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Abstract. The lack of scientific rigour in analysing ethnobotanical surveys has prompted

researchers to investigate ways of quantitatively describing their data, including the use of eco-

logical diversity indices. There are numerous indices and measures available to describe sample

diversity. Twenty-two measures of species richness, diversity and evenness were reviewed using six

sets of ethnomedicinal data derived from 50 formal muti shop traders (of different ethnicities) and

100 informal street traders of traditional medicine in Johannesburg, South Africa, and a seventh

data set from traders on the western boundary of the Kruger National Park, South Africa. The

diversity measures were coupled with species accumulation curves to construct cumulative diversity

curves used to determine the minimum viable sample size on which a diversity index should be

based, and to better understand the differences in the relative diversities of the samples. Distinct

differences in the relative abundance and diversity of plants sold by street traders and shop traders

were evident. Species diversity and evenness was found to be higher in shops, thus resulting in a

lower dominance in the sale of certain plant species compared to the street traders. A survey of an

informal market should include no less than 35 research participants compared to no less than 20

for the muti shops. The use of selected indices of species richness (Margalef’s), diversity (Shannon,

Simpson’s, Fisher’s alpha, Hill’s numbers) and evenness are recommended as a means of describing

patterns exhibited within ethnobotanical data.

Introduction

An emergent trend in ethnobotanical studies has been the use of quantitative
methods and models to describe patterns of plant use and availability in sur-
veys or assessments of natural resources (e.g., Prance et al. 1987; Phillips and
Gentry 1993a, b; Johns et al. 1994; Begossi 1996; Höft et al. 1999; Hanazaki
et al. 2000; Luoga et al. 2000; Cunningham 2001; Wong et al. 2001), thereby
allowing for a more rigorous statistical approach to the discipline. While a
quantitative approach to the discipline is not always possible or even necessary,
the benefits include: a greater depth to the understanding of the subject under
investigation; a conscious attempt at reporting and refining methods employed
to collect and evaluate the data; attention to sampling effort; economy of
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description and examination of patterns in the data; hypothesis testing; and the
ability to question and describe more precisely the results of surveys.

Begossi (1996) first demonstrated how diversity indices were useful quanti-
tative tools that could assist researchers analysing ethnobotanical data by
allowing comparisons of diversity among different communities in different or
similar environments. In ecology there are numerous indices available for
exploring species diversity between different communities. Begossi (1996)
demonstrated how the Shannon–Wiener index of diversity and evenness, and
the rarefaction curve, might be used to compare differences in diversity, uni-
formity of species use and sampling effort in eight samples from South
America, Thailand and Tonga. This paper broadens the spectrum of diversity
indices to include 22 measures of richness, evenness and diversity. The goals are
to: evaluate the performance of the indices in relation to samples of different
sizes, and trader profiles and to examine the kind of information they provide;
make recommendations on measures appropriate for quantifying ethnobo-
tanical data; assess whether the survey sites were adequately sampled, and
determine the minimum viable sample size on which a diversity measure should
be based for the type of survey data collected; and lastly, to compare the
species diversity of sites within the formal and informal sector, and thereby
appraise plant availability within the ethnobotanical trade in the region.

Species diversity

Diversity indices are used to characterise species abundance relationships in
communities (Ludwig and Reynolds 1988). The literature reveals a multifari-
ous array of ecological indices, usually expressing species diversity as a single
number (Magurran 1988). How can the appropriate measure be determined?
The answer largely depends on the question the index is being used to answer,
the component of diversity being measured, and whether the index is simple to
use and understand.

Diversity measures take into account two factors: species richness (i.e., the
number of species, S) and evenness/equitability (i.e., how uniformly abundant
species are in a sample) (Magurran 1988). An ‘index’ of species diversity (also
called an index of heterogeneity) incorporates both richness and evenness into
a single value. Species diversity measures are broadly divided into four main
categories: indices of species richness; indices of evenness; indices of species
diversity/heterogeneity; and species abundance/distribution models (Ludwig
and Reynolds 1988; Magurran 1988). These concepts may be translated into
ethnobotanical terms to answer the following questions: (1) what is the species
richness of plants used/sold within a sampled market or group of resource
users?; (2) how does the species diversity of plants sold differ between different
groups of traders?; (3) are the same plants sold by most traders?; and (4) is
sampling effort adequate, i.e., have sufficient numbers of research/survey
participants been interviewed?
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Recent research by Colwell and Coddington (1995) and Gotelli and Colwell
(2001) recommend the measurement and comparison of species richness by the
use of taxon sampling or accumulation curves. The curves may be computed
from EstimateS (Colwell 2001) software that computes randomised species
accumulation curves and also several indices of diversity and the parameters to
calculate others. Plotting the performance of the indices on a diversity curve
demonstrates the performance of the indices and differences in relative abun-
dance as sample size increases.

Study area

Johannesburg is located within a region of Gauteng Province called the
‘Witwatersrand’, the name given to an extensively urbanised axis of approxi-
mately 100 � 40 km and part of a geological super-group consisting of gold-
bearing conglomerates (Lowrey and Wright 1987). The Witwatersrand
emerged from a small mining town in the 1880s and labour for the mines were
provided by mainly rural people in the migrant labour system. The ensuing
rural–urban oscillation of Black labour from around the country enhanced the
introduction of activities related to Black ‘rural’ culture (Dauskardt 1990,
1991). Traditional herbalism was incorporated into the developing urban mine
culture to meet the needs of both the Black migrant labourers and the rapidly
expanding, permanent urban population for traditional medicine (Dauskardt
1991). Various historical processes shaped the preponderance of different
ethnic and language groups within sectors of the emerging South African
capitalist economy and the traditional medicine trade. The Witwatersrand is
South Africa’s second largest market for medicinal plants after the markets in
KwaZulu-Natal, and the ethnic diversity of the region’s traders, healers,
gatherers and consumers is influential in determining the traded floristic
diversity and sources of the plants harvested for the multinational trade
(Williams et al. 2000).

The trade is differentiated into two sectors, namely formal business and
informal street markets (Williams et al. 1997). Traders, including traditional
healers, selling traditional medicines from premises called ‘muti’ shops, repre-
sent the formal sector. In 1994, there were estimated to be 244 shops in the
region selling traditional medicines (Williams et al. 1997), the majority of which
were owned by Black traditional healers (52%) and Indian merchants (25%).

Commercial gatherers and traders selling plants from the pavements and
street markets, on the other hand, represent the informal sector. Located in
Johannesburg, the ‘Faraday Street’ market is the Witwatersrand’s only infor-
mal wholesale and retail street market for traditional medicine. Ninety-seven
percent of the approximately 166 traders are migrants to the Witwatersrand, of
whom 90% regard the province of KwaZulu-Natal as ‘‘home’’ (Williams 2003).
Customers to the market are primarily traditional healers from Gauteng
townships, owners of muti shops, and sometimes patients seeking treatment
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from the traders that are traditional healers. Most of the traders earn less than
R100 a week (US$1 � R6.51, June 2004) (Williams 2003).

Methods

Market surveys

Between February 1994 and January 2001, two semi-quantitative surveys of
plants traded for traditional medicine were conducted within the Witwaters-
rand. The first survey in 1994, based on a stratified random sample of 50
research participants from 50 muti shops, appraised the nature of the plant
trade in the formal sector. The second survey in 2001, a stratified random
survey of 100 street traders in the Faraday Street informal market, was con-
ducted on behalf of the provincial Directorate for Nature Conservation for
Gauteng. The surveys were based on questionnaires and structured interviews,
and an inventory of all common names of plants sold by each trader was
compiled. The characteristics of the trade and the species sold within the shops
and at the market have already been quantitatively and qualitatively described
(Williams et al. 2000, 2001; Williams 2003).

Synthesis of plant inventories

Identification of the species traded was mainly achieved by matching vernac-
ular names to botanical names from previously published studies that, for the
most part, are reliable because of the credible body of literature existing for
ethnobotanical names in South Africa. In some cases, species were visually
identifiable or were identified later from purchased specimens. Species identi-
fication through published records is problematic, and errors in identification
are likely to have occurred. However, this was considered the most expedient
mechanism for identifying the large numbers of inventoried species sold by each
of the traders surveyed. In order to make a distinction between vernacular
names synonymous with >1 species, analysis by ‘ethnospecies’ instead of by
botanical species was used. ‘Ethnospecies’ (Hanazaki et al. 2000) takes into
account the folk or common name given to one or several species quoted during
interviews. The Zulu name ‘iNgwavuma’, for example, is the ethnospecies name
designating Elaeodendron transvaalense (Burtt Davy) R.H. Archer, whilst the
ethnospecies ‘iMphepho’ applies to at least six species of Helichrysum. iMphe-
pho was cited 17 times during the Faraday market survey, however, only one of
the six potential Helichrysum species would have been sold at each stall and the
most prevalent species is not known. Therefore, wherever appropriate, the data
were quantified based on the number and frequency of occurrence of ethno-
species to avoid repetitions and hence any bias/inaccuracies in reporting the
results. In this paper, all citations of species are citations for plant ethnospecies.
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Six data sets derived from the Witwatersrand medicinal plant trade were
subject to analysis with the 22 diversity measures. This was to evaluate the effect
of different sample sizes, trader ethnicities and formal/informal market sectors
in the appraisal of patterns in the utilisation and trade of traditional plant
medicines. The sample of 50 muti shops (abbreviated as MS: All 1994 in the
graphs) was subdivided into three smaller subsamples based on the ethnicity of
the shop owner, namely Black (n = 28 shops;MS: Black 1994), Indian (n = 20
shops; MS: Indian 1994) and White (n = 2 shops; MS: White 1994). The
Faraday market data (ST: Faraday) were not subdivided for the initial appraisal
of the indices. An earlier survey conducted by the author in 1992 of seven muti
shops (MS: 1992) was included to compare the effect of sample size (Williams
1992). Whenever appropriate, the performance of the indices was compared
with a seventh data set – a sample of 17 informal vendors derived from an
inventory compiled for medicinal plants traded on the western boundary of the
Kruger National Park, South Africa (Botha 2001; Botha et al. 2001). The
dataset is abbreviated as ‘ST: WBKP’ in the graphs. Later, by way of an
independent example comparing intra-sample diversity for selected indices, the
Faraday data matrix was subdivided into ‘healer’ and ‘non-healer’ traders.

Calculating indices

The calculation of an index to evaluate ecological diversity relies on infor-
mation regarding the number and frequency of occurrence of species in a
sampled community. In order to calculate diversity indices for ethnobotanical
purposes it is necessary to have data on the number of individual informants
(e.g., resource users/traders) who cited the plant species (Begossi 1996). Since
the inventory of plants sold by each trader in this study recorded the presence
of an ethnospecies, each ethnospecies was recorded/cited once per trader and,
therefore, incidence/occurrence equals abundance of the ethnospecies per tra-
der sample/inventory.

References for the formulae and software used to calculate the indices are
listed in Table 1. The statistical distributions used to fit species abundance
observations may be used for fitting species occurrences (Hayek and Buzas
1997). N occurrences may be substituted for N individuals (Hayek and Buzas
1997). In the calculations, n = number of samples (e.g., number of muti shops
or street traders surveyed) and N = number of citations or occurrences of
ethnospecies.

The species accumulation curves and cumulative diversity curves were con-
structed from variables and diversity statistics computed by EstimateS (Colwell
2001). In cases where EstimateS did not directly compute the diversity measure
(e.g., Margalef and Menhinick’s indices, Hill’s diversity numbers N1 and N2,
evenness measure E1–E5), then the formulae cited in Magurran (1988) and the
appropriate variables computed by EstimateS were used to calculate the indices
and construct the graphs. It is important to note that EstimateS computes the
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reciprocal of Simpson’s k. In the formulae for diversity indices, any logarithmic
base may be used (Zar 1984). As a way of standardising the results, the natural
log (ln) was used throughout.

Results and discussion

Species richness

Numerical species richness (S), or the number of species in a sample of a
specified size, is an instantly comprehensible expression of species diversity

Table 1. References for methods used to compute the indices and measures applied to the data.

Index/Measure Reference

Species richness indices

# Species (S or N0) Discerned from observation of the data set

Margalef (DMg) Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

Menhinick (DMn) Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

Diversity indices

Shannon–Wiener (H 0) Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Colwell (2001)*

Shannon–Wiener (Hmax) Magurran (1988)

Comparing Shannon indices Zar (1984); Magurran (1988); Murali et al. (1996)

or use standard deviation for H0 from Colwell (2001) *

Brillouin measure (HB) Zar (1984); Magurran (1988); Krebs (1989)

Simpson (k) Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Colwell (2001)*

Simpson (�ln k) Pielou (1975); Colwell (2001)*

Berger–Parker (d) Magurran (1988)

McIntosh’s dominance (D) Magurran (1988)

Fisher’s alpha (a) Magurran (1988); Krebs (1989); Colwell (2001)*

Hill’s Diversity Number N1 Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

Hill’s Diversity Number N2 Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

Hill’s Diversity Number N1 Magurran (1988)

Evenness measures

Shannon (J0 or E1) (or, Pielou’s J) Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

E2 (or, Buzas0 & Gibson’s E) Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

E3, E4 and E5 Ludwig and Reynolds (1989) – program ‘SPDIVERS.BAS’

or Magurran (1988) and Colwell (2001)*

Brillouin (J) Krebs (1989)

McIntosh’s (E) Magurran (1988)

*Indicates that EstimateS (Colwell 2001) either computes the index and/or the parameters that can

be inserted into the equations obtained from the other references listed.
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(Magurran 1988). S is related to the total number of individuals (N) summed
over all S species recorded. As sampling effort increases, more individuals are
encountered and more species are likely to be recorded (Hayek and Buzas
1997). The relative abundance of species, however, is important and a number
of simple indices have been derived using some combination of S and N. These
indices include Margalef’s and Menhinick’s index of species richness. While
these indices are easy to calculate, they are (like S) sensitive to sample size.

The relationship between S and N may be viewed by plotting a species
accumulation curve (Figure 1a, b), also termed a species effort curve or collector’s
curve – so called because the cumulative number of species is plotted against
some measure of the effort it took to obtain that sample of species (Hayek and
Buzas 1997). Compared to interpreting the single numerical value of species
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Figure 1. Species accumulation curves (or collector’s curves) for plant ethnospecies traded as

traditional medicine in muti shops and in a street market in the Witwatersrand. The curves rep-

resent successively pooled and randomly ordered samples (a) and individuals (b). The curves were

computed using EstimateS (Colwell 2001). The total number of ethnospecies per sample (S) is

labelled in brackets at the end of each curve. (MS: Muti shops; ST: Street traders).
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richness for the randomly pooled samples (Table 2), plotting the curves facili-
tates improved interpretation of species richness results for different samples of
varying size. Comparing raw taxon counts (and index values) for two or more
assemblages/samples will quite generally produce misleading results (Gotelli
and Colwell 2001). Differences in measured species richness between commu-
nities may be the result of differences in underlying species richness, differences
in the shape of the relative abundance distribution, or because of differences in
the number of individuals counted (Gotelli and Colwell 2001).

Whereas fewer muti shop traders were sampled compared to street traders
(n) (Figure 1a), the number of individual plants (N) recorded in the shops was
greater (Figure 1b), and hence the numerical richness per trader is greater for
the muti shops. There is also a similarity in shape and clustering of curves for
the shop data (‘MS’), even the 1992 survey of seven shops, making them
distinct from the curve of the street trader (‘ST ’) sample (Figure 1a). The initial
steep gradients of the curves for the shop data show that more ethnospecies per
shop are sold (mean = 83) and consequently the accumulation of ethnospecies
is more rapid, even for smaller sample sizes. Street traders, by contrast, sell
fewer ethnospecies per trader (mean = 24) and consequently the accumulation
of ethnospecies is slower. When samples are highly variable in terms of plant
diversity amongst traders, then more samples are needed to fully represent the
trade in medicinal plants, while if the samples show little variation then fewer
traders need to be sampled.

The Margalef and Menhinick indices have been cited as being inadequate by
several authors (e.g., Brower and Zar 1977; Magurran 1988; Hayek and Buzas
1997) because the indices lack the ability to differentiate the species richness of
samples having similar S and N. Looking at Table 2, the performance of these
indices as a single numerical value for pooled samples is difficult to adequately
judge. However, plotting the performance of an index as samples are succes-
sively pooled and individuals are accumulated is a useful procedure for aiding
the interpretation of plant availability within the different trader groups
(Figures 2 and 3).

The graphs of Margalef’s index show how species richness increases until
eventually the curve levels off with increasing sample size and the number of
individuals inventoried (Figure 2a, b). The point at which the curve flattens
indicates a minimum viable sample size on which a diversity or richness index
should be based (Magurran 1988). The curve of S (Figure 1) can also be
constructed for this purpose i.e., to determine the minimum requisite sampling
effort. The sample of species sold by White shop traders (n = 2) is numerically
inadequate and only two points of richness could be plotted on the graphs.
However, the sampling strategy for the 50 traders selected for the shop survey
(including the 2 White traders) was stratified random, and therefore trader
ethnicities were proportionately representative within the sample to minimize
participation biases (Williams et al. 1997). Sampling more White traders would
only have been necessary if it had been an important aim to compare the shops
of different trader classes, but it would have biased the overall results of the

2978

Chapter 6; Pg. 9



T
a
b
le
2
.

S
p
ec
ie
s
ri
ch
n
es
s
in
d
ic
es

ca
lc
u
la
te
d
fo
r
si
x
d
a
ta

se
ts
sa
m
p
le
d
fr
o
m

W
it
w
a
te
rs
ra
n
d
tr
a
d
er
s
o
f
tr
a
d
it
io
n
a
l
m
ed
ic
in
e.
n
=

th
e
n
u
m
b
er

o
f
sa
m
p
le
s
(t
ra
d
er
s

a
n
d
/o
r
sh
o
p
s
su
rv
ey
ed
);
N

=
n
u
m
b
er

o
f
in
d
iv
id
u
a
l
et
h
n
o
sp
ec
ie
s
o
b
se
rv
ed
;
S
=

n
u
m
b
er

o
f
et
h
n
o
sp
ec
ie
s
co
u
n
te
d
.

In
d
ex
/m

ea
su
re

1
9
9
2
M
u
ti
S
h
o
p

S
u
rv
ey

(n
=

7
)

N
=

8
0
9

1
9
9
4
M
u
ti
S
h
o
p

S
u
rv
ey

(N
=

5
0
)

2
0
0
1
S
tr
ee
t
tr
a
d
er

su
rv
ey

(n
=

1
0
0
)
N

=
2
4
0
2

‘W
h
it
e-
o
w
n
ed
’

(n
=

2
)
N

=
1
9
3

‘I
n
d
ia
n
-o
w
n
ed
’

(n
=

2
0
)
N

=
2
1
6
8

‘B
la
ck
-o
w
n
ed
’

(n
=

2
8
)
N

=
1
7
6
9

T
o
ta
l
(‘
A
ll
’)
sh
o
p
s

(n
=

5
0
)
N

=
4
1
2
9

#
S
p
ec
ie
s
(S

o
r
N
0
o
r
eH

m
a
x
)
2
0
5

1
4
4

3
1
3

3
1
0

3
7
1

3
4
9

M
a
rg
a
le
f
(D

M
g
)

3
0
.5

2
7
.2

4
0
.5

4
1
.3

4
4
.4

4
4
.7

M
en
h
in
ic
k
(D

M
n
)

7
.2

1
0
.4

6
.7

7
.4

5
.8

7
.1

2979

Chapter 6; Pg. 10



study. The minimum viable sample size (i.e., the number of research partici-
pants) necessary for assessing species richness is larger for informal street
traders than for shop traders. The evidence for this is reflected in the species
accumulation and diversity graphs for street traders, which show that a larger
sampling effort is necessary before the curves begin to reach an asymptote
(Figures 1 and 2).

Evidence for the distinctive trading patterns in species richness in formal and
informal trading sectors are supported by the sample of 17 informal vendors
from the western boundary of the Kruger National Park (ST: WBKP,
Figure 2a). Despite the small sample size (which was conducted with 73% of
the vendors at the site), the curve adopts a similar shape to the Faraday Street
trader sample (ST: Faraday) and exhibits low ethnospecies richness per trader.
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Figure 2. The cumulative species richness curves of Margalef’s index for ethnospecies traded on

the Witwatersrand for both samples (a) and individuals (b). ‘WBKP’ is a sample of 17 informal

vendors trading medicinal plants on the western boundary of the Kruger National Park, South

Africa (Botha 2001). The overall value of the index for the randomly pooled samples is labelled in

brackets at the end of each curve. The formula for the index is DMg = (S�1)/ln N. (MS: Muti

shops; ST: Street traders).
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Gotelli and Colwell (2001) recommend that when comparing species richness
between samples, the number of taxa should be plotted as a function of the
accumulated number of individuals (not samples) because datasets may differ
systematically in the mean number of individuals per sample. Figure 2b,
therefore, shows that the relative abundance and richness of ethnospecies sold
at the Faraday street market is higher than that of the shops. Margalef’s index
for Faraday is 44.7 compared to 44.4 for ‘All shops’ (MS: All). The relative
abundance and richness of ethnospecies sold by Black traders is slightly higher
than that of Indian traders.

The graph of Menhinick’s index (Figure 3) corroborates earlier evidence
derived from Margalef’s index that street traders keep a lower species richness
per trader, and therefore increased sampling effort is required for the curve to
reach a peak before declining as n and N increase. The ST: WBKP sample
shows a similar pattern to the Faraday Street trader data, which is different to
the pattern shown by the muti shops. The numerical richness values for the
index similarly indicate the Faraday sample to be relatively more species rich
than the ‘All shops’, and the Black trader sample to be more species rich than
the Indian trader sample.

Species diversity or heterogeneity

Indices of diversity or heterogeneity incorporate both richness and evenness
into a single value and are based on the proportional abundance of species in a
sample (Ludwig and Reynolds 1988; Magurran 1988). These measures are
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Figure 3. The cumulative species richness curves of Menhinick’s index for ethnospecies traded on

the Witwatersrand. The overall value of the index for the randomly pooled samples is labelled at

the end of each curve. The formula for the index is DMn = S/
ffiffiffiffi

N
p

. (MS: Muti shops; ST: Street

traders; WBKP: Western Boundary Kruger National Park).
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attractive to researchers because, unlike the species abundance models, no
assumptions are made about the underlying distributions of the data (Hayek
and Buzas 1997). There are four categories of indices. First are measures de-
rived from information theory (e.g., Shannon–Wiener and Brillouin), based on
the rationale that diversity or information in a natural system may be measured
in a similar way to information contained in a code or message (Magurran
1988). The second category of indices are the dominance indices (e.g., Simpson,
McIntosh and Berger–Parker), so called because they are weighted towards the
abundances of the commonest species (Magurran 1988). A third category of
diversity index is ‘Hill’s diversity numbers’. The numbers, developed by Hill
(1973), show how diversity indices are mathematically related and may be
arranged in a sequence depending on whether they measure species richness
(weighted towards uncommon species) or dominance (weighted towards
abundant species) (Magurran 1988). Interpreting the single statistic for each
index can be problematic (Table 3). A fourth category of diversity index is
derived from the logarithmic series abundance model, namely Fisher’s alpha.

Information theory indices
The Shannon index (H0) measures the average degree of ‘‘uncertainty’’ in
predicting to what species individuals chosen at random will belong (Ludwig
and Reynolds 1988). Uncertainty may be visualised as being synonymous with
diversity (Krebs 1989), therefore, the higher the degree of uncertainty, the
higher the diversity and the greater the degree of uncertainty in correctly
predicting the identity of the next species chosen at random. The average
uncertainty (H0) increases as S increases, as seen in Figure 4 when compared
with Figure 1. Figure 4a shows that there is a distinction in the curves between
formal and informal traders (Figure 4a), with the overall degree of uncertainty
and diversity being higher in the formal sector (Figure 4b). The higher pre-
dictability of a species’ identity in the street markets is because of the lower
mean species richness per trader, as discussed in the previous section. Informal
traders sell fewer species and one may more comfortably predict what popular
species most traders are likely to sell. In terms of determining the minimum
sample size necessary to assess the Shannon index (as indicated by the point at
which the curve levels off), the curve for shop traders begins to reach an
asymptote at around 15–25 samples, compared to 25–30 for the street traders.

Maximum uncertainty (Hmax) will occur when each species in a sample is
equally represented (Table 3) (Hayek and Buzas 1997). The more species there
are, the more evenly the individuals are spread across the species, the higher
will be the value of H0 because there will be greater uncertainty as to which
species will most likely be observed next time they are chosen at random. It
appears that a characteristic of ethnobotanical samples (especially those of
large sample sizes) is that H0 is high. In examples described in Magurran (1988)
for ‘‘natural’’ communities (e.g., diversity of birds in woodlands; species
diversity in plantations etc.,) H0 ranged between 1.38 and 3.54. By contrast,
Begossi (1996) estimated H0 to be between 2.99 and 5.95 (average = 4.6) for
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eight ethnobotanical samples from mainly South America. In the South Afri-
can study, H0 ranged between 4.91 and 5.46 (Table 3).

When the Shannon index is obtained for two or more samples it is possible
to test the null hypothesis that the diversities of the samples are equal (Zar
1984). The differences in the index between the samples is mostly significant at
p < 0.000001, except for three comparisons which are approaching an equal
diversity. The diversity of plants sold by Black traders when compared with
both the diversities of the Faraday traders and Indian-owned shops is
p = 0.0021. The least significantly different samples are those of Indian traders
and All shops, where p = 0.0017 – this would suggest that the characteristics
and diversity of All Shops (n = 50) is largely due to the influence of the sample
of Indian traders (n = 20) within it.
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Figure 4. The cumulative diversity curves of Shannon’s diversity index (H0) for ethnospecies

traded on the Witwatersrand for samples (a) and individuals (b). The overall value of the index for

the randomly pooled samples is labelled in brackets at the end of each curve. (MS: Muti shops; ST:

Street traders; WBKP: Western Boundary Kruger National Park).
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The Brillouin index (HB) is similar to Shannon, and the use of this index
instead of Shannon is recommended when randomness of a sample cannot be
guaranteed (Magurran 1988). The values for HB are lower than H0 (Table 3)
and show similar numerical rankings for species diversity between samples.
The obstacle to using this index is the calculation of very large factorials;
additionally, it was not possible to derive the accumulated diversity curve.
While many authors recommend the use of HB over H0 (e.g., Magurran 1988),
the simplicity of calculating Shannon is to its advantage and has led to its
widespread acceptability as an index – however, Shannon is sensitive to sample
size, thus indices such as Simpson’s and Fisher’s are sometimes preferred by
researchers. Magurran (1988) says that ‘‘ideally (Fisher’s) alpha should replace
the Shannon index as the preferred measure’’.

Dominance indices
Simpson’s index (k) proposes that diversity is inversely related to the proba-
bility that two individuals picked at random from a sample belong to the same
species. Simply stated, if the probability (k) is high (k approaches 1) that both
individuals belong to the same species, then the diversity of the sample is low
and vice versa (Pielou 1975; Ludwig and Reynolds 1988; Krebs 1989) (e.g.,
Figure 5a). However, because k decreases as diversity increases, Simpson’s
index is usually expressed as 1� k (the probability that two individuals chosen
at random are different species) or 1/k (also known as Hill’s number N2, which
is a measure of the number of very abundant species in a sample). A rarely
cited function of k is �ln k (Pielou 1975) (Figure 5b, c), and is preferred by the
authors as a diversity indicator. The function does not represent a probability,
but a single diversity statistic that increases as diversity increases.

Indian shop traders, followed by the total sample of shops (MS: All) and
Black traders, have the largest diversity of plants for sale, especially compared
to the street traders (Figure 5c). As with the other indices discussed so far, there
is a distinction between the diversity of plants for sale by the muti shops and
street traders. There is, therefore, a higher probability that two plants selected
at random from different street trader stalls belong to the same species than for
two plants selected from different muti shops (Figure 5a). As a result, there is a
greater dominance of certain species sold by the street traders.

When k = 1, most individuals from a sample are concentrated in a single
species, and therefore dominance of species within the sample is high. Values
for k for the ethnobotanical samples investigated in this paper are relatively
low (k < 0.008), and therefore the overall dominance of species is relatively
low and diversity is relatively high. By comparison, Hanazaki et al. (2000)
calculated k to be between 0.015 and 0.06 for plants used by native inhabitants
from the Atlantic Forest coast in south-eastern Brazil. The overall diversity of
plants used by the community investigated in Brazil is, therefore, lower and
dominance of plants is higher when compared with the South African study.

The minimum sample size necessary for evaluating Simpson’s index is be-
tween 15–20 for street traders and 20+ for muti shops (Figure 5b). The graph
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shows that the sample ‘MS: Survey 1992’ is too small to assess the index, and
therefore comparisons of diversity with the other samples. Additionally, curves
for the street traders show that despite the smaller number of individuals sold
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per street trader, that dominance of individuals related to their relative
abundance is established sooner (indicated by the point at which the curve
levels off). This confirms the Shannon index results, i.e., that the probability of
encountering the same species is higher between street traders. Additionally,
there are fewer abundant species sold by the street traders compared to the
muti shops (as demonstrated by the curve for N2 [or 1/k] in Figure 6).

The Berger–Parker index is a dominance measure that expresses the pro-
portional abundance of the most abundant species (d = Nmax/N) (Table 3).
The index is independent of S, but is subject to bias caused by fluctuations in
the abundance of the commonest species (Magurran 1988). Like Simpson’s
index (k), diversity increases and dominance decreases as d decreases. The
results are concordant with Shannon and Simpson’s index, except for the ‘MS:
Survey 1992’ sample which shows a higher diversity than for the Indian traders.
However, it was established in Figure 5a that the sample size was too small in
this sample to assess species dominance and hence the result is disregarded in

Figure 5. The cumulative diversity curves of Simpson’s diversity index (k) for ethnospecies traded
on the Witwatersrand for samples (a, b) and individuals (c). (a) plots the standard form of the

index, namely k, the probability that two individuals will belong to the same species. b and c plot

�ln k, a rarely cited form of the index recommended by Pielou (1975) that expresses k as a diversity

statistic that increases as diversity increases. The overall value of the index for the randomly pooled

samples is labelled in brackets at the end of each curve. (MS: Muti shops; ST: Street traders;

WBKP: Western Boundary Kruger National Park).
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Figure 6. The cumulative diversity curves for Hill’s numbers (N0, N1, N2 and N1) for ethno-

species traded in the Faraday Street market. The curves for N0, N1, and N2 were based on

successively pooled and randomly ordered samples, whilst N1 has been estimated from non-

randomised values directly from the dataset because the requisite parameters for a randomised and

cumulative curve were not available on the software. The final value for N1 is shown as � because
it does not depend on the order of the randomised data matrix. The unit on the y-axis is number of

plant ethnospecies.
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this instance. It was not possible to plot the curves for the performance of this
index as EstimateS does not calculate the requisite parameters.

McIntosh’s index (D) is a measure of diversity independent of N. As dom-
inance increases (related to the increase in abundance of species in the sample),
the value of D appears to decrease. However, the discriminant ability of this
index in samples of different sizes is poor and, coupled with the inability to
graph the index, the performance and usefulness of this index was difficult to
evaluate.

Hill’s diversity numbers
Hill’s numbers are the easiest diversity statistic to interpret. The diversity
numbers are in units of number of species and measure what Hill calls the
effective number of species present in a sample (Hill 1973; Ludwig and Reynolds
1988). The numbers are mathematically related to the Shannon, Simpson and
Berger–Parker indices (Table 3). As the number of species (N0 or S) increases,
less weight is placed on ‘rare’ species, and lower values are obtained for N1, N2
and N1 since they measure the number of abundant, very abundant and most
abundant species in a sample respectively (Table 3). ‘Rare’ species in an eth-
nobotanical context are those species with low incidences/abundances in the
sample (i.e., low values of n).

Hill’s numbers may be plotted, for example the Faraday Street trader sample
in Figure 6. Like the other indices previously described, the point at which the
curve levels off gives an indication of the minimum viable sample size needed to
assess the index. The minimum sample size required for the street traders is
around 30 (Figure 6), compared to �20 for shop traders (not shown graphi-
cally). The distinctive high values for the first part of the N2 curve (derived
from Simpson’s index) is because N2 is weighted in favour of the commonest
species. Because incidence equals abundance in these samples, adding new or
‘rare’ species to the sample (as n or N increases), decreases the relative abun-
dance of the commonest species until the value stabilises when fewer new
species are added. N1, on the other hand, shows a steady increase until the
curve reaches an asymptote – this is because the function is derived from the
Shannon index, and therefore weighted in favour of species richness. As the
number of new species increases, the value of the curve increases until it
eventually levels off when very few new species are added to the sample as n
increases.

It was not possible to plot N1 for the randomised and successively pooled
samples because the requisite parameters were not available on the EstimateS
software. Except for the final value of N1 (shown as r in Figure 6 for the
total pooled sample), the projection of the curve has been estimated from non-
randomised values from the data matrix for Faraday. The curves for the muti
shop samples are similar in shape to the street trader data, but higher in value.
The curves are not plotted because Table 3 adequately expresses the results.

Values for N1, N2 and N1 are higher for the muti shops than for the
Faraday Street market (Table 3), indicating that if species abundance equates
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with plant popularity, then there is greater dominance of a few popular
(abundant) species in the street market. In other words, the street traders sell a
smaller number of ethnospecies that have very high occurrences within the
market. Muti shops, on the other hand, sell a larger range of species with
equally high abundances.

This pattern is related to factors already discussed in this paper, i.e., that
street traders have neither the space nor the financial capacity to sell large
numbers of species. They, therefore, sell a smaller range of ethnospecies that
have assured commercial value and are likely to have a higher restocking
potential. Additionally, if one trader does not have a certain plant that the
customer is looking for, then there are at least 160+ other traders in the
market that might sell the plant. Muti shop traders, on the other hand, have
larger trading spaces and financial freedom and can afford to stock a large
range of species in their shop – i.e., they are ‘one-stop-shops’. The number of
species represented by N2 and N1 are indicators of the number of ethno-
species within the markets that are candidates for more immediate conserva-
tion action, assuming that high incidence is an indicator of potential risk.

Fisher’s alpha
Generated from a species abundance model, Fisher’s alpha (a) is a constant
used to fit the logarithmic series distribution model once the parameter x has
been solved for iteratively. The index is also known as the log series alpha
(Magurran 1988), and has been adjudicated as a good, if not one of the best,
measures of species diversity by several authors (e.g., Magurran 1988; Krebs
1989; Hayek and Buzas 1997) even when the underlying species abundances do
not follow a log series distribution.

Alpha is low when the number of species is low (Table 3, Figure 7), and
therefore the smaller samples with fewer ethnospecies have smaller values of a
(e.g., WBKP and MS: Survey 1992). The index is less affected by the abun-
dance of the rarest or commonest species than either H0 or k, respectively
(Magurran 1988), and depends more on the number of species of intermediate
abundance. According to Hayek and Buzas (1997), Fisher’s a is a number close
to the number of species we expect to be represented by one individual – this
would account for the high values of a in the initial part of the curves in Figure
7. Because the incidence of species sold at trader’s shops/stalls equals abun-
dance, the samples all initially have very high numbers of ethnospecies repre-
sented by one individual due to the nature of the sampling methods.

Hayek and Buzas (1997) recommend that a is used as a diversity measure
when the parameter x of the log series model is 1 � x � 0.61 because when
x � 0.61 then a > S and the statistic becomes unacceptable and biologically
meaningless (where x = N/[N+a]). Greater confidence in the true value of a
occurs when x is close to 1 and N is large. The point on the curves at which
x � 0.61 is marked with *, and the final value of x is also shown (Figure 7).
Eventhough a is a constant, it would appear from the data that a increases with
N and S. Hayek and Buzas (1997) explain this apparent paradox in the
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following way: if the data fits the log series model exactly, then a is a constant
independent of N. However, data rarely fits the models exactly in ‘‘Mother
nature’’, and therefore an increase in a is observed as S and N accumulate. The
results in Figure 7 show the Faraday Street traders to have greater species
diversity than the other samples.

Evenness

Measures of evenness (or equitability) attempt to quantify the unequal repre-
sentation of species against a hypothetical sample in which all species are
equally abundant (Krebs 1989), i.e., the ratio of observed diversity to maxi-
mum possible diversity. Hence, evenness may be referred to as relative diversity
or homogeneity (Brower and Zar 1977; Zar 1984). A low evenness means a high
dominance in the use (or presence) of a few species (Begossi 1996). When all
species are equally abundant, an evenness index would be at a maximum (of
1.0) and decrease towards zero as the relative abundances of the species diverge
away from evenness (Ludwig and Reynolds 1988). Different measures of
evenness have been proposed, most of which are expressions of Hill’s numbers
(Table 4).

All the indices gave different values but consistent rankings for the samples
and subsamples (Table 4). Which index should, therefore, be chosen as a
representative measure of how evenly distributed are the species sold by the
Witwatersrand traders? Magurran (1988) recommends the use of the Brillouin
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Figure 7. The cumulative diversity curves of Fisher’s a for ethnospecies traded in the Witwa-

tersrand. The overall value of a and x (a parameter required to fit the log series model) for the

randomly pooled samples is labelled in brackets at the end of each curve. The point marked � on
the curves is where x � 0.61. (MS: Muti shops; ST: Street traders; WBKP: Western Boundary

Kruger National Park).
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evenness index, but the computation of very large factorials made it impossible
to calculate. E1, also called the Shannon J0 or Pielou’s J, is probably the most
common evenness index in use but is strongly affected by species richness, and
the addition of rare species (or singletons) can greatly change the value of E1
(Ludwig and Reynolds 1988). Hayek and Buzas (1997) recommend the use of
E1 and E2 (also known as the Buzas and Gibson E). Ludwig and Reynolds
(1988) further describe E3–E5, but consider E1–E3 to be of limited value be-
cause they are highly sensitive to the number of species in the sample. A general
problem with all measures of evenness, however, is that they assume that the
total number of species that could possibly be sampled is known (Krebs 1989).
Since observed species numbers must always be less than true species richness,
the evenness ratios are always overestimated, with the possible exception of E4
and E5.

E4 and E5 remain relatively constant with sampling variations and hence
tend to be independent of sample size (Ludwig and Reynolds 1988). This is
because E4 and E5 are computed as ratios where S is in both the numerator
and the denominator, thus effectively cancelling the impact of the number of
species in the sample (Ludwig and Reynolds 1988). However, E4 and E5 are
not totally unaffected by the large number of singletons found in small samples,
including the samples collected in the initial stages of research at a site before
an adequate sample size is accumulated. Figure 8a shows how E5 > 1.0 until
about sample 17 in the muti shops and about sample 22 in the street traders. An
explanation for this feature of the index is as follows: initially N2 > N1
(Figure 6) because ‘rare’ species and singletons are to begin with very abundant
in the ethnobotanical samples, thereafter declining in numbers as samples
accumulate and the more dominant species become evident in the sample. This
feature of the index is useful for determining the minimum viable sample size
required for assessing evenness. E5 for samples MS: White and MS: Survey
1992 is never less than 1.0 (Table 4), and therefore their evenness cannot be
compared with the other samples. The results demonstrate that evenness is
higher in the sample of Indian shop traders, followed by Black, All and Far-
aday Street, and therefore there is greater dominance in the sale of few species
within the street market (Table 4). This result is consistent with the observa-
tions described earlier, namely that a high sample diversity means that it is
more difficult to correctly predict a species chosen at random from a sample,
and therefore the dominance of species is lower and evenness higher.

The values of E2 and E3, as well as E4 and E5, are similar, and therefore
either may be used. However, Ludwig and Reynolds (1988) recommend the use
of E5 as a measure of evenness because it is the least ambiguous. The authors
also suggest calculating E1 because it is more widely used as a comparative
index (e.g., Begossi 1996). The performance of E1 as an index is shown in
Figure 8b for the sample of Faraday Street traders and shops (MS: All). The
sensitivity of E1 to the addition of ‘rare’ species (singletons) is evident in the
first part of the curve. When the Witwatersrand results are compared with six
ethnobotanical samples from South America (Begossi 1996), it is evident that
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evenness is high overall for ethnobotanical samples (E1 > 0.90 on average),
with very little overall dominance of certain species for use/sale. Values for E1
in the South American study range between 0.78 and 0.97 (average 0.91)
compared to an average of 0.92 for the Witwatersrand traders.

Assessment of rare, intermediate and common ethnospecies

Indicator species are a useful adjunct to investigations of diversity (Magurran
1988). In ecology, they can provide an additional clue to how community
structure is changing (Magurran 1988). In ethnobotany, indicator species are
usually those in high demand by resource users and are at risk of over-
exploitation and population decline. A question that frequently arises is: how
does one objectively select criteria and categories for delimiting high risk
species from those that are lower risk? Cunningham (2001) describes some of
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MS: 1992 Survey
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Figure 8. The cumulative evenness curves for (a) E5 and (b) E1 for ethnospecies traded in the

Witwatersrand. (MS: Muti shops; ST: Street traders).
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the categories used for choosing priority species for monitoring as ‘‘filters’’
which help to sift out species that are likely to be more vulnerable to over-
harvesting. While complex and comprehensive models and methods exist for
‘filtering’ species (the authors are currently addressing this question in more
detail in forthcoming papers), a simple (albeit crude) method obtained from
Hill’s numbers can be used as a first step in the process of prioritising species
for monitoring.

Hill’s numbers N1, N2 and N1 measure the number of abundant, very
abundant and most abundant species in a sample, respectively. In addition, N0
equals S – the total number of species. The number of species of rare, inter-
mediate and common abundances within a sample were defined in the following
way: common � N1; intermediate � N1–N1; and rare � N0–N1. ‘Rare’
species, as previously mentioned, are those species with low incidences/abun-
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dances in the sample (i.e., low values of n) and are not necessarily endangered.
Rare species are, therefore, the remaining species in a sample that are not
abundant (N1). Because N1 and N2 represent species present in abundance in a
sample (but not of ‘most’ abundance like N1), they were combined to produce
the category ‘intermediate’.

Figure 9 shows the number and percentage of ethnospecies categorised as
rare, intermediate and common in abundance from the Faraday street market
survey and the muti shop survey of 1994. The purpose of this paper, is not to
discuss what those species actually are, but to derive a method to more easily
delimit the species based on their abundance within a data matrix. The his-
tograms in Figure 9 corroborate the results of the evenness and diversity
measures, i.e., there is a higher evenness in the representation of species in the
muti shops. Additionally, there are fewer common or abundant species sold by
the street traders compared to the muti shops and, therefore greater dominance
of a few species in samples of the former. Further, street traders sell a smaller
range of species that are more prevalent in the market than other species. It is
known from research conducted in the market (Williams 2003) that many of
these species are currently threatened or have the potential to be so if current
harvesting and utilisation trends continue.

An example of intra-sample diversity: healers and non-healer traders
from the faraday market

The main use of diversity measures within this paper has been to compare
inter- and intra-sample diversity and sampling effort with respect to traders of
different ethnic groups selling plants within formal and informal markets. A
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Figure 10. Species accumulation curves for ethnospecies sold by healer and non-healer traders in

the Faraday street market.
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further example of the application of diversity indices to intra-sample differ-
ences is the comparison of plants sold by traders that are traditional healers
and traders that are not traditional healers within the Faraday market. The
data matrix for Faraday was subdivided into ‘healers’ and ‘non-healers’ and
analysed accordingly. The results are shown in Table 5. The results make it
clear as to why it is necessary to describe a sample in terms of more than one
index of species richness, evenness and diversity as well as the necessity for a
species accumulation curve (Figure 10).

Numerical species richness of the plants sold by healers is lower than non-
healers (Table 5) – however, this is a function of the smaller subsample size. The
curve for healers lies above the curve for non-healers (Figure 10), and therefore
the subsample is comparatively more species rich. Additionally, Margalef’s
index for species richness indicates that species richness is almost the same for
both subsamples, with the fractionally higher value for non-healers being the
result of a larger subsample. Shannon’s index of diversity is exactly the same for
both subsamples, thereby underlining the importance of using additional
indices to discriminate between sample diversity where sample sizes differ.
Simpson’s index and Fisher’s a show plant diversity sold by the healers to be
higher, and therefore there is lower dominance of species sold by the healers.
Additionally, the probability of encountering the same species amongst the non-
healer traders is higher – the low evenness values for the non-healer subsample
corroborate this evidence. The greater dominance of a few species in the non-
healer subsample can be accounted for in the following way: unlike healers,
non-healers do not supplement their trading incomes with paid consultations by
patients. With the high level of competition in the market, the non-healer
traders cannot afford to keep too many species that have intermediate demand
and commercial value (wholesale), and they therefore, tend to keep more of the
species known to be in demand by customers. The plant knowledge traditional
healers have, by contrast, allows more flexibility in the range of plants sold –
some of which are added to mixtures and preparations sold to patients.

Conclusions

The true value of diversity measures will be determined by whether or not they
are empirically useful (Magurran 1988). In non-ethnobotanical studies there
are two main areas in which diversity measures have potential application,
namely: conservation management, which concentrates almost exclusively on
measures of species richness (underpinned by the idea that species-rich com-
munities are better than species-poor ones); and, environmental monitoring,
which makes extensive use of diversity indices and species abundance distri-
butions (where, for example, the adverse affects of pollution will be reflected in
a reduction in diversity or a change in the shape of the species abundance
distribution) (Magurran 1988).
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According to Begossi (1996), diversity measures can be used to evaluate the
intensity of resources used by human populations, to allow comparisons
among different populations in different environments, and to allow evalua-
tions of sampling effort. Further, Begossi (1996) used diversity indices to help
answer the following questions: does the diversity of plant use in an area
represent the floristic abundance available?; are the same plants used by most
individuals?; and, are there differences in the diversity of plant uses per cate-
gory of user (e.g., gender/age)?

Diversity indices, in the broad sense of the term, therefore, have a useful role
to play in the quantitative analysis of ethnobotanical data. Which measures are
‘best’ cannot be decided without first knowing why diversity should be of
interest (Pielou 1975) or how it can help appraise the availability of plants used
and/or traded commercially. The primary goal of this paper was to evaluate the
performance of a large variety of indices in relation to samples of different sizes
and trader profiles, and to examine the kind of useful information they pro-
vided. The primary criterion used for recommending certain measures is the
value and economy that can be added to the description of plant availability/
use, and therefore the degree of insight that can be acquired into interpreting
relative abundances. Second, indices are recommended based on ease of cal-
culation and the extent of use by other researchers so that comparisons may be
made with other data sets similarly analysed (e.g., Begossi 1996; Hanazaki et
al. 2000). The relative merits and shortcomings of some diversity measures
have been previously described in Magurran (1988), and an awareness of their
limitations is necessary (Ludwig and Reynolds 1988). Ultimately, the choice of
index depends on the requirements of the researcher and the value that the
index adds to the quantitative description and understanding of the resources
under investigation.

A single index of diversity will most often not be sufficient to describe inter-
and intra-sample diversity (Hayek and Buzas 1997). Additionally, to describe a
sample only in terms of its diversity/heterogeneity index is to confound the two
factors of species richness and evenness (Pielou 1975). It is, therefore, judicious
to describe a sample in terms of richness, evenness and diversity. To this end,
we recommend the use of the following measures: (1) species richness (S or
N0); (2) Margalef’s index; (3) Shannon index (H0); (4) Simpson’s index (both k
and �ln k); (5) Hill’s diversity numbers N1, N2 and N1; (6) Fisher’s a; and (7)
evenness indices E1 and E5. It is additionally essential that these indices are
graphed as diversity accumulation curves so that the performance of an index
may be comprehensively evaluated, and the minimum viable sample size can
be determined. According to Gotelli and Colwell (2001), comparing richness
without reference to a taxon sampling curve is problematic and graphing the
results is necessary to detect differences in measured species richness (and
diversity) related to the relative abundance shown in the species accumulation
or species diversity curves. We recommend the use of EstimateS (Colwell 2001)
as a basis for calculating the accumulation curves and the input values nec-
essary for computing most of the other indices. Hill’s numbers have an
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additional beneficial use in the delimitation of species that are rare, interme-
diate and common in abundance within a sample, and this is a crucial first step
in prioritising species for monitoring and/or remedial conservation action.

The second objective of the paper was to assess whether the survey sites were
adequately sampled, and determine the minimum viable sample size on which a
diversity measure should be based for the type of data collected. Rarefaction is
a commonly used method for estimating species richness, and can be applied to
evaluating sampling effort (Magurran 1988; Begossi 1996; Williams et al. 2000;
Gotelli and Colwell 2001). However, the size of the sampling unit should be
chosen according to factors other than richness because relative abundance
affects the performance of the indices. When evaluating species diversity
measures (including richness and evenness) a sample size of at least 20 muti
shops and 35–40 street traders is necessary for the formal and informal sectors
in the Witwatersrand, respectively, (Table 6). The actual number of traders
surveyed depends on what aspect of diversity is being measured (Table 6). One
reason for the necessity to sample more street traders than muti shops is be-
cause of the lower mean number of species sold per street trader, therefore,
requiring additional sampling effort to increase the number of individuals

Table 5. Comparisons of selected measures of diversity between healer and non-healer traders in

the Faraday street market.

Index/Measure Healer traders (n = 39)

N = 1023

Non-healer traders

(n = 60) N = 1351

Species richness (S/N0) 281 295

Margalef 40.4 40.8

Shannon (H0) 5.25 5.25

Simpson (k) 0.0062 0.0067

Simpson (� ln k) 5.08 5.00

Fisher’s a 127.9 116.4

Hill’s N1 190.6 190.6

Hills N2 161.1 148.6

Hill’s N1 40.9 39.7

Evenness E1 0.931 0.923

Evenness E2 0.845 0.779

Table 6. The minimum viable sample size on which a species diversity measure should be based.

Index/Measure Muti shops Street traders

Species richness At least 20 At least 40

Diversity indices

Information theory (e.g., Shannon) 15–25 25–30

Dominance indices (e.g., Simpson) 20+ 15–20

Hill’s numbers 20+ 30+

Fisher’s alpha 30 35

Evenness 17 22

Summary: minimum viable sample size 20–30 35–40
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recorded for the sampling curves to reach a horizontal asymptote. Overall,
however, sampling effort was found to be more than adequate.

The third objective was to compare the species diversity of sites within the
formal and informal sector, and thereby appraise plant availability within the
ethnomedicinal trade in the region. As a result, inter- and intra-sample simi-
larities and differences in the sale of plants were identified. Numerical species
richness was found to be higher for muti shops than street traders, despite the
smaller sample size (n). This is related to the large number of individuals (N)
and ethnospecies sold per shop trader. Most of the diversity accumulation
curves for the indices showed a distinction in the availability and relative
abundance of plants sold by street traders compared to shop traders. Different
trading factors, therefore, operate within the trading sectors to determine the
plant diversity for sale. The graphs of the diversity curves are, therefore,
essential for interpreting the different mechanisms operating within the dif-
ferent markets. The average degree of uncertainty in predicting the identity of
species sold by the traders is higher in the formal sector, therefore, diversity is
higher and dominance of a few species is lower. The higher dominance of
certain plants sold by the street traders is confirmed by the lower evenness
values of the samples. Intra-sample differences in the muti shops showed Indian
traders to sell a larger diversity of plants compared to the Black traders, and
therefore dominance of plants in the latter was higher. In general, all the
indices gave different values but consistent rankings for the different sites.

The high diversity of plants sold within both the formal and informal sector
in the study area is likely to be related to a number of factors. Cities (like
Johannesburg) are more likely to have more culturally diverse populations,
drawn in from many rural communities (Cunningham 2001). Diversity of
species sold increases with increasing size of the marketing area, and therefore
more species are sold in regional markets (such as the Witwatersrand), fewer in
central markets and still fewer in minor or local markets (Cunningham 2001).
Begossi (1996) suggests that local resistance to Western medicine may result in
a greater demand for traditional medicines, thereby increasing the diversity of
plants used. At least 12–15 million people are estimated to consult traditional
healers in South Africa annually, and urbanisation has not precluded the use of
traditional medicine. In one ‘township’ southwest of Johannesburg (Soweto),
there were estimated to be at least 18,000 traditional healers. The Faraday
Street market functions primarily as a wholesale market to the traditional
healers in townships in the region (Williams 2003). The high diversity of tra-
ditional medicines sold in the region is, therefore, indicative of the high de-
mand and the acceptability of traditional healing practices – which to some
extent is related to the affordability of primary health care.

Ecologists have long known of species richness, diversity and evenness, and
it is only recently that these measures have been applied to the quantitative
analysis of ethnobotanical data (e.g., Begossi 1996; Williams et al. 2000). The
methods add greater depth to the exploration and understanding of mecha-
nisms and patterns operating within the field of indigenous plant use and trade.
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While a quantitative approach to analysing ethnobotanical data might not
always be possible, the approach is highly recommended.
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Abstract The incorporation of suitable quantitative methods into ethnobotanical
studies enhances the value of the research and the interpretation of the results. Pre-
diction of sample species richness and the use of species accumulation functions have
been addressed little in applied ethnobotany. In this paper, incidence-based species
richness estimators, species accumulation curves and similarity measures are used to
compare and predict species richness, evaluate sampling effort and compare the
similarity of species inventories for ethnobotanical data sets derived from the trade in
traditional medicine in Johannesburg and Mpumalanga, South Africa. EstimateS was
used to compute estimators of species richness (e.g. Jackknife), rarefaction curves,
species accumulation curves and complimentarity. Results showed that while the
Michaelis–Menten Means estimator appeared to be the best estimator because the
curve approached a horizontal asymptote, it was not able to accurately predict species
richness for one of the data sets when two of its subsamples were individually tested.
Instead, the first-order Jackknife estimator best approximated the known richness.

Keywords Traditional medicine trade Æ Quantitative ethnobotany Æ
Species accumulation curves Æ Rarefaction Æ Richness estimation Æ
Complimentarity Æ Sampling effort Æ EstimateS

Introduction

Species richness, or the number of species in a sample of a specified size, is an
instantly comprehensible expression of species diversity (Magurran 1988). Biologists
often need to know how many species there are within an area or, they need to
compare the number of species found in different areas (Colwell et al. 2004).
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Complete enumeration of species richness within an extensive study area is, how-
ever, generally not feasible and consequently a number of different methods for
estimating total species richness from a sample have been devised (Chiarucci et al.
2003). Traditionally, species accumulation functions have been used for plotting
species versus sampling effort to estimate visually whether a curve has asymptoti-
cally approached some ceiling (and hence whether sampling has been sufficient), as
well as estimate the total richness of a site (Soberón and Llorente 1993; Gotelli and
Entsminger 2001). Colwell and Coddington (1995), Gotelli and Colwell (2001) and
Colwell et al. (2004) have explored the measurement, estimation and comparison of
species richness through extrapolation and the use of taxon sampling curves,
including assigning confidence intervals to the estimates. While the methods for
estimating species richness have been applied to the approximate assessment of
species richness in faunal and floral groupings at comparative sites (e.g. by Bunge
and Fitzpatrick 1993; Soberón and Llorente 1993; Colwell and Coddington 1995;
Toti et al. 2000; Gotelli and Colwell 2001; Chiarucci et al. 2003; Sørenson 2004), the
benefits of such an approach to applied quantitative ethnobotany have yet to be fully
explored.

Ethnobotanical surveys are often the first step in identifying useful species that
are a resource management priority (Cunningham 2001). A challenge for ethno-
botanical studies has been in knowing how complete the plant inventories are, i.e.
how many more species would have been documented with increased sampling
effort? Furthermore, how does a researcher objectively decide on the level of
sampling effort required to satisfactorily complete a survey or draw conclusions on
the adequacy of the effort already executed? In two of the few studies using species
accumulation functions for ethnobotanical data, Begossi (1996) and Hanazaki et al.
(2000) used rarefaction curves to evaluate sampling effort and explore differences in
plant use per category of user (e.g. age and gender) within different communities,
mainly in South America. These methods have the potential to be broadened to
other ethnobotanical studies and resource inventories to include comparisons of
species richness between sites, as well as estimate the number of species expected
had a complete census of all the plants used/traded been possible. Plant inventories
for ethnobotanical studies are usually incidence-based (i.e. presence or absence).
The aim of this paper is to assess the usefulness of incidence-based species accu-
mulation curves, species richness estimators and similarity measures with data col-
lected from the medicinal plant trade in the Witwatersrand region (including
Johannesburg), South Africa.

Species accumulation curves

A species accumulation curve is the graph of the cumulative number of observed
species as a function of some measure of sampling effort (Colwell et al. 2004). If the
species are randomly and sequentially recorded one after another within a sampling
area, then the resulting accumulation curves are individual-based. If, however, the
survey area is subdivided into smaller sampling units (such as quadrats) and the total
number of species is accumulated as a result of successively sampling additional
quadrats, then the accumulation curves are sample-based (Gotelli and Colwell 2001).
Sequential or successive pooling of the individuals or samples will not, however,
produce a smoothed curve and the shape very much depends on the sample order.
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Rarefaction is used to produce a smoothed curve that is the statistical expectation of
the corresponding accumulation curve (Gotelli and Colwell 2001; Colwell et al.
2004). Rarefying a sample estimates its expected species richness at different values
of n samples or N individuals from the pooled total species richness after random-
izing the sample order. Rarefaction curves can be individual- or sample-based,
depending on the sampling methodology (Colwell 2001). In ethnobotany, the
quadrat as a sampling unit would be replaced with a more appropriate sampling
entity such as herbalists’ shop, street traders’ stall, or an informant within a com-
munity. Comparisons of the species accumulation curves with the rarefaction curves
can be used to assess the homogeneity of the samples. In addition, the 95% confi-
dence intervals of the rarefaction curves calculated by EstimateS (Colwell 2005) can
be used to determine whether species richness for data sets is significantly different.

Estimating species richness

There are three approaches to estimate species richness from samples, namely (1)
fitting parametric models of relative abundance (e.g. log normal distribution), and
using the shape of the species abundance distribution to deduce the total species
richness, (2) non-parametric estimators, and (3) extrapolation of species accumula-
tion or species-area curves (Magurran 2004).

Parametric methods

Two parametric models of relative abundance with the greatest potential for esti-
mating species richness are the log normal and log series distributions (Magurran
2004). When species fit a log normal model, the relative abundance of the data takes
the form of a bell-shaped normal distribution (Krebs 1989). It is possible to estimate
the theoretical number of species (S*) in the community/assemblage by extrapo-
lating the bell-shaped curve beyond the class of minimal abundance (i.e. over the
‘hidden’ portion of the curve to the left of the ‘veil line’) and measuring the area
under the curve (Krebs 1989; Colwell and Coddington 1995). Most log normal dis-
tributions are, however, of the truncated variety (Magurran 1988, 2004), i.e. part of
the bell-shaped curve is obscured, and the truncation point is at the veil line. Pielou
(1975) devised a method for fitting a truncated log normal distribution that assumes
that the position of the veil line can be recognized, and that the area under the
remaining part of the curve can be used to estimate S* (Magurran 1988).

Data that fit a log series distribution show a ‘hollow’ curve. In other words,
comparatively few species are common and comparatively large numbers of species
are rare (or, infrequently recorded). Additionally, the modal class is always the
singletons no matter how large the sample (Colwell and Coddington 1995). The
estimate of species richness is always non-asymptotic; hence, the number of esti-
mated species will increase as the number of individuals (N) increases (Magurran
2004).

Non-parametric methods

Non-parametric methods for estimating species richness from samples were
adapted from mark-recapture applications for estimating population size. They also

Biodivers Conserv

123

Chapter 6; Pg. 35



require no assumptions about community structure (Colwell and Coddington
1995). EstimateS by Colwell (2005) computes seven non-parametric estimators of
species richness. The estimators are homologous in that richness is estimated from
the preponderance of infrequently occurring species in each sample, i.e. the higher
the proportional abundance of rare species, the greater the probability of
encountering more new species with increased sampling effort. The method for
determining the best estimator involves visually estimating whether a plot of the
estimated number of species for each successively accumulated sampling unit
reaches a horizontal asymptote and reduces bias, following which conclusions are
drawn regarding the adequacy of the size of the data set and the performance of
the estimator. Sampling, or a census, is essentially complete if all species are
observed ‘‘multiple’’ times or are ‘‘not rare’’ (Colwell and Coddington 1995). It is
essential to note that richness estimators do not extrapolate beyond the last sample
to estimate richness at an asymptote (Soberón and Llorente 1993). Instead, rich-
ness estimators predict richness, including species not discovered in the sample,
from the proportional abundances of species within the total sample (Soberón and
Llorente 1993; Colwell 2005).

Extrapolating species accumulation curves

Species accumulation curves illustrate the rate at which new species are found, but
the total species richness of a site will not be directly revealed by the curves if
sampling is not thorough (Magurran 2004). If sampling is incomplete, then the
curves will show an upward trend illustrating the extent to which sampling effort
might have to be increased to accumulate more species. The curves can also be used
as a means of estimating species richness, most commonly by fitting functions such as
the asymptotic Michaelis-Menten algorithm (Colwell et al. 2004), or non-asymptotic
estimators such as log-linear models (Colwell and Coddington 1995) (not investi-
gated in this paper because the non-parametric estimators are reported to perform
better). Extrapolation of the curves is also possible, but there is no firm consensus on
how to do so (Magurran 2004). Colwell et al. (2004) have explored the challenges of
extrapolating species accumulation curves to estimate species richness, and the
means to do so.

Complimentarity and similarity

Complimentarity is the measure of biotic distinctness or dissimilarity between spe-
cies inventories that were compiled at sites located randomly within a habitat mosaic
or along a gradient (Colwell and Coddington 1995). The greater the degree of
distinctiveness, the more complimentary the two sites are, and hence the higher the
combined species richness is likely to be between the sites. The measure captures the
sense that species richness can be interpolated between site gradients depending on
the degree of distinctiveness. Undersampled sites can, however, result in compli-
mentarity and species richness being overestimated because the distinctness and the
number of species shared between samples would be lower. In ethnobotanical
studies, complimentarity can be used to measure the dissimilarity of species inven-
tories between different markets and/or user groups and thereafter be used to
interpolate the number of species that might be traded or in use between certain
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sites or user groups. By contrast, similarity is the degree to which the species com-
position of samples is alike. The most widely adopted measures are the classic
Jaccard and Sørenson indices for incidence-based data, and the Bray–Curtis (equal
to the ‘Sørenson quantitative’ index) and Morisita-Horn indices for abundance-
based data (Magurran 1988; Colwell 2005).

Study area

This case study is focused on the Gauteng Province of South Africa, and specifically
the region called the Witwatersrand, which includes Johannesburg in its centre
(Fig. 1). The Witwatersrand is an extensively urbanized axis of approximately
100·40 km, and has a large urban Black population with an active trade in tradi-
tional plant medicines. Johannesburg forms the hub of the regional informal plant
trade, mainly because of the concentration of the labour force and the strong links of
that labour force with rural communities (especially to the province of KwaZulu-
Natal to the south-east) and traditional activities, including the utilization of tradi-
tional medicine. There were estimated to be 18,000 traditional healers in Soweto, a
Johannesburg township, in the mid-1990s.

Fig. 1 The Witwatersrand study area (in black) within the province of Gauteng, South Africa. The
Witwatersrand includes the metropolis of Johannesburg. One-hundred and fifty traders of traditional
medicine were interviewed in the region between 1994 and 2001. ‘WBKP’ represents a region within
which a survey of 17 traders was conducted by Botha (2001) on the western boundary of the Kruger
National Park. The province of KwaZulu-Natal is the harvesting source of most plants sold in the
Witwatersrand
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The trade in medicinal plants is divided into two sectors, namely formal business
represented by ‘muti’ shops or herbal pharmacies, and informal markets represented
by street traders. In 1994, there were more than 200 muti shops on the Witwaters-
rand (Williams et al. 1997), the majority of which were owned by Black traditional
healers (52%) and Indian merchants (25%). A study conducted in 2001 revealed
there to be more than 160 street traders in a market called ‘Faraday’ (Williams
2003). Ninety-seven percent of the street traders were migrants to Gauteng, of which
90% regarded KwaZulu-Natal as ‘home’ (Williams 2003). For the most part, the
trade of medicinal plants in Johannesburg meets the needs of the Zulu sector of the
population, despite the multicultural nature of the metropolis (Williams et al. 1997).
Customers to this market are primarily traditional healers from the region buying
plants to restock their home-based healing practices.

Methods

The species accumulation functions were reviewed using seven sets of ethnobotanical
data derived from inventories compiled from three surveys of medicinal plants in
trade. The studies were conducted with formal muti shop traders and informal street
traders of traditional medicine. The first survey in 1994 was for 50 muti shops on the
Witwatersrand (‘All shops’) (Williams et al. 2000). This sample was subdivided into
three smaller subsamples based on the ethnicity of the shop owner, namely Black
(n = 28 shops), Indian (n = 20) and White (n = 2; data set was not included in the
analyses due to its size). The second survey was conducted in 2001 with 100 street
traders in the Faraday street market in Johannesburg (Williams 2003). The third
survey, conducted by Botha (2001) with 17 informal street traders, inventoried plants
traded on the western boundary of the Kruger National Park (‘WBKP’), Mpuma-
langa, South Africa. The seventh data set is a combination of all the ethnospecies
inventoried during the 1994 and 2001 Witwatersrand studies and is called ‘WRand
Total’ (n = 150). This data set was only used in complimentarity and similarity anal-
yses because of the variations in sampling technique and the number of individuals per
sample. All inventories recorded the presence of plants in a shop or at a stall, hence the
data are incidence-based (qualitative) not abundance-based (quantitative).

‘Ethnospecies’ was used as a proxy for species during the analyses (except where
otherwise specified). The term ‘ethnospecies’ (Hanazaki et al. 2000) takes into ac-
count the folk or common names given to one or several species quoted during
resource inventory interviews. The ethnospecies name ‘iMphepho’, for example,
applies to at least six species of Helichrysum, but it was not possible to ascertain which
of the six the traders sold when the survey was conducted. Ethnospecies names are
best used where uncertainty exists as to the correct identification of a species.
Therefore, rather than duplicate the incidence of species occurrences, the data were
quantified based on the number and frequency of occurrence of ethnospecies sold by
the traders. Where more than one ethnospecies name applied to a single species, only
one name was used during the analyses. Later in the paper, the ratio of ethnospecies
to number of species is calculated for the specific surveys in order to extrapolate the
estimated number of ethnospecies to actual species (e.g. Table 3). In the Faraday
study, for example, 100 ethnospecies names � 136 plant species.

Public-domain software called EstimateS (Version 7.5, Colwell 2005) was used to
calculate and evaluate the performance of six species richness estimators appropriate
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for incidence-based data, namely: ICE, Chao 2, first order jackknife, second-order
jackknife, bootstrap and Michaelis–Menten Means (Table 1). The Michaelis–Menten
Runs estimator was considered, but eventually excluded from the analyses because of
the very high and erratic richness estimates at the beginning of the curve. EstimateS
was also used to compute the expected species accumulation curves (sample-based
rarefaction) and 95% confidence intervals. The sample order was randomized 100
times to compute the mean estimator and expected species richness for each sample
accumulation level. In doing so, a smoothed curve was generated. Species richness
was also estimated using the log normal and log series parametric models of relative
abundance. The formulae in Magurran (1988), Krebs (1989) and Ludwig and Rey-
nolds (1988) were used to fit the data to the distributions.

Percentage complimentarity and the classic Jaccard and Sørenson indices of
similarity for incidence-based data were used to compare the distinctiveness of the
data sets and calculate the combined species richness for two data sets. Compli-
mentarity was calculated using the formula in Colwell and Coddington (1995) and
variables computed by EstimateS. The Jaccard and Sørenson indices were also
computed by EstimateS. Complimentarity coefficients vary from 0 (least compli-
mentary and most identical) to 1 (most complimentary and least identical), whereas
similarity measures range from 0 (least similar) to 1 (most similar). Alternatively, the
measures are expressed as a percentage.

Results and discussion

Species accumulation and rarefaction curves

Non-randomized species accumulation and sample-based rarefaction curves were
plotted for species inventoried in the Faraday Street market and muti shops (Fig. 2).
The 95% confidence intervals for the rarefaction curves were also plotted. The

Table 1 Brief descriptions of the species richness estimators used that are computed by EstimateS
(Version 7.5) (From Colwell and Coddington 1995; Colwell 2005)

Name Richness
estimators

Description

Non-parametric estimators
ICE Incidence-based

coverage estimator
Based on species found in 10 or

fewer sampling units
Chao 2 Chao 2 richness estimator Incidence-based; based on the presence

of singletons and doubletons
Jack 1 First-order Jackknife

richness estimator
Based on the number of species occurring

in only 1 sample
Jack 2 Second-order Jackknife

richness estimator
Based on the number of species that occur

in only 1 sample, as well as the number
that occur in exactly 2 samples

Bootstrap Bootstrap richness estimator Based on the proportion of the samples
containing each samples

Asymptotic extrapolation of the species
accumulation curve

MMMean Michaelis–Menten Mean
richness estimator

Computes estimates once for each
sample pooling level
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x-axes are scaled by accumulated number of samples (i.e. the number of stalls or
shops inventoried) (Fig. 2a) and, the number of individual plants accumulated as the
samples were pooled (Fig. 2b). The graphs differ in that the number of stalls sam-
pled in Faraday was twice that of the number of shops sampled, however the mean
number of ethnospecies sold per shop trader was approximately 3.5 times the
number of ethnospecies sold per stall in the Faraday market (means and standard
deviation equal 83 – 46 and 24 – 12 ethnospecies per trader for All shops and

Fig. 2 Comparing sample-based rarefaction curves (solid-lines), 95% confidence intervals (dashed
lines) and the non-randomized species accumulation curves (shown as + in 2a) for species recorded
in the stalls of 100 street traders in the Faraday market in 2001 and in 50 muti shops in 1994. The
x-axes are scaled (a) by number of samples, and (b) by number of individuals
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Faraday respectively). Numerical species richness per trader is thus greater for the
shop traders, and the initial steep gradient of the curve shows that species are
accumulated more rapidly for comparatively smaller sample numbers. For example,
the number of ethnospecies expected by the rarefaction curve after 25 samples is 320
for All shops and 224 for Faraday—a difference of 96 ethnospecies (Fig. 2a). Fig-
ure 2a also shows that muti shops have consistently higher number of ethnospecies
for similar levels of sampling effort compared to stalls at the Faraday market.

In ecology, Fig. 2a would represent a comparison between the densities of species
for two data sets (i.e. the number of species per sampling unit), and Fig. 2b a
comparison of species richness because the effect of density is removed when the
individuals are pooled. When comparing sample-based rarefaction curves and 95%
confidence intervals for two data sets derived from tropical rain forest saplings,
Colwell et al. (2004) concluded that where the confidence intervals don’t overlap,
the differences in density and/or species richness are not significant at P < 0.05. If
one uses this line of reasoning when comparing the differences in the mean number
of ethnospecies per sample (Fig. 2a), then the differences are ostensibly significant
because the confidence intervals do not overlap for the two data sets. However,
when the x-axis is rescaled by individuals (Fig. 2b), then species richness for the two
data sets is not significantly different. Gotelli and Colwell (2001) recommend that
when comparing and estimating species richness between data sets and sample sites,
the sample-based rarefaction curves are resealed by individuals to adjust for the
differing densities of individuals (Colwell et al. 2004).

The order in which the samples (or individuals) are included in a species accu-
mulation curve influences its overall shape (Magurran 2004). Despite the non-
randomized species accumulation curve not being smoothed (represented by ++ in
Fig. 2a), the samples are relatively homogenous and there is little variation in the
number of ethnospecies per sample—as indicated by how closely the species accu-
mulation curve approximates the rarefaction curve (especially for Faraday data).
The traders therefore consistently sell similar numbers of species.

The ability of a species accumulation curve to reach an asymptote is seen as an
indicator of sampling sufficiency (Heck et al. 1975). While none of the curves
actually reaches an asymptote, they appear to be approaching one and the rate of
accumulation of species as successively more samples are added to the total is
decreasing.

Species richness estimates

The procedure for fitting parametric models of relative abundance to a data set
involves calculating the number of species expected in an abundance class and
comparing it with the number of species actually observed. By summing the number
of species expected (S*), an estimate for species richness is obtained. The Faraday
data fit both the log normal and truncated log normal models (Table 2), and the
expected ethnospecies richness is 367 and 393 respectively. However, the log normal
and truncated log normal models do not fit the other data sets and the expected
ethnospecies richness for the Black-owned shops is unrealistically high (�1016
ethnospecies for the log normal).

The log series model does not fit any of the data sets and there is an underesti-
mation of the expected ethnospecies and species richness (Tables 2 and 3). The log
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Table 2 Species richness estimates and other summary values for ethnospecies sold by shop traders
and traders in the Faraday Street market

Faraday
street
market

Muti shops

All shops ‘Black-owned’ ‘Indian-owned’

No. of samples (n) 100 50 28 20
No. of individuals (N) 2402 4129 1769 2168
Observed ethnospecies richness 349 371 310 312

Estimated ethnospecies richness
Chao 2 427.4–19.4 436.0–20.0 364.8–15.0 358.4–13.6
ICE 408.6 435.0 368.8 361.2
Jack 1 432.2–10.0 442.5–13.2 379.4–17.5 371.9–16.3
Jack 2 472.8 474.1 406.9 395.3
Bootstrap 388.0 404.4 343.4 340.3
MMMean 394.3 379.2 352.4 333.9

Expected ethnospecies richness
Log normal 393.2* 698.5 1015.5 437.4
Truncated log normal 367.2* 386.5 320.1 319.9
Log series (341.8) (346.7) (293.4) (288.1)

No. of singletons 84 73 72 63
No. of doubletons 43 41 44 39

*P�0.21

Each richness estimate represents the mean (and SD for some estimators) for 100 randomizations of
the sample order (with the exception of the log normal and log series distributions). Number of
samples (n) is the number of street market stalls or shops inventoried. Number of individuals (N) is
the total number of individual plants recorded. Note: figures are for numbers of ethnospecies (i.e.
common names) not species. Values in brackets estimated by the log series model are underestimates
of the observed richness. Richness estimates for the subset of Black- and Indian-owned shops
(shaded area) should ideally approximate the observed ethnospecies richness of 371 for the entire
‘All shops’ sample (shaded)

Table 3 Estimated species richness estimated based on multiplying the values in Table 2 by the ratio
of observed ethnospecies to species

Faraday
street
market

Muti shops

All shops ‘Black-owned’ ‘Indian-owned’

Observed ethnospecies richness 349 371 310 312
Probable no. of corresponding

species
�475 �508 �425 �427

Ratio of ethnospecies to species 1 to 1.36 1 to 1.37

Estimated species richness
Chao 2 581 587 500 491
ICE 556 596 505 495
Jack 1 588 606 520 510
Jack 2 643 650 557 395.3
Bootstrap 528 554 470 542
MMMean 536 520 483 457
Log normal 535 957 1391 599
Truncated log normal 499 530 320.1 438
Log series (465) (475) (439) (395)

For example, the 349 ethnospecies inventoried at the Faraday market corresponds with �475 species
i.e. 1:1.36
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series model, if it fits the data well, is reported to accurately predict the number of
new species likely to be found in larger samples (Colwell and Coddington 1995).
However, species richness will be underestimated if the data do not conform to the
log series distribution (Magurran 2004). Furthermore, data that fit a log series have
an implied low evenness because of the presumption that there is a large proportion
of ‘rare’ species (i.e. singletons) and a small proportion of abundant species in the
sample (Magurran 1988). Plant data frequencies recorded during the two surveys
show the evenness to be very high (in the region of 0.91 to 0.99 for the Shannon J’)
(Williams et al. 2005). Therefore, these data won’t fit the log series distribution and
the number of species not recorded during the sampling of the shops and stalls
cannot be realistically predicted. An alternative is to use non-parametric methods to
estimate species richness.

The best way to test the performance of a species richness estimator is to use data
sets from sites where the actual species richness is known (Toti et al. 2000).
Unfortunately, we cannot always use this approach successfully in ethnobotanical
studies of large, regional ethnomedicinal markets such as Johannesburg because the
plants sold in the markets originate from a wide geographical area of high species
richness. Some plants sold in the Johannesburg markets are known to have been
harvested in Zambia, Malawi and Mozambique. Furthermore, species entering
commercial trade represent a ‘short-list’ of a far greater diversity of species used in
rural areas (Cunningham 2001). The total number of species used for traditional
medicine is thus much greater than a survey of a commercial market would ever
capture.

There are, however, other ways to assess the usefulness of an estimator (Colwell
and Coddington 1995; Toti et al. 2000). First, is to observe how rapidly the esti-
mation curves approach an asymptote as sample size increases. Second, is to look for
consensus among the estimators. And third, to compare the estimator curves to
subjective visual extrapolations of the possible asymptotes of an observed species
richness accumulation curve. A good estimator (1) should reach, or closely ap-
proach, a stable asymptote sooner (i.e. with fewer samples) than the observed spe-
cies accumulation curve would, (2) yield an estimate that is not vastly different from
the other estimators, and (3) should give estimates that are close to reasonable visual
extrapolations of the asymptote of the observed species accumulation curve (Toti
et al. 2000). However, not all curves will reach an asymptote, and if part of the
reason for estimating species richness is to know the degree to which a site is ‘un-
sampled’ and hence how many species remain to be discovered with further sam-
pling, then another method for checking the efficiency of an estimator is to apply the
‘stopping rule’ i.e. the point beyond which further sampling is no longer necessary or
too costly (Magurran 2004). Asymptotes are generally used to establish this point,
but Magurran (2004) also proposes that a sample is subdivided into two parts and
that the richness of each is estimated separately. If the estimates give answers that
are consistent with the one obtained for the combined sample, then ample data have
been collected (Magurran 2004). In the same way, the estimator that best predicts
the species richness of the total sample from the subsamples can be adjudicated as
the better estimator.

The Michaelis–Menton Mean (MMMean) estimator appears to be the only esti-
mator that approaches an asymptote sooner than the expected accumulation curve,
for all data sets (Fig. 3a–d). This result is probably to be expected given the
asymptotic nature of the estimator (Magurran 2004). The remainder of the
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estimators tend to rise in parallel with the accumulation curve and do not reach an
asymptote. The first- and second-order Jackknife estimators climb more steeply than
the other estimators, and Chao 2 and ICE over-estimate species richness at the
beginning of the sample (because they are strongly affected by the high number of

Fig. 3 The performance of the incidence-based species richness estimators compared with the
expected species accumulation curve (S observed) for four data sets from the Faraday street market
(a) and muti shops (b–d). The cumulative number of singletons and doubletons are also plotted. The
curves above the species accumulation curve show the estimated species richness (final value in
brackets) based on successively larger numbers of samples. The estimators used are Jack 1 & 2, Chao
2, ICE, MMMean and Bootstrap. The values were generated by EstimateS (Colwell 2005). For all
curves, each point is the mean of 100 estimates based on 100 randomizations of the sample
accumulation order. All graphs are scaled to the same axis values
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singletons and rare species present in the first few samples). Plots of singletons and
doubletons rise quickly and then tend to level off and decrease very slightly as the
sample size increases.

The difference between the highest and lowest ethnospecies estimate is 84.9 and
94.9 for Faraday and All shops respectively, and between 54.5 and 61.4 for the Black-
and Indian-owned shops subset respectively (Table 2). Interestingly, the observed
richnesses range from 74 to 79% of the maximum estimated value. The second- and
first-order Jackknife estimators (Jack 2 and Jack 1) consistently generate the highest
estimates, and either Bootstrap or MMMean the lowest estimates for the samples.

Fig. 3 continued
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Despite the smaller number of species observed in the Faraday market, the species
richness estimators predict that relatively more species are yet to be sampled in the
Faraday market compared to the shops. This is due to the higher number of sin-
gletons recorded during the survey. Species richness estimators use the frequency of
rare species to predict total sample species richness. The more singletons there are in
a sample, the more species are predicted to be present in the sampling ‘universe’ that
remain to be captured during a survey.

Overall, results indicate that based on the rate at which the estimators reach an
asymptote, the MMMeans is the best estimator of species richness for the four eth-
nobotanical samples. However, the MMMeans estimates for species sold by the subset
of Indian- and Black-owned shops (334 and 352 ethnospecies respectively) is less than
the observed richness for the total number of ethnospecies inventoried in the 50 muti
shops (i.e. 371 ethnospecies), of which the subsets are part (shaded area Table 2,
Figure 3). Therefore, MMMeans was not able to correctly estimate the total richness
of the total sample (All shops) based on the species present in either of the two data
subsets. Instead, Jack 1 better predicts the species richness for the total sample (372
and 379 estimated ethnospecies for Indian- and Black-owned shops respectively,
compared to 371 observed for All shops). Similarly, Jack 1 estimates for Faraday
(Fig. 3a) and All shops (Fig. 3b) are close to those observed if the ethnospecies
inventories of both samples are amalgamated to form a total species list for the region.
When the two samples are combined (‘WRand’ in Table 4), the observed ethnospecies
richness is 436 for 150 samples, which is similar to the 432 and 443 ethnospecies
richness estimated by Jack 1 to be potentially present in either Faraday or All shops
respectively. So, while MMMeans reaches an asymptote sooner and appears to be the
best estimator for the data based on asymptote criteria, Jack 1 seems to provide the
best lower-bound estimate of species richness for the individual data sets. If Jack 1 is
the lower-bound estimator, then it is possible that Jack 2 estimates approach an upper
limit for the number of species likely to be found in commercial trade in the region.
The number of species actually used is far greater, but not all of them will find their
way to the markets. While Chao 2 and ICE sometimes give estimates similar to that of
Jack 1, the estimators are initially unstable and are therefore discounted.

Table 4 Ethnospecies richness and percentage complimentarity between four data sets, including a
study by Botha (2001) on medicinal plants traded on the western boundary of the Kruger National
Park (‘WBKP’)

Faraday
(n=100)

All Shops
(n=50)

WRand Total
(n=150)

WBKP
(n=17)

Observed ethnospecies richness 349 371 436 185

Complimentarity
All Shops 34.8% (284)
WBKP 76.7% (101) 77.3% (103) 78.2% (111)

Combined richness for both sites
All Shops 436 (�595)
WBKP 453 (�616) 473 (�648) 510 (�700)

‘WRand Total’ is the combined data set of the Faraday and All Shop surveys. Values in brackets
after the percent complimentarity are the number of ethnospecies common on both data sets. Values
in brackets after the combined ethnospecies richnesses are approximate numbers of corresponding
species
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A question of sampling sufficiency and the completeness of the inventories is
raised because of the failure of most estimators (with the exception of MMMean and
the All shops curve), and the species accumulation curves, to reach an asymptote.
Curves that have an upward trend tend to indicate that an increase in sampling effort
would yield more species, as is predicted by the estimators and the difference be-
tween the observed and estimated number of ethnospecies. As regards the species
accumulation curves, however, the rate of accumulation of new species is also
necessary to make comparisons (Soberón and Llorente 1993), especially for certain
ethnobotanical samples where the curves may never reach an asymptote because the
commercial trade functions within a potentially very large regional floral diversity.
Data for Faraday indicate that the rate of accumulation of new ethnospecies is 0.9
per trader, whereas the rate for All shops, Black- and Indian-owned shops is 1.5, 2.7
and 3.5 respectively. These figures indicate the sampling effort was satisfactory, and
that there would be no real benefit to interviewing more traders and inventorying
their medicinal plant stock if, overall, < 2 new ethnospecies will be recorded per
trader. Consequently, the sample size required for the species accumulation curves
to reach an asymptote might be too large to be practical.

Heck et al. (1975) reported that in some situations it might be satisfactory to
collect 50%–75% of the total number of species known to occur in a given area, as
long as the most common species are recorded. While the total number of species in
commercial medicinal plant trade is not precisely known, observed richness is ‡74%
of the maximum richness predicted by the estimators for all the samples and the
most commonly traded species were captured by the survey. However, species
represented as singletons/doubletons in an ethnobotanical sample derived from a
commercial medicinal plant market are not necessarily ‘rare’ or ‘scarce’ in the wild.
Instead, they often represent species that have little or no commercial value and/or
have been speculatively harvested and sold to traders. As a result, the species
richness estimators are, in principle, estimating total richness and the number of
species that remain to be discovered from the preponderance of species with less
commercial value.

Complimentarily and similarity

Values for the complimentarity and similarity indices show there to be a low level
distinctness and high degree of similarity between the ethnospecies sold in the
Faraday market and muti shops (Tables 4 and 5). About 79% of the species sold in

Table 5 Jaccard and Sørenson’s coefficients of similarity for ethnospecies sold, expressed as
percentages

Faraday (%) All shops (%) WRand total (%) WBKP

Classic Jaccard index
All shops 65.1
WRand total 80.0 85.0
WBKP 23.3 22.7 21.7

Classic Sørenson index (incidence-based)
All shops 78.9
WRand total 88.9 91.9
WBKP 37.8 37.0 35.7
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the market and shops are common to both samples (Sørenson index, Table 5), and
the combined ethnospecies richness is 436 (�595 species) (Table 4). The number of
ethnospecies common to both samples is 284 (Table 4). Given that most shop traders
purchase plants from the wholesale Faraday market and are in adjacent trading
areas, the number of shared taxa and percentage similarity is expected to be high.

By contrast, comparing plants sold in the Witwatersrand and Mpumalanga mar-
kets (WBKP) (about 350 km apart) show a low degree of similarity and high degree
of distinctness. Plants sold by the vendors in WBKP were 37% and 38% similar to
the plants sold in Faraday and All shops respectively (Sørenson index, Table 5), and
the combined ethnospecies richness was 453 (�616 species) for WBKP and Faraday,
and 473 (�648 species) for WBKP and All shops (Table 4). When one combines the
Faraday and All shop samples to produce an amalgamated data set (called ‘WRand
Total’), and compare it with WBKP, the Jaccard index of similarity is 36% and the
shared number of ethnospecies is 510 (or �700 species). The number of ethnospecies
common to both samples is relatively low (111 ethnospecies) and the two data sets
are thus distinctly different. Given that £3% of the plants sold in the Witwatersrand
are harvested by gatherers in Mpumalanga, the dissimilarity of the two markets in
terms of species richness is to be expected.

The resulting combined species richness for both sites (WRand and WBKP) (�700
species) raises expectations for a high level of species richness commercially traded in
and between different markets in South Africa. While no inventory data were avail-
able to compare the taxonomic similarities of species commercially traded in markets
in KwaZulu-Natal (e.g. the Durban markets), the results would probably have shown
the percent similarity to be greater than that of WBKP (i.e. >40%) given that two-
thirds of plants sold in the Johannesburg markets originate from KwaZulu-Natal. A
factor that would additionally influence these results, however, would be the demand
for medicinal plants harvested outside of South Africa (e.g. in Swaziland, Malawi and
Mozambique). There are known to be noteworthy trade links between harvesters and
markets for species found elsewhere in southern Africa (Williams 2005).

Conclusion

To enhance the value of ethnobotanical studies, the incorporation of suitable
quantitative methods into data collection, processing and interpretation improves on
the traditional compilation-style approach to the discipline (Höft et al. 1999) and,
creates an opportunity for cogent arguments that advance scientific and practical
knowledge. In the case of species accumulation functions, richness estimators and
similarity measures, the methods broaden the interpretation of species inventories in
several ways.

First, plotting species accumulation and rarefaction curves enables comparisons of
species density per sample (i.e. the number of species per trader) and hence species
richness at similar levels of sampling effort. When the axes are rescaled to individ-
uals (N), the effect of density is removed and overall species richness between data
sets can be compared. In addition, the 95% confidence intervals help assess whether
the differences in species richness are significant. The shape of the curve, the rate of
accumulation of new species and the degree to which curves approach a horizontal
asymptote illustrate sampling sufficiency. It was clear from the results that muti
shops stocked significantly more species than street traders did and that considerably
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more sampling was required in the Faraday market before an equivalent level of
species richness could be reached. Overall, the species richness was high. Even
though the curves did not reach an obvious asymptote, the rate of accumulation of
new species with increased sampling effort had levelled off enough for sampling
effort to be considered satisfactory.

A well censused site is reportedly one where the species accumulation curve
reaches a stable asymptote (Gotelli and Colwell 2001). However, given that the
diversity of plants sold in traditional medicine markets is high (Williams et al. 2005)
and the potential area from which plants can be harvested is extensive and contin-
uously expending (�3 million km2 including South Africa’s immediate neighbours
but excluding Namibia), there is some doubt as to whether the curve would ever
reach a stable asymptote, especially if it hasn’t done so after sampling 50 to 100
traders. The same doubt would apply to other ethnobotanical data sets, especially
those derived from large, regional plant markets.

Second, is the investigative benefit of species richness estimation. A challenge
with ethnobotanical species inventories and using richness estimators is that there
are rarely survey scenarios where the actual species richness is known a priori. In the
case of species traded in large regional markets such as Johannesburg, species are
sold that were not only harvested in South Africa, but also in other southern African
countries. Hence, it is difficult to test the performance of the richness estimator by
comparing the results with data from sites where the actual species richness is
known, because the total number of species that could be used cannot be realistically
enumerated. That said, the estimators are still useful for predicting the total species
richness of a site/assemblage from a pooled set of samples.

The first-order Jackknife (Jack 1) correctly estimated the total ethnospecies
richness of the All shop sample from the sub-samples of Indian- and Black-owned
shops within 1–9 ethnospecies respectively. When the Faraday and All shop species
inventories were combined (‘WRand’), then the total number of ethnospecies was
also similar to the Jack 1 estimate. Therefore, if Jack 1 is the best lower-bound
estimator (because it predicted WRand richness), then the lower-bound estimate for
the number of ethnospecies in commercial trade in the Witwatersrand ranges be-
tween 432 and 442 (equivalent to 588 and 606 species respectively). This indicates
that the surveys captured at least 81% of the total number of species likely to be in
commercial trade in the region. Alternatively, if Jack 2 is taken as the next best
estimate to account for species not captured by either of the surveys, then total
ethnospecies richness for the Witwatersrand traditional medicine trade is in the
region of 473 ethnospecies or >643 species. The surveys would have thus accounted
for �74% of the total richness. This is more than adequate given Heck et al. (1975)
recommended that the target should be 50%–75%. For the data sets investigated,
the Jack 2 probably give an upper-bound approximation for the number of species
most likely to be commercially traded in the region, including species that are
speculatively harvested.

The least useful of the estimators are the species abundance models. Parametric
models were originally developed to quantify abundance patterns that were evident
in certain ecological communities and to test hypotheses about their underlying
organization, including resource partitioning (Ludwig and Reynolds 1988; Magurran
1988). The generally poor fit of the data sets to the species distributions predicted by
the models makes the rationale for using the models to estimate richness for eth-
nobotanical samples questionable. The relative abundances of ethnospecies in
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ethnobotanical samples are not expected to have characteristics inherent in natural
populations. Thus, the underlying assumptions that the models make a priori about
the character of the data make the validity of fitting the models even more debat-
able. The log normal model is known to fit most ‘large’ data sets reasonably well
(Hayek and Buzas 1997), and it is therefore probable that the good fit observed in
the Faraday data set is due to the large number of samples. However, the definition
of what constitutes an ‘adequately large data set’ is vague. The data sets investigated
were large, but it was not possible to determine from the abundance models whether
the richness estimates were upper- or lower-bound predictions. Therefore, collecting
data adequate for fitting parametric models will not satisfactorily resolve the time
and effort cost to benefit ratio for further sampling—which is one of the objectives
when estimating species richness.

Third, is the usefulness of complimentarity and similarity measures. They are the
easiest of the measures to calculate and indicate the degree to which plant inven-
tories compiled in different local and regional markets are distinct or similar. The
percent similarity also infers the overall richness of species in commercial trade,
especially between markets located in other parts of the country. If the WBKP
sample has an observed ethnospecies richness of 185 and is only 36% similar to the
combined WRand richness of 436, then potentially many more species exist along a
‘trade gradient’ between the two provinces. It would be similarly useful to compare
the similarity of species sold in the markets of KwaZulu-Natal (e.g. Cunningham
1988) and the Eastern Cape (e.g. Dold and Cocks 2002), where the richness of
species in trade is known to be high.

When using incidence-based species richness measures with ethnobotanical data,
the least one should do is plot the sample-based rarefaction curves to compare the
richness and density of the data sets at similar levels of sampling effort and assess the
relative value of additional sampling. The benefits of estimating species richness,
however, requires further consideration. Overall, the incidence-based measures
described in this paper add value to the description of ethnobotanical species
inventories and there is merit in applying these techniques to other case studies.
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