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Abstract: Rarity is often considered an indication of species extinction risk, and rarity
measures are used as important tools to predict species vulnerability and hence to establish
conservation priorities. For these reasons, rarity is among the most important issues involved
in conservation programs. A number of studies have attempted to investigate relationships
between rarity and extinction risk in plants and vertebrates, whereas only few papers have
investigated similar issues in invertebrate taxa. This has limited the use of standardized rarity
measures in invertebrate conservation studies. Assessing rarity is especially important when
other pieces of information are difficult, or even definitively impossible, to obtain, as
commonly found for most insects. Four broad categories of rarity are commonly recognized:
geographical, ecological, population and phylogenetic rarity. On the basis of this framework,
we present here a short review of the rarity forms most frequently investigated in insect
studies, and their relationships with the main species traits related to extinction risk (such as
body size, mobility, trophic level, host specificity, larval and adult behaviours, etc.). We
discuss what they mean, how they can be measured, which type of data (field collections,
museum data, literature information) are needed and how to avoid the most common pitfalls
associated with rarity studies, with indications for pragmatic approaches in data analysis.
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Introduction

We value rare things like diamonds, gold or antiquities because they are difficult to
obtain. We value rare species because they are difficult to preserve. Rare species are
considered to be intrinsically more prone to extinction than non-rare species because of
various reasons. For example: (1) species with smaller populations can decline below the
minimum viable population more easily than larger populations, because of demographic,
genetic and environmental stochasticity; (2) species with smaller geographical distributions
have fewer alternatives for surviving catastrophic events (such as fires, pollution, habitat
destruction or alteration, etc.) than more widespread species, which can survive in unaffected
areas of their larger ranges; (3) ecologically specialized species have fewer chances of coping
with environmental changes than less specialized species, which may remain unaffected by
changes in the availability or quality of certain resources or may respond to such changes by
using other resources (Pullin 2002). For these reasons, rarity is often considered an indication
of species extinction risk (Davies et al. 2000) and rare species are considered to be
particularly vulnerable and of highest conservation concern (Lawler et al. 2003).

However, a higher level of rarity should not be confounded with true extinction risk.
Cave dwelling arthropods are extremely rare because they are confined to a very particular
biotope (the cave), have a restricted range (the total cave area or only a portion, for example
the innermost part) and small populations (because of the limited space and resources
available in caves) (Samways 1994). Thus, they are theoretically highly vulnerable and they
are proven to be really threatened in some cases (see Samways 2007). Yet, if the caves are
difficult to reach and are placed in well preserved, remote areas (as they do in many cases),
then such species would be less likely to be threatened in practice (see Pullin 2002). By
contrast, even extremely common species can be threatened (Gaston 2010), for example if
they are persecuted. The most impressive examples are probably the North American bison
Bison bison (probably with a population of 60-70 million individuals at its maximum, few
hundreds in the 1890s and now some tens of thousands; Isenberg 2000) and the passenger
pigeon Ectopistes migratorius (which had populations of 3 to 5 billions birds and became
extinct in the wild in 1899; Peterson 1980; Blockstein 2002). Thus, we are faced with three
different, albeit interrelated concepts: rarity, vulnerability and extinction risk. We define
these three concepts as follows:

1) A species is more or less rare than others, for one or more traits that can be
quantified, such as its distribution area, population consistence or habitat use, when these
measures have particularly smaller values than those found in the other species.

2) A species is more vulnerable than others if its biological traits may predispose it to
a higher probability of being extinct, other things being equal.

3) Finally, a species is more imperilled than others (i.e. it has a higher extinction risk)
if it has a higher probability of being extinct as a result of the interrelationships between its
rarity, ecology and enviromental changes with particular reference to human activity (Pullin
2002).

A rare species (because of its reduced range) is more vulnerable than more
widespread species (because it has a higher probability of being extinct for stochastic events
or local environmental changes in its reduced range), but it is not necessarily imperilled (as
long as no change occurs). Therefore, rarity does not imply necessarily a higher threat and a
need for urgent conservation (Rodrigues & Gaston 2002; Maina & Howe 2000). That said, if
a species is more vulnerable than others, this will tend to enhance its extinction risk, and if
rarer species are more vulnerable, they will tend to have higher extinction risk, albeit not
necessarily. This makes rarity a good proxy for extinction risk.
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When there is sufficient information about the biology of a species (including its
rarity) and the kinds of threats that can affect it, extinction risk can be evaluated in a
comprehensive way using some standardized procedures (e.g. IUCN 2001, 2003). However,
for most arthropod species this is (and will remain) impossible because of a number of
impediments (Cardoso et al. 2011). The conservation status of arthropods, which constitute
the vast majority of all living organisms, has been strictly evaluated only for an insignificant
number of species, yet they need urgent conservation actions (Cardoso et al. 2011; Dunn
2005). Thus, recent works have repeatedly proposed using vulnerability indexes based on
rarity measures to define conservation priorities (Fattorini 2008, 2010ab, 2011, 2013;
Fattorini et al. 2012, 2013). Recent publications have also provided evidence that the species
that were highly vulnerable on the basis of their rarity were also those that went extinct
locally (Fattorini 2011).

Measuring rarity in arthropods poses a number of challenges that can be grouped into
three main categories:

1) Which form(s) of rarity should be measured
2) Which kind(s) of measure should be used
3) Which kind(s) of data should be considered

The aim of this short review is to present brief insights on these practical issues with
indications for pragmatic approaches.

Pitfalls of rarity

A well known outcome of most insect samples is that there are a few species
repredented by many individuals and many species represented by a few, or only one,
individuals. In general, only after several repeated sampling sessions the number of singleton
species become less numerous than species observed as two individuals (e.g. Pielou 1975).
This simple example suggests that rare species can be identified only after intensive field
research. Even assuming that all species have been finally sampled, defining which species
are really "rare" remains problematic. In most cases, rarity is assessed on a relative basis
among a set of species belonging to a given species assemblage, which can be defined on a
taxonomic, ecological or biogeographical basis (e.g. species within genera, families, or
orders; species within a guild; species of various taxa within a certain area, etc.). Defining the
set of species for analysis is thus the first complex decision in any assessment of species
rarity. Indeed, because of the well known ecological pyramid it is impossible to directly
compare, in terms of rarity, the occurrence of say two eagles, one hundred lizards and one
thousand butterflies at a given site. However, even if a coherent group is selected, differences
in natural history traits among species can determine biased measures of relative rarity. For
example, when holometabolous insects are under study, only winged adults are usually
sampled. Nevertheless, some species are univoltine with adults restricted to short flying
periods and other polyvoltine with flying adults occurring for longer periods. Even if the
number of living individuals of a univoltine species is similar to a polyvoltine species, the
first species can appear rarer just because it passes a longer time as undetected in immature
stages.

Contactability is another great problem in assessing rarity. There are indeed species
even with very similar phenology that are less difficult to encounter (contacted) than others.
For example, if light traps are used to sample moths, counts for species having wingless
females can be halved compared with those having winged females even if they are equally
abundant; this bias occurs also in winged species since traps tend to accumulate more male
than female moths.
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Differences in methods of data collection are also important in the final outcome. To
objectively measure rarity we need some standardized method that can include field
collection techniques, examination of literature and/or museum data. Any standardized field
collection method is prone to undersample some species and to oversample other species. It is
well known that biases in sampling methods have plagued butterfly recording in the UK, both
for atlas collected data and transect records (Dennis et al. 1999; Isaac et al. 2011). Sources of
biases are various. For example, not all moths are equally attracted by light traps. Similarly,
not all beetle species, even within the same family, are equally attracted by the same
substances used to bait pitfall traps (Adis 1979; Spence & Niemeld 1994; Delabie et al.
2000). Even samples from unbaited traps are biased by species mobility, the most mobile
species being more easily caught. Museum collections are also often biased by the tendency
of collectors to prefer rare, larger or more attractive species (viz., aberrations) with respect to
common and unapparent ones. Finally, faunistic studies often concentrate on particular elect
areas where many species can be found and where rare species are known to occur more
frequently; this may lead to overestimating the abundance of scarce species. These arguments
suggest that any dataset for the assessment of rarity should initially be analyzed with care and
the following main qustions answered:

1) Is the sample comprehensive and extensive enough to obtain reliable information
about (relative) frequency of species in terms of detected individuals, studied area,
investigated environmentals units?

2) Is the species set used for the relative assessment an ecologically coherent group?

3) Can the relative frequency of the species belonging to the studied group be biased
by different contactability or, in the case of literature and museum data, can the relative
presence of such species be considered as biased by collectors’ decisions?

Answering these questions is far from being trivial. In most practical circumstances, it
is difficult for a researcher to be certain that he/she has eliminated any source of bias. Yet, we
believe that, even if biases cannot be eliminated, they can be reduced and that reliable,
(largely) unbiased estimates of species rarity can be obtained. In the next paragraphs we
describe different definitions of rarity and methods to measure them; we also provide
pragmatic solutions for obtaining rarity measures that could be useful in practical contexts
such as those associated with conservation decisions.

Forms of rarity

Species rarity has many facets. In Table 1 we report a selection of forms of rarity,
with emphasis on those that have been most frequently investigated in, or which might be
more important for, insects. After Rabinowitz’s (1981) seminal work, there is now a certain
tendency to distinguish three forms of rarity: range, ecology and population. These three
aspects of rarity are in fact broad categories and Table 1 is also an attempt to rubricate our
selection of rarity forms into these three categories.

On the basis of this framework, we present here a short review of insect rarity forms
by discussing what they mean, how they can me measured and which type of data are needed.

Geographical distribution

Geographical rarity can be estimated using measures of area of occupancy (AOO) and
extent of occurrence (EOO) (Gaston & Fuller 2009).

The EOO can be thought of as the area included within the shortest imaginary
boundary linking continuous records that can be drawn to encompass all the known, inferred
sites of present occurrence of a taxon. In general, occurrences due to recent introductions or
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vagant individuals are excluded. Thus, EOO tends to coincide with the idea of species range.
A common way to describe the EOO is that of a minimum convex polygon (i.e. the smallest
polygon in which no internal angle exceeds 180 degrees) encompassing all known normal
occurrences of a particular species. This is obviously a practical solution, but other
techniques can be used to trace species ranges.

Table 1. Factors that can enhance extinction risk and associated forms of rarity.
Factors that can enhance extinction risk Associated rarity
Restricted range Extent of occurrence, area of occupancy
Fragmented range Extent of occurrence, area of occupancy
Small ecological niche, habitat specialization Ecological rarity
Small population(s) Population rarity
Few populations Population rarity
Declining population(s) Population rarity
Low population density Population rarity
Reduced genetic varaibility Population rarity, measures of heterozigosis
Reduced mobility (reduced ability of habitat exoploitation; Ecological rarity
reduced ability to escape habitat destruction/alteration)
Seasonal migrations (use of different biotopes at particolar Ecological rarity
times)
Association with stable/well preserved biotopes (e.g. mature Ecological rarity
forests)

Association with biotopes of reduced size Ecological rarity
Restricted phenology (reduced ability of habitat exoploitation| Ecological rarity

Collection/persecution/eradication (via small population)

Large home range (via small population)

Large body mass (via small population)

Long life/r-strategy (via small population)

Within the EOO, not all places will be really occupied by the species. The area
encompassing only places where the species actually occurs is the AOO. A fundamental
relationship between AOO and EOO of a species is that AOO, being the space within the
distributional limits of the species where its populations actually occur, should always be
smaller than EOO (Gaston & Fuller 2009).

A common way to describe the AOO of a species is to divide the study region into a
matrix of equally sized cells (grid cells) and record if the species is present in or absent from
each cell. The size of the area of occupancy will be a function of the scale at which it is
measured (e.g. IUCN 2001, 2003). The scale of analysis, and hence grid size, should be
appropriate to relevant biological aspects of the taxon and kind of available data.

Consider the following caveats and examples:

1) EOOs can be usually estimated more confidentely than AOOs, which are more
sensitive to differences in sampling intensity. A species less sampled than another might
appear to have a smaller AOO than another one only because of this sampling bias. Consider
the example in Figure 1. The two species have identical EOO and AOO. On the basis of
known locations, the EOO of the two species can be correctly traced. However, although the
two species co-occur exactly at the same locations, species A was not recorded from certain
locations (where it actually occurs) because of inadequate sampling. Thus species A seems to
have a smaller AOO (11 cells) than species B (14 cells).
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. OSites where the species A occurs but from which was not sampled
because of inadequate sampling.

¢ Sites where both species A and species B occur, but from which
only B was collected.

Figure 1. Effect of different sampling intensity on estimates of Extent Of Occurrence and
Area Of Occupancy. Dots indicate species records.

2) Grid size influences the estimate of AOOs. As the resolution of mapping
increases, the AOO declines markedly because fine-scale mapping inevitably uncovers
unoccupied space within “occupied” coarse cells (Hartley & Kunin 2003). At the grid size of
Figure 2a, the two species A and B have the same number of occupied cells. But, if a finer
resolution is used Figure 2b, species B will reveal a larger AOO (10 cells) than species A (5
cells). The finer the grid, the greater should be the sampling effort.

3) Consider again the case of the two species of the example above. If species A
has been undersampled, it might be unrecorded from sites where it in fact occurs. This is
illustrated in Figure 3, where the species A and B should have identical AOOs, but species A
have fewer cells because of a lack of sampling. Thus, grid size should be selected according
to sampling effort; larger grids may obscure differences among species, but might be more
appropriate if sampling effort was uneven among species.

Both EOO and AOO can be used to measure geographical rarity, depending on the
aim of the research and type of available data. In general, EOO can be traced more easily and
more confidently than AOO, but the EOO can be highly influenced by the presence of a
single outlying population or individual (Gaston 1994). Moreover, species that can have very
similar EOO may differ profoundly for AOO. For example, two species of aquatic insects
may have similar ranges, but may differ in the number of ponds that are actually inhabited
within the respective range.
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To reduce the effect of the uncertainty in the EOO, a broad categorisation can be
made according to the species’ presence/absence in biogeographically distinct areas. This
way, the EOO of a species can be quantified as the number of regions it occupies (Fattorini
2011). It is reasonable to assume that (1) dispersion across regions is less frequent than
dispersion within a region (where metapopulation dynamics tends to be dominant), and (2)
faunistic knowledge is generally more adequate to decide if a species is present or not in a
region than to trace species’ ranges. Thus, measuring EOOs as number of inhabited regions
may be a practical solution when distributional information cannot allow an accurate
reconstruction of species ranges. An important drawback of using regions is that they may be
very different in their surface area. Thus, a species that is distributed in three small regions
receives the same rarity score as one occurring in three larger regions.

d

Figure 2. Effect of grid size (a larger, b smaller) on estimates of Area Of Occupancy for two
species A and B.

AOQOs is usually measured by dividing the study area into a number of equally sized
sampling units, but in practice the spatial referencing of records may be based on geopolitical
units of unequal size, such as counties or countries. Relatively large sample units may
produce an AOO value that may approximate or even exceed the EOO defined range size
(Hartley & Kunin 2003), hence the importance of using the finest resolution compatible with
data “resolution” (sampling intensity; see above).
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When AOO is measured using grid cells, the number of occupied cells depends to
some extent on the arbitrary location of the grid boundaries relative to the recorded points of
the species’ distribution. To minimize the possibility of recording atypical values, Hartley &
Kunin (2003) suggest two modifications to the measurement procedure: (1) find the grid
registration that, for each scale, minimizes the number of cells required to encompass all the
recorded points or (2) calculate an average AOO from a series of different grid registration
schemes.
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Sites where the species A occurs but from which was not sampled
because of inadequate sampling.

Figure 3. Effect of undersampling on estimates of Area Of Occupancy for two species A and
B.

Theoretically, any grid registration scheme may be used to record species
occurrences, but the most frequently used are those based on the the Universal Transverse
Mercator (UTM) geographic coordinate system or the Military Grid Reference System
(MGRS), which is derived from the UTM system. The UTM grid consists of squares of
scaleable side size, e.g. 1 km, 10 km, 50 km or 100 km. Because the Earth is spherical,
compensating triangles are necessary to counterbalance the squares, which leads to the
presence of trapezoidal cells in certain zones. Problems with interposed compensation
triangles are in general negligible. In national or regional maps small 'squares' are necessary
to express species distributions. Such squares are typically of 10 x 10 km or smaller (see, for
example, papers presented in Reemer et al. 2003), but when geographic coverage on this
scale is poor, a wider grid size (e.g. 50 x 50 km) is used (Romo et al. 2006).

Other frequently used recording schemes are based on graticules (degrees of latitude
and longitude). However, 'squares' determined by the same number of grades, minutes and
seconds (for example, 30' x 60') are not of the same size. Whereas the latitude remains
constant (30" measures about 55 km) on the European scale, the longitude of 60' varies
according to the latitude: it measures about 85 km in southern Europe (e.g. Sicily), about 72
km in central Europe (e.g. Germany) and 52 km in northern Europe (e.g. Sweden).

A further, completely different approach is that of using geographical units of very
different size such as administrative regions. For example, to express tenebrionid rarity in
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Latium, Fattorini ef al. (2013) counted the number of communes from which a species was
known. Communes are small administrative units, of varying size but typically smaller than
10 km?, whose boundaries typically reflect major topographic changes, and which might
encompass an environmentally relatively uniform area. Rarity scores based on communes
were strictly correlated with those obtained using UTM cells. In general, recent large scale
works demonstrated that country-based analyses of species distributions tend to produce
results analogous to those achieved using finer grid systems (Keil & Hawkins 2009), which
suggest that use of large political units such as countries may be an acceptable way to
quantify species geographical rarity. In general, species records/incidence for irregular spatial
units which differ in size can be corrected for using regression techniques (Dennis et al.
1991; Dennis et al. 2002).

In studies dealing with islands, each island can be considered a unit (albeit of different
size), geographical rarity can be expressed as the proportion of islands from which the
species is known on the total number of islands (e.g. Dennis et al. 2000; Fattorini 2008;
Dapporto & Dennis 2008a).

Species frequencies on islands tend to be correlated with frequencies on mainlands,
but there are many cases of species showing high discrepancies (Dapporto & Dennis; 2008b,
2009) since species that are very common on mainlands may occur with low frequencies on
islands (and vice versa). In this view, these procedures lead to an estimation of rarity on the
basis of the geographic distribution within the studied islands. For species that are endemic to
the study area, these measures express a good measure of species’ rarity, but for species that
are widely distributed outside of the study area, these estimates should be considered as a
local assessment strictly relative to the insular environments.

Estimating the geographical rarity of a species depends on the spatial scale of analysis
(Gaston 1994; Gaston & Blackburn 2000); so Fattorini et al. (2012), in a study on the
arthropods of the Azorean Islands, suggested a two-level (global vs. regional) approach. At a
global level, they considered as geographically rare the species which are endemic to the
Azorean Islands, even if distributed in more than one island. At a regional level, they
considered as geographically rare the species which are endemic to single Azorean Islands
(single island endemics). Endemics are typically considered as taxa of conservation concern
(Myers & De Grave 2000; Cook & MacDonald 2001), and this approach also ensured that
endemic taxa are scored as important, at least in terms of geographical rarity, from a global
and a regional perspective. These alternative measures of geographical rarity produced
different outcomes and no particular choice can be recommended in general, because both
may be useful depending on the aim of the study. For example, the use of single island
endemics may be more appropriate to prioritise forest fragments among islands because it
enhances the total number of species included in the final set of prioritised areas (Fattorini et
al. 2012).

Ecology

Ecological rarity is the most elusive form of rarity. Several concepts, including those
of habitat specialization, ecological specialization or niche breadth, may be evoked to define
species ecological rarity. In principle, ecological rarity should express the diversity and extent
of either the resources used or the environmental conditions tolerated by a species. The wider
the resources used/ environmental condition tolerated, the lower the species’ rarity.

Because any dimension of species’ ecological niche may be used as form of
ecological rarity, we have a virtually immense set of ecological characteristics and the
hypervolume of the convex hull encompassing the ecological niche can be considered as a
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measure to quantify ecological rarity, either individually or simultaneously. However, for
most insect species, direct ecological information is limited or completely absent. This may
discourage any attempt to quantify ecological rarity. Yet, we may use a great deal of
‘indirect’ ecological information. In general, we known species’ distributions as locality
records. These locality records can be profitably used to deduce species’ ecology. GIS
facilities make it possible to project point records on environmental maps showing, for
example, elevational, geological, climatic, land use, biotope and vegetational characteristics
of the area under study. From the overlap between point records and an environmental map,
we can confidently estimate an hypervolume of environmental characteristics of occupied
areas, thus a species’ ecological rarity. This measure can be also more suitable to measure
rarity than the direct evaluation of resources needed. Indeed, it is not certain that species
using a restricted number of resources are less common than more generalist ones, although
this tends to be the case. Conversely, if a species is restricted to a few areas, the probability
that they encompass a smaller number of environmental characteristics is high. For example,
a species that has been found in many land use categories should be considered less rare than
one found in few categories regardless of the number of resources reported as necessary for
its survivorship.

Quantifying ecological rarity implies the use of an index of diversity. As the
environmental continuum is necessarily divided into discrete units, the most obvious solution
is simply counting the number of units occupied by a species: the lower the number, the
higher the rarity. As reference units, one can count the number of biotopes, plant associations,
elevational belts, land use types, soil type etc. in which a species has been found. For
example, Fattorini (2010ab) counted the number of biotopes (defined as a modified version of
CORINE Land Cover classification) occupied by tenebrionid beetles and butterflies in the
Central Apennines of Italy.

Because a species distribution across environmental categories is obviously uneven,
simply counting the number of categories occupied can be excessively simplistic. For
example, consider the case of a species A that is found in three biotopes, with five records in
biotope 1, six in biotope 2, and four in biotope 3; and a species B that is also found in three
biotopes, but with 10 records in biotope 1, 2 in biotope 2, and 1 in biotope 3. Both species
have the same number of biotopes, yet the second one is strongly concentrated in one
biotope, thus it should be considered more rare. This problem is analogous to that widely
discussed in community ecology for the choice of diversity indices that does not express only
“richness”, but also the proportional contribution of abundances (evenness). We do not
discuss the properties of these indices because they are widely discussed in many reviews,
but prefer to briefly illustrate how they can be applied to express ecological rarity. For this
we will refer to just few indices as examples, because they have been widely used or seem to
be particularly appealing for such purposes.

1) Counts. Fattorini et al. (2013) evaluated “habitat specificity” (Hughes et al. 2000)
of tenebrionid beetles living in Latium (Central Italy) by assessing species distribution across
the 15 main phytoclimatic units occurring in this region and defined on the basis of climatic
indices and vegetational settings (Blasi 1994). The assumption was that the larger the number
of phytoclimatic units occupied by a species, the wider the species ecological tolerance.
Elevational range can be considered as a habitat envelope in which a species is able to
survive (see Brédndle e al. 2002) and may be used to express ecological rarity. Because a
number of environmental (notably climatic) parameters vary with altitude, Fattorini et al.
(2013) also suggested using measures of elevational range to express ecological rarity. For
this, they first divided the study area into 24 elevational belts of 100 m (0-100 m, 101-200 m,

10
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201-300 m, etc). Then, they calculated for each species the number of occupied belts,
assuming that a smaller elevational range reflects higher ecological specialization.

Phytoclimatic units are a categorization that encompasses two main sets of
environmental variables, vegetation and climate, and vegetation is in turn affected by soil
characteristics, topography, past climate, relationships among plants, etc. (Blasi 1994).
Elevational gradients reflect both current and past climatic history as well as geological
factors (Lomolino et al. 2010). Phytoclimatic units may not be readily available in other
areas, but high-resolution maps of bioclimatic units and of bioclimatic variables (which have
a broader meaning than strictly phytoclimatic units) are available for the whole globe (see
Hugget 2004 for examples). Species elevational ranges are even easier to obtain, because
they can be always deduced from locality records. Because of the difficulties in obtaining
other measures of species ecology (Cardoso et al. 2011), elevational gradients could be
adopted as a sort of standard measure for ecological rarity.

2) Proportional abundance. As a measure of habitat specificity based on proportional
abundances, Fattorini ef al. (2013) calculated for each species of tenebrionid beetles living in
Latium a Shannon H’ index (Devictor et al. 2010) using species abundances across
phytoclimatic units. Decreasing values indicate increasing habitat specificity of the species. A
similar approach was applied using species abundances across the elevation belts (Fattorini et
al. 2013).

Shannon measures reflect both diversity and evenness of distribution of cases across
any multivariate space, in our case number of records of a given species in different
environments. Conversely, simple counts of the number of occupied phytoclimatic units or
elevational belts measures the extent of such a dimension. Thus, Shannon measure and counts
express different meanings, although they may produce strongly correlated results (Fattorini
et al. 2013). In calculating indices that use proportional abundances, various approaches can
be adopted. In the aforementioned examples, species abundance per environmental unit (such
as phytoclimatic unit or elevational belt) has been used. However, if species abundance data
are not available, surrogates can be used. For example, one can use number of records per
unit or the number of collection localities per unit. It is important to note that, if the
ecological units used in the study have very different surface, this may imply that a species
associated with a unit that covers a large surface will tend to be sampled more frequently, and
hence have a higher abundance (or a larger number of records or collection localities). Thus,
before using abundance data to calculate ecological rarity, it might be important to
standardize them according to the extent of each ecological category.

It is usually postulated that specialist species are more prone to extinction than
generalist ones. Compared with specialists, generalists are hypothesized to contend better
with environmental changes, primarily because they can shift among resources that are
affected by environmental changes (e.g. Habel & Schmitt 2012; Dennis et al. 2012 for
insects). Nevertheless, most species are specialized in using particular resources and only a
minor fraction of generalist organisms exist, most prominently in insects (Loxdale et al.
2011). Actually, generalists incur extra costs associated with exploiting multiple resources
and depend on the evolution of costly tolerances to variable environmental conditions
(Richmond et al. 2005). Therefore, there is an evolutionary trade off between costs associated
with generalism and extinction probabilities. It is clear that in different environmental
conditions the fitness associated with the two strategies (generalism vs. specailism) can
change. However, hypothesizing that generalists are always favoured in disturbed regions is
exposed as too simplicistic a point of view (Thomas 2000; Habel & Schmitt 2012; Dapporto
& Dennis 2013). Indeed, specialist species might be considered to be more capable of
exploiting reduced resources available in small habitat patches and to be less affected by
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genetic isolation (Habel & Schmitt 2011). This hypothesis has been directly tested by
Dapporto & Dennis (2013) on the British butterflies. Actually, among the British butterflies,
mid-generalists were revealed to be most affected by population decline, while many
specialists benefitted from population increases due to rapid exploitation of new habitats
available as a consequence of management (Dapporto & Dennis 2013). Similarly, limited
distribution is not always a direct indication of extinction risk. This can be evident even in
insular endemics, which represent the most extreme case of distributional rarity. Indeed,
insular endemics can be considered as extreme cases of specialism and, actually in some
cases, they have been shown to be among the most common species on their islands.

Population

Population size (or density) is probably the most obvious type of rarity to define,
because it is simply the number of individuals (recorded or living in a given area). In fact, it
is generally impossible to really count how many individuals of a given species live in a
certain area (or globally). But, as rarity is a relative concept, we are not interested here in
knowing how many individuals of a certain species live in a given area, but if they are more
or fewer than those of another species in the same area. In other words, we want to have
measures of relative (proportional) abundance (population size). This usually implies the use
of sampling techniques to obtain standardised quantitative data. These techniques vary
according to the ecological characteristics of the animals of concern (a collection of
techniques is described in Samways et al. 2010). In general, insect groups tend to include
species that have very different ecological characteristics, and hence require different
techniques. For example, pitfall traps may be appropriate to sample ground-dwelling species,
whereas light traps can be used to collect night-flying species. Considering simultaneously
organisms collected with different techniques is a difficult matter; actually, the overall
efficiency of different methods can be different, resulting in the impossibility of directly
comparing results.

Standardised sampling methods can be easily used to assess species abundance at
small spatial and temporal scales, but can be hardly applicable to wide areas and long times.
Measuring rarity at a large temporal and spatial scales would be however an important
achievement for most conservation studies, because we are usually interested in establishing
species rarity at regional or global scale and in detecting population trends. A possible
solution is to use museum collections as source of data. The basic idea is that species that are
more abundant in collections are those that are more frequently encountered (contacted) by
collectors. Because encounter rates are proportional to population density (Strayer 1999),
species contactability may be considered a proxy for population size (or density). This may
be acceptable if collections are not biased towards particular species (in general, rare species
attract collectors more than common ones). In general, data obtained from examination of
museum collections can be considered as much as long as:

1) they are abundant;

2) arise from a larger number of sources (collections);

3) occur in a larger number of collections (or obtained by a larger number of
collectors);

4) the more diversified are the collectors’ interests;

5) the larger is the number of collecting techniques;

6) the wider and denser is the geographical coverage of place records;

7) the longer is the temporal extent of collections

The very large sampling effort made over a long time by a number of collectors
interested in different groups and who have used different collecting methods will “ensure”
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that the data will collectively form a ‘random’ sample, not affected by biases due to collector
preferences for certain biotopes, sites or species. In general, large museum collection will
tend to satisfy these characteristics and may be profitably used to assess species abundance in
rarity analyses.

Fattorini et al. (2013), in a study on tenebrionid beetle rarity in Latium (Central Italy)
found that abundance data obtained from pitfall traps were strongly correlated with total
number of specimens found in museum collections, which indicates that using total number
of specimens is a good measure for population size, at least analogous to what can be
obtained by standardized techniques.

Scoring rarity values

As rarity is a relative, rather than an absolute, concept, it is quite common to see rare
species defined on the basis of some quantile of the frequency distribution of a certain rarity
measure (Gaston 1994). Gaston (1994) recommended using the 25th quantile for sampling
reasons. However, defining cutpoints is always subjective decision.

The quantile is a fixed proportion of the species pool. Thus, while the identity of
species delineated as rare may change, the number of rare species remains unchanged, and we
will always find a certain proportion (e.g. 25%) of rare species in any assemblage. To address
this limitation, it has been proposed to adopt some absolute criteria (e.g., insect species
recorded from <15 10 km survey quadrats from a possible 2862 [Hopkins et al. 2002]).

Both the relative and the absolute definitions of rarity can be criticized for the lack of
an objective ecological justification, yet any rarity threshold has the merit of setting a
standard against which to judge whether the degree of rarity is trending toward or away from
that expected under the reference (spatial or temporal) conditions.

Instead of using a 25% criterion, many authors dichotomize species into two groups
(common and rare) according to whether they were above or below the median of rarity
measures (cf. Arita et al. 1990; Isaac et al. 2009), especially when different measures have to
be combined to obtain vulnerability scores. Using a median-based dichotomization for three
measures of rarity (range, ecology and population), the following rarity categories are
obtained (Figure 4): 1: species that are not rare for any dimension (measure); 2: species rare
only for abundance; 3: species rare only for habitat; 4: species rare only for range; 5: species
rare for both habitat breadth and abundance; 6: species rare for both geographical range and
abundance; 7: species rare for both habitat breadth and geographical distribution; 8: species
rare for geographical distribution, habitat breadth and abundance. A multidimensional
characterization of species rarity has been introduced by Rabinowitz (1981) and applied to
bryophytes (Gabriel ef al. 2011), vertebrates (e.g. Kattan 1992; Manne & Pimm 2001; Isaac
et al. 2009) and arthropods (e.g. Dapporto & Dennis, 2008a; Fattorini 2008, 2010ab, 2011,
2013; Fattorini ef al. 2012).

Previous studies using Rabinowitz’s forms of rarity (Rabinowitz 1981; Rabinowitz et
al. 1986) found that while a high proportion of species have relatively small geographical
ranges, only few species are widespread and abundant, and the condition of ‘abundant and
localized’ is extremely rare since locally abundant populations tend to rapidly occupy new
sites (Gaston 1994; Brown 1995; Gaston & Blackburn 2000;). However, it is noteworthy to
consider the scale of analysis, and hence the way geographical rarity is assessed.

Moreover, comparisons of multiple taxa within the same geographical context
revealed that proportions of different categories of rarity tend to change considerably among
taxa (Fattorini 2010b). Thus, no generalization seems possible and rarity measures always
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have a relative value, depending on the particular assemblage of species under study (cf. also
Kattan 1992; Dobson & Yu 1993; Manne & Pimm 2001).

4Ecology

/|

—
istribution

Population

Figure 4. Space defined by three rarity dimensions: distribution, ecology and population.
Median values for each axis divides this rarity cube into eight cubes representing various
forms of rarity: 1: species that are not rare for any dimension; 2: species rare only for
abundance; 3: species rare only for ecology; 4: species rare only for distribution; 5: species
rare for both ecology and population; 6: species rare for both distribution and population; 7:
species rare for both ecology and distribution; 8: species rare for distribution, ecology and
population.

Use of median values to dichotomise species into the categories common/rare may
seem to recognize an excessively large number of species as rare, because for any range of
rarity scores always 50% of the analysed species will be classified as rare. However, some
macroecological considerations support this choice. Analyses of the frequency distribution of
range size revealed a virtually ubiquitous highly right skewed distribution: most species have
small ranges, few are widespread (see Lomolino et al. 2010 for examples, and Gaston 1990
for exceptions). Moreover, widespread species tend to be more abundant than localised ones
(Gaston 1990). Species abundance distribution analyses typically indicate that most species
that form a community are present with few individuals, and only few species are really
abundant (Pielou 1975). Similarly, only few species in a given community are ecologically
generalists, most species being ecologically specialised (e.g. Dapporto & Dennis 2013).
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Influence of body mass

Theoretical argumentations suggest that larger species should have larger ranges,
which is a commonly observed pattern, but theoretical reasons exist for a reverse pattern,
which is also frequently found (Gaston 1990).

Dobson & Yu (1993) argued that the influence of body size should be statistically
removed before the degree of rarity of species is examined. For example, many small
mammals should be able to live in the range of one large mammal, simply because small
species use fewer resources per individual. Thus, a small mammal with the same local
population density as a large mammal, should be considered rare for population size, because
large mammals need much larger areas and more environmental resources than small species
per individual. Similarly, larger species would be expected to use larger ranges than smaller
species per individual. Thus, according to Dobson & Yu (1993), it is not population density
or range area per se that indicate rarity, but rather it is the effect of these variables after the
adjustment for body size that needs to be considered. By the same token, also ecological
rarity should be corrected for body size.

Although the idea of adjusting rarity measures for body size appears reasonable, and
may change species ranking considerably (see Dobson & Yu 1993 for the Neotropical
mammals), implications for conservation biology are not so obvious.

First, potential for extinction may be more correctly expressed by rarity measures that
are not corrected for body size. For example, small populations are intrinsically prone to
extinction (for example, because the effects of genetic loss and higher exposure to stochastic
environmental changes; Pullin 2002), irrespectively of the body size of the species concerned
(for example, a population below 250 individuals in conjunction with certain threats is always
considered Critically Endangered according to the IUCN criteria; IUCN 2001).

Second, although rarity is often considered an indication of species extinction risk
(Davies et al. 2000), and various aspects of rarity may correlate with body size, this does not
imply necessarily that rarity measures corrected for body size are better proxies of man-
induced extinction risk, which is the product of the interrelationships between species
ecology and human activity (Pullin 2002).

Third, the method proposed by Dobson & Yu (1993) relies on the assumption that
there is a linear relationship between body size and rarity measures. In fact, the relationship
between body size and rarity has been investigated with a certain extent only for range size of
vertebrates, where in fact only weak correlations are usually detected (Gaston & Blackburn
1996).

For the tenebrionid beetles of Latium, Fattorini & Di Giulio (2013) found out that
range trends were correlated with vulnerability index independently of body size correction,
the species with the highest vulnerability being those that experienced the strongest range
contraction for both corrected and uncorrected measures. Also, they found that correcting for
body size may be problematic because of the weak correlations between body size and
geographical and ecological rarity (notably, abundance was not correlated). On the other
hand, Dennis et al. (2012) found that butterfly species showing larger wingspan tend to occur
more frequently on islands, mainly in northernmost and most isolated ones, because they are
able to travel for longer distances. These findings indicate that correcting rarity for body size
can be sometimes theoretically questionable, and its usefulness for conservation purposes
must be assessed by preliminary analyses.
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Phylogenetic rarity

Phylogenetic relationships are usually treated more as a “problem” that should be
controlled for due to the non idenpendence of data because of phylogenetic autocorrelation
(Felsenstein 1985; Strona ef al. 2012) than a possible source of rarity in itself (Vane-Wright
et al. 1991; Posadas et al. 2001). However, Cotgreave & Pagel (1997) argued that rare
species are typically found among lineages that split from basal nodes and the role of
phylogeny as a driving factor of macroecological patterns has recently come into focus
(Harcourt et al. 2005).

To express phylogenetic rarity, some indices have been proposed that are based on
taxon relationships expressed by phylogenetic reconstructions (cladograms) (Vane-Wright et
al. 1991; Posadas et al. 2001). The index / measures the amount of information contained in
cladograms based on values of taxonomic distinctiveness between taxa. To calculate /, a
value of 1 is assigned to each terminal taxon that belongs to a pair of terminal sister taxa. The
taxon that constitutes the sister group of this pair receives a value of 2 (equal to the sum of its
sister group), and so on for each taxon in the cladogram. / scores increase with the basal
position of the node from which the taxon arose, whereas taxa at the end of intense
bifurcation processes receive low scores and equal values are assigned to sister taxa.
However, according to Posadas ef al. (2001), this index tends to produce results affected by
the over-weighting of lineages that split from more basal nodes. The index W, which is
calculated as the number of phylogenetically informative statements that can be made for
each taxon, is not affected by this problem Calculation of W requires some steps. First, an
index i is used to express the number of phylogenetic steps involved in the diversification
pattern of each taxon. This index is calculated as the number of groups (nodes) to which each
taxon belongs. Then, the basic phylogenetic weight Q is calculated for each terminal taxon as
Qj = 2i/ij, where j is each specified taxon (tribe). Individual Q values reflect the proportion of
the total diversity of the group contributed by each taxon. W scores are obtained for each Q
value as W=Qj/Omin. In spite of the fact that /¥ index gives the highest values to lineages
that split from the most basal nodes, it does not over-weight these taxa (Posadas et al. 2001).
Lower values indicate higher cladistic “isolation”, whereas species at the end of an intense
process of diversification will receive higher scores. Although these indices express
“cladistic” relationships, they may be used as a simple way to express phylogenetic rarity.

Conclusion

Coming back to the initial metaphor, measuring rarity should be not seen as the search
for the Holy Grail, but much more likely working with precious stones. There are different
kinds of stones (geographic, ecologic, population and phylogenetic rarity) and each one has
its collection risks (pitfalls), can be found in different places (field collections, museum data,
literature information) and requires specific cuts (data analysis). Assessing rarity is among
the most important issues evaluated by conservation agencies like the IUCN. Actually, when
methodological problems are correctly addressed, rarity provides fundamental information
for conservation biology. However, there are important exceptions breaking the apparent link
between rarity and extinction risk (see Thomas 2000; Gaston 2010; Habel & Schmitt 2012,
Dapporto & Dennis 2013). Such exceptions seem to be mostly linked to counterintuitive
relationships involving the degree of specialization (a form of rarity in itself), the ability to
exploit small habitat patches and different effects of limited gene flow among species (Habel
& Schmitt 2011; Dapporto & Dennis 2013). To further complicate a complicated story, the
relationship between extinction risk and ecological rarity strongly interacts with
environmental conditions and can be modeled by very different analytical approaches, so that
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different studies can result in completely different results (compare Thomas 2000; Polus et al.
2007; Habel & Schmitt 2011; Dapporto & Dennis 2013 for studies on European butterflies).
Yet, rarity measures are an important tool to predict species vulnerability and hence to
estabish conservation priorities, especially when other pieces of information are difficult, or
even definitively impossible to obtain, as commonly found for most insects. A number of
studies have attempted to investigate which species traits influence species proneness to
extinction in vertebrates. By contrast, researches involving insects are scarce, because of
difficulties in obtaining complex assessments of species extinction risk and measures of
species traits (see Dennis ef al. 2000; Dennis ef al. 2004 for examples). Predicting the fate of
species on the basis of their biological traits and hence correctly managing those which
appear to be particularly prone to extinction are among the most ambitious tasks of
conservation biology. A number of studies have attempted to investigate which species traits
influence species proneness to extinction in plants (e.g. Mills & Schwartz 2005) and
vertebrates (e.g. Laurance 1990; Kattan 1992; Dobson & Yu 1993; Angermeier 1995; Manne
& Pimm 2001), whereas only few papers have investigated species ecological correlates of
extinction risk in invertebrate taxa (e.g. Thomas 1994; Koh et al. 2004; Shahabuddin & Ponte
2005; Driscoll & Weir 2005). These studies have typically involved particular measures of
species traits, such as body size, mobility, trophic level, host specificity, larval and adult
behaviours, etc. (Koh et al. 2004; Driscoll & Weir 2005; Shahabuddin & Ponte 2005). In
general, these measures are difficult to obtain for most insect species for several reasons
(including modern scarce attention to natural history and ecological studies based on broad
sampling programs), which typically prevented their use in conservation studies (see Cardoso
et al. 2011). Although rarity measures may correlated with a number of species traits and
may be practical surrogates for extinction risk (Fattorini 2013), recognizing the relationships
between species rarity and conservation trends with their life traits, environmental conditions
and conservation strategies in a comprehesive framework will be among the most important
challenges of conservation biology in the coming years.
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