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The significance of correct identification of plants is acknowledged in many human endeavours such as
health care, food production, sustainable housing, forest resources management and environmental
protection. Plant identification is usually carried out by means of descriptions and keys, which are
available in floras, manuals or other taxonomic publications, the most widely used tool being the
dichotomous key. However, the construction and navigation of dichotomous keys are tedious. Thus
identification is viewed by many practitioners as onerous task, which has led to declining interest in
plant taxonomy. Therefore, the objective of this paper is to simplify the writing and application of the
dichotomous key format, with the aim of making the practice of plant taxonomy more attractive, less
laborious and dreaded for upcoming students of biology. A proposal on step-by-step, readily
comprehensible procedure for making a dichotomous key from a conventional table of character
comparison is presented. Some basic features of the key format (that is, couplets, leads, references,
pointers, and endpoints), its variants (that is, indented and bracketed), and applicable enhancements,
such as looping, nesting, and reticulations, use of polychotomous leads and tabula are illustrated and
discussed.

Key words: Bracketed key, computerised key, diagnostic key, indented key, identity confirmation, nested key,
reticulation, taxonomic key.

INTRODUCTION

Identification is one of the major activities in plant
taxonomy, and usually involves the use of descriptions
and keys, which are available in floras, manuals or other
taxonomic publications such as Hutchinson and Dalziel
(1963-1972), Keay et al. (1964), Lowe and Stanfield
(1974) and Keay (1989). The necessity for correct
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identification of plants is acknowledged across all human
endeavours, from health care (Upton and Romm, 2010),
food production, sustainable housing, criminal justice and
forest resources management to environmental protection
(Bock and Norris, 2015). In health care delivery, medicinal
plants misidentification and misrepresentation are well
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known root causes of herb adulteration or substitution,
which in turn can cause serious health problems to
herbal drug consumers (Panter et al., 2014), and ignite
bad publicity and legal burdens for the pharmaceutical
industry (Dukes, 2005).

Pankhurst (1991) recalled that taxonomic keys, albeit
unpublished, had been used for several hundreds of
years. ldentification keys were also said to have been
presented by Richard Waller in 1689 to his assembled
colleagues at a meeting of the Royal Society in the form
of image-based dichotomous keys for the herbs of Britain
(Griffing, 2011). Evidence from the literature points to
the possibility that the dichotomous key format, which
consists of exactly two choices at each branching point,
was a form in which taxonomic keys were first published
in 1672 and 1778 (Griffing, 2011). Dichotomous key is
one of the single-access devices for identification in
which the sequence and structure of identification steps
are fixed by the author of the key. In all single-access
keys, there is only one point of entry; and so, as much as
possible, such keys are made to start with characters that
are reliable, convenient and generally available
throughout most of the year. In reality, these conditions
are not often achievable for all the taxa in a key. A
random-access or multiple-access, key is an identification
tool that helps to overcome this challenge by letting the
user make character choices in the key according to the
state of the plant specimen being identified, and the
prevailing circumstances such as seasonal variations,
and field situations (Bock and Norris, 2015).

The dichotomous key is widely acknowledged as the
most popular type of identification tool (Tofilski, 2018),
and had been a clever means of organising taxonomic
information before the age of computers (Godfray et al.,
2007). The use of this key format is known to have
contributed to increasing the quality and durability of
knowledge of plant classification acquired in comparison
to traditional teaching techniques (Andic et al., 2019). It is
also an established method for teaching plant
identification skills to learners (Stagg and Donkin, 2013).
However, opinions from many quarters point at
construction and navigation of dichotomous keys as
daunting tasks for many students (Jacquemart et al.,
2016). Due to these challenges, there is declining interest
in the practice of plant identification. Therefore, this paper
aimed at simplifying the construction, and elucidating the
principal features, and functionality attributes of
dichotomous key format, with the purpose of making the
practice of plant taxonomy more attractive, less laborious
and dreaded.

MATERIALS AND METHODS
Data procurement for purpose of illustration
Anatomical data on the barks of 13 medicinal herbs (Figure 1)

marketed as roots, root barks and stem barks in Ogbomoso
township in Nigeria were sourced for the purpose of illustration from

the 2019 compilation of unpublished results at the medicinal plants
research laboratory in the Department of Pure and Applied Biology,
Ladoke Akintola University of Technology, Ogbomoso, Nigeria. The
data items were taken in accordance with the standard procedures:
tissue sectioning/maceration (Lin et al., 1995), staining (Mota et al.,
2017), mounting and microscopic observations (Miranda et al.,
2018), while the terminology and descriptions of observed features
followed those of the International Association of Wood Anatomists
(IAWA Committee, 1989). Fourteen characters, consisting of nine
gualitative and five quantitative features, all of which were
diagnostic of the species were compiled and used to build the
conventional table of character comparison (Figure 1). Only
transverse sections and tissue macerations of the barks were
studied. Staining was done in 1% alcoholic safranin, mounting was
carried out in Canada balsam and observations made using an
Olympus binocular biological microscope (CH20i Model).
Quantitative characters were considered diagnostic of the species
only if the means of the replicated values were statistically
significant at a = 5 following One-Way Analysis of Variance, and
Duncan multiple range classification of the means (Landau and
Everitt, 2004).

Conceptualisation of a procedure for construction of
dichotomous key

The procedure for writing out a dichotomous key with relative ease
for a given number of taxa based on certain observable features
was heuristically conceptualised as a recursive/repetitive process
of ‘divide and conquer’ algorithm (Hagedorn et al., 2010), which
was systematically executed in this study, and is being proposed as
a number of logical steps:

Step I: Build and use as the starting point, a table of character
comparison (Figure 1), with which most researchers in systematic
biology are familiar;

Step Il: Using the primary or first level of column separator(s) in
form of stickers, the table of character comparison is partitioned into
two blocks based on the characters shared by the columns;

Step lll: Each of the two main blocks is further partitioned using the
second, third, fourth, etc., levels of stickers until the table has been
resolved into the individual columns or species by the stickers;

Step IV: A pair of contrasting statements or ‘leads’ are constructed
as a ‘couplet’ from each of the characters or character combination
at each level of separator; thus in this case with 13 taxa (columns)
and 12 characters/character combinations (rows), the outcomes of
steps Il to |V translate into further steps as follows:

Step V: Using the first level column separator(s) indicated in
character number 1, the comparison chart (Figure 1) was
partitioned into two mutually exclusive main blocks of six columns
on the left block and seven columns on the right;

Step VI: Considering first, the left-hand side main block of six
columns obtained in step V above, a second level column
separator/sticker shown in character number 3 was used to further
partition the block into two mutually-exclusive smaller blocks of
three columns each;

Step VII: Again considering first, the three left-hand side columns
obtained at the end of step VI, three 3rd level column separators
(indicated in character numbers 4, 8 and 9) were used to fragment
the block to produce one column (that is, Enantia chlorantha) on the
left, and two columns (that is, Alstonia boonei and Parquetina
nigrescens) on the right, each being mutually-exclusive;

Step VIII: A fourth level column separator, indicated in character
number 5 was used to separate the two right hand side columns of
A. boonei and P. nigrescens that resulted from the end of Step VII;
Step IX: Now considering the second three columns produced by
the second level sticker (or character number 3) in step VI, two
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Character ENAC ALEQ PANT THCA TFAC L] FTOX ZiTg CAAd ARRT OREAT MAIN EHSE
I Favs Prasant DPrasant Prasant Prasant Przsant Presant i Abszant Absant Absant Absant Absant Absant Absant
2 Type of ray calls EE, Blainly 50, | Unisariate, Kultiseriate, [ TE czlls, g Blultizeria | A HA HA HA HA WA HA
contisuous | somstimss | meorzorless 50 | TE calls wades- I tz, EE
with TE shapa ravs M ealls.
paranchym
a cells
3 Phellodarm secondary cortex Prasant DPrasant Prasant Absant Absant Absant Abszant Absant Absant Absant Absant Absant I Prasznt
E] Thicknzss of secondary cortex (pm) | <200 =500 =500 HA HA HA WA HA HA HA HA WA <200
] Sclerzids or stons cells Prazent ! Praszent Abzant Prezent Absent Absent Praszent Absent Abzent Abzant Frezant Prezant Prezent
g Tvpe and frequancy of sclereids Klacro Hlacro, WA Wacro, about | NA HA Hlacro, HA HA HA Wacro, Blacro, Klacro,
1-3% Brachy, % about I Brachy, Brachy, Brachy,
about 16% 22% graater than M about22% | about 20%
T0%
] Fasin ducts Abzant Abzent Abzant Prezent Absent Absent Praszent Frezant Abzent Abzant i Frezant i Prezant i Abzant
] Dznsity of cork cells/mm” About TO0 | =400 =400 About 300 =400 =400 =400 =400 EN] <300 About 320 About 700 About 700
] Cork cambium Prazent Abzent Abzant Abzent Absent Absent Abzent Frezant Abzent Abzant Absent Abzant Abzant
10 Axial paranchyma Fad, T or 27 Copicus,in | Solitary  and | Marrow Tangzntial L Copicus, Copious, | Copious, Scanty, Tangentia | Solitary  and | Groups of | Groups of
10Ws Sroups groups of 2-6 | tangesntial bands \\‘ithl widely in large | widaly small 1  bands | groups of2-3 | varving varying
bands with | fibres distributs | ageregat | distribute | sroups with sisva number numbear
fibres 25 tubes
13! Fibras Groups of | Diffuse Dhiffuse, selieny | Groups  of | Groups of | Diiffuss Diffuse, | Diffuse Diffuse Scanty, Diffuse Diffuse Thifuse
short and | agersgatss | units, small | short and | shert and | aggregste | solitarvy | ageresate | ageregate W solitacy aggragatss of | ageregatss | ageregates
long Eroups long leng s of small | units, 5 5 of small W units small groups
tangantial tangantial tangantial eroups small Eroups
bands bands bands Eroups
12 Sizve tubas Short Folitary Copious, in [ Scolitaryunis, | Scanty, Solitary Solitary | Small Copiousx | Copious, | Scanty, Solitary Solitary
bands,2 or | units or in | lares sroups and groups 2- | solitary umnits, and | units, sroups 3- I regular tangantial | solitary, pairs, | units, units , pairs,
mors pairs 3 tubas units sroups - | and 4 tubas arrangsme | tiers  or | small sroups | pairs, 5
contignous 4 Eroups nt irragular small Eroups
tubas -4 groups
Column Separators | 3R|D | ‘ 4TH | 2ND ‘ 5TH | | 6TH | ‘ 15T | | 3TH | ‘ 8TH | | 10TH | | 7TH ‘ 11TH 19TH
[ [ [ [ [ [ [

Figure 1. Comparison chart of anatomical features in transverse sections of the barks of 13 herbal materials collected from Ogbomoso, Nigeria. ALBO = Alstonia boonei (stem);
ARRI= Aristolochia ringens (root); CAHA = Calliandra haematocephala (root); ENCH = Enantia chlorantha (stem); KHSE = Khaya senegalensis (stem); MAIN = Mangifera indica (stem); OKAU
= Okoubaka aubrevellei (stem); PANI = Parquetina nigrescens (root); PTOS = Pterocarpus osun (stem); SALA = Sarcocephalus latifolius (root); THCA = Theobroma cacao (stem); UVCH=
Uvaria chamae (root); ZAZA= Zanthoxylum zanthoxyloides (root)..RE, radially-elongated; SQ, square; TE, tangentially- elongated; NA, not applicable.

Source: 2019 unpublished data compiled at the medicinal plants research laboratory, Ladoke Akintola University of Technology, Ogbomoso, Nigeria.

5th level column separators indicated in character numbers
5 and 7 were used to resolve the block into one column
(Theobroma cacao) on the left and two columns (Uvaria
chamae and Sarcocephalus latifolius) on the right;

Step X: Using three 6th level column separators in
character numbers 2, 10 and 12, the two right hand side
columns of U. chamae and S. latifolius obtained at the end
of step IX were separated, thereby bringing into completion
the resolution of all the six taxa in the left hand side main
block of step V into the individual species;

Step XI: Finally, considering the right-hand side main

block of seven columns obtained in “Step V”, and
following similar procedures in steps VI to X, the indicated
number of seventh, eighth, ninth, tenth, eleventh and
twelve level column separators were used to resolve the
seven taxa into the individual species;

Step Xll: From each level of the column separators 1st,
2nd, 3rd,....to 12th, all the respective diagnostic characters
or character combinations were used in turn to construct
a pair of contrasting statements: 1a and b from the 1st; 2a
and b from the 2nd; 3a and b from the 3rd...12a and b from
the 12th. The statements were presented hierarchically in

form of loops in a way that statement number 1a connects
to number 2a and b; 2a flows into 3a and b; 3a into 4a
and b; 2b into 5a and b; and 5a into 6a and b, thereby
obtaining a nested system of loops within the generic loop
created by statement number la. Similarly, statement
number 1b connects to number 7; 7 flows into 8; 8 into 9,
etc., up to, and ending in, statements number 12a and b to
obtain a non-reticulated dichotomous key as shown in
Figure 3. As done in this study, it is recommended that the
entry-controlled type of statements in the form of ‘For....
Loop’ or ‘While... loop’ (Guru99, 2020) should be adopted
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because it is more appropriate to the mode of stating ‘couplets’
which provides that the condition in a statement be satisfied first,
before the next statement can follow;

Step XIIl: As an alternative to ‘step V' (if so desired), or if it is
impracticable to partition the table of character comparison (Figure
1) into two mutually exclusive blocks, then, the table is
fractionalised into two non-mutually exclusive sub-tables (that is,
which allow overlap of column characteristics), each displaying a
portion of the parent table. If so desired or necessary, each of the
sub-tables is independently further fractionalised in like manner to
obtain two new sub-tables; this exercise of generating two sub-
tables from one, resulting in a nexus of tables within a table may
continue until the columns of taxa in the innermost/most recent sub-
table in each case are successively separable by means of stickers
into mutually exclusive blocks as earlier described (Figure 2);

Step XIV: Considering the outermost or the first two sub-tables in a
similar way as the first level of column separator in step XIl,
progressing systematically to the second, third, etc., up to the
innermost sub-table and eventually to the mutually exclusive
blocks/columns in each case, repeat step Xl using Figure 2 to
obtain pairs of contrasting statements that constitute another
dichotomous key (with reticulation).

Thus, Figure 2, which contains two non-mutually exclusive sub-
tables from a table of character comparisons, was considered for
construction of another variant of dichotomous key (that is, with
reticulation). Generation of sub-tables was carried out only once
for the sake of simplicity, while the stickers/column separators
indicated in Figure 2 were considered for generation of paired
contrasting statements as explained in Step XII.

RESULTS AND DISCUSSION
Structure of the dichotomous key

The two dichotomous keys obtained from this study
(Figures 3 and 4) are the products, respectively generated
at the end of steps XIl and XIV of the proposed
procedure. While Figure 3 is a non-reticulated key, Figure
4 is enhanced with reticulations. Each of the two keys in
Figures 3 and 4 is of dichotomous format, and as it is
characteristic of all dichotomous keys, each couplet in the
keys can be seen to consist of two contrasting sets of
statements or ‘leads’, otherwise called assignment
statements; and at the end of each ‘lead’ is a reference,
which is either a number pointing to another couplet, or a
text indicating the name of a taxon. Tofilski (2018)
referred to these references as “pointer” and “endpoint”,
respectively. Identification using a dichotomous key starts
at couplet one and it is stepwise. At each step, the user
reads both ‘leads’ of a ‘couplet’ and chooses one that
better fits the specimen for identification. If the chosen
‘lead’ is associated with a ‘pointer’, then the user goes to
another ‘couplet’, which is the next step of the exercise.
Identification has been accomplished when a chosen
‘lead’ is associated with an ‘endpoint’.

Variants of the dichotomous key

On the basis of arrangement of couplets, Saupe (2009)
classified printable dichotomous keys into two, namely:

indented or yoked, and bracketed or linked types. In an
indented key (Figures 3 and 4), each successive couplet
is indented with an equal distance from the left margin
and the indentation increases with increasing number of
couplets. Additionally, the couplets are looped, and the
loops nested in a way that two or more lower-level (or
recent) couplets are subsumed under a higher-level (or
earlier) assignment statement of couplet. This variant of
dichotomous key is therefore also termed nested. In the
bracketed key, both choices in a couplet are listed
contiguously, that is, they are placed next to each other,
starting from the same point at the left margin. Saupe
(2009) enumerates three advantages of indented keys:
similar taxa are grouped together; user can rarely get lost
in navigating a key; they are faster or more efficient to
use than bracketed type; and it is easier to retrace one’s
steps in case a wrong choice has been made. Although
nested keys are more commonly known as “indented”, it
is important to understand that indentation refers to an
accidental (albeit frequent) rather than essential quality
of the key format. This, according to Pankhurst (1991), is
because nested keys may be printed without indentation
to preserve space (relying solely on corresponding lead
symbols) and linked keys may be indented to enhance
the visibility of the couplet structure.

In each of the two main loops in the key shown in
Figure 3, it can be observed that the assignment
statements which respectively terminate the loops,
namely: 6a and b on one hand and 12a and b on the
other hand, are not found in the innermost loop in each
case. If they had been so, two perfect nested loops would
have been achieved. Instead, there are ‘odd statements’,
that is, those lying outside their innermost loops, e.g.
statements number 3b, 4a and b, and 5b. Similar
observations can be made in Figure 4 regarding
statements number 7a and b on one hand, and 15a and b
on the other hand. The two keys from this study are
therefore illustrative of imperfect nested looping
statements (Yin et al.,, 2016), a condition frequently
observed in indented (or nested) dichotomous keys. It is
however possible to observe one or more perfect nested
loops lying within an imperfect main loop as in loops 2a
and b in each of which the respective terminal statements
4a and b, and 6a and b are the innermost loops.

Imperfect nested looping of more intricate connection
often occurs in long keys, in which one or more of a set of
loops at a given hierarchical nesting level may connect
with or flow into a couplet outside of its nesting level. For
example, an assignment or reference statement under
the main loop la may point at, or direct a user to a
statement under a main loop formed by 1b. This
condition, though not illustrated here, is possible and
practicable. Such connectivity negates the provision of
looping in its strict sense, and is attributable to complexity
in the nature of plants, with possible extensive overlaps
of features observable in the taxa making up a group
(Kirchoff, 2001). Generally speaking, the subject matter
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Character ENAC [ THCA | PTOS OKAT IMAIN ALED EATE ENAC [ THCA FTOX PANT [ TFAT [ SAL4 i ZAZg CAHA ARRT
1 Fays Frasent Frasent ] Absent Absent Absent Frasent Absent Prasent Prazent Absent Prazent Prazent Absent Absent Absent
2z Tvpe of ray ealls | RE, Multis= T A NA NA TMainly HA RE, Tultiseriass| NA Tnisariate] Tlultisaria | A HA HA
contiguou M riate, 50, contizuous | . TE calls , mMoTE of ta, EE
5 with @ TE somatime with lass 50 cells.
paranchy M czlls s TE parenchym
ma czlls acalls
3 Fhelloderm™sacon | Frasent Absent | Absent Absent Absent i Frasent Frasent Frasent Absent Absent Frazent Absent Absent Absent Absent Absent
dary cortsx
El Selersids or stone | Prassnt Frzsent | Frasent Frasent Prasent Frasent Prasent Prasent Prazent Prasent Absent Absent Absent Abzent Abzent Absent
calls
i) Tvpa and | MMaero WMacro, g Blacro, Macro, Tacro, MMacro, Kacro, Rlacro Tacro, Racro, aboutgg HTA NA NA NA HNA HA
fraquaney of | 1-3% ahout about 22% M Brachy, Brachv, | Brachy, Brachy, sbout 1-3% about 7% 22%
scleraids T% eraater about about 20%
than 70% 22% 16%
] Felative frequancy | HA NA HNA TMora Lass Tore Tora bravhy- HA NA HA NA NA NA A HA HA
of sclareids types brachy- brachy- | brachy- sclersids
in the inner bark sclersids sclersids | sclersids
[ Fesin ducts Absent Frzsent | Frasent Frasent Prasent Absant Absent Absent Prazent Prasent Absent Absent Absent Prasent Abzent Absent
B Density of cork | About700 L About | <400 About 5I0 gy About <400 I.'\'bout To0 About TOT L About 400 | =400 <400 <407 <407 <400 <300 <300
calls/mm® 400 . 700
] Cork cambium Frazent Absent | Absent Absent Absant Absent Absent Frazent Absant Absent Absent Absant Absant Prasent . Absent Absent
10 Axisl parsnclyma | Fadial, [ | Harrow |l Copious, Solitary Groups Copious, | Groups of Fadial, T or | Harrow Copious, in | Solitary Tangentia )| Copiocus, | Copious, Scanty, smallgh Tangsntial
or 2 rows | tamgent Min  lares | and groups |l of in groups | warying 2 rows tangsntial large and 1  bands | widaly widaly ErOUpS bands with
ial aggrsgates | of 2-3 varying number bands with | assreestss groups of | with distribute | distributad sisve tubas
bands numbear fibras 2-6 fibras
with
fibras
11 Fibras Groupsof | Groups | Diffuse, Diffuse Diffuse | Diffuse Diffuse Groups of | Groups of j Diffusz, Diffuse, Groups of b Diffuse Diffuse Diffusze Scanty,
short and | of short | solitary agprapates agersgat | ageregate | agerepates short and | short andf solitarv solitary short and M agerssate | ageragates ageragates of | solitary units
long and units, of small | 2z s long long units, small | units, long s of small smaall groups
tangentisl | long small Eroups tangsntial tangsntial Eroups small tangzntisl |l sroups
bands tangent M sroups bands bands Eroups bands
ial
bands
) Sieve tubes Short Solitar | Solitary Scanty, Solitary | Solitary Solitary units | Short Solitary Solitary Copious, Scanty, Solitary Small Copious, Copious,
bands, 2 vunits, | units, and | solitary, units, units orin [ pairs, small bands, 2 or | units, and | upits, and | in  lare=fy solitary units, and | groups 3-4 M irr=gular tangsntial
or morz M and groups 24 | pairs, small | pairs, pairs eroups more groups 2-3 | groups 2-4 groups units groups 2- | tubas arrangement tiars or
conticuou M eroups Sroups small conticuous | tubas irragnlar
s tubas 2-3 sroups tubas
tubas
Column
Separators 4TH ‘ 3RD | | 2ND ‘ | ﬁTH—I | 5TH | TTH IsT 10TH STH 8TH 12TH 13TH ‘ 11TH | 14TH 15TH
T I | I I T T T

Figure 2. A Composite of two sub-tables generated from the comparison chart of bark anatomical features in 13 herbal materials marketed in Ogbomoso, Nigeria. ALBO = Alstonia
boonei (stem); ARRI= Aristolochia ringens (root); CAHA = Calliandra haematocephala (root); ENCH = Enantia chlorantha (stem); KHSE = Khaya senegalensis (stem); MAIN =
Mangifera indica (stem); OKAU = Okoubaka aubrevellei (stem); PANI = Parquetina nigrescens (root); PTOS = Pterocarpus osun (stem); SALA = Sarcocephalus latifolius (root); THCA
= Theobroma cacao (stem); UVCH= Uvaria chamae (root); ZAZA= Zanthoxylum zanthoxyloides (root)..RE, radially —elongated; SQ, square; TE, tangentially- elongated; NA, not
applicable.

Source: 2019 unpublished data compiled at the medicinal plants research laboratory, Ladoke Akintola University of Technology, Ogbomoso, Nigeria.

of nesting and connectivity between the different Reticulation in dichotomous keys argued out the possibility to arrange the couplets
parts of a key paves the way for a clear in a key, such that even a wrongly answered
understanding of the concept of reticulations in While introducing the concept of reticulation in guestion can lead to correct identification, provided
single access keys. writing of dichotomous keys, Osborne (1963) that most of the questions in the relevant couplets
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la Faws, found im theimmar Bamk et m e e e am e e m it s et e me e e o
la Phellodarm or secondary cortex, present in the immarbark ... e Y
3a 5={onda.n cortax, thicksr than '\ﬂﬂpm cofkcambinm absent; density ofcorkealls in the outer bark lass than
4a Sclereids or stons cells, observable intheinnacbade ... Alstonia bognsi
4b Seclareids or stonz calls, not presantintheinnarbade ... Porgustinanigrecens
ib Secondarycortax, about 160um thick; cods cambivrm, present; density ofeorkealls in tha outerbark about
B RO 1 % 1 ¢ 7= =) ¥ e i 1331
b Phelloderm or secondary cortex, absantin theinmar bad ... e )
Sa Both sclerzids and resinducts ars absantin thednnarbark e B
fa Faw calls ars tangantially sloneatad: ravs, wad ga- shap!-d_ a.xwlpa.ﬂnch\m forming tangantial bands with
fibras; siave tubes, scanty, occurnng in soltta.n umits.. ...Lhariachamas
6b Rav calls are radiallv elongated; ravs, not wedse-shapead; malpaﬂmh\'ma_copwusmdwtdd\ distributad;
siave tubses, ocouming in soltta.n units and in eroups of 24 . .Sarcocephalus latifoliuz
5b Sclereids or stons cells, present; resin ducts alseprasant .. ... Theobroma cacao
1b Eaws, notfoumdin the mmar batk e e e e me e e eme e m i mmnmmamme ]
Ta Cork calls of the outerbark, withlow density, mean umber /mm’ being lass than 400; sclersids t1'=-qu=1:|ﬂ\ absant in theinner
bark, and if found, only of 'Lh=t\'pe maeroselarsids. oo B PS:
Ba Fasin ducts, prasant in theinnar bad:; sisve tubss, sithar in solitary units or in small eroups; not
<1 . - |
Qa Stone calls of onlvmacrosclaraids tvpe are presant, and with relativelvlow dansity, being lass than 20%%
ralative to other fundamental tissues of the innarbark {i.e fibres, axial parenchvmaand sisve tubes); cork
cambium, absent; sisve tubes, often occur in solitaryunits. ..o Plerocarpus osun
b Stona calls, conspicuously absant; codicambium presant; sisvetubas, occurin small eroups of 3-4; naver
imselitaryumits. e Eathaxium santhoxyloide
Eb Easin ducts, absant in the innar bark:; sisve tubas, copious, with irregular
BT R R = 3 L 1 |
10a  Fibres, diffuss ageresates of small sroups.. oo ceveeee e e e e o Calliandra hasnap cgphala
10b Fibras_ scanty; occurning in solitaryunits o Aristolochia ringens
b Cork czlls of the outerbark, withhigh densitv, mesn mumber ‘mm’, sbove 300, sometimes about 700; bothmacro and
brachwsclersids are found in theinner
1la Sclaraids or stona ealls, highin fraquancy; preatar than 7T{Fo relative to othar fimdamental tissues ofthe innar bard:
(i.= fibras, a:ualpaﬁm:hvmamd:t!ﬂmbs) e e e— et .. Olpubaka aubrevills
11b Scleraids or stona calls, lowin frequancy; about 20% relative to other fimdamantal tissuas ofthe innar bark{ie
fibras, axial paranchyma and sieve tubas) e L
12a Phallodarm or sacondary cortax, foundin the innar bark ; rasinduets, absent. ... ... . Ehava senegalenss
12b Phalloderm or sacondary cortex, absant in theinner bad: ; rasin duets, presant. . ... Maongjfera indica

Figure 3. A bark anatomy-based dichotomous key (nested but non-reticulated) for diagnosing some medicinal herbs

marketed as roots, root barks and stem barks in Ogbomoso, Nigeria.

are answered correctly. Reticulation connects different
branches of the identification tree so that in a reticulated
key, multiple paths lead to the same result, and thus, the
data structure changes from a simple tree to a directed
acyclic graph (Fantom Foundation, 2018). A reticulated
key wusually increases the probability of correct
identification for those taxa specifically affected by the

reticulation; this means that reticulation improves the
usability of a key. However, addition of reticulation often
diminishes the overall probability of correct identification
averaged over all the taxa involved (Osborne, 1963). Two
forms of reticulation have been identified namely,
terminal and inner reticulations (Payne and Preece,
1977). In terminal reticulation, a single taxon (or next-



Ogunkunle

Sclereids or stone cells, found in the inner bark; either of one (macro-sclereids) type or of two ( macro- and brachy-sclereids)

1070 1T TP 2
2a  Sclereids, only of one type (i.e. macro-sclereids) are observable; phloem fibres are in groups of short and long tangential bands, or
diffuse with solitary units and small groups (i.e. fibres are not diffuse
AGGrEGAtES). ... it 3
3a Rays, found in the inner barks; percent of sclereids, less than 10 relative to other fundamental tissues of the inner bark,

3b

namely axial parenchyma, fibres and sieve tubes; axial parenchyma cells, not copious, occurring usually as narrow (I or 2
cell wide) tangential bands; fibres, in groups of short and long tangential

4a Rays occur as uniseriate, biseriate and triseriate; the cells being radially elongated; cork cambium, present;
phelloderm or secondary cortex, also present, the latter with rectangle-sha;ped cells; resin ducts, absent; sieve
tubes occur as short bands of 2 or more contiguous
CBIIS e Enantia chlorantha

4b Rays occur multiseriate; the cells being tangentially procumbent; cork cambium and phelloderm/secondary cortex
are absent, but resin are present; sieve tubes occur as solitary units and in groups of 2-3
tubes........ceeviiiiiiiin Theobroma cacao

Rays, absent in the inner bark; percent of sclereids, about 22 relative to other fundamental tissues of the inner bark,
namely axial parenchyma, fibres and sieve tubes; axial parenchyma cells, copious (i.e. abundant), occurring in large
aggregates; fibres, diffuse, occurring in solitary units and in small
(oo 1N ] oL TP UPTPTN Pterocarpus osun

2b  Sclereids found in the inner bark are of two types i.e. macro-sclereids and brachy-sclereids; phloem fibres occur as diffuse
= To 0| (=T F= 1 (= T PP 5

5a

5b

Resin ducts, found in the inner bark but phelloderm or secondary cortex are not observable

6a Sclereids constitute more than 70% of the tissues in the inner bark, the sclereids being more frequently the
brachy, and less frequently the macro types; mean density of cork cells, about 500/mm?; sieve tubes occur in

solitary units and small groups of 2-3
BUDBS e Okoubaka aubravillei

6b Sclereids constitute about 22% of the tissues in the inner bark, the sclereids being less frequently the brachy
type, i.e. predominantly macro-sclereids; mean density of cork cells, about 700/mm®; sieve tubes occur in groups
of varying numbers, very rarely in solitary
UNIES e Mangifera indica

Phelloderm or secondary cortex, found in the bark, but resin ducts are absent in the inner

0= 1 PSP PRPPRON 7

7a Rays, found in the inner bark; mean density of cork cells, less than 400/mm?; sieve tubes occur as solitary units
= T T R - L] SN Alstonia
boonei

b The inner bark is rayless; mean density of cork cells, about 700/mm?; sieve tubes occur as solitary units, in pairs
and alsSO N SMAIl GrOUPS. ... cuniii ettt ettt e e e e aaaas Khaya
senegalensis

Sclereids or stone cells not usually (but sometimes) observable in the inner bark; if found, the sclereids, are of only one (i.e. macro-

sclereids) type; never brachy-
o (= =1 o [P 8
8a  Sclereids are present in the inner bark, all being of the macro-
107701 T TP PP PTPPPRTPTRR 9
9a Rays, found in the inner bark; phloem fibres occur as groups of short and long tangential bands across the inner

o= 1 PSPPI 10

10a Rays occur as uniseriate, biseriate and triseriate; the cells being radially elongated/procumbent; cork cambium
and phelloderm/secondary cortex are present but resin ducts are absent; mean density of cork cell, about
700/mm>......ca
.............................................................................................................................................. Enantia
chlorantha

10b Rays are all multiseriate; the cells being tangentially elongated/procumbent; resin ducts are present phelloderm/
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9b Rays, not observable in the inner bark; phloem fibres are diffuse in occurrence, being in solitary units and in small
o100 =N Pterocarpus
osun
8b  Sclereids or stone cells are not observable in the inner
DK . e e 11
1la Rays, present in the INNEI Dark. ... e e e e e e e e en e 12
12a Rays are all uniseriate, the cells being more or less square in shape; sieve tubes, copious (i.e. abundant),
occurring in large groups
................................................................................................................. Parquetina nigrescens
12b Rays, all multiseriate, the cells being tangentially procumbent; sieve tubes, scanty (i.e. not copious), sometimes or
always occurring in solitary
L0 PSPPI 13
13a Rays are wedge-shaped; cells, tangentially elongated/procumbent; axial parenchyma cells form
tangential bands with phloem fibres, the fibres forming groups of short and long tangential bands with
axial  PAreNCRYMA. ... .o e Uvaria
chamae
13b Rays, not wedge-shaped, cells of the rays, radially procumbent; axial parenchyma cells, copious and
widely distributed; not in tangential bands; phloem fibres form diffuse aggregates of small groups of
CIIS . e Sarcocephalus
latifolius
11b Rays, not found in the inner
DK . . e 14

14a Cork cambium and resin ducts, present below the outer bark, and in the inner bark respectively; sieve tubes

occur as SMall groups Of 2-4 CEIIS.......uuiuiii e Zanthoxylum
zanthoxyloides

14b Sieve tubes are abundant (i.e. copious), with irregular arrangements, sometimes in tangential tiers; cork cambium

and resin ducts are however, not observable below the outer bark, and in the inner bark

respectively..............cooooii 15

15a Axial parenchyma, scanty, occurring in small groups; phloem fibres, diffuse aggregates of small
Lo 0T o1 Pt Calliandra
haematocephala

15b Axial parenchyma, not scanty, rather relatively copious, occurring as tangential bands with those of the
sieve tubes in the inner bark; phloem fibres are rather scanty, occurring in solitary
units............ Arristolochia ringens

Figure 4. A bark anatomy-based dichotomous key (nested and reticulated) for diagnosing some medicinal herbs
marketed as roots, root barks and stem barks in Ogbomoso, Nigeria.

level-key as the case may be) is keyed out in two or more
locations in a key (Figure 4), while in an inner reticulation,
a couplet with further leads can be reached through more
than one path (See for example, the keys to the Nigerian
trees of Groups A to | by Keay (1989)).

Other means of enhancing functionality of the
dichotomous key

The admonition credited to Confucious: “If a craftsman
wants to do good work, he must first sharpen his tools”, is
also useful in taxonomy. Being the taxonomists’ most
frequently used tool for plant identification, no amount of
efforts committed to enhancing the features and
functionality of dichotomous key should be viewed as
excessive. So for all practical purposes, it will not be out
of place to build in a wide margin of flexibility at the time

of writing a key. In addition to employing looping, nesting
and reticulation, other practicable means to enhance the
functionality of dichotomous key include introduction of
three or more choices (or polychotomous leads) at
appropriate levels and branching points in line with
observed variations in the features of the taxa involved
(Strain and Chmielewski, 2010), and use of tabula; that
is, illustrations or representations in the form of drawings,
photographs or herbarium, live specimens or even video
clips. Introduction of more than two choices at strategic
branching points effectively reduces the number of
couplets, so the key is shorter and there is the possibility
of carrying out identification with minimal stress and error
(Strain and Chmielewski, 2010). On the other hand,
insertion of illustrations in form of diagrams, etc., may
disproportionately lengthen a key, but either of the two
enhancement approaches has its advantages. With such
enhancements, however, the tool in the strict sense



should better be re-named as identification, diagnostic or
pictorial key as the case may be (National Center for
Environmental Health, 2013).

Weaknesses of the dichotomous key

It follows from the forgoing account that there is only one
point of entry into a dichotomous key, so that there is a
single path to be followed by the user. This is a property
shared by all single-access key formats. A disadvantage
of this arrangement is the problem of ‘unanswerable
couplet’; that is, a user may get stuck and identification
will be impossible if a choice cannot be decided at any
point (Hagedorn et al., 2010). Also of concern are the
issues of ‘dead ends’, and the ‘momentary distractions’
that can cause a user to forget his or her position in a key
(Walter and Winterton, 2007). These situations can arise
when a character cannot be observed or adequately
scored (e.g., when the feature is in its developmental
stage or is season-based, and hence not visible in the
specimen) or because the options are not stated clearly
enough in the key. The magnitude of the frustration that
may set in due to these problems can be intolerable,
especially by novice taxonomy students. Circumventing
these challenges hinges upon the author’s expertise in
choosing characters that are reliable, cost-effective,
readily observable across all the taxa involved, and
available throughout most part of the developmental
cycle of the plants (Hagedorn et al., 2010). The problem
of ‘unanswerable couplet’ is surmountable by making use
of random-access keys instead.

Confirmation of plant identity, rather than identification
in the strict sense, is what a taxonomist sometimes
desires, especially if a particular name has been
suspected of a specimen. One expects an ideal tool for
identification to be equally usable for identity confirmation,
and one might question the functionality of a tool if it
cannot assist in such a circumstance. A scrutiny of
Figures 3 and 4 will reveal that these keys are not
applicable for confirming the identities of the constituent
species without having to pass through the regular
identification process. This is another major weakness of
the paper-based dichotomous keys.

Automation of construction and navigation of
identification keys is also most desired nowadays, but the
format and style of a key are important features that
determine if it can be so automated by computerisation
(lacono and Kling, 1996). A key, which on account of its
design or format allows objective comparison of large
amount of data and rapid information processing by
electronic means, is referred to as being programmable.
In truth, one notable challenge in the application of paper-
based dichotomous keys is that of being hardly, if at all,
programmable; and this is predicated upon their design.
Among the foremost efforts to electronically tackle the
issue of automation of dichotomous keys were those of
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Pankhurst (1970) and Payne (1981, 1988) whose
outcomes did not seem to enjoy much acceptivity.
Recently, Tofilski (2018) came up with “Dkey”, a software
to alleviate the problem associated with construction and
use of dichotomous keys. With the software, various
editing options have been made possible, including
moving, rewriting and re-numbering of couplets as well as
combining keys and generating edited keys in the
traditional text format for printing. Regarding the second
aspect of the problem, Dkey makes ‘pointers’ clickable in
order to move from couplet to couplet, thus making
identification faster and easier. Another notable
contribution towards enhancing the performance of single
access keys was the development of an index by Sinh et
al. (2017) to quantitatively evaluate dichotomous keys.
Despite all these efforts, computerisation of nested
dichotomous keys with inner reticulations is still believed
to be associated with some challenges (Yin et al., 2016).

CONCLUSIONS AND RECOMMENDATIONS

Based on the expositions from this study, one might
argue that although dichotomous key is inevitable as a
tool for teaching taxonomy and routine identification
exercises, it seems that its weaknesses demoralisingly
outweigh its strengths. Contrary to these opinions
however, and without prejudice to the arguments thus
far, it can be concluded that the mystery behind the acts
of writing and using dichotomous keys has been
solved; the salient features and functionality attributes of
the key format have been elucidated; the prospect of
enhanced practice of plant identification is achievable;
and increased interest in taxonomy by  upcoming
students of biology can be assured; only, the identified
areas of weakness of dichotomous key format should be
addressed for better performance, while considerations
should be given to creation of new key formats with
improved functionality.
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