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Abstract

Overcoming fragmentation and isolation requires innovative solutions if cohesive
biodiversity networks are to be created in modernised landscapes. Within Europe much
of the bodiversity interest is in seamatural habitats that exist as isolated reserves. This
thesis aimed to test the connectivity potential of open habitat for lowland heathland
biodiversity within a mosaic forest landscape. A range of experimental management
treatments were implemented covering a gradient of disturbance intensity intended to
enhance connectivity through plantation forest for esuigcessional biodiversity. Both
species composition and life history traits were investigated enabling a comprehensi
interpretation of response across multiple species. Sampling programs identified over
87000 invertebrates, comprising 38188 spiders from 183 species, 41531 ants from 20
species and 7564 carabids from 93 species, and recorded 23241 observations of 222
vascular plant species. Initial investigations revealed forestry trackways contained a
component of the regional heathland spider assemblage, but this was significantly
degraded as adjacent forest matured. Experiments to augment heathland biodiversity in
trackways resulted in contrasting responses between taxa. Specialist carabids and
vascular plants (associated with heathland or eartgessional habitats), increased in
abundance and richness with high intensity disturbance. Spider assemblages were left
depauperate and did not completely recover after two seasons; ants did not respond at
any disturbance level. Traitased analysis showed that the abundance of aerial
dispersers increased and size decreased with disturbance intensity for carabids and
plants. h contrast, spider body size increased with greater disturbance and aerial
dispersal was not significant. For spiders, ephemeral stepping stones, in the form young
restock coupes, support the majority of the heath assemblage, whereas open linear
habitat inthe form of trackways, suffer from edge effects and are dominated by
generalist and woodland spiders. Network cohesion will benefit from intensive
disturbance management and a combination of connectivity elements to incorporate

contrasting dispersal aligs.
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Chapter 1 Introduction

Chapter 1
Introduction

1.1Landscape connectivity

Extensive landscape modification has resulted in widaspii@gmentation and loss of
terrestrial natural habitat across the gl¢bescher and Lindenmayer 200hcreased
agricultural production and new crop markets continue the disintegration of natural
areas and threaten species IfStzherbert et al. 20Q8Tilman et al. 2001)Effects of
fragmentation are intensified further with recent reports of climate induced range shift,
as species that are adapted to narrow habitat and climate niches are unlikely to track
predicted climate shifts in fragmented larajses(Honnay et al. 2002; Warren et al.
2001) Isolated remnants are susceptible to reduced rates of immigration and gene flow
that can leave populations vulnerable to deleterious mutations and stochastic extinction
events(Saunders et al. 1991Mitigation against these effects necessitates improved
network connectivity to enhance local population resiliefi€eosby et al. 2010;
Lawson et al. 2012)

Restoring network connectivity in fragmented landscape is a challenging problem when
targeting multiple species and taX&hetkiewicz et al. 2006)Calls for network
enhancement are now at the forefront of policy and planiidig-RA 2011; Lawton et

al. 2010; Mitchell et al. 2007)Conservation biologists need to provide solutions so that
funds and efforts can be directed appropriately. Over the past three decades there has
been mounting evidence for the use of habitat corridors to facilitate species mbvemen
for a range of taxa including butterfli¢gladdad 1999; Haddad and Tewksbury 2005;
Sutcliffe and Thomas 19963arabid4Eggers et al. 2010; Noordijk et al. 20,1 &)ickets
(Berggren et al. 2002planthoppergBaum et al. 2004)birds (Castellon and Sieng

2006; Haas 1995pand small mammal@ndreassen et al. 1996; Bennett 1990; Coffman

et al. 2001) However, there is a lack of alternative solutions for those species that are
not supported by conduits or that require high quality connective habitéheFuaore,

most evidence comes from behavioural studies using only a very few species, which do
not allow predictions beyond the study animals. Improvements in the functional

understanding of species will help target conservation efforts and may provide
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Chapter 1 Introduction

generalised responses patterns for certain groups, enabling predictions of ecosystem
functions(Hooper et al. 2005; McGill et al. 2006)

Network connectivity needs to take account of the temporal and spatial scale of species
life-history. For large mammalsnd relatively mobile species that do not require
connectivity as breeding habitat, connective elementsireantve low quality habitat
facilitating movement of individuals between discrete pat¢Beser and Noss 1998;
Haddad and Tewksbury 2005for animé that are scarce in the environment and
disperse rapidly, evidence for corridor use mostly concerns individual movement
behaviour. In contrast, for habitat specialists with poor dispersal abilities or sedentary
life histories, connecting elements mayuigg high quality habitat that allows breeding

and dispersal over generatio(Bennett 2003) Evidence of species occurrence in
connecting elements may be sufficient for percolation over generations, rather than data

on individual movement behaviour.

Thereis sufficient evidence, and policy motivation, to include connective elements in
restoration plans. Furthermore, in severely fragmented landscapes where options for
increased patch size and number are not available, connectivity via linear strips,
steppimg stones and habitat mosaics may provide the only viable options for increasing
connectivity (Fig. 11). However, policy and planning requires the evidence base for

relevant species and taxa before conservation funds are diverted.
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Restoration area

Stepping stone corridor

v

Linear corridor

SRR A

Sustainable use area

Fig. 1.1. Connectivity elements of ecological networks. Source: Lawton et al. (2010)

1.2 Plantation forestry

Global deforestation continues to fragment and reduce natural forest in the face of
increased afforestation of plantatiomdst(FAO 2001) Globally, over 29% of land area

is forest, of which 3% is plantation. However, in some countries much greater
percentages of the total forest land comprises plantation; for example, in the UK 69%,
Japan 44% and India 51%. As plantationeftrincreases, so does the importance of
management to ensure regional biodiversity needs are met. There have often been
concerns associated with plantation for@Btockerhoff et al. 2008; Hartley 2002)
When compared to natural forest, plantations cek $pecialist species associated with
mature forest(Finch 2005; Helle 1986; Niemela et al. 1993) areas where

13



Chapter 1 Introduction

afforestation has occurred on nfmmest habitat, as is often the case in Western Europe,
plantations may also have negative effects on tlea tyabitat biodiversityBrockerhoff
et al. 2008; Butterfield et al. 1995)

Conservation within plantation forest has often focused on species richness with
comparisons being made to either natural forest ofplargation habitat. General
consensus indites that cleafell plantations in temperate regions, due to the
heterogeneous mixture of forested stands of different ages and open areas, provide
speciegich landscapegFahy and Gormally 1998; Mullen et al. 2008; Niemela 1997)
However, comparisonshould not be based solely on species richness or diversity
indices but should examine assemblage composition (Lindenmayer 1999; Oxbrough et
al. 2005; Taboada et al. 201 Asmanaging habitats for maximum biodiversity reduces
efficacy, resulting in ovesimplification of community structure and loss of biological
information. Furthermore, plantation landscapes need to focus on providing habitat for

regionally important taxa rather than maximising total species richness.

In areas where plantation foregisovide a significant portion of the landscaplee
necessity to incorporate forestry land in conservation strategies is g@atesntly,

open space within plantation forest is limited; policy states that only 10% of UK
plantation area needs to comprg@en habitat (Forestry Commission 2011; UKWAS
2008) The majority of open habitat management is not aimed at biodiversity
enhancement but is designed to facilitating forest access for felling, thinning and
planting operations and recreational purposesddfice of the biodiversity value of
plantation forest foregionally importanforest speciegBerndt et al. 2008; Brockerhoff

et al. 2003; Humphrey et al. 20080ndopen habitat speci€Bertoncelj 2010; Lin et al.
2007; Noordijk et al. 2011highlights he conservation potential even under current
management regimes. With improved and targeted management, plantation forests
could provide important habitat for threatened and vulnerable species playing a

significant role in conservation networks.
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1.3 Study system

1.3.1Habitat

In Western Europe, much of the conservation concern is for the biodiversity in semi
natural habitats formed by centuries of human land use. Large areas of lowland
heathland, developed on unproductive soils, were maintained by low intgreszing

and episodic cultivation. With the improvement of agricultural techniques large areas of
heathland were lost to intensive croplands and forestry. Over the last two centuries 60
94% of lowland heath has been lost across Europe (Farrell 1989; Gaming®72).

Heathland often remains in isolated fragments (Piessens et al. 2005; Webb 2009).

Heathland assemblages are of high biodiversity value, recognised in inclusion of
heathland biotopes in Annexes of the EC Habitats Directive (EC 1992), such that
memler states have an obligation to designate and ensure favourable conservation status
of examples of the habitat (as Special Areas of Conservation). As many specialist
heathland species are dispeiflgaited, and remnant heathland often comprises isolated
reserves, populations are vulnerable (Bonte et al. 2003; Piessens et al. 2005; Webb and
Hopkins 1984). Heathland biodiversity is further threatened by increased nutrient levels
which accelerate successional proce¢Basker et al. 2004; Hardtle et al. 200Efforts

to reconnect heathland are important to conserve its biodiversity in the longer term
(Hopkins and Webb 1984; Lawton et al. 2010).

Due to the difficulty of creating new habitat patches orable land caused by
fertiliser inputs and unfavourabgeed bank¢Bakker and Berendse 1999; Mortimer et

al. 2002; Perner and Malt 200&¥forts to recreate heathland have often focussed on the
removal of plantation forest as soils under agroforestry remain nutrient poor with viable
seed bank@ywell et al.2002; Walker et al. 2004However, in fragmented landscapes,
there is increasing evidence that stenotopic invertebrates occur widely within plantation
landscapeg¢Bertoncelj 2010; Lin et al. 200@nd can inhabit and percolate along road
verges or trackays within tree plantation&versham and Telfer 1994; Lin et al. 2007;
Noordijk et al. 2011) Thus appropriate management of open habitat networks within a
plantation landscape may have potential to sustain regional heathland fauna without the
necessity dr landuse change and reversionWestern Europe, much of the
conservation concern is for the biodiversity in seaiural habitats formed by centuries

of human land use. Large areas of lowland heathland, developed on unproductive soils,
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were maintained Y low intensity grazing and episodic cultivation. With the
improvement of agricultural techniques large areas of heathland were lost to intensive
croplands and forestry. Over the last two centurie98% of lowland heath has been

lost across Europe (Falrel989; Gimingham 1972). Heathland often remains in
isolated fragments (Piessens et al. 2005; Webb 2009).

Heathland assemblages are of high biodiversity value, recognised in inclusion of
heathland biotopes in Annexes of the EC Habitats Directive (EC 1982) that
member states have an obligation to designate and ensure favourable conservation status
of examples of the habitat (as Special Areas of Conservation). As many specialist
heathland species are dispeiflgaited, and remnant heathland often corsgs isolated
reserves, populations are vulnerable (Bonte et al. 2003; Piessens et al. 2005; Webb and
Hopkins 1984). Heathland biodiversity is further threatened by increased nutrient levels
which accelerate successional proce¢Basker et al. 2004; Hatle et al. 2006)Efforts

to reconnect heathland are important to conserve its biodiversity in the longer term
(Hopkins and Webb 1984; Lawton et al. 2010).

Due to the difficulty of creating new habitat patches oraeble land caused by
fertiliser inputs and unfavourable seed ba(Bakker and Berendse 1999; Mortimer et

al. 2002; Perner and Malt 200&¥forts to recreate heathland have often focussed on the
removal of plantation forest as soils under agroforestry remain nutrient poor with viable
seed bank@Pywell et al. 2002; Walker et al. 2004jowever, in fragmented landscapes,
there is increasing evidence that stenotopic invertebrates occur widely pléhtation
landscapeg¢Bertoncelj 2010; Lin et al. 200@nd can inhabit and percolate along road
verges or trackways within tree plantatiqgsversham and Telfer 1994; Lin et al. 2007;
Noordijk et al. 2011) Thus appropriate management of open habébdvarks within a
plantation landscape may have potential to sustain regional heathland fauna without the

necessity for landise change and reversion.

1.3.2 Species

The choice of what to monitor in conservation biology is frequently a decision based on
the amoun of available time and funding. Often the use of indicator species is
advocated in monitoring programs due to the enormity of exhaustive methods.
Appropriate indicators may include 6keys:

on which ecosystem coposi ti on and structure depen:
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example those that require large expanses of habitat such that their conservation will
bring along associated biodiversity. However, serious questions regarding the ability of
indicators to protecspecies beneath the umbrella eXihdelman and Fagan 2000;
Simberloff 1998) Conservation monitoring which incorporates multiple species and
taxa as a surrogate for biodiversity is widely seen as a better alterfiatigen et al.

2012; Manley et al.@4)

The use of terrestrial arthropods as surrogate indicators for diversity and biotic and
abiotic conditions is well documentédremen et al. 1993; Lawes et al. 2005; Pearson
and Cassola 1992)particularly carabidgRainio and Niemela 2003and spides
(Cardoso et al. 2004; Scott et al. 2Q0Bpigeic arthropods are thought to be effective
indicators for conservation studies as they are relatively short lived, have high
reproductive rates, are found in abundance in most habitats and include $ybifet

or specialist species. Furthermore, sampling terrestrial arthropods is relatively quick and
simple to perform, providing abundant information on assemblage changes, even over

short time periods.

Both spiders and carabids are speciels groups coridered important predators of
crop pestgSchmidt et al. 2005; Thomas et al. 199)d spiders, being one of the top
macrainvertebrate predators, have strong influences on food \{¢dlsj and Wise

2001; Schmitz et al. 2000; Wise 1993he spider commuty is greatly affected by
changes in habitat structuf®uffey 1968; Robinson 1981). atabids, having both
predatory and herbivorous species, and comprising a wide diversity of species with
differing microhabitat requirements, provide insight on vegatatstructure and
richness(Lovei and Sunderland 1996; Rainio and Niemela 208B8)der communities

also respond quickly to brief or sudden changes in environmental conditions, such as

variations in prey density, pesticides, or pollut{darc et al. 1999)

Although species distribution patterns are often assumed to be ordered by abiotic factors,
such as those mentioned above, interspecific competition has also been proposed as an
alternative mechanism shaping population dynamics and distribyormell 1983)
Interactions between competitors can take place directly through interference
competition and indirectly through resource competition, and the effects of competition
are thought to be greater between closely related species that have overlapirgg res

use. Spiders, being generalist predators, are thought to have overlapping resources
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where they share space and activity perifdarshall and Rypstra 1999 ontrolled

field experiments examining community organisation with closely related species of
spiders have provided evidence both for and against interspecific competition. Using
density manipulation studies of orb web spiders infi@d habitats, Horton and Wise
(1983) have shown that interspecific competition appears to have no, or very little
influence, and some responses were correlated with seasonal changes in weather and
variation in vegetation composition and structure. In contrast, Siiles4) found
evidence of exploitative and interference competition with two commoiwedying
spides, Cyclosa turbinataand Metepeira grinnelli In plots where the smalleC.
turbinata was removedM. grinnelli increased in body size and fecundity. In plots
where M. grinnelli was removedC. turbinata was more abundant and their web

positions were higér in the vegetation.

Although competition has been shown in specific systems, the importance of
interspecific competition and the magnitude of the effects in field situations have been
disputed(Gurevitch et al. 1992; Schoener 1982; Shorrocks et al.; Bwerloff 1983)
Often, interspecific competition is suggested asadnhoc means to describe field
observations and community patterns. For example, Petillon @08l5)describe wolf
spider distribution on saltmarsh invaded by the gEdgmusathericus suggesting that
interspecific competition (especially frofardosa prativagaP. proximaandP. pullatg

in areas invaded bk. athericuswill diminish populations of the normally dominant
halophilic speciesP. purbeckensis To test interspecii competition concepts,
observational and distributional studies need to be followed by experimental field
studies with appropriate parameter(s) relevant to the interaction medblieedela
1993) Furthermore, manipulation experiments that use unreatisthographics and/or
proxies for resource overlap such as body size, instead of mandible size or gut content,

may misrepresent the appearance or scale of interactions.

Due to the speciesand systenspecific methodology required to examine interspecific
competition in shaping distribution patterns, this thesis will not be directly testing
competition. Instead it will focus on community and life history trait responses to
habitat manipulations and landscape elements for species rich taxonomic groups.
Information on life history and habitat association has proved valuable in understanding

the response of terrestrial arthropods to landscape change and dist(ieseraler et
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al. 2010; Ribera et al. 2001; Vandewalle et al. 20EQjthermore,he developmenbf
trait-based approaches to understand species response to environmental stressors can
provide general response patterns which allow predictive staterido@Gill et al.

2006)

1.3.3Invertebrate surveying

Pitfall trapping is used extensively to examine grodmetlling invertebrate dispersal,
individual species abundance, relative abundance and community composition.
However, issues regarding trapping bias are well documented. Pitfall trapping does not
necessarily give accurate estimates of species relativelace{Lang 2000; Topping

and Sunderland 1992; Uetz and Unzicker 197B)pping and Sunderlan(ll992)
suggest pitfalls would only represent relative abundance correctly if activity were
constant between species. It is also likely that changes in aburafatifferent species

over time could be a result of a change in activity such as mate searching, food
availability or postcopulatory dispersal of females. Oxbrough et(2006) state that

pitfall trap catches are a function of species density, activity lmehaviour, not a
complete inventory of all the grousthivelling species in a given habitat. Furthermore,
they suggest that pitfall data should be considered a representation of the active ground
dwelling spider fauna that are susceptible to this trapmietpod

Changes in pitfall trap abundance, both between sample areas and over time, could
reflect changes in vegetation structy@reenslade 1964; Melbourne 199%)ense
vegetation could affect movement rates and direction of ground dwelling invertgbrates
hence recorded differences in pitfall catches between sites may not reflect the actual
abundances of species present. Melbol(#®99) found that ant species richness and
composition were biased by habitat structure in his experiments of manipulated
grasland blocks. However, ant populations were only significantly affected when
groundcover was very dense, suggesting a threshold effect of habitat structure.

Other recognised biases of pitfall trapping include trap size and ghaffe1975;
Spence and Nieela 1994)and the length of the trapping perifdiemela et al. 1990)
Differences in catchability according to invertebrate body size have also been reported
(Greenslade 1964; Lang 2000; Standen 200Dymparing pitfall trapping to a
combination of BVac and swish net sampling in limestone grasslands, Stga060)

reported that pitfall trapping more frequently caught larger bodied spiders and beetles,
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but it was possible to estimate species richness from pitfall trapping alone by using
species richnessurves for both taxon groups. Uetz and UnzicKE®76) examined
quadrat sampling compared to pitfall trapping of wandering spiders and found that due
to the cursorial habits of this guild and the likelihood of temporal stratification, a
continuous samplop method is more successful than quadrat sampling. Also, by
comparing the two methods with other studies in the literature, Uetz and Unzicker
(1976)found pitfall trapping provided a closer estimate of the number of species in a
community and concluded thémiting pitfall trapping to cursorial species may help
eliminate the effect of differences in activity among species in relative abundance

estimates.

Topping and Sunderland 992) compared pitfall catches to absolute density sampling
(D-Vac 0.5 nf area followed by immediate hand searching of the area). Although they
concluded that determining relative abundance was only partially successful using
pitfalls, they found more individuals from pitfall trapping (5069 compared to 4116),
more species (4éompared to 35) and a greater percentage of adults (95% compared to
33%). Luff and Eyre(1988) suggests that pitfall trapping is successful for creating
pitfall catch indexes to interpret ecological differences between areas. They state that
classifying sies by pitfall data is meaningful as long as it is remembered that the

classification is not based on population density but on the actual catch.

Interpreting results derived from invertebrate sampling depends on; a) the direction and
magnitude of trappingpiases, and b) the purpose of the study. If estimates of absolute
density or complete inventories of species richness are required then pitfall trapping
alone is not suitable. Like all neexhaustive animal surveys, sampling bias and
problems surroundingnimal detectability through survey timings, habitat differences,
weather and sampling effort will affect recording. Efforts need to be taken to minimise
these and results should indicate potential directions and magnitude of the bias.
Standardising the dpping procedures, such as the number of traps, trap design and
timings will help alleviate some of the sampling issues. Within this thesis, standardised
pitfal!]l trap catches are referred to as
thesemeasuregsact i vity densityd or Ocapture rat

an aggregate of the population density and relative activity of individuals, which reveals
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aspects of habitat utilisation by species and is the most commonly used method for
collecting invertebrate data over large temporal and spatial scales.

1.4 Thesis background

1.4.1Thesis aims

This thesis examines the function of a plantation forest landscape for multiple
invertebrate species. The plantation forest, set within a heathland regiordepravi
highly fragmented landscape of scarce open habitats juxtaposed within a hostile matrix
of forest patches. Using data for multiple species and taxa, this study answers practical
conservation questions while having robust data enabling the exploadtiander
conceptual ecology theories. The study uses pitfall trap catches to sample diverse
groups of grounéhctive invertebrates from sematural, agroforestry and experimental

sites.

This study first explores the potential of forestry trackways to auipgpen habitat
assemblage comparing communities against those in heathland sites outside the
plantation. The potential to use disturbance treatments to maintain or enhance nationally
important invertebrate and plant assemblages is explored with meahani
manipulations within the forest. This can provide an evidence base relevant both to
management of biodiversity within heathland remnants, and increasing the quality and
functional utility of connecting elements across the landscape. Functional teaits a
examined to explore predictive responses to disturbance that have greater transferability
to other species, systems and taxa. In addition, different landscape elements comprising
linear strips and ephemeral stepping stone patches are examined fabilitgirto

provide connectivity for spider assemblages.

1.4.2Contributions to the thesis
The first data section of the thesis (Chapter 2) comprises analysis conducted as part of
this PhD, but uses spider Joptch from material originally collected from fetey
trackways sampled in 2005 as part of a previous PhD ¢Be&tyoncelj 2010)From this
material, spiders from a single month of samples were identified prior to the current
thesis (Pedley undergraduate dissertation). This was greatly augmentedwwith t
additional months of spider material from the 2005 samples identified during the current
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PhD study and all analysis conducted within the current study. Chapter 2 also makes use
of additional sampling of heathland sites conducted within the current i, $o

provide reference samples against which the composition of open habitat elements
within the forest could be compared. All other aspects of the thesis were conducted

during the four year study period (202812).

All experiment design, initiabite surveys and selection, invertebrate sampling, and
collection of structural vegetation data, were conducted by S Pedley. Identification of all
spider material was conducted by S. Pedley. Carabids were identified by Jake Stone and
Martin Collier (Norfok beetle recorder) and ants by Doreen Wells (Norfolk ant
recorder), from invertebrate material collected by S. Pedley. Vascular plant data from
experimental treatments were collected by Tim Pankhurst (Plantlife UK) and Dr Paul

Dolman. All analysis was condted by S Pedley.

1.4.3Thesis structure

The four main data chapters (ChaptesS) 2f the thesis are written in the format of
manuscripts for peereviewed journals. At the time of thesis submission, Chapaed?2
Chapter 3 havéeen publishedPedley et al. @13a; Pedley et al. 2013bChapter 2
compares spider assemblages of forestry rides to open reference heathland in the study
region. In doing so, this chapter assess the current potential of linear open trackway
networks within the forest to provide contieity for openhabitat spiders, in contrast

to assemblages found in extant heathland remnants. Furthermore, it enables the
distinction of different assemblages based on shading effects of adjacent forested
compartments, to understand factors influencingckway suitability. Chapter 3
evaluates the potential of physical disturbance treatments to enhance habitat quality of
trackway networks for stenotopic fauna and open habitat plants, by examining the
multi-taxa assemblage response to experimental tretgrapplied within forestry rides.
Compositions are compared over two years to determine the appropriate level of
disturbance that would facilitate connectivity through the plantation landscape for
regionally important species. In Chapter 4 the experimemiahipulations in the
previous chapter are used as a gradient of disturbance to examine functional responses
and trait shifts. Two diverse arthropod groups, carabids and spiders, are used as well as
vascular plants. The predictability and consistency aft tresponses across the

disturbance gradient are explored. In Chapter 5 arachnid assemblages are compared
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among open habitats of contrasting configuration within the forest. Trait characteristics
are compared to address the relative importance of bodydigpersal, environmental
tolerance and |ife history among O6corrid
trackway elements and ephemeral open patches (comprising a chronosequence of
forestry coupes). Chapter 6 draws together some of the atiphs and conclusions of

the thesis, and suggests directions for future work.
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Chapter 2

The value of the trackway system within a lowland plantation

forest for grouneactive spiders

Abstract

European forest management guidelines include conservation and enhancement of
biodiversity. Within plantation forestry, trackways provide contiguous permanert open
habitat with potential to enhance biodiversity. We examined the gracthee spider
assemlidge in the trackway network of Thetford Forest, Eastern England, the largest
lowland conifer forest in the UK, created by afforestation of heathland and farmland.
Results are relevant to other forests in heath regions across EWepesed pitfall
trappirg to sample the spider assemblage of trackways within thaded stands
(n=17), mature stands (n=13) and heathland reference sites (n=9). A total of 9314
individuals of 71 species were recorded. Spider assemblages of the trackway network
were distinct fom those of the heathland reference sites; however trackways were found
to support specialist species associated with graath habitats, including nationally
scarce species. Richness of gifasath species was similar for trackways in thicket
aged foret and heathland reference sites, although the abundance of individuals was
three times greater in the reference sites. Trackways in mature stands had lower grass
heath species richness and abundance than both thicket trackways and heath reference
sites. Wde trackways within thicket stands contained greater richness and abundance of
specialist xeric species than narrower trackways. However, fewer xeric individuals were
found in trackways compared to heathland reference sites. Either inferior habitat
quality in trackways or poor dispersal ability of specialist xeric species may largely
restrict these to relict areas of heathland. Targeted widening of trackways to allow
permanent unshaded habitat and creating early successional stages by mechanical
disturbarce regimes could improve trackway suitability for specialist species, helping to
restore connectivity networks for grassath biodiversity.

Published as:
Pedley, S.M., Bertoncelj, I., Dolman, P.M., 2013. The value of the trackway system within a
lowland plantation forest for groundctive spiders. Journal of Insect Conservation 17,1377
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2.1 Introduction

Heathland ecosystems in Western Europe support important biodivgEsityl992;

Webb 1998, 200Put have been considerably reduced in extent througtgoitaland

use, particularly afforestation and agricultu(Barrell 1993; Gimingham 1972;
Granstrom 1988)Remaining heathland is highly fragmented and efforts to recreate,
buffer and connect heathland are key to conserving its biodiversity in the longer te
(Aerts et al. 1995; Hopkins and Webb 1984; Lawton et al. 20R&storation
programmes have often focussed on the removal of plantation forest in former heathland
regions as soils under coniferous plantations have not been modified by agricultural
fertiliser and may contain viable heathland sbadks(Eycott et al. 2006; Granstrom
1988; Pywell et al. 2002)However, permanent open space within a plantation
landscape, such as that provided by extensive trackway networks, may already have
potential to suport open habitat speci¢&reatorexDavies et al. 1994; Warren 1985)
including elements of heathland biodivergiBertoncelj 2010; Eycott et al. 2006; Lin et

al. 2007)

Furthermore, open space can greatly enhance the biodiversity within plantations
(Butterfield et al. 1995; Day et al. 1993he need for which is increasingly recognised
(Kuusipalo and Kangas 1994; Spellerberg and Sawyer 1$96yious studies have
focussed on increased species richness to enhance forest biod{@mesitiorexDavies

etal. 1993; Oxbrough et al. 2006; Warren 198%wever, forheathland assemblages,
species richness is generally lower than the surrounding areas and is therefore not an
appropriate criterion for assessmefWebb and Hopkins 1984)In addition to
enhancingheterogeneity, complexity and overall richness, conservation goals should
aim to assess the suitability of forested landscapes for species of relevplatnpaiéon
habitats, such as lowland heathland, dune, or upland moorland, as well as rare and

threat@ed species that are a focus of regional conservation priority.

Within plantation forests managed by clearfelling and replanting of-aged stands,

the temporal dynamics of the mosaic growth stages may make individual trackways
ephemeral in their suitdity to shade intolerant opemabitat species. Therefore,
dispersal will be essential for population survival. Previous invertebrate research within
the open space of plantation forests has often focussed on the influence of shade on

Lepidoptera specieschiness in trackway&reatorexDavies et al. 1993; Sparks et al.
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1996; Warren 1985)r'he ability of butterflies to disperse aeronautically enables them to
bypass unsuitable or low quality habitat in search of mates, food plants and nectar
sources, describleas stepping stone dispergdladdad and Tewksbury 2005; Schultz
1998) Management guidelines lack an understanding of less mobile gautind

invertebrate community in the open space within a plantation.

This study examined the growadtive spider comunity in the trackway network of a
large lowland coniferous forest planted on a heathland region of Breckland, East Anglia,
UK. The region is of high biodiversity importance for assemblages of continental heath,
steppe, coastal and Mediterranean speartdaund elsewhere in Britain, that require
open heathland or ruderal habitgBolman et al. 2010)Within the forest (185 kA)

there are approximately 1290 km of trackways (average width 14 m) providing a
potential open habitat resource of 18°kemquivaent to a fifth (21 %) of the designated
extent of grashieath remaining in the region (83 RmMuch of the remaining grass
heath is in close proximity to the forest with some sites bordering the forest. This
extensive trackway network has potential totcbute greatly to the available grass
heath habitats in the region aatso to provide connectivity, among permanent open
and ephemeral areas within the forest landscape and also linking across the forest to
connect between external heathland patches.

Heathland and disturbed ruderal sites within the region support over 600 nationally rare
and/or restricted speciegDolman et al. 2010) Spiders are among the top
macroinvertebrate predatorsccupying an important position in terrestrial food webs
(Wise 1993) Changes in spider assemblages reflect changes in environmental
conditions such as habitat structyBuffey 1968; Robinson 198 nd fragmentation
(Hopkins and Webb 1984inaking spiders an effective group to examine open habitat
networks. Furtherore, dry gras$eath in the region contains a very distinct spider
community which includes stenotopic species adapted to living in arid places including
coastal dune species rarely found inland in the(D#ffey et al. 1957)The majority of

this specialf adapted community are ground hunting spiders.

The aim of this study was to assess the greagitve spider assemblage in the forest
trackway network; firstly by comparing the forest trackway assemblages to those of
reference graskBeaths in the region,nd secondly by examining different trackway

types and elements in terms of age structure of the surrounding forest, width of the
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trackway and track component (verge and vehicle tracks). Finally, we discuss the
trackway network in terms of its ability toguide connectivity through the forest for

open habitat spider communities.

2.2 Methodology
2.2.1Study site

Thetford Forest is the largest lowland coniferous plantation forest in the United
Kingdom; planted in the early 20th century on heathland and marginallagat land

it occupies 185 kmof the Breckland region in eastern England (0°40'E, 52°27'N).
Breckland is characterised by a serontinental climate, sandy, nutrigmbor soil and a
long history of human landse that has included extensive and intengjrazing and
episodic cultivation (Dolman and Sutherland 1992)his historic anthropogenic
disturbance enabled specialist xerophilic invertebrates to persist irsapdrhabitats in

the region. Many of these species are now rare and threatened aalnati&uropean
scales, due to both habitat degradation and destruf@oiman et al. 2010)The
Breckland Forest Site of Special Scientific Interest (SSSI) is notified under UK
conservation legislation, imposing a requirement to maintain populationgionalby
scarce and rare invertebrates in favourable condigoglish Nature 2004)

The forest is dominated by conifer plantations, of which approximately 80% comprise
Corsican Pinus nigrg and Scots pineP( sylvestris The plantation is managed by
clearfelling and replanting of large, evaged stands (rangel® ha) which create a
mosaic of everaged growth stagg&ycott et al. 2006)Stands are typically harvested
60-80 years after plantingStands are subdivided by a network of forestry traclkway
that enable access for management operations. Trackways consisted of two elements: a
central vehicle track with disturbed wheelings, sparse vegetation and exposed substrate,
flanked on either side by vegetated vergesich include elements of heathland
vegetation, but generally lack bare substré@gcott et al. 2006) Trackways are
currently cut or foragdarvested approximately once a year to maintain vehicle access
and facilitate deer management. Trackways vary in width (mean 13.7 m + 5.8 SD, range
5-50 m, from a sample of n=93), surface structure (sand, gravel), vegetation and amount

of shade due to varying age of adjacent forest stands.
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2.2.2Spider sampling in trackways

Thirty forestry trackways (the basic unit of replication) were sampled, 13 with mature
trees (>30 years) adjacent (subsequently referred to as mature trackways) and 17 with
thicket stands (120 years following Hemamet al. (2004) adjacent (subsequently
referred to as thicket trackways) (Taldd). Trackways within cleafelled, recently
restocked (&byr) or prethicket (510yr) stands were not sampled as trackways
assemblages will not be distinct from those of adjacent open forest habitat. Of the 17
thicket trackways, seven were wider than temainder (Tabl®.1) and consequently
experience less shading. To reduce confounding variation, only trackways located on
predominantly acidic soil types (brown earths and podzols) within central blocks of
Thetford Forestdovering 99.8m? Fig. 2.1) weresampled Analysis of variance on
easting and northing confirmed thege classes of sampledatkways were not
aggregated within the sampled landscape (Northihgi—=1.526 P=0.231, Easting;
F120=0.848P=0.480). Each trackway was sampled by two piti@hsects, one on the
vehicle track and the other in the least shaded trackway v@fghe 30 trackways, 16

were oriented approximately norlouth and 14 were easest. In trackways oriented
north-south the widest of both verges was sampled (four webtla east verges) and

on trackways oriented easest the northern (insolated) verge was sampleahsects

were set a minimum of 5 away from the corners of trackways and away from any
open areas or cleared tree stands, hence each sample represespediethcommunity

of that trackway and not other open habitat.

Each trackway was sampled on three occasions, to span the phenology ofaptowend
invertebrates, with pitfall traps set in rAidlay, end of July and the end of August 2005.

At each sitepaired transects were satl ong t he <centre of the
and between the central v. @rhnsects @mpndecfd | n g
traps (eaclv.5cm deep, 6.5cm in diameter, filled with 50ml of 70% ethylene glycol),
with trapsbeingopen for five consecutive days in each sampling pefioaps in each
transect were set approximately 22 m apart and were staggered alternately between
track and verge leaving at least 11 m between adjacent traps in the paired transects. The
five trgps in each transect were combined to give one sample for the track and one
sample for the verge for each trackway site; these were subsequently combined in

analysis that considered the trackway as the basic unit of replication (see below). All
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analyses wer conducted on aggregate samples that pooled across the three trapping
periods. During the trapping season many females Lycosids (wolf spiders) were
observed with eggsac and also carrying spiderling, indicating breeding populations

within the forestry trakways.

Table 2.1. Characteristics of four trackway categories showing mean (x standard

deviation) age of adjacent trees and trackway width

Number | Average tree agel Averagetree height Average
of sites | on southern side| on southern side (m  width (m)
(years)
Mature tracks 13 53.2+23.3 17.3+4.1 98+21
Thicket tracks 17 17.8+4.7 8.4+3.0 17.3+10.6
Narrow 10 15.7+4.3 7.2+26 10.7 £ 2.7
Wide 7 20.7+£3.6 10.0+£ 3.0 26.9+10.4
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- Open area
- Stands < 25yr

|:| Stands > 25yr

2 Miles
L 1 | 1 |

Fig. 2.1. Central Thetford Forest blocks (99.8 ®nshowing the mosaic of open space,
mature (planted before 1986) and younger (planted after 1985) tree stands. Trackways

are shown as thick black lines
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2.2.3Heahland sampling

The grouneéactive spider assemblage was also samipted nine heathland and ruderal
reference sites considered important for specialist and rare invertebratesZabdé

which eight were designated SSSiIs (including two National Nd&eserves). Within

each of these, three transects were set, at least &part, providing a total of 27
sampling locations. Each comprised six pitfall traps (of the same dimensions as those
used in forest trackways) and remained open for seven consedatgeover three
trapping periods in 2009; mikslay, mid-June and the beginning of August. Pitfall traps
where placed 15 m apart, similar to the 11 m spacing in the paired forest trackway
transects. Again, aggregate samples pooled across the three tragpoadg were used

in analyses.

Both the 2005 forest trapping and the 2009 heathland trapping were elements of larger
experiments taking place at the respective times and hence the differences in
methodology. We acknowledge that sampling of reference tr@ngexy have differed
slightly in effectiveness compared to forest trackways, due to the use of six not ten traps
that were open for seven not five days during each trapping period (total 42 versus 50
trap-days per trapping period, respectively). In analysi abundance we control for
trapping effort (see below)Furthermore, activity and trapability may have been
influenced by intelannual differences in weather. However, the major differences in
composition between forest trackway classes and heathnedesites are unlikely to

have been an artefact of differences in weather between sampling years.
2.2.41dentification

Adult spiders were identified to species using a 50x magnification microscope
following Roberts(1987, 1996) juvenile and suadult specimensvere not identified

due to the lack of developed reproductive structures.

37



Chapter 2

Biodiversity value ofdrestry trackways

Table 2.2. Heathland and ruderal reference sites sampled for graciive spiders,

giving grid references (UK Ordnance Surveyjrahsect locations

Site

Notes

Deadman's Graves SSSI
TL 775744, TL 776743, TL|
776742

Eriswell Low Warren SSSI
TL 739793, TL740793, TL
739793

Icklingham Plains SSSI
TL 759734, TL 759735, TL
758735

Maidscross Hill SSSI
TL 729825, TL 730825, TL
726823

Wangford Warren SSSI
TL 757840, TL 758841, TL|
757842

Runway Field
(adjacent to Wangford
Warren)

TL 757840, TL 757839,
TL 756837

Thetford Heath SSSI
TL 854795, TL 849795, TL
846795

Brettenham Heath NNR
TL 916861, TL 915860,
TL 916859

Weeting Heath NNR
TL 757883, TL 758882,
TL 757880

All three transects were located in short sparse vegetation
large areas of exposed sand on a heavily disturbed rabbit
warren.

A sheep grazed site with a series of old plough cleaning lin
that are reploughed as needed to create disturbance for ra
vegetation, most recently in 2003. Rabbit grazing and burr
along the lines has maintained exposed substiasnsects
were placed along the ridge of the plough lines in broken s
vegetation.

All three transects were positioned in lichen dominated gra
heath affected by heavy rabbit activity that hasntained
short vegetation and exposed sand.

One transect was placed along the south facing slope of fg
gravelpit with sparse vegetation and exposed substrate, th
remaining two were on short taib-grazed turf.

Mechanically disturbed areas at the site are ploughed
approximately annually to maintain open sand. One transe
was positioned in ploughed unvegetated open sand, the
remaining two in lichen dominated grassath.

Reverted from arable after inundation by windblown sand,
site includes areas of heavy rabbit activity and one annuall
ploughed strip bordering Wangford Warren. One transect
positioned along the ploughedigtand the other two within
areas of short rabbgrazed turf.

All transects were placed in closely sheep and rabbit grazg
grassheath, with short and in places broken sward.

The area is cut annually to reduce bracken dominance. Th
area sampled was vegetated by a dense grass sward with
substantial amounts of bracken and no exposed substrate.

Two transect were placed in a rabbit grazed area of deep {
and the third along the fence line of a rabbit grazed area of
lichen dominated gradseath. Both areas have short rabbit
grazed swards with patches of exposed substrate.
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2.2.5Analysis

Species wre assigned to one of five habitat associations (TaB)e with reference to
habitat descriptions in Harvest al. (2002) and Robert1996) Habitat associations

were defined hierarchically so that upper broader categories contain any species
associatd with woodland and or mesic habitats irrespective of whether they may also
be found in open habitat types lower in the classification, while the lowest categories
solely comprise specialist (stenotopic) species restricted to a narrow range of dry open
halitats. Conservation status of species followed Haetegl. (2002) Notable A (Na;
nationally scarceoccurring in 30 or fewer UK 10 km squares) and Notable B (Nb;
nationally scarceoccurring in 31100 of the UK 10km squarkd.inyphiidae spiders
where not used in the analysis due to the scarcity of heathland spiders in the assemblage.
Only one species associated with xeric habitats and two associated witheatss

were recorded. The assemblage strongly consisted of elgrgtop mesic species.

For most habitat association groups, abundance and species richness was similar
between the paired track and verge samples (patesistP > 0.1), with the exception

of xeric species (richness: track > vertyg=1.989P=0.056; abndance: track > verge,
t2=1.964P=0.059) and eurytopic species richness (track > vesgel.814P=0.080).

Track and verge samples were pooled and aggregate samples for each trackway site

were used in all subsequent analyses.

Species accumulation withncreasing sampling effort was examined separately for
trackway and heathland reference samples, using sample baefadtian performed in
EstimateS(Colwell 2009) and also rescaled to examine the number of individuals

sampled (to control for differentirapping effort)

Assemblage composition across samples was examined using Multidimensional Scaling
(MDS) performed on a similarity matrix of Brayurtis coefficients of spider abundance
data (standardised per trdpys and square root transformed) ustiRIMER 5(Clarke

and Gorley 2001)Stress values for MDS ordinations indicate the level of accuracy in
representation; < 0.05 excellent, < 0.1 good, < 0.2 potentially useful, > 0.3 points close

to being arbitrarily place{Clarke and Warwick 1994)

Specias richness and abundance of each habitat association group was compared among

site categories (e.g. heathland reference transect, thicket trackway, mature trackway)
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using generalised linear models (GLM), with abundance data standardised by the
number of tap-days per sample. The error term (normal, poisson, negative binomial)

for each analysis was selected by examining the deviance/degree of freedom ratio.
Differences among group means were examined by sequential sidak pairwise

comparisons.

For thicket trakways alone, species richness and abundance of each habitat association
group, and the abundance of each of the three most numerous species, were compared
between trackways of different widths usingeBts. Statistical analyses were performed

in SPSS v.1§SPSS Inc, Chicago, IL, U.S.A)

Table 2.3. Classification of habitat associations of spider species, based on species
accounts in Harvey et al (2002) and Roberts (1996)

Habitat Description
Eurytopic Species described as eurytopic (living in most habitats), or that &
associated with most of the habitats considered below.
Woodland All species (other than eurytopic species) associated with woodl
including those also associated with opeaesic,grassheath or xeric
habitats.
Openmesic Species associated with grassland, moorland (upland dwarf shru

heath on peat soils), and/or marshy damp habitats; long and shq
vegetation; may be damp or dry but not associated with woodlar

Grassheath Species associated with dry lowland calcareous and/or acidic
grassland, lowland heathland, sparse and/or short vegetation an
also associated with the habitats above.

Xeric Dry heathland; sandy or dune habitats; sand or gravel pits, bare
ground, licten, coastal, scree and shingle
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2.3 Results

We collected and identified 3746 spiders from 54 species in the 30 forestry trackways,
while from the 27 heathland reference transects 5568 spiders from 50 species were
identified. Overall, a total of 71 specere recorded, of which 21 were unique to the
trackways and 17 were unique to the heathland reference sites. Pitfall trapping of
groundactive spiders in this study effectively captured the assemblage composition in
both the forest trackways and heathlagf&rence sites, as sample based rarefaction

approached the asymptote in each case PRy.
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Fig. 2.2. Samplebased rarefaction curves (Mao Tau function) with 95% confidence
interval lines of spider spiexs collected from 30 trackways sampled in Thetford Forest

and 27 heath reference sites
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2.3.1Groundactive spider composition in Thetford Forest trackways

The majority of spiders captured in trackways were eurytopic species (41% of the total).
The family Lycosidae(wolf spiders) were the mostumerous with 2725 individuals
(73% of the total sample) from eleven species. The threemrmostrousspeciescaught

were all LycosidaePirata hygrophilusThorell (n = 1012, woodland associated),
Pardosa pullata(Clerck) (n = 900, eurytopic associated) aRdrdosa monticola
(Clerck) (n=540, grassheath associated).

Of the 54 species, thirteen were associated with 4reath habitats and three with xeric
habitats, comprising 26% and 1% of the total individuasntl in the trackways
respectively. Of the 54 species recorded, four were Nationally Scarce (Nb), including
three gras$eath specieslrachyzelotes pedestr(€.L. Koch), Xerolycosa nemoralis
(Westring), andAelurillus winsignitus (Clerck) anda woodland speciesMicaria

subopacgWestring).
2.3.2Ground spider composition in heathland reference sites

In contrast to the forest trackways sampled, the majority of individuals sampled on
heathland reference sites were gifasath species (73%), while xeric speciede up 3%

of the total catch. The mosumerousspeciescaughtwere P. monticola(Clerck) (n =
3490, grasteath associatedRardosa palustris(Linnaeus) (n = 417, opemesic
associated) anfiteatoda phaleratéPanzer) (n = 250, graseath associated).

Eight of the species recorded were Nb including two gnassh species recorded in
forest trackwaysT. pedestrisand X. nemoralis,one additional graskeath species
Micaria silesiacalL. Koch, and a further three xeric speci€3zyptila scabricula
(Westring); Sitticus saltato(O.P-Cambridge)and Steatoda albomaculat@egeer),as
well as one woodland and one opeesic speciesMarpissa muscos#Clerck) and

Pardosa agresti§Westring) respectively.
2.3.3Community composition of trackway and heathland referessemblages

MDS successfully represented the assemblage structure with a low stress valR8)Fig.
(Clarke and Warwick 1994Fpider assemblages differed among the mature trackways,

thicket trackways and heathland reference transects with strong sepalatignaxis

42



Chapter 2 Biodiversity value ofdrestry trackways

one ofthe ordination mature trackways and heathland transects showed the greatest
separatior(Fig. 2.3a Table2.4). Of the outliers, three transects from a single heathland
reference site with closed sward vegetation were grouped together at the top of the plot.
The heathland reference transects located lowest in the ordination were obtained from
the most physidly disturbed sites, including heavily rablgtazed warrens and recently

ploughed areas.

The relative abundance of the three most frequently recorded species within the
ordination Pardosa monticola(grassheath), Pardosa pullata(eurytopic) andPirata
hygophilus (woodland), indicated a moisture gradient across the site classe.8fig.

P. monticolawas most abundant in the heathland transects, scarcer in thicket trackways
and was almost absent in the mature trackways ERpP). P. pullata was most
numerous in the thicket trackways and closed sward heaths but was also abundant in the
mature trackways (Fig2.3c), while small numbers d?. pullatawere also present in
approximately half of the heathland reference transéctiygrophilusis dominant in

the mature trackways with smaller numbers in some of the thicket trackway2.8€ip.

but was absent from the heathland transects.
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Fig. 2.3. MDS ordination plots of spider assemblages showing the twestiy
trackway categories (mature and thicket) and the heathland reference transects. Plot a)
shows the forest trackway samples (pooled track and verge samples) and the heathland
reference transects. Bubble plots show the abundance of the three masardomi
species recorded; Bardosa monticolag grassheath species, dardosa pullata,a
eurytopic species and dpirata hygrophilus, a damp habitat/woodland species.
Numbers in bubble plots indicate the abundance of each species per site (corrected for
trap/day)
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2.3.4Community comparison: habitat association

Trackways adjacent to mature stands were dominated by eurytopic and woodland
spiders, both in terms of species richness and relative abundance 4Fid/ery few
species restricted to xeric and gragsth habitats were found in the mature trackways.

In contrast, trackway samples in thicket stands contained significantly fewer woodland
species and individuals, although were similar in richness antiveel@undance of
eurytopic species (Fig.4, Table2.4). Thicket trackways provided more individuals
associated with xeric and grassath habitats than were trapped in mature trackways
(Fig. 2.4, Table2.4).

Heathland reference transects were strongbnidated by individuals of species
associated with gradseath habitats, comprising approximately three quarters of the
total catch (Fig.24, Table 2.4). Heathland transects contained significantly fewer
woodland and eurytopic spiders than forest traclevay either class (Tabl@.4).
Although the abundance of grassath species was significantly greater in heathland
reference transects than in thicket trackways, the species richness of xerit\egthss

and opermesic species was similar (Tal2d).
2.3.5Influence of trackway width

Within thicket stands, narrow trackways had significantly greater abundances of
eurytopic and opemesic spiders and also a greater species richness of woodland
spiders (Tabl@.5). Conversely, the species richness and abunddrsgaders restricted

to xeric habitats was greater in wider thicket trackways.
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Fig. 2.4. Mean numbers of a) individual spiders (standardised fordegs), b) species
for each habitat association categ@ompared among the three site types; mature
forestry tracks, thicket forestry tracks and transects from heathland reference sites
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Table 2.4. Means, standard errors and results of General Linear Modelanfl pvalue) comparing MDS axis scores, species abundance
(standardised for number of trap days) and species richness of the spider habitat associatiomgnaufieanature tracks, thicket tracks and
heathland reference sites. Sequential Sidak pairwise comparisons were used to define homogsesu@susnked highest to lowest); means

that share a superscript do not differ significantly (P<0.05).

Mature Thicket Heath/ruderal Chi
Variable n=13 n=17 n=27 square P-value Mature | Thicket Heath
Mean * s.e Mean % s.e Mean % s.e 9
Individual MDS axis 1 -1.27+0.08 | -0.33+0.10 0.82 +0.06 352.041 <0.001 c b a
MDS axis 2 0.00 £ 0.08 -0.14 +0.06 0.09 +0.10 3.515 0.172 a a a
abundance
Grassheath 1.02+0.44 498 +1.26 17.90 £ 2.77 57.326 <0.001 c b a
Xeric? 0.01+£0.01 0.15+0.04 0.78 £0.15 34.871 <0.001 b b a
Open mesit 0.15+0.06 0.51 £ 0.07 3.37£0.98 32.120 <0.001 b b a
Woodland 7.32+1.72 0.93+0.39 0.02+0.01 107.175 <0.001 a b c
Eurytopic 458 +0.62 5.45+0.70 2.49 £ 0.85 20.169 <0.001 a a b
Species Grassheati 2.23 +£0.47 6.00 £ 0.35 6.00 £ 0.36 11.396 0.003 b a a
. Xeric? 0.08 +£0.08 0.71 +0.17 2.04 £0.29 12.123 0.002 b alb a
richness
Open mesit 1.00 £0.30 3.24 £ 0.29 3.74 £ 0.36 12.075 0.002 b a
Woodland 2.38+0.24 0.94 +0.18 0.15 +0.07 31.467 <0.001 a b c
Eurytopi(,2 6.46 + 0.43 6.71+£0.33 3.04+£0.34 11.269 0.004 a a b

Variable superscript indicates which model type used; 1 = linear normal, 2 = square root linear, 3 = poisson
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Table2.5. Mean + S.E of spider abundance and species richness of salitat groups

in thicket tracks. Differences from-f€sts between the narrow and wide tracks for each

spider habitat group are shoymvalues < 0.05 are shown in bold.

Species Thicﬁei rl%rrow Thi(;]kit;/vide T stglt:istic; p-value
variable mean + s.e mean 1s.e
Abundance Grassheath 55.90 £+ 20.76| 41.00+9.00 | 0.570, 15| 0.577
Xeric 0.50+0.31 3.00+0.62 | -3.626, 9 | 0.006
Open mesic 6.40 £ 0.90 3.29+042 | 3.144, 13| 0.008
Woodland 13.50 £ 6.26 3.29+2.39 | 1525, 15|0.154
Eurytopic 66.10+7.42 | 38.00£11.18| 2.187, 15| 0.045
P. monticola 38.20+17.92| 21.43+£5.76 | 0.757,15 | 0.461
P. pullata 4460+£6.11 | 25.57+9.96 | 1.723,15 | 0.105
P. hygrophilus 12.70 £ 6.13 3.14+£241 1.247,15 | 0.231
Species Grassheath 5.90 £ 0.55 6.14 £0.40 | -0.329, 15| 0.747
richness | Xeric 0.40x0.22 1.14 £ 0.14 | -2.546, 15| 0.022
Open mesic 3.60 £0.43 2.71+£0.29 | 1.563, 15| 0.139
Woodland 1.30+£0.21 0.43+£0.20 | 2.840, 15| 0.012
Eurytopic 7.20 £0.47 6.00£0.31 | 1.941, 15| 0.071
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2.4 Discussion
2.4.1Heathland spider communities in forestry trackways

The trackway network supported important elements of open habitat assemblages,
particularly heathland species of which a number were natiosedisce. Trackways in
thicketaged stands supported similar numbers of ¢gnassh and xeric species as
heathland sites. These results show that trackway elements within the forest landscape
can be important for open habitat species and can contribute twéhnall biodiversity

of the landscape. Furthermore, wide trackways (those greater than 25m) in thicket
stands supported greater numbers of xeric species than narrow trackways and lower
abundances of woodland and eurytopic species; thus increasing tiheoividrestry
trackways would benefit open habitat assemblages.

2.4.2Effects of forest growth stage on trackway assemblage

Although trackways supported characteristic and rare heathland spider species, the
trackway assemblage still differed considerably frdmt found in heathland sites;
heathland reference sites were dominated by gr@ath species, whereas trackways in
thicket stands contained far more eurytopic species. Furthermore, only the trackways in
thicketaged stands showed any resemblance tosbenzblage found in heathland sites;

trackways in mature stands were dominated by woodland and eurytopic species.

Shading by mature trees in trackways is likely to increase moisture and decrease
temperature and light availability, creating unsuitable habitat for tpesth and xeric
species. This is shown by the relative distribution of the dominant Lycosidae species
the damp habitat specid3, hygrophiluswas confined to the mature trackways whereas
the grassheath specie$). monticola dominant in the heathland reference sites was also
present in thicket trackwayB. monticolain this study shows similar patter of shade
intolerance as open habitat butterfly species reported in other stGdezgorexDavies

et al. 1993; Warren 1985)

2.4.3Influence of trackway width on the spider community

Increased trackway width in the thicket stands had significant effecteeassemblage

composition. Wide trackways contained fewer eurytopic individuals and woodland
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species and more xeric species and individuals than narrow thicket trackways, likely
due to reduced shadimgusing changes in the microhabitat and soil moisAlteough

other studies have advocated trackway widening for open habitat sf@osatorex

Davies et al. 1994; Mullen et al. 2003; Warren 1988)s study provides direct
evidence that increasing trackway width can benefit specialist gractik
invertebrate species associated with xeric habitats. For examptegsa perita a
specialist species of frontal dune and dry heathland habitats was only found in the wide

trackways (where it was represented by five individuals).

As well as changes in microh#dti mmpetition from eurytopic and woodland species
from the surrounding forest mayotentially alsorestrict xeric speiesin trackways.
Hopkins and Wel{1984) speculateghat this mayoccuron small heathland fragments
where vagrant species may outcongpbeathland species. The current study showed
wide trackways have lower densities of eurytopic individuals and fewer woodland
species, which could alleviate competition pressures to benefit persistence of xeric
species in the forested landscape.

Wide trackvays sampled were two to three times the width of the average trackway in
the forest. This corresponds with current conservation guidelines that suggest that to
maintain open habitat communities, forest trackways need to be at least as wide, and
preferablyl.5 times as wide as the height of the surrounding (&@sren and Fuller

1993) For thicket stands where trees are approximately 10 metres tall, trackways need
to be 1615 m wide. However, to allow unshaded open habitat conditions to persist
throughoutthe forest growth cycle would require trackway widths of430m within

mature stands, where trees are320m in height. Whether connectivity requires a
permanent network of unshaded trackways or can be achieved by a shifting pattern of
more short livedelements, dependent on the forest management and growth cycle,
depends on the relative mobility and vagility of the greantive invertebrate fauna

that forms the conservation concern.
2.4.4Connectivity and dispersal

Given that the forest is planted in a gatork of growth stages, trackway suitability
will be both spatially and temporally sporadic. Open habitat species with relatively good
cursorial dispersal abilities, such as reported for varRarslosaspeciesBonte et al.
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2007; Kiss and Samu 2000; Mork@97) may be able to sustain metapopulations in this
changing environment. However, the restricted distribution of many specialist heathland
invertebrates has in part been attributed to their poor dispersal ébditye et al. 2003;
Hopkins and Webb B1). For less mobile specialist xeric species a patchy mosaic of
suitable habitat may not be sufficient to allow colonisation and persistence in the

forested landscape.
2.4.5Management implications

To create and maintain gralssath biodiversity in the trackwayetwork of plantation

forests established on former heathland areas, management needs to focus on: widening
existing trackways, reducing the dominance of dense -gi@seds in track verges and
increasing the patchiness of growth stages within the forest.

Widening trackways to create permanently unshaded habitat could facilitate dispersal
and colonisation from adjacent grdssath into the forest trackway network, linking
fragmented remnants of heath across the forest and providing movement pathways
throughthe forest for specialist xeric invertebrates. Many specialist species with poor
dispersal abilities will benefit from having connectivity of wide permanently unshaded
trackways that could support persistent resident populations as well as being used as

dispersal corridors.

Where ground vegetation is dominated by thielse swards in the trackways, some
form of physical disturbance may also be required to created early successional habitats
with exposed substrates and reduced vegetation density. Thefonedidturbance to
enhance gradseath biodiversity is well know(Dolman and Sutherland 1992, 1994;
Romermann et al. 2009ut little work has been carried out to compare the benefits of
different techniques. Early successional stages in many heatiefendnce sites are
maintained by large rabbit populations, but as this is incompatible with forestry
management, similar vegetation structures in the trackways may require physical

mechanical disturbance.

Largecongregated restocks may impede dispersahgaltrackways for less mobile
habitat specialist when trees mature. Although trackway widening may not be feasible

throughout the forest to alleviate this, we advocate an increase in patchiness of growth
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stages (by reducing coupe area), allowing greatedipity between ephemeral patches
of open habitat to be as close as possible for dispersal limited species.

2.4.6Conclusion

Trackways support a significant amount of the heathland spider composition. However,
management in trackways may further increase thadance of graskeath species
while reducing the influence of woodland and eurytopic species. Restoring open habitat
networks would enhance the biodiversity of the forest as well as support specialist xeric
species. Management options should be testemhdocbst effective methods. There is
great potential for trackways to enhance the biodiversity of plantation forests whilst also

improving the cohesion of fragmented gragsth habitats in the region.
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Chapter 3

Physical disturbance enhances ecological networks for heathland biota: a

multiple taxa experiment

Abstract

Creation of ecological netwks is advocated to increase the viability of regional
populations and their resilience to climatic and lasd change with associated habitat
fragmentation and loss. However, management of network elements should be
appropriate for the regional biotars®erved, requiring evidence from multiple taxa. We
examined the response of carabids, spiders, ants and vascular plants, to six physical
disturbance treatments ranging in intensity plus controls, replicated across 63 plots in a
plantationtrackway networlof a heathland region in Englan@ver two years, 73 182
invertebrates from 256 species were identified and 23 241 observations of 222 vascular

plant species made.

Abundance and richness of stenotopic carabids and plants (respectively associated with
heathand dune, or unshaded physicaligturbed lownutrient soils) increased with
disturbance intensification. Ant assemblages were similar among treatments and control
plots, only differing from heathland sites through addition of generalist species. Spider
assemblages were less resilient; overall abundance and richness reduced with greater
disturbance. Generalist spiders recovered in year two, although incompletely in the most
intensely disturbed treatment. Contrasting responses among taxonomic groups likely

reflect differences in dispersal ability.

Treatments that merely disrupted vegetation quickly regained plant cover and height,
suggesting frequent reapplication will be required to maintain heath specialist species.
Turf stripping, the most severe treatment, was quickly colonised by speciatibidcar
and plant species. Treatments that are more durable may allow stenotopic spider
assemblages to develop in contrast to shdisted treatments. Effectiveness of early
successional habitat networks within regions supporting European lowland heathland
will be enhanced by physical disturbance and turf stripging. results emphasise the
importance of examining multiple taxonomic groups when assessing management

outcomes.
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Published as:

Pedley, S.M., Franco, A.M.A., Pankhurst, T., Dolman, P2@13 Physical disturbance
enhances ecological networks for heathland biota: a multiple taxariragpée
Biological Conservation 160, 171382.

3.1Introduction

Land-use change, with associated loss and fragmentation of habitat, provides enormous
challenges to comsvation biology. In addition, species adapted to narrow habitat and
climate niches may struggle to keep up with predicted climate shifts in fragmented
landscapes. Ecological connectivity can help mitigate such impacts by enhancing local
population resiliace(Gilbert-Norton et al. 2010; Haddad et al. 20@8) potentially by
facilitating range shift in response to anthropogenic climate chiiejker and Zavaleta
2009; Krosby et al. 2010; Lawson et al. 2012pnsequently, there is increasing
emphasis onestoring connectivity in strategic conservation policgwton et al. 2010;
Mitchell et al. 2007; Natural England 2011However, effective implementation
requires understanding what functional groups form regional priorities for conservation
(Dolman et al 2012) and which management techniques enhance landscape
permeability for these. To optimise connectivity in modern landscapes, there is a
pressing need to examine how management affects network suitability for contrasting

taxa of conservation concern.

Mechanisms of dispersal within ecological networks depend on the temporal and spatial
scal e of -hsipsetdBemystG®00B)kof relatively mobile species, facilitating
individual dispersal can link discontinuous populations even if connectingelsrare
suboptimal relative to the discrete habitat patches that support reprod(ideaoidad

and Tewksbury 2005)n contrast, for many arthropods and plants of limited dispersal
ability, percolation of resident populations requires networks of apptephabitat
guality (Bennett 2003)Examining the occurrence of taxa among network elements that
differ in habitat structure and management can therefore provide evidence to enhance

network quality, without the necessity to demonstrate movement.

Europearheathland assemblages are of high biodiversity value and protected under the
EC Habitats DirectivdEC 1992) but over the last two centuries European lowland

heathland has been reduced by9d806, primarily by afforestation and agricultural
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conversion(Farell 1989; Gimingham 1972)Remnants are often small and isolated
(Piessens et al. 2005; Webb 20083 many earhsuccessional heathland species are
dispersalimited, isolated populations are vulnerafBonte et al. 2003; Piessens et al.
2005; Webb andHopkins 1984) consequently, efforts to reconnect heathland are
important to conserve its biodiversity in the longer tdiopkins and Webb 1984;
Lawton et al. 2010) The importance of dispersal for invertebrate populations of
fragmented opehabitats is wll known(de Vries et al. 1996; Turin and den Boer 1988;
Warren et al. 2001)yet we usually lack understanding of the appropriate vegetation
structure or management to enhance connectivity. Many stenotopic heath species
require physical disturbance thatates ruderal resources and sparse-sadgessional
structures (Buchholz 2010; Dolman et al. 2012With increasing evidence that
stenotopic invertebrates inhabit and percolate along trackways or road verges
(Eversham and Telfer 1994; Noordijk et al012) including those within tree
plantations(Bertoncelj and Dolman in press; Pedley et28113, there is potential to

use disturbance treatments to enhance ecological connectivity by taking advantage of
existing trackway networks. However, robust ewmicke across multiple taxa is first

required.

The objective of this study is to determine the most effective disturbance treatment to
conserve earhguccessional specialist heathland species by enhancing landscape
connectivity. We examined the response ofabal, spider, ant and vascular plant
assemblages to physical disturbance treatments in trackways within an afforested
landscape in eastern England planted over lowland heathland, fallowed and marginal
croplands. Within the forest 1290 km of trackways pfewa network that has potential

to connect both the permanent and ephemeral open habitats within the forest landscape,
and to link external heathland remnants across the forest. The invertebrate and plant
response to a range of treatments that differistutbhance intensity was examined in
terms of assemblage composition, richness and abundance ofswargssional
specialist and generalist species; invertebrate assemblages were also compared to

reference heath sites.
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3.2 Methodology
3.2.1Study site

Thetford Foest was planted in the early 20th century and occupies 1850km
Breckland in eastern England (0°40'E, 52°27'N). Breckland is characterised by a semi
continental climate, sandy, nutrigmbor soils and a long history of grazing and episodic
cultivation (Dolman and Sutherland 1998)pporting a regional biota that includes
coastal, continental and Mediterranean elements. Physically disturbed heathland and
ruderal habitats support at least 542 priority species (rare, scarcereatrgged or UK
Biodiversity Action Plan specieg)Dolman et al. 2012)The forest is dominated by
conifer plantations, with 80% comprised of Corsic&hings nigrg and Scots R.
sylvestri3 pine, managed by cle&lling (typically at 6680 years) and replanting of
evenaged pat hes (planting 6couped: mean -ar ea
grained mosaic of growth stages. Coupes are subdivided by a network of forestry
trackways that provide management access. Trackways comprised two elements: central
wheelings with sparseegetation and exposed substrate, flanked by vegetated verges
that are cut annually to facilitate access but lack bare substrate. Trackways vary in width
(mean 13.7 m = 5.8 SD, range56 m, sample size n=93), substrate (sand, gravel),
vegetation and shadindue to adjacent tree height. Approximately 50% of heathland
associated carabid species have been recorded from this trackway ngtwoek al.

2007) as well as many characteristic heathland spider spétiedley et al.2013;

however, some oftheregn 6 s r arest and most exacting
3.2.2Physical disturbance treatments

Six physical disturbance treatments that varied in intensity plus a set -ohamaged

controls, each replicated nine times across a total of 63 plots (treatment plbtlB6ag

m, width minimum 4 m, maximum 5 m), were established within the trackway system

in February 2009see Appendix A3.1 for treatment photograpidts were distributed

within the contiguous core area of Thetford Forest (comprising four management
Oblkksd), and in one | ar3@)eTreatmants maduded twb or e
cutting treatments: swiping (S, sward cut with tractor mounted blades, clippings left in
situ) and harvesting (H, sward cut and removed with silage harvester) and four soil

disturbance treatments ranging from mild disruption by discing (D, trpaited disc
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harrow, disrupting but not destroying vegetation with shallow soil disturbane2) 10
cm deep), to moderate disturbance by forest ploughing (FP, soil and litter inverted
plough lines producing bare mineral substrate in the furrow, wid#h03@m, depth 40

50 cm, alternating with strips 480 cm of intact vegetation), heavy disturbance by
agricultural ploughing (AP, turf and tegoil inverted producing bargubstrate aoss

the plot, with biomass retained and buried te3P0cm), and the most destructive
treatment turf stripping (TS, removal of vegetation, root mat, litter and organic soill

exposing mineral subsoil at a depth of3(bcm).
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Fig. 3.1. Sample locations within Thetford Forest showing the distribution of treatment
and control transects and sampled reference heathlands.
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Plots were placed within trackways at least 9 m wide, within coupes age%l yi€ars

that @mprise closeadanopy stands lacking open habitat caral(Bertoncel; and
Dolman in press)spiders (Pedley unpublished data) or pldRigcott et al. 2006a)To

reduce shading effects plots were established in the widest verge of trackways oriented
north-south, or the northern verge of trackways oriented-wast. All plots were
located a minimum of 100 m away from other treatments, open areas, forest restocks
and felled coupes to ensure samples were not capturinghapéat species from
adjacent habdts. The soil in each plot was initially classified as acidic (podzols and
acidic brown earths), or calcareous (rendzinas, calcareous sands, and mixed calcareous
acidic periglacial complexes) from soil mafSorbett 1973) This was validated by
sampling so in August 2009, with four cores (4.75 cm in diameter, 5 cm deep,
excluding the root mat and undecomposed litter) taken from each ploftjealrand
passed through a 2 mm sieve; 50 grams from each core were mixed with 3186 cm
distilled water and pH easured with an electronic meter.

Treatments were allocated randomly to suitable trackways, stratifying between 1) acidic
soils lacking brackeRteridium aquilinum2) acidic soils dominated by bracken, and 3)
calcareous soils. Treatments were not cludtevéhin the geographic spread of plots
(latitude k5 se= 1.014, P=0.426; longitude; k&= 1.396, P=0.232); however to control
for any geographic effects on biotic composition, forest block was examined as a

categorical factor in analyses
3.2.3Invertebratesampling in treatment plots

In both 2009 and 2010, growadtive invertebrates were sampled in each plot on three
occasions: in May, June and late July/early August. In each period, six pitfall traps
(each 7.5 cm deep, 6.5 cm diameter, filled with 50 nG8% ethylene glycol) set 15 m

apart in a single transect along the centre of each plot (beginning 37.5 m from each end)
were opened for seven consecutive days. Traps in each transect were combined giving
one composite sample per plear. Taxonomic refences for subsequent species

identification of carabids, ants and spiders are detailed in Appendix Talde A

61



Chapter 3 Multi-taxa response to disturbance treatments

3.2.4Invertebrate sampling in heath reference sites

Groundactive invertebrates were also sampled on eight heath reference sites located
within 8 km of treatment plots, of which seven were designated under EU and or UK
conservation legislation. All were subject to conservation management, predominantly
rabbit and sheep grazing, with some mechanical disturbance (for site details see
Appendix Table 8.3). Within each site, three transects west (each of six pitfall

traps of the same dimensions used in experimental plots) at least 50 m apart, open for

seven consecutive days over three trapping periods (May, June and August) in 2009.
3.2.5Plant species compiti®n and vegetation structure

In each treatment plot, incidence of vascular plant species was recorded from 201 mx 1
m quadrats placed regularly along the centre, between May to August of both 2009 and
2010. In August of both years, vegetation heightach plot was assessed at 40 points
using a sward stick (diameter 90 mm, weight 250 g, following Dolman and Sutherland
1992, and percentage of bare substrate visually estimated in 20 cm x 20 cm at each
point. Due to protected nesting birds it was notsfimle to survey vegetation structure

or vascular plant composition on heathland reference sites
3.2.6Classification of species

For each taxonomic group, we classified species as those likely to be ubiquitous in the
forest (eurytopic and or woodland speciest leea f t e r 6getmomeérealing ©) s
stenotopic species of regional conservation interest, for which treatments may enhance
connectivity (hereafter O6specialistsod).
associated with dry grassland, lowldmehathland, dunes, chalk or gravel pits. Effects of
treatments were contrasted between generalists and specialists; less exacting species of
open mesic habitats (such as moorland) were not considered further but generally

maintained an even abundance asrmeatments.

Vascular plants were classified as those that are shade tolerant and or occur in mesic
(damp ornutriere nr i ched) habit-bBbobe(@dgederabdndtsp
restricted to oligotrophic (low nutrient) opémbitats that lao require physical
disturbance (i.e. ruderals, annuals, or species intolerant of competition in closed swards);

these are a conservation priority in the reg{@olman et al. 2012)Vascular plant
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species capable of persisting in open nutspaur habiats without regular disturbance

are ubiquitous throughout the trackway network and were not considered further.
Species lists, sources for habitat classification and protection status are shown in
Appendix Table 8.2.

3.2.7Data analysis

Abundance measures cprised: frequency of each vascular plant species (per plot;
range 620), and numbers of individuals per piaar for invertebrates, pooled across

pitfalls and sampling periods.

Sampling effort and species richness were compared among treatments arteefer
sites with samplebased rarefactiomsng the EstimateSsoftware packagé€Colwell
2009)

For each taxonomic group, assemblage composition across treatments and heath
reference sites was examined using -Metric Multidimensional Scaling (NMDS)
performed on a matrix of Bra@urtis dissimilarities of abundance data (square root
transformed and VW§consin double standardization) using the vegan padkakganen

et al. 2010)in the statistical software R Development Core Team 201Zentroids

for heath reference samples and treatments were plotted to visualise assemblage
differences. Stress valsievere examined to assess the accuracy in representation: <
0.05 excellent; < 0.1 good; < 0.2 potentially useful; > 0.3 close to arb(tCéeyke and
Warwick 1994) The influence of soil pH on plant assemblage NMDS axis scores was

examinedb y S p e aarreledion0 s C

To examine the stability of sampled communities between years, NMDS was also
performed simultaneously on data from both years of treatment sampling and heath
reference sites sampled in year one only. Pairabts were used to investigate
differences in the ordination scores of control plots between each sampled year. NMDS
axis one scores of control plots indicated stable invertebrate and plant compositions
between years (pairetl tests: P > 0.05). The large differences between years in
ordinaion of treatments relative to reference sites are therefore unlikely to be an artefact

of interannual variation in weather.
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Species richness and abundance of specialists and generalistadbeatd species were
compared among treatments and heath eafsr transects using generalised linear
models (GLMs) in R. The appropriate error term (normal, Poisson, negative binomial)
for each analysis was selected by compar
examining the ratio of deviance/residual degreé freedom. Differences among site
category means (treatments and controls) were examined by Tukey pairwise
comparisons. GLMs retained soil type (categorical: acidic, calcareous and mixed) and
forest block when significant (P < 0.05). Spatial autocatimiaof GLM residuals was
examined by Morands 6 (Paradis tethak 20@dp B. Inpad c k a g

instances Moranés | was not significant |

Sward height and the extent of bare substrate were also compared among site types
(treatmentsheath references and controls) over the two years using GLMs. Only those
site types that contain more than one percentage bare substrate and sward heights
greater than zero were included in the analysis.

3.3 Results

A total of 73 182 invertebrates from 256 species were identified over the two years,
comprising 7564 carabids from 94 species, 24 087 spiders from 142 species and 41 531
ants from 20 species. In addition, 23 241 observations of vascular plants from 222
species were recorded. Sampling of grotative invertebrates and vascular plants
effectively captured the assemblage composition, as sdrapkrl rarefactions
approached their asymptote (FB2). Species richness was lower for all invertebrate
groups in leath reference transects than in treatment plots 8&2y. Fourteen species

were unique to heathlands, eleven of which were specialists including six nationally

scarce species, three ground spiders and three carabids.
3.3.1Vegetation structure

Control and cuing treatments provided very little bare substrate over the duration of
the experiment (Fig3.3). As expected, the four soil disturbance treatments provided a
significantly greater extent of bare substrate compared to controls in the first year.

However,by year two the extent of exposed substrate in disced plots was similar to that
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in control and cutting treatments, while tstfipped sites retained more bare substrate
than any other treatment in the second year. Shaight was reduced in the threesho
destructive treatments (FP, AP, and TS) in year one compared to control and cutting
treatments (Fig3.3). However, by year two swaltkights only remained significantly
lower in turf stripped plots. Swadtkeight and percentage of exposed substrate was
variable in samples from heath reference sites due to differing levels of physical
disturbance (Fig3.3).
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Fig. 3.2. Samplebased rarefaction curves with 95% confidence intervals for pitfall
catches ofjround active invertebrates and quadrat sampling for vascular plants, shown
separately for each year of samplingb)apitfall trap sampling from treatment and
control plots of invertebrate taxa; spiders, carabids and ants; c) invertebrate sampling of
heah reference sites (in year one onlye)vascular plant sampling from treatment and

control plots.
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