ONS projection of an increase from 857,888 to ¢.950,000 (summed across districts),
validating the approach taken in this chapter. Predictions derived from planned housing
developments within districts are presented in Fig. 4.2. The ONS district level population
projections are also shown in Fig. 4.2 alongside our district level predictions.
Discrepancies arose because ONS projections used data on past demographic trends while
our predictions are based on land availability and government selected growth points, and
developments planned after constraints have been considered in the LDP process. We
therefore suggest that our district level estimates are likely to be more accurate. Most
notably we predicted an increase of 23% from the baseline in Broadland and 7.6% in South
Norfolk (Fig. 4.2), whilst the ONS predicted an 8.3 and 19.3% increase respectively. The
large proportionate increase in Broadland from our predictions is due to the North East
Growth Triangle, an area of ¢.680 ha allocated for ¢.8700 houses to the north-east of

Norwich.
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Fig. 42. Estimated population change from 2011 to 2026 gen brid square based on
location and density of new housing. Proportional increase per district predicted by the
models generated in this paper is shown bypleuarrows, and from ONS projections by
black arrows.

4.4.2. Predicted increase in recreational visits

The sensitivity analysis showed that there was very tifference in predictions using the
different distance weightings ,adr proxies for population usingany of the four
alternativemethodsmadevery little differenceo the change in probability of visit from
baseline to future scenaribig. S3.1) Thus we were confident in usipgpulation
weighted by inverse square distancljali was used for alubsequenpredictions.

We estimated the total annual number of countryside visits as 57,544,693 within
Norfolk in 2011, rising by 1.9% to 58,646,5B02026based on scenario 1. Of the
1,101,836 additiongredictedvisits, 91%were within 1km of new haising
developments, with a further 4% within3km (Fig. 43a). Considerable increasesre
predicted around and in the urban area extensions of Thetford and Attleborough and the

North East Growth Triangld={gs4.3b +d). There is a minimal increase iretannual
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number of visits to cells across the wider Norfolk countryside. This is expected, both from
the formulation of the distance-weighted population predictor, and potentially also due to
the positive coefficient of ‘built-up’ land cover, so that house building within the 400 m
buffer increases the potential for site visitation. Built-up area increased in 1,128 sites,
which had a mean change in annual visits of 892 (+ 1,654 SD). The mean proportion of
land converted to built-up in the 125 sites that were predicted to experience more than
2,500 additional visits per year was 0.33 (x 0.14 SD). Of the rest of the visitation sites
considered across Norfolk, 31,795 were affected only in terms of an increase in source
population, and experienced a very low increase in annual number of visits (mean 3 + 8
SD). Only 188 sites did not experience any change in proportion of built-up or source

population and therefore had no change in number of visits.

Addition of the NDR (scenario 2) resulted in only a slight (1%) increase in the total
number of visits relative to that predicted for scenario 1. With the addition of the NDR,
2,057 sites were then closer to a major road and therefore increased in predicted numbers
of visits from scenario 1 (mean change in annual visits 21 + 68 SD). Of these, only 240
were predicted to receive more than 50 additional visits per year (Fig. 4.4). Under the two
scenarios the same percentage of visits were within 3 km of developments (95%), but with
the addition of the NDR the percentage within 1 km decreased slightly from 91% to 89%,
with 6% within 1-3 km.
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Fig. 4.3. (a) Predicted change from 2011 to 2026 in annual number of recreational visits
across Norfolk per 400 m grid square based on future scenario 1 (house building only; see
text). Insets show the effects of planned urban extensions in (b) the Norwich Growth
Triangle, (c) Thetford and (d) Attleborough. Class intervals calculated using Jenks natural

breaks.
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Fig. 4.4. Difference in predicted number of visits upon construction of the Northern
Distributor road, from that predicted from house building only.
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4.5. Discussion

We proposed that consideration of how developments will affect recreational patterns
should be taken preonstruction as part of an environmental impact assessment.
Specifically, we suggest that biodiversity offsetting should account feratestial

impacts on Gl outsiddevelopmenareasn addition to considering impacts within the
developed siteVe show that developments are mainly planned on agriculturaMdmch

is classed as lom thehabitat type bashand distinctiveness categotyQ (QJODQGYV F
biodiversity offsetting framework(Defra 2012) thatgives agricultural land a lower
QXPEHU RI PELRGLYHUVLW\ XQLWVY SHUWoksEqusitBpUH G H
lower offsetting requirementhe new inhabitants of the development, howeses likely

to visit habitats of higher biodiversity units such as woodland, according to studies of
UHFUHDWLRQLVWYVY StaH urpubtiDdddat Sengt dlQQLARTOWS

mitigation for developments in terms of digersity offsettings likely to beinadequate.

Across Norfolk, we predietdhigh increases in visits close to developrsgthius
recreational pressure will greatly increase in-peban Gl in the futureConversely, lte
wider countryside is nopredictedto experiencdarge increaseis visits. As the sample
used to calibrate the predictive model captured mainly local visits this is not surprising.
Trips further from home (e.g. greater thaknd) tend to be more infrequent (monthly to
seldom or ever;Schipperijnet al.2010)but may tend to aggregate in fewerliig
desirable sites (National Parks, AONBSs, efthiereforethe predictions presented here
may be considered to represtrd recreational pressure arising franrGD\ WR GD\ XVH
QDWXUDO H Qdeed) BvexBBVQONIRIly users of green spaceDanish national
survey travelled less than 36§ andcumulatively 986 travelkd less thad km

(Schipperijnet al.2010) corroborating our findings

Van Herzele & Wiedemanf2003) SURSRVH WKDW WKHUH DUH GL
O HY H O Mdf eRdmplea regulaly visited local urban park compared to a large-peri
urban forest visited on occasional weekends. In order to capture visits in different
functional levelsadditional questions would be requirgdthe MENE surveyperhaps
specifying a minimum travel digtae or travel timeVisits occurring in different distance
and frequencypandswould have to be modelled separately to identify relationships driving
site seletion at each functional level, and separate predictions made for changes in visits

within each @inctional level.
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The tool developed here used nationalsailable predictors to predict changes in
recreational use, and as such does not contain sufficient information for a complete
biodiversityimpact assessment. Rather it can highlight areas expgeateceive high
numbers of additional visits for which further investigatadrpotential biodiversity
impactsis required. We recommend that decision makers acquire further details for such
areas, such as presence of prigntyinerable, or sensitivepeciesandhabitats and expert
opinion on carryingcapacity for recreationists and management strategies. One simple
option for assessing conservation status of these areas is to overlay boundéies of
statutorily protected areascluding bothSSSIs an@ounty Wildlife Sites (CWS). We
couldnot make specific predictions for change in number of visits to SSSIs and CWS due
to the resolution of the predicted visits raster (AQ)Gand the nature of the SSSI and CWS
data (irregular shaped polygoosmuch smder area). The predicted visits raster could
have been resampled to a finer resolution, but this would be unrepresentative as the
predictions were made for the characteristics found within the cell, with no information on
where recreationists go within tieell. Nonetheless if a SSSI or CWS is close to
overlappingor within arastercell with a high predicted increase in visits this would

indicate a site in need of further assessment.

Alternativedistance weightings or proxies pdpulationmadenegligibledifference
to predicted vis#tion probability. Furthermore, siteshere theonly change in the future
scenario was ipopulation(i.e. no land use change or new roaslsje predicted very
slight increases in numbers of vssiThe constructionf a new major roathcreasedisits
to nearbysitesandalso led to a slightlgreatemproportion of visits further away from
developmentsSite land coverhowever, wasghe biggest determinant of recreational visits,
as all of the siteshatexperienedlarge increases in recreational visits in the future had

some proportion of land converted to buifi, a strong positive predictor in the model

The change in annual visiimder a scenario of land use changes estimatefly
Senet al.(2014)whereby 10(ha of intensively farmed agricultural land was converted
into open access woodlantheir model, based on a single year sample of the same survey
useal here, included site land cover composition, substitute availability (percentage of each
land cover around outset areas) and the travel time from outset aséas.t&n increase
of over 200000 visitsper annunto thenew woodlandvas predicted, with a reduction in
visits to other local sites comprising urban, farmland, floodplain and grasslands. This

reduction was due to the new woodland acting as a substitute site, drawing visitors away
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from less attractivsites.As our approacks locationrcentred (on site characteristics)

rather tharpeoplecentred €.g.no explicit measure of travel fronutset areato siteg, we
wereunable to investigate substitute effe€ésoviding insights into the efficacy of

substitute sites aeducirg visitor pressure on conservation sites should be a high priority
for the sustainable development agendf UWKHUPRUH DV pKRQH\ SRWT
homewere underrepresented and we mldd measuremenity provisiorat siteswe could

nottest thesubstitutive effect of creating a new honey pot siéhich we acknowledge

requires further investigatiohVith appropriataeal life case studies it would be possible to
testwhether creation of a new honey pot site would draw visitors away from existing
vulnerablesites (i.e. total number of visits remains unchanged), or whether it would create

new demand (i.e. increase total number of visits)

A further consideration related to substitute sites cons#msittachment
(emotional tiespndcontinuity with he pas{Dallimer et al.2014) If there is a high level
of attachment to a site then creation of an objectively desirable substitute site may not draw
as many visitors as predicted by a natideakl model These cultural elements to site
selection can only be measured on asiteite basis through surveys of the source

population and therefore cannot be included in a national model.

Finally, an extension to this work could involve derivingjt rates specific to
certainsocicdemographic groups. Soettemographic characteristics lealveen shown to
influencepropensiy for undertaking recreational activitiékoneset al.2010; Seret al.
2014 but sedDallimeret al.2014) So in terms of predicting the effect of house building
and change in populatioon recreational use of the surrounding ates important to
consider the demographic mailgp of the new resident populatioA different
demographic would be accommodaiedor examplethe housing compositionas
apartmentsgarter homes or large detached houbkssng countyspecific intercepts in the

model, as here, doest capture this finer level of detail.
4.6. Conclusions

We havemade the first attempt atappng changes in recreational ecosystem services
arising fromurbanand population growtiJsing a Geographical Information System and
readily available digital spatial databases, inclugirglicit government plans for new
housing, maps can be generateth relative easélVe predicedthat the increase in visits

will be extremely local, which accords with previous work on visitor behaviour.
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Importantly, we identified a possiblmechanism thatould indicatea major shortcoming
in WKH 8.1V FXUUHQW ELRGLYHUVLW\ RIITVHWWLQJ SROL

There is however, more work needed to better inform the sustainable development
agenda. We propogkee following:1)map YLVLWYV DW GLIITHUH®RB\GI ol XQFW
acquire anore completgictureof therecreational use of the naturav@onment;2)
invesigate substitute sitesespecially honey pot sitets, elucidate their effect ooverall
recreational levels as well assitor distribution 3) usedemographiespecific visit rates
with detailed population projectioms obtain greater accuracy in preedtnumbers and
distribution of visits Once these issueseaddressed, we would have a powerful tool
capable of testinglternativedevelopmenscenarios preonstruction to allow for strategic

planning athe most optimal stage of decisianaking(Mandleet al.2016)
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Supplementary Information

Table S31. Distances travelled by visitors from home to reacecreation destinatign
according to questionnaire surveys

Study area Size of study Travel distance  Source
area
Denmark Countrywide 98.1% of daily  Schipperijn et al(2010)

Breckland SPA 940 kn?

Thames Basin  82.8 knf
Heaths

Dorset 81.7 knt
Heathlands

Ashdown Forest 30 kn?

South Sandlings 30 kn?

New Forest 280 knt
National Park

Heverlee 18.9 knt
Meerdal

visitors travelled
less than kKm

63% travelled
less than 10 km

70%, 100% and
93% arriving by
car, on foot or by
bike respectively
travelled less
than 5km

90% arriving by
car or on foot
travelled less
than 8.8 and
1.1km
respectively

76% travelled
less than 1Bm

63%, 94% and
89% arriving by
car, on foot or by
bike respectively
travelled less
than 10km

35% live within
National Park or
within 8 km of its
boundary

69% of visitors
live within a
10km radius

Dolman et al(2008)

Liley et al.(2005)

Clarke et al(2006)

Clarke et & (2010)

Cruickshanks et a{2010)

Sharp et al(2008)

Roovers et al(2002)
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Fig. S3.1 Frequency histogram of tltkfference in predicted probabilitiéom the
baseline to future scenario using different measures of population: (a) raw population
(pop), (b)populdion weighted by inverse square raligtancepop * (1sqrt(dist),

(c) population weighted blneardistancgPop * (1/dst)), and(d) propation of built-up
area within a 10 km buffer (builtp within 10 km)
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Chapter 5

Modelling use of forest recreation routes: an application

for woodlark (Lullula arborea) conservation

Abstract

Forests are multifunctional landscapes, managed for commercial timber, recreational use,
nature conservation and other ecosystem services. To reconcile recreation and conservation
interests, knowledge of the spatial distribution of visitors within a site is necessary, and a
means of testing the effectiveness of interventions prior to their implementation can
enhance conservation effectiveness. We present a novel methodology for temporally- and
spatially-explicit prediction of recreational disturbance within a large (187 km?) protected
forest with an extensive path network and nearby residential areas. By combining
statistical modelling and Geographical Information System (GIS) based Network Analysis
(NA) we predict the number of disturbance events on each path section in the network
arising from dog walkers and walkers. The model was parameterised using a large sample
of 1 hour visitor counts at c. 180 sampling points on the path network collected over 5
years, totalling 1,713 survey hours. Controlling for variability due to time, day, month,
school holidays and potential source of recreationists from nearby households, the number
of disturbance events per hour was modelled as a function of a GIS-derived network
distance from the lowest-impedance access point. The impedance caused by path type and
car park capacity at access points (known to affect recreational use of a site) was
determined by selecting NA weightings that provided the best model fit as judged by
lowest AIC. We evaluated the performance of the final GLMMs using 10-fold cross
validation. Interesting patterns in spatio-temporal distribution of dog walkers and walkers
were revealed that can be used to inform decision-making. An application for woodlark
(Lullula arborea), a disturbance sensitive species of conservation concern, is presented.
Using our methodology we estimate the number of potential woodlark territories lost under
a range of potential disturbance thresholds and examine a scenario of future housing with

possible mitigation through access point closure.
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5.1 Introduction

Forestsaremultifunctionallandscapgananageds atimberreservePeterkerfl993

pg.85) andalso providingvariousecosystem servicd MEA 2005)including those of
conservation habitat andcreation destinatior(#larzano & Dandy 2012)n developed
countries, érests ar@ften enhacedfor recreatiorthrough provision bextensivepath
netwaks, picnic sites and car parks. Howevemay be necessary to mage recreational
useif species sensitive to disturbance are pre@datzano & Dandy 2012)asdisturbance
by recreationists can significantly reduce animal populaijptalord et al. 2006; Liley &
Sutherland 2007)f the effectiveness of conservation interventioas be tested prior to
implementationsuch as thosatended to enhance habitat provision or mitigate
recreational disturbandge.g.Mallord et al.2006) practical management wiikely be
more successfuTherefore, Hective recreation managemerguiresknowledge othe
spatial distribution of visitors within a siteit alsoan understanding of é¢hfactors
affecting these distributionsvithout which predictive modelling of alternative scenarios is
not possibleThe intended contribution diis paper is to provide such a topdescribing a
novel approach to usingsite survey data to build a memistic model for predictintpe

spatial pattern ofecreaional disturbance throughout &xtensivesite

One of the challenges of landscegmale recreational modelling is thhe spatial
distributionof visitors within a extensivdandscap&epend upon many factors including
the population surrounding access poiogs, park capacitydistancerom the nearest
access poirindtherelativequality and appeabf alternative routegDolman, Lake &
Bertoncelj 2008)Previous studies have estimated visitor numbeassite(e.g. state
owned forestor protected heathlan8rainard, Bateman & Lovett 2001, Liley, Jackson &
UnderhilkDay 2005; Jonest al.2010) but didnot address the issue of witksite
distributioni.e. how visitors are dispersed throughthe site One study that did, by
Clarke Sharp & Liley 2010)surveyed access poirttsa 3000ha mixed forest and
heathland locatioto obtan numbers arriving at the siteh&ythenpredicted total number
of visitors arriving at each access paner a one month ped based on car park capacity
and number of residents in different diste bands around access pointe resulting
visitor estimates for each access point were then distributed across the path network in
relation to the frequency distribution of distartiavelled within the site taken from routes
mapped by visitors in their survey. Limitations to this approach are tieateric path

distance functiomamot account for potential effects of patmaracteristics
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(e.g.overgrown, narrow paths compared tal®;i mown pathstontext(e.g. locations of
attractions, such as a visitor centre or playgrousnijthat the calibration (training) data
depend on the accuracy to which visitors are able to recount and map their routes when
subsequently interviewed onieand some visitors may hencertain of the route they took
(e.g.Liley, Jackson & Underhid{Day 2005) This issue of recall bias is particularly

prevalent in areas with a dense path netwbhks latter issue could be addressed by
issuinghandheld GPXdevicesto recreationists for the durationtbieir visit GPS tracking

has previouslypeen used to majp H F U H D kuteR @nid \owk ¥tfpatterns in their
movemen{Orellanaet al.2012; Beecet al.2013; Beeco, Hallo & Brownlee 2014)

However, in a forest setting satellite signal may be poor and dense path networks present

logistical difficulties of device retrievgllaczanowska, Muhar & Brandenburg 2008)

Here, we develop an approachmodel and then extrapolate the spatial distribution
of visitors across a large, complex landscape Kt8% with extensive path network
(c. 1,490 km). For model calibration we us@ovel, large data set of visitoounts on
paths within a forest to obtain objective, empirical evidence on recreational pg¢htiaa
is not confounded by recall bias or GPS location evit&.dewelop an innovative
methodology that brings togethatatistical modelling and Geographical Information
System (Gl$-based Network Analysis (NAD predict the number of disturbance ewdjat
measure of recreational disturbanea}achpath sectiothroughouthe forestas a
function of source populatictiensity and proximityaccess points, network distance and
path characteristics, accountirgg fime, day and season effedtetwork Aralysishas
previously been used to assess access to green space via roads for different religious and
ethnic groups imn English citfComber, Brunsdon & Green 200&)dservice area of
parks in Seoul, South Koreasing pedestrian routes with impedances (&uftht travel
time) for crossings, overpasses and underpg§3les Jeong 2007)Here we use NAO
predictroutes taken within a site, rather than to g siteluse impedanc® combinea
number of important featureso@d crossinggpath type and carark capacity, generating
a measure of likely path usage.

We demonstrate the application of tmedelasatool for recreation management
and conservationf species of concelloy estimaing recreationatlisturbance rates on
footpathsundera plamed programme ajpen habitat creationithin ThetfordForest that
couldpotentiallybenefitbreedingwoodlark (ullula arboreg, an Annex | speciesunder

the EC Birds Directive 197®reeding voodlark are sensitive @l types of recreational
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disturbancgthe probability okettling onsuitable habitain Dorset(n = 16heathland sitgs

was less than 50% at38(95% Cl 5.8-10.9 disturbance events hotiMallord et al.

2006) The proposed habitateationwill bound sections of the path netwotence

estimation of disturbance ratisscrucial for decisiormaking We testa scenario of future
disturbance levels from increased housing, as well as possible mitigation through closure
of access poinfglemonstrating the utility of our model fassessing theffectivenes®f

management interventions.
5.2 Study site

Thetford Forest is a large (18,788) plantationforest in the East of England, managed by
the Forestry CommissiqirC) as part of the Public Forest Estate in England. It comprises
predominantlyconiferous woodland and a range of open habitats that contain rare and
threatened speci€¢drmour-Chelu, Riley & Brooke 2014)Consequently, Thetford Forest
is of significant conservation interest, with multiple designations under European and
national law notablyas part of the Breckland Special Protection Area (SPA), designated
for thebreeding populations of Woodlarku(llula arboreg and Nightjar Caprimulgus
europaeuy and also contributing to tigreckland Special Area of Conservati@AC),

with the majority of the forest designated &Sit@ of Special Scientific Interest (SSSI).
Almost 75% (14,108&a) of the forest is open access laedignated under the Countryside
and Rights of Way Act 200@nd is therefore accessible to the pupArmour-Chelu,

Riley & Brooke 2014)Public access is forthilen in the Stanford Training Area, a military
training baseln relation to otheheathland/woodlan8PAs in EnglandecreationaVisits

to this area are relatively lowhetford Forest receives around 1 million visits per year
(1,064 visitors/krf) (Armour-Chelu, Riley & Brooke 2014)ompared to 5 millior§61,200
visitors/knf), 7.5 million(90,580)and 13.3 million(47,500)in the Dorset Heaths, Thames
Basin Heaths and New Forest respectiy8lyarp, Lowen & Liley 2008)As a managed
forest, the site is crissrossed by a network of patfPedleyet al.2013; Waber, Spencer

& Dolman 2013)hat provide access to recreationi$ts rangers to carry out deer
managemenfWaber, Spencer & Dolman 2018)d provide opeihabitat for associated
biodiversity(Pedley, Bertoncelj & Dolman 2013Ylanagement for these latter two entails
cutting gass vergealong some sections of the path network to maintain visibility for
rangers or optimal conditiorisr biodiversity, but may also benefit recreationists as path
conditions are generally drier.
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5.3 Methods
5.3.1 Visitor surveys

RecreationaVisit data verecollectedbetweenApril and Octobeto sample the spring and
summer seasorwer 5 noaconsecutive yea@0072009; 20132014).Surveyors spent 1
hour perioddetween Gm and mrecording recreabnistsencountered giath
intersections (sampling points) randomly locatethin the foressite (chosen without
prior knowledge of their populariignd at diferent distances from access points and
housing aread-ig. 5.1). Sampling points were placed at path intersections as this is an
efficient way ofsimultaneouslynonitoring multiple pathgeading to the intersectiomhe
majority of the data erecollectedin 2007 (number of sampling points = 13Bolmanet

al. 2008)and20082009(174; Dolman 2009)Additional (hon-random)samplirg of points
DW SRSXODU pKRQH = SRwidcaried Quin ROY32UTHtY extend surveys
to areasvhere high levels of visitation were expectadth additional previously surveyed
points(n = 11) re-surveyedo control for any year effector each disturbance everiiet
number of recreationisttheir activity @dogwalking, walking orcycling) and thepath
sectionthey used to approach and leave the interseateyerecorded Annually, each
point was surveyed gpoximately 3 times duringpril-Octoberso that each point was
visited onadifferenttime-daycombination each montio capture variability in
recreational pattern@cluding school and national holidgyas this affects the number of
visitorsto paths(Liley, Jacksor& Underhill-Day 2005; Cruickshanks, Liley & Hoskin

2010) This allowed us to modehtee temporal scales (time, day andnth), so that

predictions can be averaged over the periods of interest for any conservation intervention

(for example during a spécH V { E U H H G4 fQr WodeHaDKVIrRIgs stuglyFor
additional methodological details sg&olman, Lake & Bertoncelj 2008; Dolman 2009)
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5.3.2 Generation of spatial explanatory variables

To generate potential explanatory variables for these recreational visits, several spatial
layers were imported into ArcGIS 10.3 (Copyright © ESRI, USA). These included a point
feature class delineating sampling points and a line feature class delineating the path
network (initially derived from forest compartment boundaries and validated by ecological
fieldworkers from UEA and FC staff including rangers with detailed knowledge of the
entire forest path network). Path sections (path network segments delimited by
intersections) were classified into path types according to the FC database (Forestry
Commission, 2016; Table 5.1). We hypothesised that wide, well maintained forest roads
(median verge width according to Waber & Dolman (2015) is 6 m, range = 1-45m, n =
459) and fire routes (3 m (1-9 m), n = 321) would be preferred by visitors to narrower
(potentially overgrown or muddy) tracks (0.6 m (0.1-1 m), n = 205). Furthermore, as tracks
are narrower, we hypothesised that tracks with cut vegetation along verges would be
preferred over uncut, thus we further classified tracks as cut or uncut in each year of the
survey (cutting regime feature classes were provided by FC East of England Office).
Where roads intersect the forest separating it into blocks, links (line features) were added
to join paths end-to-end across the roads. Links across ‘A’ roads (major arterial roads that
comprise the top tier of the roads classification system in the UK) were a priori excluded
as too dangerous to cross. Links were added across ‘B’ roads (the second tier of the
classified roads system that connect A roads and smaller roads) and minor roads (smaller
roads connecting residential areas to the road network). We hypothesised that B roads

would present a greater barrier for recreationists to cross than minor roads.

A point feature class of access points with space for car parking was generated
through visual assessment of all path-road intersections on Google Earth, determining
whether or not this intersection provided an access point, and categorising car capacity
through visual estimation after calibration through field visits. Access points were either
formal or informal car parks (areas available for parking not within the bell mouth of a
gateway or track; n = 34, mean capacity = 42.7 cars + 116.13 SD), gateways where fire
routes meet roads (n = 121, mean capacity = 2.8 + 1.7 SD), or where tracks meet roads
(n =91, mean capacity = 2.2 £ 1.4 SD). Capacity estimates for large car parks were
obtained from FC (Victoria Tustian, pers. comm.). The square root of number of cars was
used to account for the diminishing effect of increasing car park capacity (i.e. the larger the

car park, the less likely it is to reach full capacity and thereby limit the number of
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recreationists to the area). Access points with no space for parking were not retained as due
to the size of the forest, distance from urban areas and barriers to pedestrian access created
by major roads, most users arrive at Thetford Forest by car (84.9% of recreationists in a
2007 survey, n = 172; Dolman, Lake & Bertoncelj 2008).

Table 5.1. Path types used in classifying the Thetford Forest path network

Path Type Definition

Forest road Well-maintained, hard surface road
Fire route All-weather, hard surface maintained for fire truck access
Track cut Less well-maintained, usually grass or mud surface. Grass verges cut

during survey year

Track uncut Less well-maintained, usually grass or mud surface. Grass verges not cut
during survey year

Recreationists travel from their home to access points where they can enter the
forest; thus the larger the local source population surrounding access points, the more
recreational activity is expected in nearby parts of the network. Number of households,
taken from the 2011 census of households (Office for National Statistics 2011), which
were linked to coordinates using the UK Postcode Directory (UKDS 2013), was summed
within buffers around access points using 500 m radius increments, from 0 m to 5000 m,
and wider 1,000 m radius increments from 5000 m to 10,000 m (15 buffers total). Due to
co-linearity, several adjoining household buffers were merged based on a Spearman
correlation coefficient above 0.6 providing 9 modified distance bands, that could be used
as independent predictors in models of recreational frequency. To model effects of a
scenario of increased housing, current household data were updated with new housing
allocations (14,614 units) within 10 km of the Thetford Forest boundary planned up to
2026. Areas designated for new housing were provided as ESRI shapefiles by district
councils and the number of proposed houses per development (polygon) were obtained
from Site Allocation Plans. Points were generated randomly within each polygon to
represent new postcodes, and the number of allocated houses were distributed evenly
across points per polygon. Under this scenario there will be an increase in occupied
households within 10 km of the Thetford Forest boundary of 15%. The sum of households
within buffers around access points was then recalculated and used with other predictors

unchanged to estimate future recreational frequency.
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5.3.3 Modelling disturbanceevents

From observed visit data we summed the number of groups of wakepgison) to
obtain aseparateount of disturbance events (D) dog walkers andtherwalkers on
eachpath sectionoining the sampling poirduring the 1 hour surveiRewrds of cyclists
were excludedas they are more mobile (so network distasaslikely to be a good
predictor of counts), and sample size was low (only 6% of observafidreyumber of
dog walker or walkeDE perpath sectiorfdependent variable@yasmodelledseparatly in
relationtodayR| ZHHN ,tim@ R\GD\ pWREOMWIK uRIR@YWMasable for
school holidayweighted network distance (net. distgm access poirdndthe number of

household$n buffersaround access pointSchool holiday dates were obtained from

I1RUIRON &RXQW\ &RXQFLOYV RQO KNpHolbChEKYLCOHCR | V FKF

2016) We built up models sequentially, first determining the appropriate model structure
(in terms of coding and numbers of parameter levels wihah controlariable class) for
what wereexpected to be the most influential and important effects, before going on to

incorporate more subtle effects.

Day and timeand monthwere exected to strongly influenaeumber ofDE, hence
we first modelledcounts of dog walkers amndalkersin responséo thesecontroling for
spatialpseudoreplicationf sampling points by including point ID as a random effect in
the modelThe final specification was a Generalised Linear Mixed Effects Model, with
Poisson erroffitted in R 3.2.3 using the Ime4 packa@ateset al.2013) An
overdispersion function developed for mixed effect modwtp:(/glmm.wikidot.com/fay
indicated that no overdispersion was present (theta E@)parsimonyday (categorical,
8 levels: MorSun and nationalholiday) and timdcategorical, 13 levels: 1 hour intervals
between 06:00 and 18:@0ded as start of howvererecodediterativdy merginginto
fewer categoriegbased on examination of parameteefficientsimilarity) if model fit
was not significantly reduce#irst modelling day with all levels, checking coefficients
and standard errors of each category and sequentially méngsey categories with large
overlap in standard enraf there was no significant increa@e> 0.05)in residual
deviancgtested by2 x LogLikelihood,-2 LLR) andalso if GAIC did not exceed +2r
decreased, the merged category was retained. Hukae in 5 day categoriésr both dog
walker and walkemodels Mon (reference levg) Tue/Fri, Wed/Thu, Sat, Sun/national
holiday. Using the simplified coding for dayhis process wathenrepeated merging time

categoriesFinalcoding of categoricalme variableslifferedfor dog walker and walker
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models, reflecting different patternsreicreationabehaviour (dog walker$ (reference
level), 8/18, 9, 11/13/14/16, 12/17/10/15 walkers: 6 (eference leve) 7/8/18,
11/14/15/17, 13, 9/10/12/16Y1onth categories were also merged in this way, resulting in
5 levels for dog walkers (Apriréferencg May/June, July/October, August, September)
and4 levels for walkers (Aprilreferencg May, JuneSeptember, Octoberfter
accounting foday, time and monthno support was found for affect of yeamwhen
HKRQH\ SRWY VL W(ERtegdritdl Faridl€, G keweladaitionresulting in &
increasan AIC of 5.6 and3.8for dog walkers and walkersspectively), hence
recreational behaviour wasnsistent between survey years and year coukcktleded
from subsequent modeBurthermore, mean counts of deglkersand walkersurveyed
between 2002009did not differfrom matched(i.e. resampledpath sections i2013

2014 surveysdog walkersWilcoxon signed rankest V = 348,P = 0.17, n= 63 walkers:
Wilcoxon signed rank test, V = 21B,= 0.15, n= 63).

Local source population waexpected to providan important determinant of
number of DE Source population waseasured as the numbermiuseholds surrounding
access pointdo associate sampling pagntvithan access poitfior joining household
datgweusedt KH p&ORVHVW )DFLOLW\Y WR ROfitdGhetcldsest6 1 HW.
access poinbased orinear network distancalong thepath networkOnce the closest
access points were knowmouseholdcount in distance buffers around access pdses
section5.3.2) were added as 9 predictor variabieshe basiaog walker and walker
modelsthat controlled foday,time and month Distancebands wer¢henfurthermerged
in the interest oparsimonyagainbasedon similarity of coefficients and change in AIC
and-2 LLR. This resulted irthe same distance band®r both dog walker and walker
modelsof 0-2000m, 20006000 m and6000-10000m that wereusedas predictorgtermed
u KR XV ikhukBe@ @ all subsequent models

We hypothesised thaiathtypein combination with distance to nearest access
point, and car capacity at access pomiy alsoaffect number of DETherefore a
weiJKWHG QHWZRUN GYbétwerrQstrpling @ad#ts an@ &c¢ass points was
calculated usinghe Closest Facilityod. Applying weightings in Network Analysis is
equivalent to increasing or decreasing the limegworkdistance between samplingipts
and access points according to the characteristics of that folte.V LV VLPLODU WHF
geographial G L V Wibl€abteb§t modelling, which ithe Euclidean distanden meters)
MPRGLILHG IRU WKH HIITHFW RAdPrReeYd#. 2083 WegheingsH KD Y
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were applied for 1) car park capacity, 2) road crossings and 3) path type. Different
combinations of plausible weightings were tested to explore the most appropriate estimate
of impedance resulting from each of these factors, while continuing to control for source
population, time, day and month. Road crossings were tested to determine whether roads
present a semi-permeable (impedance) barrier to recreationists reducing crossing frequency
or as an upper limit, entirely separating paths on opposite sides of the road. Total
impedance to reach each sampling point was recalculated a number of times,
systematically varying the weightings for the three components and each set was entered as
an alternative net. dist. variable in separate walker and dog walker models controlling for
day, time, month and household numbers. Data on household numbers was joined to the
data set each time new routes were calculated, as the access point serving a sampling point
(i.e. the ‘closest’ access according to that set of impedance weightings) could change under
the new weightings. The weighting set that resulted in the lowest AIC (best model fit) was
retained (see Appendix S5.1 in Supplementary Information) for the final dog walker and

walker models.
5.3.4 Model evaluation and predictions

Correlograms of model residuals revealed that no spatial autocorrelation was present in the
dog walker or walker model (see Fig. S5.1 in Supplementary Information). We evaluated
the performance of the final GLMMs using 10-fold cross validation, randomly partitioning
the data into 10 sets, building the model with 90% of the data (training) and validating with
the remaining 10% (test). A different set was excluded from each of 10 model runs so that
each observation was used for model validation exactly once. Model fit was evaluated after
each run using a pseudo R?, developed for GLMMs, which gives an estimate of the
variance explained by fixed effects (marginal R?) and both fixed and random effects
(conditional R?) (Nakagawa & Schielzeth 2013). Predictive performance was assessed by

linear regressions of predictions on observations from the test datasets.

Extrapolation across the entire Thetford Forest path network required the
generation of the net. dist. variable for every path section. The Closest Facility analysis
was run using the weightings determined for dog walkers and walkers, to calculate the
lowest impedance route to access points from the centre point of every path section. Data
on household numbers were joined according to the access point associated with each path
section. Predictions for dog walkers and walkers were made separately for each

combination of time, day and month (resulting in 588 predictions per path section: for each
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1 hour period between 06:00 and 18:00, all 7 days and 7 mootbatecbnce with school
holiday set as 1 (holiday) and agais O (not holidayyesultingpredictions were
multiplied by the ratio of holidayof northoliday) days in the relevant month. The final
holiday and nosholiday predictions were summeércombination TheaveragePDEh™
per path sectionver the whole ssanwascalculatedrom this final set of predictionsas
well asPDEh™ during the quietest and busiest pesaahd presented as maps of dog
walker and walker disturbance both separatelycmdbined.

5.4 Resultsand Discussion

5.4.1 Weighted network analysis

Impedanceveightings for car park capacity and path types differed between dog walkers
and walkers, but road crossing weightings were the same (Appendx S

B froadspresent a dustantial baier to recreationists aw routexrossed a B road
when using the weighting that produced the lowest Ali&re was no impedance,
however, for crossing mor roadsn the best fit modekofree movemenof recreationists

was allowedetween parts of thierest path network nominally separatednbiynor roads.

The numeratorfor the inverse weighted car park capacity @ppendix S51)
differedfor dogwalkers(2,000)andwalkers @,500 such thatdw capacity car parks had a
greater impedance for walkdrgen dog walkerswith the difference in impedance
diminishing with increasing car park capacifyg. 52). This implies that walkers may be
less familiar with informal car park access points (where tracks or fire routes meet roads)

and tend to uskargercar parks.

Path types differed in impedanceeightingsfor dog walkers (forest road = 1, fire
route = 0.9, track = 2) and walkers (forest road = 1, fire route = 0.5, track = 1). This could
be interpreted as dog walkers preferring wide paths (forest amaldfire routs cf. tracks)
to let their dogs run off lead and also they may be more habitual, using the same preferred
route regularly, whilst walkers maerhapsuZDQGHUY PRUH WKDQ GRJ ZD
use tracks more ofteiihere was no additionahpedance for tracks with uncut verges
compared to cut verges, which may be due to the ephemeral nature of this management
practice; cutting is only done in certain months, vegetation grows back, and not all tracks

have their verges cut every year.
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Fig. 5.2. Difference in car park impedance weight (walker car park weight — dog walker car park
weight) at all car park capacities. Note the break in the x axis.

5.4.2 Models of recreational disturbance

Dog walker and walker models are shown in Table 5.2. Mean marginal R? from 10 fold
cross validation was 0.13 for dog walkers and 0.10 for walkers, and mean conditional R?
was 0.41 and 0.18. The beta coefficient from a regression of observed test data on
predictions (both square root transformed) averaged 1.00 (95% CI: 0.86-1.14) (dog walker
model) and 1.17 (95% CI: 0.58-1.50) (walker model). These values were used to re-scale

all subsequent model predictions to correct for systematic under prediction.

The models reveal seasonal and temporal patterns in recreational use of Thetford
Forest. The busiest hour for dog walkers is 09:00, in contrast that for walkers is 13:00, with
disturbance from both activities highest on the weekends. More recreational activity occurs
during school holidays for both dog walkers and walkers, as expected. ‘Effective distance’
increases with lower car park capacity at the access point and/or a route traversing tracks
rather than fire routes or forest roads. Number of households within 2 km of access points
(household numbers (0-2000 m)) is a strong positive predictor of number of disturbance
events, but the effect of the number of households in the two more distal bands was non-
significant and they were therefore removed. Not surprisingly, the greater the ‘effective

distance’ (net. dist.) between sampling points and their associated access point, the fewer
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Potential Disturbance Events (PDEs) h™ occur on that path section. Considering the forest-

wide extrapolation, the predicted number of PDEs h™ decrease from a median of 0.5 (dog

walkers) and 0.29 (walkers) with a net. dist. ranging between 0-1, to 0.25 and 0.14 with a
net. dist. of 2.5 — 3 km (Fig. 5.3). To quantify the extent to which the localised distribution

of housing around different parts of the landscape affects the spatial pattern of recreation

within the forest, predictions for all path sections using the actual number of households

per distance band, were contrasted with those predicted with the mean number of

households per band (Fig. 5.4). When mean household numbers was used, PDEs h™* for

dog walkers did not exceeded 0.6 and walkers 0.35, whilst with actual household numbers,
PDEs h™ reached 1.0 and 0.5 respectively, 67% and 43% greater. Thus although net. dist.

has a stronger influence on number of disturbance events than household number

according to standardised coefficients, there is still a non-trivial effect of household

distribution that locally enhances the density of PDEs.
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Fig. 5.3. Box and whisker plots showing median, quartiles and outliers of mean PDEs h™* from (a)

dog walkers and (b) walkers for different ranges of weighted network distance (net. dist.)
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Table 52. Modelparameter estimates

Dog walker model

Walker model

Variable Category Standardised z P Category Standardised z P
Coefficient Coefficient
(Std. Error) (Std. Error)
Time cat.(coded 6 - - - 6 - - -
astimeatthe 2,)0.q 0.328 (0.122)  2.68 = 7/8/18  0.466 (0.308) 1.514
start of one hour
survey period) 8/18 0.518 (0.149) 3.469 ok 9/10/12/16  1.126 (0.281) 4.009 ok
9 0.666 (0.132) 5.042 ok 11/14/15/17  1.496 (0.28) 5.335 ok
11/13/14/16  0.17 (0.124) 1.366 13 1.981 (0.307) 6.457 il
12/17 -0.323(0.15) -2.154 *
Week cat. Mon - - - Mon - - -
Tue/Fri -0.006 (0.107) -0.053 Tue/Fri 0.445 (0.189) 2.357 *
Wed/Thu -0.15(0.108)  -1.39 Wed/Thu 0.589 (0.184) 3.207 **
Sat 0.345 (0.12) 2.86 o Sat 0.94 (0.209) 4.501 Hkk
Sun/national Sun/national
holiday 0.637 (0.111) 5.749 ol holiday 1.951 (0.187) 10.426 ol

Table 52. Continued over the page



Month cat. April
May/June
July/Oct
August
September

School holiday No
Yes

Net. dist. (m)

Household
numbers

(0-2000 m)
Constant

0.004 (0.08)
-0.364 (0.101)
-0.443 (0.119)
-0.129 (0.113)
0.279(0.082)
-0.655 (0.101)

0.382 (0.088)
-2.87 (0.188)

0.047
-3.59
-3.731
-1.139
3.411
-6.484

4.336
-15.256

*k%k

*kk

*kk

*kk

*kk

*kk

April
May
JuneToSept
October

No
Yes

-0.746 (0.096) -7.754
-0.485 (0.093) -5.196
-0.104 (0.33)  -0.314

0.248 (0.082)  3.034
-0.732 (0.12)  -6.126

0.336 (0.109)  3.084
-5.35(0.363) -14.755

*k%k

*k%k

*%*

*k%k

*%

*k%k

Dependent variabléNumber of disturbance events in an hour from dog walkers or wakkers. VRS 1S VS|
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Fig. 54. Frequency histogram &fDE h' from (a) dog walkers anb) walkersfor all path sections
in ThetfordForest based on predictions using the actual number of househdidffers
surrounding accegmintscompared to predictiongith the number of householtieldat the mean
for each buffer.

5.4.3 Spatial distribution of r ecreational dsturbance throughout Thetford Forest

Themeannumber of PDE$™ per path section are low, with few greater thaaveraged
across the weeK he spéal distribution of dog walkerand walkers is similathe mean
number of PDEs hfrom both is highly correlatefPearsor{ ¥/= 0.76, n= 9945

P<0.00)), with the highest levels of disturbanitem bothin Brandon Country Park

(Figs5.5a and . MeanPDEsh™ are higher from dog walkers than walkers throughout the
whole path networkpaU W LFXODU O\ RXW VL Gated kbt tend BQavé SRW
larger car parkswith an average of 2.2@6 SD times as many dog walkers to walkers
(Fig. 56a). However, as penetration distance into the forest increases, the ratio of dog
walkers towalkers decreaseki@. 56b) probably as dog walkers make more regular but
shorter visitsDuring the quietest perio@valkers: Tuesday and Friday at 7:00, 8:00 and
18:00; dog walkers: Wednesday and Thursday at 12:00 and 1m@$t)path sections are
expected to receive less than 1 disturbance event in 3 hours from dog walkers or walkers
(Figs5.7a and ¢. During peak tims (walkers: Sunday at 13:00; dog walkers: Sunday at
9:00), walkers arestill mainly distributed arountoney potites possibly due tahe larger

car parkswhilst dog walker PDEs hexceed 0.5 for much of the foréBigs5.7b and d)

Dog walke and walker PDER™ were combined to obtain the total PDEger path
sectionover the whole week and on Sunday, the peak day for both dkgravand
walkers(Fig. 58).
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Fig. 5.5. Mean Potential Disturbance Events (PDE) h™* in Thetford Forest from (a) dog walkers and

(b) walkers.
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Fig. 5.7. PDE h' from dog walkers and walkers during the quietest and byséeistds of the week
(mean across all months)
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Fig. 58. PDEs i from dog walkers and walkers combing) averaged over the whole weahd
all monthsand(b) averaged for Sundgpeakday)over all months

5.5 Application of recreation model as a conservation management tool

Here we demonstrate the utility of our methodology as a planning tool, examining the
potential consequences of forest managemetroitory settlement and size of a

woodark (Lullula arboreg population.
5.5.1 Background

The woodlark is a ground nesting passerineftivaiges in short vegetatiavith areas of

bareor disturbedground and rests in patches of breen heather and long grass

heathland and withiareas otlea fell andyoung restocksin plantation forestéWright et

al. 2007) In Europethewoodlark is @signated aa species of conservation concern

following widespreadieclines in numbers and extéwiright et al.2007) The Thetford

Forest SSSI population has been in decline since (\89@ht et al.2009)and isbelow
WDUJHW DFFRUGLQJ WR 1DW X Uh2@0(ZD9 daeFahl terrdonesy H V W
recordeccf. WDUJHW IRU pDSSURS WathrsV EhglaRA2GIOWIER Q § R

represents a 54% decline since the designation of the Breckland Forest SPA in 2000
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(Dolman & Morrison 2012)In 2014, the population had declined further to 145 singing
males according the Fef VW U\ & RPPLVVLRQ TV (piokided yeCH2aD 0oV X U Y H
England Office).

TheFCis currently planning to increase the area of open habitat in Thetford Forest,
which has the potential to providaitable habitator breeding wodlark At presenbpen
habitats are undeepresenteth Thetford Forest at.12% ofthetotal area, less than the
10% recommendation by the UK Forestry Stand&arestry Commission 201and the
UK Woodland Assurance Stdard(UKWAS 2012) The FC plarsto createan Open
Habitat Network (OHN}hrough anovel appoach of widening existing patlis.278km
total length to 40m, whichwill create751ha of open space impring both quality of
open labitats and connectivity of isolated populatigAsmour-Chelu, Rley & Brooke
2014) However, providing open habitat in a linear configuration as parpattenetwork
may reducets potentialfor woodlarkdue to disturbance by neationists preventing
settlement so that potential territories remain unoccuplsithg our methodology we
quantify the number of PDES' on path sections of the OHN, estimate the number of
potential woodlark territories per path section lost under different disturbance thresholds
and examine a scenario of future housing with possilitigation through access point

closure.
5.5.2 Predicting disturbance on the Open Habitat Network

Path sectiontn = 1150)in the current path network designatedtfoee OHN(OHN layer
provided by FC East of England Offiogre recoded as fire routes refled thar

increasd width and altered recreational potentighen we reapplied recreation models to
createpredictions using ik updated pathetwork, obtaining PDEs Hfor eachOHN path
section Predictions were averagedly for April and May, the keywoodlarkbreeding
period(Brambilla & Rubolini 2009)

The OHN will provide permanent open habitat for woodlaskfollowing
clearfellingthe organic top layer (turf) will be removed to expose the mineral soil surface
and periodic intervention will prevent succession to later st@ptieyet al.2013;
Armour-Chelu, Riley & Brooke 2014)This isopposed to the opdrabitat created as part
of the sixyear felling cycle which is replanted with commercial timber speciéserefore
it is important to assess its suitability undeétiufe conditionsfor example the proposed
increase in housing around Thetford Fo(estnario described in sectibr8.2). To
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examinethe possible impact on woodlark \wempared the number of potential territories
lost undercurrentdisturbance levelwith futurelevelsthat wereobtained by substituting
current household number predictors with future household nuniieee different
disturbance thresholds were tested, as the level of disturbance tolerated by woodlark in

linear habitat patches is curtBnunknown(see sectios.5.3).
5.5.3 Woodlark disturbance

We firstestimate the number of potential woodlark territorieg dividingthe lengh of
each OHN path section b@8m and roundhg to the nearest whole number, so thih
the target width of 4én each territory was at leastha (followingDolman & Morrison
2012) In complete absence of recreational disturbance and prowidinigatconditions for

settlement are optimal, the OHN has the potential to pré&bdsvoodlark territories

providing a huge opportunity to increase the woodlark population to the 253 pairs required

to meet the SSSI targé&s Thetford Forest is managed for commercial timthere will

be periods when the habitat adjoining the OHN path section will be felked or recently
restockedAs forest coups are currently felled on a 60 year rotdigoott, Watkinson &
Dolman 2006)and restock coups betweed §ears are optimal for wdtark (Dolman &
Morrison 2012) 6.7% of the OHN will adjoin restk coups all times.e number of
territories created by the OHN was adjusted (decreased) by 6.3%, territories,as
widenedpathsadoining clear fell/young restock would not create additional territories,
rather they will supplement habitat within existing potential territories in these coupes.

We quantified the number of potential territories lost under three theoretical
disturbane threshold¢an average of PDE in 1 hour; 1 in 2 hours; 1 in 3 hoyesach of
which lower than th estimate 08.3 (95% Ct 5.8-10.9 disturbance events hotr
determined byallord et al.(2006) This is because in the 2006 study, during a
disturbance event birds were likely able to relocate withéir territory by a short flight to
seek refuge away from the path but still be in sight of their Restinear habitat
ERXQGLQJ RU VSDQQLQJ D SDWK DV LQ WKLV VWXG\
avoidance costs (requiring escape flighross the adjacent trees), which could result in
greater demographic cogtSill 2007). For eachdisturbance thresholde evaluated the
potential impact on territory settlemebgsed orestimated®DEs i on OHN path

sections under current and futulistribution ofhousingaround access pointgable 53).
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There is a hugeiffierence in number of territories affected at different frequencies
of disturbanceTable 53), but a considerable impact even at the moderate sensitivity
threshold(41.1%unsettledl. For both the moderate and low sensitivity thresholds, the total
numberof occupiedwoodlark territoriesvould exceedhe SSSI targebdf 253, but the high
sensitivitythresholdresults in72 territoriesbelowtarget undepresenhousehold numbers
and 74belowwhenincluding the impact of future housingetermining the actual
threshold ighereforecrucial, whichrequires a systematic field study on woodlark nesting
in linear open habitat with adjoining mature trees. The impact of future housing is trivial in
comparisorto disturbance thresholdsjth a snall proportionate increase thenumber of
territories affectedTable 53).

Table 53. Number (and percentage) of 517 potential woodlark territories not settled under
current and future housing if sensitive to 1 PDE (Potential Disturbance Event) euery h

every 2 hours, every 3 hours, and totainberof woodlarkterritoriesin Thetford Forest
(OHN territories plus th&45 territories already settled in 2014

Disturbance  Frequency of Current housing Future housing
sensitivity PDEs

Territories Total no. Territories Total no.

not settled territories not settled territories
High 1in 3 hours 481 (93.1) 181 483 (93.5) 179
Moderate 1lin2hours 213 (41.1) 449 227 (43.9) 435
Low 1in 1 hour 3(0.5) 659 5(0.9) 657

As the high sensitivity threshotésulted in fewer total woodlark territories than the
SSSI targebf 253 we experimented with closing access points to investigate the number
of closures required to reach the tardetotal of 120 access points serve @idN path
sectionswith predicteddisturbancdevels exceedinthe high sensitivity thresholdrhese
were ordered according to the most territories impacted and sequentially removed from the
GIS network to rerun the network analysis and-peedict PDEs 1 following their
1 F O R OXddat fjark (High Lodge) supplied high numbers of path sections, but was not
practical to close as this is a popular recreational area with visitor attractions (cafes and
playgrounds etc.)Jpon closure of theZBaccess pointéexcluding High Lodge¥erving
the most territoriesummarised iffable 54), the totaihumber of woodlark territories
would increase to 262, meeting (and slightly exceeding) the SSSI target.
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Table 5.4. Number of each access point type that are closed due to serving the most path
sections and number of territories affected pre-closure.

Access type Total Number of territories
Car park 7 101
Fire route gateway 20 186
Track gateway 3 31

5.6 Conclusions

This paper describes a novel methodology for predicting within-site spatial distribution of
different recreational users within an extensive and complex site, which can be used for
recreation management and conservation decision-making. The Network Analysis (NA)
functionality of a GIS was combined with statistical modelling to incorporate impedances
for important features (road crossings, path type and car park capacity) to obtain a measure
of likely path usage driven by observations of recreational users on paths throughout the
site. The mechanistic basis of the model then permitted extrapolation of predictions for all
path sections across the 187 km? forest extent and provided a tool that could be used to
explore consequences for the distribution of recreational activity under future scenarios,

including housing development and access closure.

Conforming to prior expectations, disturbance rates were higher from dog walkers
than walkers throughout the forest. However, the NA revealed some important differences
in their recreational behaviour. Access points with low car park capacity represented a
greater impedance to walkers than dog walkers; consequently as dog walkers more readily
used informal parking at gateways which are more numerous than larger car parks, they
were more evenly dispersed throughout the forest. This suggests that walkers could be
dispersed more evenly throughout the site by providing more sign-posted larger capacity
car parks in areas of the forest currently lacking such provision, although this may create
new demand and uptake will depend on travel distance from recreationists’ point of origin.
Furthermore, B roads were a barrier to the movement of both dog walkers and walkers,
thus access provision and distribution of recreationists can be managed independently in
adjacent forest blocks where these are separate by a major (A) or B road. As expected,
recreational activity was higher at weekends and during school holidays, but peak times
differed between dog walkers and walkers. Disturbance from dog walkers was highest in
the mornings in comparison to walkers, which peaked at mid-day; thus dog walkers are
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more likely to impact on the activity of ground nesting birds that tend to be more active
earlier in the day. Furthermore, dogs are a potential nest predator (Dolman 2009) and may
disturb nesting birds more than walkers without dogs, therefore knowledge of the different
patterns in their activity is important for managing negative impacts.

The utility of our methodology as a planning tool was demonstrated through an
application for woodlark conservation in relation to proposed habitat enhancement and
creation. This showed how estimates of recreational disturbance can be generated under
current and future conditions, and possible mitigation measures tested to aid conservation
management. In this case study, recreational use of the forest post open habitat creation
would only supress the woodlark population below the SSSI target if woodlark inhabiting
linear habitat patches bounding a path are sensitive to one disturbance event every three
hours. Determining the actual disturbance threshold through empirical research is crucial
as this is a huge uncertainty at present. The future housing scenario did not result in a great
increase in disturbance, perhaps because of the local effect of housing (i.e. households
within 2000 m of an access point). In order to mitigate the effects of disturbance to
increase the number of occupied territories in the high sensitivity threshold, 35 access
points would need to be closed during the breeding season (April and May), seven of
which are car parks. This may cause conflict with recreational users, especially walkers
who are either less familiar with informal parking or prefer larger car parks (perhaps due to
other facilities such as toilets, picnic benches etc. that are present). It is possible, however,
to close a different combination of access points after consultation with site managers or

rangers to achieve the optimal result for both wildlife and recreationists.

Modelling recreational use of routes presents many challenges, including the effort
required to sample a large path network at the landscape scale (1,713 person-hours in this
study, although the use of volunteers may make this practicable), and to generate a
classified path network for use in the network analysis. Some path layers were available
from FC (such as forest roads, fire routes, paths in the cutting regime) but the remainder of
the paths had to be digitised and coded. Assessment of appropriate weightings for
components of the network analysis was also time consuming. However, once the model is
calibrated, predictions are simple and quick for extrapolations to larger areas and repeat
runs for scenario testing. If similar recreation data is available for other forest sites to
calibrate the model, this approach can be easily followed to determine disturbance levels in

those sites and test the effects of management interventions.
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Supplementary Information
Appendix S5.1. Creation of weighted network distance variable

A ‘Closest Facility’ analysis was carried out in ArcGIS Network Analyst using access
points as ‘facilities’, sampling points as ‘incidents’ and the forest path network as the
‘edge’ feature. Weightings were used for access points, road crossings and path type, so
that sampling points were connected via the route of lowest impedance to an access point.
The total impedance for reaching a sampling point is termed ‘weighted network distance’,
abbreviated to ‘net. dist’. (Eqn 1).

Net. dist = access point weighting + road crossing weighting + > (type weighting for path
section; * length of path section;) (Egn 1)
access point weighting = x / SQRT(car capacity) (Eqn 2)
where X is the empirically determined weight based on model fit (see below).

We determined weightings for access points, road crossings and path type in turn
using a three step process, fixing the weighting for a component at each step, starting with
access points. Access points had an estimated capacity of 1-700 cars. We considered high
car capacity to be less of an impedance to accessing a particular part of the forest, due to
lower chances of reaching full capacity. The majority of access points had a capacity of 10
cars or less (n = 226), a few had moderate capacity (>10 but <50, n = 18) and just 2 had a
capacity > 50 cars (Brandon Country Park: 100, and High Lodge: 700). Therefore we took
the square root of car capacity. As access point weighting is an additive term in Eqn 1, but
high car capacity should have a lower impedance, we took the inverse of SQRT(car

capacity) (Eqgn 2), varying the numerator to generate different weightings for access points.

A ‘weight’ field was added to the path layer in the GIS to contain the weighted
values for path section type. These values were initially set to linear distance (m). No road
crossings were initially included in the network. When loading the access points as
‘Facilities’ in the Closest Facility analysis, the access point weighting field was selected
for the attribute ‘weight’. Sample sites were loaded as ‘Incidents’ with no weight attribute.
Accumulation attributes were set to both ‘length’ and ‘weight’ to store the linear distance
between access points and sampling points, as well as the total impedance (i.e. net. dist.;
Eqgn 1) per route. The Closest Facility analysis was repeated using the different weightings
for access points (Table S5.1), with a new layer of routes produced each time. Net. dist.

from the route layers was entered into models that included time, day and number of
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households in 3 distance bands around access points. The net. dist. that rethdtbdsh

fit model (lowest AIC) for dog walkers and walkers separately, was retained @aldje

Table S5.1. Numerators tested in inverse weighted car capéEiy 2)

Numerator
Alc 1000 1500 2000 2500 3000 4000 4500 5000
Dog 6718.2 6716.1 |6714.6 |6718.6 6717.8 6717.9 NA NA
walker
Walker NA NA NA NA 4086.9 4081.7 |4081.1 |4084.3

The second step was to determine the impedance caused by crossing roads that rur
through the forest. Link8ine features)n thepathnetwork were added so thadith
sectiors were joined across roads, classified as A roads, B roads or minor roads. We
a priori excluded links across A roads as being too dangerous to cross. We set various
combinations of weightings for B roads and minor roads by updating the weighitattrib
for links in thepathlayer (TableS5.29. We repeated the Closest Facility analysis, this time
using the access point weighting determined in step 1 and varying road crossing
weightings in each run, again generating alternatives for the net .didileaxie reran
dog walker and walker models replacing the net. dist. variable each time, finding that the
best fit weightings did not allow crossing of B roads, but minor roads had no impedance
(TableS5.2.

Table S5.2 Weightings for road crossings

Weightingl Weighting2 Weighting3 Weighting 4 Weighting 5

Aroad NA NA NA NA NA

B road 10,000 10,000 10,000 1000 5000
Minor road 0 100 200 0 0

AIC (dog 6706.8 6707.2 6707.7 6707.3 6706.8
walkers)

AlC(walkers) | 4071.4 4071.9 4072.4 4070.7 4071.4

#No routes crossed B roadstivia weighting of 5000 or above

P$W D ZHLJKW Lsirdleroute crossed over a B road frortaege carpark LQ .LQJ YV
Forest) From personal observationgcreationists go into the forest fronetbide otthe road that
thecar parkis located, without crossing the roaldereforeweighting 1 was choseover weighting
4.
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The final step was to determipathtype weightingsWe hypothesised that
recreational appeal dife routes> forest roads tracks. Path sectiotength was multiplied
by a weighting according to its typ@ number of weighting combinations were tested,
first varying thetrackweighting (TableS5.3 and then the fire route weighting (Table
S5.4. The Closest Facility analysis was refeelafor each combination (including access
point and road crossing weightings) to get an updated total impedance for modelling.
Tracks had a higher impedance for dog walkers thakeavalaccording to AIC, but fire
routes had a slightly lower impedance (Est55.3 and S5)4 We then went on to test
whethertracks with cut vergesvere preferred by recreationists by increasing the weighting
for uncuttracks. This involved running the Closest Facilapalysisfive times(once for
each year surveyedying diferent trackweightingseach timeaccording to théracks cut
in that year. e resulting net. dist. dateas joined with other variabldy sampling year
for modelling However, this lead to an increase in AIC in both dog walker and walker

models, thusracks were not split by cut/uncut in the firdthtype weightings.

Table S5.3 Weightings fortracks

Class Comb. 1 Comb. 2 Comb. 3 Comb. 4 Comb. 5 Comb. 6
Forest road 1 1 1 1 1 1
Fireroute 1 1 1 1 1 1

Track 1 1.25 1.5 1.75 2 2.25
AIC (dog 6706.8 NA 6701.1 6699.2 6698.1 6698.4
walkers)

AlIC 4071.4 4076.0 4077.2 4080.7 4081.5 NA
(walkers)

Table S5.4 Weightings for fire routes

Class Comb. 6 Comb. 7 Comb. 8 Comb. 9 Comb. 10 Comb. 11

Forestroad 1 1 1 1 1 1

Fire route 0.9 0.8 0.7 0.6 0.5 0.4

Track Best fit Best fit Best fit Best fit Best fit Best fit
(Table C) (TableC) (TableC) (TableC) (TableC) (Table C)

AIC(dog 6697.9 6698.4 6698.8 6698.8 NA NA

walkers)

AIC 4070.7 4070.2 4069.7 4069.1 4069.0 4069.1

(walkers)
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Once the weightings were fixed, the net. dist. to the access points with the second
and third lowest impedance was generated in the Closest Facility analysis. However, these

were significantly correlated (Tab&5.9 and thus not included in models.

Table S5.5 Pearson RUUHODWLRQ Rl ZHLIJKWHG QHWZRUN GLVYV
sites to access points with the lowest, second lowest and third lowest impedance

Dog walker net. dist. Walker net. dist
Lowest Second lowest Lowest Second lowest
Secondowest 0.71 0.68
Third lowest 0.54 0.71 0.50 0.79

Appendix S52. Supplementary figures

Fig. $5.1. Correlograms from residuals from (a) dog walker model, (b) walker model
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Chapter 6:

Concluding remarks

Recreational use of protected and (semi-)natural areas presents one of the greatest
challenges for countryside management, which must address the needs of both
recreationists and nature. Whilst participation in outdoor recreation is important for human
health and wellbeing (Tzoulas et al. 2007; Keniger et al. 2013) and raising public
awareness of conservation issues (Thompson 2015), recreationists can negatively impact
the very environment they seek to enjoy (Pickering & Hill 2007; Reed & Merenlender
2008). In Europe, this is compounded by high population densities and high demand for
countryside access. This thesis explored recreational use of the countryside from a
conservation perspective to improve mechanistic understanding of the distribution of
recreational demand at a variety of spatial scales from national to site, and propose
solutions for reconciling recreation and biodiversity conservation. This was achieved by
modelling a national coverage data set of recreational visits to the countryside, which
identified causal mechanisms for recreational site selection (Chapter 2). This model was
used to predict recreational pressure across the English countryside (Chapter 3) and under
a future scenario of localised population increase and house building in Norfolk (Chapter
4) to identify if protected areas or particular habitats are, or will be, subjected to high levels
of recreational pressure and how this may be relieved. A site scale study then explored the
distribution of recreational use within an extensive forest landscape (Chapter 5), providing
a mechanistic model capable of testing the effectiveness of experimental manipulation of

recreational pressure for endangered species recovery.

6.1 Key findings and conservation implications
6.1.1 Importance of nature value for recreation

Chapter 2 provides no evidence that high nature value is of importance to recreationists for
everyday recreational visits. This is the first time this has been documented through
empirical research on recreational site use, using a national-level model calibrated from a
massive and nationally representative data set of over 30,000 visits collected over 3 years
(Natural England 2012). This study contributes to a relatively small body of work

133



Chapter 6 Concluding remarks

investigating the extent to which nature value is important for recreation. There is
conflicting evidence regarding whether people find biodiversity attractive (Lindemann-
Matthies, Junge & Matthies 2010; Qiu, Lindberg & Nielsen 2013) and whether
biodiversity enhances wellbeing (Fuller et al. 2007; Dallimer et al. 2012; Carrus et al.
2015), but until this current work, the sparse evidence on recreational use and biodiversity
all indicated that there is a positive association (Naidoo & Adamowicz 2005; Siikamaki et
al. 2015). The disparity between these findings and those presented in Chapter 2 can be
explained in terms of the types of recreational sites and users studied. Whilst the
aforementioned studies focused on visits to large protected areas, effectively capturing
‘nature tourism’, Chapter 2 was based on all recreational visits to the wider countryside of
which nature tourism is likely to be a small subset. It therefore included visits such as
regular dog walking, short family walks, picnicking etc., which are the vast proportion of
visits to semi-natural areas in the UK. Many of these visits were local as 82% of
respondents surveyed reported travelling less than 5-8 km, therefore the influence of longer
distance, nature tourism trips was greatly diluted. Furthermore, the aforementioned studies
were conducted in Finland and Uganda, which are very different to the UK in terms of
recreational behaviour and provision of recreational opportunities; the UK does not have
such vast areas of wilderness, but rather a matrix of ‘green infrastructure’ within close
proximity to residential areas. This study, therefore, does not contradict these findings, but
rather addresses a gap in knowledge regarding the importance of biodiversity for day-to-
day recreation. The implications are that biodiversity loss may negatively impact nature
tourism, but not everyday recreation, and the general public does not obtain benefits from
conservation efforts in the form of recreational opportunities. To gain public support and
justify investment in biodiversity conservation, non-use values of biodiversity should be
promoted; non-use values remain important, as demonstrated by the general public’s
willingness to pay to increase the area of sites managed to enhance biodiversity (Garrod &
Willis 1997).

A positive conservation implication is that pressure on vulnerable conservation
areas may be relieved through provision of recreational opportunities in low nature value
sites. By encouraging recreational use of sites that have the capacity to absorb recreational
pressure, recreational site provision can be maintained, whilst redirecting pressure away
from conservation areas. Preferences were revealed for beaches, lakes and rivers, and

broadleaved woodland, in accordance with Sen et al. (2014), which can be targeted for
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recreational site provision eith#iiroughincreasing accessibility or creation of new sites
was not within the scope of this thesis, however, amtjty the effects of new recreational

opportunities.

6.1.2 National-level predictions reveal spatial patterns in recreation bugre poor at

investigating change

Application of the model developed in Chaptdp Zreate the first conservatidocused
nationwidemap of recreational pressure on the countryside revealed that sites close to
urban areas are under the most intense recreational pressure, with relatively fewer visits to
the wider countrysidéChapter 3)This is due to the data used in model calibratramch
captured local dayo-day recreatinal visits, not nature tourisr82% of respondents
surveyed reportettavelling less than-B km. Similarly, in a national survegonductedn
Denmark, 98.1% of dailgreen spaceisitors travelled less thankin (Schipperijnet al.
2010) It is not surprising thereforthatnationally, perirurban green space receives the
greatest numbers dayto-dayrecreationalisits. As urban and petrban green spase
offer refuges to many species highly urbanised areas and contribute significantly to
biodiversity(Kong et al.2010) conservation ofgch sites is important, particularly in light

of the high levels of recreational pressure shown here.

Future population projectiorat the local authority levéhiled to reveal meaningful
changes in patterns of recreational visitsoss the countryglueto the course resolution of
the futurepopulation data antheinability to forecasthe specific locations of for example
newhousing development3his could not be obtained nationadlye to the devolved
planning system in England and associated diffesiin obtaininghousing plans from all
composite unitary authoritied simulation approach using cellular automata (CA) models
(Santéet al.2010)could have been employed to predict land use change associated with
urban growth as used I8larke & Gaydog1998),Barredo & Kasank@d2003 andGuan et
al. (2011)amongst others (see review Bgintéet al.2010) CA models are however
complex(Santéet al.2010)and simulations are subjectérrors due to uncertainties
regarding future conditions and changesurrent trends; therefore the solution used in
this thesis involved amaller scale studfpr which strategic growt locationsfor the entire
areacould be obtaine{Chapter 4)
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6.1.3 Housing development plans must include mitigation for nearby green spaces

that are predicted to experience an associated increase in recreational pressure

In Chapter 4, large increases in recreational pressure were predicted around planned
housing developments in peri-urban green spaces, and it was revealed that developments
are predominantly planned on agricultural land. Agricultural land is classed as low in the
habitat type band and distinctiveness category in England’s current biodiversity offsetting
framework, thus it has a lower number of ‘biodiversity units’ per hectare and a lower
offsetting requirement (Defra 2012). However, this chapter demonstrates that as the new
inhabitants of the development are likely to visit habitats of higher biodiversity units
nearby, such as woodland, mitigation for developments based only on the land cover being
developed is likely to be inadequate. Consideration of the wider impacts of developments
in terms of increases in recreational pressure on surrounding areas appears to only have
been considered in the context of European protected areas (e.g. Liley & Tyldesley 2011);
it is vital that this issue receives more attention from planners, practitioners and
governments to ensure that due consideration is given to the further reaching impacts of
housing developments on green spaces and appropriate mitigation measures are
implemented. With the current rate of urbanisation (almost 40,500 dwellings planned in

Norfolk alone up to the year 2026) this should be made a research priority.

A limitation of the recreation data used for the national-level model on which these
predictions were based, is that only a single location (visit point) was provided. In order to
determine the likely area visited, the point was buffered; however, we still had no
information on where recreationists would go within this ‘site’. To investigate within-site
recreational distribution, finer resolution data was acquired at the site scale for the study

reported in Chapter 5.

6.1.4 Network Analysis can be combined with statistical modelling of on-site
observational data to predict within-site recreational distribution

In Chapter 5 a novel methodology is developed for predicting spatial distribution of
different recreational users at the site level, which combines the Network Analysis (NA)
functionality of a GIS with statistical modelling. This is the first study to incorporate many
different factors that influence likely path usage and make spatially-explicit predictions
using models based on observations of recreational users throughout a site. The Network

Analysis combined multiple factors that determine the most likely route taken by
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recreationists into a single measure, with impedances for different characteristics of that
route determined by model .fithe methodology developed, using Thetford Forest as a
case studypvercame the challenges presentediextensive and complex site with dense
path networlof different quality paths and over two hundred access points of varying car
park capacityThe resulting model and predictionsveapplications for bothecreation

management and conservation decigimaking.

The mechanistic basis of the model provided a tool that could be used to explore
consequences for the distribution of recreational activiteu future scenarios, including
housing development and access clostipplicationof this toolfor woodlark (ullula
arboreg providedseverainsights relevant tavoodlarkconservatiorand site management
in general Predictions showed that recreatibdésturbancen Thetford Foresis unlikely
to limit the potential of proposédthbitat creation for providing adainal woodlark
territories; aly if woodlark are highly sensitive to disturbance (1 disturbance event every 3
hours) in the newly creatddbitat patchesvfhich will bound paths in a linear stripjould
mitigation be required. In which case, tnedel was able to fpredict disturbance levels
to test selective closure of access poiStsccessful redistribution oécreational pressure
was ackeved upon closure of53access pointgeducing disturbance at potential territories
below thehypotheticakritical thresholdand provinghe capacity of the model as a
management toolhusin areas wherpathsare already in existence and designapath
network that will have minimal impact on wildlifas suggested byhompson 2015 not
possible, closingccess points can be a sulyi effectiveway of redistributing
recreationists, whilst maintaining visitor levelhis approach is also flexihlas access
points may be closed ontjuring important life stages when disturbance is most harmful
(Knight & Temple 1995)The tool has great capacity for future development and

additional conservation applications.
6.2 Contribution to m ethodological development
6.2.1 National-level recreation model

This thesis has contributed to an understanding of how spatralational visitlata can be
usedto develop mechanistic models to facilitate understanding afrthersof

recreatioml site selectioffChapter 2) Furthermore, the function developed is
transferrablegcapable of making spatialgxplicit predictions of recreational visits at out of

sanple locationgChapters 3 and 4)
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Theapproach developdd this thesiss differentto that employed in the
environmental economics literature, but retains the underlying principles. In economic
valuations of recreation, the travel cost method is widely (Médu et al.2013, which
takes into account the actual expense incurred by recreationists to travel between start and
destination locationss well aghe opportunity cost of time spent travelljing construct a
consumer demand curyBrainard, Lovett & Bateman9B9). Travel cost, along with
visitor and site characteristibsive beemodelled to producerip generate functics]
capable of predictingecreationatlemandvisit counts)for sampled (and potentially also
nonsampledkites (Bateman, Lovett & Brainard 1999; Brainard, Bateman & Lovett 2001;
Hill & Courtney 2006; Jonest al.2010; Seret al.2014) Visit counts areéhenconverted
to a monetary valu@Bateman, Lovett & Brainard 1999; Joretsal.2010; Seret al.2014)

The travel cost approach makes generalisations in the calculation of thesegdnjabl

using census blocks, measuring from the centroid when calculating travel distance and
using the socilemographic characteristics of eagmsusX QLW UDWKHU WKDQ
home postcode or specific soaemographic date order to make prediions to out of
sample area@rainard, Lovett & Bateman 1999)

This thesidook asite focugd approach employing a usadailable desigof
visited versus available recreation sit@s the principle aim was to determine site
characteristicamportant for recreational site selection. Nevertheless, travel cost was
accounted for in the distaneeeighted population functigrmandvariationin visitor
characteristics through the inclusion of county as a random effeefpurpose here was to
contrd for associated variation, hence the use of a mixed effects model in which socio
demographic variables were re¢plicitly measured and modelled as fixed effe€tss
simple approach negated the needcfunputer processor heavy calculationsoafd
network distance, and modelling of multiple soclemographic variablesvhich
nevertheleshave uncertainties and inaccuracies due to the use of census bloeks
disadvantage of the sifecused approach is that models do not incorporasrav
recreationist originate from, which the travel cost method daes, knowledge of the

demand as well as suppb/key to investigating substitute effects.

Themethoddeveloped herean betransferrabléo other countriessubject tagood
guality, nationally availalespatial data setRecreation data of comparable geographic
extent and longerm finescale temporal resolutiomill be most difficult to obtainThe

household survey technique used by Natural England is costly, requiring a great deal of
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resources (suryers, hand held computers etc.), which other countries may not be able to
invest in. Other data sets may be available, however, such as mobile phomkicatzan
provide largevolumes ofdata R Q S H RoSafiidng(Nooleet al.2012) Fine scale
nationatlevelland cover dataayalsobe difficult to obtain although technology is
advancing in this respedt present though, evean the United Statesvhich is at the
forefront of spatial data development, nationally available land cover data sets are low

resolution with poor accuracy for some land cover cla@gey & Wilson 2006)

6.2.2 Site-level recreation model

A powerful tool for recreation management and conservation degisaiimg was
developed in Chapter 5 capable of predicting witlite spatial distribution of
recreationists. The mechanistic basis eftodel allows exploration of the consequences
of management interventions or future scenarios on the distribution of recreational
disturbanceas demonstrated usingeal world problemThe use of the Network Analysis
functionality of a GIS to determimeutes takemvercomes the issues associated with use
of GPS units or visitor reported rout@sscussed in section 1.4,Bnd the difficulties

associated with combining multiple factors to determine most likely routes. taken

An alternative approachknown as agenbased or individuabased models, has
been used in the conservation literature to predict conflicts (i.e. interactions) between
recreationists and wildlife usirgpmputer simulation modelling. In agdmdsed models,
autonomous agents move arounsimulated environment making decisions on where they
go and what they do based on a set ofda#ned behavioural rulg&imblettet al.2000;
Cole & Daniel 2003)These autonomous agents may be virtual people or animals, which
are programmed to respond to environmental change in a realistiBamayettet al.
2009) The characteristics of the study site are represented as a virtual environment using
spatial layers created in a Geographical Information 8yéteg. maps of habitat types,
footpaths, locations of available breeding sites). Agents are parameterised using theoretica
and/or empirically derived behavioural rules (e.g. types of paths used for a particular
recreational activity or amount of time gegies spends foraging in a day) and may be
assigned demographic, physiological or haksfacific characteristidBennettet al.
2009) Agentbased modelling was applied to assist reserve design through predicting the
levels of disturbanceelated behaviour in yellowweaded blackbii(Xanthocephlas

xanthocephalysresulting from recreational use on seven different proposed circular path
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systems(Bennettet al.2009) The same model (SODA: Simulation of Disturbance
Activities) was employed to test design and management options for a proposed
recreational area with a nesting colony of btactwned nightherons Nycticorax
nycticoray (Bennettet al.2011)

Whilst agentbased models are excellent at testing a variety of scenarios to
elucidate possible disturbance impacts, they are complex, requiring a high level of
computer programming exgise to develop (e.dtami et al.2003; Bennetet al.2009;
Van Kirk & Douglas 2014and once developed may not be particularly user friendly for
stakeholder¢Edwards & Smith 2011)They also do not preclude the need for baseline
field data, as both the environment and the agents it is populated with need to be simulatec
and assignedttaibutes, and where empirical data is lacking, expert judgement is obtained
which may be overly subjective or bias@the methodology developél this thesis
provides a mtisticalapproachfor noncomputer programmers with knowledge of classical

statigical techniques.

6.3 Limitations and future researchdirections

Thereare several opportunities for building upon the work presented in this thiesily,

in Chapter 2ve suggesthat provision osubstitute sites could relieve pressure from
conservation sites. Howevétrwas not pssible ¢ test this as only land cover within a site
(400m circumference circle) contributed to predicted visit probabitifiland cover
outside the site changgtie V L WWrblfability would not be affected@his issue of
substitute sites has been addressed in the economic valuation literature ichusgbn of
variables for percentage differenthabitats occurring ithe outset are@oneset al.2010;
Senet al.2014)or travel time to other attractionsuch as National Trust sitekoneet al.
2010) For this current studyneattempt was made madel substitute sites by measuring
the proportiorof different land covers in 1Km buffers around sitegi.e. the wider
landscape)butpositive sitelevel predictorgFig. 6.1awere nonrsignificant at the
landscape scalg-ig. 6.1b)whilst negative sitdéevel pralictors were positive at the
landscape scaléds the addition of landscape seadariables did not significantly affect
site-level coefficient{Fig. 6.1a)and did not add much interpretative value, the model
excluding landscape variables was used in this th&ddition of desirable substitute sites
(e.g. a woodland)sing this(10 km buffer)approach would not have affected the
probability of the focal site being visited due to their4sagnificant effect (Fig. 6.1h)yet

140



Chapter 6 Concluding remarks

Sen et al. (2014) predicted that creation of a 100 ha woodland would attract over 200,000
more visits per annum and reduce visits from surrounding areas. Hence substitution effects
clearly require further investigation, but with emphasis on reducing visits to conservation

areas experiencing high levels of visitation.

(a) O without landscape B with landscape (b)

Built-up e NS [ Built-up
Coast | | NS # | Coast
Freshwater | i | NS f | Freshwater
Lowland | NS | %55 wx ] | Lowland
Semi-natural | NS [0 & F = | semi-natural
Improved :NS NS |55 ol 4 : Improved
Arable || s —— I Arable
Coniferous I NS | 5 [ #e | Coniferous
Broadleaved | | ;’?I:f |r~fS . IH' | | Broadleaved
-1.0 0.5 0.0 0.5 10  -1.0 0.5 0.0 0.5 1.0
Standardised coefficients Standardised coefficients

Fig. 6.1 Standardised coefficients from an alternative model specification from Fig. 2.2, which
includes landscape variables (proportion of land cover within 10 km buffers around sites). (a)
Effects of site-level land covers on site visitation probability with and without surrounding
landscape variables included, and (b) effects of landscape-scale land covers on site visitation
probability (bars denote standard error; P<0.001 “***° P<(.01 ‘***),

Secondly, the national-level recreation model was based on visits that recreationists
undertook within seven days preceding the household interview in order to reduce recall
bias (Natural England 2012). Consequently, the recreational visits that were captured were
mainly short-distance, local trips and the subsequent model predictions can be interpreted
as ‘everyday’ recreational visits. By focusing upon local visits, the number of visits to
areas that people travel a long way to access were under-predicted, as highlighted in
Chapter 3. As discussed by Van Herzele & Wiedemann (2003), green spaces at different
spatial levels serve different functions, and those sites used in everyday life are unlikely to
be used for weekend recreation or occasional day trips or holidays. A major extension of
this thesis would be to model nationwide recreational visits at the different functional
levels proposed by Van Herzele & Wiedemann (2003), i.e. green spaces of different
minimum land area in different distance bands from urban areas. This may reveal a
positive relationship between recreational use and nature value for larger, more remote
areas, that would be in line with the findings of Naidoo & Adamowicz (2005) and
Siikamaki et al. (2015). The methodology may need to be adapted slightly, for example,
reconsideration of the buffer size for sites in different functional levels. Development of

separate models would give a more holistic view of recreational use of the natural
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environment in England and provide greater insight into whether high biodiversity areas

are under more recreational pressure than low biodiversity areas.

Some improvements could be made to the site-level recreation model presented in
Chapter 5 for Thetford Forest. More intensive sampling of honey pot sites is required to
better estimate the upper disturbance levels, which may be underestimated for some areas
of the forest (although Thetford Forest does receive a much lower volume of visits
compared to other heathland/woodland SPAs in England). The initial projects from which
the bulk of the data were obtained sampled areas where birds were known to be present
(Dolman 2010), but not uninhabited areas (that most likely experience high levels of
recreational use). For this thesis these areas were sampled to supplement the existing data,
and hotspots of intensive use were identified, but the models systematically under
predicted the number of visits when compared with observational test data in cross
validation. Furthermore, more investigation could be made into modelling the path verge
cutting regime, as this would provide a useful management strategy if an effect is found,;
paths could be left to become overgrown as a subtle way of reducing recreational use. In
the current study, applying weightings for uncut paths in the Network Analysis resulted in
poorer model fit, but as vegetation grows back throughout the season there may be an
interaction between month and cutting which could not be examined when fitting the
network distance variable to the entire year’s data.

Further work is required to improve the applicability of the site-level model for
real-life management applications. Estimation of the actual disturbance threshold for
woodlark inhabiting linear habitat patches bounding recreational paths is required, as well
as collaboration with the Forestry Commission to test management scenarios relevant to
their objectives, informed by their site-specific knowledge. The Forestry Commission
would also be able implement the recommended interventions to test the effect of closing
access points to provide validation for the model. Further investigation is also required to
determine whether the model may be transferrable to other recreational forests, or if it

needs to be recalibrated due to differences in recreational behaviour at these sites.

This thesis provides new methodological frameworks for spatial analysis of
recreational data at a variety of spatial scales from national to site level. These contributed
to a greater understanding of the factors that influence recreational use of the countryside.
Of greatest note is the lack of support for high nature value enhancing everyday
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recreational use. This has far reaching implications both for justification of biodiversity
conservation and recreation management. This thesis also demonstrates how GIS-based
spatial approaches can provide tools for practical applications aimed at balancing

recreation and conservation interests.
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Abstract

In Western Europe, recreational amenity is presented as an important cultural ecosystem
service that, along with other values, helps justify policies to conserve biodiversity.
However, whether recreational use by the public is enhanced at protected areas designated
for nature conservation is unknown. We report the first study to model outdoor recreation
at a national scale, examining habitat preferences with statutory designation as an indicator
of nature conservation importance. Recreationists preferred areas of coast, freshwater,
broadleaved woodland and higher densities of footpaths and avoided arable, coniferous
woodland and lowland heath. Although sites with conservation designation had similar or
greater public access than undesignated areas of the same habitat, statutory designation
decreased the probability of visitation to coastal and freshwater sites and gave no effect for
broadleaved woodland. Thus general recreational use by the public did not represent an
important ecosystem service of protected high-nature-value areas. Intrinsic and existence
values remain as primary justifications for conservation of high nature value areas.
Management of ‘green infrastructure’ sites of lower conservation value that offer desirable
habitats and enhanced provision of footpaths, could mitigate recreational impacts on

nearby valuable conservation areas.
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Introduction

Nature-based recreation is presented as an important cultural ecosystem service [1,2] that
supports investment in biodiversity conservation [3,4]. Evidence is, however, surprisingly
scarce [5]. Interacting with nature benefits physical health (reducing stress levels and
mortality), cognitive performance (reducing mental fatigue) and well-being (elevated mood
and self-esteem) [5,6]. On a global scale, visits to protected natural areas (PAs) are on the
increase [4] and there is evidence that PAs holding greater levels of biodiversity are
preferentially visited by nature-based tourists [7,8]. However, whether the general public
making every-day recreational visits place greater value on areas designated to protect or
conserve biodiversity (henceforth high nature value), versus the wider countryside is
unknown. This is especially important in Europe where there are many opportunities to

pursue recreational activities in other types of ‘green space’.

Recreationists can have undesirable effects on high nature value areas [9,10] that
may be mitigated by re-distributing recreational pressure to other areas of lower nature
value; yet public access to nature is essential to build a constituency for conservation
[11,12] and use gives amenity value with potential to generate conservation revenues [4].
Strategic management of recreational provision would be strengthened by better
understanding the importance of high nature value areas relative to the wider countryside.
PAs across England deliver biodiversity benefits but fewer recreational visits than
predicted from their relative area [13]. However, recreational benefits were not evaluated
as analyses did not control for local population density, that was twice as high in the
vicinity of visits to the wider countryside than visits to PAs, and also did not control for
effects of access networks or preferred land cover types. Sen et al. [14] assessed the
economic value of recreation, modelling land cover class, travel distance, socio-
demographics and population; but did not examine whether conservation status affected

visitation preferences.

Here we identify the ecological preferences underlying recreational behaviour,
using a nationwide sample of over 30,000 spatially referenced visits to the countryside to
model the influence of land cover on the probability of site visitation, controlling for
transport and footpath networks, source population density and regional behavioural
differences. We then examine how high nature value affects likelihood of site visitation,
using statutory designation of Sites of Special Scientific Interest (SSSIs) as a proxy. SSSIs
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represent the UKs most important sites for biodiversity conservdtidnare designated

using objective criteria and include all National Nature Reserves (NNRs) and Natura 2000
sites designated under European Directives. We adetgyrmine whethelecreational use

Is an important ecosystem service providedhigyh nature valuareas relative to the wider
countryside. Irrespective of whether recreation amenity provides additional justification for
conservation, understandimgnich habitats are in greatest demand informs the provision of
green infrastructure and recreation oppoities to mitigate recreational pressure on

vulnerable conservation areas.

Methods

1.1. Study design

We used a caseontrol desigrj16] to compare recreational visit localities with randomly
selected countryside localities (controls). Point visit locations were taken from the Monitor
of Engagement with the Natural Environment (MENE) survey (Z802) of recreational
activity by English lbusehold$17]. A nationally representative sample of fdodace, in

home interviews, were conducted each week of the year. During each interview, the
location was obtained of one recreational visit selected randomly, providing grid references
(OrdnanceSurvey National Grid) for 44,485 visit locations that we mapped as points in
ArcGIS 10.1 (Copyrigh® ESRI, USA). We excluded visits in predominantly buitt

areas (see S1 Appendix in Supporting Information) to focus on the remaining 31,502
countrysidevww LWV KHUHDIWHU pYLVLW SRLQWVY 7TZLFH DV
JHQHUDWHG KHUHDIWHU pFRQWURO SRLQWVY XVLQJ'’
[18], randomly located within the boundaries of England but constrained to be at least 25m
from visit points so that control points could not be placed in a known visit location.
Controls within predominantly builip areas were excluded in the same way as for visits

(Fig 1). A quasiexperimental design was tested also, with control points stratified by
distanceweighted population, a combined measure of travel cost and population density
surrounding visit points (see below); but random controls were considered superior as an
explicit measure of population and travel cost could be included in models (see S1
Appendix). As recreationists generally visit an area not just one point, visit and control
points were buffered by a 400m radius, informed by empirical evidence of visitor

countryside access patterns (see S1 Appendix). Buffered visit and control pgints ar
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hereafter referred to as ‘visit localities’ and ‘control localities’, or jointly as ‘localities’.
Due to the heterogeneous representation of land cover within each visit locality, statistical

matching to pair protected locations with sites having similar characteristics was infeasible.

Fig 1. Distribution within England of visit and control points used in this study
1.2. Predictors of visitation

Land cover was extracted for all localities from the 25m resolution Land Cover Map 2007
(LCM2007) [19]. The 22 LCM2007 land cover classes were aggregated into 11 broad
classes as some were not distinguished reliably using spectral signature (e.g. neutral,
calcareous, acid and rough grassland, grouped as semi-natural grassland) [19] and others
were limited in area (e.g. supra-littoral rock; grouped with littoral rock). Land cover classes
appearing in fewer than 10% of visit localities were excluded from analysis due to
insufficient power (following Boughey et al. [20]), so that 9 classes remained (Table 1).
Land cover classes were further divided by designation as SSSI (e.g. broadleaf woodland
SSSiI, broadleaf woodland non-SSSI) using SSSI boundaries from Natural England [21],
with the exception of built-up land and improved grasslands that are not statutorily
designated as SSSIs and arable, which is rarely designated. SSSIs cover more than 8% of
the country with the majority (98% of total area) designated for biodiversity (e.g. richness,
representativeness) and or nature conservation (e.g. species of national or international

conservation concern) [22].

Table 1. Candidate variables used to model likelihood of site visitation by
recreationists.

Code  Predictor Units Description
Comp  Arable? Proportion  Proportion of annual and perennial crops and freshly
ploughed land
Coast? Proportion  Proportion of sand dunes, shingle, littoral mud and
littoral sand

Broadleaved Proportion  Proportion of broadleaved woodland with >20% tree
woodland? cover or >30% scrub cover

Built-up? Proportion  Proportion of urban and suburban areas including
towns, cities (and residential gardens), car parks and
industrial estates

Coniferous Proportion  Proportion of coniferous woodland with >20% cover
woodland?
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Freshwatey Proportion Proportion of lakes, canals, rivers and streams

Improved Proportion Proportion of grasslanghodified by fertiliser and
grasslang reseeding typically managed as pasture or mown
Lowland Proportion Proportion of heather and dwarf shrub, gorse and di
heatht heath below 300m a.s.l. defined byGimingham

(1972) delimited according to the digital terrain mod
OS Terrain 5(25]

Seminatural ~ Proportion Proportion of neutral, calcareous, acid and rough
grassland grassland

Pop Weight.pop.2 No. people Total number of people residing within 10km of the
site,inverseweighted by straigHine distance from
visit and control points

Cty County 85 levels  County in which the site is located
Path Path.length m Total length of path network within site
Elev  Mean.ele% m Mean of all Digital Terrain Model 50rells
within site
Road Dist.Aroad m Distance from visit and control points to nearest
major road
3 CM2007

bkm resolution population raster created from 2011 ONS census data

¢Assigned according to county boundaries downloaded from http://www.gadm.org/
dOpenStreetMap

®OS Terrain 50

'OS Meridian

Given that we are examining recreational visits between SSSis ariS®is we
examined potential access constraints between these. Areas either having a statutory right
of access under the Countryside Rights @W#&ct (CRoW), or as Country Parks or Local
Nature Reserves, that together cover 8.5% of England were mapped and the proportion
cover compared between SSSI and-8&8I land, while controlling for land cover type. In
a further subsidiary analysis we divitlland cover classes by designation as National
Nature Reserves (NNRYNRs are higkguality SSSIs used to showcase conservation
management and engage the public and thus are areas of high nature value where
recreational access is encouraged. Theselts are compared with those using SSSI

designation.
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Outdoor recreation in the UK is enabled by a network of public rights of way. A
path network layer encompassing bridleways, cycleways, footpaths, paths and tracks was
extracted from OpenStreetM§Z8], the only national digital dataset delineating public
rights of way. These data, collected by contributors using GPS devices, aerial imagery and
field maps, were validated against rights of way shown on OS raster maps (see S1
Appendix). Site accessibilitywas indexed as the path network length within localities and
additionally as the straight line distance from visit and control points to the nearest major
road (A Road)[24].

Mean elevation of localities (extracted from OST288]) was selected priori as a
predictor variable. Localities with lower mean elevation were expected to have a greater
probability of visitation, as those engaging in arduous activity are a subset of recreationists.

Elevation gain within localities was explored but provided leptamatory power.

The larger the resident population in the vicinity of a site the more likely it is to be
visited, diminishing with distance. Population data from the 2011 census of households
provided by the Office for National Statisti&6] (England ad Wales) and National
Records of Scotlanf®7] were linked to coordinates, using the UK Postcode Directory
[28], and aggregated into 1km grid cells to create a UK population raster (some visits close
to the borders may originate from Wales or Scotlan@ijhf@e population distanatensity
functions tested, weight.pop.2 (population weighted by inverse of distance squared) best
distinguished visit from control localities and was included in all subsequent models (see
S1 Appendix).

1.3. Analysis

Generalised linar mixed models (GLMMs) with binomial error and logit link function
predictedP(Visiti), the probability of a recreational visit to sites a function of the
proportions of locality land cover classes (Copnmean elevation, distance from nearest
maja road and path density (fixed effects, Table 1), controlling for distevetghted
population and county (random effects). Counfeagegorical, 85 levels, from database of
Global Administrative Areaf29]) vary in area from 28kfto 7965k with a mean
population of 644,944. The interaction between weight.pop.2 and county allowed for
potential differences iper capitafrequency of recreational activity due to socioeconomic

or cultural effects. Predictor variables were centred and scaled&rid mean and unit
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standard deviation for comparability of coefficie[86]. Two GLMMs were fitted; in
model 1 all land cover classes were included once, in model 2 selected land cover classes

were divided into areas designated and-designated as S&S

P(Visiti) = f(Comp, Elev, Road, Path, Pop, Cty) (model 1)
P(Visit;)) = f(Comp.nondes, Comp.des Elev, Road, Path, Pop, Cty) (model 2)

Differences between equivalent ndasignated and designated (model 2) land cover

coefficients, were evaluated by Z tests.

GLMMs were fitted using the Ime4 packa@d]. Inspection of correlograms
established that spatial autocorrelation was negligible in both models (see S1 Appendix).
Predictive performance of the two models was evaluated against independent data from the
subsequent 2012013 MENE survey (& 10,622) ad additional random controls
(n=10,622). For each model, AUGhe area under the receiver operating characteristic
(ROC) curve- was calculated using the pROC package [BR; AUC ranges from 0.5 for
models that perform no better than random, to Irfodels with perfect discrimination
[33]. Whether AUC values (and thus model prediction accuracy) differed significantly
among models was tested (following DeLong ef3#]) within the pROC package.

Results

1.4. SHFUHDWLRQLVWVY SUHIHUYEFHY IRU

Examining effects of locality characteristics upon visitation probability without

considering designation status indicated a strong positive influence of path density (mean
within visit localities 2055n% 1916 SD; within control localities 604 865SD,

Table2). Visitation probability was strongly reduced for localities at higher elevation or far
from a major road. Intercepts for each county ranged ffiodb+ 0.1695%CI to

1.14+ 0.2495%Cl and weight.pop.2 coefficients frofh.67+ 0.9595% CI to

2.26% 0.6195%CI (S1 Fig), showing variation iper capitavisitation probability

between counties and supporting inclusion of these random effects.
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Table 2.Generalised linear mixed model predicting recreational demand in the
countryside, cantrolling for population and county.

Standardised Std.

Coefficient Error z P
Nonland cover variables
Path length 0.826 0.014 59.96 o
Elevation -0.370 0.017 -22.22 o
Distance to major road -0.132 0.013 983 ™
Land cover classes wittositive effect
Built-up 0.631 0.022 29.14 o
Coast 0.287 0.016 1849 7
Freshwater 0.161 0.010 16.26 ™
Broadleaved woodland 0.158 0.015 1037 7
Land cover classes with negative effe
Arable -0.645 0.031 -20.70 ™
Improved grassland -0.129 0.022 -5.80 7
Lowland heath -0.080 0.012 -6.64 7
Coniferous woodland -0.078 0.013 -6.18
Seminatural grassland -0.043 0.016 -2.73 -
Constant -0.697 0.077 -9.06

Dependent variable: the likelihood of visitatidh. po PAkO.O1p 9

Of the seminatural land cover classes, coast had the strongest positive effect on the
probability of visitation, followed by freshwater and broadleaved woodland. Probability of
visitation was 50% at proportionate covers of coast and freshwaterloAfd 0.15
respectively (Figs 2a & 2b), whereas a greater cover of broadleaved woodland
(approximately 0.43 and above; Fig 2c) was required before a locality was more likely to
be visited than not. Arable had the strongest negative effect on visitedioabdity, with a
large effect size relative to other land cover classes (Fig 2d). Recreationists were less likely
to visit localities comprising a greater proportion of lowland heath, improved and semi

natural grassland or coniferous woodland.

Fig 2. Predicted influence on visitation probability of coast, freshwater, broadleaved
woodland and arable From model 1 (see text) controlling for path length, elevation,
distance to nearest major road, weighted population and county. Bars show the frequency
distribution (square root scaled) within visit (unfilled) and control (grey) sites. Predictions
were obtained by varying the proportionate cover of the land cover class shown between
0-0.8. All other land cover classes were held proportional to their meanh&idhey sum

to 0.2 (so that total land cover proportion did not exceed 1). Control variables were held at
their mean. Horizontal box and whisker plots show median, quartiles and outliers of land
cover proportions in visit (unfilled) and control (greyesi
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1.5. Effect of conservation designation

We then examined preferences for land cover classes of potential conservation importance
separately, according to whether they were SSSI designated. Explanatory power increased
( GAIC =-186), with a slight increase in predictive ability (Model 1: AH0.8425+

0.005 95%CI; Model2: AUC = 0.8430+ 0.00595%Cl; Z = 2.44,P < 0.05). For

important land cover types®) times as much SSSI area was open access (coast, 6.2%;
freshwater, 17.1%; broadleaved woodland, 29.7%; lowland heath, 86.0%) than for
equivalent land cover not designated as SSSI (0.3%, 1.4%, 5.2% and 4.1%wvagpsct

that, all else being equal, a greater visitation rate would be expected.

The appeal of broadleaved woodland was similar irrespective of whether it was
designated an SSHA € 0.7,P = 0.47; Fig3) with the coefficient similar between these
modebk (0=-0.013+ 0.018SE), whereas the attractiveness of coast and freshwater was
significantly greater when not designated (8jgWhile nondesignated coast and
freshwater coefficients were close to the original (model 1) coefficient error bounds, SSSI
designated coefficients were lower (designated versuslesignated: coast
0=-0.188+ 0.024SE,Z = 7.8,P < 0.001; freshwatefi=-0.079+ 0.013SE,Z= 6.2,P <
0.001). Effects of designating the freshwater or coastal area within a locality was e&kamin
separately for low (20%) and high (80%) overall cover, holding remaining land cover
classes constant in proportion to their national mean. Freshwater designation minimally
affected visitation probability at low cover (0.559 mbesignated, 0.518 desided) but at
high cover visitation probability decreased more with designation (0.90dewignated,
0.813 designated; S2 Fig). Coastal designation substantially reduced visitation probability
(low cover: 0.748 nomlesignated, 0.544 designated; high co0e396 nordesignated,

0.865 designatedB2Fig). The negative effect of sematural grassland did not differ with
designation, whereas coniferous woodland and lowland heath were significantly more
negatively associated with visitation probability whesigeated Z = 4.45,P < 0.001 and

Z = 2.20,P <0.05 respectively). Despite the encouragement of access within NNRs,
subsidiary analysis contrasting land covers designated edegignated as NNRs was
consistent with SSSI results for broadleaf woodlapndst freshwater and sematural
grassland, but lowland heath and coniferous woodland-NédRynation had no significant

effect on visitation probability (S3 Fig).
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Fig 3. Effects on visitation probability of non-SSStdesignated or SSSHesignated

land cowers. Standardised coefficients from model 2 (see text) controlling for path length,
elevation, distance to nearest major road, weighted population and county. Bars denote
standard error. For each land co\R¥kalues ofZ-tests compare pairs of coefficient
between nor8SStdesignated/SSSiesignatedR V| V| VR

Discussion

For preferred land cover classes we found no evidence that high nature value areas had
greater appeal despite having greater levels of permitted open access. Recreation was
previously found to be undeepresented by protected areas in England, but iysesal

that did not control for source population density, road access or footpath ¢iEBsity
Controlling for these factors, we now provide clear evidence that high nature value
(inferred by statutory designation as SSSI) does not confer additionali@taegalue for

the general public. This has important implications for justifications of biodiversity

conservation.

When a land cover was of elevated conservation importance recreational use by the
wider public was not enhanced and in the case of candtfreshwater it was less likely to
be visited. Thus while the public sought access to the countryside or greenspace, this was
independent of the nature conservation quality of these locations. Dallimej3&{ &und
no consistent relationship betwespecies richness and human visging in a survey of
visitors to riparian greenspaces, but a positive effepeafeivedichness. Conservation
importance may not strengthen the broader cultural service of recreational opportunities
obtained from ecosyams if this is not recognised or sought by most recreationists or the
general public. Whilst biodiversity is an important factor for nature tourists visiting
national parks in Finlan[8] and protected areas in Ugarjdathis is based on a self
selectedsample of nature enthusiasts. Similarly, natuegching is a popular recreation in
the UK[36]. However we found no evidence that high nature value plays a role in
recreational site selection for d&yday use based on representative nationwide sample of
the general public. As SSSI designation did not add to the appeal of localities for most
recreationists, the public expenditure on these highly valued conservation areas (£85.4
million in England in 2008)9) [37] whilst benefiting conservation does noinlgr benefits
in terms of recreational amenity of the general public. Most public benefits are likely

expressed through narse value$38].

Accepting the importance and necessity of conservation areas, pressure on
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vulnerable sites may be mitigated by providing recreational opportunities in low nature
value sites of preferred habitat types. We found a distinct preference for broadleaved over
coniferous woodland, a distinction not made in previous studies of forest recreation in
Britain [39,40]. Recreation value of coniferous woodlands can therefore be enhanced by
planting or retaining broadleaved species along paths. Although broadleaved woodland had
clear appeal to recreationists, some other land covers of conservation importance were not
preferentially selected. Lowland heaths support species and habitats of European
conservation importance that are sensitive to recreational impacts; consequently there has
been much research on visitation patterns within heathland [41,42]. Nevertheless on a
national level lowland heath was not favoured by recreationists; it may be therefore that
lowland heaths are visited when local to recreationists although more desirable land covers
are preferred.

Conclusions

Understanding the mechanisms driving countryside recreationists’ choice of visit
location supports management of the countryside for both recreation and conservation. The
relationships derived from a nationally representative sample of English households are
likely to be relevant to other developed, urban based countries. Further studies are required
however to gain a better understanding of cultural differences in the importance of nature
value for general recreation, as the global picture may highlight differing trends as with
nature-based tourism [4]. We found that, in spite of recreational use being frequently
presented as an important ecosystem service and used to support investment in
conservation, there is no ecosystem service gain from higher nature value in terms of
recreational value to the general public. Protected areas benefit the wider public through

non-use values and reconciliation of conservation and recreation remains pertinent.
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