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Patchy Populations

Most species on most spatial scales have a patchy distribution (Hanski & Gilpin 1997; Hanski
1999). Because species have evolved specific habitat requirements, only some habitats some
of the time will provide the resources necessary for population persistence. The landscape is
therefore complex, a mosaic of different habitat types changing in their quality over time.

On a large-scale, the patchy distribution of a species might occur because of the physical
features of its landscape e.g. amphibians in small ponds (Sjogren Gulve 1994), or be a result
of its history. Local breeding populations might be distributed in discrete habitat patches
containing adequate resources; for example, the bog fritillary butterfly (Proclossiana
eunomia) occurs only in the natural wet meadows in Belgium which contain its sole larval
food plant, Polygonum bistorta (Baguette & Néve 1994). On a smaller-scale individuals may
aggregate in response to the patchiness of resources within an area of suitable habitat; this is
particularly the case for small species, or those with limited mobility. Patches may also be
formed because of the spatial and temporal variation in the quality of the landscape elements
(Wiens 1997).

In addition to naturally defined patches, human activities have directly altered the
landscape, generally causing destruction of natural habitats, their increased fragmentation,
and deterioration of habitat quality (Henle et al. 2004). Indirect human-induced factors, most
notably global warming (Houghton et al. 2001), are also changing the quantity and quality of
habitats available to many species (Parmesan et al. 1999; Thomas et al. 2001; Beever et al.
2003; Crozier 2003).

Thus for many species the world is becoming ever more patchy, and consequently an
increasing number of species are gradually becoming more and more confined to networks of
small habitat patches. This will have an effect on the size and connectivity of suitable habitat,
and may also cause large changes in the physical environment (Saunders et al. 1991). The
effects of habitat destruction and its impact on species survival in fragmented landscapes are
likely to prove to be the greatest challenges to animal and plant conservation in the twenty-
first century (Root et al. 2003; Travis 2003; Henle et al. 2004; Thomas et al. 2004).

Spatial considerations

Despite the real world being ‘patchy’, theoretical ecologists and population biologists had
until recently considered populations to live in uniform environments (Wiens 2000).
Traditional population models took no account of the heterogeneous environment in which
the species lived, and assumed that populations were closed with only births and deaths
contributing to population change (Hanski & Simberloff 1997). This was obviously an
oversimplification because it overlooked the spatial aggregation of individuals and ignored
the effect of immigration and emigration on the population. However, since the mid-1980’s
we have realised that the huge amount we know about within-population processes (births
and deaths, competition and predation) needs to be augmented by between population
processes (movement) (Hanski & Gilpin 1997). Indeed, in some (possibly many) situations
the system is dominated by movement, e.g. the acorn woodpecker (Melanerpes formicivorus:
Stacey & Taper 1992), the cougar (Felis concolor: Beier 1993), and Edith’s checkerspot
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butterfly (Euphydryas editha: Boughton 1999). Ecologists now recognise the importance of
spatial considerations in understanding the processes that contribute to population regulation
and long-term persistence. They recognise the usefulness of defining populations in the
context of the discrete habitat patches they occupy, the dynamic nature of these biological
units, and the influence of their interaction (Hanski & Gilpin 1997). Habitat fragmentation is
likely to result in a non-random pattern of extinction among species because species are
characterised by different levels of dispersal; the details are likely to depend on the taxa,
habitats and regions considered (Thomas 2000). By increasing the isolation of remnant
populations, fragmentation is likely to increase rates of local extinction whilst decreasing
those of colonisation (Thomas et al. 1992). Indeed, spatial considerations now dominate
ecology and population biology to the extent that some scientists regard it to be a new
paradigm (Hanski & Simberloff 1997; Hanski 1999; Wiens 2000).

The metapopulation approach

The spatial structure of populations and its consequences for the behaviour of individuals and
for population ecology, genetics, conservation and evolution, has provided the basis for much
recent research (Thomas & Hanski 1997), which has developed the concept of the
metapopulation (an assemblage of ‘local’ populations), originally proposed by Levins in
1969. This approach has provided significant insights into the importance of factors such as
immigration and emigration, extinction, and randomness. It is unlike most of the past
research on population dynamics and ecology because rather than focusing on single (usually
large) populations, it studies the interactions of a group of local (often small) populations.

A metapopulation consists of extinction-prone local populations that survive in a
stochastic balance between extinctions and colonisations. Metapopulation theory (Gilpin &
Hanski 1991) assumes that the landscape consists of discrete habitat patches, each one
potentially occupied by a distinct local population. These discrete breeding populations
fluctuate asynchronously so extinctions do not occur at the level of the entire metapopulation.
However, the local populations are connected to one another by migration so their dynamics
are not entirely independent. Migration among discrete patches of suitable habitat has three
main components: movement away from a patch (emigration), movement in the inhospitable
matrix among patches (dispersal), and movement into a patch (immigration) (Ims & Yoccoz
1997). A colonist is an immigrant to an unoccupied patch that manages to reproduce
successfully in that patch.

Thus, in addition to a healthy balance of births over deaths (within-patch processes),
the role of movement among patches is now considered to be a vital component of the
persistence of species occupying fragmented landscapes (Murdoch 1994; Hanski & Gilpin
1997). Any landscape structures that affect extinction and colonisation rates will affect
population dynamics and persistence and, when combined with the characteristics of the local
populations and characteristics of the inhabiting species, will determine the dynamics of the
metapopulation.

The metapopulation approach has been applied to a wide variety of taxa, including
arthropods (e.g. Caudill 2003; Bonte et al. 2003; Purse et al. 2003; Steffan-Dewenter 2003;
Menéndez et al. 2002), fish (e.g. Armsworth 2003), amphibians (e.g. Sjogren Gulve 1994;
Driscoll 1998; Rowe et al. 2000), mammals (e.g. Moilanen et al. 1998; Sweanor et al. 2000;
Elmhagen & Angerbjérn 2001), and birds (e.g. Esler 2000; Hames et al. 2001; Inchausti &
Weimerskirch 2002). However, as a model group of species, butterflies have played a
dominant role in illuminating metapopulation dynamics, and studies involving them continue
to stimulate and advance metapopulation biology (Thomas & Hanski 1997; Hanski 1999;
Wahlberg et al. 2002a).
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Butterfly metapopulations

Butterfly biologists have been particularly quick to utilise metapoplation theory because
butterflies are probably the most well-studied and well-known of all invertebrates, and have
been the subject of some of the most important research on the dynamics of natural
populations (e.g. Ehrlich 1984). Butterfly populations are often structured in space in a
manner that is generally consistent with the metapopulation concept (Thomas & Hanski
1997), and many species (Hanski & Kuussaari 1995; Thomas 1995) satisfy the four necessary
conditions for metapopulation-level persistence proposed by Hanski et al. (1995); also rates
of emigration and immigration are quick to be observable in reasonable time-scales. The
metapopulation approach is also useful in conservation, and here again butterflies represent
an important set of exemplars: they are high-profile species for conservation and have
declined dramatically across much of their range (Hanski & Kuussaari 1995; Pullin 1995;
Asher et al. 2001). Extinction processes important in butterflies are also important in many
other taxa, and butterfly metapopulation studies have helped shift attention from the
conservation of single populations towards a regional perspective. The need for this change in
focus has been emphasised following the discovery that rare species often have extremely
specific and subtle habitat requirements (Thomas 1991), meaning that many populations have
been lost even from protected sites because of apparently minor habitat changes (Thomas
1995; Thomas & Hanski 1997; Hanski 1999).

The past decade has seen an explosion of metapopulation studies involving butterflies.
A search of the title, keywords and abstract of articles on the I1SI Web of Science8 between
1993 and the end of 2003 using the search term “butterfl* AND metapopulation” produced
197 articles (excluding work presented in this thesis). Of these, 74 did not have a butterfly
species as the main study organism, did not involve aspects of a metapopulation study, or
described general patterns / butterfly communities without detailing the butterfly species
involved. The remaining 123 studies involved at least one species of butterfly as part of a
metapopulation study; these studies are summarised in Table 1.1. The overriding pattern is
the preponderance of studies involving species from northern temperate Europe (86%),
dominated by work concerning species of fritillary in north-west continental Europe (e.g.
Hanski et al. 2000; Wahlberg et al. 2002a,b; Schtickzelle et al. 2002), especially the Finnish
population of the Glanville fritillary (Melitaea cinxia: Hanski et al. 1994,1995, 1996;
Kuussaari et al. 1996; Drechsler et al. 2003), and in the UK the silver-studded blue (Plebejus
argus: Thomas & Harrison 1992; Thomas et al. 1992; Lewis et al. 1997; Thomas et al. 2002).
All of these studies concern the margins of the ranges of species with wide distributions.

Butterfly metapopulation studies have underlined the importance of spatial dynamics
in explaining the occurrence and abundance of species, improved our knowledge of migration
rates and distances, and increased our understanding of the effect of these on colonisation and
extinction processes (Hanski 2003). Empirical studies have demonstrated that the number of
dispersers reaching new habitats declines with distance from the source patch (Harrison 1989;
Kuussaari et al. 1996; Wahlberg et al. 2002a), and that individuals emigrate
disproportionately often from small areas with small populations and low habitat quality,
factors which in nature are often interrelated (Hill et al. 1996; Sutcliffe et al. 1997; Petit et al.
2001). Migration into populations may postpone their extinction - the rescue effect (Brown &
Kodric-Brown 1977; Hanski et al. 1995) - and patches of empty habitat may be (re)-
colonised. Conversely, if emigration is too high from a small population this may increase the
risk of extinction (Thomas & Hanski 1997).

Metapopulation studies have also greatly contributed to butterfly conservation
(Hanski 1999). The design and successful application of spatially realistic models has
highlighted key processes, such as distance-dependent colonisation and area-dependent
extinction (Hanski 1994, 2003), and enabled us to predict the distribution of species in
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fragmented landscapes (Hanski et al. 1996; Wahlberg et al. 1996). Recommendations for
conservation and management have been made possible with the application of these models,
for instance, predicting the likelihood of persistence under different scenarios of landscape
change or under alternative management regimes (Wahlberg et al. 2002b), and more
specifically identifying which patches in particular networks are critical for metapopulation
survival (Ovaskainen & Hanski 2003), and which sorts of patch networks are required for
long-term metapopulation persistence (Thomas & Hanski 1997). In some cases, conservation
management based on metapopulation model predictions has now been initiated (Hanski
1999; Schtickzelle & Baguette 2004).

The Sinai Baton Blue butterfly

The Sinai Baton Blue butterfly, Pseudophilotes sinaicus Nakamura, is a narrow-endemic
species occurring only in the high mountain region of the St. Katherine’s Protectorate in
South Sinai, Egypt. The species was discovered in 1974 (Nakamura 1975), and was seldom
recorded again (let alone studied) until the start of my work in spring 2001. | chose to study
this butterfly both as a model organism on which to apply the metapopulation approach, and
more specifically for its intrinsic conservation value (James 2006a,b,c,d,e,f; James et al.,
2003; Hoyle & James, 2005).

The area around the town of St. Katherine is classified as being arid (<100 mm
precipitation in an average year: Greenwood 1997), and is characterised by an extensive
network of dry valleys (wadis) interspersed with high mountain peaks (up to 2,650 m) and
ridges: a naturally fragmented landscape. These physical features form natural barriers to the
dispersal of many species, consequently even areas that are relatively close to one another
differ in subtle aspects of their ecology (Gilbert et al. 1996; Behnke et al. 2000, 2004; Zalat
et al. 2001). The distribution of the Sinai Baton Blue is highly localised, mainly due to its
dependence on its sole hostplant, Sinai Thyme (Thymus decussatus Benth.), which only
grows in well-developed soils such as those found at the base of cliffs or in wadis (Nakamura
1975). Hence the thyme (and therefore the butterfly) has a patchy distribution in the
mountainous landscape. The Baton Blue probably became isolated about 17,000 years ago at
the end of the Wirm glacial, but the restriction of its range is likely to be a more recent event
(Nakamura 1975). Although human activities have undoubtedly altered its habitat, it is
reasonable to assume that the species has existed in a patchy environment for all, or a large
part of, its history. Nakamura (1975) also states that the butterfly is “sedentary”, and is
usually found “flying weakly” in the close vicinity of its hostplants which it “seldom leaves”,
suggesting that the species has limited powers of dispersal. Therefore this system provided an
ideal opportunity for research to be undertaken in a metapopulation context.

With very few exceptions, other metapopulation studies have concentrated on species
from the temperate zone (Table 1.1), and usually at or close to the northern limit of the range
of species with wide distributions (e.g. Thomas & Jones 1993; Gutiérrez et al. 1999;
Wahlberg et al. 2002a,b); fragmentation of suitable habitat in these regions has almost always
been exacerbated by human activities. The narrow-endemic status of the Sinai Baton Blue
means that its worldwide distribution is contained within a relatively small area, and so it was
possible to study the species over its entire geographical range. This makes my research
unique among metapopulation studies (see Table 1.1), and provides a valuable addition to
previous work that has dealt with the distribution of species at a national (e.g. Hanski et al.
1994; 1995), regional (e.g.Thomas & Harrison 1992), or local scale (e.g. Lewis et al. 1997;
Schtickzelle et al. 2001). My study system is also different to most other metapopulation
studies because it deals with a species living entirely within a naturally fragmented ecosystem
and in a very arid environment. Thus it advances our knowledge of the existence of
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metapopulation processes and how they operate on endangered species from environments
quite different to those in which metapopulation biology was developed and tested.

The St. Katherine’s Protectorate is very little studied biologically and as such faces a
severe lack of scientific information with which to develop an integrated management plan
with scientifically based conservation objectives. Increasing pressure from settlement, rapidly
expanding tourism (it is one of the world's most important cultural sites), and changing land-
use practices by the native Bedouin compound this problem. The Sinai Baton Blue is of
considerable conservation interest because:

1) it is one of only two endemic animals (both butterflies) in the St. Katherine’s
Protectorate, one of Egypt’s most recently designated Protected Areas, and its newest
UNESCO World Heritage Site. The butterfly’s endemicity makes it a world
conservation issue

2) itis one of the smallest butterflies in the world (Larsen 1990)

3) it is a flagship species for the area, highlighted as a priority for the Protectorate (St.
Katherine Protectorate Management Unit, personal communication)

4) its only known larval hostplant, Sinai Thyme, is an IUCN Red List endangered plant
(Walter & Gillet 1998), and is of great medicinal value (Batanouny 1999)

Table 1 Summary of studies involving at least one species of butterfly as part of a metapopulation
study. Numbers reflect individual butterfly species used in the studies, not the number of studies
Family Range of study species Location of the study in relation to the
whole range of the study species

z ) > <
o > > > 1>h % @ g < m
3 3 3 2 = S = = o =
kS e 2 ® 8 5 3 g A 3
g 8 5 2
Papilionidae 4 3 0 0 0 0 7 0 0 0
Pieridae 2 0 0 0 0 0 2 0 0 0
Lycaenidae 29 2 0 0 0 0 26 4 1 0
Nymphalidae 74 1 1 2 0 0 63 24 1 0
Hesperidae 6 0 0 0 0 0 6 0 0 0

The papers that follow are the result of three seasons of fieldwork undertaken during the
spring and summer of 2001-2003. Together with James et al (2003) and Hoyle & James
(2005), they form a series of linked papers describing the ecology and conservation of the
Sinai Baton Blue butterfly in a metapopulation context.

In James et al. (2003) | described for the first time the known distribution of the Sinai
Baton Blue, its local population sizes, and its hostplant. I attempted to understand its specific
habitat needs, and this enabled me to characterise the network of patches of potential habitat
in which the butterfly’s distribution can be assessed throughout its known range and in which
metapopulation processes might be operating. | also quantified the quality of habitat in each
patch and used this to develop an index of habitat suitability applicable to every patch. Using
this knowledge | determined why patches of apparently suitable habitat were unoccupied and
tried to understand the distribution of its local population sizes. This enabled me to assess
whether or not a metapopulation approach is informative when applied to the entire known
range of this narrow-endemic species living in an arid environment.

Successful conservation policies and ecological theory require that the specific habitat
requirements of a species are correctly identified and understood. During the fieldwork, it
became apparent that not all the area of every thyme patch was being utilised, with butterflies
sometimes only ever being seen in restricted parts of patches. Therefore in James (2006b), |
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refined further the characteristics of the habitat occupied by Sinai Baton Blues, assessing
their habitat requirements at the resolution of the individual plant. This study prompted the
first-ever examination of myrmecophily in this species, and demonstrated that a very subtle
and perhaps surprising factor was important to its survival and therefore influential in its
distribution at a very local scale.

Quantifying abundance and determining the factors affecting it are critical to
understanding and conserving small animal populations. In fragmented landscapes,
information on local demographic processes (births and deaths), and the transfer of
individuals among the network of habitat patches, are required when studying metapopulation
dynamics (Hill et al. 1996; Hanski 1999; Thomas & Kunin 1999). Thus in James (2006c), |
studied seasonal dynamics in one of the largest local populations of the Sinai Baton Blue.
Using data representing virtually every individual present on every day during the adult flight
season, | determined recruitment, the survival rate, the sex ratio, and the total adult
population size, both within a season and between two seasons.

Migration of individuals among patches is a key process in metapopulation biology,
so in James (2006d) I estimated the number of immigrants into and emigrants from a patch,
and how and why these numbers change over time. This illustrates whether or not patches of
habitat delimit the butterfly’s local populations, and whether there is sufficient transfer of
individuals among them to enable their long-term persistence: a fact of fundamental
importance to a species surviving in a metapopulation. In James (2006e) | investigated
movement of individuals within a patch of habitat, and quantify how sedentary the butterfly
really is. | determined some of the environmental factors that affect its local movement, and
examined whether these are altered by its age, sex or size. | asked whether factors
determining how far individuals move within a patch, were related to factors influencing
dispersal among patches.

Continued human-induced habitat destruction and predicted future increases in
temperature (Houghton et al. 2001) mean that many patch networks are not static. Thus
conservation biology needs to be able to predict metapopulation persistence in dynamic patch
networks reliably, and so provide solutions for the conservation of rare and endangered
species in both the short- and long-term. In Hoyle & James (2005) we modelled the
metapopulation dynamics of the entire known network of habitat patches of the Sinai Baton
Blue. We examined the effects of differential habitat destruction (from livestock grazing and
over-collection by humans) on metapopulation persistence against a background of habitat
change likely to be imposed by global warming. This was the first study to use a
metapopulation model to investigate these effects, and also the first to examine their
interaction using empirical data over the entire range of a species. The three habitat
degradation scenarios modelled are realistic management problems faced by the St.
Katherine’s Protectorate Management Unit, and are applicable to many other species living in
dynamic and fragmented landscapes.

Finally, in James (2006f) I present a detailed account of the natural history of the
Sinai Baton Blue using data from all three field seasons. It starts with an introduction to the
genus and reviews current knowledge of its species and their phylogeny. This emphasises the
paucity of knowledge surrounding the butterfly and related species, and highlights the general
differences in its ecology compared with other species used in metapopulation studies. This is
followed by a description of all stages of the life cycle, including its larval stages (which have
never before been described). | have also included considerable quantitative data relating to
adult size that can be used to determine whether it really is the ‘smallest butterfly in the
world’. | then provide an account of behaviour with particular reference to subjects not
covered in other papers, for example activity patterns, mating, and oviposition behaviour. It
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includes a series of colour photographs that illustrate the habitus and aspects of its behaviour
and ecology.
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