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Abstract

This thesis explores the relative importance of within-patch habitat quality, the temporal
persistence and spatial connectivity of habitat patches, for heathland ground beetle
assemblages in a forested and open habitat landscape mosaic of Breckland, Eastern
England. Comparison of the carabid fauna of two distinct landscape elements. remnants
of once extensive lowland heathland and the pine plantations of Thetford Forest managed
by rotational clear-felling, showed the high value of the forest landscape for carabid
species restricted to grassland, heathland and sandy habitats (GHS). Within the forest
landscape, temporal changes in carabid community in planted stands are determined by
management and succession, with conditions suitable for GHS species persisting for just
seven years after replanting. For persistence of GHS species within Thetford Forest
permanent open space, representing approximately ten percent of the area, is essential.
Habitat quality, particularly greater cover of bare sand, lower sward and shallow soil
litter, were more important predictors of patch suitability for GHS species than patch size.
Suitability of linear trackway elements within the plantation was determined by the
surrounding matrix, with high GHS species richness in trackways surrounded by younger
plantations (<20 years) and very few GHS in those surrounded by older plantations.
Behaviour of the model arenicolous species Harpalus rufipalpis differed between these
two types of trackways, with greater levels of activity and more leakage in poor quality
trackways surrounded by older trees; thus only a subset of trackway elements will serve
as corridors for conduit. Despite the interrupted nature of this network, colonisation of
newly created clear-fells by GHS species was not affected by their isolation, at least at the
current scale of management. Almost all GHS species recorded in permanent open
habitats were shown to successfully colonise ephemeral open patches: colonists did not
represent a subset of GHS species and were not filtered by dispersal ability.
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Chapter 1: Introduction

Chapter 1: Introduction

Population dynamicsin heter ogeneous landscapes

Since ecologists became aware of spatial heterdgetseeffects on population dynamics
and interactions have been the focus of populasioilies (Turner 1989). Two main
aspects of spatial heterogeneity of landscapes I@en put forward: composition
(differences among landscapes, in the amount grgptions of specific habitat types of
interest) and configuration (differences among $magbes, in the structural organisation
or the spatial pattern of specific habitat typesntérest) (Dunninget al. 1992). Spatial
complexity has mostly been considered in its sisidierm, in terms of the spatial pattern

of patches set in a background matrix (Wiens 1995).

Considering spatial composition, configuration apatch-matrix organisation of
landscapes, and the relative importance of theh birdeath ratio compared to the
immigration / emigration ratio for population pesteince, a range of types of populations
have been described (Hanski 1997, Thomas & KunBBl1®ahrig & Nuttle 2005). For
example, populations have been described as a idBpaextended population”
(Freckleton & Watkinson 2002) or a “patchy popuati (Harrison 1991) with high
degree of movement among local populations, as atdpopulation” (Hanski 1991,
Hanski 1998) with intermediate movement relativepiich spacing that is sufficient to
allow local population reinforcement or recolonisat of vacant patches, but not
sufficient to synchronise the dynamics of sub-papahs, and as a “regional ensemble”
or ‘“remnant population” (Freckleton & Watkinson 200 comprising separate

unconnected local populations.

Another division of population types giving more iglg to habitat quality and birth /
death ratio are “sources”, “sinks” and “pseudo-sinks suggested by Pulliam (1988) and
Watkinson & Sutherland (1995). Such classificatadnpopulations has received much

attention as defining type of population could gigkear implications for optimal
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management for its persistence. However, accortinghomas & Kunnin (1999) such
categorisation is illusory as any one species dumsbelong to any of these types
throughout its range but rather each local poputatwithin spatially structured

population could be assigned to any of the abovetioreed types.

Despite such warnings, the metapopulations have lbgefar the most influential in
population and conservation studies (Hanski 1998 concept of a metapopulation
developed from the island biogeography theory (Mioir & Wilson 1967) and is based
on population persistence across a group of urestimiohl populations that exist in a
balance between local extinctions and the estabbsth of new population at unoccupied
sites (Hanski 1998). For a metapopulation to perie replacement condition should be
met, which implies that a smaller network of lopapulations comprising fewer patches
is necessarily more threatened than metapopulatomprising large and well connected
networks (Hanski 1998). This conclusion has leditgreat increase in the importance
given to landscape configuration and habitat cotivigcin conservation biology, such
that connectivity has been described as the thiedisure of landscape structure (in
addition to landscape composition and configurgtiqitaylor et al. 1993). In
metapopulations therefore the regional processemifiration / emigration) are more
important than local dynamics (birth /death rats)l empirical studies confirmed such
dynamics in the pool frog in ponds along the Battaast of Sweden (Sjogren-Gulve
1991) and the Glanville Fritillary in Southwest kind (Hanskiet al. 1994). However,
Harrison (1994) found that few species fit the slasmetapopulation model and
Baguette’s review (2004) shows classic metapomriatare likely to be found either on
the edge of species distribution, in species wéhyvsmall local populations or species

which are declining in the study area.

By focusing on immigration and emigration, the npefaulation paradigm neglects the
processes within habitat patches (Thomaal. 2001) which are mostly connected with
habitat quality and its potential to reduce or @&se growth rates or carrying capacities
(Davies et al. 2001). In fact the “habitat quality approach” topplation ecology
developed in parallel to the metapopulation apgro@emstrong 2005) and only recent
theory suggests that far from being alternativeséhprocesses are linked (Wiegahdl.
1999, Thomast al. 2001). Empirical studies comparing effects of withatch habitat

guality, patch size and patch isolation showed ithit at least as important to maintain
8



Chapter 1: Introduction

high habitat quality as it is to maintain connegbegulations within a landscape (Dennis
& Eales 1997, Daviest al. 2001, Thomast al. 2001, Bauerfeindt al. 2009). Thus
metapopulation theory has usefully introduced theeg@sses on the landscape scale into
conservation planning, but it should not be used sisbstitute for management of within-
patch habitat quality (Harrison 1994, Harrison &Ba 1999, Margules & Pressey 2000).

In addition to heterogeneity on spatial scale, taabiare subject to changes in time due to
disturbance or succession. In a simulation experirkahrig (1992) found the effect of
temporal variability (patch longevity) far outwemggh the effect of spatial variability
(isolation) of habitat in determining the populatistability. Fahrig concluded that in very
ephemeral habitats, spatial variability may be yartant. Similarly, Matlack & Monde
(2004) found that prediction of decline of slow rrmay species in landscapes with high
frequency of habitat destruction cannot be predidtg static description of habitat
connectivity. Analysing data from two metapopulatioof the butterflyPlebeju argus,
Hodgson and colleagues (2009) found that an inereaspatial connectivity of habitat
patches in dynamic habitat (with high temporal ahbility) did not increase patch
occupancy. Therefore observations of habitat ofeddht ages should be used to
determine the scale of temporal variability of habof interest within studied landscape

to be able to assess its importance for populgt@eistence.

Closely connected with temporal changes and suictess also formation of species
assemblages. As the metapopulation theory onlyel® populations of one species it
does not include effects of relationships amongigge To broaden the metapopulation
theory to the level of community the concept of acemmunity as a set of local
communities that are linked by dispersal of mugtipdotentially interacting species
evolved was developed (Wilson 1992). Several modélmetacommunity functioning

have been proposed which focus on different presesietermining distribution and

abundance of species (reviewed in Leibold etal.0420 Two main and opposing

interpretations of the role of biological interacts were developed. According to the
niche theory each species occupies only those taitedich it is well adapted and from

which it is able to exclude competitors (Vanderm&@r2). The second interpretation is
the neutral theory which most species belongintheosame guild are able to grow at
most sites and the community composition is deteechilargely by the accidents of
dispersal (Caswell 1976, Bell 2001).
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Studies of effects of habitat fragmentation on hiedsity are a good example of how
intertwined and often inseparable are effects opufadions of landscape composition,
configuration and within-patch quality. Habitat draentation was defined by Wilcove
and colleagues (Wilcovet al. 1986) as “process during which a large expandebitat

is transformed into a number of smaller patchesnadller total area, isolated from each
other by a matrix of habitats unlike the original’here are three separate processes
included in this definition of which the first isahitat loss (change in landscape
composition) which has been proven to have largecansistently negative effects on the
original biodiversity (Tilmanet al. 1994, Pimmet al. 1995, Sihet al. 2000, Dirzo &
Raven 2003). The second process is change in lspatiiguration of habitat (also called
fragmentatiorper se) which results in an increase in the number oflped, a decrease in
patch sizes and increase in isolation of patchébput any change in the overall amount
of habitat (Haila 2002, Tscharntlet al. 2002, Fahrig 2003, Ewers & Didham 2006).
Fragmentationper se when separated from habitat loss, has much weeifects on
biodiversity that are as likely to be positive &gative (Harrison & Bruna 1999, Fahrig
2003). The third process are the so called “eddectsf, through which landscape
composition affects the quality of remaining habipatches, either physically (e.qg.
microclimate at woodland edges) or through effectsspecies interactions as seen with
increased activity by generalist predators intrgdiom the matrix (Saundees al. 1991,
Collinge 1996, Fagae al. 1999, Riest al. 2004). These processes affect biodiversity in
different ways and because researchers often expféects of only one or two of them,
the results of empirical studies of fragmentatiffieas on natural populations are widely
contrasting (Fahrig 2003, Ewers & Didham 2006).gRmantation is expected to give rise
to multiple, even contradictory responses, depandin the species characteristics
(dispersal ability, habitat specialisation, tropkléwel), geographic regions and type of
environment. Therefore the effects of habitat fragtation should be considered in
specific places at specific times for specific spgcat relevant temporal and spatial
scales (Haila 2002, Ewers & Didham 2006).

Influenced mostly by biogeography and metapoputatiteory, several authors suggest
that the way to mitigate negative effects of fragtagon is to improve connectivity

within the landscape, for which implementation ofradors and stepping stones have
been suggested (Beier & Noss 1998, Rosenéealy 1999). In this sense, corridors are
defined as “linear landscape elements that praiddenovement between habitat patches,
10
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but not necessarily reproduction” (Rosenbetrgl. 1999). This facilitation of movement
would reduce probability of extinction of spatiabyructured populations by decreasing
inbreeding depression and increasing fitness ohll@gopulations (Brown & Kodric-
Brown 1977, Palstra & Ruzzante 2008), or by indreagecolonisation of empty habitat
patches (Hanski 1991, Hanski 1994, Hanski 1998.t€hm corridor has been used in the
literature also to describe elements which wouldlifate access to resources within an
individual's home range (Nielsest al. 2004), for seasonal migrations (Mazerolle 2005)
and/or movement across barriers such as highwayadéB et al. 2008) but these
functions will not be considered here. Steppingatoare patches of remnant vegetation
within the matrix that were suggested to increasanectivity by reducing the distance
that individuals have to travel at once through thatrix (Forman 1995, Uezet al.
2008), but these have received far less attentiohe literature than corridors.

The use of corridors in conservation has been tkspirom the beginning (Hobbs 1992,
Mann & Plummer 1995) with reviews that are eitheprsgly supportive (Noss 1987,
Beier & Noss 1998), or strongly skeptical (Simbé#ri& Cox 1987, Simberloffet al.
1992), pointing out potential negative effects dafrrilors such as transmission of
diseases, fires or introduced predators. Additiopatentially negative effect of
“outbreeding depression” as a decrease in thesBtoé progeny resulting from outcrosses
between genetically differentiated populations usk Wolf 1996) could be a
consequence of increased connectivity by corridBesults of empirical studies of the
use of corridors are also contradictory. Measunfiwhich movement rates among
patches of habitat could be inferred were posijiadfected by corridors for butterflies
(Sutcliffe & Thomas 1996, Haddad 1999, Haddsdal. 2003, Varkonyiet al. 2003,
Haddad & Tewksbury 2005), moths (Monkkonen & Muta2€03), crickets (Berggrest

al. 2002), flies (Friedet al. 2005), small mammals (Bennett 1990, Coffnetual. 2001,
Mech & Hallett 2001, Haddaet al. 2003), birds (Haas 1995), bears (Dixairal. 2006)
and plants (Tewksburgt al. 2002, Damschest al. 2006). However, movement rates
among habitat patches were not affected by theepoes of corridors for soil fauna
(Rantalainenet al. 2004), for community of over 300 open-habitat aisspecies
(Collinge 2000), for grassland butterflies (Ockinge Smith 2008), for some forest
interior insect species (Hill 1995), two speciesarfents (Horskinst al. 2006) and forest
birds (Hannon & Schmiegelow 2002).

11
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As Chetkiewicz and colleagues (2006) suggest inr trexent review the important
impediment to the effective use of corridor is gfag between the composition and spatial
configuration of habitats (pattern) and the waysnats actually move within landscapes
(process). Similarly such a dichotomy was describsdstructuralversus functional
connectivity of landscapes (Taylet al. 2006). The designation of corridors is often
based on patterns of remaining habitat that apftedruman observers) to be connected
without evaluation of their use by the target specBehavioural studies of movement
have shown that general dispersal patterns arectaffeby edge-specific behaviour
(Ovaskainen 2004), by gender and environmentatbgeeeity (Rudd & McEvoy 1996),
by different micro-habitat selection depending abitat type (Bownet al. 1999) and by
differences in movement among individuals (Mora8e&llner 2002). Chetkiewicz and
colleagues (2006) conclude that even with morentittie given to processes of habitat
selection and movement of organisms, we are uplikelbe able to produce general

prescriptions for corridor designs for multiple sjgs, locations and scales.

Furthermore, the debate about corridors has hadareowm focus on corridors as
continuous linkages on a small local scale amomgllgopulations, where corridors
should enable continuous dispersal movements. ¥amgle, the length of corridors in
studies of their effects on invertebrate dispergate 5m (Berggremt al. 2002), 10m

(Collinge 2000), 150m (Tewksbust al. 2002, Friedet al. 2005, Haddad & Tewksbury

2005), between 64 and 384m (Haddad 1999, Haddlaal. 2003) and up to 500m

(Sutcliffe & Thomas 1996). Most of the above ddsed studies on the use of corridors
also examine their use by one or two species amg feav consider assemblage or
communities. Bennett (2003) suggests the scopeldshmu broadened to the issue of
management of linkages at the landscape or regswaé with arrangement of habitats
that would ensure ecological connectivity for specicommunities and ecological

processes.

However, even though functional connectivity of thadscape is important, we cannot
assume it will in itself guarantee long tem peesise of species populations (Tayébal.

2006). Biodiversity studies of population persisershould explore effects of several
ecological processes and not assume connectivityspatial configuration of habitat to

be of primary importance (Fahrig & Nuttle 2005).

12
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In conservation of mosaic anthropogenic landscap&sirope, where traditional farming

practices created semi-natural early successiomaditais, considering the relative
importance of spatial arrangement, temporal dynsmaid habitat quality for persistence
of plant and animal populations is essential. Tabitat type which is the focus of this
thesis, is lowland heathland, a semi-natural habharacterized by dwarf shrubs growing
on relatively nutrient poor, acidic soils (UK Biegrsity Action Plan 2005). Heathland
was created by human management such as burnitiggcand rabbit and sheep grazing
and regular disturbance is essential for persistaricthis habitat (Price 2003). Due to
land-use changes such as conversion of grazing tandrable land, agriculture

intensification or abandonment, areas once dondnatiéh heathland are increasingly
more fragmented. Changes in management of remalreathland such as reduction in
grazing and disturbance and eutrophication have teachanges in vegetation structure
(Dolman & Sutherland 1992) and habitat suitabitifythese areas for typical invertebrate
species (Telfer & Eversham 1996). This thesis eramiieffects of fragmentation,

temporal dynamics and differences in size and athiality of heathland remnants on

assemblage of ground beetles.

Ground beetles as study organisms

Ground beetles (Coleoptera: Carabidae) are ondefriost diverse and well studied
insect families (Holland 2002). Several charactiessmake this group very useful in the

study of landscape ecology.

Different species of ground beetles have diverseitdtarequirements ranging from
eurytopic to stenotopic species (Holland 2002). itéalchoice is so specific that they can
be relied upon to provide consistent habitat relatdormation and used to characterize
habitats (Lovei & Sunderland 1996) even to theeithat fossil beetle remains could be
used for interpreting the past climate conditioRer(elet al. 2003). The larval stage in
ground beetles is the most sensitive for envirortaiefactors due to poor mobility and
weak chitinisation which makes them sensitive tsidmtion, starvation, parasites and
diseases (Lovei & Sunderland 1996). Therefore swmilsture is likely to be the most

influential of all their environmental requiremei(kolland 2002).

13



Chapter 1: Introduction

Species in this family also vary according to tliegpersal ability, which can be roughly
estimated from their ability to fly (de Vriest al. 1996). Species can be macropterous
(winged) or brachipterous (wingless), with some cgge being dimorphic (some
individuals are macropterous and some brachiptgrélight ability varies little between
the sexes (Roff 1994). Distances that carabidswalk are limited. Some of the larger
species can possibly walk for more than 1000m @leer 1970), but for most species a
distance of 500m is very exceptional (Baars 19%®his experiment with radioactive
marked beetles Baars (1979) showed movement ofgteond beetle speciePdecilus
versicolor andCalathus melanocephalus) was a combination of alternating random walk
and directed movement, thus resulting in only srdeplacement in a random direction
within a 24h period. He estimated thdecilus versicolor can move on average 160m in
a season. Vermeulen (1994) estimaRtdrostichus lepidus and Harpalus servus can

move on average 50-150m in a season.

Ground beetles can be easily and cost-effectiveliected using pitfall traps, which are
the most commonly used field method (Spence & Nlani®94). Even though pitfall

traps have some disadvantages as the catch ist@ofunf both density of the population
and activity of individuals (Greenslade 1964), gittrapping has been shown to reliably
reflect variation in carabid assemblages and tlibitat associations (Dufrene &
Legendre 1997, Liet al. 2005). However, despite these biases, when congpadrabid

assemblage collected in different habitat type$iwifThetford Forest using pitfall traps
and hand searching, Lin and colleagues (2005) fanotkd methods gave a quantitatively

similar ordination of community composition.

Characteristics mentioned above make Carabids yhighlitable for studies of
environmental changes associated with land-use sarndession and for studies of
changes in habitat configuration. Carabid asserneBldgave been shown to respond
quickly to forest felling (Butterfield 1997, Koival& Niemela 2003, Pihlajet al. 2006),
land-use change from arable to grassland (Pueaalf 2004), use of different crops in
arable fields (Kinnunen & Tiainen 1999) and theeirgity of management in gradient
from intensive arable fields to upland grassland amorland (Riber&t al. 2001). In a
study of 32 heathland remnants in the Netherlaraafgying in size from <0.4 to >1600ha,
de Vries (1996) found carabid assemblages wereitsenso patch size with smaller
patches supporting fewer heathland specialised iespecComparing number and

14
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abundance of species in 22 patches of farmlandholas size that were divided into two
categories according to the amount of farmland iwitbifferent distance buffers,
Kinnunen and colleagues (1996) found isolated get¢h have fewer species. The effect
of habitat quality of patches however was not atgrgd in this study. A comparison of
the number of forest specialist carabid specieibisites of different size, shape, altitude
and distance from the continuous “mainland” decidudorest in Hungary, showed
smaller and more isolated patches to have fewesfa@pecialist species (Magusiaal.
2001).

Overall study of decline of species in Europe witlie last 50-100 years (Kotze &
O'Hara 2003) showed that large bodied carabid @dipnis have declined more than
smaller ones, possibly because of their lower myctive output and lower powers of

dispersal. Habitat specialists have also decremsed than habitat generalist species.

Thesisoutline

This survey was conducted in the Breckland regiorgastern England (at 52° 27°N, 0°
42’E) which was historically dominated by heathlaofdwhich approximately 7,000ha
now remain (Lambley 1990). Since 1920 approximady0OOha of abandoned fields
and heaths have been converted to pine plantatow called Thetford Forest. Plantation
is managed by rotational clear-felling and replagtiof stands, providing a heavily
replicated series of patches at different succeabitages connected by a linear network
of trackways. The forest also includes open habitabtentially suitable for heathland
species. Open habitats within the plantation vansize, isolation and longevity with
some of them being permanent and some ephemerah Beterogeneous mosaic
landscape is an ideal model system for studiesewiporal and spatial dynamics of
assemblages and effects of habitat quality andiapatganisation of habitat on local

assemblages.

The initial data chapter (Chapter two) is an owamwand comparison of the ground beetle
fauna present in larger and continuous protectathseand smaller and more fragmented
mosaic of open spaces and open disturbed habiithig W hetford Forest plantations.

Characteristics of species associated with gragskaathland and sandy habitats (GHS)

15
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such as body size and wing presence are compategdrethe two landscape elements
with the aim to explore potential dispersal limias of species restricted to protected
heaths. The analysis then focuses on carabid atsgentomposition of permanent open
spaces and of different growth stages within corptantation, to determine the scale of
temporal variability of habitats and their relativalue for species associated with open

habitats within forested mosaic landscape.

Chapter three focuses on carabid assemblage inapemrh open spaces within the
plantation, comparing narrow linear open habitaingl the network of trackways
(“corridors”) and larger open patches embeddediwifibrest stands (“stepping stones”).
Relative importance of habitat quality (vegetatistructure and height, soll
characteristic), patch longevity and patch sizetlier presence of GHS species is tested.
The age of plantations surrounding trackways waseeted to affect conditions within
trackways and consequently carabid assemblage. dtfectiveness of current

management of trackways for conservation of heath&pecies is examined.

In the fourth data chapter, early colonisation efvty created clear-felled stands and
recently replanted or “restocked” stands by camalidsent from mature forest stands is
explored. Following paradigm of island biogeographgory, smaller and more isolated
patches would host fewer species due to reducdzhpiiity of colonisation. Clear-felled
and young restocked stands were selected to elientha effects of differences among
patches in habitat quality, as within these areawvirenmental conditions are

homogenised by spraying of vegetation and ploughing

The last data chapter examines behaviour of anicamlens ground beetlédarpalus
rufipalpis in trackways surrounded by two types of matrixuryger plantations with
approximately 7m tall trees and mature plantatieits approximately 14m tall trees. The
differences in environmental conditions in these types of trackways was expected to
effect direction and speed of dispersal of indigiduwith individuals travelling faster in
areas with unfavourable conditions (trackways surded by mature forest). Behaviour

was studies using mark-release-recapture methadyiid of pitfall traps.

The final chapter summarises and synthesises stétsef all data chapters, examines
weaknesses and unanswered questions and givesmeraations for the use of these

results in management of afforested landscapebéoconservation of heathland species.
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Chapter 2. Landscape scale carabid assemblage composition;
gpecies functional groups and habitat associations among linear

ephemeral and source areas

Abstract

Within the area of Breckland in Eastern Englandseowvation interests focus on lowland
heathland, a high maintenance secondary habitah#tsabeen reduced greatly in the last
200 years throughout Western Europe due to landhaaeges. Remnants of heathland
habitats now occur as protected heaths but alspatthes of open space within pine
plantations of Thetford Forest. Thirty seven heaill grassland and sandy habitat
associated carabid species (hereafter referreds t&tGHS’ species) are still found in
Breckland of which more than half are also preseitihin the forest landscape. The
absence of the remaining 40 percent of GHS spéaas the forest landscape could not
be explained by a lack of dispersal ability (wingeetsus unwinged) or size of the
species. Within the forest landscape very few Gp&cies are found within the closed
canopy plantations but they are present in botimpeent and ephemeral open areas.
Most of the GHS species recorded from permanemn apeas were also found in newly
created clear-fells and young replanted standsefiner connectivity does not seem to
present a problem in this landscape, under cumeriagement. However, the carabid
community structure in ephemeral open areas i®m@ifft from that in permanent open
areas, mostly due to very pronounced dominanceheftivo most abundant species

Harpalus rufipalpis andNebria salina.
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I ntroduction

Lowland heathland is a man made cultural landsaap¥estern Europe where secondary
succession is manipulated by traditional agricaltypractises no longer applied these
days. It encompasses a range of early successindahade intolerant plant communities
which are typically dominated by ericaceous dwdmubs and are restricted to acidic,

mineral based and infertile soils below 300m ad@y\Webb 1986, Gimmingham 1992).

Heathlands support distinctive insect fauna of Whsome species are specialised for
utilising plant species characteristic of heathsl asther species require physical

conditions provided by heathlands that are notdouanthe surrounding landscape (Webb
1986).

In the region of Breckland in Eastern England labithave been altered by human
activities for at least 5000 years most pronourafeghich was intensive sheep and rabbit
grazing and various forms of physical disturbangeluding chalk and flint mining,
episodic arable cultivation, turf and litter cugifDolman & Sutherland 1992). This,
combined with the semi-continental climate and gasails characteristic of the region,
resulted in a unique mixture of lowland heathlarsteppe, coastal dune and
Mediterranean communities (Watt 1971, Dolman & $d#nd 1991). The Breckland
region has undergone significant changes in laedwithin the last 200 years, the most
pronounced of which is the reduction in the areboeland heathland estimated at about
76% (from 29000ha in 1900 to 7000ha currently) (béay 1990). In the 1920s more
than 20 000ha previously covered with heathlandabahdoned fields were planted with
trees (now called Thetford Forest). Following tleeese reduction of rabbit populations
by myxomatosis in the 1950s, most remaining heathlaecame densely vegetated
(Dolman & Sutherland 1992).

Similar reduction in the area of heathland occurredther countries in Western Europe
(Gimmingham 1992, Webb 1998), therefore heathlamdhaw considered a rare and
threatened habitat that is protected by EC Habilitective. Within the UK, the
Biodiversity Action Plan (BAP) requires the remaigi lowland heathland to be
maintained in favourable condition and a furthed®0a of this habitat to be recreated by
2005 (Biodiversity Steering Group 1995). Numerousreatened or vulnerable

30



Chapter 2: Composition of carabid assemblages among different landscape elements

invertebrate species associated with, or dependentowland heathland and lowland
acidic grassland habitats are priority speciesunhetl within the UK Biodiversity Action
Plan (UK Biodiversity Partnership 2007).

Within the Breckland region heathland today exastgrotected remnants of heaths (Sites
of Special scientific interest) but also as opesaarwithin Thetford Forest plantations
which support populations of heathland-associatpdcies (Lin et al. 2007). A
comparison of presence and absence of heathlandiatesl species between these two
components of Breckland will give important infortiea about the conservation value of
Thetford Forest for heathland species. As dispaabdity of ground beetle species can
roughly be estimated by its ability to fly (in otheords the presence or absence of
wings) (de Vrieset al. 1996) a comparison of characteristics (such ag lsize and
presence of wings) for species living in heathlaghnants in the wider landscape, and
those also recorded within the plantation can bedu® estimate the importance of

connectivity for persistence of heathland specidbe landscape.

Thetford Forest is managed by clear-felling whicteates a mosaic of different
successional phases. High importance of temponamjcs in comparison with spatial
arrangement of habitat for patchy populations hasnbshown in several modelling
studies (Fahrig 1992, Matlack & Monde 2004, Hodgsbral. 2009) therefore it is

important to first explore the temporal dynamicsthivi the forest landscape and
determine which successional stages are suitabiehdéathland species and which
heathland species manage to colonise them. Iniadditexplore the carabid community
of permanent open areas within the forest landsaspecially in comparison with

ephemeral open areas, to determine the relaties rof these different types of open
habitat patches for the persistence of populatiohsheathland species within the
landscape.
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M ethods

STUDY AREA

| identified 25 remaining heathland sites withireBkland of which 20 are designated as
Sites of Special Scientific Interest with area lesw 13 and 4678ha (average 389ha +
1022 SD). Thetford Forest is divided into 12 mamaget units or blocks (Hemarsi al.
2005, Eycottet al. 2006) (Figure 2. 1). Management by clear-fellimgl aeplanting of
large even-aged stands creates distinct succebksstages, which were defined in
previous studies (Ratcliffe & Mayle 1992, Hemaehial. 2004) and were used in present
study (Table 2. 1). Due to the annual rotationattgpa of management, there is
continuous production of new patches of recentlgated open habitat, which then
develop into habitat unsuitable for open-groundcsseas the tree crop ages. Thus these
patches provide an ephemeral window of opportuisityopen habitat fauna. In addition
to these ephemeral and short lived open habitathpat there are also two types of
permanent open habitats: a network of linear tragienand larger unplanted patches with
an average area 7.7ha + 10.2 SD (hereafter reféored open patches). Throughout, |

refer to these differing landscape elements asmaptad and permanent open habitat.

Table 2. 1; Successional stages used in presety, sollowing Ratcliffe & Mayle (1992)
and Hemami and colleagues (2004). In the first semseason after being ploughed and

replanted in winter, restocks are zero years old.

Stage Age of trees Grouping
Felled-unplanted No trees, area not ploughed
Ephemeral open areas
Restocks 0-5 years
Pre-thicket 6-10 years
Thicket 11-20 years
Closed canopy
Pole 21-30 years
Pre-fell >30 years

Originally the forest was planted in a regular gsfdoolygonal compartments divided by

a network of linear trackways. Following forestryidelines for diversification of
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landscape (UK Forestry Standard 2004) replantirits .are now of irregular shape that
straddle the original compartment boundaries aneh fgroups of even-aged trees, which
represented individual sampling sites in the prestady (hereafter referred to as
patches). The original network of trackways of eliént width (approx. 5-50m) and
surface structure (sand, gravel) remains. The migdtt of each trackway (track) is used
by forestry vehicles and the verges of equal width each side of the track are
occasionally swiped to prevent tree growth. In ctel@ trackways approximately 100m
long strips including the track and the vergeseasented individual sampling sites in the
present study.

Each selected patch or trackway represented awidindil sampling site. In all sampling
sites the basic unit of replication was a trans&ecitvey was conducted in Lynford,
Croxton, High Lodge and Elveden blocks (Figure Roflwhich the latter two form a
large core area of the forest abutting a largehterad remnant with deep sandy soil over
large part of it. Within these blocks the companmisd different landscape elements was
spatially very well replicated, with a total of 18@es sampled.
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Figure 2. 1; Twelve management blocks of ThetfoodeBt located within the region of
Breckland.
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GROUND BEETLE FAUNA

For information about presence of ground beetlegisg in remaining heaths and arable
land within Breckland | used a published reviewcafabid fauna in Breckland (Lt al.
2007). From this review | also used information @haresence of carabid species within
Thetford Forest caught in previous studies condlgtehis area. To further explore the
forest component of Breckland an extensive sampfrground beetles using pitfall traps
was conducted in two main periods: 2001-2002 (LOD3) and 2005-2006 (present
study). A total of 109 different sites were samptddvhich 42 were sampled in more
than one year resulting in 151 site/year combimatioith 365 sampled transects (Table
2. 2).

In 2001 0-4 year old restocked patches were samgheldresampled in 2002 with one
zero year restock added. Two prefell patches wanepked in 2001 of which one was
resampled in 2002 and four other prefell patchesewadlded. Trackways and open
patches were sampled in 2005 and all open patclege vesampled in 2006. Three
replicates of each of: pre-thicket, thicket andepstages, were sampled in 2006. Felled-
unplanted patches were sampled in 2002 and 2008;year old restocks were sampled

in all four years.

In both study periods two transects (apart frons¢hexceptions stated in Table 2. 2) each
comprising five pitfall traps were set up in eadhttee sampled sites. Pitfall traps were
open for five consequent days on each of the foampding occasions during
spring/summer months (mid May, mid June, end of dad end of August). In trackways
one transect was set in the middle of the trackaradin the verge (1-2m away from the
track, depending on the width of the verge). Theeee three trackways where it was not
possible to sample the track due to extremely barthce so only the verge was sampled.
Pitfall traps were transparent plastic cups, 7.8e®p and 6.5 cm in diameter filled with
approximately 50ml of ethylene glycol as killing dapreserving chemical. Traps in
transect were approximately 30m apart to ensurg thdependence (Digweed al.
1995) and on each sampling occasion captures fawh ef the five pitfalls in transect

were pooled prior to identification.
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Table 2. 2; Number of sampled sites of eight défgrhabitat types within Thetford
Forest in different sampling years and unique nunabesampling sites for each habitat.
Numbers in superscripts indicate the number ofseats per site where the number of

transects was different from two.

2001 2002 2005 2006 Number of unique
locations

Open patches / / 12 | 11%1° 12
Trackways / / 36;3 / 39
Felled-unplanted / 5 £2 / 17
Restocks (0-5years)| 1618 | 22 £ 7 1° 26
Pre-thicket (6-10 / / / 3 3
years)

Thicket (11-20 years) / / / 3 3
Pole (21-30 years) / / / 3 3
Pre-fell (>30 years) 2 5 / / 6

Carabids collected were identified to species laalording to Lindroth (1974), while
nomenclature followed Luff (2007). Information albohabitat preferences, wing
morphology and species size were derived from (2®07). Text descriptions and key
words in the literature were summarised and inetgal as described in Table 2. 3.
Habitat preference classification of species foddva hierarchical order of habitats from
woodland, open woodland, arable, moorland, gradslaeathland and sandy habitats
with species that can occur in all habitats clessias eurytopic. For example species that
can be found in grassland and arable would beifiebss arable since this habitat is
higher on the hierarchical scale. Grassland, haathdnd sandy habitats are the lowest on
the scale, thus carabid species classified as Gid8es are exclusive and restricted to
these habitats (Table 2. 3). For information abspgcies distribution within the UK
(number of 10krhoccupied by the species) | downloaded informatiooua squares from
the National Biodiversity Network web page (Natibrigodiversity Network 2008).
Biodiversity conservation status of nationally seaspecies was given to all Red Data
Book (RDB), Biodiversity Action Plan (BAP) and tdl aotable A (hereafter Na: known
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from 30 or fewer 10kfmwithin the UK) or notable B (hereafter Nb: recaideom 31 to
100 of the 1698 10kfwithin the UK) species (Hyman & Parsons 1992). #pkcies
found in 2001-2002 and 2005-2006 survey of Thetfewcest and their characteristics are
given in Appendix 2. A.
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Table 2. 3; Habitat preference and wing morpholggyps used in the present study and

their descriptions as found in the literature.

Habitat preference group

Description in theliterature

Eurytopic (E)

Species described as living in magiitats.

Woodland (W)

Species associated with woodland adsiply other

habitats hierarchically lower than woodland.

Open woodland (OW)

Species associated with opendiaod or semi-ope
habitats but not woodland. Possibly also found abitats

hierarchically lower than open woodland.

Arable (A)

Species associated with arable land gardlens but ng
found in woodland or open-woodland. Possibly alsonfl
in habitats hierarchically lower than arable, imhg

heathland or gravel pits etc.

Moorland (M)

o

Species associated with moorland, nglarassland an
upland heaths but not included in any of the previthree
categories. Possibly also found in habitats hiiaatly
lower than moorland.

Dry grassland, heathlan
and sandy habitats (GHS)

dSpecies exclusively associated with one or moréuiftand

dry grassland (G), heathland (H), sand dunes, ypatgeor
sandy habitats (S) and not included in any of ttevipus
categories.

Wing mor phology group

Description in theliterature

MA = macropterous

Winged.

BR = brachipterous

Wingless or flightless.

DI = dimorphic Dimorphic; some individuals are wedy some are not.
MA+ Dimorphic, but mostly winged.

BR+ Dimorphic, but mostly wingless.

(MA) Probably winged.

(BR) Probably wingless or flightless.
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DATA ANALYSIS

For overall comparison of presence of carabid gser remaining heaths, arable land
and forest landscape within Breckland compiled daten the review of Lin and
colleagues (2007) and the present study were uBat.of 89 species recorded from
Thetford Forest eight speciessgphidion curtum (GHS) Paradromius linearis (A),
Calathus micropterus (W), Carabus arvensis (M), Carabus glabratus (M), Laistus
rufomarginatus (W), Pterostichus oblongopunctatus (W) and Carabus violaceus (E))
were only found in previous studies conducted is trea (Collier 1995, Doberski &
Lyle 1997, Humphreyet al. 1999, English Nature 2003) as reviewed by Lin and
colleagues (2007), but were not found in the presgstematic survey and were therefore
omitted from further detailed analysis of incideraxed assemblage composition among

forest landscape elements.

Pitfall trap samples from different months were lpdofor each transect, to provide a
single aggregate sample for each year/transectioaitn, based on consistent protocols
in terms of trap numbers and sampling periods acedisyears. Species richness and
abundance of specialist GHS species in zero yehradtocks sampled in both periods
were compared in a general linear model (GLM) uSR$ES for Windows 16 in order to

validate comparison of data collected in the twoquaks.

Transects of all habitat types within Thetford Rbrgvere combined to calculate an
overall sample based rarefaction curve using Estigh& (Colwell 2007) with number of

species plotted as a function of number of indigiduas recommended by Gotelli &

Colwell (2001). Separate rarefaction curves forhelabitat type were calculated using
data for all carabid species in five different habitypes within the forest landscape
(felled-unplanted, restocks, open patches, trackveay closed canopy forest) and using
data for GHS carabid species in four open habitpeg within the forest landscape

(felled-unplanted, restocks, trackways and opeohaes).

The nestedness of the species presence-absendg, rhased on pooled data of all
species found in all habitat types within the for&mdscape, was calculated using
Nestedness Temparature Calculator (Atmar & Pattet985) as recommended by Atmar

& Patterson (1993). The same analysis was useabimled data of all species found in all
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samples excluding closed canopy forest and forgubdhta of GHS species found in all
open habitats within the forest landscape. In tlestddness Temperature Calculator the
probability that a perfectly nested design mighisearrandomly is estimated from
combinatory mathematics using unordered samplingthout replacement
(Patterson&Atmar, 86) which can result in extremely probability values which have
also been reported from studies with similar typésdatasets (Lees & Peres 2006,
Urquiza-Haaset al. 2009). Even though in their recent paper UlrichGg&telli (2007)
argue that Brualdi and Sanderson discrepancy imhek Cutler's index of unexpected
presences performed better, the nestedness tenmgecaticulator is widely used in the
literature and online calculators for other indeaess not yet available.

Species heterogeneity in five main habitat typeshiwi the forest landscape was
compared using Simpson’s index (that gives morayeio common species) following

equation:
1-D=1-3(p)’

1-D = Simpson’s index of diversity

p = proportion of individuals of speciés the community

and Shannon-Wiener function (which gives more wetghrare species (Krebs 1989))

following equation:

H= Ziszl( p)(log, p))

H = index of species diversity
s = number of species

pi = proportion of total sample belongingitb species

Carabid community structure was analysed by Praicfpomponent Analysis (PCA)
using CANOCO for Windows 4.5 (ter Braak & Smilauk97). Data were square-root
transformed before the analysis. Average sampleeseas calculated for each site using

scores of all transects at the site. In cases wsitge were sampled in more than one
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sampling year an average sample score of all icése the site was calculated for each
year separately. Scores of species in different itdtabpreference groups
(sgrt(n+1)transformed data) and scores of sampfeslifterent habitat types (non-
transformed data) were compared using GLMs. Fotiptelcomparisons among habitat

preference groups and habitat types Tukey postdsiavas used.

Number and abundance of species per site for ehtedabitat preference groups of
species were compared among six habitat typeedfelhplanted, restocks, pre-thicket,
trackways, open patches and mature forest, thabica® all thicket+pole+pre-fell sites)
using pooled data from two transects. At sites wheore than two transects were
sampled, | consider just two randomly selectedseats from each site to standardise
sampling effort. Sites where only one transect waspled were excluded from this
analysis. GLMs with normal distribution and Tukeysphoc test for multiple
comparisons were used to examine the number ofiegpeNon-parametric Kruskal-
Wallis tests with Steel-Dwass multiple comparisorests were used to analyse

abundance.
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Results

All species of ground beetles found in Brecklandemgrouped according to their habitat
preference into eurytopic (13 species), woodlardsfiecies), open woodland (4 species),
moorland (8 species), grassland (10 species), lagatl{14 species), sandy habitat (14

species) (together, 21 GHS species) and arablsp@des) associated species.

Comparison of species composition of remainingguiad heaths, arable land (lehal.
2007) and the forest landscape (Lin and colleag@887) and present survey) within
Breckland showed that out of 111 species of grooeetles recorded in the region, 89
(79.4%) are present in the forest landscape (Figugy.

Twenty-two (60.0%) of 37 GHS species recorded witBreckland were also found in
the forest landscape (Figure 2. 2). Fourteen GHSisp restricted to heaths (i.e. recorded
from heathland sites but not recorded from withie forest landscape) were recorded
from fewer heathland sites in Breckland (mean 1.8.3 SD) than GHS species also
found within the forest landscape (mean 4.5 + 2[4 $lann-Whitney testU=58.0;
P=0.002) but there was no difference between th@segtoups of species in distribution
within the whole of UK (species restricted to hsathean 128.1 + 153.5 SD 10km
species also in the forest 183.3 + 192.5 SD TOkiann-Whitney testU=106.0;
P=0.119). There was also no difference between tH8 &pecies restricted to heaths and
those also found within the forest landscape inybside (species restricted to heaths
mean 7.5cm £ 4.1 SD; species also in the forestn7.# 2.1 SD; Mann-Whitney test
U=14.0;P=0.661) and in presence of wings (among speciesdfonly in heaths there are
three brachipterous species but within the forestet is only one brachipterous species;
Fisher's Exact TesR=0.283).

Of 22 GHS species recorded from the forest landse#ght are nationally scarce species,
while seven nationally scarce GHS species have tmmded solely from the remaining
heaths and one solely from arable land (Figure)2TRBe seven nationally scarce GHS
species (3RDB, 3 Na, 1 Nb) only found on heathsevagnificantly more restricted in
their UK distribution (mean 13.0 + 8.8 SD 10Rnthan eight nationally scarce species
also recorded from the forest (mean 66.9 + 35.518knf; Mann-Whitney test)=4.0;
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P=0.005). Species only found in heaths were alscemestricted in distribution within
Breckland being found in fewer heathland sites (m2a + 1.6 SD) than species also
recorded from the forest (mean 5.5 £ 2.4 SD; Marmtk¢y testU=7.5; P=0.016).
However there was no difference between these twapg of species in average size
(species restricted to heaths mean 8.1cm + 1.4sBé&xies also in the forest 7.6cm + 1.9
SD; Mann-Whitney testU=25.0; P=0.728) and presence of wings (each group has one

brachipterous species).

AV

3/1/1

ARABLE

Figure 2. 2; Total number of species / number oSZiHumber of nationally scarce GHS
species of ground beetles in heaths, arable laddrenforest landscape within Breckland

and the number of species that overlap betweehahiats.

Out of 89 species recorded from Thetford Foreshteigere only found in previous
studies conducted in this area and reviewed byahid colleagues (2007) but were not
found in the present systematic survey and wenefibie omitted from further analysis

comparing assemblages among landscape elemenis thighforest.

During present systematic survey of different hathiypes within Thetford Forest a total
of 22,382 individual ground beetles belonging taspécies were collected and identified.
8,450 individuals belonging to 55 species wereeotéld in the 2001-2002 survey and
13,932 individuals belonging to 78 species weréectéd in the 2005-2006 survey. Three
species were only recorded in the 2001-2002 suanely26 species were only recorded in
2005-2006 survey.
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There was no difference in the number of speciespmoled abundance of GHS species
recorded per transect in zero year stands sampledgdthe 2001-2002 and the 2005-
2006 surveys (Table 2. 4). Therefore | assumedtsestiboth surveys are consistent and

| pooled the data from these two surveys.

Table 2. 4; Comparison of mean + SD number and @dmoe of GHS species per
transect in zero year old stands in 2001/2002 &0&/2006 surveys.

2001/02 2005/06 F df P

Number of GHS spp 2.9+1.1 3.3t1.3 1.51 64 0.224

Abundance of GHS spp 36.3+22.2 37.7£29.6 0.04 64 0.835

Sampling of ground beetles in Thetford Forest dutime present systematic survey was
thorough as the rarefaction curve approaches themste (Figure 2. 3). Separate

rarefaction curves for five habitat types withire tforest landscape show these habitat
types were sampled thoroughly with the exceptionle$ed canopy forest where the total

number of individuals caught was very low (Figure&2).
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Figure 2. 3; Species richness rarefaction curveo(Mau function) with 95% confidence
interval lines of carabid species collected inatiint habitat types within Thetford Forest

in a systematic survey. Every fifth sample is @dton the graph.
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Figure 2. 4; Carabid species richness rarefactiones (Mao Tau function) with 95%
confidence interval lines in the five different fitabtypes within Thetford Forest. Every

fifth sample is plotted on the graph.
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Figure 2. 5; Sample-based rarefaction curves (Mawo flinction) with 95% confidence
interval lines of the number of species classifisdlependent on dry grassland, heathland
or sandy ground (GHS) compared among the four dyabitat types within Thetford
Forest. Every fifth sample is plotted on the graph.

Rarefaction curves of all species in five habiyges within the forest landscape showed
that trackways, open patches and felled-unplantedsahad similar and the highest rates
of species accumulation. Restocks had slightly foragées of species accumulation but
approached a similar asymptotic species richnegsvane within the confidence intervals
of the other habitats. Closed canopy forest stafaswhich fewer individuals were
sampled, followed a similar initial trajectory toat of restocks (Figure 2. 4). Similarly,
considering solely GHS species, rates of speciesinaglation were the highest in
trackways followed by open patches and felled-umelad areas, with restocks having the
lowest rates of GHS species accumulation among @pace habitats (Figure 2. 5).

However, all open habitats approached similar asgtigpspecies richness.
According to Simpson’s and Shannon-Wiener indexesckways had the highest

diversity followed by felled-unplanted, open pateland restocks. Closed canopy forest
had the lowest diversity (Table 2. 5).

46



Chapter 2: Composition of carabid assemblages among different landscape elements

Thus the lower rates of species accumulation iledelinplanted and restocked patches
(when scaled by the number of individuals samplEgjure 2. 5) relate to lower
equitability and dominance by a few species, withimassemblage that is still highly

speciose, rather than to lower species richness.

Table 2. 5; Ground beetle species richness andsiliyen five habitat types in Thetford

Forest (all transects were pooled).

Closed Felled- Restocks| Trackways Open

canopy unplanted patches
Number of transects 30 46 139 75 75
Number of species 39 58 66 61 63
Number of individuals 845 2552 106447 3611 4732
Simpson’s index 0.733 0.880 0.829 0.917 0.841
Shannon-Wiener index 2.918 3.883 3.654 4.391 3.896

Ground beetle species within the forest landscapéied a nested distribution pattern,
with a matrix temperature of 16.2°. The Monte Caplmbability ) of obtaining a
similar or a higher degree of nestedness by chalwre (in 50 runs) was infinitesimally
small(P = 1.7 x 10'%}. When closed canopy samples were removed frorarialysis the
nestedness temperature increased very little t8°1@robability of obtaining higher
nestedness by chance in 50 runs was again very: $maB.7 x 10-'9). For GHS species
within open habitats within the forest landscape tiestedness was even higher with a
matrix temperature of 5.5° (probability of obtaigihigher nestedness by chance in 50

runs was smallP = 4.2 x 169.

An overview of species occurrence among the thraa rhabitat types (closed canopy
forest, ephemeral open habitats and permanent leglgitats) within the forest landscape
showed that out of 81 species, 34 (42.0%) occadlihabitats (Figure 2. 6). Fourty-two
species (51.9%) (17 arable, 15 GHS, 4 moorlando8dand, 2 open woodland and 1
eurytopic species) were found exclusively in opesaa and only two species (3.7%)

(both eurytopic) were found exclusively in closexhepy forest stands. Out of 21 GHS
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species, six (28.6%) were found in all three halyjaes and 15 (71.4%) were only found
in open areas (whether permanent or ephemerabtb).l5ix GHS species found in all
forest habitats were significantly more abundantour samples (mean number of
individuals caught per species 1676.2 + 2710.8 BB) 15 GHS species only found in
open habitats (mean number of individuals caughtspecies 22.7 + 26.6 SD; Mann-
Whitney testU=0.0; P<0.001) but there was no difference between thesegroups of
species in distribution within UK (Mann-Whitney teg=30.0; P=0.243), body size
(Mann-Whitney testJ=23.5; P=0.094) or presence of wings (more restricted groagp
one brachipterous species; Fisher's Exact Tes).714). There were eight nationally
scarce GHS species found in the forest landscapehath only one was found in all

habitats and seven were restricted to open aréguséR2. 6).

Focusing on open habitats within the forest lanpecdoth permanent open habitats
(open patches, trackways) and ephemeral open tekigdled-unplanted and restocked
areas) | found 21 GHS species (Figure 2. 7). TwoSGdtphecies were exclusive to
ephemeral open habitats (felled-unplanted and ckstb areas) and two to trackways.

None of the GHS species were restricted to operhpat

Of the eight nationally scarce GHS species founthiwiThetford Forest, four (all Nb
species:Amara equestris, Amara fulva, Amara lucida, Panageus bipustulatus) were
recorded from all open habitats (open patcheskwags and ephemeral open areas).
These four species had an average 87.8 + 26.9 &?1@istribution in UK and on
average 99.3 + 145.7 SD individuals per specieewaught in this study. Out of four
more restricted speciegsmara consularis (Nb) was exclusive to ephemeral open areas,
Harpalus pumilus and Masoreus wetterhalli (both Na) were exclusive to trackways and
Calathus ambiguous (Nb) was found both in open patches and ephenograh areas.
These four more restricted species had on aved@e+432.4 SD 10kMmUK distribution
(did not differ significantly from four less restted species, Mann-Whitney tdst2.0;
P=0.083) and 5.5 + 5.7 SD individuals per speciesveaught (differ significantly from
four less restricted species, Mann-Whitney tdstl.0; P=0.042). All four of the less
restricted nationally scarce GHS species are mgnays whereas only two of the more
restricted species are macropterous, one is dinwogsid one is brachipterous. Species in
these two groups do not differ in average body @i#@nn-Whitney test=7.0; P=0.773).
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Excluding those more generalist species, i.e. theserded in closed canopy forest
habitats, the ratio of GHS species found solelyhwipermanent open elements, to those
found in both permanent and ephemeral elementshdse found only in ephemeral
elements (felled and restocked) was 2:17:2 foGHlIS species, but 1:5:2 for nationally
scarce GHS species. Considering this in terms o GHecies that are not nationally
scarce versus GHS species that are nationallyesgaodluces ratios of 1:12:0 and 1:5:2
respectively. Considering this further, in terme&#ment exclusivity (only one of the two
landscape elements) versus generality (both pembaaed ephemeral landscape
elements) 1:12 and 3:5. Thus, this suggests ttgreater proportion of the nationally
scarce GHS species are found exclusively in onlg of the landscape elements.
However, a Fisher Exact test of the final contrssinon-significant P=0.252). An
alternative explanation is that, the nationallyrseaspecies are represented by very few
individuals, and thus their apparent restrictionotdy one or other landscape element

could have arisen by chance sampling artefacts.
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Figure 2. 6; Total number of species / number ofSGdecies / number of nationally
scarce GHS species of ground beetles in three habitat types (closed canopy forest,

felled and restocked stands and open patches ackivays) and the number of species

that overlap between different habitat types.
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Figure 2. 7; Total number of GHS species / numliaradionally scarce GHS species in
three different types of open habitat within Thedféorest and the number of species that

overlap between different habitat types.
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Principal component analysis of the assemblage sti@eores of GHS associated species
were the highest on both axes and differed sigamtiy from the location of eurytopic
species on the first axis and from the locatiorewfytopic and woodland species on the
second axis (Figure 2. 8). GHS and eurytopic sgedid not differ significantly from
open woodland, moorland and arable associated gromgither of the axes (Figure 2. 8;
Table 2. 6 A).

Significant differences in PCA axis 1 and 2 sangaeres for five habitat types (Table 2.
6 B) show that carabid community composition ddgfeamong these habitat types.
Overall, the primary contrast captured by the fRP€A axis (explaining 26.5% of the
variance in the data) is between closed canopy lesmgnd all open habitats (Figure 2.9).
The secondary contrast, captured by the orthogge@ind axis (explaining 12.3% of the
variance) is among the different open habitatsmarly between the permanent
(trackways and open patche&sus ephemeral (felled unplanted and restocked stands)
patches (Figure 2. 9). Closed canopy forest trasdemve low scores on axis one and
intermediate scores on axis two (Figure 2. 9, paty8) and were significantly different
from all other habitat types on axis 1 and fronthkways and open patches on axis 2.
Low scores of closed canopy forest correspond ieithspecies scores on both axes for
eurytopic and woodland species (Figure 2. 8 A). dipéral open habitats (felled-
unplanted and restocked areas) are located inotlerlright hand side of the bi-plot,
while permanent open habitats (open patches aokhiegs) are located in the upper right
hand side of the bi-plot. On the first axis felleaplanted and trackways had lower scores
compared to restocks with open patches havingnmdiate values. Scores of restocks
and felled-unplanted on the second axis are sinalad both lower than those of

trackways and open patches (Table 2. 6 B).
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Table 2. 6; Principal component analysis of fofastiscape dataset. A) Species habitat preferemeg’'grscores (average + SD) compared on

axis 1 and 2 of the species PCA. B) Axis one amal sample scores (average + SD) compared amondpdibeat types. Results of GLMs are

shown; means with different superscript letteradiignificantly according to Tukey post-hoc td%t@.05).

A
Eurytopic | Woodland Open Arable Moorland GHS F P R?
woodland
Axis1 |-0.10+0.13| 0+0.13 | 0.12+0.3G"| 0.06+0.17°| 0.1520.19°° | 0.14+0.25’ 3.16 0.012 0.119
Axis2 | -0.14+0.28 | -0.15+0.23' | 0.04+0.18" | 0.06+0.2G® | 0.0520.19° | 0.11+0.1F 3.73 0.005 0.146
B
Ephemeral open habitats Permanent open habitats
Closed canopy Felled- Restock Trackways Open F P R’
unplanted
Axis1 -1.3840.23' | -0.31+0.6% 0.51+0.81 -0.40+0.80 0.14+0.97° 22.16 <0.001 0.361
Axis 2 -0.30£0.52 | -0.51#0.55' | -0.43+0.64 | 0.95+0.65 0.49+0.80 33.13 <0.001 0.461
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Figure 2. 9; Principal component analysis of catdieetle composition (performed on
square root transformed data) of samples from liakitat types within Thetford Forest.

Each symbol represents a pooled value of all tdesen a site/year combination.

Minimum convex polygons are shown for A=closed ganforest, B=ephemeral open

habitats (felled-unplanted and restocks), C=permianpen habitats (open patches and
trackways).

Comparison of number and abundance of differenitdiapreference groups of carabids
between habitat types confirms the differencesamaloid community apparent within the
PCA analysis. Closed canopy habitats (pre-thickatket, pole and prefell) had the
lowest overall number and abundance of speciesidiyedue to very low number and
abundance of GHS and arable associated speciete (ZalF). Pre-thicket stands are a
clear intermediate stage of succession between agas and mature forest as they have

intermediate number of eurytopic, arable, moorland open woodland species and low
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number of woodland species. In felled-unplanted eestocked areas there is still a
relatively high number and abundance of woodlanecigs (higher than in permanent
open habitats). Felled-unplanted areas also supgorelatively high number and
abundance of eurytopic species which decline itooks. There is also a high number
and abundance of arable, moorland and GHS asst@atxies in these patches which
increase in restocked patches reaching similaregadts in permanent open habitats (open
patches and trackways). Permanent open patcheselitecks have a lower number of
eurytopic species than felled-unplanted areas. Mundnd abundance of woodland
species in permanent open areas is even lowerithestocks and it is similar only to
pre-thicket patches (Table 2. 7).

Pooling all GHS species found in open forest habital number of individuals caught
is 10,371), the abundance was dominatedHaspalus rufipalpis, with 7,155 individuals
captured, 69.0% of the total number of GHS indimiducaptured, andllebria salina
(1,218 individuals, 11.7%). These two were followeg Calathus erratus (521
individuals, 5.0%), Amara convexior (497 individuals, 4.8%),Amara tibialis (328
individuals, 3.2%) andAmara equestris (316 individuals, 3.0%). Fifteen GHS species
with the lowest abundance represent only 3.2%diiduals caught. Out of these 15 rare
GHS species seven species were represented by fearerlO individuals. Number of
individuals of each GHS species in open habitathiwithe forest landscape was not
correlated to the number of heathland sites in Baex where the species was recorded
(Rs=0.096; P =0.680,n=21) but it was marginally correlated to the spedestribution
range within UK with more abundant species havargér distribution rangef¢=0.417,

P =0.060). GHS species with larger body size were alere abundant in open landscape
elements within the forest landscas<0.527;P =0.014).

Abundance of GHS species (other tihnufipal pis andNeb.salina) reached its peak in
two year old restocks and gradually decreasedderakstocks (Figure 2. 10 A).
Abundance oNebria salina was highest in two year old restocks and abundahce
Harpalus rufipal pis was highest in three year old restocks (Figurg02A). Dominance of
Harpalus rufipal pis andNebria salina was much more pronounced in felled-unplanted
and restocked stands than in permanent open aneas patches and trackways) (Figure
2. 10 B). Although the total abundance of GHS speoestocked stands exceeds that in
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trackways, this is largely due to their dominangeibundantiarpalus rufipalpis and
Nebria salina. Excluding these two species, mean abundance & §jidcies other than
H.rufipal pis andNeb.salina is significantly higher in permanent open areastim
ephemeral open habitats (both clear-felled unpthatel restocked stands) (Table 2. 7,
B).
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Table 2. 7; Mean + SD number of A) species andhBividuals (per site, 2 transects pooled) for ezafabid habitat preference group, compared
among six habitat types or landscape elements iwithietford Forest. Results of A) GLM performed amnsiransformed data, or B) non-

parametric Kruskal Wallis tests are shown; mearh thie same super-script letter do not differ digantly (tested by A: Tukey, or B: Steel-

LS

Dwass multiple comparisonB<0.05).

Felled- Restocks | Pre-thicket Thicket, Open patches | Trackway F df P
unplanted Pole, Prefell
N 17 55 3 11 24 36
A: No. Species
Eurytopic 4.0+0.9 2.810.9° 3.0+1.0°° 3.7+1.0°° 2.7+1.3 2.5+1.4 57 | 5| <0.001
Woodland 3.7+1.3 3.3+1.27 0.7+0.6° 2.5+1.5° 1.7¢1.48° 2.0+1.7° | 11.0| 5| <0.001
Open woodland 1.2+038 1.0£0.3° 1.3+0.6® 0.2+0.4° 1.5+0.7° 1.4+0.9 9.0 | 5| <0.001
Arable 5.5+2.7 6.1+2.F 4.7+3.8° 1.1+1.5 6.1+2.8 6.4+2.1° 95 | 5] <0.001
Moorland 1.4+0.9° 1.6+1.0°7 1.0+1.0°° 0.5+0.5° 1.6+0.9 1.6+0.9 33 | 5| 0.008
All GHS 3.4+1.7 4.3+1.6° | 2.0+1.0°°° 1.0+1.% 4.9+2.0°"° 5.0+2.2 | 10.3| 5/ <0.001
GHS excl H.rufipalpis & N.salina 1.9+1.5° | 2.3+1.6" 0.3+0.6* 0.4+0.5 3.4+1.7 3.4+1.9 95 | 5| <0.001
TOTAL 19.245.F | 18.9+4.3 | 12.745.5" 8.9+4.2 18.5+4.F 18.9+4.0 | 11.3] 5| <0.001
B: No. individuals
Eurytopic 30.5+25.0 | 14.4+13.7 | 28.3+27.7° | 39.3+36.5 12.7+15.4 | 10.5+11.6 | 30.0 | 5| <0.001
Woodland 11.548.% | 18.4+13.4 | 0.7+0.6° 7.646.6° 3.5+3.6° 3.3+2.6° | 73.0| 5| <0.001
Open woodland 13.1+11%0| 10.8+8.58* | 2.0+1.0°° 1.1+2.8 11.0+10.2° 72484 | 32.1 | 5] <0.001
Arable 18.2427.8 | 22.0+19.2° | 7.3+8.4™° 1.5+2.% 24.8+17.7° | 33.5+27.4 | 39.6 | 5| <0.001
Moorland 1.8+1.3 6.6+7.7 2.3+2.0°° 1.2+1.7 4.4+4. 5" 3627 | 195| 5| <0.001
All GHS 35.5429.7 | 75.9+58.4 | 3.3+2.3° 1.3+1.7 79.1496.9° | 40.7+41.0 | 486 | 5| <0.001
GHS excl H.rufipalpis & N.salina 4.2+4.2 6.8+8.4° 0.3+0.6° 0.4+0.5° 29.5+58.4 | 15.2+13.3 | 49.0| 5| <0.001
TOTAL 110.5+37.8 | 148.0+75.3 | 44.0+27.9° | 51.9+37.2 | 135.5+105.% | 98.7+57.3 | 24.4| 5| <0.001
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Figure 2. 10; A) Mean + SE abundance per transedtB) percentage of individuals of
Harpalus rufipalpis, Nebria salina and other GHS species (excludidgrpalus rufipalpis
and Nebria salina) in felled-unplanted, 0-5 years old restocks, opmaiches and

trackways.

58



Chapter 2: Composition of carabid assemblages among different landscape elements

Discussion

This study represents a very thorough summary afiapand temporal distribution of
ground beetles among differing landscape elemeittinna diverse mosaic landscape.
With 22,382 individuals caught in 109 sampling sitéhis is to my knowledge the largest
study of its kind in Europe, in terms of both samgleffort and number of individuals
collected (Butterfieldet al. 1995, Antvogel & Bonn 2001, Jukesal. 2001, Koivula &
Niemela 2003, Magur&t al. 2003, Matveinen-Hujwet al. 2006, Pihlajaet al. 2006,
Barbaroet al. 2007, Mullenet al. 2008). In combination with review of data on grdun
beetles collected in Breckland hethland reservesdial. 2007) it gives a good overview
of presence and abundance of ground beetle spectferent landscape elements and

habitat types within this region.

The results show that 14 species (32%) of all Gp&ialist species found in Breckland
are restricted to remnant heathland sites outsideatforested landscape, while seven of
these species are of special concern for consenvétationally scarce species). Some of
these species have specific habitat requiremenitsBrbscus cephal otes, Calathus mollis
andHarpalus servus found in sand dunes (Telfer & Eversham 1998)nindis axillaris
and Cymindis macularis associated with dry sandy soil (Welch & Hammon®3)%and
Amara infima and Anisodactylus nemorivagus living in Calluna heathlands (Telfer &
Eversham 1996). As these species also have lirdigdbution within the UK | assume
they are absent from the forest due to specifigtaialequirements which are not present
within the forest landscape. | found no evidencat tinese species absence from the
forested landscape was due to dispersal limitathmother potential reason for this
difference in occupancy between heaths and thestfol@ndscape could be more
comprehensive information for species on heaths assult of combining data from
different sources including records from the Ingbrate Site Register, with a bias
towards rare species. Information for carabid seevithin the forest landscape was
obtained solely by intensive pitfall trapping, wihibas an inherent bias towards larger
and more active species (Greenslade 1964, Spemier&ela 1994, Liret al. 2005).

Within the forest landscape the number and aburedahcarabids and the composition of

carabid community differed greatly among habitgtey. The diversity indexes and
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rarefaction curves show the lowest species richimestosed canopy forest compared to
other habitat types. Also the average abundanaedofiduals in pre-thicket, thicket, pole
and prefell stages is the lowest compared to offaditats. The community of these
habitats is dominated by eurytopic and woodlanccisgeand GHS species practically
disappear from these areas. Thus | can concludeckbsed canopy patches represent a
barrier for the dispersal of heathland speciesakldrspecies associated with arable,
moorland, open woodland, grassland, heathland amtlys habitats dominate the

community of open areas within the plantation.

The rapid change in carabid community compositifter delling due to colonisation by
open habitat specialist species has been obsernvetantation ofPicea sutchensis in
Northeast UK (Butterfield 1997), in plantationicea abies in Southern Ireland (Mullen
et al. 2008) and in clear-fells of natural forest in reegion of Finland (Heliol&t al.
2001). In present study there was no evidencevdrgtmany GHS species were restricted
either to just the permanent open landscape elentepen patches and trackways) or to
ephemeral open areas (felled-unplanted and regtddksvever, dominance of two most
abundant GHS specielldrpalus rufipalpis andNebria salina) was more pronounced in
ephemeral elements and abundance of other GHSespeess higher in permanent open
areas. BottHarpalus rufipalpis and Nebria salina are winged species associated with
heathy and sandy habitats which seem to benefit fltanagement of clearfells before

replanting (ploughing) by fast reproduction.

From this a number of important conclusions candbewn. Firstly, ephemeral open
habitats are not serving as a stepping-stone systdependent of the permanent open
habitats. Secondly, there is little or no evidetitat GHS species found in permanent
open habitats are dispersal limited; instead mésh® GHS species found within the
forest manage to colonise newly created open habhithin five years after felling. Open
patches and trackways are not refugial habitatshiese species, as the GHS populations
within these habitats are not static relictual gapons and also occur in other
emphemeral landscape elements. Rather, open panbesackways probably represent

a constant source of colonisers for felled-unplaated restocked patches.
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Low nestedness temperature of the carabid asseenllébin the forest suggests that
species are not distributed randomly and that tipossent in species-poor samples are a
subset of species found in species-rich samplegpécted that the temperature would
increase considerably when species-poor sampleséd canopy forest were excluded

but this was not the case.

This result and the relatively large variation iarabid community structure among
sampled sites within the same type of open habitatantation suggest there is a large
effect of habitat quality on the carabid beetlesstdiogeneity among trackways
surrounded by trees of different age and differeramaong open patches of different size,

isolation and vegetation structure will be explofedher in the following chapters.
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Appendix 2. A; Eighty-one species of ground beefi@snd during systematic survey in Thetford Foraetl their characteristics: wing
morphology, habitat preference as summarised fiterature, habitat description from three differentirces (1: (Luff 2007); 2:(Luff 1998);
3:(Lindroth 1974)) are provided, with classificatiof habitat preference giving priority to the Habidescription of (Luff 2007), minimum and
maximum body size (mm) and the number of 1&kmwhich the species is found in UK. Species ararmed according to their habitat

preference.

Abreviations used in the table:

Wing morphology: MA: Winged; BR: Wingless or flightless; DI: Dimpinic; MA+: Dimorphic, but mostly winged; BR+: Dimgainic, but
mostly wingless; (MA): probably winged; (BR): prdig wingless or flightless

Habitat Preference: E: Eurytopic; W: Woodland; OW: Open-Woodland h#€©pen habitats; A: Arable / Gardens; M: Moorlahdpland
Grassland / Upland Heath; G: Dry Grassland; H: kie&t Sandy / Sand Dune / Gravel pit

Status. Na & Nb: Nationally Scarce A or B (Hyman & Parsalf92);

SPECIES | Wing | Habitat pref. | Habitat description | Min size | Max size | Nu of 10km® | Status
EURYTOPIC SPECIES
Bradycellus MA E 1 wide range of dry habitats incl. gardens, grasslands, | 3.8 5.0 546
harpalinus heath, arable and woodlands
2 open country on sandy or peaty heaths and grassland,
some woods
3 sandy soil, often under Calluna
Carabus nemoralis BR E 1 gardens, fields and most habitats that are not | 20.0 26.0 475
exceptionally wet
2 wide range of habitats, including urban gardens
3 in forests, parks, open country, farmland
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Leistus terminatus

DI

E

1 damp grasslands, woodland and gardens

2 in all except the driest habitats, esp. in long grass and
woodland

3 the most hygrophilus species in genus, moist, shady
places among wet leaves, often under alders

6.0

8.0

613

Loricera pilicornis

MA

1 grasslands, damp woodland, cultivated fields, gardens
and near standing or running fresh water

2 in all except the driest habitats

3 on moist, more or less shaded ground, usually near
water

6.0

8.0

1153

Nebria brevicollis

MA

1 almost all habitats, esp. woodland, gardens and
agricultural grasslands

2 in almost any habitat which is not exceptionally dry

3 eurytopic, in deciduous forests and parks and in open
country

11.0

14.0

1280

Notiophilus biguttatus

DI

1 gardens, woodland, grasslands and arable
2 almost all habitats, especially woodland
3 in somewhat shady but dry places

5.0

6.0

1213

Pterostichus madidus

BR

1 woodlands, gardens and dry grasslands
2 almost all habitats, esp. woodland, gardens, grassland
3 in open country, arable, gardens

14.0

18.0

1289

Pterostichus strenuus

DI

1 almost all habitats except at high altitudes, esp.
grasslands

2 most habitats which are not too dry, lowland grassland,
gardens and woods

3 shady places, mostly in damp deciduous forests on
clayish soil, among moss and leaves

6.0

7.2

995
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SPECIES | Wing | Habitat pref. | Habitat description | Min size [ Max size | Nu of 10km” | Status
WOODLAND SPECIES
Laemostenus BR E 1 woods, gardens, buildings and associated with | 13.0 17.0 188
terricola mammalian burrows
2 occurs in a variety of habitats, both indoors and in
woods and open country, where may be associated with
the underground runs of small mammals
3in and around houses, in cellars, stables etc.
Notiophilus rufipes MA W 1 gardens and deciduous woodland where there is leaf | 5.5 6.5 180
litter
2 woodland species found especially in the litter of
deciduous trees
3 habitat as N.biguttatus but somewhat moister places
(among leaf litter)
Badister sodalis DI w 1 litter in damp woodlands, usually on heavy soils 3.8 4.6 159
2 in damp areas with abundant litter within woodland on
clay soils
3 among leaves and moss on moist, shaded places
Calathus rotundicollis | DI W,A,S 1 woodlands, also sometimes in gardens and coastal | 8.5 10.5 452
dunes
2 almost exclusively in woodland, sometimes on coastal
dunes
3 forests, usually under deciduous trees, also in gardens
Leistus spinibarbis MA W,A,S 1 woods, gardens and near the coast 8.0 10.5 357
2 woodland, also on dunes
3 under trees in somewhat moist places
Notiophilus palustris MA W,G 1 damp grasslands, woodland on heavy soils and other | 4.5 55 415
shaded habitats
2 prefers damper or more shaded habitats than
N.germinyi
3 in more shaded and somewhat moister spots than
N.germinyi, also in open country if the vegetation is
dense
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Stomis pumicatus

BR

W,G

1 woodland, grassland and disturbed ground

2 in damp, shaded habitats, woodland, unmanaged
grassland, riverside vegetation

3 meadows and fields, gardens where soil is rich in
humus

6.5

8.5

382

Carabus
problematicus

BR

W,G,M

1 woodland, rough grasslands and moorlands

2 many habitats, esp. long grassland, woodland, heaths
3 open, dry country, mostly on heaths, but also in thin
forests

20.0

28.0

712

Licinus depressus

BR

W.,G,S

1 open and shaded habitats on dry, sandy or calcareous
soils, also in gravel pits

2 dry, usually calcareous soils in grassland or woodland,
also chalk and gravel pits

3 on dry sand, gravel or chalk

9.0

115

68

Nb

Pterostichus
guadrifoveolatus

MA

1 woodlands and on lowland heaths

2 burnt ground, recent records from unburnt heaths on
sandy or peaty soils, woodlands or wetlands

3 on burnt soil, rarely on heaths without evidence of
burning

9.5

115

70

Nb

Cychrus caraboides

BR

1 woods and upland grasslands and on peaty moors
2 mainly woodland, also damp moorland and grassland
3 woodland, shady, rather moist places

14.0

19.0

697

Pterostichus niger

MA

W.,M,G

1 woodland, damp grasslands and moorland
2 woodland and damp grassland and upland moors
3 parks, thin forests etc. on not too dry soil

16.0

21.0

939

OPEN WOODLAND SPECIES

Synuchus vivalis

MA+

OW,AG

1 gardens, grassland, open woodlands and arable land

2 wide variety of open not too dry habitats, gardens,
grassland, arable, open woodland

3 in open not too dry habitats, usually on sand or gravel

6.0

8.5

250
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Agonum muelleri

MA

OW,AG

1 damp grasslands, fields, gardens, open woodland and
dune slacks

2 in many habitats that are not too wet nor too dry,
gardens, arable, grasslands, open woodland, dunes near
freshwater

3 on open, clayish, moderately dry, often arable

7.0

9.0

701

Syntomus
truncatellus

BR+

OW,A,S

1 open ground in fields, pasture woodland and dunes
2 open, fields, open woodland, grassland
3 open, dry soil, usually with sparse vegetation

2.8

3.3

83

Amara lunicollis

MA

OW,M,G

1 in most open or semi-open habitats, esp. if well drained
yet not too dry

2 moorland, grassland, some arable, open woodland on
rather dry sandy or peaty ground

3 meadows, gardens, open forests

7.5

9.0

359

ARABLE SPECIES

Bembidion lampros

DI

1 all dry, sunny habitats, esp. gardens and agricultural
land

2 open, sunny sites, arable fields

3 dry, open soils of different kinds

3.0

4.0

905

Leistus ferrugineus

BR

1 fields, gardens and open, moderately dry places

2 woodland and grassland, often dry situations

3 more open country and drier places than other member
of the genus, often in moss and grass tufts

6.0

8.0

543

Platyderus depressus

(MA)

1 fields, gardens and waste ground in open situations
and dry soils

2 dry, sandy or chalky soils, in open situations

3 open country among leaves and moss, seems to prefer
sandy or chalky soil

6.0

8.5

137

Nb

Trechus
quadristriatus

MA

1 most habitats, esp. agricultural fields, gardens and
other disturbed, open and dry situations

2 in most open habitats, including arable

3 in open rather dry country with short vegetation

3.6

4.1

688
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SPECIES Wing | Habitat pref. | Habitat description Min size | Max size Nu of 10km? Status
Bembidion MA A 1 fields and gardens on open dry soils 2.8 3.4 496
quadrimaculatum 2 open, dry soils, including arable fields, where it may be
the dominant species
3 on open, rather dry soil with no or thin vegetation
Amara apricaria MA A 1 open, often cultivated land, and where there is ruderal | 6.5 8.5 339
vegetation
2 dry, open and sandy soils, incl. arable especially if
weedy
3 on open, dry places, usually with weed vegetation
Clivina fossor BR+ | A 1 almost all open habitats, esp. arable land, pasture and | 6.0 6.8 705
gardens
2 widespread species, subterranean, living in most soils
3 on all kinds of open, not too dry and more or less
vegetated ground
Acupalpus MA A 1 gardens and fields on open clay or peat soils 3.0 3.7 182
meridianus 2 only member of genus not tied to water, open, sunny
ground, esp. on clay or peat, may be in heavy arable
land
3 open, often arable on clayish or sandy soll
Ophonus rufibarbis MA A 1 partly vegetated dry habitats on almost all soils 6.5 9.5 282
2 partly shaded habitats, on clay soils with humus, often
in gardens and agricultural land
3 in open or somewhat shaded places with humus-mixed
soil
Amara similata MA A 1 open fields and gardens, often near water 8.0 9.5 342

2 open habitats on moderately dry soils (coexists with
Amara ovata, but less xerophilous)

3 on open, moderately dry ground with Cruciferous
plants and other weeds
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SPECIES Wing | Habitat pref. | Habitat description Min size | Max size Nu of 10km? Status
Amara ovata MA A,G 1 open, dry fields and gardens 8.0 9.5 311
2 open, moderately dry ground; arable, gardens,
grassland
3 open, rather dry, gravely ground with sparse but often
tall vegetation
Amara plebeja MA AG 1 in damp grasslands and other well vegetated moist | 6.0 7.8 704
habitats incl. arable fields on heavy soll
2 humid vegetated soils, arable clay, intensively
managed grassland
3 on firm clay, often near water among grass
Anchomenus dorsalis | MA AG 1 arable fields, gardens and on waste ground with dry | 6.0 8.0 681
soils
2 dry, open habitats, grasslands, gardens, arable
3 open meadows, grassland on gravely or clayish often
chalky soil
Calathus fuscipes BR AG 1 open grasslands, arable fields and gardens 10.0 14.0 781
2 habitats with well draining soil, gardens, grassland,
arable
3 moderately dry meadows and grassland, cultivated
soil, also in thin forests
Poecilus cupreus MA A,G 1 dry habitats and fields 11.0 13.0 387
2 open, moderately dry and warm habitats (short grass
and agricultural fields)
3 open, not too dry meadows and fields, sometimes near
water
Pterostichus BR+ | AG 1 gardens, grassland and esp. agricultural fields 13.0 17.0 843
melanarius 2 widespread and common, prefers more open habitats

than P.madidus, is commoner in non-basic grassland
and arable
3 in all kinds of open, not too dry country
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Anisodactylus
binotatus

MA

AG

1 damp meadows and marshy habitats, as well as arable
land on poorly-draining soils

2 in damp, open habitats, including clayish arable fields,
grassland near water, and some marshes

3 rather hygrophilous, occurring in open grassland on
clayish soil, mostly near water

10.0

13.0

133

Curtonotus aulicus

MA

AG

1 almost all open, dry habitats where there is
herbaceous vegetation in seed

2 dry, well-vegetated habitats

3 meadow ground with abundant Compositae plants

11.0

14.0

491

Calathus
melanocephalus

BR+

AG,H

1 grasslands, heaths, gardens and arable

2 open habitats ranging from coastal dunes and lowland
heaths to upland grassland and moors

3 all kinds of open, moderately dry soil with grass,
meadow or weed vegetation

6.0

8.5

904

Harpalus
smaragdinus

MA

AGH

1 dry heaths, sandpits, grassland and arable fields
2 heaths, dry grassland and arable land, sand pits
3 in open, dry country on sandy soil

9.0

10.5

29

Nb

Syntomus foveatus

BR

A,G,H

1 dry heaths, waste ground, grasslands, arable land and
dunes

2 dry, sandy heaths, grassland, coastal dunes and
sometimes on arable and gardens

3 on sandy, dry fields with sparse vegetation

3.2

3.8

316

Amara aenea

MA

AG,S

1 dry grasslands, gardens, dunes and waste land

2 dry open sunny, often seen running on paths and
gardens

3 open, usually sandy ground with sparse vegetation

6.5

8.8

701

Harpalus affinis

MA

AG,S

1 gardens, waste ground, arable fields and almost all
open dry situations

2 open, dry soils, common in gardens, arable land, dry
grassland and coastal dunes

3 in all kinds of open country

9.0

12.0

640
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Harpalus rubripes

MA

AG,S

1 open dry sandy and chalky habitats

2 usually on the coast, also dry, sandy soils on arable
land, grassland, sand pits and dunes

3 on dry, gravely or sandy soil with sparse vegetation

9.0

115

247

Harpalus tardus

MA

AG,S

1 dry, open habitats incl. dunes, grassland, gardens and
arable land

2 fields and gardens on dry soils

3 sandy and gravely, rather dry soil

8.5

11.0

197

Poecilus versicolor

MA

AM,G

1 grasslands, moors and arable land, esp. if wet

2 open habitats, grassland, upland moors, arable

3 more xerophilous than P.cupreus in all kinds of open
fields

10.5

12.5

316

Trechus obtusus

BR

AM,H

1 fields, gardens, moorland and dry heaths
2 in most non-wooded habitats
3 in open rather dry country with short vegetation

3.6

4.0

689

Amara eurynota

MA

A,S

1in arable, dunes and other open, rather dry situations

2 open ground in dunes and weedy bare soil; has
benefited from agricultural cultivation

3 on open, light often cultivated ground among weeds

9.6

12.5

134

Asaphidion stierlini

MA

AS

1 gardens, chalk pits and other open situations on light
soils

2 drier habitats including sand and chalk pits

3 NOT INCLUDED

3.8

4.5

28

Harpalus rufipes

MA

AS

1 open, dry situations on light soils, esp. arable fields

2 open, dry situations, esp. arable fields on sand or chalk
and on waste ground

3 open country, cultivated fields and on waste places

11.0

16.0

667

MOORLAND SPECIES

Amara communis

MA

M,G

1 grasslands and moorlands, even if wet

2 in mainly open habitats such as grasslands, cultivated
gardens and open woodland

3 eurytopic, in all kinds of moderately dry, open country and
thin forests

6.0

8.0

333
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SPECIES Wing | Habitat pref. | Habitat description Min size | Max size Nu of 10km? Status
Harpalus latus MA M,G 1 dry grasslands and upland heaths 8.5 10.5 400
2 any habitat moderately dry, woodland, upland
grassland and bracken, dry heaths
3 all kinds of open or slightly shaded ground
Cicindela campestris | MA M,G,H 1 open grassland and moorland on sandy or peaty soils 12.0 17.0 630
2 open, dry heaths and moors
3 unfastidious species, with preference for sandy and
heathy ground
Notiophilus germinyi DI M,G,H 1 moorland, heaths and dry grasslands 4.5 55 319
2 heaths, moors, dry grassland
3 open, rather dry country, among grass, mosses etc.
Notiophilus aquaticus | DI M,G,S 1 open habitats such as grassland, dunes, moorland and | 5.0 6.0 467
by rivers
2 open heaths, dunes, moors and short grassland
3 in all kinds of open, moderately to pronouncedly dry
country
Olisthopus rotundatus | MA M,H,S 1 dry moors and heaths, usually where there is Calluna | 6.5 8.0 406
but also on coastal dunes
2 dry heath with Calluna, also found in dry grassland and
on dunes
3 dry, open, often sandy ground, under Calluna
GRASSLAND, HEATHLAND AND SANDY HABITAT SPECIES
Amara lucida MA G,H,S 1 sand dunes and dry grassland, mostly costal 4.7 6.5 87 Nb
2 mainly costal, found locally in sand dunes and dry
grassland, inland in sandy grassland and heaths
3 dry grassland, sand dunes
Amara familiaris MA G,H,S 1 open grasslands, heaths and dunes 55 7.3 687

2 in most open, sunny and moderately dry habitats
3 on all kinds of open ground (meadows, waste) among
weeds
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Badister bullatus

MA

G,H,S

1 most habitats, esp. open, dry often sandy situations
such as lowland heaths, grasslands and dunes

2 on open, dry, sandy soils, usually at low altitudes (in
the north on sand dunes)

3 most erytopic Badister, in dry as well as rather moist,
open and rather shaded (under bushes, open forests)

4.8

6.3

588

Panagaeus
bipustulatus

MA

G,S

1 open, well-drained grasslands and dunes, also chalk
and gravel pits

2 dry, sandy or calcareous grassland and dunes, also in
sand, chalk and gravel pits

3 almost xerophilus, open, sandy or gravely ground with
short meadow vegetation, often in chalky districts

6.5

7.5

105

Nb

Amara consularis

MA

H,S

1 dry sand and gravel pits with vegetation, also lowland
sandy heaths

2 open, often humus-rich sandy or gravely soil, gravel
pits

3 in open habitats, on sand and gravel, sometimes with
mixture of humus, often gravel pits

8.0

9.5

75

Nb

Amara tibialis

MA

H,S

1 sand pits, dry heaths, dunes and well drained open
ground

2 open, sandy areas of grass and heath on coastal sand
dunes or inland

3 dry, open, sandy country with low vegetation

4.5

5.9

257

Calathus cinctus

DI

H,S

1 on coastal dunes and dry lowland heaths

2 coastal sand dunes, lowland heaths

3 dry, sandy ground with sparse vegetation, especially
near the coast

6.0

8.5

48

Calathus erratus

DI

H,S

1 open, dry sandy sites and coastal dunes

2 dry sandy habitats, both on coastal dunes and inland
on heaths

3 dry, usually sandy ground with sparse vegetation

8.5

115

218
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SPECIES

Wing

Habitat pref.

Habitat description

Min size

Max size

Nu of 10km?

Status

Harpalus anxius

MA

H,S

1 dunes and inland sand pits and sandy heaths

2 coastal sand dunes, inland on sandy heaths and sand
pits

3 sandy soil, usually on the coast

6.5

8.0

90

Harpalus rufipalpis

MA

H,S

1 sandy places, heaths, dunes and sand pits
2 sandy soils, heaths, dunes and in sand pits
3 in open sandy soil

7.5

10.5

116

Nebria salina

MA

H,S

1 sandy or unproductive soils and lowland heaths

2 in less-productive habitats, heaths, sand dunes, upland
grassland

3 drier and more open country then Nebria brevicollis

11.0

14.0

523

Masoreus wetterhalli

BR+

H,S

1 sand and gravel soils, usually near the coast, often
under low vegetation

2 mainly on the coast (dunes, shingle), also on dry
heaths in Norfolk

3 on sand and gravel with sparse vegetation

4.5

6.0

21

Na

Amara bifrons

MA

1 open sites on well drained soils

2 sandy soils with little vegetation

3 xerophilus species, on sand with very sparse
vegetation

5.5

7.3

267

Amara convexior

MA

1 dry, well drained sites with ruderal vegetation
2 open sunny sites such as gravel pits
3 gravely soil in gravel pits

6.5

8.2

124

Amara equestris

MA

1 dry, sandy places, dunes and gravel pits

2 open, dry, sandy or calcareous, gravel pits

3 on dry soil, open or lightly wooded country, at roots of
grass or under dry leaves

7.5

10.5

50

Nb

Amara fulva

MA

1 sandy and gravely sites often near water, as well as
dunes

2 open, dry, sandy or gravely habitats

3 dry sand, sometimes mixed with gravel or clay

8.2

10.5

109

Nb
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SPECIES Wing | Habitat pref. | Habitat description Min size | Max size Nu of 10km? Status
Amara montivaga MA S 1 open, sandy or chalky sites with ruderal vegetation 7.8 9.1 51
2 sandy sites, gravel and chalk pits, weedy vegetation
3 dry gravel, chalk and sand with weed vegetation
Calathus ambiguus MA S 1 open, dry sandy sites, both inland and on the coast 8.5 115 73 Nb
2 little-vegetated sandy habitats, both on the coast and
inland in sand pits
3 on dry, usually sandy ground with sparse vegetation,
chalk pits
Harpalus attenuatus MA S 1 dunes and dry, sandy soils 7.0 9.0 68
2 coastal dunes and dry, sandy places inland
3 open, sandy or chalky soil
Harpalus pumilus BR S 1 open, dry sandy sites 5.0 6.4 15 Na
2 dry, open slopes, usually south-facing with little
vegetation
3 in open places with sand or gravel
Notiophilus MA S 1 open, dry, often sandy habitats 4.5 55 379

substriatus

2 on dry soils with little or open vegetation
3 in open rather dry country




Chapter 3: Permanent open areas within Thetford Forest

Chapter 3: Relative value of permanent open habitadrranged
as linear strips or large patches for conservatiomf heathland

carabids within a forest landscape

Abstract

To comply with the UK forestry standard approxinhateen percent of the area within
pine plantations in lowland England are left unpdain Where plantations have been
established on former heathland on sandy soiln d&3orset, Hampshire, Surrey, Suffolk
and Norfolk, conservation interests focus on opeeas within these plantations.
Permanent open habitats can be arranged as diséituttes of different size, and as linear
network of trackways separating plantations ofedtdht age. To assess and compare the
value of both types of open space for conservatioheathland species within Thetford
Forest, Breckland, Eastern England an extensivallpitap survey of carabid fauna was
carried out in spring/summer months in 2005 andb2@®&rmanent open areas within the
plantation support important carabid fauna assediatith dry grassland, heathland and
sandy habitats, including seven nationally scapecies. Overall comparison of species
present in open patches and trackways did not smgwdifference between these two
habitat types, but there were considerable difie@enamong sampled sites. For both
habitats quality plays a more important role thhe size of the area, with heathland
carabids favouring areas with low swards and greateer of bare sand, moss and lichen.
Conditions within trackways are greatly affected thg age of surrounding plantation
with heathland carabids only present in trackwaysosinded by young plantations (<20
years). Current management of trackways for comaserv (vegetation is cut and removed
once a year) does not seem to have any effectathlaad associated carabids and should

be reconsidered.
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Introduction

Since the development of the theory of island boogaphy (McArthur & Wilson 1967)
the importance of spatial arrangement and sizeabftat patches has remained a major
concern in species conservation studies. Consequievelopment of metapopulation
theory (Hanski 1991) further stressed the impoeaotthese characteristics of habitat
remnants in patchy landscapes. These theoriesspecially important in the light of
increasing habitat loss and habitat fragmentatiole ¢o human activities and the
consequences these processes have on natural pmmil&labitat loss has typically large
negative effects on biodiversity (Tilmahal. 1994, Dobsoret al. 1997, Sihet al. 2000).
Effects of fragmentatioper se however are difficult to tease apart from hablitgs and
are as likely to be positive as negative (Harri@oBruna 1999, Debinski & Holt 2000,
Fahrig 2003). A threshold value of 10-30 percentrefaining habitat within the
landscape has been suggested, below which theesplss or decline in population
would be greater than expected from the random kahypothesis (Andren 1994, Fahrig
1997, 2002, Ovaskainet al. 2002, Radfordet al. 2005). Below this threshold distances
between patches of original habitat increase exmtoally, thus an extra loss of habitat

would suddenly disrupt landscape connectivity.

Structures that would enhance connectivity sucltaxsdors and stepping stones have
been suggested to balance potential negative eftddtagmentation. Corridors as linear
elements connecting patches of habitat may enalodleeahance movement of individuals
between isolated patches of habitat (Beier & N&&31 Rosenberet al. 1999). Stepping
stones are patches of remnant vegetation withimidwegix that may increase connectivity
by reducing the distance individuals have to traatednce through the matrix (regardless
of whether these elements function as habitat) nflgaor 1995, Uezuet al. 2008).
Implementation and function of corridors and stegmtones has been much discussed in
the literature (Simberloff & Cox 1987, Mann & Plurem1995, Beier & Noss 1998,
Chetkiewicz et al. 2006), but there are no simple answers and theafulness in
maintaining connectivity will depend on life hisyastrategies of different species (Ewers
& Didham 2006).
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Although for large or mobile taxa, such as mamnualdirds, corridors and stepping
stones may both represent opportunities for epheimese while individuals are
dispersing within a season or lifetime, for othaxa such as amphibians, reptiles and
many ground dwelling invertebrates, such landsceleenents may instead represent
habitat for resident populations (Rosenbergl. 1999). Most individuals may persist
their entire lifetime within a patch or corridomtbdispersal and colonisation may occur
by percolation (linear corridor) or occasional letigtance dispersal events (stepping
stones). Thus it is important to consider whethes telative configuration of large
patches, versus narrow linear strips (with higheetitgarea ratio), affects their suitability
as habitat for resident populations. If strips whijh exposure to edge are not suitable
would it be more appropriate to arrange open hhlbi¢éaa series of larger patches or

stepping stones?

Investments in such structures are costly theredptenal solutions should be considered
when planning areas for conservation (Mann & Plumi$95). In my study in Thetford
Forest in Breckland UK, | evaluated the relativdueaof linear strips of habitat and
stepping stones of different size for the consémmabf open area specialists within a
forest landscape. | also considered the importanhdebitat quality as a consequence of
management, which is especially important for tbeservation of open habitats of early

successional stages.

The Breckland region was historically dominated Ibwland heathland and was a
stronghold for rare, localised or otherwise coastpécies in the UK (Dolman &
Sutherland 1992). Due to agriculture intensificat@nd planting of Thetford Forest, areas
of heathland were reduced by 76 percent withindkecentury (Lambley 1990). Because
similar reduction of heathland happened in otheropean countries this is now a
threatened habitat protected by the EC Habitatedbire (Council Directive 92/43/EEC
on the Conservation of natural habitats and of aldha and flora). Negative effects of
fragmentation of heathland have been shown as egdnomber of heathland restricted
ground beetle species with low powers of disparsamaller fragments of heaths in the
Netherlands (deVriest al. 1996), and as lower diversity of several heathlassbciated
invertebrate taxa in smaller and more isolatedii@adl remnants in Dorset, UK (Webb
1989).
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To comply with UK forestry standard about 10 petceinthe area of Thetford Forest is
open space, the purpose of which is to encourageddvelopment of wildlife, enable
structural diversity and greater flexibility in tue management. These areas represent
potential refuges for heathland plants and anirttedsefore conservation interests focus
on open areas within the plantation. Within Thetféorest permanent open space occurs
in two different forms: as connected linear strigks habitat along the network of

trackways and as relatively isolated open patchdgferent shape and size.

The main questions | attempted to answer in thidystvere:

Can 10 percent of open space within a forest lapmssupport populations of typical
heathland ground beetle species? What is the velat@lue of linear strips and open
patches for heathland species? How important igdtaduality in relation to patch size?
Is current management for conservation of openesppositively affecting presence and

abundance of heathland species?
The results of the current study will contribute letter understanding of this mosaic

landscape and give implications for optimal futananagement for the conservation of
heathland species.
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Methods

Thetford Forest is the largest lowland conifer sorin UK. It now covers 20,000ha or
approximately one third of the Breckland region,ickhwas historically dominated by
heathland. Planting of Thetford Forest started @221 after periods of agricultural
depression and it is now in the second rotatioantations are managed by clear-felling

and replanting with nursery-grown trees.

Stands of pine trees are separated by a netwdrackways of different width (Hemami
et al. 2007). The middle part of trackways (this sectiorhereafter referred to as the
‘track’) is used by vehicles and is therefore pbgy disturbed by wheel ruts and can be
clearly distinguished from surrounding verges. tdickways (with exception of those in
the west half of Elveden block) are accessible aikers and cyclists. Some of the
trackways are a part of marked walking or cycliagtes. Within the forest there are also
permanent open patches of different area and shalpieh were left unplanted after
felling and harvest of the initial crop, to complyith guidelines of the UK forestry

standard of allowing 10-20 percent of open spatkimvthe forested area.

Permanent open areas within the forest landscapeanaged in several different ways.
All trackways surrounded by stands older than 2&ryare affected by heavy machinery
approximately every five years when adjacent staardsthinned or felled. Both of the
verges of trackways that form a part of walkingcgcling routes, are swiped (vegetation
is cut and left) approximately every two monthsadkways and open patches designated
as conservation areas (mostly for their botanicéérest) are forage harvested, with
vegetation cut and removed at the end of growirag@e (August or September), once
every year. Some trackways are mowed to increasieility, to facilitate deer control, or
for access reasons, but few records of this aré Héw largest open patches within the
forest landscape are designated as heathland i@mverand are extensively grazed by
sheep. Because of this lack of consistency in mamagt techniques | investigated the
effects of management on ground beetle diversibpgervation trackways versus non-

systematically managed trackways) only within tlzess of young trackways (Table 3. 1).
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In 2005 and 2006 12 open patches of which two wexer planted, seven have been left
unplanted for 10-20 years and three have beenngtanted for fewer than 10 years were
sampled (for details see Appendix 3. A). Sampletthgs were located in Croxton,
Lynford, High Lodge and Elveden forest managemdatks. In each of the sampled
open patches three transects of five pitfall tregosh were set up on four occasions during
spring/summer months (mid May, mid June, end oy duid end of August). Traps in
transect were approximately 30m apart. Sampledhpatwaried in area from 1.2 to
35.0ha with average area 7.7ha + 10.2 SD (for ldetae Appendix 3. A).

As a network of linear permanently open elemensstrackways located in Lynford,
High Lodge and Elveden management blocks were saimph four occasions in
spring/summer period in 2005. Trackway sites wdaesified into three groups (prefell,
pole and young - Table 3. 1) according to the agth® youngest of the two adjacent
plantations. Samples were collected using pitfalp$ set in two parallel transects of five
traps each, with traps within each transect setoxppately 22m apart. One transect was
set in the middle of the trackway (hereafter reférto as the “track”) and one in the verge
(hereafter referred to as “verge”) of the trackwayb-2.5m away from the edge of the
track wheel ruts, depending on the width of thegegr(Figure 3. 1). There were three
trackways (one in each age class of surroundingtgian) where it was not possible to
sample the track due to extremely hard surfacengpthe verge was sampled. Sampled
trackways were between 6.2m and 42.6m wide (widtdmftree crop to tree crop,
including both verges and the central track), vaeithaverage width of 13.7m + 8.0 SD.
Width of tracks did not differ greatly among trackys from minimum of 1.4m to
maximum of 3.9m. Variability in width of verges wasiuch greater with minimum 2.2m
to maximum of 30.8m, with average 6.8m + 6.3 SDer€hwere no differences among the
three trackway classes in width of tracks (Krusk&His x¥°=1.42; P=0.492), in width of
sampled verges (Kruskal-Walli€=2.10; P=0.350), nor in width of the whole trackway
(both verges and track) (Kruskal-Wal&2.55;P=0.280).

Of the 39 trackways, 21 were roughly north-souikrded and 18 were roughly east-west
oriented. In trackways oriented north-south theestdf both verges was sampled (seven
west verges and 14 east verges were sampled) atdakways oriented east-west the
northern verge was sampled. Location of the samydede was included in the analysis

as variable orientation (north, east, west). Thengest of the two adjacent plantations
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was located in the north in four sites, in the Bantsix sites, in the east in seven sites and

in the west in five sites. In 17 trackways bothnpéddions were of equal age.

Pitfall traps were open for five consecutive dagiseach of the four sampling occasions.
Pitfall traps were transparent plastic cups, 7.8e®p and 6.5 cm in diameter filled with
approximately 50ml of ethylene glycol as killing dapreserving chemical. On each
sampling occasion captures from each of the fitkalfs in each transect were pooled

prior to identification.

Carabids collected were identified to species laalording to Lindroth (1974), while
nomenclature followed Luff (2007). Habitat preferenclassification followed Luff
(2007) according to which species were divided isito groups: eurytopic, woodland,
open woodland, moorland, arable and grassland thlaea + sandy habitat (GHS)
associated species. Details of this classificahane been described in Chapter two.
Biodiversity conservation status of nationally easpecies was given to all notable A or

notable B species (Hyman & Parsons 1992).
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Table 3. 1; Classification of sampled trackways oading to the age of adjacent

plantations, width, management and orientationattaristics of each of the classes.

Type N Definition Age of adjacent | Width(m) | Number of Orientation
plantation (years) | Min-max; | conservation
Youngest| Oldest| MeantSD| trackways | North | East
South | West
PREFELL| 9 | Plantations on 31-82 31-82 6.4-14.6; 0 3 6
both sides of 10.0£2.5
trackway >30
years old
POLE 9 Plantation on one 21-28 21-77 8.4-29.7; 3 4 5
side of trackway 15.247.1
21-28 years old,
opposite side
> 20 years old
YOUNG 21| Atleast one side] 10-20 11-78 6.2-42.6; 10 11 10
10-20 years old 14.6+9.6
(thicket), second
side variable age

Verge transect
Track transect

g

\J

Figure 3. 1; Location of track and verge transettbe sampled trackways.

The composition and structure of ground vegetaimotrackways was recorded in June
2005 and that of open patches was recorded inJuote 2005 and June 2006. Percentage
cover of 16 vegetation parameters were visuallynegéd in a 3x3m quadrate centred on
each pitfall trap. Of these 16 parameters some \aéee pooled; thus data were analysed

as eight parameters: bare ground (exposed sandiljprlgter, moss + lichen, bracken
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(Pteridium aquilinum - pooling both growing fronds and dried previousigegrowth),
grass, herbs, heathedlluna vulgaris) and other bushes (mainly gor&é €x europaeus),
broom (Cytisus europaeus), birch Betula pendula), bramble Rubus fruticosus) and
raspberry Rubus idaeus)). Vegetation cover was constrained to 100 percEiné mean
cover of each vegetation parameter in five quadratas calculated to represent each
transect. Presence or absence of 11 easily readdmisndicator plants Teucrium
scordonia, Rumex acetosella, Urtica dioica, Pilosella officinarum (sny. Hieracium
Pilosella), Gallium saxatile, Deschampsia flexuosa, Holcus spp (H.lanatus + H.mollis),
Carex arenaria, Polytrichum spp (P.juniperum + P.piliferum), Dicranum spp.
(D.bonjeani + D.scoparium), Campylopus introflexus) was recorded in each 3x3m
guadrate. Occurrence per transect was an ordihaé &t frequency, between zero (not
present) and five (present at each pitfall trap tnansect). Information on characteristics
of preferred habitat of these 11 indicator spewiese gathered from the literature (Rose
1981, Fitter et al. 1984, Jahns 1987) and supplied by Paul Dolmansgpet

communication).

Sward height of ground vegetation was measuredguairsward stick (disc diameter
90mm, weight 250g, rod diameter 17mm following Datm& Sutherland (1992), at four
points one meter away from each trap in both tragien(July 2005) and in open patches
(July 2005 and 2006). Mean sward height was caledléor each trap and for each
transect. The area of sampled open patches anaagéeof plantations surrounding
sampled trackways were determined from the GIS estidgp provided by the Forestry

Commission. This shape file was also used to déterthe orientation of trackways.

To test the effect of soil pH and organic mattemteat on carabid species composition
four cylindrical soil cores (4.75 cm in diameter,0® cm in depth, not including

undecomposed organic litter) were collected frowheapen patch, each trackway verge
and track, in July 2007. For each soil core thekimess of undecomposed organic litter
layer (hereafter “litter layer thickness”) was ma&sl using a ruler and the mean for each
transect was calculated. Four soil cores from egen patch, trackway track and verge
were combined and mixed thoroughly. The pH of a @8 soil subsample mixed with

100 cnf of distilled water was measured at the end ofitnethe sample was taken, using
a Corning portable electronic pH meter. Remainiig\gas air dried and passed through

a 2mm sieve to remove stones and root fragmentgar@ matter content (organic
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matter(g)/ 100g of soil) of three approximatelysidsamples for each open patch, track
and verge was calculated after the subsamples dvexé overnight in a 60°C oven and

the organic matter was combusted at 450°C overmgatmuffle furnace.

To explore differences in weather conditions in2@dd 2006 | used meteorological data
collected by the UK Meteorological Office, at thanfon-Downham weather station
located in the central area of Thetford Forest.ompared mean rainfall and air
temperature values for May, June, July and Aug0862and 2006 to mean values for

these months over the last 18 year period (1990200

DATA ANALYSIS

To be able to describe the characteristics of #mpéing sites in detail | explored the
percentage cover of vegetation, presence of inmtigdant species, sward height and soil
characteristics for tracks and verges of trackwsggarately (totalling six categories:
three growth stages track/verge). When also including open patches nhmber of

habitat types totalled seven. On the contrary farabids | could not prove that
individuals living in tracks were different fromdke living in verges due to their high
mobility rates, and the possibility that vergesresgnt resting or refugia habitat and
tracks foraging habitat within the daily movemeifitam individual. Therefore data on
carabids for tracks and verges were combined atid @gen areas included, only four

habitat types (open patches, trackways of prgiele and young class) were compared.

Due to differences in sampling effort between treays (two transects per site) and open
patches (three transects per site) data per trarsther than per site were used when

comparing these habitat types.

Average percentage cover of eight vegetation paenmi@nd sward height per transect
was compared among seven habitat types using reompénic Kruskal-Wallis tests for
percentage cover of vegetation, and nested Gebharaar Model (hereafter GLM) for
sward height (site nested within habitat type;\weie comparisons with Sidak correction
factor for multiple comparisons) using SPSS 16.u€alper transect rather than per site

were used to allow comparison of tracks and vengitls open patches. For multiple
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comparisons of percentage cover of eight vegetgiamameters in tracks and verges of
different classes and open patches | used nonpatam8teel-Dwass pair-wise

comparisons (as an equivalent of Tukey post-hay ite&yplot 5.0 software.

For soil characteristics (soil pH, organic mattentent and litter layer thickness) |
collected data for track and verge transects icktvays and one value per site for open
patches. These were compared among seven halsiats @LM with Tukey post hoc
multiple comparison tesP0.05) using non-transformed data for soil pH amabse-root

transformed data for organic matter content amer liayer thickness.

To explore whether sward height, percentage cot&ight vegetation parameters and
soil characteristics, differed between young covestésn trackways and young non-
systematically managed trackways, groups were coedpasing student t-test for sward

height and non-parametric Mann-Whitney U test tbother variables.

| used Spearman rank correlations to investigdatioaships between the area?}rand
longevity (time since left unplanted) of open pa&tand the percentage cover of eight

vegetation parameters, sward height and soil ctexrsiics of these sites.

Frequency (between zero and five) of 11 indicat@anipspecies in each transect was
analysed by Detrended correspondence analysis (BEApn-transformed data using
CANOCO for Windows 4.5. Axis 1 and axis 2 samplerss were compared among

seven habitat types using nested GLMs (with sitgatewithin habitat type).

To compare the average temperature and rainfalholh of the sampling months in 2005
and 2006 to the 1990-2007 average values for thesbs, | calculated one sample t-

tests.

Composition of carabid community in permanent opeeas in Thetford Forest was

analysed using Principal component analysis (PGAjamsect data (sqgrt transformation

was applied before the analysis). PCA was seldmteduse the largest value of the length
of the gradient was less than four (Leps & Smila2@®3) and the percentage variance
explained by the first two axes of PCA was muclyearthan that of CA or DCA. An

average sample score for each site was calculaiad scores of all transects in each site
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(with exception of open patch with six sampled seats in 2006, where only first three
transects were used to calculate average scotaifosite). Three trackways where only
verges were sampled were excluded from furtheryaisal Species scores of six habitat
preference groups and sample scores of four hdppas (open patches, prefell, pole and
young trackways) were compared using GLMs. Tukestpoc test was used for pair-
wise comparisons. To compare sample scores of patehes in 2005 and in 2006 | used

Wilcoxon signed ranks test.

To explore relationships between PCA sample saafrepen areas and the environmental
variables (percentage cover of eight vegetationarpaters, sward height, soil
characteristics, area and longevity of open pat@res width and age of surrounding
plantations for trackways) | calculated Spearmank rrelations. To determine the most
important environmental predictors affecting cagabommunity in open patches and
trackways | selected environmental variables thatetated significantly with PCA axis 1
sample scores and had negligible colinearity. Thesee included in GLMs (as
covariates) and the minimal model was obtained dxkard elimination, at each stage
deleting the variable with the highd3tvalue in the GLM. The significance of remaining
variables was decided by thélrvalues, with variables remaining in the minimaldab

all havingP values below 0.05. Models were built using SPSS 16

Species richness (number) and pooled abundancarabids within each of six habitat
preference groups were compared among three clasdesckways (prefell, pole and
young) and open patches using nested GLMs (siteechegithin habitat type). Data per
transect rather than per site was used to overabffezences in sampling effort among
trackways (two transects per site) and open patfihese transects per site). Analysis
was performed on non transformed data of numberspdcies and on Ln(n+1)
transformed data of abundance. Pair-wise comparisoth Sidak correction factor for

multiple comparisons were used.

| focused more closely on presence of open are@adjs¢ carabid species within the class
of young trackways and used Spearman rank cowaktio investigate the relationship
between trackway orientation, width, sward heigbi| characteristics and cover of eight
vegetation parameters and the number and abundznoegerall GHS, non-dominant

GHS (i.e. all other GHS species while excluding twary abundant and widespread
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species) and just the nationally scarce GHS spetiese sites where only the verge was
sampled were excluded from analysis, providingrapa of n=36 sites. | also explored
the effect of current management for conservatiorcarabid community by comparing
PCA axis scores on both axes between young coriservimackways (n=10) and non-

systematically managed trackways (n=11) using Stiudtest.
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Results

VEGETATION AND SOIL CHARACTERISTICS

Mean percentage cover of bare ground, grass, moleti| bracken, herbs and litter
differed significantly among the seven habitat gyeacks and verges of three trackway
age classes and open patches) (Figure 3. 2). hahitats grass had the greatest cover but
the Steel-Dwass pair-wise comparisons did not deteg difference among habitat types.
There was very little bare ground in open patchegrackway verges, but it had
significantly greater cover in tracks in all thrdasses of trackways. Moss + lichen cover
was greater in young and pole verges than in yampprefell tracks, with other habitat
types intermediate. Similarly the cover of brackeams greater in young verges than in
young and pole tracks, with other habitat typesrmediate. There was greater cover of
herbs in young tracks than in open patches, asdcleger of litter in young tracks than in

either open patches, pole tracks or verges ohadkttrackway classes.

Vegetation height was shortest in tracks of youagkways, while open patches and
verges of young trackways had the tallest swarghtewith tracks and verges of pole
and prefell trackways having intermediate valuesb(& 3. 2). Comparison of soill
characteristics among seven habitat types shoveedré depth of the soll litter layer was
significantly shallower in tracks of all three tkaay classes, compared to verges and
open patches (Table 3. 2). Soil pH and organicenatintent did not differ among the
seven habitat types, but paired comparison of srackl verges showed that tracks had
significantly higher pH (Wilcoxon signed ranks t&st-4.19;P<0.001) and significantly
lower organic matter content (Wilcoxon signed ratdstZ= -3.08;P=0.002) than

adjacent verges (Table 3. 2).

Thus, overall, structure of open patches was byosidtilar to that of verges in terms of
bracken cover, litter and reduced extent of bawumg. Tracks provided considerably
greater extent of bare ground, little bracken, laad shallower soil litter layer than verges

and open patches, though tracks adjacent to pele plgntations were intermediate.
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Current management for conservation does not aftgatd height measured in June, as |
could not find any difference between conservatides managed by forage harvesting,
and other rides (non-systematically managed), itbeethe trackst{s=0.48;P=0.639) or
verges (1= -0.03;P=0.980). However trackways that were not systeratiyienanaged
had significantly greater cover of grass in bothcks (Mann-WhitneyU;p1:=19;
P=0.019) and verges (Mann-Whitn&yy,1:=24; P=0.029) than found in conservation
trackways. Cover of other vegetation parametersmditl differ between management
classes, but there was less organic matter in alieof tracks in young conservation
trackways than in non-systematically managed traglemMann-WhitneyU,g ;:=20.5;
P=0.016). These differences in soil and grass cowey relate to pre-existing differences
influencing selection of trackways for conservatinanagement, rather than to effects of

management.

Open patches with varying area and longevity diflein some vegetation and soil
characteristics. Sites that have been left unpthfdelonger had less percentage cover of
both litter Rs= -0.558;P=0.005,n=12) and grassR&= -0.489;P=0.015) and a shallower
soil litter layer Rs= -0.655;P=0.001). Larger open patches had greater perceotags

of litter (Rs=0.471;P=0.020,n=12) and of moss + lichei$=0.485;P=0.016), but lesser
cover of bushRs= -0.459;P=0.024) and lower soil organic matter conteRa=-0.469;

P=0.021). These relationships with area are unlikelge causal.

The first two axes of the DCA of plant indicatorespes successfully explained a large
proportion (37 %) of the variance in indicator speccomposition (Figure 3. 3). The
ordination showed a primary gradient on the firgsisafrom drought-tolerant species
characteristic of bare dry disturbed sdufnex acetosella, Dicranum spp, Polytrichum
spp, Carex arenaria, Campylopus introflexus) through species of more closed swards on
relatively infertile acidic soil Gallium saxatile, Deschampsia flexuosa) to species
associated with higher fertilityJgtica dioica) or more mesic condition$i6lcus lanatus,
Teucrium scordonia) (Figure 3. 3 A). Controlling for habitat type, sples with taller
swards and a deeper solil litter layer had highex exe and lower axis two scores (Table
3. 3). Sample ordination scores show that young f@old trackways (both verge and
track) occur in the part of the ordination charasexl by xeric disturbance-tolerant
indicator plant species, while prefell trackway pées tend to have higher axis one

scores, associated with the part of the ordinatioaracterised by more mesic species
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(Table 3. 3; Figure 3. 3 B,C). Samples from permampen sites had a wide range of

indicator plant species composition (Figure 3. 3 D)
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Figure 3. 2; Mean + SD of percentage cover (pansiat) of each of eight vegetation

parameters, compared among open patches, and taackverges of three trackway

classes (prefell, pole and young). Results of narpatric Kruskal-Wallis test comparing

the seven habitat types for each vegetation pasnae¢ shown. Columns marked with

the same letter do not differ significantly accoglio Steel-Dwass multiple comparisons

test.
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Table 3. 2; Mean + SD of sward height (cm), litegrer thickness (cm), soil organic matter contgnbriganic matter/100g of oven-dry soil) and
soil pH in seven habitat types in Thetford For&ssults of nested GLM (site nested within habigae) for sward height and of parametric
GLMs for soil organic matter content, litter laytaickness and soil pH are shown; means sharingahee superscript do not differ according to
Sidak pairwise comparisons.

OPEN TRACK VERGE df F P
Young Pole Prefell Young Pole Prefell
Sward height 3.9+3D | 0.8£0.4 0.8+0.7° | 1.0+0.7° 3.1+1.0° 2.7+1.1%¢ 2.9+1.27° | HabType 6 15.8 | <0.001
site(HabType) 80 2.9 <0.001
Litter layer thickness 43+1% | 1.3x0.8& 1.2+0.8 1.4+0.9° 3.2+1.0° 2.8+1.2° 3.2+1.0° | HabType 6 16.24| <0.001
Soil organic matter 3.6:2%9 | 3.0+1.C° 2.8+1.0¢ 3.5+1.1° 3.8+1.8 3.5+1.2% 4.0+1.2 | HabType 6 0.92 0.486
Soil pH 45+0.5 | 55+0.9 5.3+0.9° 5.4+0.6" 5.1+0.8 4.9+0.9° 4.810.9 | HabType 6 2.15| 0.057

Table 3. 3; Mean + SD sample scores of seven tgppermanent open habitat on the first two DCA woation axes performed on presence and
absence data for 11 indicator plant species. Restihested GLMs are shown; groups sharing supptsao not differ significantly according
to Sidak pair-wise comparisons.

OPEN TRACK VERGE df F P
Young Pole Prefell Young Pole Prefell

Ax 1 1.16+0.7% | 1.24+0.6F | 1.34+0.96' | 2.14+0.8% | 1.35x0.6F | 1.39+0.87 | 2.32+0.66 | HabType 6 22.99 <0.001

site(HabType) | 80 7.83 <0.001

Ax 2 1.52+0.4F | 1.93+0.44 | 2.19+0.62 | 1.98+0.5P | 1.55+0.4G | 1.96+0.74 | 1.40+0.39 | HabType 6 11.50 <0.001

site(HabType) | 80 2.46 <0.001
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The weather conditions in 2005 were very closehtlong term means for 1990-2007,

with only June and August temperatures below timg-kerm average (Table 3. 4). In

2006 there was much more fluctuation in air temjopeea and rainfall during

spring/summer months with May, June and July teatpess above and August

temperatures below the long-term average. May angust 2006 were very wet with

August values being the highest of the entire 12Q07 period. July 2006 on the contrary

was very dry with rainfall below the long-term aage (Table 3. 4).

Table 3. 4; A) Mean = SD monthly air temperatur€)(‘and B) cumulative monthly

rainfall £ SD (mm) in May, June, July and August the period 1990 - 2007 inclusive

and in sampling years 2005 and 2006. Results ofsangle t-test comparisons of 2005

and 2006 monthly means, to each corresponding 209@-monthly mean, are shown.

A

month | 1990-2007 | 2005 2006

May 11.6+1.2 11.3| Ns 12.7 | t17= -3.70;P=0.002
June 14.5+0.9 15.0| t17=-2.32;,P=0.033 | 15.5 | t17=-4.70;P<0.001
July 16.8+1.3 16.7| Ns 19.8 | t17= -9.52;P<0.001
August | 16.7+1.3 15.4| t1,= 4.27;P=0.001 15.4 | t17= 4.2;P=0.001
B

month | 1990-2007 | 2005 2006

May 47.0£29.4 42.7| Ns 103.2 t17= -8.12;P<0.001
June 58.7+49.3 50.9/ Ns 38.2 Ns

July 54.0+26.6 63.5| Ns 25.7 | t17= 4.5;P<0.001
August | 62.0+40.6 459/ Ns 163.7 t17= -10.63;P<0.001

The differences in weather conditions between 280% 2006 sampling year may have

affected vegetation structure. In the 12 open msi¢hat were all sampled in both years,

cover of moss + lichen (Wilcoxon signed ranks #&st-2.93;P=0.003) was on average
3.5 percent and the cover of bush (Wilcoxon sigraatks testZz= -2.25; P=0.024) on

average 0.4 percent less in 2006 than in 2005.coler of grass (Wilcoxon signed ranks

testZ=-2.90;P=0.004) was on average 6.2 percent greater in 2006.
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Chapter 3: Permanent open areas within Thetford Forest

CARABIDS IN PERMANENT OPEN AREAS WITHIN THETFORD AREST

A total of 70 species were recorded from permargg@n habitats within the forest
landscape with seven eurytopic species, ten wodd(@wo of which are nationally
scarce), four open woodland, six moorland, 19 GH&/dn of which are nationally

scarce) and 24 arable associated species (twoiohwahe nationally scarce).

Of the 19 GHS species, four were only recordedrig of the habitats (Figure 3. 4).
Harpalus pumilus (nationally scarce A; two individuals found in féifent sites) and

Masoreus weterhalii (nationally scarce A; two individuals found in feiifent sites) were

only found in trackways, whileCalathus ambiguous (nationally scarce B; three
individuals all from the same site) aBddister bullatus (no status; two individuals found
in different sites) were only found in open patchesview of the very low numbers of
individuals of these species captured, apparernticgsns to one or other landscape

element are likely to be due to chance sampling.

OPEN
PATCHES

2/1

Figure 3. 4; Number of GHS species / nationallyseasHS species of ground beetles

found in open patches and trackways within Thetfeodest.

The composition of the carabid community analysgdpbincipal component analysis

explained 41.4 percent of the total variance, amowed strong non-random structure
(Figure 3. 5; Figure 3. 6). The group of specieseamted with grassland, heathland or
sandy habitats (GHS species) had significantly driglmean axis one scores than
eurytopic and woodland species, with other halaissbciation groups (arable, moorland,

open woodland) were intermediate (Figure 3. 5, @&bl5 A). Species scores of different
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Chapter 3: Permanent open areas within Thetford Forest

habitat association groups did not differ signifite on the second PCA axis (Table 3. 5
A).

There were significant differences in sample scofexpen areas, young, pole and prefell
trackways on both PCA axes (Table 3. 5 B). Consgidehe first PCA axis, samples from
open areas and young rides had the highest saamesgponding to high scores of GHS,
moorland and arable species), pole trackways hadediate and prefell trackways had
the lowest scores (corresponding to the lower scofeurytopic and woodland species)
(Table 3. 5 B). Surprisingly, open areas had vew $cores on the second PCA axis and
differed significantly from trackways of all classendicating a difference in species
composition that does not directly relate to aadéhce in relative abundance of carabid
species habitat association groups. There weréffepethces among scores of trackways
belonging to different classes on the second &ablé 3. 5 B). Carabids with low scores
on the second axis, that were also notably abundargen habitat samples include
species such d@erostichus madidus (eurytopic), Carabus nemoralis (eurytopic),

Carabus problematicus (woodland) Amara lunicollis (open woodland) andarpalus

rufipes (arable) (Figure 3. 5). Of these, the first thmee among the largest species found
in this study (average body sizeRitrostichus madidus is 16.0mm, o€arabus

nemoralis 23.0mm and o€arabus problematicus is 24.0mm) and all three are wingless.

Despite the differences in weather and in some tatigea parameters the carabid
community composition of open patches did not difietween 2005 and 2006 in PCA
sample scores either on the first axis (Wilcoxamed ranks tesf= -0.94;P=0.347) or
on the second axis (Wilcoxon signed ranks #&st-1.96; P=0.050). Following these

results | combined data collected in both yeardddher analysis.

102



Chapter 3: Permanent open areas within Thetford Forest

A

1.0
09
0.8 4
07 4
06
05
04 4
03 4
02 .
01 4 1
0.0 e
-0.1 3® A
02 217 5 %0
-0316e®
04 + 2 13

05 -04 -03 -02 -01 00 01 02 03 04 05 06 07 08 09 10

e  Eurytopic
& Woodland
o Open woodland

Axis 2

1.0
09 1
058 4
07 4 .

06 °
0.5 14

04 17
0.3 A 16

0.2 ®e
0.1 A 2
0.0 -
-0.1 4
-0.2 4 20 9 10
-0.3 A
-0.4 24

05 -04 -03 -02 -01 00 01 02 03 04 05 06 07 08 09 1.0

Axis 2

1.0
0.9

Moorland
081 Grassland
079 Heathland

08 1 Sandy habitat 14
0.5 H [m]

04 4

4« 0> e

Axis 2

-0.1 4
-0.2 4
-0.3 4
-04 4
-0.5

0.3 A
0.2
0.1
0.0

7A.1

22
1 20 w

Ov

18

8L
v
17

2

v

9
19
Ay

o
10

21
v

24
23w

[
6

o

16 O

-0.5

-04

T

-0.3

-0.2

T

-01

0.0

0.1

T
02 03
Axis 1

0.4

0.5

06

0.7

0.8

0.9
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Species names of Figure 3.5 A

EURYTOPIC

WOODLAND

OPEN WOODLAND

1 Bradycellus harpalinus
2 Carabud nemoralis

3 Loricera pilicornis

4 Nebria brevicallis

5 Notiophilus biguttatus
6 Pterostichus madidus

7 Pterostichus strenuus

8 Badister sodalist — W

9 Calathus rotundicollis— W,A,S

10 Leistus spinibarbis— W,A,S

11 Stomis pumicatus — W,G

12 Notiphilus palustris — W,G

13 Carabus problematicus — W,G,M

14 Licinus depressus — W,G,S

15 Pterostichus quadrifoveolatus — W,H

18 Synuchus vivalis— OW,A,G
19 Agonum muelleri — OW,A,G
20 Syntomus truncatellus— OW,A,S
21 Amara lunicollis— OW,M,G

16 Cychrus caraboides — W,M
17 Pterostichus niger — W,M,G

Species names of Figure B5

ARABLE

1 Bembidion lampros —A

2 Leistus ferrugineus —A

3 Ophonus rufibarbis —A

4 Amara apricaria —A

5 Platyderus depressus —A

6 Bembidion quadrimaculatum —A
7 Curtonotus aulicus —A,G

8 Amara plebgja —-A,G

9 Pterostichus melanarius —A,G
10 Poecilus cupreus —A,G

11 Anisodactylus binotatus —A,G
12 Calathus fuscipes —A,G

13 Calathus fuscipes —A,G

14 Syntomus foveatus —A,G,H

15 Harpalus smaragdinus —A,G,H
16 Harpalustardus— A,G,S

17 Harpalus affinis— A,G,S

18 Harpalusrubripes— A,G,S
19 Amara aenea— A,G,S

20 Poecilus versicolor — A,M,G
21 Trechus obtusus — A,M,H
22 Asaphidion sterlini — A,S
23 Amara eurynota — A,S

24 Harpalusrufipes— A,S

Species names of Figure 3.5 C

MOORLAND

HEATHLAND

SANDY HABITATS

1 Harpaluslatus — M,G

2 Amara communis — M,G

3 Cicindela campestris — M,G,H
4 Notiophilus germinyi — M,G,H
5 Notiophilus aquaticus — M,G,S
6 Olisthopus rotundatus — M,H,S

11 Masoreus wetterhalli — H,S
12 Nebriasalina—H,S

13 Harpalusanxius — H,S

14 Amaratibialis— H,S

15 Calathus erratus— H,S

16 Harpalus rufipalpis — H,S

GRASSLAND

7 Amara familiaris — G,H,S

8 Badister bullatus — G,H,S

9 Amara lucida - G,H,S

10 Panageus bipustulatus — G,S

17 Amara convexior — S

18 Harpalus pumilus— S

19 Notiophilus substriatus — S
20 Amara fulva— S

21 Amara montivaga — S

22 Harpalus attenuatus — S
23 Amara bifrons— S

24 Calathus ambiguous — S

25 Amara equestris- S
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Figure 3. 6; PCA axis 1 and axis 2 scores of Cdrabmmunity in each sampled site of
permanent open habitats in Thetford Forest. A) qudohes in 2005 and 2006; B) sample
scores of sites in each of the trackway classes.
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90

Table 3. 5; Mean £ SD scores on the first two afes PCA of carabids in Thetford forest and resaft&LMs. A) Species scores, considering
six habitat preference groups of carabids and Bjp$a scores for four main habitat types of permaongen space. Means sharing superscript
do not differ significantly according to Tukey pdsic test.

A
Eurytopic Woodland Open Arable Moorland GHS F P
woodland
Axis 1 | -0.15+0.23 | -0.08+0.25' | 0.08+0.19"° | 0.10+0.26° | 0.19+0.25° | 0.20+0.31 | HabType| 3.61 0.006
Axis 2 | -0.06+0.2F | -0.03+0.17 | -0.06+0.25' | 0.10+0.26' | -0.02+0.12 | 0.07+0.20 | HabType| 1.28 0.284
B
Open Trackways F P
Young Pole Prefell
Axis 1 0.19+1.02 0.20+0.77 -0.33+0.70" -1.05+0.34 HabType| 5.64] 0.002
Axis 2 -0.46+0.63 0.63+0.76 0.31+0.5P 0.21+0.33 HabType| 12.00 <0.001




Chapter 3: Permanent open areas within Thetford Forest

To confirm if PCA sample scores were mostly deteadiby the abundance of just the
two most abundant GHS species within Thetford Rdjearpalus rufipalpis andNebria
salina) | checked for correlations between sample scoreBCA axis 1 and number and
abundance of overall, non-dominant and nationaltaree GHS species. In both
trackways and open patches PCA axis 1 scores ayehighly correlated not only with
overall GHS species richness and abundance butalsanon-dominant and nationally

scarce GHS species richness and abundance (Tadle 3.

Table 3. 6; Spearman rank correlation coefficienftsaxis 1 PCA sample scores in
trackways and open patches and the number and abhcemaf overall, non-dominant and

nationally scarce GHS species. ** indicate that&ation is significant below 0.01 level.

Overall GHS Non-dominant GHS Nationally scarce GHS
Number | Abundance Number | Abundance Number | Abundance
of species| of species of species

Trackways| 0.638* | 0.928** 0.594** 0.785** 0.432** | .880**

Open 0.688** | 0.946** 0.693** 0.702** 0.354ns 0.634**

patches

As the habitat preference groups of species represelear ecological gradient on the
first PCA axis, | focused on exploring which envinsental variables affect the scores of
samples on this axis. Open patches samples withehi?CA axis 1 scores had
significantly greater cover of bare sam$£0.574;P=0.003,n=24) and of moss + lichen
(Rs =0.603;P=0.002) and significantly lower sward heigiiRst -0.743;P<0.001) and
shallower thickness of soil litter layeR$ -0.413;P=0.045). There was no effect of

patch area or longevity on scores of open patctpkemon the first PCA axis.

In trackways, the sample scores on the first PCAs amcrease significantly with
increasing trackway widthR6=0.462; P=0.005,n=36), cover of heather in the tracks
(Rs=0.334; P=0.047) and cover of moss + lichen in vergé&=0.486; P=0.003).
Trackways sample scores decrease with greater &gtheo youngest surrounding
plantation Rs= -0.596;P<0.001), greater cover of grass in tracRs<-0.520;P=0.001)
and cover of litter in vergefé= -0.358;P=0.032).
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Minimal models of the effect of environmental véies on carabid assemblage
composition in trackways, showed that the age ef d@djacent plantations, trackway
width, cover of moss + lichen and of litter in vesgexplained 56 percent of variability in
sample scores of PCA on the first axis (Table 8).71n open patches sward height, depth
of soil litter layer and cover of grass explainddpg@&rcent of variability in sample scores
of PCA on the first axis (Table 3. 7 B).
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Table 3. 7; Minimal models of effects of environrtednvariables on sample scores of
individual sites on the first axis of PCA for Ajatkways (=36) and B) open patches
(n=24). Mean £ SD values of environmental variablesgiven. All variable considered

in the tests are given in the table; environmevdaibles had minimal collinearity.

A
PCA axis 1 sample scores
F (df) P
(B SE)
Model Mean + SD 15.73 (32,36) <0.001
Age of youngest adjacent trees (years) 25.3+18.0 .0502(32,36) 0.001
(-0.02+0.01)
Trackway width (m) 13.8+8.3 14.54 (32,36) 0.001
(0.04+0.01)
Cover of moss and lichen in verges (%) 13.4+14.8 66 832,36) 0.006
(0.02+0.01)
Adjusted R 0.558
B
PCA axis 1 sample scores
F (df) P
(B £ SE)
Model Mean + SD | 18.76 (21,24) <0.001
Sward height (cm) 3.9+£3.0 11.95 (21,24) 0.002
(-0.16+0.05)
Depth of soll litter layer (cm) 4.4+1.6 19.02 (24)%0.001
(-0.38+0.09)
Adjusted R 0.607

When exploring community structure further | foutftht for all habitat association
groups except woodland species the species richaedsabundance of individuals

differed markedly among four open space habitaesyfopen patches, and trackways

109



Chapter 3: Permanent open areas within Thetford Forest

adjacent to prefell, pole and young stands) (Figuré). Open patches had similar species
number and abundance of woodland, open woodlandylaml and non-dominant and
overall GHS species as the young trackways (Figuré. However there was a greater
number of eurytopic and lower abundance of aralgecies compared to young
trackways. Compared to trackways adjacent to aoéal stands, open patches had higher
abundance of eurytopic species, higher specieseghand abundance of open woodland
species and higher abundance of overall GHS speCiampared to prefell trackways
open patches had lower species richness and abtwedéreurytopic species and higher
species richness and abundance of overall and amkrdnt GHS species and abundance

of open woodland species (Figure 3. 7).

Focusing on three classes of trackways, trackwéjacant to young plantations had the
highest species richness and abundance of arathlevanall GHS species and the highest
abundance of non-dominant GHS and open woodlandiespéFigure 3. 7). Prefell
trackways on the other extreme had the highest rurabd abundance of eurytopic
species and the lowest species richness and altendéboth overall, and non-dominant,
GHS species. Pole trackways had for most of thédtadssociation groups intermediate
values: similar number and abundance of eurytopécies and species richness of non-
dominant GHS species as young trackways and sirallandance of open woodland
species, species richness and abundance of o&rl and arable species as prefell

trackways (Figure 3. 7).
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As the class of young trackways was the most deitimo open habitat specialists and as
there was considerable variation in number and @dece of GHS species within this
class | checked the effect of environmental vaeslibn the number and abundance of
species associated with grassland, heathland andy shabitats within this class.
Abundance of overall GHS species increased withtgrecover of bare ground in verges
(Rs=0.454; P=0.044,n=21) and decreased with increasing sward heigst (-0.603;
P=0.005) and cover of busliR¢= -0.472;P=0.035) in verges and greater cover of grass
(Rs= -0.535; P=0.015) in tracks. For species richness of overadin-dominant (i.e.
excluding H.rufipalpis and N.salina) and nationally scarce GHS species and for the
abundance of non-dominant and nationally scarce Gp&ies | could not find any
significant correlations with the measured envirental variables (trackway orientation
and width, sward height, soil characteristics aetdcentage cover of eight vegetation
parameters). The correlation between abundancevefalb and non-dominant GHS
species is very strongR¢= -0.736;P<0.001) but the variability in abundance of non-
dominant GHS species was lower than for overall Ghécies (Figure 3. 7) which might

have reduced statistical power in tests of efféetnwironmental variables.

Forage harvesting as the current management fasecaation within Thetford Forest
does not seem to have any effect on carabid comyuwithin the class of young
trackways there was no difference in PCA sampleescbetween conservation managed
and non-systematically managed trackways on tke dixis (=0.80;P=0.096) nor on the
second axist£0.041;P=0.967).
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Discussion

Even though permanent open areas within the foepsesent only 10 percent of the area
they support important ground beetle diversity udiohg 19 species restricted to dry
grassland, heathland or open sandy habitats (GH®hich seven are nationally scarce.
Fifteen GHS species were found in both open patelmelstrackways and four species
were only recorded from just one of the two pernmiigeopen habitat types. All four of

these more restricted species were very rare, avith two or three individuals captured.

It is possible that these four species are prasdmtth types of permanent open habitats,
but were not recorded due to their low abundarme, frequency, and consequent low

probability of detection.

For trackways | found that the surrounding matnigagly affects the conditions within
these linear strips of open habitat. Older anettatees will affect the amount of sunlight
and the moisture conditions in trackways, thus ciffig vegetation structure. The
resulting direct and indirect effects on microcltsmand microhabitat will affect carabid
community composition, favouring species that prefeesic conditions. Trackways
adjacent to young plantations on at least one kgl ,the highest number and abundance
of species associated with open habitats (GHS,legraboorland and open woodland
species) which were less abundant in trackwayacadj to pole stage plantation and
practically disappeared from trackways located witbrefell aged stands. The opposite
was true for eurytopic and woodland associated ispewhich were less abundant in
young trackways but increased in trackways adjatergole and prefell aged stands.
These results show that trackways do not represecntinuous network of habitats
suitable for GHS species, but that trackways suded by younger plantations may have
potential to function as stepping stones, distivadtitat patches, or as corridors, for these
species. Pole and prefell trackways do not suppsitient populations of the open habitat
species. These linear elements could potentialbresent corridors for dispersal of
carabids associated with open habitats, but oniydividuals of these species will enter
into trackways passing through these unfavourabkk lass preferred habitats, which
seems unlikely given their virtual absence in fitteap material collected from these

trackways.
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Of the habitat quality characteristics measuredratkways the combined cover of
mosses and lichen in verges was an important pgogdiof carabid community
composition, with greater cover of moss and licliamouring open area specialists.
Within the class of young trackways, lower swartgyhein verges and less cover of grass
in tracks were the strongest predictors of highndlamce of overall GHS species, but not
of non-dominant GHS species. From this | can calelthat these vegetation structure
parameters affected mostly the two most abundaatiepHarpalus rufipalpis and
Nebria salina. However, it may be that the low frequency (speagiehness) and low
abundance of other GHS species reduced statigtioaér and thus the ability to detect
such effects for the group once these two abundgeties had been excluded.
Nevertheless, the strong positive correlation betwthe abundance of these two species,
and the abundance of other open ground GHS spsegggests that good quality habitat
for H. rufipalpis andN. salina also serves as an indicator of good quality habstaother

specialists carabids of disturbed dry grasslanathtend and sandy conditions.

For open patches | also found a strong effect bitabquality on the presence of open
habitat specialist species. Lower sward height/l@ar soil litter layer thickness and
greater cover of bare sand and of combined mosséslieghen, make patches more

suitable for open area specialists.

As the habitat characteristics of open spaces nithietford Forest depend mostly on the
management techniques used, | investigated theteftd forage harvesting as current
management for conservation within Thetford Forest, vegetation and carabid
community structure in trackways. Managed siteslbaer cover of grass in tracks but |
did not find any effect on the combined cover ofsses and lichen, on the cover of bare
sand or on sward height, which were strong predictd good quality habitat for open
specialist species in trackways and open patchHeseTwas also on differences in carabid
community composition between managed and non-nemhagdes. Previous studies in
Breckland demonstrated the importance of rabbitiggafor persistence of short swards
containing a large component of lichens, cushiomfog mosses and winter annuals
which are features characteristic of historic Btan#l grass heaths (Dolman & Sutherland
1992). Dolman & Sutherland (1992, 1994) suggesivaiion as a suitable management

technique which creates disturbance and providessaot bare soil.
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Sampling the same open patches in both 2005 angl @9&bled me to test the effect of
year on the carabid assemblage structure. Therenwalfference in assemble structure
between the two sampling years, even though théheeduring the sampling months in
2006 differed from the longer term mean, with ayweet May, June and August and on
the other extreme a very hot and dry July. Thisligspthat the weather does not have
pronounced effects on carabid community over perioddjust one or two generations,

even though it may have some effect on vegetatiogtsire.

Surprisingly and to the contrary of predictionsisiand biogeography theory (Preston
1962, McArthur & Wilson 1967) | could not find amffect of patch size on number and
abundance of GHS species present. Absence of effe@atch size is also not in
accordance with findings of empirical studies diefs of fragmentation on heathland
invertebrates where fewer heathland species ofngrdaeetles were found in smaller
(deVrieset al. 1996) and more isolated patches (Webb 1989). Aiplesexplanation for
this is that the limited range in area of the opabitat patches sampled in the current
study did not provide the magnitude of variatioguieed to detect such effects. The area
of open patches in current study was between la2ith 35ha compared to 0.5ha to
1500ha in study by deVries and colleagues (1998)(ahha to 500ha in study by Webb
(1989). Alternatively, the edge effects in smalbatidand sites in these two published
studies affected habitat quality and consequentitalility for heathland invertebrates.
Furthermore, in the present study there were inapodifferences in habitat structure for

both patch area and longevity that may confoundltes

However, despite the relatively low range of vaomatin open patch area, the results of
this study did not provide any evidence that tHesge patches supported either a greater
species richness or greater abundance of openahaipiécialists, or nationally scarce
GHS species, than open habitat arranged as naimear lelements. In trackways, wider
sites had a higher proportion of open specialistsich was most likely not due to
increased area but because the negative effetdef surrounding trees was reduced with
increasing width of trackway. The fact that | diok find any effect of width on presence
and abundance of open specialists within the dagsung trackways, where increase in
width would mean increase in area, supports thespnetation. Thus wider trackways are
more likely to support GHS species when trees m shrrounding plantation reach

unfavourable age. For a given area or quantitypgnospace, arranging this as a linear
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strip not a discrete area provides much greateanpiad for connectivity between isolated
locations. Thus the results of this study suppo#raging the finite amount of open space
permitted by forest design constraints as line&vokks, rather than as discrete stepping

stones or as large patches of ‘heathland’.

Finally, these results show that habitat qualitpypl the most important role in
determining the suitability of remnants of semiumat habitat such as heathland for
carabids specialised for this habitat. When plagpmonservation of semi-natural habitats
we must consider not only connectivity but also gheat importance of the structure and
guality of these habitats, which mostly dependshentype of management used. There is
no evidence to suggest that creating large areg®af quality reverted heathland will

offer any substantive benefit.
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Appendix 3. A; Location and characteristics of Impanent open patches in Thetford
Forest sampled in 2005 and 2006 including foreshagament block, area of patches,

number of years since the trees were removed (ldtyye@nd mean + SD soil pH.

Block Area (ha) Longevity Grazed by Mean + SD
(years) sheep (Y/N) soil pH

Open 1 | Croxton 4.1 10 N 3.810.1
Open 2 | Lynford 3.5 13 N 4.1+0.1
Open 3 | Lynford 5.7 2 Y 4.2+0.1
Open 4 | Lynford 4.2 Never planted N 4.510.1
Open5 | Lynford 1.2 Never planted N 4.7+0.1
Open 6 | Lynford 1.9 11 N 4.2+0.1
Open 7 | Lynford 22.0 10 N 4.310.1
Open 8 | High Lodge 3.4 7 N 5.61£0.3
Open 9 | High Lodge 1.3 19 N 4,1+0.1
Open 10 | Elveden 5.6 19 N 5.24+0.6
Open 11 | Elveden 4.8 19 N 5.1+0.2
Open 12 | Elveden 35.0 4 Y 4.610.1
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Chapter 4: Colonisation of newly created open spacwithin

Thetford Forest plantation

Abstract

Within the lowland conifer plantations of ThetfoFebrest in Breckland, conservation
interests focus on open spaces and their potéatiabnservation of heathland species. In
addition to the network of trackways and occasiapmen patches representing permanent
open spaces, ephemeral open areas are createdebyfalling management of
plantations. Treatment by herbicides and ploughafigclear-fells before replanting
reduced variability in vegetation structure thusviting a controlled opportunity to study
effects of isolation and patch size on early caation of these areas by ground beetles.
Colonisation by open-habitat associated species weag fast, with 35 species not
recorded in mature forest stands colonising newdated open areas within three years
after removal of trees. | did not find any effeadb patch size and isolation from
permanent open patches and young restocks (“stppgiomes”) nor from trackways
(“corridors”) on number and abundance of colonis@tsese results indicate that on the
current scale of management of Thetford Foresthnectivity among open areas is

sufficient for persistence of open-habitat assedaipecies.
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Introduction

Land-use changes over the past 200 years havdygredticed the area of heathland in
the UK (Moore 1962, Farrell 1993, Roseal. 2000) with approximately 58,000ha of
heathland remaining. The re-establishment of lodlheathland is a priority within the

UK Biodiversity Action Plan, with a target of 6,0@®to be created by 2005 (Biodiversity
Steering Group 1995).

The goal of most restoration projects is to reteicosystems to a pre-defined reference
conditions by manipulating physical environment/andegetation structure (Block al.
2001). However, relying on the so called “fielddsEams” assumption: build it and they
will come (Palmeret al. 1997), does not take into account findings of ndla
biogeography studies that show important effectsisaiiation and patch size on
colonisation (McArthur & Wilson 1967). Similarly,umerous studies of invertebrate
metapopulations, or patchily distributed sub-popoies, have also found important
effects of isolation on probability of occupancy @slonisation (Thomas & Harrison
1992, Hanski & Thomas 1994, Hidt al. 1996, Hanski 1999). Differences in species
diversity between recreated areas and natural amdsm this (Grimbacher & Catterall
2007, Nakamurat al. 2008).

However the conclusions of island biogeography mheonay not hold for all types of
habitats. Brose (2003) showed the size of halitat its isolation did not influence
species richness of carabid beetles in temporarfamgs in Germany. Small and
colleagues (2006) found similar results for carabédtles of derelict sites in England
with assemblages being principally related to lslguality such as substrate type and
vegetation community. Therefore investigation ofoogsation of early successional
habitats such as heathland is needed to assesstiplofer restoration of such areas
(Littlewood et al. 2009).

Effects of isolation on the number and abundanaeties present in habitat patches can
be obscured by confounding effects of differencelsabitat quality (Sutcliffet al. 1997,
Baguetteet al. 2000, Hill et al. 2001, Hill et al. 2002). The results of Chapter three
indicate that for GHS carabid species, the mostomanmt predictor of species richness
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and abundance is habitat quality which could olestess pronounced effects of isolation
and patch size. Therefore a study of early colowisaof patches by ground beetles,
where habitat has been homogenised by sprayingegétation and ploughing, may
provide a controlled opportunity to examine effecots isolation and patch size on
colonisation. The Thetford Forest plantation in dand provides a useful opportunity
for such an experiment, as replicate patches oilainsoil, age and treatment are

available simultaneously.
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Methods

Within Thetford Forest, lowland conifer plantationEastern England, approximately 10
percent of the land is left unplanted to complyhwibrestry commission guidelines

(UKWAS 2006) and an additional 10 percent of thee$db landscape comprises
ephemeral open space created by clear-fellinghdw/s in Chapter two these open areas
support important carabid species associated wédithtand and other open habitats
which are the focus of conservation interests ietfidid Forest. Open habitats are of two
types: 1) open patches and early successionalsstandifferent shape and size located
throughout the forest landscape and 2) a networkamkways of different width that

separate polygonal compartments in which the favastoriginally planted.

Management by clear-felling creates ephemeral opeas (clear-felled and young
replanted stands) in which open conditions pefsisb-7 years after felling (Eyco#t al.
2006), with the species richness and abundancpesf babitat carabids peaking in two to
three year old plantations and declining to extiga in five to seven years old
plantations (Lin 2005). Following the current fdrgsstandard guidelines (UKWAS
2006) the minimum interval between felling of adjatareas is 7-15 years. Thus adjacent
stands cannot act as a source of open habitatistddor the newly felled and cleared

stands.

Most clear-felled stands are treated with herbgidatrazine, glyphosate, asulam and
asulox) at the end of the last growing season befplanting, to control competitor plant
species, mostly brambRubus fruticosus and brackerPteridium aquilinum (Eycottet al.
2006). Herbicides can reduce the abundance of ichlatvae (Holland 2002). On more
alkaline soils tree stumps are removed before néipig but such stands were not
included in my experiment. In all stands plantimge$ are ploughed, before stands are
replanted with approximately 50cm tall nursery gmowees. Plough lines consist of
single furrows, c. 30cm deep and c. 50cm wide, redpd by 2-2.5 metres (Forest
Enterprise 2001). The overlying vegetation (e.gsticks ofDeschampsia flexuousa or
rhizomes of bracken) as well as the litter and omigAumus layers are turned back from
furrow margins, exposing mineral soil and creataltgernating bands of undisturbed

vegetated inter-furrows, overturned turfs anddjtéend linear furrows of exposed mineral
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sand or soil. Tree seedlings are planted approgimnat6 metres apart and are initially
too short, and so thin, that they do not affecteheironmental conditions within furrows.
Thus recently clear-felled stands provide open adst conditions, but with little or no
exposed bare ground and a deep litter layer, wiglely planted stands provide complex
heterogeneity with exposed soil and remnant veigetaereafter, | refer to clear-felled
but unplanted stands as “felled-unplanted”, an&médyg replanted stands as “restocks”.
Replanted stands in the first growth season afamtipg are referred to as “zero year

stands”.

To explore early stages of colonisation by grouedtles after clear-felling and replanting
of pine trees in Thetford Forest | sampled 12 élmplanted stands and four zero year
restocks in 2005 and eight zero year restocks @6 Z8ll of which were also sampled in
2005 as felled-unplanted). Sampled stands weréeatalely selected to be more or less
isolated (closer or further away) from sourcesalbnisers, using aa priori assumption
that permanent patches of open habitat, wide opaockways and 1-5 years old
plantations all represent sources of colonisetfo(fting results described in Chapter two
and in (Lin 2005)). Selected felled-unplanted stawére felled during the autumn/winter
season in 2003/2004 and were in the second growabos after felling when they were
sampled in spring/summer 2005. All zero year stam@gse sampled in the first
spring/summer season following ploughing and repign Sampled stands varied in size
from 3.1 to 14.5ha with average size 8.7ha = 4.0 SD

For collecting ground beetles | used pitfall trégpansparent plastic cups, 7.5cm deep and
6.5 cm in diameter) which were filled with ethyleglcol as killing and preserving
solution. In each of the sampled stands three édsseach of five pitfall traps, were set
up on four occasions during spring/summer monthd ftay, mid June, end of July and
end of August 2005 and 2006). Traps within eachsiat were approximately 30 metres
apart to ensure their independence. In restocksedrds were placed across the direction
of planting rows therefore traps were placed radgomith some traps within and some
between the ploughing furrows. Pitfall traps wepemed for five consequent days on
each of the four sampling occasions. The relatis#grt trapping period was used to
ensure consistent and standardised catching ebfemmveen replicate stands, as long
trapping periods become less consistent as andiotable proportion of traps within any

transect may become non-functional due to fillinghwsand, filling with rainwater, or

129



Chapter 4: Colonisation of newly created open space

damage by mammals. Niemela and colleagues (193@eshthat, in boreal forest in
Finland, two sampling periods of ten days eachalliog 20 days, provided good
representation of the carabid fauna compared tdiremus trapping throughout the
season. On each sampling occasion captures fromadale five pitfalls in transect were

pooled prior to identification; thus the individuahnsect is the unit of sample replication.

Carabids collected were identified to species laalording to Lindroth (1974), while
nomenclature followed Luff (2007). The informati@n species habitat preference,
average body size, wing morphology and distributiithin UK (number of 10krh
squares within UK occupied by the species) werainbt as described in Chapter two.
This chapter focuses on new arrivals / colonisérsewly created open areas which were
classified into two groups:

1) “all colonisers” — defined as all species (regasslef their habitat preference) that
were not found in mature (prefell growth stage) that were found in felled-
unplanted and zero year stands.

2) “open colonisers” - those species associated wigndabitats (arable, moorland,
grassland, heathland and sandy habitats) that wetefound in prefell aged

stands, but that were found in felled-unplanted ze1d year stands.

The percentage cover of eight vegetation parametieespresence and absence of 11
indicator plant species and sward height were mredsas described in Chapter three. In
felled-unplanted and zero year stands only nineatdr species were observed

(Teucrium scordonia, Rumex acetosella, Urtica dioica, Deschampsia flexuosa, Holcus
spp. {. lanatus + H. mallis), Carex arenaria, Polytrichum spp (P. juniperum + P.
piliferum), Dicranum spp (D. bonjeani + D. scoparium) but Pilosella officinarum

(synHieracium pilosella), Gallium saxatile andCampyl opus introflexus were not present.

Isolation of stands was measured in several diftengys, to test alternative hypotheses
concerning the spatial dynamics of carabid popotatithat give differing emphasis to

stepping stone patches, refugia or dispersal aopgidLandscape structure data were
obtained from the Thetford Forest shape-file predidy Forestry commission using

ArcGIS 9.2. | calculated the amount of four typésaurces within 600m buffers centred

on perimeter of each stand, resulting in four typleisolation measures:

1) the area of permanent open patches and one tgdareold restocks,
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2) the area of one to five year old restocks (permaopan patches were excluded
as carabid assemblage has been shown to varyygredti habitat quality of
which information is only available for 12 sampl@dtches as described in
Chapter three)

3) the area of all trackways, and

4) the area of trackways passing through young plansi(less than 20 years) or
through permanent open patches (in Chapter thekviays surrounded by
plantation younger than 20 years have been showsupport high species

richness and abundance of GHS species).

The area of trackways was calculated using thethemgasured in shape-file multiplied
by 14 metres, which is the average width of tracksvavithin Thetford Forest (see
Chapter two). A buffer of 600m was selected asdiséance beyond which individuals
are very unlikely to be able to reach the newlhatzd open area within a lifetime (Baars
1979).

As buffers were centred on perimeters of standeritiy in size, larger stands had larger
buffer areas. To overcome these differences inebwdfeas | calculated the percent of
source habitat within the buffer by dividing the@mt of sources within the buffer by the
area of the buffer and multiplying this with 100heT percent cover of source habitat
within 600m buffers ranged between 0.3 and 25.3% ewverage 10.5% + 7.2 SD for the
first isolation measure, between 0 and 19.7% wittrage 4.7% + 5.1 SD for the second
isolation measure, between 7.0 and 13.0% with geef2% + 1.4 SD for the third

isolation measure and between 2.0 and 7.0% withagee4.6 % + 1.5 SD for the fourth

isolation measure.

DATA ANALYSIS

All data for vegetation structure, vegetation cosifpon, sward height and caught ground

beetles was pooled on the level of stand priontdyesis.

To determine which of the eight vegetation paranseteeasured have similar percentage

cover within each of the habitat types | used narametric Kruskall-Wallis test (using
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SPSS 16 software) and nonparametric Steel-Dwassvpse comparisons (using Kyplot

5.0 software) for multiple comparisons.

Change in percentage cover of eight vegetation npeters due to ploughing and
replanting was tested using paired t-test of egjahds sampled as felled-unplanted in

2005 and resampled as zero year restocks in 2006.

Principal component analysis (PCA) was used toyaeatomposition (presence of 11
indicator plant species) and structure (percentager of eight vegetation parameters) of
ground vegetation in sampled sites (using CANOC® Windows 4.5 software).

Indicator plant species were grouped accordingssb@ated habitat characteristic into
three groups and PCA species scores of the thmggrwere compared using general
linear model (GLM) with Tukey post-hoc test for paise comparisons. To compare
PCA sample scores of vegetation composition amaglt estands sampled as felled-
unplanted in 2005 and as zero year stands in 2@0&d t-test was used. A t-test of PCA
sample scores of all sampled stands was used itbadéstthe difference in vegetation

structure (percentage cover of eight vegetatioarpaters) between felled-unplanted and

zero year stands.

T-tests were used to compare body size of cargi®@dies and their distribution in UK
(number of 10krh within UK occupied by the species) between thenopssociated
species found in prefell and those only found iwlgecreated open areas. Information
about carabid species and their abundance in pfefekt stands was obtained from data
collected by (Lin 2005) in two stands in 2001 andive stands in 2002 using the same
protocol as was used in the present study. Presehceings (mactopterous and
dimorphic winged speciegersus brachipterous species) in open-habitat speciegded
from prefell and those only found in open areas waspared using Fisher exact

probability test.

| used Spearman rank correlations to test weatnemdance of open coloniser species in
clear-fells and restocks was associated with thedy size and Mann-Whitney test to
decide whether abundance of winged open colonigeciss was higher than that of

brachipterous open coloniser species.
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The difference in species richness and abundanc&H®, all coloniser and open
coloniser species in eight stands sampled as falptanted in 2005 and resampled as
zero year stands in 2006 was examined using patesis.

Paired t-tests were also used to compare the eliféerin number of individuals caught in
felled-unplanted and in zero year stands for eddhe species within the groups of all
colonisers, open colonisers and GHS species.

To test the effects of four isolation measures pecikes richness and abundance of all
colonisers, open colonisers and GHS species infetidd-unplanted and zero year stands
| used separate GLMs for each of the isolation mmeasvith habitat type (felled-

unplanted / zero year) as fixed factor and isohatieasure as covariate.

To explore the effect of vegetation structure (@mmmarised by PCA of vegetation cover
of eight selected parameters), the sward height thadsize of the patch on species
richness and their abundance of all coloniser, @méoniser and GHS species, univariate
Spearman rank correlations were used. Any confaognditercorrelation between the
habitat measures were checked using Spearman cardations and habitat measures

with minimal colinearity were used.
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Results

SOIL AND VEGETATION CHARACTERISTICS OF CLEAR-FELL&ND YOUNG
RESTOCKS

In felled-unplanted stands grass, herbs and li&eron average the largest cover and bare
ground and moss the lowest, with bracken and basmg intermediate values (Figure 4.
1). In ploughed and restocked stands bare grouddhealargest cover followed by litter,
grass and herbs cover. Bush had the lowest covegstocked areas with bracken and
moss having intermediate values (Figure 4. 1). kiwatvas not found in any of the
sampled felled-unplanted or in the sampled reswckands. Ploughing and replanting of
felled stands greatly increased the percentager @d\mare ground and reduced the cover
of moss, bracken and grass but it had no effecthencover of litter, herbs and bush
(Table 4. 1). The large difference in amount ofebground is also evident in scores of
samples on the first axis of vegetation cover P@Aich differ significantly between
felled-unplanted and zero year stanig<.(.0,P<0.001) (Figure 4. 2). On the second PCA
axis of vegetation cover the differences among $esmgre mostly driven by the amount
of grass and bush (high scores) and bracken (lonesk: The variability in the scores of
samples on the second PCA axis is much higherlliedfenplanted sites (mean is 0.2 £
1.3 SD) than in zero year restocks (mean is -0027+SD) indicating homogenisation of

vegetation structure by herbicide treatments aadgiiing.

Average sward height in felled-unplanted sites @&sm + 2.0 SD and 1.5cm + 0.9 SD

in restocked sites.

Table 4. 1; Change in percentage cover of eighetetipn parameters from felled-

unplanted to zero year old in eight stands, telsyepiaired t-testsn(= 8 pairs).

Bare Litter Moss | Bracken  Grass Herbs Bus
ground
t -10.0 0.8 3.20 3.5 2.7 1.0 14
P <0.001 | 0.444 | 0.015 0.010 0.030| 0.367 0.209
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Figure 4. 1; Average + SD percentage cover of eiglgfetation parameters in felled-
unplanted and restocked stands. Results of KruSKallis test are shown. Vegetation
parameters with the same letters do not differigg@mtly according to Steel-Dwass pair-

wise comparisons.
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Figure 4. 2; First and second axis scores of PCpeofentage cover of seven vegetation
parameters. A) species scores; B) sample scorefllefi-unplanted and zero year
restocks.

PCA species scores for the presence and absencdicdtor species in clear-felled and
zero year stands, form three clearly separatedpgroun the first axisH,6=8.3;P=0.019)
with species associated with high soil nutrientteat having the highest values, species

associated with exposed sand having intermedidteesand species growing on acidic
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soils the lowest values (Figure 4. 3 A). Thereraralifferences among these three groups
of plant indicator species on the second PCA &4s<3.1;P=0.119; Figure 4.3 A).

Ploughing and replanting of clear-felled standssdoet affect presence of indicator
species, as there were no differences in PCA saseples of the indicator species on the
first axis (paired t-testt= -0.47;P=0.651) or on the second axis (paired t-t&s®.12;
P=0.072) among clear-felled stands that were retsirgs zero year plantations (Figure
4.3 B,C).
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Figure 4. 3; Scores of the first two axes of PCAasence and absence of nine indicator
plant species for A) species B) felled-unplanteshds and C) zero year restocked stands.

Sample scores of eight stands that were samplel@asfells and resampled as restocks

share the same numbers.
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COLONISATION OF EPHEMERAL OPEN AREAS BY CARABID BEHES

During sampling of felled-unplanted and zero yetands in 2005 and 2006 | caught
5,038 carabids belonging to 64 species; of the4@34individuals belong to 23 species
that are also present in mature forest beforedtiigprefell stage). Forty one species (635
individuals) colonise stands after felling and eeyting and 35 of these species (553
individuals) are associated with open habitatsbjaranoorland, grassland, heathland and
sandy habitats), of which 15 are exclusive to deamsk heathland and sandy habitats
(Figure 4. 4).

Three speciesHarpalus rufipalpis, Nebria salina and Amara convexior) associated with

grassland, heathland and sandy habitats (GHS)lsodaund in prefell stands. These are
three of the most abundant GHS species found withé forest landscape together
representing 86% of all individuals belonging to &Bpecies (ie. 8870 individuals - see

Chapter two) but only nine individuals were colegtin prefell stands.

PREFELL

FELLED-
UNPLANTED

Figure 4. 4; Total number of species / number @cis associated with open habitats
(arable, moorland, grassland, heathland and saabijalts)/ number of GHS species of
ground beetles in prefell, felled-unplanted andozgear restocks and the number of

species that overlap between habitat types.
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Species associated with open habitats (arable,lam@hrgrassland, heathland and sandy
habitats) that were also found in prefell are omrage larger in size (average size:
10.3mm = 1.9 SDn =9) than species only found in clearfells and rdsiqaverage size:
7.6mm * 3.0 SD;n=35; t=2.7; P=0.011;). There are no differences among open
associated species also found in prefell and thakefound in newly created open areas
in wing morphology (ratio winged : brachipterous $pecies also found in prefell is 8:1;
for open colonisers not found in prefell is 30x5:0.644) nor in distribution within the
UK (average number of 10Kmvithin UK occupied by the species also found iefell is
291.0 £ 207.9 SD; for open colonisers not foungriefell is 415.8 + 274.9 SD=-1.27;
P=0.212).

The abundance of open colonisers in newly cregbet areas was not determined by the
species characteristics as there was no differancabundance of winged (mean
abundance of individuals per stand is 15.5 + 34() &d brachipterous species (mean
abundance of individuals per stand is 17.6 + 2D41$=-54.5;P=0.328). The abundance
of open coloniser species in newly created opeasanas not correlated with species size
(Rs=0.231;P=0.182).

Of the 41 species which colonised newly createdsasight species were only found in
clear-felled stands, eight only in zero year staama$ 25 species in both clear-felled and
zero year stands (Figure 4. 4). Twenty one of thmseniser species were very rare
represented by three or fewer individuals, whictogdther represented 6.0 percent of
individuals of all colonisers. Out of 15 GHS spactaught in newly created open spaces
nine were represented by fewer than three indivédaad represented 0.9 percent of GHS
individuals caught. Two most abundant GHS speciesampled clear-fells and restocks
were Harpalus rufipalpis (1733 individuals: 83.1%) andebria salina (211 individuals:
10.1%).

The increase in time since felling by one year #ra change from felled-unplanted to
restocks did not affect the species richness of GiiScolonisers and open associated
coloniser species (Table 4. 2). However, the abocelaf each of these three groups
increased substantially in zero year compared ltedfeinplanted areas (Table 4. 2; see
also Error! Reference source not found). This increase is driven mostly by great

increase in the abundance of few species: abundanCecindela campestris increased
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from two individuals in felled-unplanted to 173 mero year restocks; abundance of
Harpalus rufipalpis increased from 606 in felled-unplanted to 1127 restocks;

abundance dfebria salina increased from 19 in felled-unplanted to 192 stoeks.

Table 4. 2; Change in species richness and abuedesmn felled unplanted to zero year
restocks, of GHS species, all colonisers not foumdprefell and open associated
colonisers not found in prefell. Eight felled-unpied stands sampled in 2005 and
resampled in 2006 after planting, are compareddineg t-tests.

Felled-unplanted 0yr t P
All colonisers abundance 16.8 £6.3 40.8£15|5 7-4/ 0.002
All colonisers No. spp. 98+21 10.0 £ 3.2 -0.2 .84D
Open colonisers abundance 13.3+4.1 37.9+15.8 .6 -4 0.003
Open colonisers No. spp. 8.0+2.2 8.0+2.4 <0j1 .01
GHS abundance 61.0 +45.8 144.3 + 85.3 -4.9 0.002
GHS No. spp. 5115 48+1.8 0.5 0.612

When the change in number of individuals caughfelled-unplanted compared to zero
year restocks was examined for each of the spekere were no differences for the
species in the group of all colonizers (Wilcoxogngid ranks test= -0.79;P=0.429), for
the species in the group of open colonizers (Wibctoxssigned ranks tesf= -1.34;
P=0.181) and for GHS species (Wilcoxon signed raaksZ = -1.01;P=0.313).

None of the tests of effects of the four isolatroerasures on number and abundance of
each of the three groups of species (all colonjzgpen colonizers and GHS species) in
newly created open spaces were statistically sagmf. As these tests also included
habitat type as an independent variable they almafirmed previously described
differences in abundance of all three groups otigsebetween felled-unplanted and 0
year restocks (results of tests of effect of isotameasures and habitat type on number

of species and abundance are in the appendix Barespectively).
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When exploring effects of vegetation structure award height on number and
abundance of colonisers and GHS species in felgdbated stands | found stands with
greater cover of grass and less cover of brackighgh PCA axis 2 scores of vegetation
structure) had higher abundance of GHS specieddalB3 A). The size of stands was
excluded from this analysis as it was correlateth wiegetation structure with larger
stands having lower PCA axis Rst -0.671;P=0.017) and axis 2 scoreBRst -0.685;
P=0.014).

Restocked stands with less bare ground (lower score PCA axis 1 of vegetation
structure) had higher number of species of colosis@d stands with higher vegetation
sward height had higher abundance of colonisersGif& species (Table 4. 3 B). In
restocked stands with higher average sward helighetwas greater cover of grass and
bushes (higher scores on PCA axis 2) thereforevéigetation cover PCA scores on the

second axis were excluded from analysis.
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Table 4. 3; Spearman rank correlation coeffici@iitenvironmental variables (vegetation
structure, sward height and stand size) with mihio@linearity and the number and
abundance of all colonisers, open colonisers an®& Gpecies in A) felled-unplanted and

B) zero year stands.

A
PCA axis 1 off PCA axis 2 | Sward height
vegetation vegetation (cm?)
structure structure
All colonisers -0.021 -0.204 0.176
abundance
All colonisers -0.126 -0.410 0.018
number of species
Open colonisers 0.049 -0.331 -0.035
abundance
Open colonisers -0.039 -0.429 -0.105
number of species
GHS abundance 0.231 0.594* 0.210
GHS number of 0.330 -0.019 -0.304
species
(* = P<0.005)
B
PCA axis 1 off Sward height| Size of the

vegetation (cnP) stand (M)

structure
All colonisers -0.245 0.623* -0.343
abundance
All colonisers -0.573* 0.258 0.315
number of species
Open colonisers -0.168 0.727** -0.441
abundance
All colonisers -0.624* 0.254 0.370
number of species
GHS abundance 0.214 0.604* -0.351
GHS number of -0.375 0.182 0.244
species

(* = P<0.005 and ** =P<0.001)
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Discussion

Sampling of clear-fells and zero year restocks #tbwhat colonisation of these early
succession stages by ground beetles is very félstAdi species colonising newly created
areas within three years after removal of treesstMbthese new arrivals (35 species) are
associated with open habitats and approximately bblthese are associated with
grassland, heathland and sandy habitats. Colomisafi newly created open habitats by
open habitat associated carabid species has atsodieserved in studies of clear-felled
managed plantation in Northeast England (Buttetfi#b97), within boreal forest in
Finland (Heliolaet al. 2001, Koivula 2002, Koivula & Niemela 2003), in rifer
plantation in Berkshire, UK (Fulleet al. 2008) and in low-lying conifer plantation in
Southern Ireland (Mulleret al. 2008). In Finland, open-habitat species increased

abundance in the openings one year after loggitgv(Ha & Niemela 2003).

The abundance of all colonisers, open coloniseds@HS carabid species increased in
zero year patches (following ploughing) comparedetted-unplanted patches, but | did
not detect any change in the number of speciedajRiland colleagues (2006) found
similar results, with higher abundance of open taabtarabids in harrowed than in
undisturbed clear-fells in Finland. However, thigoge in abundance of individuals was
not consistent for all the species and the sigmifigncrease is mostly due to a very large
increase in abundance Qicindela campestris, Harpalus rufipalis and Nebria salina.
Cicindela campestris (‘Green Tiger Beetle’) has preference for sandy heathy ground
(Lindroth 1974) whose adults are active alreadyyeiar the spring and take to flight
extremely readily (Luff 1998). This species appetrsbe highly mobile and highly
dispersive. An increase in the amount of bare sartimovement by flight early in the
spring enabled large numbers of individuals of Huecies to colonise within a short time
after ploughing.Harpalus rufipalpis and Nebria salina are both macropterous species
associated with heathland and sandy habitatsnbgthave increased in abundance due
to rapid reproduction after colonisation of clealld. As most of the British ground
beetles (except some larger species sucaaabus) have an annual life cycle (Luff
2007), an increase in larval survival due to faablg conditions in ploughed stands
would result in a high number of adults in the daling season. However, it is not clear

whether these species have benefitted from thesexpoof mineral sand in ploughed
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stands, or the creation of inverted decomposingroogturves of bracken and grass litter.
An alternative explanation is that the abundana¥emsed because more individuals
managed to colonise these areas within the addlitibme (year). More than half of the
coloniser species were represented by very fewviithaials. Such low catchability of a
large part of the coloniser fauna could have prwacmletection of change in species

number in zero year restocks.

Early successional habitat rather than permaneah @peas were selected to test the
effects of isolation on early colonisation, becatrsatments of vegetation by herbicides
and ploughing was expected to homogenise the hahitdity conditions of these patches

and therefore exclude its effect on colonisationcdxding to lower variability in scores

of zero year samples compared to felled-unplaraeaptes on the second axis of PCA of
vegetation structure (Figure 4. 2) homogenisatioesdake place. However, there are still
some differences in environmental conditions amsagpled patches as the ploughing

and herbicide treatment did not affect changesesgnce of indicator plant species.

Even though clear-felled sites were sampled inseond growth season after felling,
differences among sites in vegetation structureevadready mirrored in abundance of
GHS species, with more individuals found in siteghvgreater cover of grass and less
cover of bracken (and thus less cover of deep bradkter also). This indicates that at
least some of the GHS species can respond to fableurconditions by very fast
reproduction. Ploughing had interesting consequerice carabid assemblage, as sites
with greater percentage cover of bare sand hadrfepecies of colonisers. The opposite
was found for permanent open areas where greater ob bare ground was favoured by
GHS species (see Chapter three). There was howmreiderable difference in the
average cover of bare ground in permanent operesp@atches and trackways) being
7.1 percent and in zero year restocks 48.7 per@misidering that single ploughing of
stands in Thetford Forest, that disturbed stripsaf with intervening vegetation left
undisturbed, had negative effects on GHS groundldsesuch mechanically very
disruptive management used on entire sites eveay geuld therefore have detrimental

effects in the long term which has also been sugddsy Collier (1995).

Among species associated with grassland, heathéamt sandy habitats, very few

individuals of only three species were recordednfrihe mature prefell growth stage;
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therefore it is very unlikely that GHS species ®trén stands throughout the forestry
cycle. Colonisers of newly created clear-fells amdtocks must originate from other

areas.

Assuming source of colonisers are permanent op&rhes, 1-5 year old restocks and
trackways | selected four different isolation measu However, variation in values of
these isolation measures among sampled sites wdarge with coefficient of variation
for the first isolation measure 0.7, of the secdanti of the third 0.2 and of the fourth
isolation measure 0.3. In this experiment | did fimd any effects of isolation or size of
stands on number of species or number of indivaltizt colonise newly created open
areas. As discussed in Chapter three this is aynti@ the predictions of island
biogeography theory (McArthur & Wilson 1967). Onetgntial explanation for not
finding any effect of isolation is the low variabyl in isolation values among sampled
sites, as described above. There was also no traficthat species with better dispersal
abilities colonised newly created areas fastenagreater numbers. The current scale of
management with average stand size being 8.7hh,allinewly created stands readily
connected by the extensive network of trackways,wbiich those surrounded by
plantations younger than 20 years represent saithabitat for GHS species, with the
additional presence of occasional permanent opéch@s, seems to present sufficient
connectivity to enable persistence of open halatstociated species within Thetford
Forest.
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Appendix 4. A; General linear models of effect abliat type (felled-unplanted vs zero

year restocks) and each of the four isolation messwen number of species of all

colonizers, open colonizers and GHS species.

All colonizers Open colonizers GHS species
No.species No.species No.Species
F@f)P F@f)P F(df)P
(B £ SE) (B £ SE) (B £ SE)
Model 0.58 (2,21) 0.569 0.54 (2,21) 0.591 0.10 (2,21) 0.909
Habitat type: 0.19 (1,21) 0.664 0.26 (1,21) 0.616 0.12 (1,21) 0.730
Felled-unplanted (-0.6x1.2) (-0.6£1.3) (-0.2+0.7)
0 year 0 0 0
Isolation measure 1| 1.16 (1,21) 0.249 1.03 (1,21) 0.321 0.13 (1,21) 0.725
(8.748.6) (9.7£12.7 (1.74.9)
R? (adjusted) -0.038 -0.042 -0.085
F (df) P F (df) P F (df) P
(B £ SE) (B £ SE) (B £ SE)
Model 0.58 (2,21) 0.569 0.32 (2,21) 0.732 0.27 (2,21) 0.799
Hab.type(Fu/O)year | 0.19 (1,21) 0.664 0.23 (1,21) 0.640 0.21 (1,21) 0.648
Fu (-0.7¢1.5 (-0.6+1.3) (-0.3+0.7)
Oyr 0 0 0
Isolation measure 2| 1.16 (1,21) 0.249 0.59 (1,21) 0.452 0.39 (1,21) 0.540
(-0.1+0.1 (9.7£12.7 (4.47.0)

R? (adjusted)

-0.038

-0.063

-0.072

Model 0.186 (2,21) 0.831 0.027 (2,21) 0.974 0.552 (2,21) 0.584
Hab.type(Fu/O)year | 0.02 (1,21) 0.900 0.05 (1,21) 0.828 0.02 (1,21) 0.890
Fu (-0.2+1.5) (-0.3%1.2) (-0.1+0.7)
Oyr 0 0 0
Isolation measure 3| 0.37 (1,21) 0.550 0.01 (1,21) 0.923 1.04 (1,21) 0.320
(-31.2451.3 (-4.1+42.3 (23.2+22.8

R? (adjusted)

-0.076

-0.092

-0.040

Model 0.13 (2,21) 0.880 0.219 (2,21) 0.805 0.933 (2,21) 0.409
Hab.type(Fu/O)year | 0.02 (1,21) 0.897 0.09 (1,21) 0.766 0.21 (1,21) 0.652
Fu (-0.2+1.5) (-0.4+1.2) (-0.3+0.6)
Oyr 0 0 0

Isolation measure 4

0.25 (1,21) 0.620
(-24.4+48.5

0.39 (1,21) 0.537
(-24.8+39.5

1.80 (1,21) 0.19
(-28.3+21.1)

R? (adjusted)

-0.082

-0.073

-0.006
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Appendix 4. B; General linear models of effect abhat type (felled-unplanted vs zero
year restocks) and each of the four isolation megson abundance of all colonizers,

open colonizers and GHS species.

All colonizers Open colonizers GHS species
Abundance Abundance Abundance
F (df) P F (df) P F@H)P
(B + SE) (B £ SE) (B £ SE)
Model 4.60 (2,21) 0.017 7.70 (2,21) 0.003 2.40 (2,21) 0.115
Hab.type(Fu/O)year | 8.07 (1,21) 0.010 11.93 (1,21) 0.002 4.78 (1,21) 0.040
Fu (-16.7+6.0 (-18.445.3) (-61.4+28.1)
Oyr 0 0 0
Isolation measure 1| 0.20 (1,21) 0.658 0.553 (1,21) 0.465 0.25(1,21) 0.623
(-19.0+42.2 (-28.0+37.6) (99.0+£198.2)
R? (adjusted) 0.256 0.368 0.109
F (df) P F (df) P F@f)P
(B £ SE) (B £ SE) (B + SE)
Model 5.01 (2,21) 0.017 7.23 (2,21) 0.004 2.69 (2,21) 0.091
Hab.type(Fu/O)year | 9.61 (1,21) 0.005 12.46 (1,21) 0.002 2.93(1,21) 0.102
Fu (-18.946.1) (-19.545.5) (-48.6+28.4)
Oyr 0 0 0
Isolation measure 2| 0.27 (1,21) 0.609 0.01 (1,21) 0.956 0.72 (1,21) 0.407
(31.9+61.4) (-3.1455.6) (-241.9+286.1)
R? (adjusted) 0.258 0.351 0.128

Model 5.42 (2,21) 0.013 7.53 (2,21) 0.003 2.950 (2,21) 0.074
Hab.type(Fu/O)year | 10.55 (1,21) 0.004 15.04 (1,21) 0.001 4.17 (1,21) 0.054
Fu (-18.4+5.7) (-20.0+5.1) (-53.9+26.4)
Oyr 0 0 0

Isolation measure 3

0.84 (1,21) 0.370
(-182.79+199.42

0.36 (1,21) 0.557
(-108.31+181.51

1.15 (1,21) 0.296
(998.76+932.02

R? (adjusted)

0.278

0.362

0.145

Model 5.76 (2,21) 0.010 8.21 (2,21) 0.002 2.260 (2,21) 0.129
Hab.type(Fu/O)year | 11.08 (1,21) 0.003 16.17 (1,21) 0.001 4.48 (1,21) 0.046
Fu (-18.7+5.6) (-20.4#5.1) (-57.6+27.2)
Oyr 0 0 0

Isolation measure 4

1.30 (1,21) 0.266
(-212.4+186.0)

1.16 (1,21) 0.293
(-181.0+167.9)

0.01 (1,21) 0.914
(-98.2+301.9)

R? (adjusted)

0.293

0.385

0.099
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Chapter 5: Suitability of two trackway types as corridors for conduit

Chapter 5. Matrix affects conduit suitability of trackway

corridorsfor an arenicolous specialist beetle

Abstract

Effects of contrasting matrix structure on the aoitity and function of trackways as
corridors for dispersal of an arenicolous caralpiecges Harpalus rufipalpis, was studied
within managed pine plantation using mark-relezsapture. A total of 1120 marked
Harpalus rufipalpus were released over three dates, into four trackw@yo within
thicket stage stands, aged 13-16 years and twanwittature plantations aged 26-37
years) and dispersal was monitored by pitfall tegts placed across trackways at
intervals of four meters, extending 44 m north awdith of the release point. The
surrounding matrix affected trackway suitability thvigreater abundance of resident
H.rufipalpis found in trackways surrounded by younger forestiyDmovement rates in
both types of trackways were relatively high (ager8.5m/day and maximum 22m/day)
but there was no strong evidence of differencesias of dispersal between trackway
types. Edge permeability (leakage) differed betwewtrix types, with more individuals
leaving the conduit to enter the matrix in the Isgisable habitat (trackway surrounded by

mature trees).
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I ntroduction

Humans have been altering the landscape for tleeids for thousands of years and one
of the consequences is habitat fragmentation. Asaseedge effects, that for core species
effectively further reduce the area of availablbitad or reduce habitat quality (Saunders
et al. 1991, Didhamet al. 1998, Laurancest al. 1998, Dupont & Nielsen 2006),
fragmentation can have effects on population VigbiNia increased local extinction,
decreased colonisation and disruption of dispdtdairison & Bruna 1999, Fahrig 2003,
Ewers & Didham 2006) .

Corridors have been suggested as a possible solatiocrease the effective size of local
populations and to increase population persistdnycallowing continued exchange of

individuals among a previously connected population

The literature on corridors is contradictory beeao$ the ambiguous use of the term
“corridor”, which is often used to describe landseacomponents with divergent
functions (Simberloffet al. 1992, Rosenbergt al. 1999, Hess & Fischer 2001) such as
facilitating movement within an individual’s homange, maintenance of connectivity
among seasonal habitats, facilitating movement sacitwarriers such as highways, or
dispersal of individuals to new areas either in tloatext of local populations (rescue
effect, recolonisation of vacant habitat) or faating range expansion. | will focus on
corridors as linear landscape elements, embeddadissimilar matrix, that provide for
movement between habitat patches, but not neclssaproduction (Rosenberg al.
1999).

Studies of the use of corridors by different growpsnsects have shown varying and
sometimes contradictory results. Corridors incrdasevement rates between patches for
two butterfly species (Tewksburgt al. 2002), house flies (Friedt al. 2005) and
maintained species richness of microarthropodshen ftagmented landscape of moss
patches (Gilberet al. 1998). Behavioural studies showed that two spietiapen-habitat
butterfly species were more likely to leave patcttesugh corridors than expected by
random movement and moved straight ahead at higbguencies in corridors than in
habitat patches (Haddad 1999). Berggren and calesa(002) found that approximately
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30 percent more individuals of Roesel’'s bush-ctickged the corridor than would be
expected if dispersal direction was random but thdividuals that moved through the
corridor moved slower but straighter than individughat moved through the more
exposed short grass matrix. Other studies shownfieence on rate of colonisation or
reduction of insect species loss (Collinge 200Q) duggested that the relative effect of
corridors may depend significantly on fragment sib& resource availability and

movement ability of animals.

Corridors may inherently provide low-quality habittor many animals and plants,
because they are typically narrow strips with héglge-to-area ratios. But high-quality
corridors are not necessary to be effective at ptomg movement or gene flow because
establishment and reproduction are not requirelinvé corridor for plants or animals to
traverse it (Haddad & Tewksbury 2005). They showleat for two mobile butterfly
species that can traverse corridors within a geieeracorridor habitat may be of lower

quality than larger patches and still increaseetsg and gene flow.

Corridors like habitat patches can be bound byeeittard or soft edges, where a hard
edge is an impenetrable boundary that dispersuigiduals virtually never cross in order
to enter surrounding habitats (Stanepal. 1987). A soft edge is reasonably permeable to
emigrating individuals. Hard edges are able toafimmovements of individuals in the
landscape better because very few individualsasilss them (Mader 1984). House flies
were more likely to follow forest edges with denselerstory without passing through
them into the forest than open forest edges witle lunderstory (Friedt al. 2005). Ries

& Debinski (2001) found that butterflies may resgostrongly to even subtle habitat
boundaries, but those responses may be modifietthdydge structure, species habitat
preference (specialists versus generalists), tibeoyear, wind direction and density of
conspecifics. | can assume that corridors with hetdes will be able to direct species
along the corridor better than soft edges whereynmagtividuals could get lost in matrix.
Both corridor quality, edge permeability and suiifbof surrounding habitat should be

considered when planning corridor networks to aat@nduits for specific organisms.

In my study system, arenicolous, xerophytic spesigwive in a system of permanent
open habitats and ephemeral patches of suitabiéah#iat are colonised and occupied,

embedded in a matrix of unsuitable forest habitatt Imked by a network of linear
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trackway elements. | examined effects of surrougdiratrix on quality, suitability and
the use of trackway corridors Byarpalus rufipalpis, an arenicolous specialist ground

beetle.
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M ethods

STUDY SITE

The study was conducted in the Elveden block oftfoheé Forest (0°40’'E, 52°27°N), the
largest lowland coniferous plantation forest in thi¥K. Thetford Forest occupies
approximately one third of Breckland, an area oftEenglia characterised by sandy soils
and semi-continental climate, historically domimktéy anthropogenic heath and
extensive agricultural land (Dolman & Sutherlan®19Dolman & Sutherland 1992). In
an extensive afforestation program planting of theest began in 1922 covering c.
20,000ha (Dolman & Sutherland 1991). The redudtoarea of heathland is estimated at
about 76 percent (Lambley 1990).

The forest is a Site of Special Scientific Inter@stder the Countryside and Rights of
Way Act 2000) of which designation requires maiarere of scarce vertebrate and
invertebrate populations. Breckland has also bemtognised as a stronghold for
characteristic and declining carabid fauna (Telf& Eversham 1996). Half of all

nationally scarce terrestrial carabid species dEmbifrom Breckland, were also found in
ephemeral habitats (clearfelled and restocked glimnis) and permanent open areas
within Thetford Forest (Linet al. 2007) which shows the importance of maintaining

possibility of dispersal between these areas.

Thetford Forest is managed by clear-felling andaming of large even-aged stands.
Corsican pineRinus nigra var. maritima) and Scots pineP{nus sylvestis) comprise more

than 80 percent of the planted area. Stands aagfelled 60-80 years after planting, and
the stand is replanted usually within the next twars. Thinning begins at 23-25 years,
continuing every five years until the stand is ddll Management compartments are
subdivided by a trackway network (Eycettal. 2006) that provides potential corridor

connectivity among source and target patches.
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STUDY SPECIES

The species used watarpalus rufipalpis, a macropterus species which lives in open
habitats on sandy soil, including heaths, dunessamd pits (Luff 1998). It is common
only in the south of England, but is found localyoughout the rest of England. Since
1970 it has been recorded in 86 16kim UK with six of these in Breckland. It is a
univoltine spring breeder and overwinters as antgduff 1998). Its body size ranges
from 8 to 11mm (Lindroth 1974). In the study ares most abundant from May until the
end of August (Lin 2005) in recently replanted g&(0-5 years) where mean density per
trap per trapping day was 0.4 individuals in 2084 8.3 individuals in 2002. Using the
same sampling protocol as Lin (2005) from May utitéd end of August 2006 | collected
one individual in thicket stage forest (three gitard none in pole stage forest (three

sites) (Chapter two).

Several congeners were found in previous studiethefBreckland carabid fauna (Lin
2005, Linet al. 2007) which could potentially be confused wiiltrufipalpis, including
H.affinis, H.anxius, H.attenuatus, H.froelichii, H.latus, H.pumilis, H.rubripes, H.rufipes,
H.serripes, H.servus, H.smaragdinus andH.tardus. However,H.rufipalpis was the most
abundant congener in restocks within Thetford Rofieis 2005) with 86 percent of all
captured Harpalus belonging to this species. Itleation of Harpalus rufipalpis by
naked eye was tested in the lab on preserved spesifrom 17 different samples prior to
experiment in the field with identification checkesing a microscope. Out of 107
specimens, 98 (92 %) were correctly identified Hiy haked eye.

Beetles were collected using dry pitfall traps avere brought to the laboratory where
they were kept for up to one week in plastic cordes with sand and vegetation and were
fed with moistened cat food (Tesco premium cat chigs). Beetles were marked by
abrasion of a small part of elytra, marking wascgpefor each of the three release dates.
It was not possible to individually mark beetlesedio their small size and the short
persistence time of different colour markings ipesmental attempts to apply individual
codes. As marks were therefore only cohort speeifid not individual, any successive
recaptures of individuals could not be distingutshlewas therefore only able to record
cumulative distance moved since release and théeuof days elapsed, but could not

measure distance and relative direction moved letwabsequent recaptures.
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The effects of marking by abrasion on survivalHzrpalus rufipalpis were tested in a
laboratory setting. A total of 120 individuals caygd using dry pitfall traps were kept in
plastic boxes with sand and turf collected in TxetfForest and fed with cat food. Sixty
individuals were marked by abrasion of a small paelytra and were kept in four boxes,
with 15 individuals in each box. In each of the &9xX15 non-marked individuals were
also added. Boxes were kept moist and the numbdivefand dead individuals was
checked once per week. After four weeks numbeits/@fmarked (mean per box 12.3 +
3.6 SD) and non-marked (mean per box 12.5 + 2.7HeiDpalus rufipal pis in each of the
boxes were similar, showing no effect of marking dilyrasion on subsequent survival
(paired t testt=0.40,P=0.718).

The mark-release-recapture experiment was carngdoetween 17 June and 21 July
2006. Four release sites were selected all beimgh+#east to south-west oriented
trackways of approximately the same width (12m).tRlckways comprised lightly used
vehicle tracks over the unmodified parent substi@endy soil), with grassy verge
margins. Two trackways were surrounded by thickagies pine plantations aged 13-16
years with average tree height 7.2m + 1.7 SD (litmeeeferred to as “young”), and two
were surrounded by mature plantations aged 26-arsywith average tree height 13.6m
+ 1.6 SD (hereafter referred to as “old”). A totafl 1120 marked individuals were
released over three dates. The first release ttamle mwn 25 June, second on 29 June and
third on 5 July 2006 with 70, 110 and 100 markedividuals released at each site

respectively (total 280 individuals per site).

In all release sites the setup of dry pitfall trapss the same. There were 23 parallel
transects each of five traps placed across th&wsacwith one trap in the middle of the

track, two traps in adjacent verges and two traljacent forest, placed beyond the first
tree planting row (Figure 5. 1). All traps were ifaueters apart from each other thus
forming a 16 metres wide and 88 metres long gr@h@lthe trackway. The 23 traps

forming transects along the trackway placed in i@®tst, west verge, middle, east verge
and east forest will hereafter be referred to askivay sections. Pitfall traps were white
plastic cups (200ml volume) 8cm deep, 7cm diamertethe top and 4.5cm diameter on

the bottom. In each trap two strips of soft plagtieen netting were provided as refuge.
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All traps were checked every second day startin@drdune and finishing on 21 July
2006. On each occasion the number of marked andmarkedHarpalus rufipalpis in
each trap was recorded. Marked individuals wereasdd 1.5 meters from the trap in one
of six directions (60°, 120°, 180°, 240°, 300°,°3B6m the line parallel to the track).
Direction was selected according to the numberrefipusly released animals on the
same site and each animal was released in thetiditeziockwise following the release
direction of the last caught animal. Non marked ivimilals of H.rufipalpis were
collected, marked in the lab and released as a garthe mark-release-recapture

experiment or used in the tests of abrasion on\&alrv

4m
forest verge track verge forest

WEST MIDDLE EAST

Figure 5. 1; Setup of pitfall traps in trackway ts@ts at release sites.

VEGETATION SURVEY

The composition and sward height of vegetation veg®rded between 7 and 15 July
2006. Percentage cover of each of eleven vegetpioameters: bare soil, litter, moss,
growing brackenRteridium aquilinum), dry bracken (previous years growth), short grass
(<5cm), long grass (>5cm), herbs, brambRbis fruticosus) and raspberry Rubus
idaeus), heather Calluna vulgaris) and broom Cytisus europaeus) was estimated within

a 3x3m quadrate centred on each trap and the nwmem of each parameter calculated
for each trackway section. Sward height was medsusang a sward stick (disc diameter
90mm, weight 2509, rod diameter 17mm following (Dah & Sutherland 1992)), at one
point approximately 1m away from each trap, in ohéour directions (east, south, west,

north), 90° clockwise from that of the previousptria the transect. Mean sward height

160



Chapter 5: Suitability of two trackway types as corridors for conduit

was calculated for each trackway section (foresstweerge west, middle, verge east,

forest east).

DATA ANALYSIS

To summarise differences in vegetation composiietween young and old trackways
and between different trackway sections Detrendetespondence analysis (DCA) was
conducted on percentage cover of the eleven végetaarameters, using CANOCO for
Windows 4.5 (ter Braak & Smilauer 1997). For eaeltkway section, mean DCA axis 1

and axis 2 sample scores were calculated.

During the mark-release-recapture experiment |ectdld data on recapture rates,
recorded recapture site (location of the trap) ame elapsed from the release. | also
recorded the number of resident (unmarkiddjpalus rufipalpis caught in each of five
trackway sections at each site (Figure 5. 1). Nunobeinmarked individuals caught was
compared between trackway types (young versusrattkways) and between trackway
sections i = five levels) using general linear models (GLMs)ttimeluded a term for site

replicate, nested within habitat type. Data werdh+l) transformed before the analysis.

Numbers of recaptures in different trackway sectiosere compared between young and
old trackways using GLMs with site nested withirbtat type, on Ln(n+1) transformed

data.

To test whether number of recaptures changed vstiartte from the release point GLM
was carried out on Ln(n) transformed data. Intésacterms of trackway type * distance
and of north / south direction * distance were uideld to explore whether distance from
the release point had a similar effect on numberregfaptures in young and old

tranckways and in the north and south direction.

| calculated the distance of movement as the dineetdistance from the release point to
the point of recapture. Daily movement rate is dilane distance divided by the number
of days since the release, calculated for eaclprea Maximum daily rate is the highest

value of daily movement rates obtained at each. $daly rate of movement for
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recaptures made two days after release was alsmla@d to exclude effects of
backwards movements toward the release point tlgditthave occurred as time since the
release increased. Ln(n) transformed data of daibyement rates (both for two days
after release and for all recaptures) were compbastdleen young and old trackways

using GLMs with site nested within trackway type.

| compared the decline in frequency of recapturesr dime between young and old
trackways using GLMs with release cohort as a categl variable and days since the
release as a covariate. Because of different mldates | calculated the proportions of
beetles recaptured on different days since theseleData used in analysis were square-

root transformed.
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Results

VEGETATION STRUCTURE OF YOUNG AND OLD TRACKWAYS

The first two axes of a Detrended correspondenadysis explained 52.8 percent of the
variation in vegetation cover. Vegetation compositivas similar in verges and adjacent
forest on both east and west track margins (Fi§u, comprising mainly bracken, long
grass, heather and broom. Vegetation height wasvaly similar in east and west verges
in both young and old trackways (Figure 5. 3). Tieldle section of trackways differed
from verges, comprising mostly bare ground in yo@®t1% + 1.32 SD) and short grass
in old trackways (71.8% * 8.4 SD short grass cowaty 5.5% + 0.7 SD bare ground

cover).

BACKGROUND DENSITY OFH.rufipalpis IN CORRIDORS WITHIN YOUNG AND
OLD FOREST

More unmarkedHarpalus rufipalpis were caught in young (total 991) than in old
trackways (48) over the 25 day period. Within tnaaks, significantly greater numbers
were caught in western than in eastern sectiont) this effect differing between

trackway types (significant interaction term, Tablel), with the effect of aspect greater
in younger trackways (ratio of captures from easid : west of 1: 1.8 : 4.2) than in old
trackways (1 :2.3: 2.7).

Relative to numbers captured within trackways thenbers of unmarkeét.rufipalpis
caught in adjacent forest was proportionally greateadjacent old forest (6:48; 12.5%)
than in adjacent young forest (35:991; 3.596)<7.69,P=0.006).

DIRECTION OF MOVEMENTS OFH.rufipalpis IN CORRIDORS WITHIN YOUNG
AND OLD FOREST

In total 238 markedHar palus rufipalpis were recaptured out of 1120 released. There were
significantly fewer recaptures in young (total %%pn in old trackways (total 143)

(x°=7.6,P=0.058).
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The number of recaptures differed among trackwagiaes withmost recaptures in the
middle and west verge, fewer in east verge anddeimesast and west forest (Table 5. 2).
However effects of aspect differed between yound afd trackways (Table 5. 2,
interaction), with significantly more recapturestie west verge of young trackways, but
similar numbers in west and east verge in old tragls. There were three recaptures in
the surrounding forest out of a total of 95 recegdun the young but 19 recaptures in the

forest out of a total of 143 in the old trackwalkssher exact tesE=0.010).

Number of recaptures decreased with distance fhemdlease point (Figure 5. 4) and the
rate of this decrease was similar between young&httackways, and between the north
and south direction, as shown by the non-signifieaof interaction terms in this model
(Table 5. 3).

Considering only the most distant five traps inleairection, similar numbers were

caught to north (7.0 £ 2.8 SD) and south (10.08%D). There were 12 recapture in the
north and 19 in the south in young trackways andn2he north and 16 in the south in

old trackways §* =0.02,P=0.888).

DAILY MOVEMENT RATES OFH.rufipalpis

The highest daily movement rate (22 metres) wasrobsd in young site 2 (Table 5. 4).
Although average daily movement rates within twgsdaf release appeared somewhat
greater in young than in old trackways, this défeze was not significant (Table 5. 4).
Looking at average daily movement rates for allaptares however, these were
marginally lower in trackways surrounded by youmgebt than those surrounded by

mature forest (Table 5. 4).
DECLINE IN FREQUENCY OF RECAPTURES OVER TIME
The proportion of released beetles that were recagtdeclined with time in both young

and old trackways (Figure 5. 4) but this declines\igster in old than in young trackways,

as shown by the significant interaction term in theodel (Table 5. 5).
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Figure 5. 2; Results of Detrended correspondenedysis of vegetation composition
showing A) habitat scores and B) mean + SD scaresrdckway sections in young and

old trackways.

165



Chapter 5: Suitability of two trackway types as corridors for conduit

O Young
= Old

Vegetation heigh (cm
w

O I I I I
ForestWest VergeWest Middle VergeEast ForestEast

Figure 5. 3; Mean £ SD vegetation height of trackwactions in youngnE2) and old
(n=2) trackways.
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Table 5. 1; Mean + SD number of unmarked individualHarpal us rufipalpis caught in dry pitfall traps in five trackway sexts in young and

old trackways. Results of a nested GLM performed.mim+1) transformed data are shown.

L9T

Forest west Verge west Middle Verge east Foredt ea df | F P
YOUNG 12.5+0.7 288.0+4.2 121.5+26.2 68.5 + 37/5 #5104 | (a) Young/ Old 1 |213.18|<0.001
(b) Trackway section 4 | 43.33 | <0.001
OLD 20+x14 9.5+0.7 8.0+28 35+£35 1041 a*b 4 |6.21 0.014
Site (Young/OId) |2 |4.61 0.047

Table 5. 2; Mean £ SD number of recaptures in fraekway sections (forest west, verge west, midddege east, forest east) in young and old

trackways. Results of nested GLM performed on kjrtransformed data are shown.

Forest west Verge west Middle Verge east Foredt ea df | F P
YOUNG 0 27.0+6.6 14.0 + 1.4 45+2.1 1.5 +0.7 (a) Young / Old 1 [28.06 [ 0.001
(b) Trackway section 4 | 44.77 | <0.001
OLD 50+14 12.0+4.2 39.0+17.0 11.0+2.8 4087 a*b 4 |19.85 |0.004
Site (Young/Old) |2 [0.13 |0.882
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Table 5. 3; Results of GLM of the effect of distarfoom the release point (covariate) on
the number of recaptures. Interactions of trackiygeg*distance from the release point
and orientation*distance from the release pointewiacluded in the model. Number of

recaptures data were Ln(n) transformed.

Number of recaptures
F(df)P
(BxSE)
Model 7.61 (3,84) <0.001
(Dist) Distance from the release point19.93 (1,84) < 0.001
(-0.02+0.01)
Interaction 1 1.54 (1,84) 0.219
Young*Dist (-0.02+0.01)
Old*Dist 0
Interaction 2 1.36 (1,84) 0.246
North*Dist (-0.02+0.01)
South*Dist 0
Adjuster R 0.186
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Table 5. 4; Maximal and mean + SD daily rates ofvement in two young and two old sites and resulis mested GLMs comparing average

daily movement rates among two trackway types (gouold) with site nested within trackway type. Qaiates of movement were Ln(n)
transformed before the analysis. Number of recaptis given in brackets.

69T

YOUNG OLD
Site 1 Site 2 Site 3 Site 4
Maximal daily rate (m) 18.1 22.0 16.0 16.0 af F P
Daily rate (m) for recaptures 2 10.1 +6.8 9.247.4 8.6+4.6 5.6+4.4 Young / Old 1 |1.76]0.192
days after release (n=7) (n=6) (n=11) (n=21) Site (Young/Old) | 2 | 1.95]| 0.155
Daily rate (m) for all recaptures 3.0 4.0 3.714.2 3.813.4 3.313.2 Young / Old 1 4.1 |{0.043
(n=52) (n=43) (n=61) (n=82) Site (Young/Old) | 2 2.1 10.124
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Table 5. 5; Results of GLM of the effect of trackwigpe (young / old), release cohort

and time since release on proportion of recaptbesdles on 2,4,6...26 days since release.

Proportion of recaptured beetles data were squeatettansformed before the analysis.

Proportion of recaptured beetle

S

F@df)P
(B £ SE)
Model 8.00 (5,122) <0.001
Habitat Type 12.11 (1,122) 0.001
Young (-0.01+0.03)
Old 0
Release cohort 4.63 (2,122) 0.012
l.release (0.01+0.02)
2.release (0.05+0.02)
3.release 0

(D) Days since release

18.11 (1,122) <0.001
(-0.01+0.001)

Interaction 10.00 (1,122) 0.002
Young * D (0.01+0.002)
Old*D 0
Adjusted R 0.216
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Discussion

My results show that the surrounding matrix affeststability of trackways for this
arenicolous carabid, with trackways surrounded bynger forest supporting a higher
density ofHarpalus rufipalpis (captures of unmarked individuals). This effectlué age

of trees surrounding potential corridors is progahle to shading of trees which makes
old trackways colder and damper, with more grasklass bare ground in track centres
and thus less suitable for open area specialistsdldifferences in density of resident
population between the two habitats could potdwtiffect the behaviour of introduced
marked individuals. To reduce this effect | removexh-marked individuals caught in

pitfall traps during the experiment.

For Harpalus rufipalpis the forest edge is not an impenetrable barrier vauy few
individuals cross it. Leakage from the conduit ith@ matrix was greater in the older
trackways, with a greater proportion of marked wdlials recaptured within the forest
matrix. The same was found for residéhtufipalpis of which proportionately more
unmarked individuals (relative to the number of toags within the trackway) were
captured in old plantations adjacent to trackwémgstin young plantations, although the
absolute number of captures was much less. Dueettatk of individual markings | do
not know if individuals that entered the matrix alsontinued dispersing within the
matrix, or whether they returned to the corriddeafsampling” the matrix. Differences
in behaviour of invertebrates at different typesedfjes have been reported in literature
(see introduction). It is therefore important teeahe type of edge into account when

planning dispersal corridors.

Results of this experiment suggest the matrix affects the level of activity dflarpalus
rufipalpis which were marginally more active in trackwaysreunded by old forest (less
suitable environment), as inferred from the greatenber of recaptures. The number of
recaptures declined faster with time in trackwaysrainded by old forest but these
differences were marginal so further experimentsildidde needed to confirm it. The
latter could also be interpreted as higher moytadite or as consequence of higher barrier

leakage and dispersal into the matrix and beyoae#perimental plot.
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The maximal daily movement rates lgfrufipalpis in my experiment were unexpectedly
high (max 22m per day, over two days). Although thgerimental trapping grid
extended 44 metres each direction from the cerglahse point, this was limited relative
to the high movement rates, so that these coulthberestimated. This problem has been
previously reported in the literature (Baletial. 1995, Schneider 2003). Daily movement
rates could have been underestimated also becawss hot able to apply individual
markings to animals and therefore could not detegtements of animals backwards
toward the release point. This could also explhi harginally higher daily movement
rates in trackways surrounded by old plantatiorsnttthose surrounded by young
plantations. Movement rates in the first two dafterathe release were higher than
movement rates when all recapture were considerieidh could also be consequence of

very high density of individuals at the releasenpqist after the release.

These results give some insight into dispersal mi@teof open area specialist ground
beetle through corridors of different quality. Loguality corridors can function as

movement conduits even thoughrufipalpis is less common in them, but the boundary
with old forest is more permeable which could meaore individuals get lost in the

surrounding matrix. The species studied is comnmothé study area and reaches high
densities, which makes the use of mark-releasepte possible. Smaller, less mobile
and rarer species are likely to be more restriatetheir movements and extension of

these results should proceed with caution.
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Chapter 6: Summary and conclusions

Habitat quality determines the value of fragmented open areas within

conifer plantation for conservation of heathland associated carabids

There have been 37 GHS species of ground beettesded from Breckland of which at
least 22 are also present within the afforesteddeape of Thetford Forest; of these 21
were recorded in the present study. Specialist Gig&cies recorded elsewhere in
Breckland, but that were not recorded from the dorandscape, tend to be rarer
regionally but there are no indications of themmbadispersal limited. These species may
be restricted to relict heathland and ‘brown fieddés because they are highly specialised
and open habitats within the forest do not providéable conditions. For example,
Broscus cephalotes, Calathus mollis andHarpalus servus are associated with sand dunes
(Telfer & Eversham 1996) and depend on windblowmdsanhich is absent from within
the forest.Cymindis axillaris and Cymindis macularis are also associated with areas of
bare sandy soil (Welch & Hammond 1995); however ergus other species also
dependent on dry sandy soil were recorded withinfthiest landscape so the particular
requirements excluding these species are not cléss.importance of disturbance and
presence of bare sand for specialised ground bemtigies of Breckland has already been
emphasised by Telfter & Eversham (1996) and theclBa@d carabid fauna has
similarities with faunas of coastal dunes. On thiheo hand Amara infima and
Anisodactylus nemorivagus, that were absent from the forest, are associaithdCalluna
heathland (Telfer & Eversham 1996) aAdhara fusca is associated with the rare and
highly localised planArtemisia campestris (Telfer & Eversham 1995), that is not found
within the forest landscape. A systematic comparisioenvironmental conditions such as
soil characteristics, cover of bare sand, and parhaportantly insolation and aspect,
between protected heaths and open areas withinfoftiefforest would enable better
understanding of the difference in ground beetlanga In addition, a transplant
experiment that would introduce species now rdastlito heaths into potentially suitable

areas within the plantation would clarify whethbede species can survive within the
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plantation, or alternatively whether carabid spemaly found on remaining protected
heaths may be restricted to remaining small pojauiatby low viability (producing very

few dispersers) and relative isolation, rather thatow dispersal ability.

Some of the differences in species recorded irhBeatd in Thetford Forest could be due
to a failure to record all species that are presetttin the forest landscape, which may
have arisen from the differences in sampling temines used. The information for species
found in protected heaths in Breckland is thoughtbe comprehensive due to the
combination of selective records of rare speciegrimuted by specialist recorders to the
Invertebrate Site Register and systematic surveiys €t al. 2007). In survey of forest
habitats pitfall traps were used, which are thetrafitcient trapping method for the time
and effort used (Spence & Niemela 1994). Catchegittdll traps have been shown to
represent variations in relative carabid commueodsnposition among habitats (Labal.
2005) but are biased towards larger and more aspeeies (Greenslade 1964, Spence &
Niemela 1994, Andersen 1995). Therefore, the usaddlitional sampling techniques
such as hand searching or extraction from ther litge Tullgren funnels might have
produced some additional species. However, speciesmulation curves approached an
asymptote suggesting that few additional speciesaie unrecorded within the forest

landscape.

Within the forest landscape permanent open spatasles persistence of populations of
GHS carabid species. Surprisingly, and contrampéopredictions of island biogeography
theory, larger open patches did not support a @h@mmunity with a greater number of
GHS species. Instead habitat quality was the séstngredictor of the structure of carabid
community in permanent open areas with heathlaedisp favouring areas with greater

cover of bare sand, moss and lichen and with Iemerds.

The potential of narrow strips of open habitat glorackways to support carabid species
associated with open habitats has been shown bssliarm & Telfer (1994) for a sandy
roadside verge in Breckland, UK, by Vermeulen ()9t a heathy road verge in the
Netherlands and by Koivula (2005) for six foreshaae surrounded by mature forest in
Finland. Sampling of 39 trackways within Thetfordré€st showed the suitability of
trackways for GHS species differs greatly and isrgjly affected by the surrounding

matrix (the age of surrounding plantations). Olded taller trees provide more shading
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and consequently the conditions in such trackwagscalder and moist, with very few

GHS species found in these areas. Even if suclkwiaes can be traversed by mature
individuals (functioning as corridors, or conduitgsident populations are unlikely to
establish. This is due to the high sensitivity afvhl stages to specific environmental
requirements, among which soil moisture is likedybe the most influential (Luff 1996,

Holland 2002). If, on the other hand, at least afiethe surrounding plantations is
younger than 20 years, such linear strips of halstgported similar number and
abundance of GHS species as permanent open patehes.though the presence of
larval stages was not examined, GHS species aimastubtedly reproduce in these good
guality linear strips that represent sources obmigers for newly created clear-fells and

restocks.

These results indicate that habitat quality andefioee management of open spaces
within Breckland is very important for the persigte of ground beetles associated with
heathland and open ruderal habitats, even withiterbgeneous fragmented mosaic of

open spaces such as Thetford Forest.

Current management for conservation of heathlanitons in trackways within the
forest landscape is by forage harvesting, wheretatign is cut and removed once per
year. Comparison of trackways surrounded by youmdgmtations (<20 years) that are
under the current management for conservatiensus non-managed sites, did show
some differences in vegetation composition, butdifeerences in carabid community
composition. Telfer and Eversham (1996) found th@iroken or nearly complete grass
swards support few of the rare heathland dependardbid species; therefore an
important feature for such carabid assemblageshés disturbance regime. In his
comparison of five management regimes on spec@mess of heathland indicator
carabid species in a non-replicated experiment ran®@ich heath (a calcareous grass
heath site recently recreated from closed canomntation), Collier (1995) found
rotovation to be the most effective, as also suggeby Dolman & Sutherland (1992).
According to Collier (1995) caution is advisableemhusing rotovation as this is a very
disruptive process that might have detrimentala$feon the life cycle and population
persistence of beetles if used every year. Co(lié05) also suggests a combination of
management techniques that would remove the tdpaser and thus reduce soil organic

content. Results of Chapter three confirm the ingare of this suggestion, as sampled

181



Chapter 6: Summary and conclusions

open patches within Theford forest with shallowckimess of soil litter layer supported
more GHS species. However, as suggested aboveotovation, the extent of areas
subjected to this type of management and its frecueshould be studied further.
Therefore optimal approach to management for ceoasen of heathland associated
invertebrates should be explored further using icafdd experiment of several
management techniques while examining their lomg teonsequences for invertebrate

communities.

Temporal dynamics of carabid assemblages within Thetford Forest pine

plantation

Within the forest landscape component, closed cangpntations have the lowest
diversity of ground beetles, mostly due to the abeeof species associated with open
habitats. The same pattern was found in forest®nthern England (Butterfield 1997),
Ireland (Mullenet al. 2008) and in Finland (Heliolet al. 2001, Koivulaet al. 2002). In
Thetford Forest, GHS associated species are muoetlyicted to both permanent open
areas (open patches and trackways) and ephemesal aneas (clear-fells and young
restocks).

Changes of environmental conditions in ephemerahggpaces depend on the clear-fell
management cycle of plantations, with the developnoé the tree crop and subsequent
shading having a strong influence on the groungftd the stands (Eycadt al. 2006). In
accordance with above mentioned dependence of drdagetles on environmental
conditions and habitat quality, carabid communhgmges in clear-fells and restocks are
closely connected with succession of vegetation.(RD05) showed that the number and
abundance of GHS species peak in three year diockess start to decline in four and five
year old plantations and practically disappear iy time plantation are 10 years old
(present study, Chapter two). Despite the shoibgesf suitability, the species richness
and abundance of GHS species in ephemeral opes r@a&ehes similar values to those of
permanent open areas. However, from the point eivwof long term persistence of
populations within the landscape, ephemeral opeasacan serve as sources of open

associated colonisers only for approximately fiveans after replanting of stands.
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Changes in environmental conditions within the metwof trackways also depend on
ageing of surrounding plantations, but accordingtanges in carabid community, open

conditions in trackways persist until the surromgoplantations are 20 years old.

In permanent open patches environmental conditines not associated with forest
succession, therefore these areas can act as swuwonisers for an indefinite time as
long as the habitat quality within them is main&nby appropriate management.
Therefore under current management permanent apas are important for maintaining

populations of GHS species within the plantatiordicape.

Importance of connectivity for persistence of open-habitat associated

carabids within plantation

The network of trackways within Thetford Forest veagpected to represent a continuous
linking open habitat which could act as a sourceabnisers or provide corridors for
movement of these colonisers. However, the pattérthese linear elements does not
necessarily equate to their function, as the enuirental conditions within trackways and
thus the carabid community within them, are deteadi by the age of surrounding
plantations. Differences among trackways and peemtaaopen patches in habitat quality
and consequently suitability for GHS species creatmosaic of suitable patches of
different size that can represent sources of cedorj and of unsuitable matrix habitats
(Figure 1). How exactly GHS associated species gana get to newly created open

areas remains unclear.
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Unsuitable for GHS species: clos
canopy stands and trackways surrounded
by >20 years old plantations

Low quality open patches, 4-10 years
old restocks

High qudity open patches, trackwa’
surrounded by <20 years old plantations

Figure 6. 1; Representation of patchy mosaic lamus®f Thetford Forest according to

suitability of stands and trackways for GHS species

The potential of trackways surrounded by maturatpléons to act as corridors could not
be proven. Mark-release-recapture experiment shdtesdarpalus rufipalpis, selected
as a representative model stenotopic GHS specass,hlgher activity levels in low
guality trackways surrounded by mature forest, thiere were no clear differences in
average daily movement rates between the tracksaysunded by mature or by young
plantations. Habitat type is expected to influedepersal rate which is expected to be
greater in habitat of low quality (McPeek & Holt3®). A possible reason for not finding
any differences in daily movement rates is thatiyn experiment daily movement rates
were probably underestimated, due to the limitadyeaof the experimental grid which
would not detect individuals travelling very longstéinces (i.e. > 40m), and due to the
lack of individual markings, which would enable egtion of movements backwards
towards the release point. In trackways surrounmedhature forest there was a higher
leakage of individuals through the corridor-matharrier, with a greater number of
individuals dispersing into the matrix. This perridity of the edge could represent
limitation to the use of low quality trackways aspersal corridors as more individuals
get lost in the matrix (Friedt al. 2005). The estimated mean rate of daily movement
within suitable trackways (i.e. those located witlyioung plantations <20 years old),
combined with the relatively low rate of leakagenfr these trackways, together suggest
that seasonal rates of linear dispersal up to 4@@esm may be possible. Thus these

trackways have potential to act as corridors odods for percolation.
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In contrast, low quality corridors such as tracksvayrrounded by mature trees appear
unlikely to support dispersal by stenotopic heattilapecies. The number of unmarked
Harpalus rufipalpis caught in mark-release-recapture experiment itescaery few

individuals do enter linear strips of open habstatrounded by mature plantation. This is
a good example of situation where the pattern ef [lditndscape does not equate with
presumed function. Narrow linear strips of openitalsurrounded by mature plantations
may appear as corridors to human observers, bugtlience from this study suggests

they might not function as such.

Colonisation of newly created open areas within plentation (clear-fells and young
restock) by specialist open-habitat species is f@sy, with 41 species colonising newly
created areas within three years after removaleafst Current forestry guidelines do not
permit clear-fells to be created next to plantagtigaunger than seven years (pre-thicket).
As shown in Chapter two the abundance of GHS speni@re-thicket (7-10 years) and
older thicket, pole and prefell aged plantationsseésy low; therefore these areas are
unlikely to provide sources of colonisers for nelac-fells. The most probable sources
of open habitat specialist colonisers are permarmgen patches and the trackways
passing through young plantations (<20 years olgyry few of the GHS species are
restricted to permanent open spaces within thetatian and almost all GHS species are
able to colonise ephemeral open patches within yiwars after felling, when species
richness in restocks reached its peak. | did nod fany effects of patch size or its
isolation on early colonisation by GHS species.réhare several possible explanations
for this. Within buffers of sampled ephemeral omtands trackways surrounded by
young plantations represented 51 percent of atlkktvays therefore all newly created
open spaces are close to a linear source of celmnighe variability in the selected
isolation measures among sampled sites was rdiatme (with average coefficient of
variation 0.6), reducing the power of statistiadts. The selected isolation measure was
the amount of source habitats within 600m buff@uad sampled patches; this could in
itself present a problem as the source habitat® waown to vary greatly in habitat
quality and consequently in number of GHS speanekiadividuals present. To precisely
determine the amount of good quality source habitatould have to determine the

characteristics of all open patches and trackwatgsmthe surrounding landscape.
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The sampling design of the Thetford forest studguied on assemblages rather than
dynamics of each species and | am therefore nat¢ &bldraw conclusions about
applicability of metapopulation theory for GHS spscdynamics in this study system.
Some of the GHS species of carabids in Thetfordesiormight function as
metapopulations but as most of the these species f@and in all types of open habitat
they are more likely a patchy population with ahhlgvel of connectivity among local

populations.

Conclusions

For persistence of carabid species associatedgnagsland, heathland and sandy habitats
which are currently present in the forest landscapiin patch dynamics are essential as
only areas of good quality habitat (whether thesgewpermanent open patches, linear
trackways, or ephemeral restocks) supported higitiep richness of these specialists.
The fact that newly created areas were confirmdaktaolonised by almost all the GHS
species present in permanent open spaces, inditete$ragmentation on the scale of
current management of Thetford Forest does not havegative effect on these ground
beetles species.

In their review of effects of fragmentation on nmalupopulations Ewers & Didham
(2006) show that species traits such as dispebsiglyaand habitat specialisation mediate
species responses to fragmentation. The type atatadurveyed in this thesis is early
successional ephemeral habitat and Travis & Dyth@®99) showed habitat persistence
is an important determinant of the rate of dispethat evolved for asexual model
species, with dispersal favoured in temporary slivetl habitats. In their comparison of
dispersal abilities of 35 wing dimorphic species pfant hoppers (Homoptera:
Delphacidae) living in habitats of varying persigte, Denno and colleagues (1991)
found that levels of migration (percent of macroptes individuals within species) in
populations decreased significantly with increaspegsistence of habitat. Ribera and
colleagues (2001) found higher frequency of maemmuts species of ground beetles in
highly managed habitats (which are made effectivemgporary by the high frequency of
ploughing and cutting) compared to extensive occesly burnt upland grasslands. A
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comparison of dispersal abilities of ground beetieBreckland (as were described by Lin
and colleagues (2007)) showed similar results, witty nine percent of brachipterous
species within the arable associated group (whimtupy habitat that is regularly and
severely disturbed, so that dispersal is cruciallaoal persistence), 22 percent of
brachipterous species within the moorland and Ge&a@ated group and 32 percent
brachipterous species within the woodland assatiated eurytopic species (for which
habitat is effectively continuous). In his study afgin of the carabid fauna associated
with dry open anthropogenic habitat in Western gardndersen (2000) showed that the
majority originated from naturally open habitatm#ar to steppe and invaded naturally
open habitats such as heaths, dunes, “talus” (sarek “alvar” (steppe) in Europe soon
after deglaciation. In order to survive in theserstived habitats these species would
necessarily have to develop good dispersal powdrnchwwould make them less
responsive to habitat isolation. Species livingp@rmanent habitats are not adapted to
colonisation of new areas therefore fragmentatiod imcrease in isolation of remnant
patches can have very negative effects on ovegadigience of population. Consequently
probability of recolonisation of patches, wherealopopulation is extinct is low. On the
other hand, species adapted to life in temporabjtdis, where persistence of population
always depended on colonisation of newly creatéches after conditions within existing
patches were no longer suitable, good dispersétiabihad to evolve. Studies of effects
of fragmentation on assemblages or communitiesexted with different types of habitat

should therefore consider general characteristidsaalaptations of species.

| can conclude that in a heterogeneous landscape similar scale as that of Thetford
forest, where a semi-natural early successionatdtaduch as heathland is a conservation
priority the habitat quality and habitat managemsinbuld be a priority if specialist
species are to persist. As explained above in satiitats connectivity among patches
might be less important as species adapted to tigpss of habitat usually have good

dispersal abilities.

However, the scale of the system should alwaysdmsidered when making decisions
about priorities in management strategies. Whersidening carabid communities on the
scale of Breckland rather than Thetford forest,pé@cent of the GHS species were not
found within the forest landscape and are probedsyricted to protected heaths because

of very specific habitat requirements. Managementdarger regional scale connecting
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isolated remnants of heaths would also require gemant of linkages on the regional
scale as suggested by (Bennett 2003). As descirbied first chapter the size and scale
of corridors for movement of invertebrates testedhie literature has been very limited
with corridor lengths between five and five hundmedtres. Regional corridors would
have to be designed on a larger scale connectiehgmfar from each other. Due to small
size of most invertebrates, movement through sintadges would not happen within an
individual’s lifetime and connecting landscape edes would have to represent habitat
with resources enabling reproduction and indiresttyvement by percolation. Results of
sampling of trackways within Thetford forest plaida confirmed that even narrow strips
of habitat can support typical heathland assembidiggound beetles, as long as habitat
quality is high. Therefore, it would be relativedpieap and easy to create such regional
linkages along which species could move by peraoiat
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