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Abstract

Dichotomous keys that follow a single pathway of character state
choices to an end point have been the primary tools for the identifi-
cation of unknown organisms for more than two centuries. However,
a revolution in computer diagnostics is now under way that may re-
sult in the replacement of traditional keys by matrix-based computer
interactive keys that have many paths to a correct identification and
make extensive use of hypertext to link to images, glossaries, and
other support material. Progress is also being made on replacing
keys entirely by optical matching of specimens to digital databases
and DN A sequences. These new tools may go some way toward alle-
viating the taxonomic impediment to biodiversity studies and other
ecological and evolutionary research, especially with better coordi-
nation between those who produce keys and those who use them and

by integrating interactive keys into larger biological Web sites.
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HTML: hypertext

markup language

L

INTRODUCTION

We need well-written taxonomic keys based on
morphological chavacters. ... (16)

Keys are compiled by those who do not need them
for those who cannot use them. (23)

In recent years, several editorials lament-
ing the decline in taxonomic expertise and its
impact on the rate of production ot species de-
scriptions and phylogenies have appeared in
prominent general scientific journals (6, 15,
47). Perhaps the least appreciated duty of tax-
onomists, however,is the construction oftools
that allow others to identity the members of a
flora or tauna. One reason this important ser-
vice may be underappreciated is summarized
in Lobanov’s (23) epigram above: A culture
gap often exists between the generator and the
end user of a key. Herein we review the his-
tory ot taxonomicidentification, point out ad-
vantages and disadvantages of both traditional
and more recent approaches to identifica-
tion, and otfer some hypotheses about future
needs and trends in the science of arthropod
identification.

Science and its funding bodies revere what
is new. In the case of systematics, a rough ap-
proximation of the current rank order of rev-
erence is new technologies, new phylogenies,
and new taxa. This hierarchy is clear from
the pages of major scientific journals: New
phylogenies highlighting technological inno-
vation are relatively common, but descrip-
tions of new taxa are rare (and almost invari-
ably fossils). For example, we have found only
four exceptions for newly described taxa of
insects (none for other living arthropods) in
the last 20 years of Science and Natare: an un-
usual physiology (22), a new and major pest
(demonstrated by a battery of new technolo-
gies) (37), a new order (21), and a correction
tor a nemen nudum in areport on asnail-eating
caterpillar (39). These exceptions prove the
rule: The nuts and bolts of taxonomy, i.e.,
the description of new species, placement in
a classification, and production of identifica-
tion tools (alpha-taxonomy) (28), is not the
purview ot journals with high Institute tor
Scientific Information impact factors. Thus,

Wialter » Winterton

those who devote themselves to basic taxo-
nomic work are unlikely to thrive in univer-
sities or other research institutions where the
worth of a publication is increasingly valued
by the impact factor of the journal in which it
is published. This is a major stumbling block
to relieving the taxonomic impediment (i.e.,
the worldwide shortage of taxonomists and
their declining rate of replacement) that in-
hibits biodiversity research (19).
Alpha-taxonomy may have been displaced
to the bottom of the systematic alphabet, but
the ability to identity species is a prerequisite
tor most biological sciences (16), is critical
in pest management and quarantine, and in
some cases 1s now required by legislation cov-
ering conservation surveys and international
transter ot specimens (25). A simple example
of the increasing interest in identification
tools can be tound by using the Internet
search engine (oogle (detault settings) on two

dates less than a year apart (15 March 2005
and 6 March 2006) and the exact phrases
“Identification key” (45,000 hits wversus
149,00 hits) and “insect key™ (1120 hits versus
20,100 hits). Increasingly, the World Wide
Web is awash with identification teools, often
traditional dichotomous keys with simple hy-
pertext markup language (H'TML) links, but
also with many examples of new computer-
based diagnostics that are revolutionizing
biological identification (see Table 1).
‘The Biological Survey of Canada fournal of
Arthropod Identification is a new Web-based
journal dedicated to the publication of
these keys (http://www.biology.ualberta.
ca/bsc/ejournal/ejournal.html) (27).

SOLVING THE MYSTERY: WHAT
IS THAT BUG?

For many taxonomic specialists, the identi-
fication of a specimen may require no more
than a briet check of critical characters. Such
seemingly quick and easy identifications are
what the end users of taxonomic identification
tools would like to acquire, but how can this
taxonomic knowledge best be sharedr



Table 1

Some matrix-based interactive keys available on the Internet (as of March 28, 2006)°

Interactive key URLP

31q http://ctap.inhs.uinc.edu/dmitriev/3i.asp

20 http:/fwww.discoverlife.org/

Lucid® http://www.lucidcentral.org/

INTkeyd http://delta-intkey.com/www/overview.htm
Navikey? http://www.navikey.net/

Pollyclaved http://prod.library.utoronto.ca:8090/polyclave/
XD http://www.ubio.org/services/key.html

XIDA http:/fwww.xidservices.com/

SLIKS http://fwww.stingersplace.com/SLIKS/

ACTkey http://www.efloras.org/index.aspx

Visual Key http://insects.ummz.lsa.umich.edu/beemites/vk_bees/vk_bees.htm
MEKA¢ http://ucjeps.berkelev.edu/meacham/meka/
PANKEY! http://www.exetersoftware.com/cat/pankey/pankey.html
Linnaeus 119 http:/fwww.eti.uva.nl/

PalmKey http:/fwww.phylodiversity.net/palmkey/
Webkey-X http://www.zin.ru/projects/WebKey-X/

Pickey http://www.zin.ru/projects/pickey/

Lysandra http://www.bonk.ru/lysandra/english/

PHPKey http://www.borealis.nu/exjobb/Index_en.html
Thxisd http://www.bio-tools.net/index.htm

Taxy" http://www.collectivesource.com/taxy/taxy.html
XPER/Xper? http://lis.snv.jussien.fr/apps/xper/

*Apologies for any URLs we have missed or that have been posted since we wrote this paper.

bAll URL:s are browser enabled unless otherwise indicated (e.g., Java, XML).

Stand alone or browser enabled in later versions.
1Stand alone; requires installation of software.

Identification by Matching: From
Type Specimen to Automated
Identification

Perhaps the least abstract approach to the
identification of a biological specimenis visual
comparison to an existing named specimen
or to a written description of a particular
taxon. This approach is the logical basis of
the type concept in taxonomy, i.c., that a
species name must be anchored to a desig-
nated specimen and differentiated trom other
species by diagnostic characters. In our ex-
perience, visual comparison to a reference
collection is often the first choice of a taxo-
nomic specialist faced with an unknown. The
matching or comparison approach is feasible
when identified specimens (e.g., museum col-

lections) and diagnoses are available and the

number of taxa is manageable, but quickly be-
comes intractable for any diverse taxonomic
group.

Matching can be enhanced by the use of
illustrations that highlight diagnostic charac-
ters. This approachis used in the popular field
guides to birds, other vertebrates, common
plants, and buttertlies. Similarly, relatively
comprehensive field guides to insects have
appeared that make extensive use of photo-
based identification (e.g., the 40004 color
photographs and 28 pictorial keys in Reter-
ence 26). Innovations in digital photography,
computer graphics, and electronic publish-
ing are leading to the increased use of
photographic images in systematic papers in
entomological journals as well. For example,
although the mean number of taxonomic

www.gnnualreviews.org + Keys and the Urisis m laxonownzy

b



Couplet: asetof
contrasting

characters (usually a

pair) used in a
pathway key

Igh

illustrations per page in the Systematics sec-
tion of the Annals of the Entomological Society of
America (molecular-only papers excluded) in
1995 and 2005 do not ditter (2.2 + 1.4 ver-
sus 2.4 + 1.4 SE), there are more than twice
as many photographic images in 2005 (1.0 +

0.2 per page) than in 1995 (0.4 4+ 0.2;t =
—2.195,dt = 43, P <« 0.034).

Another approach to matching involves
passing on the burden of comparison to a
computer. Early ettorts in the field measured
light reflected off wings in flight to esti-
mate wing-beat frequencies and identified tar-
geted mosquito species and distinguished be-
tween male and female with a high rate of
accuracy (84%) (32, 33). More recent ap-
proaches have used digital imaging to train
programs to discriminate among a variety
of insects, primarily based on wing charac-
teristics, especially Hymenoptera (1, 46, 51)
and Lepidoptera (45). One of these systems
(digital automated identification system, or
DAISY)has been trained and then field-tested
against 35 species of Macrolepidoptera out ot
a digital database for 237 locally light-trapped
species. Correct identification of species by
DAISY ranged from 35% to 100% (mean =
83%). Although lighting used during imag-
ing, loss of scales, and other damage could
account for many of the misidentifications,
other problems seemed inexplicable except
as inherent ditferences between human and
computer image recognition (45). Advancesin
optical imaging technology may one day make
identification keys obsolete. There are simi-
lar hopes for the use of DINA matching (see
Molecular Diagnostics, below). At the mo-
ment, however, most researchers challenged
with identitying a specimen mustuse a printed
taxonomic key—if one is available.

Dichotomous Keys: Origin and
Structure

‘The metaphorical use of the word “key™ in
English as a solution to something mysterious
is long-standing (8). Its special use to mean a
written method of identification dates from
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the mid-1800s, probably trom Gray (17) in
1848. However, the logical structure underly-
ing the difterentiation of organisms by the use
of contrasting statements is apparent in the
works of Aristotle (3) and in the bracketed di-
agrams summarizing classifications that were
published by naturalists in the 1600s (44). It
was Lamarck in 1778 who realized the power
ot sets of two contrasting statements about
characters for teaching plant identification
and who formalized the rules for construct-
ing dichotomous keys (44).

In the pure dichotomous (also dichotomic)
torm, two sets of contrasting characters called
leads (also legs or lugs) form each couplet;
the choice of one lead takes a user to an
end point (identification) or a pointer to the
next couplet. The most common style in the
North American entomological literature is
called parallel or bracketed because contrast-
ing leads are grouped together (Figure 1). A
parallel key is easily converted into a lowchart
key by the use of arrows to connect couplets.
Flowchart keys often incorporate illustrations
ot characters within the couplets, a technique
that makes a key easier to use and probably
more likely to result in a correct identifica-
tion. In the yoked style, common in the en-
tomological literature of Eastern Europe, the
contrasting leads are split so that subsequent
dependent leads follow one another in a (usu-
ally indented) series.

Another way to view dichotomous keys 1s
as pathways of character state choices (steps)
that lead to identifications. This logical struc-
ture is both the strongest pillar of traditional
keys and one ot their greatest Hlaws. A well-
constructed key limits the number of steps
to an identification. Because only one path
ot logical choices results in a correct identi-
fication, each attempt must begin at the same
point (i.e., the keys are monoentry) and follow
the correct pathway: Any deviation trom the
one true path results in a tailed identification
(dead end) or misidentification. Furthermore,
it a critical character is obscured or missing
at any step along this pathway, the choice re-
quired by the coupletis unanswerable (e.g., for



Match ID or

Couplet Character to photo next couplet
1 Antennae absent c, e 2
Antennae present arrow a, d 3

2 (1) Body distinctly segmented, 3 pairs of legs e Protura
Body not segmented, 4 pairs of legs C Acari

3 (1) Antennae with distal club a Coleoptera
Antennae without club d Collembola

the damaged beetle in Figure 1&, Couplet 3).
The more taxa in a key, the longer the av-
erage number of steps to an answer, and the
more likely the user of the key strays from the
path.

Pathway Keys: Problems and
Ameliorations

Unanswerable couplets, dead ends, and the
momentary distractions that can cause a user
to forget his or her position in akey are man-
ageable when using short keys (every couplet
can be tried), but students of entom ology are
often confronted by some truly intimidating

keys. For example, in An Inwroduction 1o the
Stady of Busecs (7) the key to the families of
beetles mans for 245 couplets. Although work-
ing with such keys undoubtedly builds charac-

ter, those approaching them outside of a struc-

tured leaming environment have good reason
to look for aleematives.

Pathway leys can be made more user-
friendly. For example, in Borror and De Longss
Ingroduction to the Study of Imsecs (43), the
beetle key has been reduced to 196 couplets
that are arrayed in altemating gray and white
bands that help a reader retain his or her place
in the key. Other ameliorations common in
many written keys include providing links to
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Figure 1

A dichotomous
pathway key in
parallel format o
four
microarthropods
from an Australian
rainforest. Each
leading number
defines a coupletof

two leads, and each
lead ends in
identificaton or a
number indicating
the next couplet to
try. T his simple but
powerful logical tool
allows rapid and
accurate
identification of four
(#, c—€) of the
microarthropods in
the fizure, but results
in an unanswerable
Couplet 3 for the
beetle in panel 2.

(#) Coleoptera intact,
(&) Coleoptera with
legs and antennae
broken, () Acari,

(@) Collembola, and
(e} Protura (all
images by D.E.
Walter).
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Fan-shaped (best)

Comb-shaped

Figure 2

3 1
.8 - 2
2 3

2 4
— 5
) S .
__d

Diagrammatic illuscradon of the number of steps (red numerals) required
to reach the end points (raxon identifications) for a fan-shaped and a
comb-shaped dichotomous key to six taxa. Idendficadon of all six taxa
requires 20 steps in the comb-shaped key versus 16 in the fan-shaped key;
half of the taxa in the comb-shaped key require more steps to an
identification than any of the taxa in the fan-shaped key. This difference
between fan- and comb-shaped keys rises steeply as the number of end
points increases. Similarly, the best choice algorithms used in
matrix-based interactive keys typically seek to equally parse remaining
taxa. Red arrows indicate entay points for the keys.

Best: an algorithm
in an interactive key

that attempts to

parse remaining taxa

equally

1gd

return the user toa previous ccruplet (e.g., par-
enthetical numbers in Figure 1), using sev-
eral characters in a couplet, abandoning strict
syntopic keys that rigidly retlect a systematic
hypothesis (36), and placing images of an-
notated contrasting character states near the
relevant couplets. A particularly good exam-
ple of the last is Shattuck’s key to Australian
ants (41). At a structural level, character
choices that split otf a single taxon at a
time result in comb-shaped keys (Figure 2,
right) that require significantly more steps
to the average identification than those that
tend to divide remaining taxa into equal
groups and have a fan-shaped structure (e.g.,
Figure 1 and Figure 2, left). This teature
also applies to the best character algorithms
in the multiple-entry keys discussed below
(11, 12, 14). Our suggestions as to what
might be the best practice in the construc-
tion of dichotomous keys are presented in

Table 2.
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Pathway Keys on the World Wide
Web

Dichotomous keys have been produced in
HTML tormat for use on computers and
tor mounting on the World Wide Web for
a number of years (35, 50). Using hyper-
links to move between text and images, and
trom image to image, increases the impact
of character state illustrations and the un-
derstanding of technical language (via links
to illustrative images or glossary definitions).
Hyperlinks also can help in backtracking and
place-keeping in a pathway key and can some-
what ameliorate the unanswerable couplet
problem by allowing easy skipping to subse-
quent couplets (35). In a tully realized torm,
HTML keys use hypertext links as pathways
to move to the next couplet or as links to addi-

tional media sources (e.g., supplementary im-
ages, additional text) that are found on other
Web pages (Internet Howchart key). More-
over, computer-interactive keys are more eas-
ily updated and corrected, and if published on
the Web, changes are instantly distributed to
potential users.

Some software programs translate op-
tically scanned written keys and convert
them into a computer-interactive format suit-
able tor Web publication or distribution on
CDROM. A recent repackaging of the older
idea of populating pathway keys with multi-
mediais Lucid Phoenix (24). Rather than re-
lying on a series of hyperlinked Web pages,
Phoenix software provides the same user in-
terface as many matrix-based interactive keys
(i.e., a set ot windows; see Figure 3) and
an evolving list of characters (a pathway) by
which sequential selection ot character states
results in the elimination of names from the
taxon window until a single taxon remains.
‘The true utility of Phoenix is found not in
its use to build new keys, but in its use to re-

vitalize older, historically important dichoto-
mous keys into an interactive interface by pro-
viding additional multimedia not previously
available. Older printed keys, i.e., the bulk ot

available identification tools, are transformed



Table 2 Best practices in the construction of dichotomous keys®

Practice

Rationale

1. Avoid the syntopic pidfall: Keys are for identification, not
phylogenedc display.

A key allows the end user to quickly and accurately idendty a
specimen, not to showcase a phylogenetic hypothesis or a
taxonomy. Apomorphies are not necessarily the best characters
for identification.

2. Avoid the unanswerable couplet: Monothetic couplets (e.g.,
Figure 1, Couplets 1, 3) are weak

If a couplet is based around a single character, and that
character is obscured on a specimen or lost, then the

usefulness of the key ends.

3. Remember your end user: Clear, unambiguous characters
and limited jargon result in more correct identifications.

Couplets with overlapping continuous characters, subde
differences, or exceptions are likely to lead to mistakes. Even
specialists use special terms in different ways: Clear descriptive
language is better.

4. Construct leads as parallel sets of contrasting characters.

Couplets that use different sets of characters in their leads are

likely to seem vague and confusing to a novice.

5. Nlustrate contrasting character states and group contrasting

character state images together on the same plate.

If “a picture is worth 10,000 words,” then a pair of contrasting
character state pictures is worth even more.

6. Put illustradions near the relevant key couplets (41).

[t is easy to lose one’s place in a dichotomous key.

7. Provide a way out of a dead end: Give links to previous
couplets or other means of keeping on the path (e.g., the
parenthetcal numbers in Figure 1).

Backwacking is normal during keying and getdang lostin a large
key is easy.

5. Write couplets that evenly divide the remaining taxa.
Fan-shaped keys require fewer steps than comb-shaped keys
(see Figure 2); the larger the number of taxa in a key, the
greater the difference.

The fewer the number of choices an end user must make, the
less likely he or she is to make a mistake and the more rapidly

he or she is likely to come to a correct identification.

9. Provide comparatdve diagnoses for end point taxa in keys so

that a user may be confident of their determinadon.

Anyone can end up at the end point of a pathway key—but the
results should be checked against a descripdon and/or image.

10. Beta-test your key with naive users before publishing.

We always get the right answer with our own keys, no matter

how bad the keys are.

*All 10 points are predicated on the assumption that the purpose of a key is to facilitate the rapid and correct identification of a specimen by someone

other than the key’s author.

into interactive keys by a process of op-
tical scanning, language interpretation us-
ing character-recognition software, and final
importation into Phoenix, which also then
checks key structure and logic.

MATRICES AND MULTIPLE
ENTRY: COMPUTER
DIAGNOSTICS

Although pathway keys can be made more
user-triendly by running them on computers
and serving them on the Web in an interactive
tormat, they are still limited by their logic to a
single and often tortuous path to each identifi-
cation. The alternative is anidentification tool

that has many entry points and many paths to
an identification.

Tabular Keys: Taxa Versus Character
States

A table arranged as a matrix ot taxa and charac-
ters is a traditional approach to identification
that avoids many of the problems of pathway
keys. ‘Tabular keys are multiple entry—users
can search across the list of characters for one
that looks likely or scan up and down columns
ot character state distributions to look for an
instant identification (the bingo approach),
or if they think they already know the iden-

tity ot a specimen, they can easily check its
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Bingo: a character
unique to a taxon
that gives an instant
identification; a
routine In computer
interactive keys that
provides a list of
unique characters
and the taxa they

define
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Figure 3

Example of a user
interface that
might be found in
an interactive key:
character windows
(Character list,
Character states
chosen), taxon
windows (Species
list, Taxa
Discarded), an
open character
state window
(image at op Fighi),
and a glossary
illustration (image
at boton FighL).
Species in white
text on left were
discarded from the
kev when the
character state
“Sternal shield
POStETiOr margin:
concave” was
chosen. (All images
by D.E. Walter.)

zan

Character list

Character states chosen: 1

Sternal shield posterior margin
concave
— CONVEex
Gnathotectum
— with single median process
— with median + |ateral processes
Fixed digit dentition
— 2 teeth + serrate region
— 3-4 teeth
Posterior marginal-submarginal setation
— 20-30 pairs of R, UR setae
— 10-12 pairs of R, UR setae
Daorsal shield setation
— with 37 pairs of short setae
— with 37 pairs of long setae
— with 37 + 1-2 pairs of px setae
Dorsal shield taper
— gradually curved
— sharply linear
Palp apotele
— with 2 subegual tines
— with 2 tines + small spur
Seta r6
— acicular
— spatulate
Dorsal setae of femora Il and IV
— mostly acicular
- mostly spatulate

Species list Stratiolaelaps

S. omatissima Aswegen and Loots
8. lamington Walter and Campbell
S. womersleyi Walter and Campbell

characters. Tabular keys can have a box or a
circular format 29); both types differ only in
the arrangement of cells, either in a familiar
table appearance or as a set of concentric rings,
respectively. Not surprisingly, the greater the
number of taxa in a table, the more difficult
it becomes to use—at least until the advent of
COmPpUtETs.

Punchcard Keys
Punchcard keys are stacks of thin cardboard

cards that were used in early computer sys-
tems that recorded information as the pres-

Hizlter » M interton

Sternal shield posterior margin
— concave

Finpd digit
af
chelicera

Taxa discarded

S. lorna Walter and Campbell
S, marilyn Walter and Campbell
S. miles (Berlese)

S. scimitus (Womersley)

ence or absence of holes at predefined loca-
tions. Although developed for early data pro-
cessors, hand-held stacks of puncheards could
be taken into the field and the key parsed by
inserting a sorting bar (e.g., needle, twig, etc.)
through the holes and allowing those cards
not held in the stack (i.e., without a hole at the
appropriate spot} to fall out, repeating these
steps until an identification was obtained. On
sunny days, stacks of cards could be held up
to the licht and sorted visually (D.E. Walter,
personal communication).

Punchcard keys are divided into two ba-
sic types on the basis of the arrangement of



punch holes and whether the card represents
a taxon (1.c., edge punched) or a character (i.e.,
center or body punched) (36, 38). In center-
punched cards, each card typically represents
a single character, with all of the taxa repre-
sented by fields inthe card. All taxa that exhibit
a character have their field punched out. In
edge-punched cards, each card typically rep-
resents a taxon, with characters indicated as
fields around the edge of the card. Such keys
have many limitations, including the expense
of reproduction for mass distribution, charac-
ter limitations (e.g., inapplicable and variable
characters cannot be used), and the impos-

sibility of backtracking through the key if a

misinterpretation is suspected (36).

Computer-Based Taxonomic
Programs

"The structured nature of taxonomic descrip-
tion is ideal for its incorporation into com-
puterized programs for subsequent output in
a variety of formats such as interactive keys,
natural language taxonomic descriptions, or
phylogenetics. Despite this structure, there
is great variation in the organization and
content ot descriptive data that prevents the
seamless exchange of data between electronic
tormats. There have been attempts to stan-
dardize taxonomic descriptive data. The de-
scriptive language for taxonomy (DELTA)
tormat (9, 10, 12) was developed both as a
standard format tor taxonomic descriptions
tor computer programs and as a database tor
matrix-based interactive keys. DELTA format
essentially consists of scored data and direc-

tives. Directives define parameters for the file
and are used by programs that generate in-
teractive keys (10, 14) and natural language
taxonomic descriptions (13, 14). DELTA for-
mat has numerous types of directive syntax
but basically comprises a character list, taxon
list, character types, implicit values, and char-
acter dependencies (14). The first two di-
rectives are self-explanatory, but the others
require some explanation. Character type de-
scribes whether the particular character is or-

dered or unordered, numeric integers or frac-
tions, or simply text. Implicit values are used
to improve and refine the output of natural
language taxonomic descriptions. Character
dependencies are specific sets of characters
applicable only when certain character states
are selected (14). Although DELTA format
was developed in 1971 and has a long history
of usage, it is rather inflexible in tormat and
is closely tied to particular software applica-
tions, limiting its usetulness outside of these
implementations. Designed as a replacement
tor DELTA format is the Structure of De-
scriptive Data (S§DD), developed by the Tax-
onomic Databases Working Group (ITDWG)
(42). This extended markup language (XML)-
based format is promoted as an international
standard for descriptive data similar to that

used in DELTA format, but without the im-
plementation dependency of the latter.

Maurix-Based Key Builders and
Players

Matrix-based interactive keys are composed
of three basic parts: (2) a database in the form
ot a matrix of character states scored tor a
set of taxa, (b)) a program that queries the
database, and (¢) a user interface that allows
tfor information input and/or user choices (11,
12). Matrix-based interactive keys allow a user
to select a single character state at a time or
multiple character states in one pass (using
checkboxes) betore rejected taxa are deleted
(see programs in Table 1). Sorting programs
search the database for the selected charac-
ter state(s) and then prune those taxa not ex-
hibiting that state(s). The user intertace of
most interactive keys essentially comprises a
character list, taxon list, and often lists of
taxa and characters discarded by user choices.
Many interactive keys take the torm of subdi-
vided windows displaying the above elements
(Figure 3).

With advances in computing power,
matrix-based interactive keys have become
easier to construct and use in diagnostics, par-

ticularly as Web-based tools. "Two basic types
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DELTA: descriptive
language for
fAXONOMy

XML: extended
markup language
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(enBank: a
publicly available
database of =100
gigahases of gene
sequences
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of Web-based interactive keys are (2) stand-
alone programs that require the installation
of specific software that is often tied to a
particular operating system, and (5) browser
programs written in Java language or XML.
Stand-alone programs have their own user in-
tertace, while the browser programs run in an
Internet browser. Both types of programs can
access scored data served online during the
identification process. The main advantages
of browser over stand-alone programs are that
browser programs require little or no prior
download of software and run on most op-
erating systems. [he primary disadvantage ot
Web-based programs is that access to the data
and program requires connection to the In-
ternet, restricting use of the program in areas
without an Internet connection. Key opera-
tionis also slowed by the speed of the Internet
connection, especially for larger, image-rich
keys. In these cases downloading the source

data and media is advantageous.

MOLECULAR DIAGNOSTICS

In the field of diagnostics the distinction be-
tween traditional and interactive keys and an-
alytical diagnostic tools is becoming blurred
by the use of molecular data. DINA sequences
are characters, and as long as positional ho-
mology of nucleotides or amino acids is not
violated, these sequences can be used in a com-
parative way to deduce identifications of un-
known specimens from a reference library of
sequences (18). This comparison or matching
type of diagnostic protocol is often employed
using a phenogram based on genetic distance
(e.g., a neighbor-joining tree). 'The Barcoding
of Life Data System (18) uses this type of match-
ing protocol by building a neighbor-joining
tree based on a set of sequences of a small por-
tion of the mitochondrial gene, cytochrome
oxidase I (COI). The genetic distance be-
tween an unknown specimen and taxa in the
tree is calculated and the closest match repre-
sents an identification. The result is an inter-
active key by which the inputis sequence data
and the output is an identification based on
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genetic distance. Obvious limitations of this
protocol include incomplete sequence ret-
erence libraries, ambiguous alignments, and
gene sequences that are not limited to one
taxon (4, 5,40). BLAS'T (basiclocal alighment
search tool) (2) is an algorithm for compar-
ing sequence data in large sequence databases
(e.g., GenBank) in a similar way. Molecular
characters in the form of random fragment
length polymorphism banding patterns have
also been used in an interactive key format by
Moritz et al. (34).

Recently, DNA-barcoding has been pro-
moted as a one-fix cure for the taxonomic
impediment, especially in biodiversity in-
ventories (20). However, as Marshall (25)
has pointed out, “[S]imilar claims have
been made by champions of emerging
technologies (quantitative phenetics, cu-
ticular hydrocarbons, gel electrophoresis,
DNA-DNA hybridisation) in the past, in each
case generating a flurry of interest (and tund-
ing) but never making a significant impact
on how organisms are identified.” Molecular
techniques do hold significant promise, espe-
cially for uncovering cryptic species and for
associating immature stages and sexes within a
species, but the logical primacy of a particular
COI haplotype over other species diagnostic
characters is ditficult to support (30). More-
over, recent research indicates that, at least in
poorly studied or rapidly speciating lineages,
DNA-barcoding isnotareliable identification
tool (30, 31, 40).

CONCLUSIONS

Although automated matching to digital
databases of images or gene sequences is cur-
rently teasible for some groups, the imple-
mentation of these systems is not likely to
happen soon for most taxonomic identifica-
tions. Both approaches require extensive ex-
penditures of time, money, and taxonomic ex-
pertise, and the last is in increasingly short
supply. Most existing taxonomic identifica-
tion tools are stored in printed publications
that may be ditficult to access and to use, but



increasing numbers of digital interactive keys
are appearing. Do these newer interactive
tools ofter a short-term solution to the

taxonomic impediment?

Advantages of Interactive
Matrix-Based Keys

We present our suggestions for best prac-
tice in the construction of matrix-based in-
teractive keys in Table 3, but these keys
have clear advantages over traditional path-
way keys. Matrix-based keys provide unre-
stricted character use in both order of selec-
tion and availability (14). This feature is one
of the greatest benefits of matrix-based keys,
enabling the user to select characters based
on any criterion, such as character availabil-
ity (thus avoiding unanswerable couplets) or
tamiliarity (thus avoiding guesses when char-
acters are unfamiliar or confusing). Such flex-
ibility may contuse a novice, especially it there
is a diversity of characters to choose among,
but algorithms that parse the remaining taxa
etficiently, best character options, reduce the
number of required character state selections
dramatically, even tor large keys. Error tol-
erance to account both tor errors made by
the end user and errors introduced by the
key builder also can be built into keys either
through character state weighting schema or
by compensatory scoring.

In addition, new types ot characters are
readily incorporated into interactive keys. For
example, in paper-based keys numerical char-
acters typically are usetul only when presented
as ranges. However, discrete numerical char-
acters are easily accommodated by interac-
tive keys and provide an important means of
identification, as individual taxa can be scored
directly. Similarly, gene sequences or repre-
sentations of agarose gel banding patterns (ot
PCR products, isozymes, etc.) are easily in-
corporated into interactive keys as discrete or
numerical characters defined by distance trav-
eled on a calibrated gel.

Finally, dichotomous keys published in
journals and books are fixed in time and place.

One important advantage of all types of inter-
active keys (not just matrix-based) is that they
are updatable as taxonomy changes. As new
taxa are described they can be incorporated
into the key with minimal effort and may be
instantaneously distributed via the Internet.

Flies in the Ointment: Problems with
Adoption and Use

One problem faced by present developers ot
all types of interactive keys is that the interac-
tive format is new both in terms of technology
and in basic approaches to identification. For
example, one advantage of traditional path-
way keys to builders is that they can use their
knowledge of a group to deploy a limited
number of character state choices in a well-
tried logical format. In contrast, a diversity
of programs, each with its own internal logic,
exists for developing interactive keys. More-
over, the production ot a fully realized matrix
of characters and taxa requires knowing the
distribution of character states in taxa outside
ot their traditional area of use. The builder
of a matrix key would have to hunt down
the obscure character states in the literature
or determine them by examining specimens.
Similar problems occur for the end user: He
or she must set aside a lifetime of experience
with traditional keys and learn to use often
complicated new software—a daunting task it
training programs are not available. Although
naive users may prefer interactive keys, they
do not necessarily perform better with them
(50).

Another problem specific to Web-based
keys is the perceived ephemeral nature of In-
ternet resources. While Web page addresses
do change over time, significant taxonomic re-
sources such as interactive keys are unlikely
to disappear completely. Although many tax-
onomists, particular those of the younger gen-
eration, are embracing interactive keys as im-
portant taxonomic tools, it is our experience
that often the development of these keys isnot
valued as much as traditional publications by
the wider taxonomic community. We teel that
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Table3 Suggested best practices for constructing matrix-based keys®

Practice

Rationale

1. Use key-building software programs that provide ‘Best

sortng of characters.

‘Best’ preferentially selects characters that provide the most
equal division of the remaining taxa (see Figures 2 and 3).

2. Partition characters into discrete sets and use software that
can code characters for dependencies, 1.e., so that character
choices by the user narrow or expand the characters available
tor identification.

A profusion of characters may be daunting to end users.
Dividing characters into logical subsets (e.g., wing venaton,
mouthparts, tarsal) facilicates entry into the key and improves
the chance that damaged specimens will be correcdy
identified. Negadve character dependencies actively simplify
matrix keys as they are used. Positive dependencies reduce the
chance of a misidendfication by bringing up addidonal

characters for checking.

3. Reach a balance between the number of characters versus

the number of character states per character.

Binary characters choices are useful, but muldple states are
more efficienc—within reason. Characters with too many
states may be better divided into muldple characters, each
with fewer states.

4. Make ample use of supplementary informauaon for
characters (e.g., definitions, illustrations) and taxa (e.g., fact

sheets, image galleries).

Page space is not a constraint in a Web-based key and
supplementary informadon and hypertexc links to Internet

search engines are effective diagnostc aids.

5. Provide an illustrated glossary of terminology.

Jargon and complicated terminology should be avoided, but
necessary terminology should be fully explained and illuswrated
in a glossary.

6. Clearly label and annotate figures with relevant structure(s)
identified.

Do not rely on the end user to know the cridcal ditferences on
¥
your figures: identify characters (e.g., arrows, borders, etc.)

and label your figures.

7. Use software with a scoring system.

Scoring systems rank remaining taxa by similarity. Thus, if a
single taxon is not recovered from the selected character

states, a list of high-scoring taxa is available for comparison.

8. Use software that will build in error tolerance and allow
error tolerance to be switched off.

Misinterpretation of some characters is inevitable in naive
users. Programs that allow scoring character states for
misinterpretations are more likely to resultin correct
identifications.

9. Use software that is minimally plattorm dependent: Keys
readily available for use regardless of the user’s current
software are those that are most likely to be used.

Keys should be ready to use instanty without prerequisite
installation of sofeware. Keys should be freely available on the

Internet and cross-pladorm so that they will run in an Internet

browser on any computer.

10. Never overestumate the attention span of the end user:

Keep it simple.

Sophisticated software and complex key structure may look
impressive, but it does slow down performance of a key
(especially over the Internet) and can be confusing to naive

UsETS.

*All 10 points are predicated on the assumption that the purpose of a key is to facilitate the rapid and correct identification of a specimen by someone

other than the key’s author.

20.4

as the number of interactive keys produced by
taxonomists increases a critical mass will be
reached and their production will become an
essential part ot the taxonomic process.

One method for making interactive keys

more attractive to taxonomists and the wider
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scientific community is to embed them within
larger topic-based Web sites. Until we have an
all-encompassing interactive key to life, inter-
active key development is going to be piece-
meal and individual keys must be placed in

context for an end user to understand their



relevance and utility. This can be achieved by
embedding interactive keys (without prereq-
uisite installation of software) within larger
Web sites that present a variety of information
(e.g., bibliographies, ecology, and taxonomic
databases) (48, 49) as well as an interactive key.

Communication of research is a tunda-
mental responsibility of scientists. For tax-
onomists, the identification of specimens and
the provision of identification or diagnostic
tools (e.g., published keys) are critical to this
responsibility. Presently, there is a plethora of
interactive key-building programs available,
each vying for wider adoption by the taxo-
nomic community and each varying in so-
phistication, ease of use, cross-platform com-
patibility, and overall utility (e.g., Table 1).
Many ot these programs share similar rou-
tines and others have unique applications;

however, we are unaware of any systematic
studies of how useful these routines may be
to end users. We suggest that it is time to
adopt a set of guidelines for best practice
based on experimental studies using naive end
users. [ his would help to ensure that scarce
resources are not wasted through a natural
selection of key format adoption, with only
the strongest (i.e., most user-triendly or best-
marketed) programs gaining wider use. More-
over, because ot this myriad of interactive key
formats and the absence of links among them,
focus should be placed on integrating iden-
tification keys with the immense taxonomic
resources available online (chiefly databases)
using relational databases, portals, and search
engines. The final product, we hope, would

culminate in a single user intertace for an

Identification Key to All of Lite.

1. Pathway keys, typically in a dichotomous format, have been the basis of biological
identification for more than two centuries; however, they have an inherent structural

problem—each key has a single entry point and only one set of choices produces a

correct identification.

2. Matrix-based, computer-interactive keys ameliorate or solve many of the problems

inherent in pathway keys; however, they have their own set of problems, especially

the learning curves associated with new technology, resistance to adoption by both

builders and users, and alack of accepted standards. Best practices in matrix-based keys

are currently the source of considerable contention among proponents of ditferent

systems and would benefit from some experimental testing of hypotheses using naive

end users.
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