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Recent progress in molecular systematics that assists species identifications, and in
on-line databases of ecological and museum collections that enable the integration of
insect distribution data represent important developments facilitating beta diversity
studies. The increase in alpha and gamma diversities of insect herbivores from temper-
ate to tropical communities is driven largely by a parallel increase in plant diversity
while the diversity of insect herbivores per plant species remains constant. Likewise,
the high beta diversity of insect herbivores along altitudinal gradients is only partially
explained by changes in plant diversity, while abiotic factors and the abundance of
natural enemies may also be important. The high alpha diversity of insect herbivores in
lowland tropical forests is not matched by beta diversity as locally co-existing species
represent a large proportion of regional species pools. The role of dispersal limitation
in the distribution of herbivorous insects in tropical forests could be minor, as short-

lived insects are efficient colonisers of their mostly long-lived woody hosts.

Introduction

Beta diversity, or diversity among ecological
communities, is a Cinderella among biodiversity
parameters, overshadowed by her more popu-
lar sisters, alpha and gamma diversities. While
alpha, the local diversity of a community, and
gamma, the regional diversity of species pools
from large geographic areas, are simply counts of
species from a particular territory, beta diversity
is a more abstruse concept measuring change in
species composition between communities. The
difficulty of surveying species from more than
one area is undoubtedly responsible for the scar-

city of beta-diversity studies. Ecologists have not
consistently applied standardised survey proto-
cols to multiple sites and the study of changes in
diversity among sites is impeded by incomplete
taxonomy for many insect groups. Despite these
problems there are new data (Stork er al. 1997,
Asher et al. 2001, Basset 2001, Benes et al. 2002,
Basset et al. 2003) and theoretical developments
(Hanski 1999, Hubbell 2001) that improve our
understanding of insect distribution. The present
review uses this information to examine the
factors that prevent species from being distrib-
uted everywhere, and tries to identify promising
approaches to future beta diversity studies.



464

Novotny & Weiblen + ANN.ZOOL.FENNICI Vol.42

Defining and measuring beta
diversity

Alpha diversity characterises species richness
in communities, assemblages of species poten-
tially involved in ecological interactions such as
competition or predation, while the term gamma
diversity is usually applied to species pools at
large spatial scales, formed primarily by specia-
tion and dispersal (Ricklefs 1987). Spatial reso-
Iution is necessarily defined rather vaguely and
may vary among species. Some authors use the
terms alpha and gamma diversities even more
loosely to distinguish between point (alpha)
diversity and the gamma diversity of any larger
area, often obtained from a collection of mul-
tiple point estimates. For instance, Gering and
Crist (2002) contrasted point and population
samples of insects from a single tree, multiple
trees at a single site, and multiple sites within a
larger area. Koleff and Gaston (2002) and Arita
and Rodriguez (2002) explored the effect of
spatial resolution on beta-diversity estimates.
At low resolution, high beta diversity can reflect
local environmental heterogeneity. As sampling
grain increases, biotic assemblages appear more
homogeneous as each of the study areas encom-
passes a wider range of the available environ-
ments (Mac Nally et al. 2004). Alpha, beta and
gamma terminologies and analytical approaches
have further served the study of changes in
diversity among microhabitats within commu-
nities and through time (de Vries et al. 1997).
Vellend (2001) noted a distinction between the
concept of beta diversity as among-plot vari-
ability in species composition independent of the
position of individual plots on spatial or environ-
mental gradients, and the concept of turnover in
species composition along predefined gradients.
The former can be measured by the partitioning
of regional diversity, the latter using matrices of
compositional similarity and physical or envi-
ronmental distances among pairs of study plots.
Regional gamma diversity can be partitioned
into the average local alpha diversity (ex,,,) and
between-site beta diversity (f) in either a mul-
tiplicative or additive fashion. Whittaker (1972)
originally defined beta diversity as 8 = }//(xavg, a
dimensionless number that relates gamma diver-
sity to alpha diversity, each measured in numbers

of species. As recently argued by Loreau (2000),
Gering and Crist (2002) and Veech et al. (2002),
the additive partitioning of gamma diversity y =
o+ B is more practical as all three parameters,
including beta diversity, can be measured in the
same unit, the number of species.

The change in species composition from
community A to community B is fully described
by three parameters: the number of species lost
(present in A but not B), species gained (present
in B but not A), and species shared (present in
A and B). Nested communities where A is a
subset of B represent a special case with no spe-
cies loss. There are at least 24 measures of beta
diversity based on these parameters (Koleff et al.
2003a) including those sensitive only to compo-
sitional differences between communities and
those sensitive also to their differences in alpha
diversity.

The differences in species composition
between two communities can also be quanti-
fied using similarity measures sensitive to spe-
cies abundance (Colwell & Coddington 1994).
Condit et al. (2002) used the probability P(r) that
two randomly selected individuals separated by
distance r were conspecific. An important appli-
cation of this approach in beta diversity studies
is to examine the decay of conspecific probabil-
ity with increasing geographic distance between
communities (Condit et al. 2002, Ricklefs 2004).
Chao et al. (2005) proposed estimators for the
classical Jaccard and Sgrensen similarity indices
based on species abundance data that include the
effect of shared species missed by the sampling.

The probability that two individuals drawn
from different communities are conspecific can
be standardised by the analogous probability for
two individuals drawn from the same commu-
nity. This is the principle of Morisita’s index, a
special case of the normalized expected species
shared index, NESS(m) (Grassle & Smith 1976).
NESS(m) estimates the number of common spe-
cies for random draws of a particular number of
individuals m from two different communities
and compares this estimate with the number of
common species resulting from random draws
from the same community. It ranges from 0
(no common species) to 1 (samples are random
samples from the same community). NESS(m)
is a more general case of Simpson’s index. The
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sum of the squared proportional abundances is
the probability that two individuals drawn at
random belong to the same species. The com-
plement of Simpson’s index, also known as
the Gini coefficient, is the probability that two
individuals drawn at random belong to differ-
ent species. Robinson and Tuck (1993), Frenzel
and Brandl (2001) and Walla et al. (2004) used
similar approaches relating observed differences
between two communities to probabilistic esti-
mates of the expected number of shared species
between two samples drawn from the same com-
munity.

The complete census of species in many
insect communities is very difficult to achieve
due to numerous rare species (Novotny & Basset
2000) that can be discovered only in very large
samples (Longino et al. 2002). Relying on
NESS(m) or other probabilistic measures avoids
the often serious overestimation of beta diver-
sity based on simple comparisons of incomplete
species lists. Although NESS(m) is more robust
to biases in sample size than some measures of
dissimilarity, it requires an arbitrary decision on
the value of m. This parameter determines the
relative importance of dominant and rare species
in estimating beta diversity and NESS estimates
are increasingly influenced by dominant species
as m decreases.

Beta diversity can be also quantified using
multivariate methods partitioning changes in
species abundance into spatial and environmen-
tal components (Leps & Smilauer 2003, Borcard
et al. 2004). For instance, Brehm and Fiedler
(2004) explored the performance of correspond-
ence analysis (CA), detrended correspondence
analysis (DCA), and nonmetric multidimen-
sional scaling (NMDS) in the analysis of species
turnover along an elevation gradient.

There are two conceptually different
approaches to measuring beta diversity with
respect to environmental gradients (Fig. 1; see
also Koleff et al. 2003b). Using a latitudinal
gradient as an example, beta diversity can be cal-
culated either between pairs of sites at different
latitudes, or between pairs of sites from the same
latitude that are themselves distributed along the
latitudinal gradient. The former approach relates
the change in latitude to the change in the species
composition of insect communities (community
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Fig. 1. Two approaches to measuring beta diversity with
respect to environmental gradients: (i) The analysis of
latitudinal gradients in community composition relates
the change in latitude, from tropical to temperate, to the
change in the species composition of insect communi-
ties, measured as beta diversity 8, ., B in the lowlands
and B, B, in the mountains; (i) The analysis of a lati-
tudinal gradient in beta diversity relates the change in
latitude to the change in beta diversity between insect
communities from the same latitude (8,5, By Bge)- The
present example illustrates the analysis of latitudinal
gradients in altitudinal beta diversity, but the S,;, B,
Bee values can be also calculated for pairs of communi-
ties from the same environment, such as altitude.

composition gradient), measured as beta diver-
sity, while the latter approach relates beta diver-
sity of insect communities to particular latitudes
(beta diversity gradient). The distinction between
measuring change in species composition and
change in beta diversity along environmental gra-
dients is not always made and rarely has the latter
pattern been studied.

Beta diversity and dispersal

In neutral community models that assume eco-
logical equivalence of all species in a uniform
environment and predict beta diversity patterns
generated solely by speciation and dispersal
(Bell 2001, Hubbell 2001), dispersal limita-
tion generates relatively species-poor, strongly
dominated and non-overlapping communities
that together comprise a species-rich metacom-
munity characterised by low dominance. Con-
versely, high dispersal leads to relatively spe-
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cies-rich communities with low dominance and
overlapping composition that together comprise
a strongly dominated metacommunity that is
species-poor.

Models recognising that species are not eco-
logically equivalent regard species habitat as
a network of resource patches with patch size
and isolation being the principal parameters that
define the colonization and extinction probabili-
ties of species (Hanski 2005). Depending on
resource distribution, species can reach alterna-
tive stable equilibria, occupying either most, or
very little, of the suitable habitat patches (Hanski
et al. 1995). The dispersal ability of species
and the configuration of their resource patches
determine the magnitude of beta diversity in the
metacommunity (Hanski 1999).

The role of dispersal limitation in the distri-
bution of herbivorous insects is due for a reas-
sessment. Most insect herbivores can travel at
least hundreds of meters per generation (e.g.,
Hanski 1999: p. 144). Insect distribution patterns
on islands and air screening over oceans indicate
that long distance dispersal by wind is common
in many insect taxa (Miller 1997). Our appre-
ciation for insect migration is probably biased
towards sedentary populations that are easy to
study while widely dispersing species are mostly
ignored (Dlabola & Taimr 1965, Compton et
al. 1988, Riley et al. 1997). On the other hand,
models of metapopulation dynamics predict that
insect populations are highly spatially aggre-
gated, even in widespread taxa with the potential
for long distance dispersal.

Examples of long distance dispersal are
known from geographically isolated volcanic
islands such as Krakatau (fig wasps: Thornton et
al. 1996, Compton et al. 1988; butterflies: New
et al. 1988) and Long Island in New Guinea
(fig wasps: Shanahan et al. 2001; other insects:
Edwards & Thornton 2001). Likewise, many
upper montane species have distributions span-
ning wide geographic areas, as from the Himala-
yas to New Guinea (Holloway 1986). In Britain,
the impact of dispersal limitation on insect diver-
sity across shorter distances was relatively minor
when compared to the effect of habitat heteroge-
neity (Harrison et al. 1992).

In contrast, more restricted distribution pat-
terns have been documented for cicadas (de Boer

1995) and water bugs (Polhemus & Polhemus
1998) in New Guinea, suggesting relict distri-
butions limited by historical barriers that may
no longer exist. In continuous lowland tropical
forests lacking physical migration barriers, both
dispersal limitation and environmental variabil-
ity contribute to the spatially auto-correlated dis-
tribution of plants (Condit ef al. 2002, Tuomisto
et al. 2003).

Many vegetation types including boreal for-
ests, savannas and mangroves, are dominated by
plant species distributed across large geographic
areas. Such plants represent a continuous and
locally abundant resource for their herbivores.
Recent studies by Pitman er al. (1999, 2001)
suggest that common, widespread species are
also numerically important in the tropics. Even
when there exists strong regional variation in
host plant abundance, this can be compensated
by low host specificity of herbivores. Most her-
bivores are specialised on plant genera and fami-
lies rather than species (Novotny et al. 2002a),
and many species-rich plant genera are continu-
ously distributed across large areas of tropical
forest (Gentry 1990).

Herbivorous insects should be able to follow
changes in the spatial distributions of wide-
spread hosts in both tropical and temperate for-
ests, particularly as insect generation times are
usually shorter than for host plants (e.g. 1-3
orders of magnitude shorter for the herbivores
of canopy trees). These considerations lead us
to predict low beta diversity of herbivore com-
munities on widespread, dominant plant taxa in
temperate and tropical forests, bearing in mind
that the distribution of herbivore species is also
limited by factors other than dispersal barriers
and host plant availability. Other factors, such
as high levels of intraspecific aggregation due
to oviposition behaviour or gregariousness, lead
to the opposite prediction of high beta diversity
(Summerville et al. 2003). Many suitable host
plant patches can be repeatedly colonised and
abandoned as a result of metapopulation dynam-
ics (Hanski 2005). Herbivores also respond to
host-plant quality (Weisser et al. 2005, but see
Gripenberg & Roslin 2005), predation (Denno
et al. 2005) and parasitism (Harrison et al. 2005,
Tscharntke 2005, van Nouhuys 2005). They may
therefore fail to colonise the entire range of a
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entire range of a host species, suffering widely
different mortality rates across the host’s geo-
graphic range (Scriber 1988, Quinn et al. 1997,
Wagner 1999, Brewer & Gaston 2002, 2003).

Beta diversity and host plants

Host specificity of insect herbivores is a key
parameter influencing diversity estimates. We
may expect, for example, that polyphagous her-
bivores exhibit lower beta diversity than special-
ists.

Beta diversity is minimally a combination
of between-site turnover of herbivore species
on particular host plants, changes in host use by
herbivores (Singer & Wee 2005), and turnover
of plant species. Another potentially important
factor influencing herbivore beta diversity is var-
iation in the distribution of natural enemies (Lill
et al. 2002). The relative importance of these
factors in tritrophic interactions is poorly known
as many studies have analysed only overall pat-
terns of insect beta diversity on diverse vegeta-
tion along environmental gradients. The effect
of plant beta diversity can be controlled by com-
paring insect herbivores feeding on a particular
plant species at different sites and in different
environments, including altitude (Allison et al.
1993), habitat (MacGarvin et al. 1986), climate
(Andrew & Hughes 2004) or disturbance regime
(Denno 1977). Regrettably, the pioneering study
on the cosmopolitan bracken fern (Lawton ez al.
1993) has not been followed by analogous stud-
ies of other widely distributed plant species or
genera.

Alpha and gamma diversity of insect her-
bivores is correlated with life history traits of
host-plant species (Southwood 1960, Claridge
& Wilson 1981, Lewinsohn 1991, Basset 1996,
Basset & Novotny 1999, Kelly & Southwood
1999, Brindle & Brandl 2001). Studies have
predicted the local and regional diversity of
herbivores from host geographic and altitudinal
range, phylogenetic isolation, abundance, leaf
phenology and palatability, and other plant traits.
Analogous studies relating these plant traits to
herbivore beta diversity are unavailable. We can
therefore only hypothesise a negative correlation
between beta diversity of herbivores and host-

plant traits that influence the ability of herbivores
to find and colonise hosts, such as abundance,
growth form, generation time and taxonomic
isolation.

Contrasting alpha and gamma
diversity

The extraordinarily high alpha diversity of
insects in tropical forests was extrapolated by
Erwin (1982) to a global arthropod diversity esti-
mate of 30 million species. This extrapolation
was based in part on the untested assumption that
herbivores are host specific and therefore exhibit
high beta diversity among tree species (Miller et
al. 2002). Further studies have not corroborated
this assumption and revised estimates of arthro-
pod diversity are approximately 5—7 million spe-
cies (Thomas 1990, Basset et al. 1996, @degaard
2000, Novotny et al. 2002b).

There is now growing evidence that insect
alpha diversity exceeds beta diversity in tropi-
cal forests. Locally co-existing species represent
a large proportion of the regional species pool
for the few insect taxa for which regional data
are available in the tropics (Gaston & Gauld
1993, de Vries 1994, Gaston et al. 1996, Orr &
Haeuser 1996, Haeuser et al. 1997, Robbins &
Opler 1997, Bartlett et al. 1999, Novotny et al.
2005a). A similar pattern of high alpha and low
beta diversity exists for tropical trees (Foster &
Hubbell 1990, Kochummen et al. 1992).

Erwin (1983) published the first, and there-
fore influential, beta diversity estimates for tropi-
cal rainforest beetles. He reported high beta
diversity, but his estimates were inflated by small
sample size (Gaston 1991). The low beta diver-
sity values reported later by other authors could
conceivably be biased in the opposite direction
if sampling failed to include rare species with
limited geographic distribution and low popula-
tion density (Erwin 1991). The existence of such
herbivores is difficult to verify, but Hodkinson
and Hodkinson (1993) proposed a method, based
on the comparison of local species censuses with
museum collections, that at least estimated the
number of unknown species. The inclusion of
these hypothetical species in local-to-regional
species diversity comparisons increased esti-
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mates of beta diversity (Novotny & Missa 2000),
but the accuracy of such estimates is unknown.

The relationship between local and regional
diversity studied across multiple sites and regions
can elucidate the process of community assem-
bly from regional species pools (Ricklefs 2004).
Most studies have found a linear increase in local
diversity with regional diversity, suggesting that
local communities are founded as proportional
samples of regional species pools (Compton &
Hawkins 1992, Dawah et al. 1995, Arita & Rod-
riguez 2002, but see Soares et al. 2001).

One of the exciting developments in the
study of local and regional diversity patterns is
the recent proliferation of high-resolution atlases
of insect distribution, particularly for butterflies
(e.g., Asher et al. 2001, Marttila et al. 2001,
Benes et al. 2002). Atlases synthesise hundreds
of thousands or millions of faunistic records
and represent a rich source of information for
macroecological analyses, similar to that of more
advanced bird atlases (Gaston & Blackburn
2000). They can provide information on changes
in geographic distribution of species, including
responses to global climate change and anthro-
pogenic disturbance (Warren et al. 2001), on
latitudinal and longitudinal gradients in species
richness (Storch et al. 2003), as well as regional
species lists for comparison with local com-
munities. The atlases record alpha and gamma
diversities, but can also be used to generate beta
diversity maps (for an example see Koleff &
Gaston 2002).

Beta diversity along latitudinal
gradients

Alpha and gamma diversities of almost all groups
of insects are highest in the tropics (Rosenzweig
1995, Willig et al. 2003). The few notable excep-
tions include aphids (Dixon et al. 1987) and
ichneumonids (Owen & Owen 1974, Gauld et
al. 1992). The rate of increase in species richness
often accelerates towards the equator (Rosenz-
weig 1995) and the average size of species’ geo-
graphic range decreases towards the equator, a
pattern established for vertebrate taxa and known
as Rapoport’s effect (Stevens 1989). These trends
combined should result in an increasing rate

of species turnover from high to low latitudes,
a pattern indeed confirmed for vertebrates and
plants, but no information is available on insects
(Koleff et al. 2003b, Rodriguez & Arita 2004).

The alpha diversity of herbivores feeding
on particular plant species appears to be similar
in tropical and temperate forests (Futuyma &
Gould 1979, Janzen 1988, Basset & Novotny
1999, Morris & Godfray 2005). The ratio of
butterfly to plant species also shows no trend
with latitude (Gaston 1992). The large increase
in alpha and gamma diversities of insect herbiv-
ores from temperate to tropical areas is therefore
likely to be due to increasing plant diversity.

In his classical study MacArthur (1969) found
that while the alpha diversity of birds slightly
increased from temperate to tropical areas, the
main explanation for much higher gamma diver-
sity in the tropics was higher beta diversity
between tropical sites than between temperate
ones. Willig et al. (2003) reviewed other studies
that addressed this problem but sadly the analy-
sis has not been replicated for insects during the
35 years since MacArthur’s study. Interestingly,
Sepkoski (1988) found a similar prominence
of beta diversity when he examined the rela-
tive contribution of alpha and beta diversities to
global diversity during the Paleozoic.

Beta diversity along altitudinal
gradients

Gradients in environmental variation can explain
substantial changes in diversity with altitude
and are thus among the most pervasive factors
explaining species diversity on larger geographic
scales. For instance, global maxima of plant
diversity, measured as the number of plant spe-
cies per 10 000 km?, are associated with altitudi-
nal gradients in the tropics (Barthlott e al. 1996).
Not surprisingly, insect herbivores exhibit rapid
change in species composition with altitude,
although there are many more studies available
on altitudinal trends in alpha diversity than beta
diversity (Hebert 1980, Holloway 1987, McCoy
1990, Allison et al. 1993, Fernandes & Lara
1993, Olson 1994, Davis et al. 1999, Sanders
2002, Brehm & Fiedler 2004 vs. Kremen 1994,
Brehm et al. 2003).



ANN.ZOOL.FENNICI Vol.42 -

From communities to continents: beta diversity of herbivorous insects 469

Rapid turnover in the composition of vegeta-
tion with altitude (Givnish 1999) suggests that
distribution of many herbivore species could be
limited by host-plant availability. Brehm et al.
(2003) found a close correlation between the
change in moth and plant communities along an
altitudinal gradient, but both data sets were also
closely correlated with temperature. The effect
of vegetation change on insect communities can
be directly studied using comparative data from
herbivorous communities feeding on the same
host species at different altitudes (Allison et al.
1993). Novotny et al. (2005b) found high spe-
cies turnover with altitude in caterpillars (Lepi-
doptera) feeding on the same host-plant species,
demonstrating the key importance of factors
other than host-plant availability. Temperature is
an obvious candidate for a limiting factor, par-
ticularly in the tropics (Janzen 1967). Possibly
the most important biotic factor along tropical
elevation gradients is a significant decrease in
the abundance of ants with elevation (McCoy
1990, Samson 1997), affecting prey and mutual-
ists (Olmstead & Wood 1990).

Herbivore communities along altitudinal gra-
dients are also determined by spatial constraints,
namely that such gradients are bounded by sea
level and summit, and that the area of inter-
vening habitat decreases with elevation. These
constraints can generate either a monotonous
decrease in species richness with elevation due
to diminishing area or a peak in species richness
at mid-elevations where the ranges of lowland,
mid-elevation and high-elevation species overlap
(Holloway 1987, McCoy 1990, Lees et al. 1999,
Sanders 2002). Rapoport’s effect of increasing
species range with altitude was documented in
some insect communities (Sanders 2002). This
effect could generate a decreasing rate of change
in species composition with altitude, but such a
trend has not been well documented. For instance,
Brehm et al. (2003) showed that in geometrid
moths, the altitudinal change in species composi-
tion was better explained by models using a con-
stant rate of species turnover with altitude.

Beta diversity in time

Beta diversity measures can also be used to

quantify species turnover in time. Temporal vari-
ability in herbivore communities is studied less
often than their spatial variability. This is illus-
trated by the limited attention paid to the spe-
cies—time relationship, describing the accumula-
tion of species in time, compared to the well-
known species—area relationship (Adler & Lau-
enroth 2003). The temporal dimension of species
variability is however as equally important as the
spatial one. Insect communities tend to accumu-
late new species with time, partly as a result of a
steady inflow of transient species (Basset 1997).
For instance, Wolda (1983) reported new species
of leathoppers being regularly found even after
seven years of nightly light trapping at a single
tropical forest site. Further, garden areas < 0.3 ha
accumulated 24%-38% of the entire England
fauna in several insect taxa over 8—46 years of
collecting (Southwood 1996).

Successional series represent an ecologically
important case of change in diversity through
time. Most of the information on the succes-
sional dynamics of insect communities refers to
old-field succession in temperate areas. These
studies reveal important changes along succes-
sional series in community structure and insect
life histories, such as host specificity, migration
ability, body size and generation time (Brown
1982, 1985, Brown & Southwood 1983, Brown
& Hyman 1986, Hendrix ef al. 1988, Novotny
1994, 1995). The change in diversity of insect
communities was particularly rapid during the
first few years of pioneer succession when the
vegetation change was also the fastest. Many
tropical successions however start with pioneer
trees, rather than annual herbs (Ewel 1980, Rich-
ards 1996). They may present a more perma-
nent and predictable habitat for insects even at
early stages, characterised by slower turnover
of herbivore species than is the case for early
succession in temperate communities (Leps et
al.2001).

The within-habitat beta diversity in early
successional communities is probably smaller
than in primary forest communities as early suc-
cessional species of herbivorous insects tend
to have wider geographic distribution than spe-
cies from primary forests (Spitzer et al. 1993,
Ghazoul 2002). The globally increasing extent
of early successional, disturbed and agricultural
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ecosystems coupled with human-mediated long
range dispersal of species lead to global homog-
enisation of biota, manifested by decreasing beta
diversity (Lovei 1997).

Concluding remarks

The rather unsatisfactory state of the art in beta
diversity studies of insects, particularly when
contrasted with the study of alpha and gamma
diversities is demonstrated by the lack of even
basic generalisations on beta diversity patterns.
It is the result of limited empirical data as
broad patterns of insect distribution are difficult
to infer in taxonomically understudied insect
groups. Many large-scale studies of insect com-
munities, particularly, but not exclusively those
from the tropics, result in collections of species
that cannot be fully identified. These unnamed
species are difficult if not impossible to refer-
ence geographically. The integration of local
studies into regional databases is thus slow (Hol-
loway & Barlow 1983, Janzen 1992, Kitching
1993). The combination of classical taxonomy
based on morphology with DNA sequences that
assist species-level identifications could help to
alleviate this taxonomic impediment (Hebert et
al. 2003). Further, on-line databases of specimen
data from ecological studies (e.g. Janzen & Hall-
wachs 2004) and museum collections (Graham
et al. 2004) can facilitate the integration of insect
distribution data on regional scales. Progress in
this area is important for conservation biology in
helping to identify biodiversity hotspots (Myers
et al. 2000) and to develop strategies for the opti-
mal selection of protected areas (Howard et al.
1998) based on beta diversity patterns.

Acknowledgements

Scott Miller, Yves Basset, Jan Leps, Daniel Janzen, Thomas
Crist and John Stireman shared ideas on beta diversity
and commented on the manuscript. Funding from the U.S.
National Science Foundation (DEB-02-11591), Czech Acad-
emy of Sciences (A6007106, Z5007907), Czech Ministry of
Education (ME646), Czech Grant Agency (206/04/0725),
Darwin Initiative for the Survival of Species (162/10/030),
and National Geographic Society (7649-04) contributed to
this research.

References

Adler, P. B. & Lauenroth, W. K. 2003: The power of time:
spatiotemporal scaling of species diversity. — Ecology
Letters 6: 749-756.

Allison, A., Samuelson, G. A. & Miller, S. E. 1993: Patterns
of beetle species diversity in New Guinea rain forest
as revealed by canopy fogging: preliminary findings.
— Selbyana 14: 16-20.

Andrew, N. R. & Hughes, L. 2004: Species diversity and
structure of phytophagous beetle assemblages along a
latitudinal gradient: predicting the potential impacts of
climate change. — Ecological Entomology 29: 527-542.

Arita, H. T. & Rodriguez, P. 2002: Geographic range, turno-
ver rate and the scaling of species diversity. — Ecogra-
phy 25: 541-550.

Asher, J., Warren, M., Fox, R., Harding, P., Jeffcoate, G. &
Jeffcoate, S. 2001: The millennium atlas of butterflies
in Britain and Ireland. — Oxford University Press,
Oxford.

Barthlott, W., Lauer, W. & Placke, A. 1996: Global distribu-
tion of species diversity in vascular plants: towards a
world map of phytodiversity. — Erdkunde 50: 317-327.

Bartlett, R., Pickering, J., Gauld, I. & Windsor, D. 1999: Esti-
mating global biodiversity: tropical beetles and wasps
send different signals. — Ecological Entomology 24:
118-121.

Basset, Y. 1996: Local communities of arboreal herbivores
in Papua New Guinea: predictors of insect variables.
— Ecology 77: 1909-1916.

Basset, Y. 1997: Species-abundance and body size relation-
ships in insect herbivores associated with Papua New
Guinea forest trees, with particular reference to insect
host-specificity. — In: Stork, N. E., Adis, J. & Didham,
R. K. (eds.), Canopy arthropods: 237-264. Chapman &
Hall, London.

Basset, Y. 2001: Invertebrates in the canopy of tropical rain
forests: how much do we really know? — Plant Ecology
153: 87-107.

Basset, Y. & Novotny, V. 1999: Species richness of insect
herbivores on Ficus in Papua New Guinea. — Biological
Journal of the Linnean Society 67: 477-499.

Basset, Y., Novotny, V., Miller, S. E. & Kitching, R. (eds.)
2003: Arthropods of tropical forests: Spatio-temporal
dynamics and resource use in the canopy. — Cambridge
University Press, Cambridge.

Basset, Y., Samuelson, G. A., Allison, A. & Miller, S. E.
1996: How many species of host-specific insects feed on
a species of tropical tree? — Biological Journal of the
Linnean Society 59: 201-216.

Bell, G. 2001: Neutral macroecology. — Science 293: 241—
2418.

Benes, J., Konvicka, M., Dvorak, J., Fric, Z., Havelda, Z.,
Pavlicko, A., Vrabec, V. & Weidenhoffer, Z. (eds.) 2002:
Butterflies of Czech Republic: distribution and conser-
vation, vols. 1 & 2. — SOM, Prague.

Borcard, D., Legendre, P., Avois-Jacquet, C. & Tuomisto, H.
2004: Dissecting the spatial structure of ecological data
at multiple scales. — Ecology 85: 1826—1832.



ANN.ZOOL.FENNICI Vol.42 -

From communities to continents: beta diversity of herbivorous insects 471

Brindle, M. & Brandl, R. 2001: Species richness of insects
and mites on trees: expanding Southwood. — Journal of
Animal Ecology 70: 491-504.

Brehm, G. & Fiedler, K. 2004: Ordinating tropical moth
ensembles from an elevational gradient: a comparison
of common methods. — Journal of Tropical Ecology
20: 165-172.

Brehm, G., Homeier, J. & Fiedler, K. 2003: Beta diversity
of geometrid moths (Lepidoptera: Geometridae) in an
Andean montane rainforest. — Diversity and Distribu-
tions 9: 351-366.

Brewer, A. M. & Gaston, K. J. 2002: The geographical range
structure of the holly leaf-miner. I. Population density.
— Journal of Animal Ecology 71: 99-111.

Brewer, A. M. & Gaston, K. J. 2003: The geographical range
structure of the holly leaf-miner. II. Demographic rates.
— Journal of Animal Ecology 72: 82-93.

Brown, V. K. 1982: Size and shape as ecological discrimi-
nants in successional communities of Heteroptera. —
Biological Journal of the Linnean Society 18: 279-290.

Brown, V. K. 1985: Insect herbivores and plant succession.
— Oikos 44: 17-22.

Brown, V. K. & Hyman, P. S. 1986: Successional communi-
ties of plants and phytophagous Coleoptera. — Journal
of Ecology 74: 963-975.

Brown, V. K. & Southwood, T. R. E. 1983: Trophic diversity in
the breadth and generation times of exopterygote insects
in a secondary succession. — Oecologia 56: 220-225.

Chao, A., Chazdon, R. L., Colwell, R. K. & Shen, T. J. 2005:
A new statistical approach for assessing similarity of
species composition with incidence and abundance data.
— Ecology Letters 8: 148—-159.

Claridge, M. F. & Wilson, M. R. 1981: Species richness of
mesophyll-feeding leathoppers and leafminers of trees in
Britain. — Acta Entomologica Fennica 38: 19-20.

Colwell, R. K. & Coddington, J. A. 1994: Estimating terres-
trial biodiversity through extrapolation. — Philosophi-
cal Transactions of the Royal Society London B 345:
101-118.

Compton, S. G. & Hawkins, B. A. 1992: Determinants of
species richness in southern African fig wasp assem-
blages. — Oecologia 91: 68-74.

Compton, S. G., Thornton, I. W. B., New, T. R. & Underhill,
L. 1988: The colonization of the Krakatau Islands by fig
wasps and other chalcids (Hymeoptera, Chalcidoidea).
— Philosophical Transactions of the Royal Society
London B 322: 459-470.

Condit, R., Pitman, N., Leigh, E. G. Jr., Chave, J., Terborgh,
J., Foster, R. B., Nunez, P. V., Aguillar, S., Valencia, R.,
Villa, G., Muller-Landau, H. C., Losos, E. & Hubbell,
S. P. 2002: Beta-diversity in tropical forest trees. — Sci-
ence 295: 666—669.

Davis, A. L. V., Scholtz, C. H. & Chown, S. L. 1999: Species
turnover, community boundaries and biogeographical
composition of dung beetle assemblages across an altitu-
dinal gradient in South Africa. — Journal of Biogeogra-
phy 26: 1039-1055.

Dawah, H. A., Hawkins, B. A. & Claridge, M. F. 1995: Struc-
ture of the parasitoid communities of grass-feeding chal-
cid wasps. — Journal of Animal Ecology 64: 708-720.

de Boer, A. J. 1995: Islands and cicadas adrift in the West-
Pacific. Biogeographic patterns related to plate tectonics.
— Tijdschrift voor Entomologie 138: 169-241.

de Vries, H. H. 1994: Size of habitat and presence of ground
beetle species. — In: Desender, K., Dufrane, M., Loreau,
M., Luff, M. L. & Maelfait, J.-P. (eds.), Carabid beetles:
Ecology and evolution: 253-259. Kluwer, Dordrecht.

de Vries, P. J, Murray, D. & Lande, R. 1997: Species diversity
in vertical, horizontal, and temporal dimensions of a fruit-
feeding butterfly community in an Ecuadorian rainforest.
— Biological Journal of the Linnean Society 62: 343-364.

Denno, R. F. 1977: Comparison of the assemblages of sap-
feeding insects (Homoptera-Hemiptera) inhabiting two
structurally different salt marsh grasses in the genus
Spartina. — Environmental Entomology 6: 359-372.

Denno, R. F., Lewis, D. & Gratton, C. 2005: Spatial varia-
tion in the relative strength of top-down and bottom-up
forces: causes and consequences for phytophagous insect
populations. — Ann. Zool. Fennici 42: 295-311.

Dixon, A. F. G., Kindlmann, P., Leps, J. & Holman, J. 1987:
Why there are so few species of aphids, especially in the
tropics. — The American Naturalist 129: 580-592.

Dlabola, J. & Taimr, L. 1965: Some results obtained with the
application of the tracer method in insect migration and
dispersion studies. — Acta Entomologica Bohemoslo-
vaca 62: 413-420.

Edwards, J. S. & Thornton, I. W. B. 2001: Colonization of
an island volcano, Long Island, Papua New Guinea, and
an emergent island, Motmot, in its caldera lake. VI. The
pioneer arthropod community of Motmot. — Journal of
Biogeography 28: 1379—1388.

Erwin, T. L. 1982: Tropical forests: their richness in Coleop-
tera and other arthropod species. — The Coleopterist’s
Bulletin 36: 74-75.

Erwin, T. L. 1983: Beetles and other insects of tropical forest
canopies at Manaus, Brazil, sampled by insecticidal fog-
ging. — In: Sutton, S. L., Whitmore, T. C. & Chadwick,
A. C. (eds.), Tropical rain forest: ecology and manage-
ment: 59-76. Blackwell, Oxford, U.K.

Erwin, T. L. 1991: How many species are there: revisited.
— Conservation Biology 5: 330-333.

Ewel, J. 1980: Tropical succession: manifold routes to matu-
rity. — Biotropica 12 (Suppl.): 2-7.

Fernandes, G. W. & Lara, A. C. F. 1993: Diversity of Indone-
sian gall-forming herbivores along altitudinal gradients.
— Biodiversity Letters 1: 186-192.

Foster, R. B. & Hubbell, S. P. 1990: The floristic composition
of the Barro Colorado Island forest. — In: Gentry, A. H.
(ed.), Four Neotropical forests: 85-98. Yale University
Press, New Haven.

Frenzel, M. & Brandl, R. 2001: Hosts as habitats: faunal
similarity of phytophagous insects between host plants.
— Ecological Entomology 26: 594-601.

Futuyma, D. J. & Gould, F. 1979: Associations of plants and
insects in a deciduous forest. — Ecological Monographs
49: 33-50.

Gaston, K. J. 1991: The magnitude of global insect species
richness. — Conservation Biology 5: 283-296.

Gaston, K. J. 1992: Regional numbers of insect and plant
species. — Functional Ecology 6: 243-247.



472

Novotny & Weiblen + ANN.ZOOL.FENNICI Vol.42

Gaston, K. J. & Blackburn, T. M. 2000: Pattern and process
in macroecology. — Blackwell Science, Oxford, U.K.

Gaston, K. J. & Gauld, I. D. 1993: How many species of
pimplines (Hymenoptera: Ichneumonidae) are there in
Costa Rica? — Journal of Tropical Ecology 9: 491-499.

Gaston, K. J., Gauld, I. D. & Hanson, P. 1996: The size and
composition of the hymenopteran fauna of Costa Rica.
— Journal of Biogeography 23: 105-113.

Gauld, I. D., Gaston, K. J. & Janzen, D. H. 1992: Plant alle-
lochemicals, tritrophic interactions and the anomalous
diversity of tropical parasitoids: the “nasty” host hypoth-
esis. — Oikos 65: 353-357.

Gentry, A. H. 1990: Four Neotropical rainforests. — Yale
University Press, New Haven.

Gering, J. C. & Crist, T. O. 2002: The alpha-beta-regional
relationship: providing new insights into local-regional
patterns of species richness and scale dependence of
diversity components. — Ecology Letters 5: 433-444.

Ghazoul, J. 2002: Impact of logging on the richness and
diversity of forest butterflies in a tropical dry forest in
Thailand. — Biodiversity and Conservation 11: 521—
541.

Givnish, T. J. 1999: On the causes of gradients in tropical
tree diversity. — Journal of Ecology 87: 193-210.

Graham, C. H., Ferrier, S., Huettman, F., Moritz, C. & Peter-
son, A. T. 2004: New developments in museum-based
informatics and applications in biodiversity analysis.
— Trends in Ecology and Evolution 19: 497-503.

Grassle, J. F. & Smith, W. 1976: A similarity measure sensi-
tive to the contribution of rare species and its use in
investigation of variation in marine benthic communi-
ties. — Oecologia 25: 13-22.

Gripenberg, S. & Roslin, T. 2005: Host plants as islands:
Resource quality and spatial setting as determinants of
insect distribution. — Ann. Zool. Fennici 42: 335-345.

Haeuser, C. L., Schulze, C. H. & Fiedler, K. 1997: The but-
terfly species (Insecta: Lepidoptera: Rhopalocera) of
Kinabalu Parks, Sabah. — The Raffles Bulletin of Zool-
0gy 45: 281-304.

Hanski, I. 1999: Metapopulation ecology. — Oxford Univer-
sity Press, Oxford, U.K.

Hanski, I. & Meyke, E. 2005: Large-scale dynamics of the
Glanville fritillary butterfly: landscape structure, popula-
tion processes, and weather. — Ann. Zool. Fennici 42:
379-395.

Hanski, I., Poyry, J., Pakkala, T. & Kuussaari, M. 1995: Mul-
tiple equilibria in metapopulation dynamics. — Nature
377: 618-621.

Harrison, S., Hastings, A. & Strong, D. R. 2005: Spatial and
temporal dynamics of insect outbreaks in a complex
multitrophic system: tussock moths, ghost moths, and
their natural enemies on bush lupines. — Ann. Zool.
Fennici 42: 409—419.

Harrison, S., Ross, S. J. & Lawton, J. H. 1992: Beta diversity
on geographic gradients in Britain. — Journal of Animal
Ecology 61: 151-158.

Hebert, P. D. N. 1980: Moth communities in montane Papua
New Guinea. — Journal of Animal Ecology 49: 593-602.

Hebert, P. D. N., Ratsingham, S. & Dewaard, J. R. 2003:
Barcoding animal life: cytochrome ¢ oxidase subunit 1

divergences among closely related species. — Proceed-
ings of the Royal Society of London B 270 (Suppl.):
S96-S99.

Hendrix, S. D., Brown, V. K. & Dingle, H. 1988: Arthropod
guild structure during early old field succession in a new
and old world site. — Journal of Animal Ecology 57:
1053-1065.

Hodkinson, I. D. & Hodkinson, E. 1993: Pondering the
imponderable: a probability-based approach to estimat-
ing insect diversity from repeat faunal samples. — Eco-
logical Entomology 18: 91-92.

Holloway, J. D. 1986: Origins of Lepidopteran faunas in high
mountains of the Indo-Australian tropics. — In: Vuil-
leumier, F. & Monasterio, M. (eds.), High altitude tropi-
cal biogeography: 533-556. Oxford University Press,
New York.

Holloway, J. D. 1987: Macrolepidoptera diversity in the
Indo-Australian tropics: geographic, biotopic and taxo-
nomic variations. — Biological Journal of the Linnean
Society 30: 325-341.

Holloway, J. & Barlow, H. 1983: The role of taxonomy, ref-
erence works and insect collections in tropical ecology.
— Antenna 7: 50-53.

Howard, P. C., Viskanic, P., Davenport, T. R. B., Kigenyi, F.
W., Baltzer, M., Dickinson, C. J., Lwanga, J. S., Mat-
thews, R. A. & Balmford, A. 1998: Complementarity
and the use of indicator groups for reserve selection in
Uganda. — Nature 394: 472-474.

Hubbell, S. P. 2001: The unified neutral theory of biodiversity
and biogeography. — Princeton University Press, Prin-
ceton, New Jersey.

Janzen, D. H. 1967: Why migration passes are higher in the
tropics. — American Naturalist 101: 233-249.

Janzen, D. H. 1988: Ecological characterization of a Costa
Rican dry forest caterpillar fauna. — Biotropica 20:
120-135.

Janzen, D. H. 1992: A south-north perspective on science
in the management, use, and economic development
of biodiversity. — In: Sandlund, O. T., Hindar, K. &
Brown, A. H. D. (eds.), Conservation of biodiversity for
sustainable development: 27-52. Scandinavian Univer-
sity Press, Oslo.

Janzen, D. H. & Hallwachs, W. 2004: Caterpillar rearing
voucher databases for the Area de Conservacion in
northwestern Costa Rica. — Available on the web at
http://janzen.sas.upenn.edu/caterpillars/database.lasso.

Kelly, C. K. & Southwood, T. R. E. 1999: Species richness
and resource availability: A phylogenetic analysis on
insects associated with trees. — PNAS 96: 8013-8016.

Kitching, R. L. 1993: Biodiversity and taxonomy: impedi-
ment or opportunity? — In: Moritz, C. & Kikkawa, J.
(eds.), Conservation biology in Australia and Oceania:
253-268. Surrey Beatty & Sons, Chipping Norton, U.K.

Kochummen, K. M., LaFrankie, J. V. Jr. & Manokaran, N.
1992: Diversity of trees and shrubs in Malaya at regional
and local level. — Malayan Nature Journal 45: 545-54.

Koleff, P. & Gaston, K. J. 2002: The relationships between
local and regional species richness and spatial turnover.
— Global Ecology and Biogeography 11: 363-375.

Koleff, P., Gaston, K. J. & Lennon, J. J. 2003a: Measuring



ANN.ZOOL.FENNICI Vol.42 -

From communities to continents: beta diversity of herbivorous insects 473

beta diversity for presence—absence data. — Journal of
Animal Ecology 72: 367-382.

Koleff, P., Lennon, J. J. & Gaston, K. J. 2003b: Are there lati-
tudinal gradients in species turnover? — Global Ecology
and Biogeography 12: 483-498.

Kremen, C. 1994: Biological inventory using target taxa: A
case study of the butterflies of Madagascar. — Ecologi-
cal Applications 4: 407-422.

Lawton, J. H., Lewinsohn, T. M. & Compton, S. G. 1993:
Patterns of diversity for insect herbivores on bracken.
— In: Ricklefs, R. E. & Schluter, D. (eds.), Species
diversity in ecological communities. Historical and geo-
graphical perspectives: 178—184. University of Chicago
Press, Chicago.

Lees, D. C., Kremen, C. & Andriamampianina, L. 1999: A
null model for species richness gradients: bounded range
overlap of butterflies and other rainforest endemics in
Madagascar. — Biological Journal of the Linnean Soci-
ety 67: 529-584.

Leps, J. & Smilauer, P. 2003: Multivariate analysis of eco-
logical data using CANOCO. — Cambridge University
Press, Cambridge.

Leps, J., Novotny, V. & Basset, Y. 2001: Habitat and suc-
cessional status of plants in relation to the communities
of their leaf-chewing herbivores in Papua New Guinea.
— Journal of Ecology 89: 186—199.

Lewinsohn, T. M. 1991: Insects in flower heads of Asteraceae
in southeast Brazil: a case study on tropical species rich-
ness. — In: Price, P. W., Lewinsohn, T. M., Fernandes,
G. W. & Benson, W. W. (eds.), Plant—-animal interac-
tions: Evolutionary ecology in tropical and temperate
regions: 209-225. Wiley, New York.

Lill, J. T., Marquis, R. J. & Ricklefs, R. E. 2002: Host plants
influence parasitism of forest caterpillars. — Nature 417:
170-173.

Longino, J. T., Coddington, J. & Colwell, R. K. 2002: The
ant fauna of a tropical rain forest: Estimating species
richness three different ways. — Ecology 83: 689-702.

Loreau, M. 2000: Are communities saturated? On the rela-
tionship between alpha, beta and gamma diversity. —
Ecology Letters 3: 73-76.

Lovei, G. L. 1997: Global change through invasion. —
Nature 388: 627-628.

MacArthur, R. H. 1969: Patterns of communities in the
tropics. — Biological Journal of the Linnean Society 1:
19-30.

MacGarvin, M., Lawton, J. H. & Heads, P. A. 1986: The
herbivorous insect communities of open and woodland
bracken — observations, experiment and habitat manip-
ulations. — Oikos 47: 135-148.

Mac Nally, R., Fleishman, E., Bulluck, L. P. & Betrus, C.
J. 2004: Comparative influence of spatial scale on beta
diversity within regional assemblages of birds and but-
terflies. — Journal of Biogeography 31: 917-929.

Marttila, O., Saarinen, K. & Lahti, T. 2001: The National
Butterfly Recording Scheme in Finland — results of the
first ten years. — Baptria 26: 29-65.

McCoy, E. D. 1990: The distribution of insects along eleva-
tional gradients. — Oikos 58: 313-322.

Miller, S. E. 1997: Biogeography of Pacific insects and other

terrestrial invertebrates: A status report. — In: Keast, A.
& Miller, S. E. (eds.), The origin and evolution of Pacific
island biotas, New Guinea to Eastern Polynesia: pat-
terns and processes: 463—475. SPB Academic Publish-
ing, Amsterdam.

Miller, S. E., Novotny, V. & Basset, Y. 2002: Case studies
of arthropod diversity and distribution. — In: Chazdon,
R. L. & Whitmore, T. C. (eds.), Foundations of tropical
forest biology: key papers and commentaries: 407—413.
University of Chicago Press, Chicago.

Morris, R. J., Lewis, O. T. & Godfray, H. C. J. 2005: Apparent
competition and insect community structure: towards a
spatial perspective. — Ann. Zool. Fennici 42: 449-462.

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fon-
seca, G. A. B. & Kent, J. 2000: Biodiversity hotspots for
conservation priorities. — Nature 403: 853-858.

New, T. R., Bush, M. B., Thornton, I. W. B. & Sudarman,
H. K. 1988: The butterfly fauna of the Krakatau Islands
after a century of colonization. — Philosophical Trans-
actions of the Royal Society London B 322: 445-457.

Novotny, V. 1994: Association of polyphagy in leafthoppers
(Auchenorrhyncha, Hemiptera) with unpredictable envi-
ronments. — Oikos 70: 223-231.

Novotny, V. 1995: Relationships between life histories of
leathoppers (Auchenorrhyncha-Hemiptera) and their
host plants (Juncaceae, Cyperacaee, Poaceae). — Oikos
73:33-42.

Novotny, V. & Basset, Y. 2000: Rare species in communities
of tropical insect herbivores: pondering the mystery of
singletons. — Oikos 89: 564-72.

Novotny, V. & Missa, O. 2000: Local and regional species
richness in the tropics: sap-sucking insects (Auchenor-
rhyncha, Hemiptera) from a lowland rain forest site and
the island of New Guinea. — Ecological Entomology
25: 445-451.

Novotny, V., Basset, Y., Miller, S. E., Drozd, P. & Cizek, L.
2002a: Host specialisation of leaf chewing insects in a
New Guinea rainforest. — Journal of Animal Ecology
71: 400-412.

Novotny, V., Clarke, A. R., Drew, R. A. 1., Balagawi, S. &
Clifford, B. 2005a: Host specialization and species rich-
ness of fruit flies (Diptera: Tephritidae) in a New Guinea
rain forest. — Journal of Tropical Ecology 21: 67-717.

Novotny, V., Basset, Y., Miller, S. E., Weiblen, G. D., Bremer,
B., Cizek, L. & Drozd, P. 2002b: Low host specificity of
herbivorous insects in a tropical forest. — Nature 416:
841-844.

Novotny, V., Miller, S. E., Basset, Y., Cizek, L., Darrow, K.,
Kaupa, B., Kua, J. & Weiblen, G. D. 2005b: An altitudi-
nal comparison of caterpillar (Lepidoptera) assemblages
on Ficus trees in Papua New Guinea. — Journal of Bio-
geography. [In press].

(degaard, F., Diserud, O. H., Engen, S. & Aagaard, K. 2000:
The magnitude of local host specificity for phytophagous
insects and its implications for estimates of global spe-
cies richness. — Conservation Biology 14: 1182—1186.

Olmstead, K. L. & Wood, T. K. 1990: Altitudinal patterns in
species richness of neotropical treehoppers (Homoptera:
Membracidae): the role of ants. — Proceeding of the
Entomological Society Washington 92: 552-560.



474

Novotny & Weiblen + ANN.ZOOL.FENNICI Vol.42

Olson, D. M. 1994: The distribution of leaf litter inverte-
brates along a Neotropical altitudinal gradient. — Jour-
nal of Tropical Ecology 10: 129-150.

Orr, A. G. & Haeuser, C. L. 1996: Temporal and spatial
patterns of butterfly diversity in a lowland tropical
rainforest. — In: Edwards, D. S., Booth, W. E. & Choy,
S. (eds.), Tropical rainforest research — current issues:
125-138. Kluwer, Dordrecht.

Owen, D. F. & Owen, J. 1974: Species diversity in temperate
and tropical Ichneumonidae. — Nature 249: 583-584.

Pitman, N. C. A., Terborgh, J. W., Silman, M. R. & Nunez, P.
V. 1999: Tree species distributions in an upper Amazo-
nian forest. — Ecology 80: 2651-2661.

Pitman, N. C. A., Terborgh, J. W., Silman, M. R., Nunez, P.
V., Neill, D. A., Ceron, C. A., Palacios, W. A. & Aulestia,
M. 2001: Dominance and distribution of tree species in
upper Amazonian Terra Firme forests. — Ecology 82:
2101-2117.

Polhemus, D. A. & Polhemus, J. T. 1998: Assembling New
Guinea: 40 million years of island arc accretion as
indicated by the distributions of aquatic Heteroptera
(Insecta). — In: Hall, R. & Holloway, J. D. (eds.),
Biogeography and geological evolution of SE Asia:
327-340. Backhuys Publishers, Leiden.

Quinn, R. M., Gaston, K. J. & Roy, D. B. 1997: Coincidence
between consumer and host occurrence: macrolepidop-
tera in Britain. — Ecological Entomology 22: 197-208.

Richards, P. W. 1996: The tropical rain forest, 2nd ed.
— Cambridge University Press, Cambridge.

Ricklefs, R. 1987: Community diversity: Relative roles of
local and regional processes. — Science 235: 167-171.

Ricklefs, R. E. 2004: A comprehensive framework for global
patterns in biodiversity. — Ecology Letters 7: 1-15.

Riley, J. R., Cheng, X.-N., Zhang, X.-X., Reynolds, D. R.,
Xu, G.-M., Smith, A. D., Cheng, J.-Y., Bao, A.-D. &
Zhai, B.-P. 1997: The long-distance migration of Nila-
parvata lugens (Stal) (Delphacidae) in China: radar
observations of mass return flight in the autumn. — Eco-
logical Entomology 16: 471-489.

Robbins, R. K. & Opler, P. A. 1997: Butterfly diversity and a
preliminary comparison with bird and mammal diversity.
— In: Reaka-Kudla, M. L., Wilson, D. E. & Wilson, E.
O. (eds.), Biodiversity II, understanding and protecting
our biological resources: 68-82. Joseph Henry Press,
Washington.

Robinson, G. S. & Tuck, K. R. 1993: Diversity and faunistics
of small moths (Microlepidoptera) in Bornean rainforest.
— Ecological Entomology 18: 385-393.

Rodriguez, P. & Arita, H. T. 2004: Beta diversity and latitude
in North American mammals: testing the hypothesis of
covariation. — Ecography 27: 547-556.

Rosenzweig, M. L. 1995: Species diversity in space and time.
— Cambridge University Press, Cambridge.

Samson, D. A. 1997: Ant diversity and abundance along
elevation gradient in the Philippines. — Biotropica 29:
349-363.

Sanders, N. J. 2002: Elevational gradients in ant species rich-
ness: area, geometry, and Rapoport’s rule. — Ecography
25:25-32.

Scriber, J. M. 1988: Tale of the tiger: Beringial biogeography,

binomial classification, and breakfast choices in the
Papilio glaucus complex of butterflies. — In: Spencer,
K. C. (ed.), Chemical mediation of coevolution: 241—
301. Academic Press, New York.

Sepkoski, J. J. Jr. 1988: Alpha, beta, or gamma: where does
all the diversity go? — Paleobiology 14: 221-234.

Shanahan, M., Harrison, R. D., Yamuna, R., Bowen, W.,
& Thornton, I. W. B. 2001: Colonization of an island
volcano, Long Island, Papua New Guinea, and an emer-
gent island, Motmot, in its caldera lake. V. Colonization
by figs (Ficus spp.), their dispersers and pollinators.
— Journal of Biogeography 28: 1365-1377.

Singer, M. C. & Wee, B. 2005: Spatial pattern in checkerspot
butterfly—host plant association at local, metapopulation
and regional scales. — Ann. Zool. Fennici 42: 347-361.

Soares, S. M., Schoereder, J. H. & DeSouza, O. G. 2001:
Processes involved in species saturation of ground-
dwelling ant communities (Hymenoptera, Formicidae).
— Austral Ecology 26: 187-192.

Southwood, T. R. E. 1960: The abundance of the Hawaiian
trees and the number of their associated insect species.
— Proceedings of the Hawaiian Entomological Society
17: 299-303.

Southwood, T. R. E. 1996: Natural communities: structure
and dynamics. — Philosophical Transactions of the
Royal Society London B 351: 1113-1129.

Spitzer, K., Novotny, V., Tonner, M. & Leps, J. 1993: Habitat
preferences, distribution and seasonality of the butterflies
(Lepidoptera, Papilionoidea) in a montane tropical rain
forest, Viethnam. — Journal of Biogeography 20: 109-121.

Stevens, G. C. 1989: The latitudinal gradient in geographi-
cal range: How so many species coexist in the tropics.
— American Naturalist 133: 24-256.

Storch, D., Konvicka, M., Benes, J., Martinkova, J. &
Gaston, K. J. 2003: Distribution patterns in butterflies
and birds of the Czech Republic: separating effects of
habitat and geographical position. — Journal of Bioge-
ography 30: 1195-1205.

Stork, N. E., Adis, J. & Didham, R. K. (eds.) 1997: Canopy
arthropods. — Chapman & Hall, London.

Summerville, K. S., Crist, T. O., Kahn, J. K. & Gering, J.
C. 2003: Community structure of arboreal caterpillars
within and among four tree species of the eastern decid-
uous forest. —Ecological Entomology 28: 747-757.

Thomas, C. D. 1990: Fewer species. — Nature 347: 237.

Thornton, I. W. B., Compton, S. G. & Wilson, C. N. 1996:
The role of animals in the colonization of the Krakatau
Islands by fig trees (Ficus species). — Journal of Bioge-
ography 23: 577-592.

Tscharntke, T., Rand, T. A. & Bianchi, F. J. J. A. 2005: The
landscape context of trophic interactions: insect spillover
across the crop—noncrop interface. — Ann. Zool. Fennici
42:421-432.

Tuomisto, H., Ruokolainen, K., Aguilar, M. & Sarmiento,
A. 2003: Floristic patterns along a 43-km long transect
in an Amazonian rain forest. — Journal of Ecology 91:
743-756.

van Nouhuys, S. 2005: Effects of habitat fragmentation at
different trophic levels in insect communities. — Ann.
Zool. Fennici 42: 433-447.



ANN.ZOOL.FENNICI Vol.42 -

From communities to continents: beta diversity of herbivorous insects 475

Veech, J. A., Summerville, K. S., Crist, T. O. & Gering, J.
C. 2002: The additive partitioning of species diversity:
recent revival of an old idea. — Oikos 99: 3-9.

Vellend, M. 2001: Do commonly used indices of -diversity
measure species turnover? — Journal of Vegetation Sci-
ence 12: 545-552.

Wagner, T. 1999: Arboreal chrysomelid community structure
and faunal overlap between different types of forests
in Central Africa. — In: Cox, M. L. (ed.), Advances in
Chrysomelidae biology 1: 247-270. Backhuys Publ.,
Leiden.

Walla, T. R., Engen, S., De Vries, P. J. & Lande, R. 2004:
Modeling vertical beta diversity in tropical butterfly
communities. — Oikos 107: 610-618.

Warren, M. S., Hill, J. K., Thomas, J. A., Asher, J., Fox,
R., Huntley, B., Roy, D. B., Telfer, M. G., Jeffcoate,
S., Harding, P, Jeffcoate, G., Willis, S. G., Greatorex-

Davies, J. N., Moss, D. & Thomas, C. D. 2001: Rapid
responses of British butterflies to opposing forces of
climate and habitat change. — Nature 414: 65-69.

Weisser, W. W. & Hirri, S. A. 2005: Colonisations and
extinctions at multiple spatial scales: a case study in
monophagous herbivores. — Ann. Zool. Fennici 42:
363-377.

Whittaker, R. H. 1972: Evolution and measurement of spe-
cies diversity. — Taxon 21: 213-251.

Willig, M. R., Kaufman, D. M. & Stevens, R. D. 2003: Lati-
tudinal gradients of biodiversity: Pattern, process, scale,
and synthesis. — Annual Review of Ecology, Evolution
and Systematics 34: 272-309.

Wolda, H. 1983: Spatial and temporal variation in abundance
in tropical animals. — In: Sutton, S. L., Whitmore, T. C.
& Chadwick, A. C. (eds.), Tropical rain forest: ecology
and management: 93—105. Blackwell, Oxford.

This article is also available in pdf format at http://www.sekj.org/AnnZool.html



