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The taxonomic challenge posed by cryptic species (two
or more distinct species classified as a single species)
has been recognized for nearly 300 years, but the advent
of relatively inexpensive and rapid DNA sequencing has
given biologists a new tool for detecting and differen-
tiating morphologically similar species. Here, we synthe-
size the literature on cryptic and sibling species and
discuss trends in their discovery. However, a lack of
systematic studies leaves many questions open, such
as whether cryptic species are more common in parti-
cular habitats, latitudes or taxonomic groups. The dis-
covery of cryptic species is likely to be non-random with
regard to taxon and biome and, hence, could have pro-
found implications for evolutionary theory, biogeogra-
phy and conservation planning.

Cryptic species: the biodiversity wildcard

Increasing worldwide destruction and disturbance of nat-
ural ecosystems are precipitating catastrophic extinctions of
species [1]. Given that most species remain undescribed,
efforts to catalogue and explain biodiversity need to be
prioritized. Research on cryptic species has increased expo-
nentially over the past two decades (Figure 1), fuelled in
large part by the increasing availability of DNA sequences.
Identifying cryptic species (Box 1; see Glossary) challenged
biologists and naturalists even before the Linnaean classi-
fication system was adopted [2]. Most species descriptions
conform with what can be regarded as the morphological or
typological species concept (Box 1) [3], because they predate
Mayr’s classic Animal Species and Evolution [4], which
articulated the first incarnation of his ‘biological species
concept’ now adopted by many biologists. Because specia-
tion is not always accompanied by morphological change,
the true number of biological species is likely to be greater
than the current tally of nominal species, most of which are
delineated on purely morphological grounds.

Unexpected genetic diversity within species throughout
the tree of life prompts several questions about possible
regional and taxonomic biases in our estimates of diversity.
For example, are tropical biomes home to more cryptic
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species than are temperate biomes? Do large, varied
groups such insects and fungi hide unknown numbers of
new species? Genetic diversity within a ‘species’ also impli-
cates underappreciated mechanisms of morphologically
static cladogenesis (i.e. diversification of new species with-
out morphological change). Moreover, misidentification of
medically and economically important species in cryptic
complexes [5-11] can have serious negative consequences
(e.g. in fisheries management and pest control), and impli-
cations of cryptic species complexes for conservation
[12,13] are sobering.

Here, we summarize the burgeoning literature on cryp-
tic and sibling species (Figure 1) and describes its salient
trends. Our emphasis on metazoan animals reflects the
intended focus of this review and the existing bias in the
literature, although we suspect that our conclusions apply
more broadly across the tree of life.

Glossary

Allopatric: populations or species with geographically separated ranges.
Alpha taxonomy: the description and naming of organisms.

Clade: a monophyletic group of organisms.

Cladogenesis: the evolutionary splitting of groups of organisms or, literally, the
generation of a clade.

Cryptic species: two or more distinct species that are erroneously classified
(and hidden) under one species name.

Karst: irregular (often limestone) formations often including structures such as
caves, sink holes, underground water ways and abrupt outcroppings.
Koinobiont: parasitoids that allow their hosts to develop normally, often not
killing the host for a relatively long time period, and therefore coexisting with
the host.

Monophyly: the grouping together of an organism and all of its descendants in
a clade.

Morphological stasis: lack of change in characteristics of gross external
anatomy

Parapatric: populations or species with contiguous, nonoverlapping geogra-
phical ranges.

Sister taxa or species: two taxa that are derived from the same immediate
common ancestor and are therefore.

Sibling species: a cryptic sister species; two species that are the closest relative
of each other and have not been distinguished from one another taxonomi-
cally.

Species flock: a monophyletic group of closely related species all living in the
same ecosystem; sometimes called a ‘species swarm’.

Sympatric: populations or species with the same or overlapping geographical
ranges.

www.sciencedirect.com 0169-5347/$ — see front matter © 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.tree.2006.11.004


mailto:dbsns@nus.edu.sg
http://dx.doi.org/10.1016/j.tree.2006.11.004

Introduction of PCR

0.251

0.204

0.15+

Percent

0.107

0.05+

®
0004Eee ® o ‘

T T T T T T
1975 1980 1985 1990 1995 2000 2005
Publication year

Figure 1. Increased recognition of cryptic species. Although the concept of ‘cryptic’
species has existed for hundreds of years, their study has increased exponentially
over the past two decades. The percent of peer-reviewed publications in Zoological
Record Plus (CSA) that mention ‘cryptic species’ (circles) or ‘sibling species’
(triangles) in the title, abstract, or keywords has increased dramatically since the
advent of PCR. Similar positive trends are observed in absolute number of
publications per year, and in publications cited in other searchable databases of
biological literature, including Science Citation Index (ISl) and Biosis Previews
(Biological Abstracts) (OVID).

What are cryptic species?

The literature is brimming with definitions of cryptic or
hidden species. Most authors regard cryptic species to be
synonymous with ‘sibling species’ [16], whereas others
specify that ‘sibling’ connotes more recent common ances-
try than does ‘cryptic’, implying a sister-species relation-
ship [17]. Although not yet universally adopted, we feel
that differentiating the term ‘sibling species’ in this way
gives the phrase enhanced utility. Some advocate that
sibling species graduate to the category of pseudo-sibling
species once diagnosable characters are found [16,18].
Adding confusion, some authors refer to camouflaged or
secretive species as being ‘cryptic species’ [19].

We consider two or more species to be ‘cryptic’ if they
are, or have been, classified as a single nominal species
because they are at least superficially morphologically
indistinguishable. Some authors further stipulate that
species designated as ‘cryptic’ should be recently diverged,
separable only with molecular data, occur in sympatry, or
be reproductively isolated [14]; however, we do not regard
these as essential features of cryptic species. We acknowl-
edge that there is no single best species concept (Box 1) [15]
and therefore exclude the latter qualification of reproduc-
tive isolation to disentangle definition of cryptic species
from the quagmire surrounding species concepts.

The frequency with which cryptic species are uncovered
with DNA sequence data (and often subsequently con-
firmed with morphological and/or ecological data) suggests
that molecular data should be incorporated in the research
of alpha taxonomists (i.e. biologists that discover, describe,
and name new species) as a matter of routine and/or that
genetic material should be preserved so that subsequent
molecular analysis is possible.
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Box 1. DNA, species concepts and cryptic species

The prevalence of cryptic species impairs biodiversity estimation,
but the magnitude of our ignorance depends, at least in part, on
how species are defined. The biological species concept (BSC) is
perhaps the most popular species concept and stipulates that
species are actually or potentially interbreeding populations iso-
lated from other such groups. Under the BSC, new species are
formed when they are reproductively isolated. Because mechanisms
of reproductive isolation differ among taxa, the BSC offers no
universal yardstick to delimit species. Detailed, taxon-specific
methods and knowledge are therefore needed to discriminate
species.

Although copious DNA sequence data have encouraged a new era
in species discovery, DNA has not emerged as a panacea for species
description or delimitation. Generating and analysing molecular
data requires no specialized knowledge of the anatomy, ecology,
behaviour or biogeography of the taxa involved. When genetic
distances among individuals or populations appear to be great
(some authors advocate a threshold percentage [67]), some authors
would call the genetic entities putative species [68]. However, the
notion that anyone with a thermal cycler and DNA sequencer can act
as a taxonomist for any group of organisms, however appealing the
notion might be, is overly optimistic and biologically specious
[69,70].

The presumed neutrality of some molecular markers, in conjunc-
tion with phylogenetic methods, offer at least two new classes of
information that provide a new perspective on the species problem:
hierarchical relatedness and relative rates of evolution (i.e. mole-
cular clocks) [71]. In the interest of creating a species concept that
can be applied unambiguously to molecular investigations of
species limits, several authors have coined phylogenetic or
genealogical species concepts that define species in terms of
monophyly without explicit regard to reproductive barriers, thus
side-stepping the difficulties associated with diagnosing reproduc-
tively isolated species [72,73].

In practice, it is often difficult to determine whether populations
that that have not exchanged genes in the recent past actually
cannot exchange genes. Whereas DNA data can reveal population
structure and a lack of interbreeding between two groups, the
analysis of neutral genetic markers says little about whether these
taxa could exchange genes if given the chance. Many reported
cryptic species complexes are sympatric, providing strong indirect
evidence that these distinctly derived entities do not and cannot
exchange genetic material [22,46,74,75]. Genetic differentiation of
allopatric populations, however, might be ascribable to local
adaptation or genetic drift.

Description and discovery of undetected diversity
Large genetic distances within traditionally recognized
species, often in combination with morphological,
geographical and other subtle differences, have revealed
cryptic species in most types of organism and habitat, from
deep-sea clams [20] to freshwater fish [21], and from
tropical butterflies [22] to arctic plants [23]. We surveyed
literature referenced in ISI Web of Science (http:/scienti-
fic.thomson. com/products/wos/) and Zoological Record Plus
(http://www.csa.com/factsheets/zooclust-set-c.php) contain-
ing the phrases ‘cryptic species’ or ‘sibling species’ in the
title, abstract or keywords, and found >3500 references from
the past 50 years (Figure 1). The most striking bias in these
data is the preponderance of studies on animals. Even in
light of inherent discrimination of our data sources and
current numbers of described species in different taxonomic
groups, we found surprisingly few papers reporting cryptic
species in higher plants or microbes.

The need for fresh material for molecular studies has
motivated the collection of new specimens of many species,
and the discovery of cryptic species is often a byproduct of
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Box 2. Key targets for cryptic species investigations
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Although many small clades of organisms (<100 species) have been
thought to harbour cryptic species complexes, there are few larger
groups that have received thorough taxonomic treatment from
investigators attempting to uncover cryptic diversity. Here, we detail
four research areas awaiting study.

Tropical rainforests and marine habitats

Tropical rainforest (Figure la)” and marine (Figure Ib) habitats
might be breeding grounds of cryptic speciation because they are
the most species-rich habitats on Earth [27] and because many of
those organisms are involved in specialized interspecific interac-
tions. Most publications on cryptic and sibling species concern
organisms from temperate regions, and many workers in the tropics
feel that tropical ecosystems have many undescribed cryptic species
[22,76].

Fungi

Fungi (Figure Ic) are among some of the least well-studied organisms.
Their importance for ecosystem functioning and nutrient cycling is
instrumental, yet we know little about their species recognition and
mating systems, making them another group that is most likely to
harbour cryptic species. Commercially important as pests, fermen-
ters, decomposers and pathogens, we might also be missing out on
many ‘valuable’ aspects of their biodiversity.

Frogs

Frogs and many other organisms have species recognition and mate
choice systems that rely on non-morphological characteristics (e.g.
advertisement calls, cuticular hydrocarbons and other pheromones)
and might be storehouses of tremendous cryptic diversity [46]. In
addition, species that have not attracted attention because of their
small size, inaccessible habitats, or have been ignored because they
have no commercial value (e.g. Figure Id, Litoria iris from Papua New
Guinea) are even less likely to be studied and, hence, hiding cryptic
species diversity.

Arthropods

Arthropods are another group expected to contain many new cryptic
species and are well represented in the cryptic species literature. The
recognition and description of cryptic species and speciation in this
group has serious implications for human health (e.g. Anopheles
malaria-transmitting mosquitoes; Figure le), pest management (dif-
ferent species have variable pesticide resistance), and studies of
coevolution and species interactions.

" Figure | images copyright David Bickford (a,c,d); (b) from http://www.photos.
com; (e) from CDC (http://phil.cdc.gov).

Figure .

research on other biological problems associated with
study organisms. Thus, taxonomic favouritism in the
literature does not necessarily reflect a real bias in affinity
for certain taxa to conceal cryptic species in nature. In
addition, the history of taxonomic activity in particular
groups appears to influence the rate at which cryptic
species are found [24]. Taxonomists of moss, for example,
have tended to be ‘lumpers’, with most nominal moss
species being distributed across more than one continent
[25]. By contrast, shells of marine molluscs, which are
easily collected and manifest a high degree of phenotypic
plasticity, have long attracted the taxonomic attention
of amateur and professional ‘splitters’ alike. Molecular
investigations of molluscan species limits have tended to
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invalidate species that were described without any
unambiguous differentiating characters [26].

Although two-thirds of all described species reside in the
tropics [27], roughly half of the cryptic and sibling species
studies that we found focus on temperate organisms. This
discrepancy appears to reflect the preponderance of biol-
ogists located in temperate climates rather than biological
reality. Whether the tropics harbour more cryptic species
than do temperate environments is a question that awaits
systematic study (Box 2).

Why are cryptic species cryptic?
Most sensory information processed by the human brain is
visual, perhaps explaining why morphological characters
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feature more prominently than chemical and auditory
characters in our classification of the natural world. Inte-
grative taxonomists look for concordant changes in more
than one characteristic of an organism, and corroboration
from independent data (e.g. molecules, morphology or
mating signals) is frequently deemed to be good evidence
for separating species [4] (Box 1). However, there are
several reasons why morphological change might not be
correlated with species boundaries or might not be useful
in discriminating species, and there appear to be two
general and recurrent themes: cryptic species are either
differentiated by nonvisual mating signals and/or appear
to be under selection that promotes morphological stasis.

Nonvisual mating signals

Cryptic species can often be discriminated by differences in
mating pheromones or mating calls, but the morphological
machinery needed to produce different acoustic or olfactory
signals need not differ appreciably. Taxa that differ in
these ways are thus likely to escape the notice of visually
oriented taxonomists.

Acoustic mating signals have been used to discriminate
closely related cryptic species in a variety of insects [28],
and vertebrates, including frogs [29], bats [30] and birds
[31]. Pheromones of sibling species are often distinct,
although many differ in subtle ways, such as in the chir-
ality of compounds [32] or differences in ratios of com-
pounds in a pheromone blend [33]. In the words of Mayr [4]
’Sibling species are apparently particularly common in
those kinds of species in which chemical senses (olfactory
and so on) are more highly developed than the sense of
vision. Although indistinguishable to the eye of man, these
sibling species are evidently dissimilar to each other. Sib-
ling species are apparently rarest in organisms such as
birds that are most dependent on vision in the role of
epigamic characters.’

Given that nonvisual communication might be a key to
discovering cryptic species, particular focus on environ-
ments that hamper transmission of visual signals could be
fruitful (Box 2). For example, Knowlton [26] has argued
that cryptic species might be more common in marine taxa
because marine animal taxonomists rarely have the
chance to see live organisms (and therefore lack knowledge
of behavior that students of terrestrial organisms take for
granted), and because marine organisms often rely on
chemical signals for gamete recognition [34] and mate
choice [35]. Unlike signals of most visually oriented ter-
restrial organisms, interspecific differences in these fea-
tures rarely leave a morphological imprint.

Morphological stasis

Extreme environmental conditions might impose stabi-
lizing selection on morphology, reducing or eliminating
morphological change that can accompany speciation.
Schrongge and colleagues [36] have argued that species
experiencing strong selection on behavioral or physiolo-
gical characters for adaptation to a specific host might
not be expected to show morphological changes among
species. These include myrmecophiles inhabiting ant
nests, endoparasites and koinobiont parasites, which
have prolonged relationships with their hosts. Evolving
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under severe environmental extremes can also limit
changes in morphology. For example, because there
are a limited number of ways in which an organism
can adapt to harsh conditions [37], extremophiles are
expected to converge in physical characteristics and
speciate via habitat fragmentation and subsequent drift
[38] or through other mechanisms that are more asso-
ciated with cryptic speciation, such as pheromonal or
behavioral differentiation. Large numbers of cryptic spe-
cies found in Arctic tundra [23], underwater karst [39]
and deep-sea environments [20] are consistent with this
hypothesis.

Correcting cryptic assumptions

Several common but perhaps incorrect assumptions about
cryptic species pervade the literature (Figure 1). One of the
most common assumptions is that most cryptic species
result from speciation that is so recent that morphological
traits or other diagnosable features have not yet evolved.
Although undoubtedly true for some taxa such as cocco-
lithophores (see Ref [16]), the view that cryptic species are
recent is challenged by studies of bonefish [40], amphipods
[39] and copepods [41], which show apparently ancient
divergences among cryptic species.

Another common misunderstanding in the discussion
of cryptic species stems from presumed mechanisms of
speciation. Can diversification of cryptic species, some-
times termed ‘cryptic speciation’, be attributed to a
particular evolutionary mechanism? This seems unli-
kely, owing simply to the complexity and diversity of
speciation mechanisms, but perhaps new mechanisms
can be identified or the range of possibilities narrowed.
Strong divergent natural or sexual selection are thought
to be primary drivers behind rapid morphological diver-
gence with little accompanying genetic differentiation
(the equivalent of anti-cryptic speciation). This phenom-
enon is well documented in species flocks of African
cichlid fish and several other groups, including droso-
philid flies [42]. Is it possible that directional selection
could be ruled out as a significant force in the evolution
of cryptic species? Not necessarily. Directional selection
on ecological, behavioral, or reproductive traits that have
no observed morphological correlates might foster cryptic
speciation and be a mechanism that drives cryptic diver-
sification [43,44]. Whereas morphological stasis through
cladogenesis might be expected under several models of
speciation, certain organismal features have been pos-
ited to predispose particular groups towards cryptic
speciation (Box 2). Among the simplest explanations is
that many cryptic species are morphologically austere
(e.g. sponges and nematodes), lacking features that can
be used to distinguish species effectively [24,45]. Organ-
isms that communicate reproductive signals via nonvi-
sual means (e.g. sound, vibration, pheromones or
electrical signals) are perhaps most likely to harbour
cryptic species because changes in signals conveyed in
these modalities need not involve morphological change.
Well-studied examples include insects [28] frogs [44,46]
and fish [21]. Although we have not yet explicitly iden-
tified new mechanisms that are responsible for cryptic
speciation, analysis of evolutionary trends in the
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evolution of cryptic species is a field that is ripe for study
and could reveal previously underappreciated characters
that are frequently involved in cryptic species formation.

Paradigm shifts in ecology

Newly discovered cryptic species complexes have
overturned traditional notions about ecological specializa-
tion in interspecific interactions. Investigations of many
antagonistic interactions have found that some exploita-
tive species tend to have more specialized diets than was
previously thought. Studies of herbivorous beetles [47],
Lepidoptera [22] and whole guilds of other herbivorous
insects [48] have shown that presumed dietary generalists
are complexes of dietary specialists. Similarly, dipteran
[49] and hymenopteran [50] parasites of Lepidoptera are
more specialized because so-called ‘generalist’ species are
in fact cryptic complexes of specialists. Conversely, inves-
tigations of mutualistic interactions tend to find less eco-
logical specialization than was previously thought. Molbo
et al.’s conservative estimate that 50% of figs are pollinated
by more than one fig wasp species contradicts accepted
dogma that each fig is pollinated by a single fig wasp
species [51]. Similarly, obligate ant mutualists of the Aus-
tralian lycaenid butterfly Jalmenus evagoras were through
to comprise primarily two Iridomyrmex ant species [52].
However, a recent molecular investigation has revealed at
least seven co-distributed cryptic species [53].

What we don’t know might hurt us

Several lines of evidence underscore the importance of
recognizing cryptic species. Conservation planning, bio-
prospecting, biological control and the treatment of dis-
eases and snakebites all hinge on the identification of
species in cryptic complexes. An inability to identify bio-
logically important species therefore hampers our efforts to
conserve, study, contain or utilize them.

Cryptic species recognition

Accurate species identifications are often crucial for the
implementation of biological control, diagnosis and pre-
vention of disease and the identification of invasive and
pest species. Recent molecular investigations have uncov-
ered species complexes in human [7,9] and crop plant
[10,54] pathogens. Failure to recognize cryptic species of
pathogens might complicate efforts toward eradication,
given that separate species might respond to control mea-
sures differently.

Cryptic species complexes have been uncovered in ento-
mopathic fungi [5] and parasitic wasps [55] that are used
for biological control. Scientists developing biological con-
trol measures for crop pests and invasive species exploit
generally species-specific interactions between parasites
or pathogens and their hosts. Failing to recognize cryptic
species limits the effectiveness of these programs and could
cause rejection of potentially valuable species as control
agents because host breadth was misinterpreted. Pest
‘species’ themselves could also be species complexes, whose
members differ in their resistance to insecticide [8].

Research on malaria has benefited from the study of
mosquito vector taxonomy. Investigation of the Anopheles
gambiae species complex, the primary malarial vector in
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Africa, has uncovered seven cryptic species that vary in
their habitat and host preferences. More importantly,
some of these newly recognized species attack only nonhu-
man animals, posing no threat to human health [56]. If
efforts are focused on human-specific malarial vectors,
resources could be spent more economically, without unne-
cessarily detrimental effects on nontarget species.

Searches for new pharmaceuticals can also benefit from
the intensified study of species limits in medicinally valu-
able organisms. Natural products derived from plants,
sponges and other organisms are a natural library of novel
chemicals with potential medicinally valuable properties,
such as antibiotic or antiviral activity. Because these
compounds vary among species [57], the existence of unde-
tected cryptic species complexes can mask potentially
valuable sources of medicinal substances [58].

The importance of recognizing cryptic venomous snake
species is obvious in both initial snakebite treatment and
the production of antivenin serum. Yet, even within groups
that cause significant human fatalities, such as vipers
(Viperidae) and Asian cobras Naja spp., taxonomically
undescribed cryptic species complexes exist [59,60]. Venom
composition can vary greatly among congeners [6], and
systematic recognition of all taxa within each group is
essential for successful snakebite treatment [11].

Conservation, management and cryptic diversity

How accurate are estimates of diversity? What environ-
ments or life histories might promote cryptic diversity?
Through systematic studies that try to estimate cryptic
species in particular taxa and environments, it might be
possible to determine the extent of our ignorance. The
identification and description of cryptic species have
important implications for conservation and natural
resource protection and management. For example, the
common blue mussel Mytilus edulis is a commercially
valuable and biologically important indicator species that
is currently used to monitor pollution. This ‘species’ com-
prises three different cryptic species with different char-
acteristic growth rates [61]. Because this cryptic species
complex has been used to monitor pollution, the inaccuracy
of results from monitoring could compromise human safety
from consumption of heavy metals and/or other pollutants.
Species differ in their responses to the environment, and
utilizing a single species as a bioindicator of pollution,
heavy metal contamination or environmental degradation
will be a more accurate metric than relying on a suite of
species in a cryptic complex.

The importance of identifying cryptic species complexes
for conservation should also not be underestimated. Intro-
duced invasive species are one of the primary causes of
population declines among native species in wild habitats,
implicated as the most common cause of bird and other
vertebrate extinctions [62], and invasions by previously
allopatric cryptic species, such as the common blue mussel
discussed earlier, can cause a native species to decline
before invasion is detected [61].

Molecular work has revealed at least 14 frog species
within two nominal species [46], a revelation that could
have ramifications for amphibian conservation. Whereas
the cryptic frog species complexes had broad geographical



ranges, actual biological species in those complexes have
more limited distributions, making each more prone to
extinction. Preventing habitat loss is perhaps the greatest
challenge for the conservation of global biodiversity, and
prioritizing habitats for conservation often relies on esti-
mation of species richness and endemism. The discovery of
geographical and habitat-related patterns in distribution
of cryptic species could therefore uncover as-yet-unknown
pockets of endemism and diversity that might warrant
reconsideration for particular habitats or sites for conser-
vation. The explosive radiation of rhacophorine frogs in Sri
Lanka provides an excellent example. An integrative taxo-
nomic study using morphological, ecological, bioacoustical,
and genetic data increased the number of species from 18
to over 100 [63].

Cryptic species require special consideration in conser-
vation planning because the prevalence of cryptic com-
plexes in already endangered nominal species presents a
dual problem: (i) species already considered endangered or
threatened might be composed of multiple species that are
even more rare than previously supposed; and (ii) the
different species might require different conservation stra-
tegies [36]. Molecular evidence has revealed that several
already endangered species are cryptic species complexes,
making them a collection of even more critically endan-
gered species with fewer numbers and smaller distribu-
tions. For example, the distinctiveness of critically
endangered Kemp’s ridley Lepidochelys kempii and olive
ridley Lepidochelys olivacea sea turtles was supported on
the basis of genetic evidence [12]. Similarly, mitochondrial
DNA and karyotypic evidence indicates that one of the four
described subspecies of endangered northern sportive
lemur Lepilemur septentrionalis is a distinct species with
a restricted range, ~150 individuals, and no legal protec-
tion status [13].

Prevalence of cryptic species might even call into ques-
tion estimates of the number of species on Earth. Early
extrapolations of global diversity relied heavily upon esti-
mating dietary specialization of the most diverse guild on
Earth, tropical phytophagous insects [64]. Subsequent
empirical work suggested that host plant specificity is
not as narrow as was previously assumed, and global
estimates of insect diversity were reduced accordingly
[65]. However, the prevalence of cryptic species complexes
in the tropics is an important unknown. Recent studies of
cryptic species in temperate zones indicate that so-called
‘generalist’ herbivores are complexes of host-specialists
[22,47,66]. The discovery of a similar trend in the tropics
could re-inflate estimates of tropical diversity and, thus,
reflect the true diversity of life on Earth. Understanding
and quantifying biological diversity is imperative if we
want to be able to explain and, ultimately, conserve it.

Summary

Molecular techniques (primarily DNA sequencing) have
transformed the ability of scientists to describe and define
biological diversity. Although they are not a panacea for
species delimitation, molecular data are important and
useful when combined with other types of data. Studies
using non-morphological characters, such as chemical and
auditory signals, to discriminate otherwise indistinguish-
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able species are being published at an increasing rate.
These newly discovered cryptic species present opportu-
nities to study important mechanisms of speciation, mate
recognition and conservation management. High priorities
for future research include discovering characters that
natural selection acts upon and studying non-morphologi-
cal characters that can be used to differentiate species.
Similarly, investigating novel mechanisms of speciation,
conservation planning with new data on cryptic species,
and projecting taxonomic, regional and global diversity
indices are worthwhile avenues for future research.

Many unresolved questions still remain, including:
what evolutionary and ecological processes lead to genetic
divergence and reproductive isolation in the absence of
morphological differentiation? Do some taxonomic groups
have a greater propensity for cryptic speciation? Is cryptic
speciation more common in allopatry, parapatry, or sym-
patry? Are cryptic species more common in the tropics, if
so, why? How do different species concepts influence the
assessment of cryptic speciation? What kinds of genetic
evidence are necessary for demonstrating and formally
describing cryptic species? Clearly, more research on cryp-
tic species is urgently needed.

Acknowledgements

We thank Glenn Adelson, Allen Herre, Dan Janzen and members of the
Conservation Ecology Laboratory at the National University of Singapore
for discussion and comments on earlier versions of this review, and the
Singapore Ministry of Education for funding to pursue the study of cryptic
species (R-154-000-270-112).

References
1 Brook, B.W. et al. (2006) Momentum drives the crash: mass extinction
in the tropics. Biotropica 38, 302-305
2 Winker, K. (2005) Sibling species were first recognized by William
Derham (1718). Auk 122, 706-707
3 Mayden, R.L. (1997) A hierarchy of species concepts: the denouement in
the saga of the species problem. In Species: The Units of Biodiversity
(Claridge, MLF. et al., eds), pp. 381-424, Springer
4 Mayr, E. (1963) Animal Species and Evolution, Harvard University
Press
5 Bidochka, M.J. et al. (2001) Habitat association in two genetic groups of
the insect-pathogenic fungus Metarhizium anisopliae: uncovering
cryptic species? Appl. Environ. Microbiol. 67, 1335-1342
6 Fry, B.G. et al. (2003) Effectiveness of snake antivenom: species and
regional venom variation and its clinical impact. JJ. Toxicol. 22, 23—24
7 Koufopanou, V. et al. (2001) Gene genealogies, cryptic species, and
molecular evolution in the human pathogen Coccidioides immitis and
relatives (Ascomycota, Onygenales). Mol. Biol. Evol. 18, 1246-1258
8 Paterson, H.E.H. (1991) The recognition of cryptic species among
economically important insects. In Heliothis: Research Methods and
Prospects (Zalucki, M.P., ed.), pp. 1-10, Springer-Verlag
9 Pringle, A. et al. (2005) Cryptic speciation in the cosmopolitan and
clonal human pathogenic fungus Aspergillus fumigatus. Evolution 59,
1886-1899
10 Wang, J. et al. (1998) Sibling species of Cercospora associated with gray
leaf spot of maize. Phytopathology 88, 1269-1275
11 Wiister, W. and McCarthy, C.M. (1996) Venomous snake systematics:
implications for snakebite treatment and toxinology. In Envenomings
and their Treatments (Bon, C. and Goyffon, M., eds), pp. 13-23,
Fondation Mérieux
12 Bowen, B. et al. (1993) A molecular phylogeny for marine turtles: trait
mapping, rate assessment, and conservation relevance. Proc. Natl.
Acad. Sci. U. S. A. 90, 5574-5577
13 Ravaoarimanana, I.B. et al. (2004) Molecular and cytogenetic evidence
for cryptic speciation within a rare endemic Malagasy lemur, the
Northern Sportive Lemur (Lepilemur septentrionalis). Mol.
Phylogenet. Evol. 31, 440-448



154

14

15

16
17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Stebbins, G.L. (1950) Variation and Evolution in Plants, Columbia
University Press

Mishler, B.D. and Donoghue, M.J. (1982) Species concepts: a case for
pluralism. Syst. Zool. 31, 491-503

Saez, A.G. and Lozano, E. (2005) Body doubles. Nature 433, 111
Knowlton, N. (1986) Cryptic and sibling species among the decapod
Crustacea. J. Crustac. Biol. 6, 356-363

Knowlton, N. (1993) Sibling species in the sea. Annu. Rev. Ecol. Syst.
24, 189-216

Claridge, A\W. et al. (2004) Use of infrared digital cameras to
investigate the behaviour of cryptic species. Wildl. Res. 31, 645-650
Vrijenhoek, R.C. et al. (1994) Cryptic species of deep sea clams
(Mollusca, Bivalvia, Vesicomyidae) from hydrothermal vent and cold
water seep environments. Deep-Sea Res. Part I 41, 1171-1189
Feulner, P.G.D. et al. (2006) Electrophysiological and molecular genetic
evidence for sympatrically occuring cryptic species in African weakly
electric fishes (Teleostei: Mormyridae: Campylomormyrus). Mol.
Phylogenet. Evol. 39, 198-208

Hebert, P.D.N. et al. (2004) Ten species in one: DNA barcoding reveals
cryptic species in the neotropical skipper butterfly Astraptes fulgerator.
Proc. Natl. Acad. Sci. U. S. A. 101, 14812-14817

Grundt, H.H. et al. (2006) High biological species diversity in the arctic
flora. Proc. Natl. Acad. Sci. U. S. A. 103, 972-975

Klautau, M. et al. (1999) Does cosmopolitanism result from
overconservative systematics? A case study using the marine sponge
Chondrilla nucula. Evolution 53, 1414-1422

Shofield, W.B. and Crum, H.A. (1972) Disjunctions in bryophytes. Ann.
Mo. Bot. Gard. 59, 174-202

Knowlton, N. (2000) Molecular genetic analyses of species boundaries
in the sea. Hydrobiologia 420, 73-90

Willig, M.R. et al. (2003) Latitudinal gradients of biodiversity:
pattern process, scale, and synthesis. Annu. Rev. Ecol. Evol. Syst.
34, 273-309

Henry, C.S. (1994) Singing and cryptic speciation in insects. Trends
Ecol. Evol. 9, 388-392

Narins, P.M. (1983) Divergence of acoustic communication systems of
two sibling species of eleutherodactylid frogs. Copeia 4, 1089-1090
Jones, G. and Barlow, K.E. (2003) Cryptic species of echolocating bats.
In Echolocation in Bats and Dolphins (Thomas, J.A. et al., eds), pp.
345-349, University Of Chicago Press

Cicero, C. (1996) Sibling species of titmice in the Parus inornatus
complex (Aves: Paridae). Uni. Calif. Pub. Zool. 1-217

Kozlov, M.V. et al. (1996) Pheromone specificity in Eriocrania
semipurpurella (Stephens) and E. sangii (Wood) (Lepidoptera:
Eriocraniidae) based on chirality of semiochemicals. J. Chem. Ecol.
22, 431-454

Byers, J.R. and Struble, D.L. (1990) Identification of sex pheromones of
two sibling species in dingy cutworm complex Feltia jaculifera
(Lepidoptera: Noctuidae). J. Chem. Ecol. 16, 2981-2992

Palumbi, S.R. (1994) Genetic divergence, reproductive isolation, and
marine speciation. Annu. Rev. Ecol. Syst. 25, 547-572

Stanhope, M.J. et al. (1992) Evolution of a crustacean chemical
communication channel: behavioral and ecological genetic evidence
for a habitat-modified, race-specific pheromone. J. Chem. Ecol. 18,
1871-1887

Schonrogge, K. et al. (2002) When rare species become endangered:
cryptic speciation in myrmecophilous hoverflies. Biol. ¢J. Linn. Soc. 75,
291-300

Nevo, E. (2001) Evolution of genome—phenome diversity under
environmental stress. Proc. Natl. Acad. Sci. U. S. A. 98, 6233-6240
Rothschild, L.J. and Mancinelli, R.L. (2001) Life in extreme
environments. Nature 409, 1092-1101

Lefébure, T. et al. (2006) Phylogeography of a subterranean amphipod
reveals cryptic diversity and dynamic evolution in extreme
environments. Mol. Ecol. 15, 1797-1806

Colborn, J. et al. (2001) The evolutionary enigma of bonefishes (Albula
spp.): cryptic species and ancient separations in a globally distributed
shorefish. Evolution 55, 807-820

Rocha-Olivares, A. et al. (2001) Decoupling of molecular and
morphological evolution in deep lineages of a meiobenthic
harpacticoid copepod. Mol. Biol. Evol. 18, 1088-1102

Michalak, P. et al. (2001) Genetic evidence for adaptation-driven
incipient speciation of Drosophila melanogaster along a

www.sciencedirect.com

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

TRENDS in Ecology and Evolution Vol.22 No.3

microclimatic contrast in “Evolution Canyon” Israel. Proc. Natl.
Acad. Sci. U. S. A. 98, 13195-13200

Pifeiro, R. et al. (1993) Bidirectional selection for female receptivity in
Drosophila melanogaster. Behav. Genet. 23, 77-83

Gerhardt, H.C. (2005) Acoustic spectral preferences in two cryptic
species of grey treefrogs: implications for mate choice and sensory
mechanisms. Anim. Behav. 70, 39-48

Blouin, M.S. (2002) Molecular prospecting for cryptic species of
nematodes: mitochondrial DNA versus internal transcribed spacer.
Int. J. Parasitol. 32, 527-531

Stuart, B.L. et al. (2006) High level of cryptic species diversity revealed
by sympatric lineages of Southeast Asian forest frogs. Biol. Lett. 2,470~
474

Blair, C.P. et al. (2005) Cryptic speciation and host-race formation in
a purportedly generalist tumbling flower beetle. Evolution 59, 304—
316

Stireman, J.0. et al. (2005) Host-associated genetic differentiation in
phytophagous insects: general phenomenon or isolated exceptions?
Evidence from a goldenrod-insect community. Evolution 59, 2573—
2587

Smith, M.A. et al. (2006) DNA barcodes reveal cryptic host-specificity
within the presumed polyphagous members of a genus of parasitoid
flies (Diptera: Tachinidae). Proc. Natl. Acad. Sci. U. S. A. 103, 3657—
3662

Kankare, M. et al. (2005) Genetic divergence among host-specific
cryptic species in Cotesia melitaearum aggregate (Hymenoptera:
Braconidae), parasitoids of checkerspot butterflies. Ann. Entomol.
Soc. Am. 98, 382-394

Molbo, D. et al. (2003) Cryptic species of fig-pollinating wasps:
implications for the evolution of the fig-wasp mutualism, sex
allocation, and precision of adaptation. Proc. Natl. Acad. Sci. U. S.
A. 100, 5867-5872

Braby, M.F. (2000) Butterflies of Australia: Their Identification, Biology
and Distribution, CSIRO Publishing

Eastwood, R. et al. (2006) Do ants enhance diversification in lycaenid
butterflies? Phylogeographic evidence from a model myrmecophile,
Jalmenus evagoras. Evolution 60, 315-327

Skovgaard, K. et al. (2002) Population structure and pathogenicity of
members of the Fusarium oxysporum complex isolated from soil and
root necrosis of pea (Pisum sativum L). FEMS Microbiol. Ecol. 42, 367—
374

Hafez, M. and Doutt, R.L. (1954) Biological evidence of sibling species
in Aphytis maculicornis (Masi) (Hymeoptera Anephilinidae). Can.
Entomol. 86, 90-96

Besansky, N.J. (1999) Complexities in the analysis of cryptic taxa
within the genus Anopheles. Parassitologia 41, 97-100

Rhoades, D.F. (1979) Evolution of plant chemical defense against
herbivores. In Herbivores: Their Interactions with Plant Secondary
Metabolites (Rosenthal, G.A. and Janzen, D.H., eds), pp. 3-54,
Academic Press

Davidson, S.K. and Haygood, M.G. (1999) Identification of sibling
species of the bryozoan Bugula neritina that produce different
anticancer bryostatins and harbor distinct strains of the bacterial
symbiont ‘Candidatus endobugula sertula’. Biol. Bull. 196, 273—
280

Wiister, W. et al. (1997) Systematics of the Bothrops atrox species
complex: insights from multivariate analysis and mitochondrial DNA
sequence information. In Venomous Snakes: Ecology, Evolution and
Snakebite, Symposia of the Zoological Society of London, No. 70
(Thorpe, R.S. et al., eds), pp. 99-113, Clarendon Press

Sanders, K.L. et al. (2006) Combining molecular, morphological and
ecological data to infer species boundaries in a cryptic tropical pitviper.
Biol. J. Linn. Soc. 87, 343-364

Geller, J.B. (1999) Decline of a native mussel masked by sibling species
invasion. Conserv. Biol. 13, 661-664

Clavero, M. and Garcia-Berthou, E. (2005) Invasive species are a
leading cause of animal extinctions. Trends Ecol. Evol. 20, 110
Meegaskumbura, M. et al. (2002) Sri Lanka: an amphibian hot spot.
Science 298, 379

Erwin, T.L. (1982) Tropical forests: their richness in Coleoptera and
other arthropod species. Coleopt. Bull. 36, 74-75

Novotny, V. et al. (2002) Low host specificity of herbivorous insects in a
tropical forest. Nature 416, 841-844



66

67

68

69

70

71

Berkov, A. (2002) The impact of redefined species limits in Palame
(Coleoptera: Cerambycidae: Lamiinae: Acanthocinini) on assessments
of host, seasonal, and stratum specificity. Biol. JJ. Linn. Soc. 76, 195-209
Hebert, P.D.N. et al. (2003) Biological identifications through DNA
barcodes. Proc. R. Soc. B 270, 313-321

Smith, M.A. et al. (2005) DNA barcoding for effective biodiversity
assessment of a hyperdiverse arthropod group: the ants of
Madagascar. Philos. Trans. R. Soc. B 360, 1825-1834

DeSalle, R. et al. (2005) The unholy trinity: taxonomy, species
delimitation and DNA barcoding. Philos. Trans. R. Soc. B 360,
1905-1916

Will, K.W. and Rubinoff, D. (2004) Myth of the molecule: DNA barcodes
for species cannot replace morphology for identification and
classification. Cladistics 20, 47-55

Avise, J.C. (2004) Molecular Markers, Natural History and Evolution,
(2nd edn), Sinauer Associates

TRENDS in Ecology and Evolution

72

73

74

75

76

Vol.22 No.3 155

Baum, D.A. and Donoghue, M.F. (1995) Choosing among alternative
‘phylogenetic’ species concepts. Syst. Bot. 20, 560-573

Baum, D.A. and Shaw, K.L. (1995) Geneological perspectives on the
species problem. In Experimental and Molecular Approaches to Plant
Biosystematics (Hoch, C. and Stephenson, A.G., eds), pp. 289-303,
Missouri Botanical Garden

Mendelson, T.C. and Shaw, K.L. (2002) Genetic and behavioral
components of the cryptic species boundary between Laupala
cerasina and L. kohalensis (Orthoptera: Gryllidae). Genetica 116,
301-310

Yoder, A.D. et al. (2002) Molecular evidence of reproductive isolation in
sympatric sibling species of mouse lemurs. Int. J. Primatol. 23, 1335—
1343

Janzen, D.H. et al. (2005) Wedding biodiversity inventory of a large and
complex Lepidoptera fauna with DNA barcoding. Philos. Trans. R. Soc.
B 360, 1835-1845

Forthcoming Conferences

Are you organizing a conference, workshop or meeting that would be of interest to TREE readers? If so, please e-mail
the details to us at TREE @elsevier.com and we will feature it in our Forthcoming Conference filler.

31 March—4 April 2007

Society for Experimental Biology Annual Meeting.
Glasgow, UK
http://www.sebiology.org.uk/AboutSEB/
pageview.asp?S=1&mid=&id=559

15-20 April 2007

The 3rd Global Botanic Gardens Congress, Wuhan,
PR China

http://www.3gbgc.com

17-19 April 2007

BES/BGS/BSAS: High Value Grassland, University of
Keele, UK
http://www.britishgrassland.com/bgs/about/event_
detail.asp?id = 4008631&groupid = 4004721

13-19 May 2007

VIlith Neotropical Ornithological Congress, Estado
Monagas, Venezuela
(http://www.esa.org/federation/meetings/
FirstCallContributions_VIIINOC.pdf)

22-27 May 2007

EcoSummit 2007: Ecological Complexity and
Sustainability: Challenges and Opportunities for
21st-Century’s Ecology, Beijing, PR China
http://www.ecosummit2007.elsevier.com

5-8 June 2007

ESEE 2007. Integrating Natural and Social Sciences for
Sustainability, Leipzig, Germany
http://www.esee2007.ufz.de

12-15 June 2007

5th Meeting of the Australasian Evolution Society,
The University of New South Wales, Sydney, Australia
http://www.evolutionau.org

16-21 June 2007

Evolution Annual Meeting, held jointly by the Society
for the Study of Evolution, the American Society of
Naturalists and the Society of Systematic Biologists,
Christchurch, New Zealand
http://www.evolutionsociety.org/meetings.htm

1-5 July 2007

Society for Conservation Biology Annual Meeting,
Port Elizabeth, South Africa
http://www.nmmu.ac.za/scb/

16-18 July 2007

ENTO '07: RES Annual National Meeting and

RES Symposium on Aquatic Insects, Edinburgh, UK
http://www.royensoc.co.uk/

29 July-2 August 2007

13th Symposium on Insect-Plant Relationships (SIP13),
Uppsala, Sweden

http:/www-conference.slu.se/sip13

5-10 August 2007

92nd ESA Annual Meeting, held jointly with SER,
San Jose, CA, USA
http://www.esa.org/meetings/FutureAnnualMeetings.
php

12-18 August 2007

30th Congress of the International Association of
Theoretical and Applied Limnology, Montréal, Canada
(http://www.sil2007.0rg)

20-25 August 2007

11th Congress of The European Society for
Evolutionary Biology, Uppsala, Sweden
(http://www.eseb.org/)

10-12 September 2007

British Ecology Society Annual Meeting, Glasgow, UK
http://www.britishecologicalsociety.org/articles/
meetings/current/

13-14 September 2007

Systems Biology and the Biology of Systems: how,
if at all are they related? Buxton, Derbyshire, UK
http://www.newphytologist.org/systems/default.htm

17-20 October 2007

67th Annual Meeting of the Society of Vertebrate
Paleontology, Austin, Texas USA
http://www.vertpaleo.org/future_meetings.htm

www.sciencedirect.com



	Cryptic species as a window on diversity and conservation
	Cryptic species: the biodiversity wildcard
	What are cryptic species?
	Description and discovery of undetected diversity
	Why are cryptic species cryptic?
	Nonvisual mating signals
	Morphological stasis

	Correcting cryptic assumptions
	Paradigm shifts in ecology
	What we don’t know might hurt us
	Cryptic species recognition
	Conservation, management and cryptic diversity

	Summary
	Acknowledgements
	References


