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ABSTRACT

The purpose of this project was to examine variation within the
West African Simulium damnosum species complex using classical larval
polytene chromosome analysis, multivariate statistical analysis of
larval polytene chromosome variation, and multivariate statistical
analysis of adult female morphological variation.

Classical polytene chromosome analysis, undertaken to provide
correlated identification for adult females reared from pupae in the
same samples, revealed a chromosomally distinct form within S.
sanctipauli from Togo. This form was distinguished from typical S.
sanctipguli by the strong Y-chromosome linkage of an inversion, 1S§-21,
found autosomally at low frequency in typical S. sanctipauli.

Multivariate statistical analysis was applied to available data
of larval polytene chromosome inversion frequencies from the S.
sanctipauli subcomplex, the first application of these methods to
polytene chromosome variation. Intra- and Inter-specific variation
was found to be more complex than had been found using classical
methods of analysis. The most distinctive and internally homogeneous
taxon was S. soubrense 'B', while S. sanctipauli was found to be
heterogeneous, with OP-insecticide resistant flies represented as a
distinct cluster. Simulium soubrense was found to be an heterogeneous
assemblage of taxa. The taxa S. soubrense 'Chutes Milo' and S.
soubrense 'Beffa' showed affinities for S. sanctipauli , while S.
soubrense 'Menankaya/Konkoure' showed complex variation which may
have been a combination of clinal and local differentiation.

Multivariate morphometric methods were applied to 28 characters
of adult females of the West African S. damnosum complex. Some of
these characters were chosen for their known taxonomic importance,
and some as additional characters representing the general morphology.

Statistical methods were undertaken to ensure the integrity of
the basic data base, including univariate and multivariate outlier
detection procedures.

Multivariate morphometric intraspecific variation was analysed
in the six main species of the S§. damnosum complex, and shape dif-
ferences correlated with chromosomal differences, seasonal size var-
iation, and both size and shape variation with no clear cause were
found in the different species. The predominant mode of variation
was found to be size variation, with very strong seasonal size vari-
ation for 8. squamosum. Simulium soubrense showed the most extensive
morphological variation, although this did not exactly parallel the
chromosomal differentiation in the group.

Multivariate interspecific variation was analysed from the per-
spective of allocatory discriminant analysis, and optimal subsets of
characters derived for overall and species-pair analyses from regional
and 'global' material.

A method of adjusting prior probabilities of species membership
was derived to exploit the taxonomic potential of two non-normal
characters, and two kinds of allocation, forced and typicality prob-
ability were used to identify flies. The typicality probability
method was chosen because it gave approximate confidence intervals
to a fly's probability of species membership without reference to the
other species. This was the first application of this method to in-
sect morphometrics.

Significant interspecific morphometric variation was found, with
most successful identification being of the epidemiologically impor-
tant species S. damnosum s.s., and 'S. sirbanum, and for .
squamosum. Simulium soubrense, S. sanctipauli and S. yahense were
similar morphologically, although & colour character could identify
S. yahense with 96% accuracy.
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CHAPTER ONE: INTRODUCTION

1.1 BACKGROUND

The Simuliidae is a widespread family of Nematoceran Diptera,
commonly known as blackflies containing about 2000 species-level taxa
(Crosskey 1987a). The larvae are aquatic, most requiring running
water for filter feeding. In the tropics, larval development can be
completed in a few days or weeks, after which the larva enters the
pharate or pre-pupal stage, followed by the pupal stage which is spent
in a sheltered cocoon spun by the pharate pupa. In the tropics
eclosion of the adult often follows within a week. ‘Male blackflies
do not bite, but females of most species require a blood meal for egg
development. Host species are warm blooded vertebrates, predominantly
Birds.

A variety of pathogens are transmitted by the females, but the
most important human health problem is due to the filarial parasite
Onchocerca volvulus Leukart, which 1is transmitted solely by
blackflies, and which causes the debilitating disease onchocerciasis.
Nearly 18 million people are infected with 0. volvulus (WHO Technical
Report 752, 1987) throughout Tropical Africa, Yemen and parts of
Central and South America although this is certainly an underestimate
of the true number. By far the major proportion of these people live
in sub-saharan West Africa, where members of the Simulium damnosum
complex are the sole known vectors. Simulium bovis De Meillon has
been shown to be anthropophilic in nortﬁern Nigeria and to support

filariae similar to Onchocerca volvulus. Its role as a vector of
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human onchocerciasis is uncertain, but it is unlikely to be of im-
portance (Crosskey 1957).

In response to this enormous disease problem, the World Health
Organisation (WHO) began the Onchocerciasis Control Programme (OCP)
in 1974 (Walsh et gl1. 1987), which by 1989 will cover an area of 1
million km? in West Africa. The original aim of OCP was that in the
controlled areas annual biting gates' (ABR=Z(Number of flies
caughtxNumber of days in the month) #Number of catching'days in the
month, where summation is over the twelve monthly estimates of the
monthly biting rate MBR) should be less than 1000, and annual trans-
mission potential (ATP=I(MBRxTotal no. of L3 larvae of Onchocerca
volvulus found in the head)iNo. of flies dissected, where summation
is over the twelve monthly MTPs) less than 100 for kwo consecutive
ymars. Up to the present, control of the disease has been effected
by larviciding the rivers in which larvae of the §. damnosum complex
iive, with the insecticides temephos, chlorphoxim, permethrin,
carbosulfan and Bacillus thuringiensis H-14. Future control will
include the use of Ivermectin, a microfilaricidal drug, given on a
large scale to infected human population§.

The entomological control programme has been successful in the
central, well controlled area of the OCP (85% of the original OCP
area), in that ABR is usually zero and rarely exceeds 100, whilst ATP
is zero throughout the area. However in areas prone to reinvasion
of flies by long range migration from uncontrolled areas, in Togo,
Benin and Mali, ATPs of up to 1000 have been recorded.

The epidemiological impact of control reflects the success of the
entomological control. The community microfilarial 1load (the ge-

ometric mean microfilarial load per skin snip for a cohort of adults)
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has decreased linearly by 70% in the central area, but has settled
at a higher level than this in areas subject to reinvasion. Ocular
onchocerciasis has decreased dramatically in the central area (as
measured by the community microfilarial lcad in the anterior chamber
of the eye), though less dramatically in areas subject to reinvasion

(WHO technical report 752, 1987).
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1.2 THE SIMULIUM DAMNOSUM COMPLEX

Simuljum damnosum Theobald (1903) was first implicated as the
vector of human onchocerciasis by Blacklock (1926) in Sierra Leone.
For the next forty years the species was regarded as a single species.
However, over a period of time it became clear that S. damnosum s.1.
was not uniform throughout its range. Gibbins (1933) noted that adult
male thoracic markings varied geographically in East Africa. Grenier
and Ovazza (1951) found variation in the fronto-clypeus and in the
tubercles of larval S. damnosum and Crosskey (1960) also found
morphological variation in larval S. damnosum. Crisp (1956) measured
variation in the size of adult female S. dgemnosum in Northern Ghana
and Grenier et g1. (1960) also found size variation in S. damnosum.
Lewis (1960) described variation in wing length of adult female S.
damnosum from Liberia and Cameroon, and also reported variation in
proportion of nulliparous flies, biting cycle, midday 1lull in activ-
ity, flight range, egg production, number of flies with retained eggs
and degree of man-fly contact in savanna and forest zones. He con-
sidered these differences were important enough to influence
onchocerciasis transmission. Marr and Lewis (1963, 1964) found var-
iation in the colour of the antennae of.adult females from Ghana.

MacCrae (1965, 1967) was the first to consider variation from a
taxonomic viewpoint. He examined anthropophilic and non-
anthropophilic populations of S. dgamnosum s.l. in Uganda and consid-
ered that wing length might be correlated with anthropophilic
behaviour. Lewis and Duke (1966) examined morphological and
behavioural parameters of S. damnosum s.l.. They considered that
colour variation was clinal in West Africa, with darker flies inhab-

iting the forest and lighter flies inhabiting the savanna. They also
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examined variation in the tuft of hairs on the fore tarsus, the shape
of the fore basitarsus, wing length, the time of biting and the body
region of biting. Overall, they thought that the differences between
forest and savanna flies was partly due to factors affecting indi-
vidual variation and partly due to clinal variation.

This variation led Dunbar (1966) to initiate cytotaxonomic studies
of East African S. damnosum s.l., using larval silk gland polytene
chromosomes, following extensive research on Canadian Simuliidae
(Rothfels 1956,1987, Dunbar 1959). Polytene chromosomes are a special
form of polyploid nucleus in which the individual chromosomes are
arranged in a highly ordered way with respect to each other (see
Ashburner 1979). Because of this ordered arrangement, a consistent
pattern of dark bands and light interbands can be ‘read, which is
basically constant within species. Structural rearrangements of the
chromosome, most commonly paracentric inversions, can be fixed between
species. In East Africa Dunbar (1966) recognised four sibling species
within the S. damnosum complex. A further five were added by Dunbar
(1969), with the complex being divided into two subgroups, 'Nile' and
'Sanje'. Dunbar and Vajime (1971, 1972) further divided the complex
into 17 species from East and West Africa. In West Africa, Vajime
and Dunbar (1975) described eight cytospecies within the S. damnosum
complex, S. damnosum s.s., S. sirbanum, S. sudanense, S.
diegeurense, S. sanctipguli, S. soubrense, S. squamosum, S. yahense.
The validity of certain of the West African taxa has been questioned
(Quillévéré 1975, Quillévéré and Pendriez 1975), but the most recent
comprehensive summary (Dunbar and Vajime 1981) reported 26 siblings
within the S. damnosum complex throughout East and West Africa. Since

1981 the S. sanctipauli subcomplex has been revised (Post 1986) with
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the addition of a new cytospecies, S. soubrense 'B' from Sierra Leone
and Guinea and new chromosomal forms continue to be added to the S.
damnosum complex (e.g Meredith et al. 1983, Surtees et al. 1988).
The following is a list of the currently recognised taxa within
the West African S. damnosum complex (Partly based on Crosskey 1987h,
S. damnosum S.S... .. iieaenn savanna, vector
S. sirbanum..............c.........88VaNNa, vector
S. sSudanense......cociicenenas .....S58vanna, vector,
taxonomic status
uncertain (Vajime 1984)
ceeee savanna, formerly thought
rare, but now considered
more widespread

(Boakye and Mosha 1988),

vector ?
S. sanctipaull......coiiivieinanenn forest, vector
S. sanctipauli 'Djodji'............ forest, but may also

extend range into

‘savanna

S. soubrense.........0..uuns .......forest, vector

S. soubrense 'Chutes Milo'.........forest, vector

S. soubrense 'Konkoure'............ forest, non-vector?

S. soubrense 'Beffa'............. .. forest/savanna, vector
S. soubrense 'Menankaya'........ ...forest, vector

S. soubrense 'B'.. ... ... forest, vector

S. squamosum....... ceraeen ¢eveve...fOorest/savanna, vector
S. yghense........viviunn Ceeeaaa forest, vector



This list is probably an underestimate of the true number of West
African sibling species within S. damnosum s.1., as variation has been
noted in some of these taxa, but not fully investigated (Post pers.
comm. ).

These taxa undoubtedly differ in their importance as vectors of
onchocerciasis (Quillévéré 1979) although their exact relative im-
portance has not been fully established because of the problem of
identifying adult females of the S. &amnosum complex, and because of
the similar problem of distinguishing between 0. volvulus and other
species of animal Onchocercs. However, the basic OCP operational
distinction regarding vectorial importance is between savanna dwell-
ing and forest dwelling species (WHO technical report 597, 1976).
The savanna dwelling flies (most commonly S. damnosum s.s. and S.
sirbanum) are the most dangerous vectors of onchocerciasis, and con-
trol measures have been aimed specifically at controlling these two
species, and extension of control has occurred in response to rein-
vasion of these two species (adult females of these species can mi-
grate distances greater than 500 km, Garms and Walsh 1987) from
outside the control areas (Garms et al. 1979, Walsh et 1. 1987).

While the control of onchocerciasis in West Africa is based on
the epidemiological and pathological differences between savanna and
forest forms of the disease, the identification of adult female
savanna flies is not the only important distinction. More complex
discrimination between vector species arises in the context of, for
example, the identification of insecticide resistant flies (Post and
Kurtak 1987), the identification of reinvading flies (e.g. Cheke and
Garms 1983), and more detailed local studies of disease transmission

(e.g. Garms 1983, in Liberia).
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1.3  ADULT IDENTIFICATION METHODS

The major practical motivation for recognising cytotaxa within
the S. damnosum complex is that they can differ in their capacity to
transmit human onchocerciasis (WHO technical report 597, 1977).
Cytotaxonomy has mostly been based on larval studies (because only
larvae have suitable polytene chromosomes) and a fundamental diffi-
culty in onchocerciasis research remains the inability to distinguish
accurately the adult females of most cytospecies within the complex

(Phillipon 1987).

Six methods have so far been attempted to identify cytospecies

of the S§. damnosum complex as adult females.

1. Adult Polytene Chromosomes

Procunier (Procunier and Post 1986), building on a technique de-
veloped by Bedo (1976) successfully identified adult females of §.
sanctipauli and S. soubrense 'B' caught biting on man. The method
uses the same cytotaxonomic criteria (polytene chromosome banding
patterns) as was originally used te describe the sibling species
within S. damnosum s.l., and is therefore potentially as accurate.
The adult polytene chromosomes were takenfrom the Malpighian tubules.
Unfortunately only a low rate of identifiable chromosomes (=8%) could
be obtained, and the females needed to be blood-fed (with the conse-
quent ethical problem of feeding potentially infective flies on human
volunteers). Wirtz and Raybould (1986) show that artificial blood
feeding systems may be practicable for S. damnosum s.l. removing one
obstacle to the use of the technique, however, unless technical ad-

vances can improve the rate of identifiable chromosomes obtained it
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is unlikely that the method will be used for routine identification

of adult females.

2. Laboratory Reared Larval Progeny.

Raybould et al. (1979) reared larvae from wild caught blood fed
females, which were then induced to lay eggs in the laboratory. The
larvae were then reared in artificial rearing apparatus and identified
chromosomally using the chromosome standards of Vajime and Dunbar
(1975). The method is therefore as accurate as the chromosomal cri-
teria for identifying flies, but is laborious since it involves the
separate rearing of single egg batches. Raybould et al. (1979) is
significant for showing that all six of the major West African
cytospecies were capable of being naturally infective with L3s in-

distinguishable from 0. volvulus.

3. Enzyme Electrophoresis.

Meredith and Townson (1981) performed an electrophoretic survey
of 44 enzyme systems from six species within the West African S.
damnosum complex from 25 sites in three countries, Mali, Céte d'Ivoire
and Ghana. They found that two enzyme systems, phosphoglucomutase
(PGM) and trehalase had allozymes which were diagnostic for two spe-
cies, S. squamosum and S. yahense. The two species can be distin-
guished from other members of the S. damnosum complex by trehalase A
with 98.8% accuracy, and S. yahense can be distinguished from §.
squamosum using PGM B1 with 99.8% accuracy. These enzymes were used
to identify flies caught at human bait as S. yghense and S. squamosum
(Meredith 1982). Garms and Zillman (1984) used the enzyme systems

in the field in Liberia to identify S. yahense and S. sanctipauli,
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and found that of the the results which were unequivocal, 99.3% were
identified as either S. sanctipauli or S. yahense, with 0.7% being
designated as 'hybrids' (i.e. heterozygotes). They compared these
results with a new morphological character found in S. yahense (the
colour of the setae on the ninth abdominal tergite, see below) to
evaluate the taxonomic use of this character. Thomson et g1. (1988)
also compared the results of enzyme electrophoresis with those using
morphological characters, and found tﬁat the enzyme systems success-
fully identified S. yahense and S. squamosum.

Townson et al. (1987) recorded geographic variation in allozyme
frequencies between S. squamosum from C8te d'lvoire and from Togo.
In East Africa Mebrahtu et &gl. (1986) found significant allozymic
variation in S. damnosum s.l. populations, but the chromosomal iden-

tity of these populations was not established.

4. DNA Probes.

The potential importance of using DNA sequences as taxonomic
characters is that the genome is being sambled directly, so avoiding
any possibility of environmentally mediated variation. Post (1985
and Townson et &l. 1987) screened about 2000 random sequences from
genomic libraries constructed from S. soubrense 'B' and S.
squamosum, and found three DNA sequences which could separate the S.
damnosum complex into three parts: S. squamosum/S. yahense, §.
soubrense 'B', and S. sirbanum according to relative amounts of
hybridisation to the three probes using the dot-blot technique. This
is an improvement over the results from enzyme electrophoresis because
the savanna vectors can be distinguished. However the method is still

relatively new and so does not have the backup in practical and the-
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oretical understanding from previous experience with other groups of
organisms that enzyme electrophoresis enjoys. Also, the samples used
for construction of the genomic libraries were collected from a lim-
ited geographic area (Sierra Leone), and it appears that there is
intraspecific variation in the the probes which prevent their use east
of C6te d'Ivoire (Post pers. comm.). Finally, the current use of

radioactively labelled probes works against the method as a practical

field technique.

5. Analysis of Cuticular Hydrocarbons.

Philips et al. (1985 also Townson et &l. 1987) building on pre-
vious work on the Anopheles gambiae complex (Carlson and Service
1979,1980) and on the S. damnosum complex (Carlson and Walsh 1981)
used gas liquid chromatography and gas chromatography/ mass
spectrometry to analyse cuticular hydrocarbons of four species within
the S. damnosum complex, S. dgmnosum s.s., S. sirbanum (two samples),
S. sanctipauli, and S. yahense from four countries in West Africa.
Using multivariate analysis of the hydrocarbon profiles from the four
species examined, they found that 94.6% of females were reallocated
into their correct sample. This included two samples of S.
sirbgnum, so there was significant intraspecific variation in
hydrocarbon profiles. It is not clear how many hydrocarbon peaks were
used in their discriminant analysis, but if all 24 peaks numbered in
figure one of Philips et al. (1985) were used then the total sample
size of 131 females 1s too small. Lachenbruch and Goldstein (1979)
suggest that the sample size in each group in a discriminant analysis
should exceed three times the number of characters i.e. >72 if all

24 peaks were used, otherwise serious bias will be introduced into
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the model, making the results misleadingly optimistic. Two of the
samples in Philips et &l. (1985) were very small (S. yahense, 9, S.
damnosum s.s., 11). These samples are distant from the other three
samples in their figure three, which may be due to sampling error.
The statistical problems with the results presented to date may
be remedied once larger samples have been obtained, however the method
uses expensive equipment requiring technical support, so that it is

unlikely that it will be a practical field technique for some time

to come.

6. Morphology.

Section 1.2 has described some of the studies which recorded
morphological variation within the S. damnosum complex before its
sibling status was known, from both East and West Africa, and in adult
males, females and larvae. This section will review morphological
studies which explicitly aim to distinguish adults of the West African
S. damnosum complex, rather than those which recorded morphological
variation before the recognition of the six main cytospecies (Vajime
and Dunbar 1975).

Morphological methods remain the most practicable of all adult
identification methods, because they are easy to use and are portable.
However, morphological variation includes confounding factors such
as environmentally mediated seasonal and/or geographic variation
which can give misleading results unless care is taken to sample
widely enough. Also, by definition, morphological differentiation
between sibling species is not great, so that finding species diag-

nostic morphological characters is difficult.
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a). Soponis and Peterson (1976, also Anon 1976) examined 55
morphological characters on 97 female flies collected from nine sites
in Togo. They used univariate statistical methods, examining the
sample distributions expressed as histograms for bi- or multi-
modality, with the flies divided into the three colour categories used
by Lewis and Duke (1966). They found that nine characters were
unimodal, six characters were bimodal, and 16 characters were multi-
modal. They found that fore and mid basitarsus length, fore femoral
length, wing length, length of the fourth maxillary palp segment and
the number of macrotrichia on the radial vein of the wing identified
what they believed, based on correlated larval cytotaxonomic iden-
tification, to be S. soubrense and S. sirbanum. Peterson and Dang
(1981) subsequently claimed these characters were not practicable for
species identification.

b). Quillévére et a41. (1977) produced a key for the identification
of females of the S. damnosum complex based on the length of the an-
tenna, the relative compaction of antennal segments 4-8, and the
number of maxillary teeth. This key was for the six main species of
the S. damnosum complex, S. damnosum s.s., S. sirbanum, S.
soubrense, S. sanctipauli, S. squamosum, and S. yahense, although the
latter pair could not be distinguished. They did not present formal
tables of error rate, so it is not possible to evaluate the power of
their key when applied to their own data. Quillé&vér€ and Sechan
(1978) examined 2468 wings from the same six West African species from
five countr&es, and considered that the number of hairs on the radial
vein of the wing could be used to distinguish S. squamosum from S.
yahense, with a certain amount of overlap. This character was in-

cluded as an extra section in their key.
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Garms (1978) evaluated the morphological characters used in this
study and confirmed that the length and shape of the antenna was
taxonomically useful, but that the number of maxillary teeth and the
number of hairs on the radial vein were not. Townson and Meredith
(1979) also examined these characters and found that the two doubtful
characters were not taxonomically useful because they were signif-
icantly correlated with overall size (contra Quillévére€ et al. 1977,
Quilléveére and Sechan 1978), which‘shows extensive and overlapping
variation.

c). Garms (1978) examined seven morphological characters, wing
tuft colour, length, shape and colour of the antennae, the number
of maxillary teeth, the number of hairs on the radial vein of the wing
and the length of the thorax in adult females of six species of the
West African S. damnosum complex.

He found that the ratio of length of thorax to the length of an-
tenna was a useful taxonomic character as well as wing tuft colour.
These characters have been used extensively in subsequent work on the
epidemiological significance of different members of the S. damnosum
complex (e.g. Garms et &gl. 1982, Garms 1983, Cheke and Garms 1983,
Garms and Cheke 1985, Cheke and Garms 1986, Cheke et &l. 1987, Cheke
and Denke 1988). The general findings of these papers has been that
in the absence of S§. squamosum, then the species pair §.
sanctipauli/S. soubrense and S. sirbanum/S. damnosum s.s. could be
distinguished using the thorax/antennal ratio and wing tuft colour,
but S. squamosum/S. yahense overlaps with both species pairs when
either is present. Garms and Zillman (1984) found a new morphological
character (the colour of the setae on the ninth abdominal tergite)

which was over 99% diagnostic for S. yshense when compared with S.
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sanctipsuli using gel electrophoresis. This character was also used
by Thomson et a&I. (1987) who found 91.3% of S. yahense had dark
abdominal setae.

To conclude, four characters emerged as being taxonomically use-
ful, wing tuft colour, thorax length, antennal length (and shape and
colour), and abdominal setal colour. However, the morphometric
methods used were of the 'index' kind, rather than using multivariate
statistical methods to combine these ‘characters in an optimal way.
If multivariate methods had been used, the rate of correct identifi-
cation would undoubtedly have improved.

d). Dang and Peterson (1980) produced a pictorial key to six
species of the West African S. damnosum complex, S. damnosum s.s.,
S. sirbanum, S. sanctipauli, S. soubrense, S. squamosum, S. yahense
from an unspecified number of countries. They used 12 characters to
identify the adult females and eight to identify adult males.

The characters for identifying adult females were wing tuft
colouration, length, shape and colour of the antennae, colour of the
scales on the hind leg, colour of the setae on the hind trochanter,
colour of the scales of the scutum and the scutellum, colour of the
setae of the abdomen, colour of the setae on the vertex, colour of
the setae of the postcranium and the colour of the setae on the fore
coxa.

The characters for identifying the males were wing tuft
colouration, colour of the haltere, colour of the scales of the lat-
eral margin of the scutum, the colour of the setae on on the clypeus,
the colour of the setae on the postcranium, the extent of the dark

spot on the seventh abdominal tergite, and the scutal pattern.
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No formal estimate of error rate was presented so it is not pos-
sible to evaluate how successful their key was in identifying their
own data. Peterson and Dang (1981) extended this work, and showed
the distribution of characters in the same six species. They de-
scribed 18 characters which they considered to be taxonomically im-
portant for identifying females, and 13 characters to identify males.
However, no estimate of error rate using these characters sets was
given making it impossible to evaluate objectively their character
sets,

Of the characters described by Dang and Peterson (1980), the male
scutal patterns have been used (Meredith et a1. 1983, Cheke et al.
1987), as has the colour of the postcranial hairs (e.g. Walsh et al.
1981) and the colour of the scutellar hairs (e.g. Garms 1983).

e). Meredith et 4l1. (1983) examined variation in male scutal
pattern in the S. sanctipsuli subcomplex and found considerable var-
iation in this character. Males from Togo and Benin (S. soubrense
'Beffa') were predominantly type four, while types one and two (see
their figure five) were dominant in the west. They also examined the
wing tuft colour character in both sexes, using the categories of
Kurtak et al. (1981) and found that all five categories were found
within S. soubrense 'Beffa'.

f). Cheke et al. (1987) examined males of S. sirbanum reared from
pupae collected at 14 sites in four West African countries, evaluating
the male scutal pattern described by Dang and Peterson (1980) as being
taxonomically important in distinguishing S. sirbgnum males from S.
damnosum s.s. males. They considered two hypotheses to explain var-
iation in the scutal patterns that they found between more northerly

samples and more southerly samples, either that S. sirbanum is
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polymorphic or that the that the variation represents two different
cytospecies. In support of the second possibility they cite Philips
et a&l. (1985) who found significant intraspecific variation in
cuticular hydrocarbons between northern and southern S. sirbanum.
They conclude that the cytotaxonomic status of S§. sirbanum needs to
be further investigated.

g). Recently, Beech-Garwood et &l. (in the press) have found that
the presence of golden hairs on the mésonotum of female S. damnosum
s.1. in Sierra Leone is a good indicator of the presence of §S.
squamosum in areas where S. squamosum and S. soubrense or S. soubrense
'B' may be sympatric. The character is not diagnostic however, since
a minority of S. soubrense and S. soubrense 'B' may also have these
hairs. The observation has been confirmed by enzyme electrophoresis
by Davies et al. (1988). They conclude that the character is useful
at the population level, but needs to be supported by other evidence

for single fly identification.
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1.4  MORPHOLOGICAL DATA AND MULTIVARIATE STATISTICS
1.4.1 BASIC NOTATION

Multivariate problems are defined by Gnanadesikan (1977) as those
concerned with the analysis of n points in p-space, i.e. each of the
n objects (in this project, the number of flies) has associated with
it a p-dimensional vector of responses (in this analysis, the 28
characters measured or scored on each fly).

The basic difference between this approach and the univariate
approach is that the variation in the p-dimensional vector of char-
acters is treated simultaneously, and any information contained in
the association (correlation) between characters exploited.

Some of the basic notation and concepts which are needed for an
understanding of multivariate statistics can be found in standard
texts such as Seber (1984), Mardia, Kent and Bibby (1979) and
Gnanadesikan (1977).

If X, is the matrix of n (number of observations) rows by p (number

of characters) columns, then the mean vector can be calculated as,

where x; is the p-dimensional vector of observations on the i-th fly,
summation is over i=1l,...,n.
The nxp matrix of centred observations, X can be calculated,

[xl-i see X -X ]

and from this the pxp matrix of sums of squares and cross products

(SSQPR) is given by,

as,

S = Q/ (M1 ittt ittt ettt et it e 3



The pxp matrix of Pearson product moment correlation coefficients is
derived from the dispersion matrix by first calculating D, the diag-

onal matrix of variances (i.e. the principal diagonal of S). Then,

A basic statistic in multivariate analysis is Mahalanobis' distance
(Mahalanobis 1936), which can be calculated as the distance between
individuals in a sample, or as the distance between the individuals
and the sample mean vector, or as the distance between mean vectors,

e.g.,

which is the distance from the i-th individual to the mean vector.
The importance of this distance lies in the use of 8, the dispersion
matrix to weight the distance, thus using the information contained
in the variance of the characters and the correlation between them.
1.4.2  ASSUMPTIONS OF MULTIVARIATE ANALYSIS

The use of multivariate statistical methods includes accepting
some assumptions about the data set which might not be met. It is
usually assumed that the data are sampled from a multivariate normal
population with mean ® and dispersion matrix I (Seber 1984). This
assumption is rarely exactly met with real data, but if the assumption
is made, tested and approximately met then statistical hypotheses
about the mean vector and covariance matrix can be performed. If the
assumption is made and tested, then more informal data analytic
multivariate methods can be used (Gnanadesikan 1977) whether the as-
sumption is met or not. In particular, graphical and dimension re-
duction techniques can be applied to the data, methods which can also

be used on data on which no assumptions are made.
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In practise, real morphological data tend to be approximately
normally (symmetrically) distributed (Campbell 1978), so the assump-
tion of multivariate normality is often reasonable, although careful
checks must be made on the characters, either jointly or separately
to ensure that they do conform approximately to normality. Of course,
characters which violate the assumption can be used, but not in a
formal statistical hypothesis testing regime. The repertoire of
nonparametric multivariate statistical methods is limited, so the use
of the multivariate normal model is made partly because of the tend-
ency for real data to approximate to it and partly because this is
the best developed aspect of multivariate analysis.

In the structured data situation, it is usually assumed that the
dispersion matrices of each group (samples, or species) are the same.
This is assumed even though differences in covariance structure are
one way in which organisms can differ in shape (Reyment 1962, Gould
1984) . However organisms can differ in shape but share the same
covariance structure (Campbell 1978), so unequal dispersion is not a
necessary condition for shape differences to occur. The assumption
can be tested (Chapter seven), although these tests are generally
inadequate (Seber 1984). ‘

1.4.3 AIMS AND METHODS OF MULTIVARIATE ANALYSIS

The analysis of a multivariate data set can be very complex (Gower
and Digby 1981), and many methods have been developed to help in the
interpretation of multivariate data (see for example, Gnanadesikan
1977, Gordon 1981, Seber 1984).

The particular multivariate statistical method(s) to be applied
to a data set clearly depends on the original objectives of the spe-

cific project (Atchley and Bryant 1975). However, the strategy to
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be followed can be classified into broad regions which will to some
extent dictate the methods of analysis which can be used.

First, the aim of a study might be to test a very specific hy-
pothesis or set of hypotheses (such as testing the null hypothesis
of no genetic component to size and shape in the rat, Atchley et al.
1982) in which case the appropriate methods include multivariate
analysis of variance (MANOVA) and canonical correlation analysis.
Or the aim might be to explore the data informally using data-analytic
methods, perhaps revealing previously hidden patterns within the data,
in which case principal components analysis (PCA), cluster analysis
(Gordon 1981), non-metric multidimensional scaling (Kruskal 1977) and
graphical methods (Gower and Digby 1981) are more appropriate.

Secondly, the data might be structured and the aim of the study
is to explore any differences or similarities within and between data
defined by these structures. This could take the form of formal hy-
pothesis testing, using canonical variates analysis (CVA) or MANOVA,
or it could be informal exploration, in which case PCA, cluster
analysis etc. could be used. Or the data might be unstructured, in
which case the aim of the study might be to explain and summarise the
observed variation within the data, again either in a formal hypoth-
esis testing regime (using for example canonical correlation analysis)
or not (using PCA, cluster analysis, nonmetric MDS etc.).

Clearly these areas are very broad and overlepping, and a par-
ticular study is unlikely to adhere strictly to one or other of these
strategies, for example, a study which aims to test a specific hy-
pothesis will need to use informal data-analytic methods both to gain
a better understanding of the data and to ensure that the assumptions

of the model are not violated.
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1.4.4 MULTIVARIATE ANALYSIS APPLIED TO MORPHOLOGICAL DATA

Multivariate statistics and biology have developed together (e.g.
Weldon 1893, Pearson 1926, Fisher 1936, Rao 1948, Mahalanobis et al.
1949, Blackith and Reyment 1971, Sneath and Sokal 1973) because bi-
ological data are as a rule inherently multivariate. Multivariate
methods do not have to be applied solely to morphological data (e.g.
Nei 1987) but in practise this is probably the most commonly analysed
form of biological data, at least usinig methods exploiting character
correlations. If more general data are used (e.g. morphology,
allozyme frequencies, immunological distance etc.) to infer evolu-
tionary relationships between taxa then the discipline is generally
known as numerical taxonomy (Sneath and Sokal 1973). Many of the
methods used in numerical taxonomy are cluster analysis techniques
applied to proximity matrices calculated between taxa, often not in-
corporating information about the correlation between the characters.
The more restricted discipline, multivariate morphometrics (Blackith
and Reyment 1971) in general uses statistics exploiting character
correlations, but is applied only to quantifications of morphological
characters. Multivariate morphometrics is not necessarily interested
in evolutionary relationships in the -sense of taxonomies. In
practise, the distinction between the two disciplines is not great,
(Blackith and Reyment 1971 suggest the term 'quantitative taxonomy'
as a more general term, but much multivariate morphometrics is not
taxonomic in the strict sense) and studies using both approaches are
common (e.g. Lindensfelser 1984).

Insects have often been used in morphometric studies (Daley 1985),
their abundance, evolutionary and ecological importance, and the large

number of characters which can be measured make them ideal subjects.
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Morphometric studies of the Diptera have been common, the fol-
lowing are examples from the literature on morphometrics of the
Diptera, organised by family.

In the Culicidae, Rohlf (1963) examined the congruence between
larval and adult Aedes classifications, using 48 species, 71 larval
and 72 adult coded characters. He applied hierarchical cluster ana-
lyses to the proximity matrices calculated using the correlation
similarity coefficient and a distance metric and compared the re-
sultant dendrograms. He concluded that while there was congruence
between the classifications using the two life stages, it was not good
enough, and therefore a realistic taxonomy should take account of all
life stages simultaneously. Ribiero (1980) examined 34 characters
in the Anopheles gambise complex using cluster analysis and ordination
methods. Significant morphometric differentiation was found. Dahl
et al. (1984) used pattern recognition applied to claw shape in
mosquitoes, five species of Aedes, and one species each of Anopheles
and Culex. Rohlf and Archie (1984) wused fourier methods to
characterise wing shape in 127 species of North American mosquitoes,
which they considered a useful method for quantifying shape variation.

In the Chironomidae, Atchley and Martin (1971) examined sexual
dimorphism in 17 larval head capsule characters from five species of
Chironomus. They used discriminant analysis and canonical variates
analysis to compare and contrast patterns of sexual dimorphism within
the five species. They found a correlation between the degree of
sexual dimorphism in a species and the amount of chromosomal
polymorphism (using polytene chromosome analysis), and also that the
nature of the dimorphism differed between species, as revealed by CVA

ordination (for a similar but more sophisticated analysis of sexual

Page 23



dimorphism applied to primates see Oxnard 1984). Atchley (1971a)
examined sexual dimorphism in five species of Chironomus using factor
analysis. He found that in most species the dimorphism was along the
size axis but in one species dimorphism was along a shape factor,
which he explained by hypothesising ecological differences. Titmus
and Badcock (1981) examined parasitic feminisation in a Chironomid,
Einfeldia dissidens resulting from mermithid infection, using CVA,
and found two axes of wvariation, ‘one corresponding to sexual
dimorphism and one corresponding to parasitisation. Thus parasitised
males and females were closer to each other than were unparasitised
and parasitised females, although all these were'much closer to each
other than any were to unparasitised males.

In the Ceratopogonidae, Atchley (1971b) examined geographic var-
iation in 14 characters in the pupae of three Culicoides species, and
found that the relative amounts and nature of the variation differed
between the three species. Atchley (1971c) extended this work on the
three same siblings of Culicoides using factor analysis and multiple
regression. He found that the proportion of variation which could
be accounted for by regression of climatic variables onto
morphological characters varied according to species. He explained
these differences in terms of Levins' (1965) adaptive models with some
species responding to selection (poorly buffered) more than others
(well buffered). Atchley (1973) used CVA and stepwise discriminant
analysis to separate three species of the Culicoides (Selfia) - group .
Starting with 43 characters measured on 298 pupal and adult flies,
he derived a subset of 7 characters for overall discrimination, and
subsets of 8, 9 and 4 characters for the species-pair analyses. He

found significant morphometric differentiation, but considered that
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the allocation rate using just adult characters was not good enough,
and pupal characters were also needed, limiting the practical use of
the method. Atchley (1974) examined 13 characters from 113 adult
females of two species of Ceratopogonidae, Leptoconops torrens and
L. carteri using CVA and nonmetric multidimensional scaling. Reducing
the initial set of characters from 13 to 6 using stepwise discriminant
analysis, he found complete separation between the two species. When
further specimens were allocated using this 6 character set, 95% were
allocated correctly. Hensleigh and Atchley (1977) examined variation
in Culicoides variipennis (vector of blue-tongue virus in North
America) in laboratory controlled conditions. Their aim was to in-
vestigate intraspecific variation which had resulted in the naming
of 5 subspecies, using CVA, stepwise discriminant analysis, factor
analysis, analysis of variance and multiple regression. By arti-
ficially rearing flies at different temperatures they were able to
show that most of the variation found in natural populations was due
to temperature variation, bringing into question the naming of sub-
species. Lane (1981) examined wing spot patterns in the Culicoides
pulicaris group, using two methods of coding the characters, one
without taking account of morphogenetic ‘parameters, the other taking
these into account. Principal co-ordinates analysis and principal
components analysis were used as ordination methods applied to the
two methods. The method which took account of morphogenesis was
considered superior in explaining observed variation within the group.

In the Phlebotominae , Lan‘e and Ready (1985) examined six char-
acters in Lutzomyia wellcomei and Lu. complexus and found significant

morphometric differentiation, although there was considerable overlap

between the two species.
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In the Muscidae and Drososphilidae, Rohlf and Sokal (1972) examined
14 morphological characters in MNusca domestica and Drosophila
melanogaster using factor analysis of the correlation matrices. The
five factors they extracted from the two species were considered by
them to be homologous. Bryant and Turner (1978) examined variation
in Musca domestica and M. autumnalis using the same characters as
" Rohlf and Sokal (1972). They used principal components analysis and
a factor congruence method involving least squares comparison of
principal components to examine geographic variation, and found that
the patterns of variation were similar in the two species, but that
the genetic component of variation in M. sutumnalis was less than in
the house-fly, a finding which they attributed to the recent intro-
duction of the face-fly, resulting in a population bottleneck.

Brown (1979, also Brown and Shipp 1977, 1978) examined wing var-
iation in the Calliphoridae and the Sarcophagidae using CVA and
cluster analysis to compare and contrast the taxonomies derived using
traditional taxonomic methods with those derived using numerical
methods.

Apart from the Diptera, insect morphometrics has included a wide
range of families, most notably in the Orthoptera (e.g. Roy and
Mukherjee 1964, Blackith and Blackith 1969, Atchley and Hensleigh
1974, Campbell and Dearn 1980), in the Hemiptera and Homoptera (e.g.
Sokal and Thomas 1967, Jeffers 1967, Davies and Boryatinski 1979, Bird
et al. 1981, Simon 1983), in the Coleoptera (Lubischev 1962) and in
the Hymenoptera (e.g. DuPraw 1965, Plowright and Stephen 1973), al-
though this is by no means a comprehensive list (see Daley 1985).

Other invertebrates which have been analysed using multivariate

statistical methods include bivalves (Ferson et &l. 1985, Davis 1983),
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Foraminifers (Reyment 1982), horseshoe crabs (Riska 1981), Sea Urchins
(Lessios 1981), land snails (Gould et al. 1975, Gould 1984) and prawns
(Lindenfelser 1984). |

Vertebrates have been extensively examined using multivariate
morphometric methods, including Amphibia, (Reyment 1961), Reptilia
(Jolicoeur and Mosimann 1960, Thorpe 1980), Birds (e.g. Schnell 1970,
Johnston and Selander 1971, Rising 1970). Within the mammals, bats
(e.g. Baker et gl. 1972, Campbell and Kitchener 1980), rodents (Corbet
et al. 1970, Thorpe and Leamy 1983, Atchley et al 1982), carnivores
(Jolicoeur 1959) and primates (e.g. Mahalanobis et &l. 1949, Ashton
et al. 1965, Van Vark and Howells 1984).

1.4,5 COMPUTER PROGRAMS FOR MULTIVARIATE ANALYSIS

While it is possible to calculate some multivarjate statistics
without a computer, it is impossible to use the full range of sta-
tistical methods without the help of a powerful computer and well
written software. Fortunately, high speed computers are widely
available, and statistical packages have been written to run on these
which provide most of the statistical procedures needed in a typical
project.

In this project, the following statistical packages were used,

1. SAS (Statistical Analysis System, SAS Institute 1984, 1986,
release 5.16) is a comprehensive system for data analysis, offering
a very wide range of data management facilities, univariate and
multivariate statistical procedures. Graphical procedures are pro-
vided by SAS/GRAPH (SAS Institute 1985, version 5), and matrix algebra
is provided by SAS PROC MATRIX, providing a facility for developing

new procedures or customising other procedures. A powerful macro
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facility is provided, and the system can be run interactively using
the display manager system.

2, SPSSX (Statistical Package for the Social Sciences, SPSS inc.
1985, wver. 2.2) allows the analysis of data using a wide range of
univariate and multivariate statistical methods. It is generally not
as flexible as SAS, but is simple to use.

3. GENSTAT (General Statistical Package, Lawes Agricultural Trust
1984, release 4.04B) provides a wide range of univariate and
multivariate statistical methods, and is particularly good for the
analysis of designed experiments. A macro library is provided, and
the ability to write macros using matrix algebraic expressions makes
it flexible. However, it is difficult to use and is poorly docu-
mented.

4, CLUSTAN (Cluster Analysis Package, Wishart 1978, release 2.1)
is a specialised package offering a very wide range of cluster anal-
ysis methods, and some graphical procedures. The package is widely
used across many disciplines.

5. NTSYS (Numerical Taxonomic System of Multivariate Statistical
Programs, Rohlf 1985) is a specialised package allowing cluster
analysis, and ordination of numerical taxonomic data. Limited matrix

algebraic manipulation is allowed.
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1.5 OBJECTIVES OF THE PROJECT

It is clear from the review of the literature in 1.3 that there
is no simple set of morphological characters that can be used in
traditional taxonomic keys to separate females of all the sibling
species of the S. damnosum complex in West Africa. Morphometric
methods based on multivariate statistical analyses have been used
successfully in other groups of insects, so the basic techniques are
widely available and well understood.

Therefore, the main objective of this project is to use
multivariate statistical techniques to find combinations of
morphological characters which can best identify adult females of the
S. damnosum complex in West Africa.

The characters measured or scored on each adult ‘female fly are
described in Chapter four, and statistical methods used to screen the
basic data set are described in Chapter five.

Chapter six introduces some of the multivariate statistical
methods used for description of morphological variation, and applies
these methods to intraspecific variation within cytospecies of the
S. damnosum complex.

Chapter seven presents the statistic’ necessary for regional al-
location of unknown adult female flies from two regions, Togo and
Benin, and the area west of the Volta Lake, Ghana.

Chapter eight describes the statistics necessary for the allo-
cation of unknown females without prior knowledge of the geographic
origin of the fly, while the final chapter draws general conclusions
about the method of identification, gives worked examples of the
mathematics involved and suggests a protocol for the field identifi-

cation of adult females based on the statistics presented in the
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previous two chapters. Details of the data set are presented as an
appendix (Appendix omne).

Prior to the multivariate morphometric analysis of adult female
S. damnosum s.1., it was necessary to obtain as much correlated larval
cytotaxonomic identifications as possible. As a result of this work,
a new cytotype within S. sanctipsuli was found from Togo, which is
presented as Chapter two. Chapter Three applies multivariate sta-
tistical methods to available data within the S. sanctipauli subcom-
plex to examine between and within species variation, the first such

analysis of polytene chromosome variation.
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CHAPTER TWO: THE CYTOTAXONOMY OF SIMULIUM SANCTIPAULI DJODJI FORM

2.1 INTRODUCTION

The importance of describing genetically distinct forms or ge-
ographic races within previously recognised cytospecies of the S.
damnosum complex comes from the possible correlation of the different
cytoforms with factors of significance in disease transmission, such
as anthropophily (Cheke and Denke 1988), together with the use of new
forms in tracing migration patterns or the distribution of insecticide
resistance (Post and Kurtak 1987).

The purpose of this chapter is to describe a new cytotaxonomic
form within S. sanctipsuli from Ghana and Togo, which was discovered
during routine cytotaxonomic identifications to provide correlated
chromosomal identities for adults reared from pupae. The adults were

used in the morphometric analyses described in Chapters six, seven,

and eight.

2.2  MATERIALS AND METHODS

Breeding sites where the Djodji form of S. sanctipsuli was col-
lected are 1isted in Table 2.1. Larvae were fixed in 3:1
ethanol:acetic acid and stored in a refrigerator. For preparation
of polytene chromosomes, the larvae were split open ventrally and

salivary

hydrolysed in 5M Hydrochloric acid for one hour. Theéglands were then
separated from the larval body and stained in a drop of lacto-

propionic orcein (Macgregor and Varley 1983) and mounted in 60% acetic

acid. Photographs were taken of each chromosome arm, and the prepa-
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ration made permanent by prising off the cover slip (after cooling
in liquid nitrogen), immersing the slide in absolute ethanol for one
minute then adding a drop of euparal onto the preparation and lowering
a new cover slip onto the slide. The slide was then dried on a warm
plate for some months, and stored. The larval body was washed in
distilled water and put in a glass vial with Feulgen (Macgregor and
Varley 1983) until the body had stained. The larval sex was deter-
mined using the shape of the developing gonads (Puri 1925). Inv-
ersions were scored by comparison with the standard maps of Post

(1986), with S. squamosum as the reference sequence.

2.3 CHROMOSOMAL CHARACTERISTICS AND CYTOTAXONOMIC KEY

All fixed and polymorphic inversions within Djodji form are in-
dicated on the idiogram (Figure 2.1), and frequencies of polymorphic
inversions are listed as Table 2.3. The new form is fixed for the
inversions 1L-P&Q, 2L-4&6&A and 3L-2, but there are no new fixed
inversions unique to Djodji form, and only one new rare polymorphic
inversion (18-P, see Figure 2.2). The presence of inversion 2L-A
places Djodji form in S. sanctipguli (Post 1986). However, 1S-21
(Figure 2.3) is strongly linked to the.Y-chromcsome in Djodji form
(Table 2.2), and this wunique feature is the most important
cytotaxonomic criterion for both description and routine identifica-
tion. Since 1S-21 is Y-linked in Djodji form there is no single in-
version which is diagnostic of all individuals. However, samples in
which there is strong Y-linkage of the inversion can be unequivocally
identified as S. sanctipauli 'Djodji', and mixed samples (should they
exist) of the form with typical S. sanctipguli, will be recognised

as such using population genetic analysis.
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The following cytotaxonomic key can be used for the identification
of S. soubrense 'Beffa', S. sanctipauli and the Djodji form of S.
sanctipauli. The key should not be used west of C8te d'Ivoire, where
typical S. soubrense and S. soubrense 'B' might also be encountered.
1) Larva homozygous for inversions 1L-P&Q, 2L-4&6 and 3L-2
.................... S. sanctipauli subcomplex 2)
These inversions absent from larva
................ ++..0ther species of

S. damnosum complex

2) Larva homozygous for inversion 2L-A

.................... S. sanctipsuli 3)

Inversion 2L~A absent from larva

.................... S. soubrense 4)

3) Inversion 18-21 Y-linked in population

............ veeve...S. sanctipauli 'Djodji'

Inversion 15-21 not Y-linked in population

.............. v.ev...S. sanctipauli typical

4) Inversion 2S-6b present in larva

.................... S. soubrense 'Beffa’

Inversion 2S-6b absent from larva

.................... S. soubrense typical
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2.4 DISCUSSION

The new cytotype seems to be largely limited to the Asukawkaw and
Dayi river systems in the mountainous forest on the Ghana/Togo border
(see Table 2.1). Within Togo and Benin, to the north and east, S.
soubrense 'Beffa' appears to be the sole representative of the S.
sanctipauli subcomplex except for a few samples of the Djodji form
identified further north in the savanna from the rivers Kpaza and
Niankpe in October 1987. To the west of the Volta lake S. sanctipauli
typical form and S. soubrense are found (Meredith et gl. 1983, Post
1986, Fiasorgbor, Weber, Post, Surtees unpublished data, Chapter
three).

In view of the absence of any sympatric samples or unique fixed
inversions, there is no evidence for Djodji form being a species
distinct from S. sanctipauli elsewhere. However, the sex-linkage of
1S-21 shows that Djodji populations are by definition genetically
differentiated from other S. sanctipsuli populations. There is also
evidence for multivariate morphometric differentiation between typi-
cal S. sanctipauli and S. sanctipauli 'Djodji' (Chapter six).
Therefore it seems that Djodji form should be considered to be a ge-
ographic race of §. sanctipauli.

The taxonomic significance of sex-linked inversions in the
Simuliidae has been discussed by Rothfels (1979), Rothfels and Nambiar
(1981) and Post (1982). Most blackfly species do not have distin-
guishable sex chromosomes, but sex chromosome differentiation can
occur, often by linkage of inversions to the primary sex-determining
region. Often species differ only in their sex chromosomes, which
has led to the hypothesis that sex chromosome evolution may play a

functional role in speciation within blackflies (Rothfels 1979).
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Within the S. damnosum complex sex-linked inversions have been con-
sidered important in the cytotaxonomic description of several forms
and species, such as S. soubrense 'Beffa' (Meredith et al. 1983), S.
yahense (Vajime and Dunbar 1975), and Turiani form (Dunbar and Vajime
1981).

The importance of Djodji form lies in its possible importance in
onchocerciasis transmission, which is discussed by Garms and Cheke
(1985) and Cheke and Denke (1988). Cheke and Denke (1988) show that
S. sanctipsuli 'Djodji' is potentially a better vector than S.
squamosum in Togo, and better than S. sanctipauli from CS8te d'lIvoire,

where S. sanctipauli is believed to be more zoophilic.
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List of larval samples from which the Djodji form of S. sanctipaulis
has been identified.

Sample River Coordinates|Date Collectors!|{Cytospecies?
(N/E) composition
squ|yah{sanfdam|sir
1 Dayi 7°09' 0°29'113.01.87|AKA 22 1513|110
2 Dayi 7°07' 0°27'(22.01.87|RAC EAW YY (20 (74 | 8 | 1 | o
3 Dayi 7°06' 0°26']17.03.86|AKA 31 j12 |40} 0
4 Dayi 7°06' 0°26'{29.04.86|SSH 2015141010
5 Dayi 6°57' 0°21']12.02.86|AKA 17 |15 {21 {55 | 2
6 Dayi 6°57' 0°21'121.03.86[AKA 910/ 847 ] 0
7 Dayi 6°53' 0°21']06.05.86|SSH 210} 4]| 8] 3
8 Dayi 6°53' 0°21'{16.05.86|SSH 5121017 (16 | 8
9 Dayi 6°53' 0°21'(13.01.87|RACEAW YY { 2 | 0 { &4 | 8 | 3
10 Dayi 6°52' 0°19'}29.05.86|AKA 2] 0| 8119 | 2
11 Dayi 6°52' 0°19'|22.01.87/RACEAWYY | 2 10| 1|7 | o
12 Asukawkaw|7°54' 0°37'105.02.87|JFW JEEH s4 ol 7201l o0
13 Asukawkaw|7°54' 0°37'}27.05.86]YY 41 1o (13 ;0! 0
14 Asukawkaw|7°54' 0°37']|23.01.87|RAC EAW YY |91 | 0 (27 | o | o
15 Asukawkaw|7°52' 0°36'|{18.03.86|MD 26 |l 041010
16 Asukawkaw|7°52' 0°29'{23.01.87|RAC EAW YY (33 | 0 {28 | 0 | o
17 Asukawkaw|7°41' 0°26']28.05.86]|YY 29 1 052 |0 1| O
18 Asukawkaw|7°41' 0°25'|06.02.86 5101{90{0] 0
19 Asukawkaw|7°41' 0°25'{23.01.87(RACEAW YY | 2 | 0 {74 | 0 | 0
20 Menou 7°37' 0°39'128.05.86!YY 281l 01141010
21 Gban-Houa|7°42' 0°38'|28.05.86|YY 3025|0140
22 Gban-Houa{7°42' 0°38'{23.01.87|RAC EAW YY 112 ot29 ol o
23 Gban-Houa|7°41' 0°37'106.02.86!YY 12 {018 0 {0
24 Gban-Houa|7°42' 0°36'[23.01.87|RAC EAW YY |11 | 0 |22 | 1 | o
25 Gban-Houa|7°42' 0°35'{15.10.84|RJP CKP & 10149 1010
26 Gban-Houa{7°42"' 0°35'{15.03.85(RAC AMD 17 {0 (23 (0 (O
27 Gban-Houa|7°42' 0°35'|21.03.85!|RAC AMD 110123101 0
28 Gban-Houa|7°42' 0°35'|26.03.85|RAC AMD 81 032010
29 Gban-Houa|7°42' 0°35'(29.03.85|RAC AMD 10 {029 i 0| O
30 Gban-Houa|{7°42' 0°35']|15.10.85|RAC AMD 13 ] 01211 0] 0
31 Gban-Houa|7°42' 0°35'[15.03.86]|YY 45 | 0 {22 {0 | 0
32 Gban-Houa|7°42' 0°35'{27.01.87|RAC HSA 28 | O |54 {110
33 Wawa 7°43"' 0°33']20.03.86/YY 13 0J12{01!} 0
34 Wawa 7°43' 0°33'123.01.87|RAC EAW YY |13 | 0 |32 | 0 | o
35 Wawa 7°41' 0°30'{27.03.86]AKA 17 0| 6100
36 Kpaza 8°33' 0°41'(15.10.87{JFW SS -
37 Kpaza 8°33' 0°41'[22.10.87|JFW YY AKO -
38 Kpaza 8°33' 0°37'(22.10.87|JFW YY AKO -
39 Niankpe [9°05' 0°42'{22.10.87[JFW YY AKO -

! AKA=A.K.Adzah, AKO=A.K. Opoku, AMD=A.M. Denke, CKP=C.K. Post EAW=E.A.
Weber, HSA=H.S.K. Avissey, JEEH=J.E.E. Henerickx, JFW=J.F. Walsh, MA= M.
Ampah, MD=M. David, RAC=R.A. Cheke, RJP=R.J. Post, 8S=S. Sowah, SSH=OCP

subsector Hohoe, YY=Y. Yamagata. Samples 25-30 were determined by D.P.
Surtees.

? sq= S. squamosum, yah=S. yahense, san=S. sanctipauli 'Djodji', dam=s.

damnosum s.s., and sir=S. sirbanum. Other cytospecies were not found in
these samples, except for 1 S. soubrense in sample 37. Samples 36-39 were

not random samples, so numbers of flies identified for each species are not
given.
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Table 2.2

18-21 karyotype frequencies

River Samples! Number of males Number of females
st/st st/21 21/21} st/st st/21 21/21

Dayi 1,2,4,7,8 2 14 0 22 1 0
9,11

Asukawkaw {14,16,19 0 58 0 31 2 0

Gban-Houa [22,24,26,27| 3 108 0 113 1 0
28,29,30,32

Wawa 34 1 12 0 8 0 0

Kpaza 36,37 0 10 0 11 0 0

Table 2.3

Autosomal polymorphic inversion frequencies

) Polymorphic inversions?

River Samples! |[1S-A  2L-7  3L-B  3L-4.17 3L-24 IS-P

Dayi 1,2,4,7,8 | 0.56 | 1.00 | 0.0 1.00 | 0.0 0.0
9,11

Asukawkaw |[14,16,19 0.42 | 1.00 | 0.0 0.97 | 0.0 | 0.0

Gban-Houa |[22,24,26,27] 0.45 | 1.00 | 0.0 0.996 | 0.002 | 0.002
28,29,30,32

Wawa 34 0.50 1.00 | 0.0 1.0 0.0 0.0

Kpaza 36,37 0.31 1.00 0.0 1.00 0.0 0.0

! Samples are as listed in Table 2.1. However, it was not always possible
to score all inversions in every specimen, and hence sample sizes may be
slightly smaller than those listed in Table 2.1.

2 Inversions 2L-7 and 3L-B were noted heterozygously in a very few specimens

from other samples which were not scored systematically for autosomal inv-
ersions,
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Figure 2.1

Idiogram showing the relative positions of all the inversions cur-
fently known from the Djodji form of S. sanctipauli. Inversions
Plotted on the right of each chromosome are intraspecific
p°1y“‘°rli>hisms, while those to the left are fixed inversions relative
32_1;3118 standard sequence in S. squamosum. The polymorphic inversion
a is based on the 3L-4.17.2 sequence. Most of these inversions
vre illustrated in Post (1986), although 1S-21, 1S-A and & new in-
€rsion, 1S-P are also shown on Figures 2.2 and 2.3.
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Figure 2.2

g. sangtipqu]i chromosome arm 1S, from the River Sassandra at Soubre,
9te d Ivoire, 26.10.84 (see Table 3.1) showing the karyotype 1S-A/A,
with the breakpoints of 1S-P and 1S-21 indicated.

Figure 2.3

S. sanctipauli 'Djodji' chromosome
arm 1S, from the river Gban-Houa,
Djodji, Togo, showing the 18-5t/21
karyotype.




CHAPTER THREE: MULTIVARIATE ANALYSIS OF POLYTENE CHROMOSOME INVERSION
FREQUENCIES WITHIN THE SIMULIUM SANCTIPAULI SUBCOMPLEX

3.1 INTRODUCTION

The delimitation of taxa within sibling species complexes of
medical significance is an important activity before investigation
of behavioural, ecological or physiological aspects relevant to dis-
ease transmission (WHO Technical Report 597, 1976). Within the §.
damnosum complex in West Africa this delimitation of taxa was estab-
lished by Vajime and Dunbar (1975), with later revision of the S.
sanctipauli subcomplex by Post (1986).

Chapter two has emphasised the essential role that 'classical'
cytotaxonomic methods play in the further development of the under-
standing of a species complex. The purpose of the present chapter
is to use multivariate statistical techniques to analyse, objectively,
polytene chromosome variation within and between members of the §.
sanctipauli subcomplex, which is the best understood part of the S.
damnosum complex (Post 1986), and to contrast the results thus ob-
tained with those obtained using a 'classical' approach.

The cytotaxonomy of the S. sanctipauli subcomplex has been split
into a number of cytoforms within the three cytospecies, S.
sanctipauli, S. soubrense and S. soubrense 'B'. These are:

S. soubrense 'Beffa' (Meredith et &l. 1983)
. soubrense 'Menankaya' (Boakye personal communication)

S
S. soubrense 'Chutes-Milo' (Boakye personal communication)
S

. soubrense 'Konkoure' (Quillévere et al. 1982)
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S. sanctipauli 'Djodji' (Surtees et a&l. 1988, Chapter two)

The usual approach to cytotaxonomy uses a sliding scale of chro-
mosomal evidence for defining taxa (Rothfels 1956, Bedo 1977). The
strongest evidence for specific status comes from differences between
individuals maintained in sympatry, without apparent introgression
(Mayr 1970). As an example from the S. damnosum complex, S.
squamosum, and S. sanctipguli, in the River Gban-Houa at Djodji, Togo,
have the fixed inversions 1L P&Q, 2L4&6 and 3L-2 maintained between
them in sympatry. There are many such examples within the S. damnosum
complex (Vajime and Dunbar 1975, Dunbar and Vajime 1981, Post 1986).
The next strongest evidence for specific status comes from sex-linked
inversion differences maintained in sympatry. X chromosome liqked
inversion differences are as diagnostic as fixed differences, while
Y chromosome differences render females of the putative species
homosequentiél. The next strongest evidence comes from polymorphic
autosomal inversions found at different frequencies in sympatry.
Analysis of sample inversion frequencies, testing for departures from
Hardy-Weinberg equilibrium and for linkage disequilibrium can reveal
the existence of non-introgressing species in sympatry.

In the absence of sympatric samples, then by analogy, the same
three degrees of chromosomal evidence have been used to define taxa
in allopatry (for example S. sanctipauli, and S. sanctipauli 'Djodji',
Chapter two), although such evidence for specific status is always
Weaker than the equivalent evidence in sympatry (Mayr 1970).

When the taxonomy of a group reaches the state of knowledge
achieved in the S. sanctipauli subcomplex, there is often subjectivity
in the criteria used for defining a distinctive taxonomic or

Cytotaxonomic category and in the taxonomic rank to which a new
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cytoform should be raised. Clearly it is advantageous for more rig-
orous objective methods to be used to describe inter- and intra-
specific variation.

Two approaches could be taken to the objective analysis of
polytene chromosome variation. One method is to use standard genetic
distance models to assess the evolutionary relationships between di-
vergent taxa in a formal hypothesis-testing regime (Nei 1987). This
approach has often been used for the analysis of isocenzyme variation,
and could be used with cytotaxonomic data. However, within the §.
sanctipauli subcomplex, the nature of the sampling regime and the
sample sizes obtained preclude the use of this approach. Therefore
it was decided to use the relatively informal methods of multivariate
exploratory data analysis (Gnanadesikan 1977, Gordon 1981}, uéing
sample inversion frequencies as continuous pseudo-phenetic characters
bounded by zero and one, to analyse inter- and intra- specific vari-
ation. Because the taxonomy of this subcomplex is the best known
within the S. damnosum complex, a well established & priori taxonomy
based on classical polytene chromosome analysis was available for
comparison with the results of the multivariate ang}ysis.

The objectives of this chapter can be clearly stated:

1. To analyse polytene chromosome inversion frequencies in the
whole S. sanctipauli subcomplex;

2. To compare and contrast the & priori taxonomy of the S.
Sanctipauli subcomplex with that derived using multivariate statis-
tical methods;

3. To analyse variation within selected & priori defined spe-

cies,
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3.2 MATERIALS AND METHODS

Samples of larvae were available from collections made between
1971 and 1986 from sites between Guinea and Nigeria in West Africa.
Table 3.1 gives the details of each sample, the river, site and
country of collection, the latitude and longitude of the site, the
name of the cytotaxonomist who scored the inversion frequencies and
the @ priori taxonomic category of the sample.. Table 3.2 shows the
sample inversion frequencies for the 47 inversions variant within the
S. sanctipauli subcomplex, grouped by chromosome. Sample sizes listed
are the maximum. It was not always possible to score all inversions
for all specimens so sample sizes for each inversion are occasionally
smaller than the maximum.

The chromosome preparations of the samples listed in Table 3.1
were made using the methods described in Chapter two. The larvae were
identified chromosomally using the chromosome standards of Post
(1986). Most of the identifications were performed by Dr R.J. Post,
with others performed by D.P. Surtees.

Two sets of multivariate statistical techniques were used in the
exploratory data analysis of the sample inversion frequencies listed
in Table 3.2, ordination methods and cluster analysis methods (Gordon
1981). These two sets of techniques were used in a complementary way,
with the results of one set helping in the interpretation-of the re-
sults of the other set (Kruskal 1977). Information in a two dimen-
sional ordination is often easier to interpret if the results from a
cluster analysis of the same data are used in conjunction, and simi-
larly an ordination can be used to assess a partition of the data

resulting from a particular cluster method.
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Within these two sets of techniques different methods were used,
rather than using only one ordination method and one cluster analysis
method to help to avoid artefacts. Cluster analysis methods in par-
ticular can sometimes produce interpretable results even in the ab-
sence of real structure in a data set, and can impose-a structure on
a data set which is different from that actually contained in the data
(Gordon 1981). Using a plurality of methods satisfying different
criteria helps to avoid this problem.

For general reference to the methods used in this analysis, see
Gordon (1981), Seber (1984), Everitt (1978), Gnanadesikan (1977),
Sneath and Sokal (1973).

3.2.1 ORDINATION METHODS

The raw data matrix (Table 3.2) is difficult to interpreg as it
Stands, as it is 66 rows (samples) by 47 columns (inversions) in size.
Ordination methods attempt to derive a lower dimensional graphical
Tepresentation of high dimensional data, which retains as much of the
information contained in the full data set as possible while producing
4 great simplification of the data. There are many ordination methods
(Gordon 1981, Seber 1984), including principal..components analysis
and non-metric multidimensional scaling, which were used in this
analysis. The former is an R-mode method, i.e the analysis is per-
formed on the relationships between the characters (inversions) while
the latter is a Q-mode method, i.e the analysis is performed on the
relatjonship between individuals (samples of larvae), (Sneath and
Sokal 1973).
3.2.1.1  Principal Components Analysis

PCA is a very well established technique (Pearson 1901, Hotelling

1933) which involves the extraction of eigenvalues and eigenvectors

Page 42



from the sample dispersion (variance/covariance) matrix, or from the
correlation matrix derived from the dispersion matrix (Seber 1984).
The first principal component is the linear combination of the ori-
ginal variables which accounts for the largest proportion of the total
variance, so the first principal plane resulting from the scatter of
points in the plane of the first two principal components accounts
for the largest proportion of variance of all orthogonal axes. There
are many uses to which PCA can be put, including interpreting patterns
of covariation between characters, identifying redundant dimensions
and identifying outliers (Seber 1984), but in this analysis the method
was used as a low dimensional representation of the high-dimensional
data set. By maximising variance it is assumed that information
content is also maximised in the first few dimensions. In theory and
Practice this is not necessarily so (Cheng 1983), and so the results
of a principal components analysis have always to be interpreted with
caution.

Principal components can be extracted from either the dispersion
matrix or the correlation matrix derived from it (Seber 1984,
Gnanadesikan 1977). In this analysis the dispersion matrix was used,
because the first two principal components accounted for a larger
Proportion of total variance than did the first two principal compo-
nents of the correlation matrix (see section 3.3). The program used
wWas SAS PROC PRINCOMP.

As an aid to understanding the relationship between the original
inversion frequencies and the derived wvariables (principal
Components) a graphical technique called h-plotting was used (Corsten
and Gabriel 1976, Seber 1984). With this method, each coefficient

in the first two principal components (Table 3.3) was multiplied by
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the square root of the corresponding eigenvalue. The resultant co-
ordinates show the strength of the relationship between the inversion
and the principal components, and when superimposed on an ordination
can help to explain the patterns uncovered in the data. The length
of each vector is proportional to the standard deviation of the in-
version and the cosine of the angle between any two vectors approxi-
mates to the correlation coefficient between the inversions. These
h-plots were superimposed on the ordinations, but were not scaled to
conform to the principal axes, and were not located at the origin as
this would have obscured other details of the ordination.
3.2.1.2 Non-Metric Multidimensional Scaling

PCA is an R-mode method because the principal components are ex-
tracted from a matrix describing relationships between characters and
individuals (samples) are then examined in the space defined by the
new linear combinations of the original variables. Non-metric MDS
is a Q-mode technique, in that a lower dimensional ordination of the
data is derived fgom a matrix describing the relationship between
individuals (Gordon 1981). This matrix could be defined by many
Proximity measures (Wishart 1978), but in this gpalysis the squared
euclidean distance between individual samples was calculated, because
it is the proximity measure also used in the cluster analysis methods
described in section 3.2.2. Non-metric MDS works by finding a p-
dimensional solution to the transformation of the proximity matrix
(in this analysis the 66 by 66 matrix of euclidean distances between
samples listed in Table 3.1) to a p-dimensional scatter of points in
Which the rank order of inter-point distances in the derived space
Matches as closely as possible the rank order of distances in the

Original proximity matrix (Gordon 1981). P (the dimensionality of
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the final solution) is a parameter defined by the user, and the ade-
quacy of a particular p-dimensional solution is assessed using a pa-
rameter called stress (Gordon 1981) which is minimised. The algorithm
used in this analysis was an iterative least-squares method, within
a8 general multidimensional scaling package ALSCAL (Young et &l1. 1980).

A problem found with non-metric MDS is the choice of p, the di-
mensionality of solution. The usual method of choosing p is to plot
the change in stress against increasing values of p, and to choose
the lowest value of p for which the stress is tolerable. In this
analysis, however, if a two-dimensional ordination did not have an
acceptable stress value, higher dimensional solutions were not at-
tempted, as this would have defeated the principle behind using the
method. In practise, none of the ordinations resulting from the ap-
Plication of this method were used in the final interpretation of tﬁe
data, because the ordinations resulting from PCA were usually clearer,
and the principal axes are more easily interpretable in terms of the
original inversions via the eigenvectors and the h-plot.
3.2.2 CLUSTER ANALYSIS METHODS

Ordination methods do not impose a structure onto the data matrix,
instead they are a parsimonious representation of high dimensional
data. Cluster analysis methods, however, impose a structure onto the
data matrix (Gordon 1981). This structure can be of four types:

1. Non-overlapping partitions of the data

2. Hierarchically nested partitions of the data

3. Overlapping hierarchical partitions of the data

4.  Overlapping non-hierarchical partitions of the data.
Of these four structures, methods resulting in the first three

Structures were used in this analysis.
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3.2.2.1 Non-overlapping Partitioning Methods

In these methods the data set of n objects is divided into g-
groups, where g can be set automatically or by the user depending on
the algorithm used (Gordon 1981). Initially, for a g-partition of
the data, the objects may be assigned randomly to the g-groups or as
a8 result of a previous cluster analysis method. Objects are then
iteratively relocated from one group to another, if doing so helps
improve the parameter being optimised. The ﬁarameters optimised and
the relocation procedure used are all algorithm dependent. In this
analysis SAS PROC FASTCLUS was used, which iteratively minimises the
sum of squared distances from the g-cluster means.
3.2.2.2 Hierarchical Cluster Methods

Hierarchical methods begin with n clusters (in this analysis n
is the number of independent samples i.e. 66) which are successively
fused until all belong to one cluster. Clusters formed at a lower
level are completely incorporated in higher level clusters (Gordon
1987). 1In this analysis, four hierarchical cluster methods were used:
Single linkage (nearest mneighbour), Complete linkage (furthest
neighbour), Group Average (UPGMA) and Ward's error sums-of-squares
method (Ward 1963). These four were chosen as they are the commonest
methods in use, and hence are the best understood (Gordon 1981). In
addition, the four methods have quite different statistical properties
Which accords with the general principle of this analysis that greater
confidence is obtained from similar results derived from methods
Satisfying different criteria.

The different methods work by fusing at each stage the two clus-
ters which are most similar, but they differ in the way each method

defines cluster similarity. Single linkage calculates the distance
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between two clusters as the distance between the nearest neighbours.
Complete linkage calculates it as the distance between the remotest
members of the two clusters. Group Average is intermediate between
these methods in calculating the distance between two clusters as the
average of all pairwise distances between members of the two clusters.
Ward's method defines the distance between clusters as the increase
in within-groups sums-of-squares which would result from the fusion
of two clusters. In all cases, the two clusters for which the various
definitions of distance is a minimum are fused (Gordon 1987). Hi-
erarchical methods are usually expressed as two-dimensional branching
trees called dendrograms. Within this analysis, the cluster analysis
package CLUSTAN (Wishart 1978) and SAS PROC CLUSTER were used.
3.2.2.3 Overlapping Methods

The two previous methods share the restriction that an object can
belong to only one cluster. Jardine (1971) argues that certain types
of natural variation, including intraspecific geographic wvariation,
is often not appropriately expressed either as an hierarchy or as a
non-overlapping partition, but instead may take the form of a
continuum (e.g. clinal variation, Endler 1977) or as recognised
"types' with intermediates between them.

To analyse within-taxon variation of the & priori taxa S.
sanctipaul{, S. soubrense 'Menankaya/Konkoure' and S. soubrense 'B'
8 set of overlapping cluster methods was used. These were the Bk
methods of Jardine and Sibson (1968). These methods can best be un-
derstood in terms of two parameters, h and k. H is the distance be-
tween points and k is the amount of overlap allowed by the method,
k-1 points being allowed to belong to the overlap of two clusters at

8 particular value of h. The method starts with h=0 (i.e. identical
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objects), h is then increased to a particular level (chosen in ret-
rospect by the user because of perceived discontinuities in the pa-
rameter, or for other data-analytic reasons). At this value of h,
all maximally complete subgraphs are drawn in (i.e. subsets of points
in which all the points are connected), and any pair of subgraphs
which coincide in at least k points are further fused to form a
cluster. For example, if k=2, and two clusters share only one point
in common, then both clusters remain distinct; but the point in common
lies on the overlap of the two clusters. These methods become ex-
tremely complex to interpret for moderate numbers of individuals and
values of k greater than 4, so higher values of k were not attempted.
The CLUSTAN procedure KDEND (Wishart 1978) and the NTSYS procedure
BKGRAPH (Rohlf 1984) were used for the analysis.

3.2.2.4 Other Methods

One problem associated with lower dimensional ordinations of high
dimensional data is that certain of the interpoint distances become
distorted (Seber 1984). To assess this distortion a minimum spanning
tree (MST) was calculated and superimposed on the ordination. A MST
is the tree connecting the n vertices (in this analysis n=66, the
humber of samples in Table 3.1) forming a connected graph containing
no loops for which the sum of the edge lengths is a minimum (Gower
and Ross 1969).

Hierarchical techniques can be seen as a transformation of the
Proximity matrix between individuals into a new proximity matrix
Satisfying the ultrametric inequality (Jardine and Sibson 1971, Gordon
1981). Generally this transformation results in some distortion, the
extent of which can invalidate a hierarchical representation of the

Proximity matrix. In this analysis, four distortion measures were
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used to assess the extent of the distortion: the cophenetic corre-
lation coefficient, rcop (Sokal and Rohlf 1962) and three of the
Jardine and Sibson (1968) Ai distortion measures.

A common problem to clustering methods is the objective estimate
of the true number of clusters within a data set. For hierarchical
methods this can be thought of as estimating the level at which a line
should be drawn across the dendrogram, and for non-overlapping par-
tition methods this amounts to choosing the value of g at which to
Stop the algorithm. TFor this analysis the cubic clustering criterion
(CCC) within SAS PROC CLUSTER was used. This criterion compares a
particular partition of the data with that expected if the data were
sampled from a uniform distribution. The value for which this cri-
terion is largest is taken as the 'true' number of clusters. This
method was evaluated by Milligan and Cooper (1985) who found that it
compared favourably with most other criteria in the literature, and
was considered the best of the widely available methods.

Once a particular partition was obtained by a cluster method it
Was then compared with results obtained from other cluster methods.
A combination of visual inspection of the hie;§rchica1 dendrograms
to identify cohesive, isolated clusters and a cluster intersection
method described in Gordon (1981) to find the maximum number of points
in common to two methods was used to compare the results of cluster
a@nalyses of the data set. This procedure resulted in a consensus
Partition of the data defining clusters consistently uncovered using
the different methods, but from which certain points were excluded
because of their inconsistent classification using different clus-

tering methods.
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3.2.2.5 Summary of Methods

Ordination methods and cluster analysis methods were used to an-
alyse the total data set presented in Table 3.2. Principal components
analysis and non-metric multidimensional scaling were both used, but
only the the results of the favoured method (PCA) are presented. The
full data set was clustered using four hierarchical cluster methods
and one non-overlapping cluster method. The optimal partition of the
data as determined by the CCC was derived fof each method and these
partitions compared using a cluster intersection method and visual
inspection, and a consensus partition of the total data set derived.

In addition to this whole data set analysis, three sub-analyses
were performed on the three & priori groups S. soubrense 'B', &.
sanctipauli and S. soubrense 'Menankaya/Konkoure'. A separaté anal-
ysis was not performed for S. soubrense 'Beffa' or S. soubrense
"Chutes Milo' because of the small number of samples of each. An
Overlapping cluster analysis method was used for these intraspecific
a@nalyses as this had been shown in previous studies (Jardine 1971)

to be more sensitive to intraspecific variation.
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3.3 RESULTS

The first principal plane of the dispersion matrix accounted for
65% of total variance and was used in preference to the first prin-
cipal plane of the correlation matrix which only accounted for 24%
of variance. This was so because many inversions were not correlated,
but some inversions had a relatively large variance, the effect of
which is damped if the correlation matrix is used in a PCA. A two
dimensional solution to a non-metric MDS of fhe squared euclidean
distance matrix between samples resulted in a stress of 12.6%, which
is only a 'fair to poor' fit (Kruskal 1964). Therefore this
ordination was not used, but the scatter of points in the first
Principal plane of the dispersion matrix used instead (Figure 3.1).
This figure is annotated with the sample numbers corresponding with
those in Table 3.1. The points are connected by the minimum spanning
tree derived from the squared euclidean distance matrix between sam-
Ples. Also shown is the h-plot of the dispersion matrix. Table 3.3
gives the first two principal components of the dispersion matrix,
demonstrating which sets of inversions have the most influence on the
first two principal axes. )

Figure 3.2 is the dendrogram resulting from application of single
1inkage cluster analysis to the squared euclidean distance matrix.
The numbers at the tips of the dendrogram correspond to the sample
Numbers in Table 3.1. Figures 3.3 to 3.5 are the dendr&grams re-
Sulting from application of complete linkage, Group Average, and
Ward's method of cluster analysis.

Table 3.4 gives the measures of distortion (cophenetic correlation
Coefficient and the three Jardine-Sibson distortion measures) re-

Sulting from the hierarchical cluster methods. Also shown is the
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partition for each hierarchical method and the non-overlapping par-
tition method for which the CCC was a maximum.

Table 3.5 shows the five partitions resulting from the cluster
methods at the level suggested by the CCC for each method, while Table
3.6 is the 'consensus' partition obtained by the method described in
section 3.2.2.4.

Table 3.7 gives the reduction in the Jar@ine-Sibson. distortion
measure AO.S as the B methods were applied to the three data sets
analysing the pre-defined groups each of which represents a single
Species defined Dby classical cytotaxonomy, S. soubrense
'Menankaya/Konkoure', S. soubrense 'B' and S. sanctipauli. K was
increased from one (where it is equivalent to single linkage) to four
(beyond which the results were extremely complex).

Figure 3.6 is the first principal plane of the dispersion matrix
for S. soubrense 'B', with the h-plot superimposed and the cluster
boundaries defined by applying the By=2 method at the level h=0.001.
Figure 3.7 is the scatter of points in the first principal plane of
the dispersion matrix of the S. sanctipauli samples, with the h-plot
Superimposed and the cluster boundaries defined by applying the B, _,
method at h=0.001. Figure 3.8 is the first principal plane of the
dispersion matrix for S. soubrense 'Menankaya/Konkoure' with the h-

Plot superimposed and the cluster boundaries defined by applying the

By<y method at level h=0.001.
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3.4 DISCUSSION

3.4.1 SIMULIUM SOUBRENSE 'B'

Simulium soubrense B (samples 32-45) is the most clearly defined
and internally most homogeneous taxon, both on the ordination (Figure
3.1) and on the dendrograms resulting from the application of the four
hierarchical cluster methods (Figures 3.2-3.5). The cluster
{32,...,45) was found by the CCC in the full data set for all the
cluster methods used (Table 3.5) and remained in the consensus clas-
sification (Table 3.6).

This distinctiveness relative to the other taxa within the S.
Sanctipguli subcomplex can be explained by reference to the h-plot
of the dispersion matrix (Figure 3.1), the original data set (Table
3.2) and the principal components (Table 3.3). Pointing directly at
S. soubrense 'B' on the h-plot are the inversions 1L-A and 25-7. The
former is a fixed, unique derived character for this species (Post
1986) and the latter is fixed in this species, although it is shared
by other members of the subcomplex. Inversions which also .have a
Strong though 1less direct effect on the distinctiveness of S.
Soubrense 'B' are the inversions 2L-D and 1S-A. 2L-D is fixed in this
Species but shared by S. soubrense except for Chﬁtes Milo form. The
vVector for this inversion on the h-plot is almost coincidental with
the first principal axis, so samples along this axis increase in
frequelncy for the inversion. 18-A, however is orthogonal to the first
Principal axis, and hence uncorrelated with inversion 2L-D. This
inversion is also fixed in S. soubrense 'B' but is shared with other
Members of the subcomplex.

When the B, methods of cluster analysis were applied to analyse

k

Variation within S. soubrense 'B'

, the distortion measure AO 5 fell
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only slightly as k was'increased from one to four (Table 3.7); such
a high level of distortion suggests that there is little structure
within the data set, either hierarchical in nature or overlapping
(Jardine and Sibson 1968). The two-dimensional ordination resulting
from a principal components analysis of the dispersion matrix is shown
as Figure 3.6, and superimposed on this ordination are the clusters

resulting from application of the B method at h=0.001 (chosen be-

k=2
cause of a distinct moat at this level). This three cluster solution
shows that the bulk of the data belong to a homogeneous cluster, with
two outlying samples. Three inversions are important in this vari-
ation, 1S-C, 3L-4, 3L-17. The small angle between the last two on
the h-plot reflects their strong linkage. 1S-C was only foupd at a
low frequency in S. soubrense 'B' (for which species it is unique),
Wwith the maximum frequency for sample 40. Thus the variation along
the second principal axis is dominated by this relatively unimportant
inversion, demonstrating that there is in fact very little intraspe-
cific variation.  3L-4 and 3L-17 are partially X-linked in S.
Soubrense 'B' (Post 1986), although this information was not included
in the analysis. As expected from the h-plot, the frequency of these
inversions is lowest in sample 44 and largest in sample 41. This is
because sample 41 was a sample of six males and four females, while
Sample 44 was a sample of all females.

To conclude S. soubrense 'B' represents a chromosomally very ho-
MOgeneous taxon which is very distinct from other members of the
Subcomplex, a result which supports the conclusions of classical
cYtOtaxonomy (Post 1986). The only intraspecific variation found is
likely to be because of random variation and sex ratio differences

Tather than being due to any systematic geographic or temporal vari-
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ation. The considerable number of fixed inversions in this taxon
(including inversions shared with other members of the subcomplex,
Table 3.2) and the species' restricted geographic distribution sug-
gests that the founding population for this species may have been
small (i.e. the origin of the species involved a population bottle-
neck, Mayr 1970), or that the species is very ancient.

3.4.2 SIMULIUM SOUBRENSE 'CHUTES MILO/BEFFA'

By contrast S. soubrense 'Chutes Milo/Beffa' is an ill-defined
taxon, both on the ordination (Figure 3.1) and on the dendrograms
(Figures 3.2-3.5). Samples 1-4 belong to S. soubrense 'Beffa', but
this taxon was not uncovered by any of the cluster methods and was
not defined iﬁ the consensus classification (Table 3.6). This may
in part be because of the information contained in the partially Y-
linked inversion 2S-6b not being included in the analysis. Samples
5-8 correspond to S. soubrense 'Chutes Milo/Typical’' and is much
better defined, although only the three member cluster {6,7,8} re-
mained in the consensus classification. On the ordination these
Samples lie close to S. sanctipguli, the only major inversion dif-
ference between these taxa being the inversion 2L-A which is fixed
in s. sanctipauli and absent from S. soubrense (bost 1986).

Because of the small number of samples, S. soubrense 'Beffa' and
S. soubrense 'Chutes Milo' were not analysed separately from the other
Samples,

To conclude S. soubrense 'Beffa' and S. soubrense 'Chutes Milo'
8re relatively heterogeneous taxa, although the former is more so than
the latter. The very small number of samples does not allow for in-
terpretation either in terms of geography or tihe. The close prox-

imity of these samples to S. sanctipauli is of considerable interest,

Page 55



especially when compared with the large taxonomic distance between
either of these taxa and S. soubrense 'B'.

3.4.,3 SIMULIUM SANCTIPAULI

Simulium sanctipsuli (samples 46-66) appears as a heterogeneous
taxon both on the ordination (Figure 3.1) and on the dendrograms
(Figures 3.2-3.5). The principal inversion distinguishing this spe-
cies from the rest of the subcomplex is 2L-A (?ost 1986), which is a
unique fixed derived character for S. sanctipauli. On the ordination,
much of the variation within S. sanctipauli is because of variation
in the inversion 1S-A, as is clear from the h-plot and the original
data matrix (Table 3.2).

The consensus partition of the whole data set (Table 3.6) resulted
in three consistent clusters relative to the total dat& set
{46,...,50}, {54,55,56,63,64) and {57, 59,...,62}. Some sample points
Were not .included in the consensus partition because they were in-
Consistently classified using the different cluster methods. The
first cluster corresponds to Djodji form (Chapter two), the second
are samples from the Comoe, Maraoue and Baoule rivers, while the last
Corresponds to samples from the Bandama and Sassqndra rivers.

Application of the By methods of Jardine and Sibson (1968) to the
S. Sanctipauli data in isolation resulted in quite a marked reduction
in the distortion imposed by the resultant classification (?able 3.7).
This result implies that the data can more realistically be repres-
ented by allowing samples to overlap between clusters, although the
high distortion remaining at Bk=4 showed that allowing for overlap
has not entirely removed distortion from the classification.

The two-dimensional ordination resulting from a principal compo-

fents analysis of the dispersion matrix is shown as Figure 3.7, with
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the clusters defined at h=0.001 for the method By=p- This level was
chosen because of a distinct moat between this level and the next
fusion. Seven clusters were identified in the data set, but four of
these overlap. The most distinctive cluster corresponds to the sam-
ples from the Rivers Maraoue, Comoe and Baoule. These samples differ
from other S. sanctipsuli principally in the inversion 2L-7 which is
absent from this cluster but at a high frequepcy in other clusters
(as can be seen from the h-plot and Table 3.2). Also the inversion
3L-B which is absent from most other S. sanctipauli is present at a
high frequency in this cluster. Despite the diverse geographic origin
of the members of this cluster, it is internally homogeneous. The
most important practical aspect of this cluster is that four of the
samples (55,56,63,64) are the only samples within the S. sancijpauli
Subcomplex resistant to organo-phosphate insecticide (Kurtak and Post
1987).

The samples 46-50 form another relatively tight cluster, although
One sample (49) is shared in common with another cluster.- These
Samples correspond to the Djodji form of S. sanctipauli defined on
classical criteria by Surtees et al. (1988). ?Pe information con-
tained in the strongly Y-linked inversion 1S8-21 was not incorporated
in the analysis. If it had been then the cluster would have been more
distince,

The cluster {57,59,60,61,62} has two samples which overlap with
Other clusters. One sample overlaps with the cluster {57,558} both
from the Bandama river, Cote d'Ivoire, but separated by 11 years
(Table 3.1), the other cluster is the Djodji cluster. The samples
Within this cluster are all from the rivers Bandama and Sassandra.

and are distinguished by a high frequency for inversion 15-A.
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The cluster {53,58} overlaps with the Bandama cluster and includes
the Ghanaian sample from the River Ejisu. The cluster {51,52} is from
the River Pra, Ghana, while the geographically isolated cluster
(65,66} is from the River Moa in Sierra Leone, the most westerly of
the S. sanctipsuli samples. This last cluster is particularly unu-
sual, lacking inversion 1S-A and sharing three inversions not shared
with other S. sanctipauli: 1S-F, 1L-B and 1L-C.

To conclude, there is considerable variation within S.
sanctipauli, at least some of which is likely to involve restriction
of gene flow between clusters. The correlation of OP insecticide
Tesistance with one cluster is strong evidence for restricted gene
flow between it and the other clusters within S. sanctipauli. This
feature will be very useful for tracing OP resistance movement. It
is unlikely, therefore, that S. sanctipsuli will remain as a unitary
taxon once more information becomes available, and the Djodji form
of g, sanctipauli defined on classical criteria (Chapter two) will
Not be the only cytoform within §. sanctipauli.

3.4.4  SIMULTIUM SOUBRENSE 'MENANKAYA/KONKOURE'

Simulium soubrense ‘'Menankaya/Konkoure' lies on a broad band in
the lower right quadrant of the ordination (Figure 3.1) and shows a
Considerable degree of chromosomal heterogeneity. The superimposed
MST on figure 3.1 reveals that samples 9 and 16, which are close on
the ordination are in fact quite distinct, showing that the ordination
has introduced some distortion into the data. The h-plot of the
dispersion matrix shows that several inversions define the distinction
between this taxon and the other members of the subcomplex. Inversion
2L-D, which is coincident with the first principal axis is present

in all the samples of S. soubrense 'Menankaya/Konkoure' (Table 3.2),
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but it varies in frequency from fixation to 0.25. However, this in-
version mainly serves to define the right half of the ordination,
including S. soubrense 'B', but excluding S. soubrense 'Chutes
Milo/Beffa' and S. sanctipsuli. The inversion 1L-A defines S.
soubrense 'B' in the upper right quadrant, while inversion 1S-A which
is present throughout the subcomplex is found at a low but variable
frequency in S. soubrense '"Menankaya/Konkoure'. The inversion 2S-7
which has a strong influence at 30° to the firsg principal axis varies
within S. soubrense 'Menankaya/Konkoure', as do the inversions 2L-X
and 3L-X.

The different cluster methods all found the same clusters within
S. soubrense '"Menankaya/Konkoure' (Table 3.5) and these remained in
the consensus classification (Table 3.6). There are six cldsters,
although two of these are singletons (samples 9 and 14).

Applying the B, methods to S. soubrense 'Menankaya/Konkoure' re-

k
Sulted in some reduction in the distortion resulting from the trans-
formation from distance matrix to ultrametric matrix (Table 3.7) but
this reduction was not as great as would be expected if the data were
Sampled from genuinely overlapping clusters (JardiPe and Sibson, 1968,
found that the measure of distortion fell from 0.528 to 0.146 as k
Was increased from one to four for overlapping clusters of the annual
Pearlwort Sagina apetala).

Figure 3.8 shows the ordination resulting from a principal com-
Ponents analysis of the dispersion matrix, and reveals the complexity
°f variation within this taxon. The four ciuster and two singletons
8re marked. The four main clusters are connected by the MST in a

Sequence forming a horseshoe on the ordination from S. soubrense

]
Menankaya' (samples 10-13) from Sierra Leone/Guinea, to S. soubrense
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'Menankaya/Konkoure' (samples 15-23) from the Rivers Tene and Bafing
in the Fouta Djalon, Guinea, to S. soubrense 'Konkoure' (samples
30,31) from the River Koumba , Guinea, to S. soubrense 'Konkoure'
(samples 24-29) from the Konkoure and Kakrima rivers in Guinea. A
Sequence of clusters connected in this way suggests clinal variation
with inadequate sampling between clusters (Jardine 1971). The h-plot
reveals that several inversions influence the observed pattern of
variation. Inversion 28-7 is found in the Kohkoure/Koumba samples,
and in the Sierra Leone samples, although its frequency is much lower
in the latter. 3L-X also defines the Konkoure/Koumba samples. 3L-2
has an opposite influence to this inversion, being highest in samples
15-23 and lowest in the Konkoure form. The main inversions defining
S. soubrense 'Menankaya' are 3L-4, 3L-17 (which are linked) and 3L-5.
This last inversion is a unique polymorphic derived character defining
S. soubrense 'Menankaya'.

To conclude S. soubrense 'Menankaya/Konkoure' shows a very complex
Pattern of intraspecific variation involving a considerable number
of inversions. Two extreme hypotheses can be established to explain
these results. The first is that the data have been sampled inade-
qQuately from continuous clinal variation. The sequential pattern
shown on the ordination supports this hypothesis. The second hy-
Pothesis is that one or all of the clusters uncovered represents
distinct forms which in sympatry would not introgréss. The
diStinctiveness and internal homogeneity of the derived clusters
Supports this hypothesis. Based on the aQailable data it is not
Possible to choose between these alternatives. .The most likely ex-

Planation is a combination of the two i.e. that there is clinal var-
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iation within §. soubrense 'Konkoure', but that §. soubrense

'Menankaya' is a form distinct from this.
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3.5 CONCLUSIONS

The multivariate statistical analyses presented in this chapter
usually support the findings of classical cytotaxonomy, but also
identify features of the data which classical methods have overlooked
such as the distinctiveness of the OP resistant S. sanctipauli flies,
and the complex variation within S. soubrense 'Menankaya/Konkoure'.
These results could now be used predictively to identify and trace
OP resistance.

However, the methods could undoubtedly be improved on to make them
more sensitive and powerful in the future. One important feature of
blackfly cytotaxonomy which has not been incorporated in this analysis
is the information contained in the sex-linkage of inversions. The
importance of sex-linkage in blackflies has been stated before (e.g.
Post 1982). To use this information, the sexes could be treated
Separately within each sample, although this would require larger
Sample sizes. To exploit the interpretative power of the multivariate
Mmethods, systematic sampling would be an improvement over the ad hoc
Sampling of the data in this analysis. Finally, these same methods

could be used on individuals within samples, to identify sympatric

taxa.
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Table 3,1

List of larval samples of the S. sanctipauli subcomplex.

Page 63

-\
Sample River Site Coordinates? Date Determ-| & priori
O©. and (Lat./L
origint at./Long) giged taxon
y
1 N |oshun Ed °44' 05°34'
) e 07°44' 05°34'E|14.07.82| A Simulium
35 N |Ogun Eruwa 07°25' 04°29'E[15.07.82| A soubrense
A % gono Tetetou 07202: 01:32'3 20.07.80| A Beffa
ono Avegode 06°48' 01°36'E|14.11.85| A
5
e g Leraba Leraba Bridge|10°10' 05°04'W|10.06.71| A Simulium
7 ¢ Cgstos Darlu ons o 06.05.71f A soubrense
8 Niandan Rapide Pampan|{10°01' 09°41'W(21.12.85] A Chutes Milo
C [Niandan Boria 09°28' 09°57'W|[14.02.86( A
9 G .
Milo Tiekorad °00' 08°57' - (mul i
0 S |Sewa Njaime-Sewafe 08°52' 11°13'W[30.11.80| 4 soubrense
12 Sewa Babawahun 07°59' 11°20'W|15.12.81| A Menankaya
S ISeli Badala 09°19' 11°32'W|18.12.81 A
}2 g ﬁokel Bumbuna 09:03: 11°44'W[29.11.81| A
ongo Musaia 09°46' 11°28'W|17.12.81| A
'\‘;
15 .
1o ¢ [lafine  |sokotoro  lotos HIsW|S-LLB6l & | Simlium
. . S
}; ¢ |Bating Nduria 10°45' 11°45'W|[13.02.86( A Ronkoure,
19 Bafing Yagui 11°34' 10°52'W|[22.11.86| A Menankaya
20 g Tene below bridge [11°01' 11°49'W|137.02.86| A
21 ¢ Tene Dankolo 11°01' 11°58'W|22.11.86| A
22 G |gene hove Saties lieor 1ieasw|osiiiee| &
3 .11,
2% o ggfing Koukotamba ~ |11°13' 11°19'W|22.11.86| A
25 ¢ X nkoure Ganlya 10029' 12059'W 13.02.86] A
2% ¢ KOnkoure Soukia 10025' 13010'W 12.11.86| A
27 g KOnkoure Bakere 10031' 13°1o'w 12.11.86| A
28 o Koﬁ oure Kanhan 10°28' 12°47'W|12.11.86| A
29 g Ka rima Bouggula 10034' 12058'W 12.11.86) A
0 g akrima Kaffima 10950' 12°57'W|12.11.86| A
31 ¢ ioumba Sidipo 11°43' 12°56'W|11.11.86| A
oumba Kokou 11°42"' 12°54'W[11.11.86( A
\ .
§§ S [Moa Tiwai Island |07°32' 11°22'W|16.09.83| A Simulium
3 § |Waanje Bandajuma 07°34' 11°39'W|21.06.83| A soubrense
35 S |Sewa Wubunge 07°48' 11°48'W|12.06.83| A '’
36 g Sewa Mofwe 07°40' 11°58'W|08.12.81| A
37 g |labe Gbaiima 08°06' 11°51'W|08.12.80| A
38 g |leye Mongeri 08°19' 11°44'W|11.08.83| A
39 g |(Jaia Mogbamu 08°01' 12°07'W|09.12.80| A
40 g Taia Mogbamu 08°01' 12°07'W[10.06.83| A
41 g gbin%aia Mokasi 07°59! 12°25'W107.12.811 A
42 oke Katik 08°39' 12°30'W|[10.12.80| A
43 g Bankasoka |Port Loko 08°46' 12°47'W|12.12.80] A
Gt Scarcies|Kanka 09°43' 12°27'W[02.12.81} A




4 6 |Kolente Malea 10°41' 12°37'W[12.02.86] A

45 G |Kolente Kolente 10°04' 12°38'W|13.11.86| A

46 T |Gban-houa |Djodji 07°40' 00°35'E[15.10.84| B Simul fum

47 T |Gban-houa [Djodji 07°40' 00°35'E[15.03.85| B sanctipaul i
48 T |Gban-houa [Djodji 07°40' 00°35'E/21.03.85| B Djodji

49 T |Gban-houa |[Djodji 07°40' 00°35'E(26.03.85| B

50 T (Gban-houa |Djodji 07°40' 00°35'E|29.03.85| B

\

31 Gh |pra Hemang 05°11' 01°32'W|08.07.80| A Simul fum

32 Gh |Pra Hemang 05°11' 01°32'W|17.07.82| A sanctipaul i
53 Gh |0fin Ejisu 05°57' 01°42'W|25.01.86| A

34 C |Comoe Mbaso 06°20' 03°30'W|27.07.80| A

35 € |Comoe Amouakro - 14.02.85] A

356 C |Maraoue Danangoro 07°10' 05°56'W|10.08.82| A

37 C |Bandama Tiassale 05°53"' 04°49'W|08.07.82! A

358 € |Bandama Ahoauti 06°07' 04°57'W|23.06.71| A

39 C |Sassandra |Soubre 05°47' 06°37'W|10.07.82| A

60 ¢ |sassandra (Soubre 05°47' 06°37'W|26.10.84| B

61 ¢ |Sassandra |Koperagui - 22.01.85] A

62 ¢ |Sassandra |Chutes Nawa [05°47' 06°37'W|06.09.84| A

63 M |Bouale Madina Diasso|10°40' 07°40'W[26.01.86| A

64 M |Bouale Konigbougeula|10°45' 07°46'W[27.01.86] A

65 S [Moa Maloma 08°00' 10°50'W|06.12.80]| A

66 5 [Moa Tiwai Island {07°33' 11°22'W[16.09.83| A

1

2N=Nigeria, C=C8te d'Ivoire, T=Togo, Gh=Ghana, G=Guinea, S=Sierra Leone, M=Mali
All Tatitudes are North.

3

=Determined*by Dr. R.J. Post, B=Determined by D.P. Surtees
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Table 3.2

Polymorphic Inversions within the S. sanctipauli subcomplex

Chromosome one inversions
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Table 3.2 (continued)

Chromosome one inversions
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Table 3.2 (continued)

Chromosome two inversions
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Table 3.2 (continued)

Chromosome three inversions
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Table 3.2 (continued)

Chromosome three inversions {continued)

Page 73

Sample|3L-X |3L-2 |3L-4 |3L-17|3L-D !3L-K [3L-M
Number
1 0 1 1 1 0 0 0
2 0 1 1 1 0 0 0
3 0 1 0.958(0.95810 0 0
& 0 1 1 1 0 0 0
> 0 1 1 1 0 0 0
6 0 1 1 1 0 0 0
7 0 1 1 1 0 0 0
8 0 1 1 1 0 0 0
9 0 1 0.75 {0.75 |0 0 0
10 0 1 0.962/0.96210 0 0
11 0 1 0.937/0.937]0 0 0
12 0 1 1 1 0 0 0
13 0 1 0.94 |0.94 |0 0 0
14 0 1 0.94 {0.94 |0 0 0
15 0 1 0.286/0.286|0 0 0
16 0 1 0.333(0.333|0 0 0
17 0 1 0.389/0.389|0 0 0
18 0.05 [0.95 (0.1 0.1 O 0 0
19 0.313]1 0.188/0.188]0 0 0
20 0 1 0.275|0.275|0 0 0
21 0 1 0.31 [0.31 |0 0 0
22 0 1 0.45 |0.45 |0 0 0
23 0 1 0.313{0.313{0 0 0
24 0.81310.125/0.125(0.125|0 0 0
25 0.741{0.258|0.258/0.258]|0 0 0
26 0.765{0.118|0.118[0.118]0 0 0
27 0.733[0.267(0.267(0.267|0 0 0
28 0.7 lo.3 |o0.3 0.3 |0 0 0
29 0.839]0.16110.143|0.143|0 0 0
30 0.636/0.364]0.227]0.227{0 o~ |0
31 0.672|0.034/0.293{0.293|0 0 0
32 0 1 0.42 10.38 [0.054|0 0
33 0 1 0.286/0.238(0.022|0 0
34 0 1 0.357]0.3 10.013}0 0
35 0 1 0.357/0.321]0.033{0 0
36 0 1 0.278|0.278|0.083|0 0
37 0 1 0.333/0.357/0.045(0 0
38 0 1 0.406(0.437{0.068}0 0
39 0 1 0.25 |0.187(0.013|0 0
40 0 1 o4 loa lo.188(0 0
Zl 0 1 0.55 |0.55 |0.1 |0 0
42 0 1 0.4 (0.38 |0 0 0
43 0 1 0.342]0.329|0 0.012;0
45 0 1 0.125/0.125|0 0 0
e |0 1 0.423]0.423|0 o |0
47 0 1 0.982]0.982}0 0 0
4 0 1 0.935/0.935{0 0 0
8 0 1 1 1 0 0 0
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Table 3.3

First Two Principal Components of the Covariance Matrix

—
Inversion PC I PC II
1L-B -0.016575 -0.026580
1L-C -0.015252 -0.027132
1L-D 0.000195 -0.000967
1L-U -0.000391 0.000290
1L-G -0.000063 0.000068
1L-N -0.000520 0.000399
1L-X 0.000189 -0.000742
1L-A 0.313813 0.502275
1L-R -0.000236 0.000197
1L-T 0.000314 0.000453
1S-A -0.080477 0.662220
1S-G.H -0.010888 0.006406
18-J 0.003284 -0.000580
1S-F -0.015212 -0.014282
1S-B 0.010259 -0.052903
18-X 0.001652 -0.003870
1S-N 0.000387 -0.000829
18-C 0.034813 0.057303
18-M 0.000270 0.000430
1s-p -0.000291 0.000056
18-21 -0.019286 0.000575
2L-A -0.420747 0.146415
2L-7 0.170603 0.046396
2L-D 0.464544 -0.001129
2L-X 0.046113 -0.174524
2L-8 -0.000409 -0.000378
2L-W 0.000390 0.000661
2L-B 0.002974 0.005057
28-7 0.425564 0.260556
25-6b -0.006319 0.000757
3L-A -0.000921 0.000646
3L-24 -0.030320 0.013454
3L-B -0.173934 0.098074
3L-25 -0.002764 0.001285
3L-26 -0.002073 0.000964%
3L-5 0.005339 -0.049871
3L-E 0.000280 -0.001812
3L-1 0.001531 -0.002783
3L-G 0.000172 -0.001713
3L-y 0.000472 -0.003300
3L-X 0.096833 -0.255164
3L-2 -0.099292 0.263403
3L-4 -0.341389 0.130582
3L-17 -0.346537 0.122688
3L-D 0.013501 0.022850
3L-K 0.000270 0.000430
3L-M -0.000337 -0.000135
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Table 3.4

Distortion measures for each of the hierarchical cluster methods, and
the partition level suggested by the cubic clustering criterion for
all methods.

Cluster Method Distortion Measure CcC
Parti-

ion

r(cop)/ |A(O) A1) A(2)
Single Linkage 0.7761 0.807 0.501 0.5412 12
Complete Linkage 0.7898 0.8811 0.8384 0.8355 13
GrouP Average 0.8428 0.4415 0.2588 0.2119 14
Ward's Method 0.7968 - - - 14
Iterative n.a n.a n.a n.a 13
Relocation
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Table 3.5

Classification results for the five cluster methods on the full data
Set; partition level set by the cubic clustering criterion; Numbers
refer to the samples listed in Table 3.1.

a). Single linkage 12 cluster solution:

Cluster Number Sample Number a priori taxon

Cluster 1 12 Beffa

Cluster 2 3 Beffa

Cluster 3 4, 8 Beffa/Chutes Milo

Cluster 4 9 Menankaya

Cluster 5 10,...,13 Menankaya

Cluster 6 14 Menankaya

Cluster 7 15,...,23 Konkoure/Menankaya

Cluster 8 24,...,29 Konkoure/Menankaya

Cluster 9 30,31 Konkoure/Menankaya

Cluster 10 32,...,45 S. soubrense 'B'

Cluster 11 46,...,53 S. sanctipauli
57,...,62,65,66 S. sanctipaull

Cluster 12 54,55,56,63,64 S. sanctipauli

L= .

b). Furthest neighbour 13 cluster solution:

Cluster Number Sample Number a priori taxon

Cluster 1 12 Beffa

Cluster 2 3,4,5 Beffa

Cluster 3 6,7,8 Chutes Milo

Cluster 4 9 Menankaya

Cluster 5 10, 13 Menankaya

Cluster 6 14 Menankaya

Cluster 7 15,...,23 Konkoure/Menankaya

Cluster 8 24,...,29 Konkoure/Menankaya

Cluster 9 30,31 Konkoure/Menankaya

Cluster 10 32,...,45 S. soubrense 'B'

Cluster 11 46,...,53" S. sanctipauli
57,...,62 N

Cluster 12 54,55,56,63,64 S. sanctipauli

Cluster 13 65,66 S. sanctipauli
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¢). Group Average 14 cluster solution:

r————

Cluster Number

—

Sample Number

a priori taxon

Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster

H OOV W

—= O

Cluster
Cluster
Cluster

=
sLWN

12
3

by...,8

9
10,...,13
14
15,...,23
24,...,29
30,31
32,...,45
46,...,50,53,
57,...,62
51,52

54.55,56,63,64
65.66

Beffa

Beffa

Beffa/Chutes Milo
Menankaya
Menankaya
Menankaya
Konkoure/Menankaya
Konkoure/Menankaya
Konkoure/Menankaya
S. soubrense 'B'

. sanctipauli

. sanctipauli

S
S. sanctipauli
S
S. sanctipauli

d). Ward's Method 14 cluster solution:

[ ———

Cluster Number

Sample Number

a4 priori taxon

Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster
Cluster 10
Cluster 11
Cluster 12
Cluster 13
Cluster 14

WO WN -

12
3,4,5
6,7,8

9
10,...,13
14
15,...,23
24, ...,29
30,31
32,...,45
46,...,52

53.57,...,62
54.55.56,63,64
6566

Beffa

Beffa/Chutes Milo
Chutes Milo
Menankaya
Menankaya
Menankaya
Konkoure/Menankaya
Konkoure/Menankaya
Konkoure/Menankaya
soubrense 'B'
sanctipaul i
sanctipaul i
sanctipauli
sanctipaull

hhhhthhhh
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e). Iterative Relocation 13 cluster solution:

Cluster Number Sample Number 8 priori taxon

Cluster 1 12 Beffa

Cluster 2 3,4,5 Beffa/Chutes Milo

Cluster 3 6,7,8 Chutes Milo

Cluster 4 9 Menankaya

Cluster 5 10,...,13 Menankaya

Cluster 6 14 Menankaya

Cluster 7 15,...,23 Konkoure/Menankaya

Cluster 8 24,...,29 Konkoure/Menankaya

Cluster 9 30,31 Konkoure/Menankaya

Cluster 10 32,...,45 S. soubrense 'B'

Cluster 11 46,...,52 S. sanctipauli
57,...,62

Cluster 12 53,...,56,63,64 S. sanctipauli

Cluster 13 65,66 S. sanctipauli
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Table 3.6

Consensus classification!

Cluster Number Sample Number (4 priori taxon
Cluster 1 1,2 Beffa

Cluster 2 3 Beffa

Cluster 3 6,7,8 Chutes Milo
Cluster 4 9 Menankaya

Cluster 5 10,...,13 Menankaya

Cluster 6 14 Menankaya

Cluster 7 15,...,23 " |Konkoure/Menankaya
Cluster 8 24,...,29 Konkoure/Menankaya
Cluster 9 30,31 Konkoure/Menankaya
Cluster 10 32,...,45 S. soubrense 'B'
Cluster 11 46,...,50 S. sanctipauli 'Djodji'
Cluster 12 54,...,56,63,64! S. sanctipauli
Cluster 13 57,59,...,62 S. sanctipaulil

1 , e

Numbers refer to the sample numbers given in Table 3.1, if a specific
Name is not given for the & priori taxon, then the species is §.
Soubrense.

SamPles not included in the consensus classification:
{4,5,51,52,53,58,65,66}
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Table 3.7

Effect of the Bk methods on the distortion measure AO 5 for each &

pPriorji defined taxon.

& priori taxon B (k=)

1 2 3 4
S. soubrense 'B' 0.6983 0.6588 0.6019 0.5153
S. sanctipguli 0.7408 0.5233 0.4227 0.4008
S. soubrense 0.5696 0.529  |0.4563 0.4332

Menankaya/Konkoure
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Figure 3.2
Hierarchical Cluster Analysis using Single Linkage
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Figure 3.3
Hierarchical Cluster Analysis using Complete Linkage
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Figure 3.4
Hierarchical Cluster Analysis using Average Linkage
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1.137 1.342 1.547 1.752 1.957

0.932

Figure 3.5
Hierarchical Cluster Analysis using Ward's Method
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CHAPTER FOUR: ADULT FEMALE MORPHOMETRIC CHARACTERS

4.1  INTRODUCTION

The overall aim of the multivariate morphometric analysis of the
S. damnosum complex is to provide a scheme for allocating an adult
female S. damnosum s.l. to its correct éytospecies (Chapter one).
The statistics used in this allocation scheme are developed in Chap-
ters seven and eight, whilst Chapter nine describes the protocol to
be followed for the actual allocation.

The purpose of the present chapter is to describe the morphometric
characters which were used in the analyses following this chapter,
and to describe how the characters were measured. The simple sta-
tistics used to describe each character were derived from the total

data matrix following the procedures described in Chapter five,

4.2 MATERIALS AND METHODS
4.2.1 MATERIALS .

Appendix one gives the full details of each sample used in the
Wultivariate morphometric analyses presented in Chapters six, seven
8nd eight. The initial sample size, and the final sample size fol-
lowing the methods given in Chapter five are shown.

4.2.2 METHODS

Appendix one describes the different sources of the samples of
adult female S. damnosum s.l. available in this analysis. The females
Were either reared from pupae (which were 4collected attached to

Substrate at breeding sites and maintained at room temperature until
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eclosion), with or without correlated cytotaxonomic identification
(for cytotaxonomic methods see Chapter two), or caught at human bait.
Each whole sample was then stored either in 95% propanol or in 70%
ethanol, depending on the collector. The effect that storage in
different media has on morphology was not evaluated in this analysis,
but would certainly be worthy of future investigation.

Each adult female was examined in a culture dish in the same me-
dium as it was preserved in, using a binocular microscope at 40X
Magnification. If the fly was missing for any of the characters de-
Scribed in the next section, it was discarded. .

Four characters, thorax length, thorax width, clypeus width and
head width, were measured at this stage, and the abdominal setal
Colouration recorded. In order to keep the fly in the correct plane,
8 plastic ring was glued to the base of the culture dish and the fly
Measured on this using an eyepiece graticule (Beech-Garwood et al.
in the press). The head was removed for ease of measurement. The
fly was then dissected, and the left antenna, left fore and mid legs,
and the left wing mounted on a microscope slide in a small drop of
BerleSe mountant. After careful manipulation of the insect parts to
®nsure that all of the characters were clearly visible and not dis-
torted’ a cover slip was lowered at an angle onto the mounted parts.
Only the left side of the insect was used to ensure that any variation
due to systematic asymmetry of the flies was not detected.

The slide-mounted insect was then examined using a compound mi-
Croscope at 32X, 100X, 250X and 400X magnification. The magnification

for a particular character was used so that the character filled a

large Proportion of the eyepiece graticule. Measurements were re-

Corded ip graticule units on a standard record sheet, which contained
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details of the sample from which the fly came, and a code number,
The slide was marked with a code number and stored. The remainder
of the fly was stored individually in the same medium as was used for
the original sample.

At regular intervals during the data collection, data were typed
into an IBM 3083 mainframe computer at the University of Liverpool
Computer Laboratory. It was important that too much data were not
input at any one time because the primary source of problems in the
data derived from operator error (Chapter five). The data were edited
in a temporary data set and carefully checked against the original
record sheets. Once errors were corrected the temporary data set was
appended to the main data set. The data were input in grat?cule units
and a SAS data step program used to convert these units into microns,
dccording to the calibration factor for each magnification, which was
Calculated from a standard stage micrometer slide.

4.2.3  ADULT FEMALE CHARACTER CHOICE

The choice of characters and the number of characters to be chosen
is a problematic aspect of applied multivariate morphometric analysis
(Blackith and Reyment 1971, p32). For technical reasons, the char-
8Cters in this analysis were restricted to colour characters, counts
and continuous linear characters. More sophisticated methods of di-
Yect shape assessment such as finite element scaling (Cherverud and
Archie 1984) or Fourier methods (Rohlf and Archie 1984) could not be
8ttempted. The problem of homology of characters does not usually
rise in a closely related species complex, as it can in higher level
taxa (Blackith and Reyment 1971). Thus a potentially enormous number
°f characters describing variation within and between members of the

S. damnosum complex were available for measurement. Ideally both a
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very large character set and very large sample sizes should be ob-
tained in a multivariate morphometric analysis, so that no important
character combinations are missed, and the estimation of parameters
is accurate. 1In practise this was not possible, and a balance had
to be struck between the number of characters and sample size.

Other practical considerations which were taken into account when
choosing the initial characters were that the characters should:
1. be robust, i.e. not easily lost from flies,
2. beswell defined, e.g. having a well defined landmark at each end
of the body part;
3. be easily measured; i.e. a character was not included if it in-
volved a large amount of time in dissection.
Besides these practical and statistical considerations, characters
Were also chosen which had been shown to have taxonomic value by
earlier authors (Chapter one). Overall, a 28 eight character set was

initially derived, which are individually described in section 4.3.
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4.3 DESCRIPTION OF ADULT FEMALE CHARACTERS

An initial set of 28 characters was scored or measured for each
individual fly. These characters were chosen according to the general
Principles described in section 4.2.3. The simple statistics reported
for each character are those resulting from the total data matrix
following the screening methods described in Chapter five. The rel-
ative taxonomic importance of these characters is assessed in Chapters
Six to nine. The characters are illustrated in Figures 4.1 to &4.7.
THORAX MEASUREMENTS

Two thorax characters were measured, length and width. It would
have been preferable to have included a measure of thorax depth, so
that the whole thorax volume was measured, but clearly defined land-
marks were not available to make such a measurement reliable. In the
Past; thorax length has been used as a measure of overall size (Garms
1978), however it is unlikely that a single character can be wholly
representative of size, and the thorax measurewents were chosen in

this analysis as characters in themselves.
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4.3.1 THORAX LENGTH (V3)

The length of the thorax was measured from the posterior of the
anterior thoracic spiracle to the middle of the posterior thoracic
spiracle (Figure 4.1). This measure differs from the usual thorax
length measurement (Garms 1978) which is the length from the anterior
margin of the thorax to the posterior margin of the scutellum. This
new measure was used because of the well-defined landmarks, which
increases the accuracy of the measurement, although this new measure
is smaller than the older measure, which in Garms (1978) ranged from
800um to 1300um. Thorax length measured in the old way is known to

be a useful taxonomic character (Garms 1977), as a measure of size.

Mean 635.87 um
Standard error of the mean 1.882
Standard deviation 53.243
Proportion of samples for which 0.207

the null hypothesis of

normality was rejected, a=0.05

4.3.2  THORAX WIDTH (V4)
The width of the thorax was measured across the greatest width
°f the scutum (Figure 4.2) This character has not been used in the

Morphometrics of the S. damnosum complex, and was chosen for its

clearly defined landmarks.

Mean 882.08 um
Standard error of the mean ' 2.3011
Standard deviation 65.0856
Proportion of samples for which 0.069

the null hypothesis of ’

normality was rejected, a=0.05
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Figure 4.1

Thorax Length

V3 \
Figure 4.2

Thorax Width

V4




HEAD MEASUREMENTS

Two head characters were measured, clypeus width and head width.
Only these two head characters were measured because other characters
did not have clearly defined landmarks. The number of maxillary teeth
wWas not included in the analysis because it was an awkward character
to score, and because Townson and Meredith (1979) and Garms (1978)
both showed that it was not useful in distinguishing S. yahense form
S. squamosum, as had been found by Quillévéré and Sechan (1978). The
Palpal segments were not measured because they were difficult to
dissect and were not linear.

4.3.3  CLYPEUS WIDTH (V5)

The width of the clypeus was measured between the extreme lateral
Points, just ventral to the antennae (Figure 4.3). The large pro-
Portion of samples for which the null hypothesis of normality was
Tejected was due to the low resolving power at 40X magnification for
this small character. The sample distribution, whilst it was usually
Symmetrical was always stepped, due to rounding up or down of eyepiece
8raticule uﬁits. This character was therefore treated as being of
Questionable value prior to the analyses described in Chapters six

to eight.

Mean 211.798 um
Standard error of the mean 0.5628
Standard deviation 15.919
Proportion of samples for which 0.862

the null hypothesis of

normality was rejected, «=0.05
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4.3.4 HEAD WIDTH (V6)

The width of the head was measured from the extreme lateral mar-
gins, viewed in posterior aspect (Figure 4.3). Anon (1976) measured
head width in S. damnosum s.l1. from Togo (Mean=874.26um, s.e.=4.94),

but found that it was not useful taxonomically.

Mean 806.46 um
Standard error of the mean 1.779
Standard deviation 50.3101
Proportion of samples for which 0.0345
the null hypothesis of .

normality was rejected, «=0.05
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Figure 4.3

Clypeus and Head Width

V5

V6



COLOUR CHARACTERS

Dang and Peterson (1980) and Peterson and Dang (1981) presented
a8 key to the species of S. damnosum s.l. based largely on colour
characters. 1In general, colour characters were not included in this
analysis because of the greater subjectivity involved with scoring
such characters, and because the statistical procedures used in the
analysis are more appropriate for analysing continuous linear char-
acters. However two colour characters were included despite these
problems because of their proven taxonomic importance in previous
work.
4.3.5 WING TUFT COLOUR (V7)

The colour of the tuft of hairs at the base of the radial vein
of the wing was recorded. The standard five state method was used
for scoring the wing tuft colouration categories (Kurtak et &l. 1981).

The character states were as follows:

1. All pale hairs
Between‘one and five dark hairs (inclusive)

Mixed pale and dark hairs

sowN

Between one and five pale hairs (inclusive)

5. All dark hairs

The character was scored at high magnification using a compound mi-
croscope for greater accuracy.

Wing tuft colour has been used extensively in S. damnosum complex
morphological studies in the past (Chapter one). In general it has
been found that darker species are found in the forest while lighter

Species are found in the savanna. Some species (e.g. S. squamosum,

Page 90



Kurtak et &l 1981, S. soubrense 'Beffa', Meredith et a&l. 1983) are
known to show all five character states.
4.3.6 ABDOMINAL SETAL COLOUR (V8)

The colour of the setae on the ninth abdominal tergite was re-
corded (Garms and Zillman 1984) as a two state character: character
State two was defined as all hairs towards the middle of the tergite
being long thick and dark, character state one was defined as anything
other than this unless it was not possible to score the variable.

Previous work has shown this character to be 99.7% diagnostic for
S. yahense (Garms and Zillman 1984), although more recent work has

shown that it is 91% diagnostic (Thomson et gl. 1987).
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ANTENNAL MEASUREMENTS

A number of antennal measurements were made, reflecting the im-
portance of this character in previous studies on the taxonomy of the
S. damnosum complex (see Chapter one). Two measurements included more
than one segment, measures V9 and V10. Neither of these included the
third antennal segment as this was sometimes lost in dissection. V9
was recorded at a higher magnification than V10 which was more com-
Prehensive of the whole antenna. The usual measure of antennal length
(e.g. Garms 1978) is from the base to the tip.

In addition, five antennal segments were measured at 400X magni-
fication. These characters were chosen because previous work has
shown that the relative compaction of the antennal segments is
taxonomically important (Quillevere et al. 1977, Garms 1978).

4.3.7  ANTENNAL LENGTH 1 (V9)
The antenna was measured from the base of the sixth to the tip

of the eleventh antennal segment (Figure 4.4).

Mean 287.233 um
Standard error of the mean 1.111
Standard deviation 34.4266
Proportion of samples for which 0.0

the null hypothesis of

normality was rejected, «=0.05
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4.3.8 ANTENNAL LENGTH 2 (V10)
The antenna was measured from the base of the fourth antennal

segment to the tip of the eleventh antennal segment (Figure 4.4)

Mean 428,188 um
Standard error of the mean 1.6418
Standard deviation 46.438
Proportion of samples for which 0.0345

the null hypothesis of

normality was rejected, «=0.05

4.3.9  ANTENNAL SEGMENT 4 (V11)
The fourth antennal segment was measured at 400X magnification

from the proximal to the distal margin (Figure 4.4).

Mean 39.894 um
Standard error of the mean 0.199
Standard deviation 5.628
Proportion of samples for which 0.5172
the null hypothesis of

normality was rejected, a=0.05

4.3.10 ANTENNAL SEGMENT 5 (V12)
The fifth antennal segment was measured at 400X magnification from

the proximal to the distal margin (Figure 4.4).

Mean 39.26 um
Standard error of the mean 0.1935
Standard deviation 5.472
Proportion of samples for which 0.655
the null hypothesis of

normality was rejected, a=0.05
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4.3.11  ANTENNAL SEGMENT 6 (V13)
The sixth antennal segment was measured at 400X magnification from

the proximal to the distal margin (Figure 4.4).

Mean 42.055 um
Standard error of the mean 0.2129
Standard deviation 6.0216
Proportion of samples for which 0.5172
the null hypothesis of

normality was rejected, «=0.05

4.3.12  ANTENNAL SEGMENT 7 (V14)
The seventh antennal segment was measured at 400X magnification

from the proximal to the distal margin (Figure &4.4).

Mean 41.387 um
Standard error of the mean 0.1989
Standard deviation 5.625
Proportion of samples for which 0.6897
the null hypothesis of

normality was rejected, a=0.05

4.3.13  ANTENNAL SEGMENT 8 (V15)
The eighth antennal segment was measured at 400X magnification

from the proximal to the distal margin (Figure 4.4).

Mean 40.785 ym
Standard error of the mean 0.1905
Standard deviation 5.3873
Proportion of samples for which 0.7586
the null hypothesis of

normality was rejected, a=0.05
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Figure 4.4

Antennal Measurements




WING CHARACTERS

In all, six wing characters were measured or scored: wing tuft
colouration and the ones presented in this section, of which four were
continuous measurements and one a count.

4.3.14 WING LENGTH 1 (V16)

The length of the wing was measured from the humeral cross vein
to the fusion of the subcostal and costal veins (Figure 4.5). This
is not the whole wing length but only the length of the cell. This

character has not been used in previous studies of the S. damnosum

complex.
Mean 737.791 unm
Standard error of the mean 2.0485
Standard deviation 57.939
Proportion of samples for which 0.0345
the null hypothesis of
normality was rejected, o=0.05

4.3.15 WING LENGTH 2 (V17)
The wihg was measured from the point of fusion of the humeral

cross vein and the costa to the radius media crossvein (Figure 4.5).

Mean 450.943 um
Standard error of the mean 1.222
Standard deviation 34.567
Proportion of samples for which 0.069

the null hypothesis of

normality was rejected, «=0.05
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4.3.16 WING WIDTH 1 (V18)
The width of the wing was measured from the point of fusion of
the two medial veins to the meeting point of the second cubital vein

and the wing margin (Figure 4.5).

Mean 1010.969 um
Standard error of the mean 2.489
Standard deviation 70.402
Proportion of samples for which 0.2414

the null hypothesis of

normality was rejected, a=0.05

4.3.17 WING WIDTH 2 (V19)
The width of the wing was measured from the meeting point of the
Second cubital vein and the wing margin to the end of the radial sector

(Figure 4.5).

Mean 1428.8996 um ~
Standard error of the mean 3.5159
Standard deviation 99.443
Proportion of samples for which 0.1034

the null hypothesis of

normality was rejected, «=0.05
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4.3.18 WING LENGTH 3 (V20)
The length of the wing was measured from the end of the radial

Sector to the radius media crossvein (Figure &4.5).

Mean 1487.153 um
Standard error of the mean 3.791
Standard deviation 107.217
Proportion of samples for which 0.06897

the null hypothesis of

normality was rejected, a=0.05

4.3.19 NUMBER OF HAIRS ON THE RADIAL VEIN (V21)

The number of hairs on the radial vein up to the radius media cross
Vein were counted (Figure 4.5). This character was previously used
by Quillévere and Sechan (1978) as a taxonomic character in the S.
damnosum complex, but was subsequently shown to be of little taxonomic

Value by Garms (1978) and Townson and Meredith (1979).

Mean 15.274
Standard error of the mean 0.1192
Standard deviation 3.371
Proportion of samples for which 0.3103
the null hypothesis of

normality was rejected, a=0.05
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LEG CHARACTERS

Nine leg characters were measured or scored, eight continuous
measurements and one a count. Leg shape hag previously been shown
to be variable within S. dgmnosum s.l. (Lewis and Duke 1966). Anon
(1976 and Soponis and Peterson 1976) also measured a number of leg
Segments and found them to be taxonomically useful.

4.3.20 FEMUR LENGTH 1 (V22)

The length of the femur of the left fore leg was measured in
anterior aspect from the strongly sclerotized ventral articulation
to the extreme dorsal end (Figure 4.6). Anon (1976) measured a sim-
ilar character (Mean=616.87um, s.e.=3.5) and considered it to be

taxonomically useful.

Mean 633.352 um
Standard error of the mean 1.7022
Standard deviation 48,144
Proportion of samples for which 0.1034

the null hypothesis of

normality was rejected, «=0.05
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4.3.21 TIBIA LENGTH 1 (V23)

The length of the tibia of the left fore leg was measured in
anterjor aspect from the extreme dorsal end of the proximal end to
the end of the tibia (Figure 4.6). Anon (1976) measured this char-
acter (Mean=695.87um, s.e.=3.91) but did not consider it to be

taxonomically useful.

Mean 695.971 um
Standard error of the mean 1.7783
Standard deviation 50.2925
Proportion of samples for which 1 0.1724

the null hypothesis of

normality was rejected, «=0.05

4.3.22  BASITARSUS LENGTH 1 (V24)

The length of the basitarsus of the left fore leg was measured
in anterior aspect from the point of articulation with the tibia to
the distal gnd (Figure 4.6). Anon (1976) measured this character

(Mean=437.75um, s.e.=1.03) and considered it to be taxonomically

useful],
Mean 438.79 um
Standard error of the mean 1.202
Standard deviation 39.999
Proportion of samples for which 0.1035
the null hypothesis of
normality was rejected, «=0.05
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4.3.23  TARSAL SEGMENT 2 (V25)

The second tarsal segment of the left fore leg was measured from

its proximal to its distal end (Figure 4.6).

Anon (1976) measured

this character (Mean=161.5um, s.e.=1.03) but did not consider it to

be taxonomically useful.

the null hypothesis of
normality was rejected, «=0.05

Mean 165.769 um
Standard error of the mean 0.425
Standard deviation 12.02
Proportion of samples for which 0.0178

4.3.24  TARSAL SEGMENT 3 (V26)

The third tarsal segment of the left fore leg was measured in

anterior aspect from its proximal end to its distal end (Figure 4.6).

Anon (1976) measured this character (Mean=120.1lum, s.e.=1.03) but did

not consider it to be useful.

the null hypothesis of
normality was rejected, «=0.05

Mean 124.605 ym
Standard error of the mean 0.3526
Standard deviation 9.9744
Proportion of samples for which 0.069
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Figure 4.6

Fore-leg Characters

V24




4.3.25 FEMUR LENGTH 2 (V27)

The length of the femur of the left mid-leg was measured in
POsterior aspect from the ventral articulation with the coxa to the
dorsal distal end (Figure 4.7). Anon measured this character

(Mean=628.82um, s.e.=3.6) but did not comsider it to be taxonomically

useful.
Mean 663.247 um
Standard error of the mean 1.7036
Standard deviation 48.185
Proportion of samples for which 0.138
the null hypothesis of
normality was rejected, a=0,05

4.3.26 TIBIA LENGTH 2 (V28)

The 1length of the tibia of the left mid-leg was measured in
Posterior aspect from the dorsal/proximal articulation with the femur
to the distal end (Figure 4.7). Anon (1976) measured this character

(Mean=620.99um, s.e.=3.6) but did not consider it useful.

Mean 623.229 um
Standard error of the mean 1.5927
Standard deviation 45.047
Proportion of samples for which 0.1035

the null hypothesis of -

normality was rejected, «=0.05
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4.3.27 BASITARSUS LENGTH 2 (V29)

The basitarsus of the left mid-leg was measured in posterior as-
Pect from the point of articulation with the tibia to the distal end
(Figure 4.7). Anon (1976) measured this character (Mean=316.72um,

5.e.=2.01) and considered it to be taxonomically useful.

Mean 328.755 um
Standard error of the mean 0.996
Standard deviation 28.1706
Proportion of samples for which 0.0345

the null hypothesis of '

normality was rejected, «=0.05

4.3.28 BASITARSAL SPINE NUMBER (V30)

The number of spines on the dorsal hargin of the basitarsus of
the left mid-leg were counted (Figure 4.7). The sample size for this
character was smaller (N=777) than all the other characters in this
Section (N=800) because this character was rejected from the analysis
4t an early stage (Chapter 5) due to a large number of missing values

and poor discriminatory power.

Mean 24.51
Standard error of the mean 0.1122
Standard deviation . 3.128
Proportion of samples for which 0.1724
the null hypothesis of

normality was rejected, «=0.05
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Figure 4.7

Mid-leg Characters




4.4 DISCUSSION

The character set chosen for this analysis comprised 28 charac-
ters, of which 15 were similar or identical to characters previously
considered taxonomically useful in the S. damnosum complex. The
number of characters measured or scored could in principle have been
extended indefinitely, but this would have severely restricted the
Tange of variation which could have been sampled.

The time taken to measure or score all 28 characters was roughly
20 minutes. The lengthiest measurements to take were those taken on
the dissecting microscope because it was more difficult to ensure that
the fly was positioned in the correct plane, while those characters
Measured on the compound microscope were slide-mounted and so in the
Correct plane. Dissection of the fly was also time consuming, and
Was made more or less difficult according to the preservative in which
the fly was stored. Ethanol preserved material was less brittle than
Propanol preserved material. Propanol was preferred because the

brittleness of the fly made dissection quicker and easier.
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CHAPTER FIVE: WITHIN SAMPLES VARIATION

5.1 INTRODUCTION

The major objective of the multivariate morphometric analysis of
the S. damnosum complex is to develop a technique for the identifi-
cation of adult female S. damnosum s.l. to their correct cytospecies.
To develop the appropriate statistics for this method it is necessary
to obtain sufficient samples of each cytospecies which together com-
Prehensively cover the range of variation within each cytospecies.

The purpose of this chapter is to describe the statistical methods
used to ensure that the variation observed within each sample was not
unduly influenced either by mistakes within the data set or by rogue
individuals.

There were two basic requirements which the available samples
Needed to meet for them to be included in the analyses presented in
Chapters six to nine: the chromosomal identity of the sample was
known, and the individuals within the samples were not atypical of
the range of variation found within the cytospecies.

Examining Appendix one shows that the strength of evidence sup-
Porting the chromosomal identity of samples ranged from the moderately
Strong to the relatively weak. Thus some samples were known from
Correlated larval cytotaxonomy to be pure for one species (e.g sample
Vi=1, s. squamosum), or to be a mixture of species (e.g sample V1=5,
S. Squamosum and S. sanctipauli); other samples did not have corre-
lated 1arval identifications but were believed, from other evidence

to be a certain cytospecies (e.g. sample V1=15, S. squamosum) or
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Cytospegies mixture (e.g. sample VI1=10, S. dgmnosum s.s., S.
Ssquamosum/S. yahense from correlated DNA probes identifications).
The pretreatment that a sample underwent depended on the & priori
information available as to its species composition and purity. In
the case of pure samples, the problem of pretreatment was restricted
to the identification of outliers and occasional contaminants, whilst
in the case of mixed samples the problem was one of separating a
mixture of distributions followed by outlier detection in the sepa-

rated parts.

Page 105



5.2 MISSING VALUES

Not all individuals could be measured or scored for every char-
acter described in Chapter four, either because of damage to or loss
of the character during dissection, or because of distortion during
the slide-mounting stage. Some characters were missing more often
than others (Appendix one). This created two data-analytic problems,
firstly what to do with a character for which miséing values were
relatively common, and secondly what to do with individual flies with
One or more missing values.

Characters which could not be scored for a relatively large number
of individuals were tested in the course of the data-collection phase
Of the analysis (i.e. prior to the separation of mixtures or the de-
tection of outliers) to see if they had any discriminatory power,
Using one-way ANOVA and discriminant analysis. If the character
Proved to be taxonomically unimportant relative to the number of
missing values, it was discarded from subsequent analyses and indi-
Viduals missing for only that character but complete for the rest were
br°u8ht into the main data set. This procedure resulted in the
basitarsal spine number being rejected due to the combination of a
large number of missing values and poor discriminatory value. By
Contrast, wing tuft colouration was kept because of its good
diScriminatory value in spite of a relatively large number of missing
Values,

Any fly missing for any of the remaining 27 characters in the

8nalysis ywas rejected from the main data set and not used again.
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5.3  UNIVARIATE OUTLIERS

Once a sample was cleared of flies with missing values, each
character was screened for univariate outliers. Barnett and Lewis
(1984) define an outlier as an observation (or subset of observations)
which appears to be inconsistent with the remainder of the data set.
0ut1ying individuals can arise in a number of ways (Barnett and Lewis

1984) including:

1. operator error (i.e. typing error, recording error, measurement
error);
2. as outliers in relation to a specific model (e.g. normal dis-

tribution);
3. as contaminants from other distributions.

The underlying model assumed for the characters in this analysis
Was the univariate normal distribution (unless the character departed
from this model in a large proportion of samples, see Chapter four).
Outliers were assessed using the following methods.
5.3.1 INFORMAL GRAPHICAL METHODS

There ére many informel graphical methods for examining a sample
distribution (Tukey 1977, Seber 1984) Amongst the simplest is the
'Stem-and-leaf' plot (Mosteller and Tukey 1977), which is an informal
histogram, where the 'stem' is equivalent to the midpoints of a
Standard histogram and the 'leaves' represent the number and value
taken by individuals within the class interval defined by the mid-
Points. This plot was used to assess the shape of the sample dis-
tribution, in particular its symmetry and the length of the tails,
8Spects of the distribution which have most influence on the usual
eStimates of parameters (Barnett and Lewis 1984). 'Box-and-whisker’

Plots (Tukey 1977) were also used in this analysis to assess the same
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sample properties (Figure 5.1). This is a graphical representation
of the data which identifies the mean, median, inter-quartile range,
and outlying individuals. Finally, the ordered data for each sample
Were plotted against the quantiles of the standard normal distribution
N(0,1), giving a quantile-quantile (Q-Q) plot (Gnanadesikan 1977).
A straight line results if the data are sampled from a normal dis-
tribution. This method was a useful informal method of assessing
distributional assumptions and identifying outlying individuals.

These methods were all output as part of the procedure SAS PROC
UNIVARIATE. Figure 5.1 is a sample of the output from such an analysis
showing the three plots used. The individuals identified as outliers
in this example were from sample V1=17 (Appendix one), the character
Was thorax length. 1In practise these methcds resulted in voluminous
Printed output, so to be practicable most analyses were performed
interactively, using the Display Manager System within SAS.

5.3.2  FORMAL STATISTICAL TESTS

Whilst the emphasis at this stage of the analysis was on informal
data-analytic methods, three statistical tests were performed.
Graphical methods are very useful but it is quite easy to miss im-
Portant features of a graphical representation of the data, especially
if the analysis is largely interactive. The following tests were
used:

1. Shapiro-Wilk W test (Seber 1984,p452) for univariate
Normality; If the null hypothesis of normality was rejected, the
8raphical plots described in section 5.3.1 were examined, as departure
from normality can result from the following reasons:

a). genuine non-normality (i.e. the sample is drawn from another

distribution, such as the log-normal distribution)
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b). inadequate measurement of a normally distributed character such
a8s clypeus width (Chapter four), identified by approximate symmetry,
ordinary tails but a stepped distribution

¢). from the presence of outliers.

2. Single upper or lower outlier test (Barnett and Lewis 1984,
P167 Table VIII)

3. Upper and lower outlier pair test (Barnett and Lewis 1984,
P171, Table XIIa).

These two outlier test were chosen for their power and relative sim-
Plicity to calculate.

When an individual was identified as an outlier using the formal
and informal methods, the data were checked for typing errors. This
Was a common source of outliers in the data, and was also the simplest
to correct. If, however, the record sheet and the data on the computer
dgreed, then the original measurement was checked for recording error,
and the individual re-measured for that character. If a fly appeared
to be genuinely discordant then it was removed from the data set and
the whole ﬁrocedure repeated until &1l such individuals were identi-
fied, Appendix one gives the number of flies rejected from each

Sample as a result of either univariate or multivariate outliers.
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5.4  MULTIVARIATE OUTLIERS

The detection of univariate outliers described in the previous
Section is a relatively straightforward task, involving a simple or-
dering of the data. However outlier detection in multivariate data

is an extremely complex procedure for the following reasons:

1. there is no unique ordering of multivariate data;
2. graphical representation of high dimensional data is not easy;
3.  outliers in multivariate data can distort the association between

characters (correlation) as well as the estimates of location and
Spread affected by univariate outliers. (see Seber 1984, Barnett and
Lewis 1984, Gnanadesikan 1977, Gnanadesikan and Kettenring 1972 for
details). In addition bias is introduced due to sampling error in
the estimate of the parameters of the joint multivariate distribution
for a small sample size and moderately large dimensionality (Seber
1984). Because of these problems a number of different methods. were
Used to identify multivariate outliers in an informal, interactive
approach.
5.4.1 PRiNCIPAL COMPONENTS ANALYSIS

One way of imposing order on multivariate data is to find linear
Combinations of the original characters (Seber 1984) and to examine
the ordering of individuals along these new variables. A straight-
forward and well tried method for finding linear combinations is
Principal components analysis (Seber 1984, Gnanadesikan 1977). The
first principal component is that linear combination of the original
Variables along which the variance is a maximum, subsequent principal
Components account for progressively less variance until r principal
Components have been extracted (where r is the rank of the dispersion

(Variance/covariance) matrix, equal to the number of characters, p,
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if the dispersion matrix is not singular). For data sampled from a
multivariate normal population, the scatter of points along each
component is expected to be univariate normally distributed (Mardia,
Kent and Bibby 1977, p230), and so can be examined using the graphical
and statistical methods described in section 5.3. Furthermore, the
Component on which an individual is an outlier gives information as
to the nature of the distinctiveness of the fly (Gnanadesikan 1977).
For example, if an outlier was found on the first principal
Component, usually a size vector in multivariate morphometric analysis
(Blackith and Reyment 1971), then its distinctiveness was due to
Systematic differences in all characters simultaneously (i.e. size),
Wwhereas an outlier on one of the shape vectors could be due to the
dssociation between one or more characters (i.e. shape).

Principal components are extracted either from the sample
dispersion (variance/covariance) matrix or from the correlation de-
Tived from it. Because the estimates of dispersion are very sensitive
to outljers it has been suggested that a robust estimate of dispersion
Matrix (i.é an estimate which is insensitive to outlying individuals,
Huber 1981) should always be calculated and the principal components
€xtracted from this (Gnanadesikan 1977). This was attempted using a
Method for calculating robust principal components (Campbell 1980,
Using a GENSTAT macro written by Matthews 1984). “This method has the
effect of making discordant observations more obvious, because ob-
Servations away from the bulk of the data are given reduced weight,
and so influence the estimates of mean and dispersion to a smaller
€Xtent than usual. The method was very expensive computationally and
Could not be used in the interactive way that the usual principal

Components analysis computed by SAS PROC PRINCOMP could.
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To summarise, each sample was subjected to a principal components
analysis, the scatter of points along the principal components were
examined for normality and the presence of outliers. Bivariate
Scatters of selected principal components were also examined, in
Particular the first two (accounting for most variance) and the last
two (accounting for least variance). Characters which were known a
Priori not to be univariate normally distributed were not usually
included in the principal components analysis. As a result of this
method a list of multivariate outliers for a sample was obtained.
5.4.2  MAHALANOBIS' DISTANCE

The Mahalanobis' squared distance of each individual to the sample
Mean can be used to order the individuals in a sample. The distance:
(xi-x)'S-l(xi-i) where X, is the vector of observations for the i-th
individual, X is the mean vector of the sample, and S is the sample
dispersion matrix, is distributed as a X? variable with p (number of
Variables) degrees of freedom (Seber 1984). For p up to and including
five, a discordancy test for a single multivariate normal outlier was
Used (Barnétt and Lewis 1984, Table XXX). Higher dimensionalities
than this could not be tested for discordant individuals in this way.
Instead, an informal graphical method was used, which involved plot-
ting the ordered Mahalanobis' squared distances against the quantiles
©f a Beta distribution with parameters a=%p and 5=§(n-p-1), where n
is the sample size and p is the number of characters. If the data
Were multivariate normal, the result was a straight line (Seber
1984, p153), Figure 5.2 is an example of such a plot, with the outlier
cleal‘ly visible on the top Q-Q plot. Computationally this was per-
formeq using a routine written in SAS PROC MATRIX. A simpler Q-Q plot

¥as also drawn by plotting the cube roots of the ordered distances

Page 112



against the quantiles of a standard normal distribution (Campbell
1984). These plots were wused interactively to assess the
distributional properties of the sample and to identify discordant
individuals within the sample, however the high dimensionality and
small sample size often rendered the results of this method equivocal,
and so it was usually used only on relatively small numbers of char-
acters at a time.

As well as these plotting methods, Mardia's (1970) estimates of
multivariate skewness and kurtosis were calculated in the same SAS
PROC MATRIX routine, as these could be derived in earlier steps of
the program to calculate the Mahalanobis' squared distances. These
Statistics have poor small sample properties (Seber 1984), but were
used as general indicators of the adequacy of the data set. The
multivariate kurtosis statistic was especially useful in the iden-
tification of multivariate outliers, to which it is particularly
Sensitive, ”

Using these techniques, a list of potential multivariate outliers
Was obtained for each sample. At each stage, the individual which
Was the most 'extreme' outlier was discarded, until all outliers were

identified and excluded from the data set.
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5.5 MIXED SAMPLES

A number of samples were known & priori to be mixtures of
Cytospecies (Appendix one), from correlated larval cytotaxonomy.
Therefore, before the set of pure-sample outlier detection techniques
described in previous sections could be applied it was necessary to
Separate mixed samples into their constituent species. Two approaches
to this problem were taken: internal analysis and external analysis.
5.5.1  INTERNAL ANALYSIS

With internal analysis, only the sample data were used to separate
the mixture into its constituent parts. A number of dimension re-
duction methods were used to view the data comprehensively, and so
identify groupings within the data (Gordon 1981), including principal
Components analysis and cluster analysis methods (Gordon 1981, Chapter
three). Using these methods, the sample was split into its component
Parts and the parts identified as a particular species with reference
to the expected proportions from correlated cytotaxonomy, or from
€Xternal analysis (section 5.5.2).
5.5.2  EXTERNAL ANALYSIS

With external analysis, the data used for separating the mixture
Came from outside of the sample data. For a small number of samples,
independent DNA probes identifications were available (Post pers.
comm.), whilst other samples were separated using iinear discriminant
functions calculated from other samples belonging to the species known
o be contained in the mixed sample.

Once a mixture was separated using these techniques, eéch part
¥as then examined as if it were a pure sample, for univariate and

Mltivarjate outliers using the methods described in sections 5.3 and
5.4,
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5.6 SUMMARY OF METHODS

For samples which were known & priori to be pure, the initial
Sample was examined for missing values in the 27 characters for which
missing values were to be rejected. These flies were discarded from
the main data set. Univariate outlier tests were applied to each
character in turn, typing and recording errors were recognised and
Temedied, any flies which were outlying were rejected. Multivariate
Outljer tests were then applied, either to the whole character set
Or to subsets of characters, and any multivariate outliers which were
identified were rejected.

For samples which were known & priori to be mixed, the exact
Procedure used depended upon the proportion of each species in the
Mixture. Thus if one species was present only as a small proportion
of the total sample, the methods applied to the sample were basically
those applied to a pure sample with outliers and contaminants. - Ini-
tia11y’ missing values were identified and rejected, and typing or
Tecording errors corrected. Then the internal (section 5.5.1) and
€Xternal analyses (secticn 5.5.2) were applied as appropriate, any
flies which did not fall clearly into any of the clusters revealed
by these method were rejected, and the initial sample divided into
its component parts. The 'new' samples produced in this way were then
treated in exactly the same way as 1f they werehbure samples, with

Univarjate and multivariate outliers being detected and rejected.
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5.7 DISCUSSION

The methods described in this chapter aimed to identify problems
within each sample of S. damnosum s.l. and to solve them either by
Correcting the data, or by removing rogue individuals. To some extent
the choice of flies to be rejected involved some subjectivity, because
Some methods identified flies as outliers which were not recognised
by other methods. However, this problem was of less importance than
the fact that obviously influential flies were identified by all
methods without equivocation, so that the minimum effect of applying
the methods described in this chapter was to identify flies whose
Presence in the data set would have seriously affected the subsequent

analyses.
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Figure 5.1

Example printout from SAS PROC UNIVARIATE showing stem-and-leaf plot, boxplot
and Q-Q plot, to identify an outlier.
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Figure 5.2

Q-Q plots of Mahalanobis' squared distances against quantiles of Beta distrib-
ution, before and after identification of outlier
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CHAPTER SIX: WITHIN SPECIES VARIATION

6.1  INTRODUCTION

The analysis of variation within species using multivariate
morphometric techniques is taxonomically important but inferentially
Very complex (Thorpe 1976, Blackith and Reyment 1971). Its importance
lies in the deeper understanding of the biology of a species, which
Mmay have implications for its vectorial importance, but the complexity
arises from difficulties in identifying the source and nature of the
Variation which has been uncovered.

The observed variation within a taxonomic unit is likely to be a
Combination of environmentally mediated variation and variation with
4 genetic basis, and can be expressed either as size differences,
Shape differences, differences in the covariation between characters,
Or any combination. This expressed variation could take the form of
geographic énd/or temporal variation between samples, and the patterns
°f variation could conform to any of a number of theoretical possi-
bilities (Endler 1977).

In order to investigate fully intraspecific morphometric vari-
8tion careful experimental planning and sampling Tegimes need to be
adhered to. However, in the absence of carefully controlled exper-
iment, yaluable information can still be obtained from data acquired
in an ¢ hoc manner. Thus the purpose of this chapter is to analyse,
for the first time, multivariate morphometric variation within the
S. damnosum complex, using data obtained primarily for purposes of

discrimination between these species (Chapters seven and eight), to
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describe this variation and to contrast it with known chromosomal or

other variation, where appropriate.
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6.2 MATERIALS AND METHODS
6.2.1 MATERIALS

The samples used in these analyses are listed as Appendix one,
and were previously screened for outliers and/or contaminants (Chapter
five). Of the 28 characters originally measured or scored, the number
of spines on the basitarsus of the second leg was not analysed because
it showed little interspecific variation and had many missing values
(Chapter four). Two others, wing tuft colouration and abdominal setal
colouration were analysed separately rather than jointly with the
Other characters because they both showed consistent departure from
Univarjate normality (Chapter four).

6.2.2 DIMENSION REDUCfION

Even though three characters were not included in the analyses,
25 characters were measured or scored for each fly. This is clearly
Very large relative to most of the sample sizes obtained (Appendix
One). Therefore, for the results not to be dominated by sampling
€rror the number of characters jointly analysed needed to be reduced
(Van Ness And Simpson 1976).

In the context of discriminant analysis, this is usually achieved
by Stepwise discriminant analysis (McKay and Campbell 1982a,b, Seber
1984).  The pitfalls associated with this method are discussed in
Chapter seven, where the inadequacy of the method in deriving a subset
°f characters with a low error rate is discussed. The analyses in
the present chapter are not involved with the derivation of statistics
for the future allocation of unknown flies in the field, "but with
desCribing intraspecific morphometric variation parsimoniously. In
this context (i.e. descriptive discrimination rather than allocatory

disCrimination, Geisser 1977), stepwise discriminant analysis is more
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appropriate for character subset generation, as the method optimises
a8 measure of overall separation (Wilks' lambda) at each stage of the
analysis (Seber 1984). The program used was SAS PROC STEPDISC, the
algorithm that this program uses is described in section 7.2.1.

The initial subset of characters derived using stepwise
discriminant analysis was examined for departures from univariate and
multivariate normality, using SAS PROC UNIVARIATE for the marginal
distributions and Mardia's multivariate skewness and kurtosis sta-
tistics for the joint distributions (see Chapter five). The null
hypothesis of equal dispersion was also tested at this stage using
the likelihood ratio test (see Chapter seven).

Characters which contributed to the departure from the null as-
Sumptions of equal dispersion and normality were removed interac-
tively, until a character set was formed which was acceptable.

6.2.3 MULTIVARIATE ANALYSES

The Mahalanobis' squared distance between the sample mean vectors
Was calculated as part of the procedure SAS PROC DISCRIM and tested
for significance. A cancnical variates analysis was performed, in-
Volving extracting the eigenvalues and eigenvectors from the matrix
w-lB » where W is the pooled within-samples SSQPR matrix and B is the
betWeen-samples SSQPR  matrix. The standardised eigenvectors
(Canonical variates) show the association between each character and
each discriminant vector, while the proportion'of variation accounted
for by each canonical (discriminant) vector is given by the associated
eigenvalue (canonical root). The number of canonical variates ex-
tracted is min(g-1,p), where g is the number of groups and p is the

Number of characters. Thus for two groups there is one canonical
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variate, which is directly related to the linear discriminant func-
tion.

The first canonical variate is that linear combination of the
original characters along which the ratio of between groups to within
groups variation is a maximum (Campbell and Atchley 1981), with sub-
Sequent vectors accounting for progressively smaller proportions of
Variance. Thus, the plane defined by the first two canonical variates
is the best two dimensional representation of discriminant space
amongst all such planes (Gnanadesikan 1977), and was used in these
dnalyses as a parsimonious representation of tﬂis space. The proce-
dure used was SAS PROC CANDISC.

A multivariate analysis of variance (MANOVA) was performed (using
SAS PROC GLM) to assess the degree of overall separation vig Wilks'
18mbda, which is the ratio of the determinant of the between-samples
SSQPR to the determinant of the total SSQPR (Seber 1984).

The influence of size variation on between samples variation was
dssessed by calculating the eigenvectors of the pooled within-samples
Correlation matrix. The first eigenvector (principal component) is
Usually a size vector in morphometric studies (Rao 1964), and the
Scores along this vector were introduced as a covariable in a
Multivariate analysis of covariance (MANCOVA). _The effect on the
individual canonical roots was used as an informal measure of the
influence of size on discrimination. The pooled within-samples cor-
Telation matrix was calculated by a routine written in SAS PROC MA-

TRIX, while the MANCOVA was calculated using SAS PROC GLM.
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6.3 RESULTS AND DISCUSSION

6.3.1 SIMULIUM DAMNOSUM S.S

Three samples of this species were available for analysis (Ap-
pendix one), one from Sierra Leone (V1=10, N=28), one from Benin
(V1=28, N=16) and one from Togo (V1=28, N=27).

A stepwise discriminant analysis on the 25 character set resulted
in an initial subset of eleven characters

[V5,V9,V12,V15,V16,V17,V21,V22,V23,V25,V27]

i.e one head, three antennal, three wing and four leg characters.
Mardia's multivariate skewness and kurtosis statistics and examina-
tion of the marginal distributions revealed some departure from the
a@ssumption of multivariate normality. The characters responsible for
this distortion where removed interactively until the five character
Subset:

[V9,V16,V22,V25,V27]
Tesulted which conformed to the assumption of multivariate
Normality. In addition, the likelihood ratio test for equality of
disPersion~was not rejected at p<0.0001, so two of the basic assump-
tions of the multivariate linear model were met.

Table 6.1 shows the overall mean, pooled coefficient of variation,
and proportion of variance among localities for the five character
Subset. The CVs are all very similar, but the préportion of variance
8mong samples is lower for antennal length 1 than for the other
characters.

Using the five character subset, the matrix of Mahalanobis'
SQuared distances shown in Table 6.2 was obtained. All of these

distances were significant at p<0.001, but clearly the two eastern
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samples (V1=10, V1=28) are closer to each other than either is to the
western sample (V1=10).

Examination of the standardised canonical variates shown in Table
6.3 reveals that the first canonical variate, with a canonical root
of only 0.9004 (accounting for 80% of total variance) loads strongest
On two characters, wing length 1 and femur length 2. The group means
along this vector were: [-1.15,0.83,0.7] for samples V1=10,11,28 re-
Spectively, so it discriminates principally the western sample from
the eastern samples, as can also be seen from Figure 6.1. The second
Canonical variate, with a canonical root of only 0.224 is therefore
Probably not biologically significant, even though it is statistically
significant (Campbell 1982). This vector discriminates between the
two eastern samples (Figure 6.1).

The first principal component of the pooled within-groups corre-
lation matrix was a size vector accounting for 74% of pooled within-
8roups variance, with coefficients,

[0.33,0.47,0.49,0.46,0.48]
¥hen the sﬁores along this vector were introduced into the model as
8 covariable the canonical roots fell from 0.9004,0.2243 to
0~7169,0.122. With size controlled in this way, there was still
Significant morphometric differentiation between the samples, but
this was reduced.

To conclude, there is significant morphometric differentiation
betwaen the three samples of S. damnosum s.s., but this is not great
When compared with the results from some other groups (e.g. see

Section 6.3.4), and includes a significant proportion of size vari-

ation,
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One sample (V1=10) is separated from the other two by two years
and gbout 1500 km, and this sample is morphometrically further from
the other two samples. However, S. damnosum s.s. is known to migrate
distances greater than 500 km, (Garms and Walsh 1987), so it is pos-
sible that the eastern and western samples are from the same gene
Pool. Therefore the source of the multivariate variation found among
Samples within this species cannot be attributed to any specific
Causal factor such as seasonal or geographic variation.

Table 6.1

Overall mean, coefficient of wvariation (CV); and proportion of
among-samples variance (s2?(A))

Character Mean cv s2(A) (%)
Antennal Length 1 |256.55um 4.71 6.01
Wing Length 1 731.35um 4.51 27.61
Femur Length 1 631.42um 4.47 14.66
Tarsus Segment 2 |165.93um 4.56 20.28
Femur Length 2 663.23um 4.05 25.14
Table 6.2

Mahalanobis' squared distances between samples

10 11 28

0.0 4.44 3.68
4.44 0.0 1.53
3.68 1.53 0.0

all p<0.001
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Table 6.3

Standardised Canonical Variates for S. damnosum s.s.

Character CV I CV 11
Antennal Length 1 -0.7088 -0.3105
Wing Length 1 1.2212 -0.4399
Femur Length 1 -0.8888 0.5433
Tarsus Segment 2 -0.8196 1.4641
Femur Length 2 1.4460 -0.6032
Canonical

Root 0.9004* 0.2243%
2p<0.001

0.001<p<0.01
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Figure 6.1

Canonical Variates Plot for S. damnosum S.s.
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6.3.2 SIMULIUM SIRBANUM

Five samples of §. sirbanum were available for analysis, four from
Guinea (V1=21 N=44,V1=22 N=29,V1=23 N=43,V1=24 N=33), and one from
Mali (Vi=3 N=29) (Appendix one). A stepwise discriminant analysis
on the 25 character set excluding wing tuft colouration, abdominal
setal colouration, and basitarsal spine number resulted in an initial
Subset of 11 characters:

[V3,V4,V5,V6,V11,V17,V18,V20,V21,V23,V25])
i.e. two thorax, two head, one antennal, four wing and two leg char-
@cters. Examination of this character set using the methods described
in Chapter five revealed some departure from multivariate normality.
The characters having the greatest influence on non-normality were
Iemoved interactively, until a seven character subset which showed
only minor departure from joint normality was obtained:

[V3,V4,V6,V17,V18,V20,V23]

i.e two thorax, one head, three wing and one leg character. The
likelihood ratio test for equality of dispersion was not rejected at
P<0.0001 go two of the assumptions of the multivariate linear model
Were not violated.

Table 6.4 gives the overall mean, coefficient of variation and
Proportion of variance among samples for the seven character subset.
The proportion of variance among samples varies between characters,
With wing width being considerably less variable among samples than
the other characters. The two wing length characters show similar
Proportions of among samples variance as each other, implying that
Wing length varies among samples, while wing width varies less, i.e.
Wing shape differs among samples. When each sample's CVs were exam=-

ined in greater detail using the variability profile method demon-
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Strated in Bird et a4l. (1981), it became clear that the characters
differed in their variability within profiles among samples. Thus
head width, wing width 1 and wing length 3 were significantly less
variable than the other characters, and this relationship was con-
Sistent among samples (Friedman randomised block test, p<0.001).
Therefore wing shape is less variable than most other characters. A
Possible explanation for this might be that wing shape is under
Stronger natural selection for aerodynamic reasons.

Using this seven character set in a discriminant analysis, the
matrix of Mahalanobis' squared distances given-as Table 6.5 was ob-
tained. Examination of this matrix shows that the principal
morphometric differentiation within §. sirbanum involves the sample
from Mali (V1=3) from the other four samples.

The standardised canonical variates are given as Table 6.6. The
first two of the canonical variates are statistically significant,
but the second canonical variate, with a canonical root of only 0.2579
is therefore unlikely to be of biological significance (Campbell
1982). ?igure 6.2 shows the scatter of points in the first
discriminant plane defined by the first two canonical variates. This
figure clearly shows the differentiation of the Mali sample from the
Other four samples. The first canonical variate (Table 6.6) is
Principally a contrast between the wing characters wing width 1 and
Wing length 3, i.e. wing shape, with some influence from head width,
Confirming the result inferred from the univariate analyses.

The first principal component of the pooled within-species cor-
Telation matrix accounted for 85% of pooled within-species variation,
and was a size vector with coefficients,

[.34,.39,.38,.37,.39,.38,.39].
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When the scores along this vector were introduced into the model as
4 covariable the first canonical root fell from 1.1635 to 0.81101,
showing that size has some importance in between-samples variation
along this vector. The second canonical root fell from 0.2539 to
0.2432 showing that size is of no importance along this (biologically
insignificant) vector.

To conclude, the major differentiation among the five samples of
S. sirbanum involved one sample (V1=3) which is different from the
Other four in both shape and size. The main shape difference is wing
shape, with the four Guinea samples having longer wings than the Mali
Sample, and all five having approximately the same wing width.

The Mali flies were sampled in November 1984, V1=21 and V1=22 in
September 1986, V1=23 in August 1985 and V1=24 in December 1985, so
that simple seasonal size variation can be discounted as the source
°f between samples variance. The Mali sample is geographically most
iSolated, but this species is known to migrate distances greater than
500 km (Garms and Walsh 1987), so all five samples are likely to be
from the same gene pool. The only other difference between the Mali
Sample and the others is that it was reared from pupae rather than
Caught gt human bait, so that the age distributions in the samples
is likely to be different. Whether this is the source of variationm,
°f some other unspecified source is responsibleé for the differen-

tiation can not be decided on the available data.
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Table 6.4

proportion

Overall mean, coefficient of variation (CV), and
among-samples variance (s?(A))

Character Mean cv s2(A) (%)
Thorax Length 612.42um| 6.8 19.4

Thorax Width 846.99um 6.42 19.17

Hgad Width 767 .4um 5.37 28.43

W%ng Length 2 432.46um| 6.35 25.95

Wing Width 1 962.68um; 5.6 4.19

Wing Length 3 1394.33um| 5.04 24.15

Femur Length 2 657.2%9um| 5.52 12.77
Table 6.5
Mahalanobis' squared distances between samples

Sample |3 21 22 23 24

3 0.0 9.27 6.98 9.64 6.78
21 9.27% 0.0 0.47 1.23 2.16
22 6.98% 0.47% 0.0 1.41 1.25
23 9.641 1.232 1.41¢ 0.0 0.99
24 6.78% 2.16° 1.252 0.99? 0.0
1P<0.001

,0-01<p<0.05

p>0.05 -
Table 6.6

Standardised Canonical Variates for S. sirbanum

Character|CVI CVII CVIII CVIV
V3 0.37 0.31 0.99 -0.35
Va4 -0.29 -2.45 -0.27 -0.79
Vé 1.09 -0.5 -0.76 1.8
V17 0.89 0.10 0.32 -0.59
Vis -1.85 0.05 -0.41 -0.37
V20 1.63 1.4 -1.2 -1.24
Va3 -0.91 0.87 1.8 1.42
P ———

Canonical

LESSE__, 1.1641 0.254! 0.082 0.0122
1P<0.001

p>0.05
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Figure 6.2

Canonical Variates Plot for S. sirbanum
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6.3.3 SIMULTUM SANCTIPAULI

Only two samples of this species were available for analysis
(Appendix one), but these are chromosomally and geographically dis-
tinct, Sample V1=4 (N=35) is typical S. sanctipsuli from CSte
d'Ivoire, while sample V1=5 (N=26) is S. sanctipauli 'Djodji' form
from Togo (Chapter two, Chapter three, Surtees et 4l. 1988).

A stepwise discriminant analysis between the two samples using
the 25 character set resulted in an initial subset of eight charac-
ters:

[V5,V6,V9,V15,V16,V17,V19,V20]
however this character set showed departure from multivariate
Normality, using Mardia's skewness statistic and so was reduced to
the two character subset:
[V9,V20]

i.e. antennal length and wing length. Table 6.7 gives the overall
Means, coefficient of variation and proportion of variancé amohg
Samples for the two characters. The CVs are similar, but the pro-
Portion of variance among samples is strikingly different.

The Mahalanobis' squared distance between samples using the two
Characters was 3.33, which was significant at p<0.001l.

The standardised canonical variate, given as Table 6.8 was a shape
Vector, representing a contrast between antennal length 1 and wing
length 3. Figure 3.3 shows the bivariate scatter of points using the
two characters, and the differentiation between the two samples is
clear,

The first principal component of the pooled within-samples cor-
Telation matrix was a size vector, with coefficients,

[0.71,0.71]
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and accounted for 69.5% of pooled within-samples variation. When the
Scores along this vector were introduced into the model as a
covariable the canonical root fell from 0.8292 to 0.8279, indicating
that the influence of size variation is negligible.

To conclude, there is significant morphometric differentiation
between the two samples of S. sanctipauli. They were collected in
the same month of the same year, so that simple temporality can be
discounted as the source of the variation. The two samples do not
differ along the size vector, so the observed morphometric variation
is more likely to have a genetic_ basis. This variation is entirely
shape variation involving the relative size of the antenna, a feature
of S. damnosum s.1. morphology which has frequently been used to
distinguish between species (e.g. Garms 1978), and which is presumably
developmentally independent from the rest of the morphology. This
Species is known not to migrate large distances (Garms and Walsh
1987), allowing for the evolution of localised forms. Therefore, it
dppears that the chromosomal differentiation of S. sanctipaul 1
'Djodji' from typical S. sanctipsuli has been parallelled by
morphological evolution, although the extent of this will have to be

established by more comprehensive sampling.
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Table 6.7

Overall mean,

coefficient of wvariation (CV),
among-samples variance (s2(A))

Character

Mean cv s2(8)(%)
Antennal Length 1 | 328.21um| 3.75 52.%3
Wing Length 3 1522.33um| &.13 2.

Table 6.8

Standardised Canonical Variate for S. sanctipauli

CvVI

1.32
-0.61
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Figure 6.3

Scatter Plot of Wing Length
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6.3.4  SIMULIUM SOUBRENSE AND S. SOUBRENSE 'B'

Eight samples were available within S. soubrense s.l., repres-
enting a considerable degree of chromosomal variation. One of these
samples was S. soubrense 'B' (V1=6, N=28) which has been described
4s a separate species (Post 1986). However, it is chromosomally
closest to S. soubrense (Chapter three), so to make the present
analysis as general as possible, this sample was included in the
analysis. 1In addition to this sample, there were two samples of §.
soubrense 'Beffa'(V1=14 N=25,V1=29 N=11), one of S. soubrense 'Chutes
Milo' (V1=i6 N=30), three of S. soubrense 'Menankaya/Konkoure' (V1=17
N=32,V1=19 N=31,V1=25 N=27) of which V1=19 is chromosomally closest
to S. soubrense ‘Konkoure' sensu Quilléver€ et al. 1982, V1=17 and
V1=25 are closer to Menankaya form, see Chapter three). Finally one
sample was of a form of unknown chromosomal affinities designated by
Dr. R. Baker (personal communication) as S. soubrense 'Forest' form
(Vi=18 N=38).

Wing tuft colour was very variable between the samples of S.
Soubrense, with the null hypothesis of equal wing tuft colouration

being rejected at p<0.001 using a Kruskal-Wallis non-parametric one-
Way analysis of variance. Figure 6.4 shows the histograms for this
character for_ the five subgroups within S. soubrense s.l.. The
darkest flies belong to S. soubrense 'Forest' form, which confirms
the original criterion for describing this morphological form. S.
Soubrense ‘'Beffa', S. soubrense 'B' and S. soubrense "Chutes Milo'
have similar frequency distributions which are basically symmetrical.
The lightest of all the flies was S. soubrense '"Menankaya/Konkoure'.

This result suggests that the chromosomal evolution within these

SPecies and forms has been parallelled by the expression of wing tuft
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colouration. It was unfortunate that the standard scheme for scoring
this character was adopted (Kurtak et &l. 1981), as this was insen-
sitive to the considerable taxonomic information in this character.

A stepwise discriminant analysis on the 25 character set resulted
in an initial subset of 21 characters, which was too large for a
Parsimonious description of between-samples variation. Mardia's
multivariate skewness and kurtosis statistics, together with exam-
ination of the marginal distributions and probability plotting of
the joint distributions (Chapter five) resulted in a nine character
subset:

[V4,V10,V17,V18,V20,V24,V27,V28,V29]

i.e. one thorax, one antennal, three wing and four leg characters.
This character subset showed only moderate departures from
multivariate normality, but the likelihood-ratio test for equality
of dispersion was rejected at p<0.001. Despite this, the pooled
dispersion matrix was still used, for relative computational sim-
plicity. The rejection of the likelihood ratio test for equal
dispersion could be because of the relatively large number of char-
acters, and the slight departure from normality, to which this test
is not robust (Seber 1984).

Table 6.9 gives the overall means, pooled coefficient of vari-
ation, and proportion of among-samples variation for each character.
The cys suggest that antennal length and the "two larger wing meas-
Urements might be less variable than the other characters. The pro-
Portion of among-samples variation is high for all characters,
implying a considerable degree of morphological heterogeneity.

The nine character subset resulted in the matrix of Mahalanobis'

SQuared distances shown as Table 6.10. A1l these distances were
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significant at p<0.001. As it stands this matrix is difficult to
interpret, so a hierarchical cluster analysis method was used to
simplify the matrix. The method used was the group average method
(UPGMA, see Chapter three). The cophenetic correlation coefficient
was only 0.58 so that the results of the cluster analysis should be
treated cautiously.

The dendrogram resulting from the cluster method is shown as
Figure 6.5. The tightest cluster on this dendrogram includes the S.
Soubrense 'B' sample and S. soubrense 'Chutes Milo' form, with a
Mahalanobis' squared distance of 3.27 (significant at p<0.001). The
next tightest cluster contains the two S. soubrense 'Menankaya' sam-
Ples, followed by a cluster consisting of the two S. soubrense 'Beffa'
Samples. Beyond these clusters, the inadequacy of the hierarchical
representation allows only a limited interpretation, however, the
two-cluster solution consists of one cluster containing all the
Western samples and the other cluster consisting of §. soubrense
'Beffa'. . soubrense 'Forest' joins the western cluster last, and
May therefore represent a morphologically distinct taxon relative to
Other S. soubrense.

The standardised canonical variates (Table 6.11) show the char-
acter combinations of importance in between-samples variation. The
Scatter of points in the first discriminant plane are shown as Figure
6.6. The first canonical variate has a canonical root of 2.1693, and
is a contrast between two positively loading characters, wing width
1 ang wing length 3, and two negatively loading characters, basitarsus
length 1 and femur length 2, and therefore expresses a relationship
between wing size and leg size (i.e. shape). This vector discrimi-

Nates, at the positive end, the S. soubrense 'Menankaya/Konkoure'
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samples, while at the negative end there is a sample of S. soubrense
'Beffa'. The other samples lie intermediate between these samples.
The second canonical variate has a canonical root of 1.5858, and
Contrasts two positively loading characters: antennal length 2 and
basitarsus length 2 against two negatively loading characters: wing
width 1 and tibia length 2. This vector discriminates principally
between S. soubrense 'Forest' and S. soubrense 'Konkoure'.

The first principal component of the pooled within-samples cor-
relation matrix was a size vector, with coefficients,

(0.33,0.28,0.33,0.33,0.34,0.34,0.35,0.35,0.35]}
and accounted for 83.7% of pooled within-sampies variation. When the
Scores along this vector were introduced into the model as a
Covariable, the canonical roots fell from,
[2.1693,1.5858,0.5681,0.3244,0.1095,0.0964,0.023] to,
[1.829,1.2055,0.3509,0.1626,0.1051,0.041,0.0229].

Therefore, the first two canonical variates are both influenced a
little by size variation, but discrimination between samples is still
effective when size is controlled.

To conclude, there is extensive morphometric variation within S.
SOUbrense/S. soubrense 'B'. This differentiation reflects the chro-
Mosomal heterogeneity of this group (Post 1986, Chapter three) but
does not exactly parallel it. Thus, S. soubrense 'B' is chromosomally
Very distinct but morphologically it is very similar to other §.
SOubrense. The migratory ability of S. soubrense is not well known
(Garms  and Walsh 1987), but the considerable chromosomal and
Morphological heterogeneity within S. soubrense s.l. supports the
hypothesis that it does not migrate far, allowing for localised dif-

ferentiation into new chromosomal and morphological forms.
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Table 6.9

Overall mean, coefficient of variation (CV), and proportion of
among-samples variance (s2(A))

Character Mean cv s2(A) (%)
Thorax Width 872.95um| 5.48 35.96
Antennal Length 2 | 452.31um| &.66 49 .84
Wing Length 2 443.02um 5.77 46.7
Wing Width 1 997 .16um 4.92 45.82
Wing Length 3 1478.65um| 4.79 55.23
Basitarsus Length | 432.3um 5.31 43.75
Femur Length 2 659.01um| 5.01 38.48
Tibia Length 2 617.97um| 5.11 37.49
Basitarsus Length | 325.77um| 5.30 46.15.

Table 6.10

Mahalanobis' squared distances between samples

Sample|s 14 16 17 18 19 25 29
6 0.0

14 10.04! [0.0

16 3.27% |11.16% {0.0

17 9.85 [25.95% {9.07%|0.0

18 6.82% |14.86' {7.53'|12.49% (0.0

19 6.87* |17.6% |6.51%|6.98 [18.46' (0.0

25 10.72% |24.21% [8.0% |4.66% |7.26% [12.7% 0.0

29 8.522 |5.81% |8.232]10.712 |10.0% |10.68% |11.22{0.0
1p<0.001

20:001<p<0,01

P>0.05
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Table 6.11

Standardised Canonical Variates for S. soubrense s.l.
Character|CV I cV II |cv III |V IV |cvV lcv vI |cov viI
V4 -0.43 0.16 0.17 0.75 1.66 |-1.23 |-0.75
Vio 0.01 1.51 |-0.59 |-0.88 [-0.32 0.23 0.47
V17 0.95 [-0.59 1.09 (-0.99 |-0.05 [-0.63 1.37
Vig 1.17 |-1.26 |-0.61 |-0.01 |{-1.1 2.08 |-0.08
V20 2.55 0.85 |-0.74 |-0.47 1.06 |-1.87 |-1.2
V24 -1.2 0.38 1.14 |-0.74 |-1.1 0.53 |-1.1
V27 -1.7 -0.19 1.86 |[-2.1 2.59 0.98 |-1.98
vag -0.34 |-1.22 |-0.91 1.63 |-0.94 |-0.31 2.58
V29 0.09 1.3 -0.73 2.86 1.23 | 0.47 0.83
h\

Canonical . ) ,
Root 2.169'| 1.586%| 0.568%| 0.324%( 0.11* | 0.096%| 0.023
2P<0.001

0.001<p<0.01
p>0.05
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Figure 6.4

Histograms of Wing Tuft Colour for §. soubrense s.l.
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Figure 6.5
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Figure 6.6

Canonical Variates Plot for S. soubrense
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6.3.5 SIMULIUM SQUAMOSUM

Seven samples of S. squamosum were available (Appendix one), four
from Togo (V1=1 N=34, V1=12 N=14, V1=13 N=20, V1=30 N=17) and three
from Guinea (V1=15 N=40, V1=20 N=34, V1=26 N=13). Chromosomally the
S. squamosum from the two countries differ, with the eastern S.
Squamosum showing less polymorphism than the western S. squamosum
(Surtees and Post unpublished data), there is also evidence for
allozymic differences between eastern and western S. squamosum
(Townson et al. 1987) and DNA probes differences (Post personal
communication).

A stepwise discriminant analysis on the 25.character set resulted
in an initial subset of 13 characters:

[V4,V6,V9,V11,V12,V17,V19,V20,V21,V22,V26,V28,V29]
however, this subset showed some departure from multivariate normality
and so was further reduced to the seven character subset:
[V9,V1l1,V19,V20,V22,V28,V29]
i.e. two antennal, two wing, and three leg characters.

The likelihood ratio test for equality of dispersion was not re-
jected at p<0.0001.

Table 6.12 gives the overall means, pooled coefficients of vari-
ation and proportion of variance among samples. Some of the among-
8roups proportions of variance are very large implying.considergble
morphologiqal differentiation. Wing length tends to be a less vari-
able character, while antennal segment 4 is comparatively very vari-
&ble, although this may be an artifact re;ulting from the very small
Size of this character (Lande 1977). , : .

The ma;rix of Mahalanobis' squgred distances between samples is

8iven as Table 6.13. The most striking feature of this matrix is the

Page 139



Proximity of two of the Togolese samples (V1=1 and V1=13, D?=0.59)
but the distance of this pair from all other samples, including V1=12
which was sampled from the same site on other date as sample V1=1,

To examine this in further detail, the Togolese samples were an-
alysed separately. Table 6.14 gives the matrix of Mahalanobis'
Squared distances between the Togolese samples using the seven char-
acter subset. Some of these distances are very large, and suggest
considerable multivariate morphometric variation between samples of
Togolese S. squamosum. However, when the scores along the first
Principal component of the pooled within-samples correlation matrix
(which was a size vector accounting for 55.5% of pooled within-samples
variation) were introduced into the model as a covariable, the first-~
canonical root fell from 3.704 to 0.2193. Thus the observed variation
within Togolese S. squamosum is size variation. This size variation
is seasonal in origin, as the principal difference is between the
pair: Vi=1, V1=13 (sampled in October 1984 and October 19854respec-
tively) and V1=12 (sampled in March 1985). V1=30 was also sampled
in Octobgr 1984 and is closest to the other October samples.

-The western samples were also analysed separately for comparison,
and the matrix of Mahalanobis' distances is shown as Table 6.15. The
canonical roots changed from (0.935,0.272) to (0.695,0.24) when the
scores along the first principal component of the pooled within-
samples correlation matrix were introduced as a covariable, showing
that size has some influence on variation between samples of Guinean
S. squamosum..

The Mahalanobis' squared distance between the eastern’S. squamosum
and the western S. squamosum was &.55 and the canonical root 1.1509.

When size was controlled for by the introduction of the scores along
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the first principal component of the pooled within-samples correlation
matrix, the canonical root fell to 0.638, showing that there was
little east/west differentiation beyond that already found within
these areas.

Table 6.16 gives the standardised canonical variates for the
eastern and western samples combined. The first canonical variate
is a contrast between.wing length 3 and tibia length 2/basitarsus
length 2. The samples V1=1 and V1=13 are the main samples to be
discriminated along this vector and when size is controlled for, the
first canonical root fell from 2.35 to 0.927, indicating that the
first canonical variate is dominated by the influence of size vari-
ation.

To conclude, there is a large amount of seasonal size variation
Within Togolese S. squamosum. Cheke and Harris (1980) recorded sea-
Sonal size variation in S. damnosum s.l. from CBte d'Ivoire and Cheke
and Denke (1988) also noted seasonal size variation in S. sgquamosum
from Togo, so the phenomenon is not unknown in S. damnosum s.l..
Unfortungtely all of the western samples were collected in the same
month of 1986, so it is not possible to establish whether the exten-
Sive size variation is a species specific phenomenon, or whether it
is a feature only of the eastern S. squamosum.

There was no evidence for morphometric differentiation between
éastern and western S. squamosum, beyond that wﬁich was found within
Countries, once size was controlled for. Wing tuft colour showed some
tendency to be differently distributed in the east than the west, with
the former Being lighter. Garms and Walsh (1987) sugéést that S. .
Séuamosum in the West ‘might be isolated from that  in Togo, but

Morphology does not support the evidence for separate gene pools that
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is implied by other sources of variation,

biochemical and ecological variation.

Table 6.

Overall

12

mean,

coefficient of
among-samples variance (s?(A))

variation (CV),

including chromosomal,

—————

Character Mean cv s2(a) (%
Antennal Length 1 | 279.51um| 5.11 31.8
Antennal Segment 4| 37.7um 6.83 44.05
Wing Width 2 1466.4um 4.73 56.44
Wing Length 3 1540. 1um 4,28 56.21
Femur Length 1 654.56um| 4.76 65.65
Tibia Length 2 637 .4um 4.7 65.88
Basitarsus Length | 343.4um 4.77 66.2

Table 6.

13

Mahalanobis' squared distances between samples

and proportion of

e ———

Sample|1 12 13 15 20 26 30
\

1 0.0

12 13.21% |0.0

13 0.59% [12.13} |o0.0

15 10.17% |8.01? 11.47(0.0

20 14.9* (2.84' [15.33|4.76% |0.0

26 8.21 3.64%2 9.48Y 4,143 3.06° 0.0

30 3.592 4.961 3.91%|6.74} 5.17% 2.232 0.
»P<0.001

10.001<p<0.01

p>0.05
Table 6.14

Mahalanobis' squared distances between Togo samples

Sample|1l 12 13 30
1 0.0

12 26.93 |0.0

13 0.62 {23.01 (0.0

30 . 5.84 9.36 4.81 {0.0
19>0.05
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Table 6.15

Mahalanobis' squared distances between Guinea samples

Sample |15 20 26
15 0.0

20 4,12 0.0

26 3.72 2.72 0.0
Table 6.16

First Three Standardised Canonical Variates for S. squamosum

Character|{cv 1 cv II |[CV III
\

V9 -0.37 | 0.09 [-0.93
Vi1 0.45 |-0.29 |-0.12
Vig 0.43 |-1.67 |-0.49
V20 -1.16 | 1.93 |-1.3
V22 0.39 | 2.13 | 2.64
vas 0.91 |-1.32 |-0.83
V29 1.09 |[-0.63 | 0.27
.

Canonjcal

(Root | 2.35% | 0.74! | 0.16
2P<0.001

0.001<p<0. 01
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6.3.6 SIMULIUM YAHENSE

Four samples of S. yahense were available for analysis (Appendix
one), one from C8te d'Ivoire (V1=2 N=37), two from Sierra Leone (V1=7
N=i4, V1=8 N=25) and one from Guinea (V1=27 N=20). Chromosomally
these are differentiated in that the C8te d'Ivoire S. yahense is not
Sex~-linked for the inversion 2L-18 (it is fixed), while in Sierra
Leone the inversion is X-linked (Vajime and Dunbar 1975, Surtees and
Post unpublished data). This is the only chromosomal heterogeneity
Yecorded for S. yahense.

A stepwise discriminant analysis resulted in an initial subset
of 11 characters: -

[V5,V6,V12,V15,V17,V18,V19,V20,V22,V27,V28]
This character set showed considerable departure from multivariate
normality, so the data set was reduced further to give the following
Seven character subset:
[vé,V17,V19,V20,V22,V27,V28]

i.e, one head, three wing and three leg characters. Howevér, this
Subset also showed multivariate skewness, and the likelihood ratio
test for equality of dispersion was rejected at p<0.001. Thus two
Oof the assumptions of the model were rejected, meaning that inter-
Pretation of the results obtained should be cautious.

Table 6.17 gives the overall mean, coefficients of variation and
Proportion of among-samples variance for the seven characters. The
CVs are comparable although there is some indication that head width
and two of the wing characters are less variable than the other
Characters. This was supported by Friedman's test for randomised
blocks (p<0.01) applied to each sample's variability profile, showing

that the profiles are consistent among samples (Bird et al. 1981).
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Table 6.18 gives the matrix of Mahalanobis' squared distances
between samples using the seven character subset. It is apparent that
one of the Sierra Leone samples, V1=7 is differentiated relative to
the other samples.

fhe standardised canonical variates are shown in Table 6.19. The
first canonical variate is mainly a contrast between femur length 2
and tibia length 2 with some influence from wing length. This vector
discriminates sample V1=2 at its positive end from V1=7 at phe nega-
tive end. The second canonical variate only has a canonical root of
0.447 and is therefore not biologically significant (Campbell 1982).
It contrasts two positive characters wing width 2 and wing length 3
with two negative characters: femur length 1 and femur length 2. This.
vector discriminates the sample V1=8 from the other samples. Figure
6.7 shows the scatter of points in the first principal plane.

The first principal component of the pooled within-samples cor-
Telation matrix was a size vector with coefficients,

{0.36,0.36,0.37,0.38,0.39,0.40,0.39]
and accounted for 86% of pooled within-species variation. When the
Scores along this vector were introduced into the model as a
Covarjiable, the canonical roots changed from [1.223,0.447,0.359] to
[0.453,0.364,0.245] indicating that the first canonical variate was
Substantially influenced by size variation.

To conclude, there 1s significant multivariate morphometric var-
'iation between the samples of S. yahense, but this variation is
Principally size variation. There is no indication. whether this
Variation is geographic or temporal in origiﬁ, and the chromosomally
distinct C8te d'Ivoire sample is not morphologically distinct. This

Species is known to migrate only very short distances (Garms and Walsh
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1987), but despite this there is no evidence for localised

Morphological differentiation.

Table 6,17

Overall mean, coefficient of wvariation (CV), and proportion of
among-samples variance (s2(A))

[E;;;;;ter Mean cv s?(A) (%)
P————
Head width 828.68um| 4.53 38.81
Wing Length 2 471.04um| 5.95 40.4
Wing width 2 1495.93um| 4.76 47.44
Wing Length 3 1576.96um| &4.57 50.47
Femur Length 1 657.64um| 5.61 48.29
Femur Length 2 690.34um| 5.22 51.26
Tibia Length 2 648.42um| 5.59 40.81
Table 6.18

Mahalanobis' squared distances between samples

Sample|2 7 8 27

[r———

2 0.0

7 10.36 0.0

8 4,11 5.96 0.0

27 4.32 5.93 3.63 |0.0
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Table 6.19

Standardised Canonical Variates for S. yahense

Character|CV I cvV II |cv III
vé -0.38 |[-0.44 |-1.17
V17 0.14 0.05 |-1.86
V19 0.18 2.03 0.57
V20 1.3 1.2 -1.2
V22 -0.07 |-1.83 0.06
V27 2.67 |-1.54 1.64
V28 -2.51 0.62 1.85
Canonical

Root 1.223'| 0.447'| 0.359?
1p<0.001

Page 147



Figure 6.7

Canonical Variates Plot for S. yahense
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6.4 DISCUSSION

Table 6.20 summaries the results presented in sections
6.3.1-6.3.6. The percentage of variation along the first principal
Component of the pooled within-samples correlation matrix (the size
Vector) differed between species, but was consistently high. This
feflects the high intercorrelation between most of the characters used
to describe variation within species.

The size-free canonical roots can be used as an informal indicator
°f the amount of shape differentiation within the six taxa. Clearly,
S. soubrense shows the greatest morphological differentiation between
Samples, as even the second canonical root ié.larger than any other
Canonical root for the other spécies. The other species show similar
dégrees of morphological differentiation, which is generally not
great, especially when compared with between-species analyses (see
Chapters seven and eight). _

The influence of size variation on among-samples variation differs
8reatly between species. Simulium yahense and S. squamosum are both
very heavily influenced by size variation, as shown by the ratio of
Size-free canonical root to total canonical root, expressed as a
Percenﬁage. For both of these species, among-samples size variation
Seems to be the predominant mode of variation. Whether this simi-
larity between the two species is a reflection of their chromospmal
Telatedness can not be stated on the present data. S. sirbanum, S.
damnosun s.s. aﬁd S; soubrense are deéreasingly influenced by size
Variation ahong samples, while S. sanctipaﬁli in uninfluenced by size
Variation, This result could be an artifact of the limited sampling

°f 5. sanctipsuli, and only additional data will clarify this.
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Thus three sources of between-samples variation have been uncov-
ered in the six main taxa of the §. damnosum complex. Temporal size
Variation is strongest is S. squamosum, and the extent of this vari-
ation is quite surprising. Geographic shape variation is most marked
>in S. soubrense, although this variation does not exactly parallel
the considerable chromosomal variation within this taxon. Shape -
Variation was less in S. sanctipsuli, but may reflect the chromosomal
differences between the two samples. The rémaining species show
Varying degrees of size and shape variation, which cannot be attri-
buted to any one specific cause.

To conclude, there is significant morphometric differentiation
Within the six main taxa of the S. damnosum complex. The extent of -

this varies between species, as does the influence of size variation.

Table 6,99

Summary of intraspecific morphometrié analyses of the six pain S.

damnosup s.J.taxa
AnalYSiS1 % Variation Size-free canonical|Size influence?
' " |along first PC?|root
631 % 53.4%
6.3.1 74% 0.717,0.122 79.6%,53. 4%
6.3.2 85% 0.811.0.243 69.5%,95.8%
6.3.3 69.5% 0.828 99.84%
6.3.4 83.7% 1.829,1.206,0.35 84.3%,76%,61.7%
18:3.5 69.6% 0.927,0.348 39.5%,46.87%
6.3.6 86% 0.453,0.364 35.3%,35.3%
\ E

1 A
Numbers es in section 6.3 )

: s is 1‘.:}:'Lfearpr.f:c?poarnt:ailcg’ns of variation along the first principal com-
Ponent of the pooled within-samples correlation matrix, expressed as
? perCentage _

This is the ratio of the size-free canonical root to the total
Canonjcqay root expressed as a percentage. Only canonical roots con-
Sidereq of biological significance are included.
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CHAPTER SEVEN: REGIONAL DISCRIMINATION OF FLIES

7.1 INTRODUCTION

The techniques of multivariate morphometric analysis can be used
to study such areas as quantitative genetics, congruence of 1life
Stages in classification and geographic or other variation within
SPecies (Chapter six). .However, the ultimate aim of the multivariate
Worphometric analysis of the S. damnosum complex 1is to produce a
Scheme for the allocation of unknown flies which is as accurate and
8s informative as possible.

The S. damnosum complex is very heterogeneous chromosomally
(Yajime and Dunbar 1975, Post 1986, Chapter three) with particular
Variants only being found in certain restricted geographic areas.
For example, in Togo there are the chromosomally distinct forms S.
Soubrense 'Beffa' (Meredith et &l. 1983) and S. sanctipauli 'Djodji'
(Surtees er al. 1988, Chapter two); Simulium squamosum in Togo {is
different; . chromosomally é?ost and Surtees unpublished data),
morphologically (Chapter six), and at the molecular level (Post per-
Sonal communication), from S. squamosum further west in Sierra Leone.
Within Guinea, there are the forms S. soubrense 'Menankaya/Konkoure',
not found in Togo (Post personal communication), and from Sierra Leone
and Guinea there is the species S. soubrense 'B' (Post and Crosskey
1985, Post 1986).

In view of this heterogeneity it was decided to derive the sta-
tistics for species identification from samples from Togo and Benin

Separately from the samples of species from Mali, Guinea, Sierra Leone
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and C3te d'Ivoire. The purpose of this chapter is to describe the
Amethod used to derive the best character subsets from the full set
of characters described in Chapter four, in the context of allocatory
discriminant analysis and to present the results obtained using these
character subsets, for the two geographic areas. In Chapter eight,
a 'global' approach will be taken to the allocation of unknown flies
which will not assume prior knowledge of the source of the fly beyond
the fact that it is West African S. damnosum s.l.. All the methods
described in this chapter were also used in Chapter eight.

In both chapters, statistics for pairwise discrimination of spe-
Cies are derived in addition to statistics for the allocation of ‘an
unknown fly to any of the reference species simultaneously. The ~
Pairwise statistics can be used preferentially in areas where it is
known & priori that only two species are likely to occur (é.g. River
Gban-Houa, Djodji, Togo; Garms and Cheke 1985, Surtees et al. 1988,
Chapter two) or subsequent to the 'all-species’ alloc&tion using

typicality probabilities, to improve allocation rates.

7.2 MATERIALS AND METHODS
7.2.1 MATERIALS

The full list of samples.is given in Apbendix one, These weré
all screened for outliers or split into their component species using
the methods described in Chapter five. Of the‘zgicharaqtersVdescribed
in Chapter four, basitarsal spiﬁe number was not included in any of
the analyses to follow for the reasons given in Chapterbfive.' |
7.2.2 SELECTION OF CHARACTER SUBSETS FOR DISCRIMINATIO&

A major factor which determines the usefulness of an ailocatibn

Scheme derived using multivariate morphometric analysis is the number
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of characters which need to be measured or scored for each fly. This
a_l'lalysis began with 28 characters (Chapter four). Such a large
Ch&{&cter set reduces the usefulness of the method for the following
reasons:

1. It takes longer to identify a fly if all characters need to be
measured or scored.

2. The probability that a fly will be complete for all the characters
is smaller the larger the number of characters.

3. The estimates of the joint (multivariate) distribution are less
dccurate for a fixed sample size if. the dimensionality (number of
CharacterS) is increased (Van Ness and Simpson 1976), which in

Practise has the effect of increasing the observed error rate (Van _
Vark '1984).
4. . The assumptions of multivariate normality and equality of
dispersion are less likely to be met for a larger character set than
for a smaller one (Seber 1984).

5.  More data must be stored in computer memory and more computation

is involved in the field identification of a fly.

For thése reasons it was necessary to find a method fof finding
8 subset of characters which performed as well as the original full
charactgr set, in the éontext of allocatory discriminant analysis.

Theré are a number of methods available-for character subset
generation  (Sebef - 1984), either within widely available computer
Packages, or as programs not available to this analysis (e.g. ALLOC80,
Hermans et al. 1982), ~or as published algbrithms (e.g. McKay and
Campbeli 1982a). .For this analysis the only methods available were

those within the statistical packages SAS and SPSSX.
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The commonly available methods for deriving character subsets in
the context of multiple group allocatory discriminant analysis are
known to be inadequate (Seber 1984, Habbema and Hermans 1977, McKay
and Campbell 1982b). The best of the widely available methods
(stepwise discriminant analysis) is known to separate groups which
are glready well separated at the expense of groups which are close
together, and may result in a character subset which performs poorly
in an allocation scheme (Habbema and Hermans 1977). This is because
the method optimises Wilks' lambda (a statistic describing overall
discrimination) at each step in the analysis rather than optimising
some statistic relevant to future allocation, such as error rate.

Because programs using the preferred methods (concentrating on
error rate), were not available in this analysis, the following method
‘Was used for the generation of character subsets:

1. Stepwise discriminant analysis was used to generate an ini-
tial subset - of characters (excluding wing tuft coloﬁration and
abdominal setal colouration  because of their consistent non-
normality, Chapter four), using thé SAS PROC STEPDISC program. This
method starts with a model containing no characters. At each step,
characters in the model are tested, using Wilks' ratio (see Seber
1984), and any which fall below a preset constant (F-to-leave, set
to 0.15, Costanza and Afifi 1979) are removed. Characters not in the
mode]l are then tested, and the one which best exceeds another preset
constant (F-to-enter, also set to 0.15) is entered. The method stops
when none of the characters outside of the model exceed F-to-enter
and none of the characters in the model fall below F-to-leave.

The error rate resulting from this method was compared with that

using the full 25 character set using the 'leave-one-out' method of
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error rate estimation (Lachenbruch and Mickey 1968, also known as
Cross-validation and jackknifing, Seber 1984) for small to medium
sized data sets (this error rate was calculated using an inefficient
GENSTAT macro which could work only on moderately sized data sets),
°r, more usually, using the resubstitution method of error rate es-
timation (using SAS PROC DISCRIM). The 'leave-one-out' method works
by removing a fly from the data set, calculating the discriminant
functions in its absence and classifying it using the resultant sta-
tistics. Resubstitution works by classifying each fly in the data
set using discriminant functions derived from the whole data set,
-including the fly to be classified. This methgd is more prone to bias
than the 'leave-one-out' mgthdd, especially for smal; data sets and
large character sets (Seber 1984). If the number of characters was
Sufficiently lgw and the error rate}acceptable, then this initial
Subset was accepted. Otherwise: )

2. Characters were removed one-by-one from the model, starting
with those which had entered it last in the stepwise discriminant
analysis. If the removal of the’character_had a detrimental effect
on error rate, then it was returned into the model, however, 1if its
removal had only a slight effect on error rate, then it Qas rejected.
The process was stopped when all of the characters remaining in the
model had a detrimgntal effect on error rate when removed,

As it stands, this method is open to soé; subjecFivity in ;he
choice of a particular subset of characters, because error rate was
not the only parameter influending cha;acter choice. For example,
if a character incrgased error rate when it was removed:‘but it was

known to depart from normality, or it was a relatively difficult
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character to measure (Chapter four), then it was still rejected in
Spite of the detrimental efféct on error rate.

Whilst it is difficult to demonstrate that the subsets of char-
acters obtained by this method are optimal, the results which follow
show that they are at least adequate.

7.2.3  PRIOR PROBABILITIES AND NON-NORMAL CHARACTERS

The previous section described the method used for the selection
of subsets of characters. This method excluded two characters, wing
tuft colouration and abdominal setal colouration because both have
Previously been shown to be non-normally distributed (Chapter four).
HoWever, these characters were included in th? analysis because both
hayve been shown to be of considerable taxonomic importance (Dang and
Peterson 1980, Garms and Zillman 1984). The purpose of this seciion
is to describe a method for including the taxonomic information these
characters contain in the analyses to follow.

The éimplest approach to including these characters in the anal-
¥sis would be té derive the character subset of approximately ﬁbrmally
distributé& characters using the method described in the previous
Section and then to introduce the two colour characters into the
linear discriminant funétions (LDFs), keeping them in the analysis
if errér rate is imprdﬁed;) However there are two objections to this
8pproach, one of wﬁich will be explained in this section, the other
in the next séctioﬁ.' | -

The first objection coﬂcerns the robustness of the LDF to depar-
tl‘11'68 from the assumptions of the model (fhe most important of which
are.multivariate nofﬁality and equality of dispersion).  The LDF is
8enefaily robﬁst to depa;fures from normality (Lachenbruch 1975),

however it is particularly sensitive to skewed continuous distrib-
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L4
utions (Seber 1984). The wing tuft colouration is a discrete char-

acter because of the method of scoring (Chapter four), and was often
skewed, so to be safe the character was not included in the LDF. The
abdominal setal colouration was a simple two-state character, and so
could not be distributed normally, this character was also not in-
cluded in case it affected the performance of the resultant LDFs,

An alternative approach, and the one which was adopted in this
analysis,-is to manipulate the prior probabilities of species mem-
bership according to the fly's score for wing tuft colouration and/or
abdominal setal colouration. The method used for deriving the prior
Probabilities was:

1. The species in a particular analysis were tested for equality”
of wing tuft colouration and abdominal setal colouration using a
non-parametric one-way analysis of variance (Wilcoxon two-sample rank
Sum test for two species, Kruskal-Wallis test for more than two, using
SAS PROC NPARIWAY).- If either of the null hypotheses wére-rejected
then:

2. ' For the particular analysis, LDFs were calculated using
abdominal setal colouration and/or wing tuft colouration .. An arti-
ficial data set was created of the ten (wing tuft colouration and
abdominal setal colouration), five (wing tuft colouration), or two
(abdominal setal colouration) possible outcomes of the two characters
(Chapter four); this artificial data set was then claﬁsified using
the LDFs. - The resultant posterior probabilities of species membership
were then used as prior probabilities of species membership for a fly

.

with that particular combination of characters.
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The prior probabilities affected allocation in the following way.
Mahalanobis' distance is calculated to each of the reference species
and substituted in the following equation:

myexp(-3 D, ? )+Em exp(-4 D;? )

Where Ty is the prior probability of belonging to the i-th species
(i=1‘;°8) and Di2 is the distance of the fly from the i-th species.
This quantity is the posterior probability of belonging to the i-th
SPecies, and the g posterior probabilities sum to one. The fly is
8llocated to the species for which its posterior probability of mem-
bership is the largest. .

1.2.4 ALLOCATION SCHEMES The second objection to including a non-
Normal character in a LDF concerns the method used for allocation of--
Unknown flies. The usual method for aliocation involves calculating
the fly's score on each LDF and allocating it to the species on which
1ts score is highest (Seber 1984). This is equivalent to éssigning
it to the épecies to which it has the smallest Mahalanobis' distance
(Di!); and also equivalent to assigning it to the species for which
its pPosterior probability is highegt. This is known as forced allo-
Cation (Campbell 1984).

| An alternative approach is to calculate a fly's typicality prob-
ability of species membership, but for this approach to be used, the
data need to conform approximately to multivariate normality and equal
dispersion; hence the objection to including thefﬁon-normai characters
in the analysis, |

The typicality probability is the probability associated with the
Observed Mahalanobis' distance of the fly to each of the reference
sRecies. Theré are different ways of calculating typicality proba-

bilities (Campbell 1984, Ambergen and Schaafsma 1984), but in this
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analysis it was decided to use the method of Ambergen and Schaafsma
(1984) because this method allows the construction of approximate
confidence intervals for the observed distance from each reference
Species.
The confidence intervals were calculated in the following way:
1.  An unbiased estimate of Mahalanobis' distance was calculated:
(n-g-p-1)n"* D, - Yy

2. An estimate of the variance of this unbiased distance was then

calculated: _

| (n-g-p-3)-1{2D“ + 4(n-g-l)n-?iD2+2p(n-g-1)n-zi}
Where_n is the total sample size on which the dispersion matrix was
based, g is the number of reference species, p is the number of.
characters and n, is the sample size of the i-th species, d

The following rules'were adhered to throughout the analyses in
this chapter and in Chapter eight for'the typicality probability al-
10cation of flies ‘

1. If all of the confidence intervals straddled «=0.01 then the
fly was classified as untypical of the range of reference species,
clearly l%.of'flies can be expected to:be unallocated in this way.
Other values of « could be chosen depending on the requirements of a
SPec1fic analysis

2. If the confidence intervals for the probability of belonging
to one species was greater than for all the others, and did not include
Q-Ol, and ncne of the other confidence intervals included probabili-
ties‘of species membership covered by this one, then the fly was
classified into that species. o _ .

3. If two confidence intervals‘ included a common range of

Probabilities of species membership, then-the fly was allocated onto

Page 158



the overlap of the two species, unless one the the confidence inter-
vals contained 0.01, in which case the fly was classified into the
Species whose probability did not include 0.01.

4. If more than two of the higher probability confidence inter-
vals included a common range of probabilities, then the fly was re-
8arded as unclassified, overlapping.

The principal advantage that using typicality probability for
allocation has over forced allocation is that a fly which is atypical
of all the reference species is not forced into the species to which
it closest. Also, a fly which lies on the overlap region of two or
More species is identified as such and is not forced into the species
to which it is closest. Because an unbiased estimate of Mahalanobis'
'distance is used in calculating the typicality probahilities, then
Some of the bias of a finite sample size is corrected for.

In summary, typicality probability allocation ylelds more infor-
mation about the affinlties of a particular fly to a particular spe-
cies, without direct reference to the other species. Rather than
haV1ng a simple allocate / don't allocate rule, this method of allo-
cation allows a more 1nformed and biologically more realistic allo-
Cation decision to be made | | |
7.2.5  OTHER METHODS _

Apart from these methods, the other multivariate‘ statistical
FGChniques used in this analysis have been described in previous
SGCtions'k Princlpal components analysis (Chapter three), Canonical
Variates analysis (Chapter six), and cluster analysis (Chapter three).

The importance of size in discrimination was assessed by intro-
ducing the scores along the first principal component of the pooled

Within-species correlation matrix into the model as a covariable in
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48 multivariate analysis of covariance (MANCOVA). The first principal
Component of the pooled within-species correlation matrix is usually
a size vector in morphometric studies (Blackith and Reyment 1971),
meaﬁing that a unit change in one character is accompanied by a unit
change of the same sign in all (Rao 1964). The pooled within-species
Correlation matrix was used rather than the usual (Total) correlation
matrix so that between-species variation and within-species variation
Were not confused. The analysis was performed using a SAS PROC MATRIX
Toutine to calculate the pooled within-species correlation matrix and
to run the principal components analysis whilsf SAS PROC GLM was used
for the multivariate analysis of covariance.

The assumption of equal dispersion was tested using the likelihood
ratio test (Seber 1984). It is known (Layard 1974) that this test
is very sensitive even to slight non-normality, and a rejection of
the null hypothesis i; as likely to be due to departure from
Mmultivarjate normality as it is to departure from equal dispersion.
Despite this criticism of the test, it was still used in this é;alysis
4s an indicator of the reliability of the sample statistics obtained.
If the null hypothesis was rejected, then caution should be used in
the interpretation of results using those statistigs. |

Strictly, if the null hypothesis is rejected, then each species'
dispersion matrix should be calculated and a quadratic discriminant
function (QDF) used (Lachenbruch 1975, Seber 1984), or typicality
Probabilities calculated using the individual species' dispersion
Matrices rather than the pooled within-species dispersion matrix
(Ambergen and Schaafsma 1984, Campbell 1984). This option was not
investigated in this analysis for the following reasons:

1. The QDF has poor small sample properties (Seber 1984);
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2. The QDF is very sensitive to departures from multivariate
Normality; .

3. - More parameters need to be estimated (each species’ dispersion
matrix rather than the pooled dispersion matrix, as well as the mean
Vectors), with the result that for the same sample size the precision
of estimation of these parameters is reduced (Van Ness and Simpson
1976), which has the effect of broadening the confidence - intervals
for the typicality probability of species membership (Ambergen and
Schaafsma 1984);

4.  Greater computation is needed to allocate an unknown fly and more
Statistics need to be stored in computer méﬁory, which both work

8gainst the field applicability of the method.

Page 161



7.3 RESULTS AND DISCUSSION, TOGO AND BENIN
7.3.1 SPECIES PAIR DISCRIMINATION

- In order to deal with the situation where typicality probability
allocation results in a fly being al%ocated to the overlap between
two species, then re-allocating the fly in an allocation scheme in-
volving just those two species should increase the chance of correct
allocation. Also, in some areas it is known & priori that only two
Species will be expected (e.g. River Gban-Houa, Togo, where S.
Sanctipguli 'Djodji' and S. squamosum are the only two species likely
to be found), so it would be advantageous to calculate the probability
of species membership only in relation to these two species.

"For these reasons, statiQtics for species-pair discrimination”
~ Will be presented first, followed by those for overall discrimination.

7.3.1.1 Discrimination of Simulium soubrense 'Beffa' and S. damnosum

The squared Mahalanobis' distance between species using the 25
character set was 31.32 (unbiased D2=20.74,'eact=0.0114) with a single
fly misallocated using resubstitution (eres=0.0127). A stepwise
discriminant analysis generated a nine character subset which gave a
Mahalanobis' squared distance of 26.121 (unbiased D?=22.73,
€4ct=0.0086) and no change in the resubstituted .error rate
(e =0.0127).

The dimension reduction procedure described in section 7.2.1 re-
sulted in a six character subset: T

{V9,V14,V18,V19,V27,V28]
i.e. two antennal, two wing and two leg characters, with a .

Mahalanobis' squared distance of 20.11 (unbiased D2?=18.282,

eact=0'0163) and a single misallocated flies using resubstitution
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(eres=0.0127), which was a S. damnosum classified as S. soubrense
"Beffa',

.Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in one misallocated fly
(1.27%), two atypical flies (2.53%), one overlapping fly (1.27%) and
75 correctly allocated flies (94.94%).

The null hypothesis of equal wing tuft colouration was rejected
a8t p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
Category were calculated using the method described in section 7.2.3
and are shown as Table 7.1. When the prior probabilities were ad-
justed the number of flies misallocated remained at one (eres=0.0127)."

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the pooling of
the dispersion matrices.

The standardised canonical variate (Table 7.2) shows thét the main
character discriminating these species is antennal length 1, with a
relationghip between femur length 2 and tibia length 2 also having
Some effect. |

The first principal component of the pooled within-épecies cor-
Telation matrix was a size vector with coefficients:

- [0.37,0.20,0.45,0.43,0.47,0.47]
and accounted for 66.4% of pooled within-specié;>variation;‘When the
Scores along this vector were introduced into the ‘quel as a
é°Variab1e the canonical root fell f;om 5.1175 to 4.8085 showing that
Size has only a minor influence in the morphometric differentiation

between these species.
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The mean vectors are shown as Table 7.3, the linear discriminant
functions as Table 7.4 and the pooled within-species dispersion matrix
as Table 7.5.

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. soubrense ‘'Beffa' and S. damnosum.  This
differentiation involves mainly shape variation as in the absence of
Size there is still good discrimination. Garms and Cheke (1985)
Considered that these two species were distinguishable using thorax
antennal ratios, although their histograms show some overlap. Thus,
the character set derived in this analysis is an improvement over
Previous methods. The six character subset cah be expected to clas-
Sify flies to their correct species in nearly'95% of cases when it -
is known & priori that just this speciés pair is expected.

Adjusting the prior probabilities of>s§ecies membership according
to‘é fly's wing tuft colouration.does not improve allocation rate,
SO it is not recommended that this should be done, exceﬁt in cases

of doubt.-:

Table 7.1,

Prior probabilities of species membership forvegch wing tuft category.

———

Wing tuft category Species

S. soubrense 'Beffa'l| S. damnosum s.s.
1 0.0106 . 0.9894 -
2 0.2986 0.7014
3 0.9442 0.0558
4 0.9985 0.0015
5 1.0 0.0
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Table 7.2

Standardised Canonical Variate for S. soubrense 'Beffa' and S. damnosum s.s.

Character Canonical Variate
Antennal Length 1 1.5086
Antennal Segment 7 0.6834

Wing Width 1 -0.4247

Wing Width 2 -0.3936

Femur Length 2 0.8102

Tibia Length 2 -0.9750
Table 7.3

Mean Vectors for species S. soubrense 'Beffa' and S. damnosum s.s.

Character S. soubrense 'Beffa'| S. damnosum s.s.
Antennal Leﬁgth 1 294.17916667 259.07790698
Agtennal Segment 7 43.12444444 36.62325581
Wing Width 1 961.54361111 | 996.17825581
Wing Width 2 - 1341.42277778 1419.20348837
Femur Length 2 658.46000000 653.67348837
Tibia Length 2 611.72000000 619.80558140
Table 7.4

Linear Discriminant functions for species S. soubrense ‘Beffa' and S.
damnosum 's.s. '

S. soubrense 'Beffa' S. damnosum s.s. N
CONSTANT| -339.40213292 -305.70354140
V9 0.79149552 0.48709948
V14 2.88058489 2.16075641
V18 0.26957828 . 0.30973237
V19 " <0.03963553 -0.01919285
Va7 0.37263982 0.25241827
vag -0.21198021 -0.06491194
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Table 7.5

Pooled within-species dispersion matrix for species S. soubrense 'Beffa'
and S. damnosum s.s.

CHARACTER|V9 V14 2%}

Vo 186.83945957 12.65833021 327.11915002
Vi4 12.65833021 7.60652510 34.33590606
vig 327.11915002 34.33590606 1973.49030357
V19 507.64767399 41.91742685 2759.17544091
V27 262.81697161 22.33336249 1076.58329496
v2g 264.95975717 22.27992751 1038.32222621
CHARACTER|V19 V27 V28

V9 507.64767399 262.81697161 264.95975717
Vi4 41.91742685 22.33336249 22.27992751
vis 2759.17544091 1076.58329496 .. 1038.32222621
V19 6012.41826947 1779.96639190 1650.71783588
Va7 1779.96639190 . 919.26563866 830.83295536
v2s 1650.71783588 830.83295536 878.65357221
7.3.1.2 Discrimination of Simulium soubrense ‘'Beffa' and §.

sanctipauli-'Djodji’.

The squared Mahalanobis' distance between species uSin% the 25
character set was 36.42 (unbiased D2=20.64, e, .¢=0+0116) with no flies
misallocated using resubstitution (eres=o'0)' A stepwise
discriminant analysis prodﬁced a nine character subset which gave a
Mahalanobis' squared distance of 18.261 (unbiased D?=15.22,
eact=0'0256) with a single fly misallocated using resubstitution
(e, =0.0161). |

The dimension reduction technique described-in section 7.2.1 re-
sulted in a six character subset:

[V6,V10,V17,V20,V27,V29]
l1.e. one head, one antennal, two wing and twb leg characters, with a
Mahalanobis’ squared distance of 10.91 (unbiased D?=8.92, eact=0'068)

and two misallocated flies using resubstitution (er s=0.0645), one

e

into each species. ' :
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Allocation using typicality probability of species membership
With atypicality defined at «=0.01 resulted in two misallocated flies
(3.23%), no atypical flies, six overlapping flies (9.68%) and 54
Correctly allocated flies (87.1%

The null hypothesis of equal wing tuft colouration was not re-
Jected at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
Category were therefore not calculated.

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the pooling of
the dispersion matrices.

The standardised canonical variate (Table 7.6) shows that the.
Primary contrast discriminating these species is the positively
1Oading characters antennal length 2, wing length 3, and basitarsus
length 2, against a negatively loading character head width.

| The first principal component of the pooled within-species cor-
1‘elakt:ion matrix was a size vector with coefficients:
[0.41,0.37,0.39,0.42,0.44,0.43]
and accounted for 80.1% of gooled within-species variation. When the
Scores ‘along this vector ~were introduced into the model as a
Covériablé the‘canoﬁical root fell from 2.5402 to 1.2334 showing that

Size has a §ignificant influence in discriminating between these
Species, -
The mean vectors are shown as Table 7.7, the linear discriminant

functions as Table 7.8 and the pooled within-species dispersion matrix

a@s Table 7.9. . .o
To conclude, there is significant multivariate morphometric dif-

- ferentiation between S. soubrense ‘'Beffa' and S. sanctipauli

1
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'Djodji'. Chromosomally, these two species are close (Chapter three,
Post 1986, Meredith et al. 1984), so it is not surprising that they
re close together morphometrically. Previous work using
morphometrics of the S. damnosum complex have not distinguished be-
tween these species (e.g. Garms and Cheke 1985), but recent work on
the epidemiological importance of §. sanctipsuli 'Djodji' (Cheke and
Denke 1988) shows that identification of S. sanctipauli 'Djodji' is
important. Much of the separation between these species involves
Size, so that once a wider range of variation has been examined, the

error rate will probably increase.

4
.

Table 7.6

§Bandardised Canonical Variate for S. soubrense 'Beffa' and S. sanctipauli
jodji'

—
Character Canonical Variate

Head Width -1.3623

Antennal Length 2 1.0467 .
Wing Length 2 -0.6889

Wing Length 3 1.1002

Femur Length 2 -0.5752

Basitarsus Length 1.8089
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Table 7.7

Mean Vectors for species S. soubrense 'Beffa' and S. sanctipauli 'Djodji'

Character S. soubrense 'Beffa| S. sanctipsuli
Head width 815.04746667 838.51038462
Antennal Length 2 442.52666667 476.10461538
Wing Length 2 438.70000000 467.96769231
Wing Length 3 1409.63763889 1534.97576923
Femur Length 2 658.46000000 697.88307692
Basitarsus Length 2 320.77500000 350.32500000
Table 7.8

Linear Discriminant functions for species S. soubrense 'Beffa' and S.
Sanctipauli 'Djodji’

Characte!S. soubrense 'Beffa' S. sanctipauli
'Djodji'
CONSTANT| -287.63555221 -331.59567479
Vé 0.19155864 0.08060720
V1o 0.66202707 0.79023419
V17 -0.13911607 -0.21223907
V20 0.03484206 0.07186381
V27 0.03900777 -0.01079215
V29 . 0.35042500 0.61631544
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Table 7.9

Pooled within-species dispersion matrix for species §. soubrense 'Beffa'
and S. sagnctipauli

Character|V6 V10 V17

Veé 1408.89212946 532.60455016 649.46063498
Vio 532.60455016 400.41592410 327.60362462
V17 649.46063498 327.60362462 695.39090769
V20 2163.13096102 908.01100124 1416.44027244
V27 989.61622415 454.97687385 656.58308308
V29 482.10925950 204.33990000 340.11345000
Character|V20 va7 V29

Veé 2163.13096102 989.61622415 482.10925950
V10 908.01100124 454.97687385 204.33990000
V17 1416.44027244 656.58308308 340.11345000
V20 5112.05735181 1891.56033064 ™ 968.23234375
V27 1891.56033064 978.09372923 442,22190000
V29 968.23234375 1 442,22190000 255.33056250
7.3.1.3 Discriminaﬁion of Simulium soubrense 'Beffa' and S,
Squamosum .

The squared Mahalanobis' distance between species using the 25

character set was 29.21 (unbiased D?=22.83, e =0.0073) withua single

act
fly misallocated using resubstitution (eres=0.0083). A stepwise
discriminant anélysis prodﬁced a 12 character subset which géve é
~ Mahalanobis' squared distance of 27.38 (unbiased D*=24.39,
eact=0'0068) with one- fiy misalldcated using .resubstitutién
(e o =0.0083). | |

The &imension reduction techﬁiqﬁe describeg“ih'section 7.2.1 re-
$u1ted in a four character subéet:

[V6,V10,V18;V201

i.e. one head, one antennal and two wing characters, with: a

Mahalanobis' squared distance of 19.0 (unbiased D2=18.2,

eact=0'00165) and loné misaliocated 'fly' using reéubstitution
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(eres=0'0083)’ which was a §. squamosum misallocated into S. soubrense
'Beffa!

- Allocation using typicality probability of species membership
With atypicality defined at «=0.01 resulted in one misallocated fly
(0-83%), two atypical flies (1.65%) no overlapping flies and 118
Correctly allocated flies (97.52%).

The null hypothesis of equal wing tuft colouration was rejected
?t p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
Category were calculated using the method described in section 7.2.3
and are shown as Table 7.10. When the prior probabilities were ad-
justed according to wing tuft colouration, then three flies were"
misallocated using resubstitution (eres=0.0248).

The null hypothesis of equal dispersion was rejected at p<0.001
uSingthe likelihood ratio test, however the pobled dispersion matrix
wWas still used for the practical and statistical teasohs given'in
SGCtion 7.2.5. |

The standardised cancnical variate (Table 7.11) shows that the
main contrast discriminating these species is the positively loading
Wing characters wing width 1 and w1ng length 3 and the negatively
loadlng character ‘antennal length 2. |

The first principal component of the pooled.within-species cor-
Telation matrix was a size vector with coefficients:

[0.49,0.48,0.51,0.52]
~and accounted for 84.4% of pooled within-species variation. When the
Scores along this vector were introduced into the “model as a

Covariable the canonical root fell from 4.0397 to 2.4333 showing that
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Size has an important influence in discriminating between these spe-
cies, but that shape differences are as significant.

The mean vectors are shown as Table 7.12, the linear discriminant
functions as Table 7.13 and the pooled within-species dispersion ma-
ttix as Table 7.14.

To conclude, there is significant multivariate morphometric dis-
crimination between S. soubrense 'Beffa' and S§. squamosum. This
differentiation involves a combination of size and shape variation.
Garms and Cheke (1985) consider this species pair to be very difficult
to distinguish using thorax antennal ratios, so the character subset
derived in this analysis is a considerable -improvement. The four
Character subset can be expected to classify flies to their correct.
sPeﬁies in over 97% of cases when it is known g priori that just this
specie; pair 1is expected.
| Adjusting the prior probabilities of species membership according
to a fly's wing tuft colouration does not improve allocatign rate,
due to S. soubrense 'Beffa' having wing tufts falling into all five
colour categofies (Chapter four). Thus,’S. soubrense 'Beffa' with
colour cétegories one or t&o are strongly penalised against 'own-

" group' membership. Such flies were found in this data set, and have
been rebortedbin previous work'(Merédith ét al. 1984) Thefefore it

1s not recommended that the prior probébilities should be altered.

-y
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Table 7.10

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
S. soubrense 'Beffa'| S. squamosum
1 0.0062 0.9938
2 0.2513 0.7487
3 0.9473 0.0527
4 0.9990 0.0010
5 1.0000 0.0000
Table 7.11

Standardised Canonical Variate for S. soubrense 'Beffa' and S. squamosum

Character Canonical Variate
Head Width -0.4915
Antennal Length 2 | -1.3310
Wing Width 1 1.3799
Wing Length 3 - 1.1973
Table 7.12

Mean Vectors for species S. soubrense 'Beffa' and S. squamosum

Character : S. soubrense 'Beffa'| S. squamosum
Head wWidth 815.04746667 839.65947529
Antennal Length 2 : 442.52666667 425.89835294
Wing Width 1 961.54361111 1087.65100000
Wing Length 3 v 1409.63763889 1574,30000000
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Table 7.13

Linear Discriminant functions

for species S. soubrense 'Beffa' and S.
Squamosum ’
Characte|S. soubrense 'Beffa’ S. squamosum
CONSTANT| -190.90523318 -194.88882867
Vé 0.28684170 0.23993834
V10 0.43286097 0.20806258
V1s -0.02160380 0.04978747
V20 -0.01614504 0.02893111
Table 7.14

Pooled within-species dispersion matrix for

species S. soubrense 'Beffa'
-and S. squamosum "

Character|Veé V10 Vi1 V20

Vé 1975.76775752(799.57472278 2167.22308444 [3156.97831053
V10 799.57472278 1613.25246529 1153.60869894 |1694.35477955
Vis 2167.2230844411153,60869894 [3782.23936992 |4815.58203830
V20 3156.97831053]1694.35477955 |4815.58203830 [7760.93115189
7.3.1.4 Discrimination of Simnlium damnosum and S§. sanctipauli
'Djodji®

The squared Mahalanobis' distance between species using the 25
character set was 52.42 (unbiased D2=32.08, eact=0'0023) with a'single

fly misallocated using resubstitution (eres=0'015)’ A stepwise

discriminant ahaiysis‘produced a 7 character subset which gave a

Mahalanobis' distance of

squared 43.15

(unbiased D?=37.996,

eact=0.001)’ with  no flies misallocated using resubstitution

(eres=o.0).

'The dimension reduction technique described in section 7.2.1 re-

sulted in a four character subset:

[V6,V9,V13,V29]
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i.e. one head, two antennal and one leg character, with a Mahalanobis'
Squared distance of 36.4 (unbiased D2?=33.68, e,.¢-0.00186) and no
misallocated flies using resubstitution (eres=0.0).

Allocation wusing typicality probability of species membership
With atypicality defined at «=0.01 resulted in no misallocated flies,
One atypical fly (1.45%), no overlapping flies and 68 correctly al-
located flies (98.55%).

" The null hypothesis of equal wing tuft colouration was rejected
at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
Category were calculated using the method described in section 7.2.3
and are shown as Table 7.15. When the prior probabilities were ad-"
Justed according to wing tuft colouration, no flies wefe misallocated
Using resubstitution (eres=0.0).

 The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the use of the
Pooled dispersion matrix. ‘

The spandardised canonical variate (Table 7.16) shows that three
°f.the characters load positively (antennal length 1, antennal segment
6, basitarsus length 2) and one negatively (head widthj. Antennal
length relative to other characters is the most important
discriminatory character.

The first principal component of the pooleg within4§pecies cor-
Telation matrix was a size vector with coefficients:

[0.56,0.52,0.36,0.54].
8nd accounted for 58.6% of pooled within-species variation. When the
Scores along this VVector were introduced into the model as a

Covariable the canonical root fell from 8.803 to 3.351 showing that
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Size has a significant influence in discriminating between these
Species, but that shape differences are still very important in the
dbsence of size variation.

The mean vectors are shown as Table 7.17, the linear discriminant
functions as Table 7.18 and the pooled within-species dispersion ma-
trig as Table 7.19.

To conclude, there is significant multivariate morphometric dif-
fergntiation between S. damnosum and S. sanctipauli 'Djodji'. This
differentiation involves a combination of size and shape variation,
but shape is very important as a discriminatory character. The four
character subset can be expected to classify flies to their correct
Species in‘nearly 99% of cases wheﬁ it is known & priorj-that just
this species pair is expected.

4 Adjusting the prior probabilities of species membership accofdiﬁg
to a fly's wing tuft colouration does not improve allocation rate,
S0 it is recommended that this should be done only in‘caées,pf doubt

following typicality probability allocation.

Table 7.15

Prior probabilitiés of species membership for each wing tuft category.

Wing tuft category . Species
S. damnosum s.s. S. sanctipsuli
' 'Djodji’
1 1,0000 0.0000
2 0.9738 0.0262
3 0.0138 0.9862 o
g 0.0000 1.0000
. .0000
0.0000 1
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Table 7.16

§Bandarqised Canonical Variate for S. damnosum s.s. and S. sanctipauli
jodji ‘

fr———

Character Canonical Variate
Head Width -0.7509
Antennal Length 1 1.8187
Antennal Segment 6 1.2273
Basitarsus Length 0.5989

Table 7.17

Mean Vectors for species S. damnosum s.s. and S. sanctipauli 'Djodji'

S. damnosum s.s. S. sanctipauli
Head Width 812.94496744 838.51038462
Antennal Length 1 259.07790698 317.62500000
Antennal Segment 6 ‘ 37.05581395 49.64769231
Basitarsus Length 2 320.16279070 350.32500000

Table 7.18

Linear Discriminant functions for species S. damnosum s.s. and S.
sanctipauli 'Djodji'

S. damnosum s.s.° S. sanctipauli

: - : : "Djodji’
CONSTANT| -376.76328848 : -479.42883704
Veé 0.35764041 ‘ 0.22851342
ve . o 0.65331761 1.00564940
V13 1.03505757 2.11469538
V29 . 0.79699938 : 0.97862744
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Table 7.19

Pooled within-species dispersion matrix for species §. damnosum s.s. and

S. sanctipauli 'Djodji'

Character|Vé V9 V13 V29

Vé 1091.36893129 |211.47417506 32.18249829 315.12796654
V9 211.47417506 155.38130988 {14.73961229 83.65941644
Vi3 32.18249829 14.73961229 9.39496878 7.76922839
V29 315.12796654 83.65941644 7.76922839 181.63442858
7.3.1.5 Discrimination of Simuljum damnosum and S. squamosum

The squared Mahalanobis' distance between species using the 25
character set was 16.96 (unbiased D?=13.46, e, .¢=0-0331) with two

flies misallocated using resubstitution (eres=0'01563)' A stepwise

discriminant analysis produced an 11 character subset which gave a -

Mahalanobis' squared distance of 15.304 (unbiased D2?=13.85,

eact=0'03139) with two flies misallocated using resubstitution

(e, =0.01563).
The dimension reduction technique described in section 7.2.2 re~
Sulted in & nine character subset: |
- [V3,V4,V9,V12,V17,V19,V23,V28,V29]
l.e. two £horax, two antenn&l, two wing and three leg characters, with
a Mahalanobis'

squared distance of 13.32 (unbiased 'D2?=12.26,

eact=0.04) and three misallocated flies using resubstitution

(eres=0.0234), two misallocated into §. squsmosum, the other into S.

s

damnosum.
Allocation using typicality probability of specieé membership
With atypicality defined at a=0.01 resulted in two misallocated flies
(1.56%), three atypical flies (2.34%) six overlapping flies (4.69%)
and 117 corfectly allocated flies (91.41%). |
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The null hypothesis of equal wing tuft colouration was not re-
jected at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
cafegory were therefore not calculated.

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the use of the
Pooled dispersion matrix.

The standardised canonical variate (Table 7.20) shows that the
characters of most importance in discrimination are the positively
loading characters: tibia length 1, basitarsus length 2, and the
Negatively loading characters: thorax width and tibia length 2.

The first principal component of the pooled within-species cor-_
Telation matrix was a size vector with coefficients: ~

[0.33,0.36,0.28,0.20,0.34,0.34,0.37,0f37,0.36]
and accounted for 73.5% of pooled within-species variation. When the
Scores along this vector were introduced into the model as a
Covdriable tﬁe éanonical root fell from 3.0186 to 2.0499 sho&&ng that
Size has a significant influence in discriminating between these
Species, but that shape differences are more important.

The'mean vectors are shown as Table 7.21, the linear discriminant
functions as Table 7.22 and the pooled within-species dispersion ma-
trix as Table 7.23. _

To conclude, there is significant multivariate morphome;ric dif-
ferentiation between S. damnosum and S. squamosum. This differen-
tiation involves é combination of size aﬁd shape variation, bu£:shape
is very important as a discriminatory cﬂarécter. ~In previous work
(Garms ana Cheke 1985) thege species ﬁere cons%dered to be very dif-'

ficult to distinguish using thorax antennal ratios, so that the
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character subset derived in this analysis is an improvement. However,
nine characters is quite large, so it might be preferable to rely on
the overall discrimination statistics described in section 7.3.2 for

identification of this species pair.

Table 7.20

Standardised Canonical Variate for S. damnosum s.s. and S. squamosum

[——e .

Character Canonical Variate
Thorax Length 0.4729 °
Thorax Width ~-1.6522

.2601
L4221

Antennal Length 1
Antennal Segment 5

0

0
Wing Length 2 -0.3824
Wing Width 2 0.4267
Tibia Length 1 1.1911
Tibia Length 2 -1.3827
Basitarsus Length 1.9785
Table 7.21

Mean Vectors for species S. damnosum s.s. and §. squamosum

S. damnosum s.S. S. squamosum
Thorax Length 631.52014884 680.26941882
Thorax Width 907.70187907 927.77268706
Antennal Length 1 259.07790698 282.91058824
Antennal Segment 5 34.74883721 39.35905882
Wing Length 2 454.47069767 476.02447059
Wing Width 2 1419.20348837 1522.57300000
Tibia Length 1 : 689.37209302 - 749.57647059
Tibia Length 2 619.80558140 662.40564706
Basitarsus Length 2 320.16279070 - 357.69882353
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Table 7.22

»Llnear Discriminant functions for species §. damnosum s.s. and S. squamosum

—_—
S. damnosum s.s. S. squamosum

- |CONSTANT| -238.68582302 =270.07005463
V3 -0.15676510 -0.12640568
V4 0.17864883 0.07054880
V9 0.90987717 0.95944660
V12 0.41001607 0.82246741
V17 0.03658488 -0.00681295
V19 0.26517257 0.28239191
V23 -0.21673943 -0.13174467
va2g 0.02150117 -0.09219862
V29 -0.28934526 -0.02802901
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Table 7.23

Pooled within-species dispersion matrix for species S.
S. squamosum

damnosum s.s. and

Character|V3 V4 V9

V3 2719.42384454 2343.02705442 463.99135654
V4 2343.02705442 3045.02475869 497.58785243
V9 463.99135654 497.58785243 240.87287287
V12 58.31889137 74.78838804 19.86120827
V17 1161.84786378 1311.54845189 259.72038999
V19 2760.74643043 3398.17483861 567.86963583
V23 1741.21253327 2092.51304810 427.40714813
v2g 1664.75317336 1917.48843647 405.64447794
V29 828.83677365 999.41286012 209.29048183
Character|V12 V17 V19

V3 58.31889137 1161.84786378 - 2760.74649043
V4 74.78838804 1311.54845189 3398.17483861
V9 19.86120827 ~259.72038999 567.86963583
V12 9.24125212 26.34928804 99.18742789
V17 26.34928804 937.10625857 1815.13373298
V19 99.18742789 1815.13373298 5824.41303244
V23 57.79532002 1065.76385538 2769.46224275
va2g 51.22733913 994.32845783 2448.53392002
V29 24.78239719 521.21037749 1298.53001096
Character|V23 V28 V29 .
——

V3 -11741.21253327 1664,75317336 828.83677365
V4 2092.51304810 1917.48843647 999.41286012
V9 427.40714813 405.64447794 209.29048183
V12 57.79532002 - 51.22733913 24.78239719
V17 1065.76385538" 994.32845783 521.21037749
V19 2769.46224275 2448.53392002 1298.53001096
V23 1815,06318296 1606.66280946 824.62797616
V28 1606.66280946 1574.31333928 771.22664678
V29 824.62797616 771.22664678 450.30670911
7.3.1.6 Discrimination of Simulium sanctipauli 'Djodji' and S.
Squamosum

The squared Mahalanobis' distance between species using the 25

character set was 31.1 (unbiased D2=23.68, e .4=0-0075) with no flies

Risallocated °

using

resubstitution

(eres=0.0).'

A stepwise

discriminant analysis produced a seven character subset which gave a

Mahalanobis'

squared

distance

of
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eact=0.00842) with two flies misallocated using resubstitution
(eres=0.018).

" The dimension reduction technique described in section 7.2.2 re-
sulted in a fhree character subset:

[Vi0,V18,V22]

i.e. one antennal, one wing and one leg character, with a Mahalanobis'
Squared distance of 15.5 (unbiased D?=15.12, eact=0'00259) and two
misallocated flies using resubstitution (e o =0.018), both misallo-
cated into S. sanctipauli 'Djodji'.

Allocation using typicality probébility of species membership
With atypicality defined at a=0.01 resulted i; two misallocated flies
(1.8% , nho atypical flies, né overlapping flies and 109 corréctlf‘
allocated flies (98.2%). |

The null hypothesi;'of equal wing tuft colouration was rejected
at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
C&tegory';ere calculated and are shown as Table 7.24. VWhen the prior
Probabilities of species membership were adjusted for each wing tuft
cOlouratién category, tﬁe resubstiﬁuted error rate fell to one fly

misallocated into S. sanctipaull 'Djodji’' (e 0s=0+009).

r
The null hypéthesis of equal .dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitiyising the use of the
Pooled dispersion matrix.
The standardised canonical variate (Table 7.25) éhows that the
most important character in discrimination between theig species is
antennal length 2, which contrasts with the other two characters.

The first principal component of the pooiéd within-species cor-

relation matrik was a size vector with coefficients:
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[0.55,0.58,0.59]

and accounted for 85.6% of pooled within-species variation. When the
Scores along this vector were introduced into the model as a
covariable the canonical root fell from 2.8403 to 2.8257 showing that
Size has negligible influence on discriminating between these species.

| The mean vectors are‘shown as Table 7.26, the linear discriminant
functions as Table 7.27 and the pooled within-species dispersion ma-
trix as Table 7.28.

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. sanctipsuli 'Djodji' and S. squamosum. The
excellent discrimination between these speciéé is encduraging as S.
Sanctipauli 'Djodji' has often been found in sympatry with S.
Squamosum (Table 2.1).  Cheke and Denke (1988) found that .
sanctipauli 'Djodji' was a more efficient vector than S. squamosum
so that successful identification of these two species is important.
The four character subset correctly identifies over 98% of flies and
Is not influenced by size variation.

' Adjusting the prior pcobabilities only slightly improves error
r?te, so it is recommended that this be done only in cases of doubt

following typicality probability allocation.
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Table 7.24

Prior probabilities of species membership for each wing tuft category.

Wing tuft category

Species

S. sanctipsuli

S. squamosum

'Djodji'
1 0.0000 1.0000
2 0.0281 0.9719
3 0.9716 0.0284
4 1.0000 0.0000
5 1.0000 0.0000
Table 7.25

Standardised Canonical Variate for S. sanctipsuli 'Djodji'

Character

Canonical Variate

Antennal Length 2
Wing Width 1
Femur Length 1

-2.0029
.. 0.7875
0.6119

Table 7.26

Mean Vectors for species S. sanctipauli 'Djodji' and S. squamosum

——

———

S. sanctipauli
'Djodji’

S. squamosum

Antennal Length 2
Wing width 1
Femur Length 1

476.10461538
1041.22711538
660.41538462

425.89835294
1087.65100000
678.32329412

Page 185

and S. squamosum




Table 7.27

Linear Discriminant functions for species S. sanctipauli 'Djodji' and S.

Squamosum

—

S. sanctipauli
'Djodji’

S. squamosum

CONSTANT| -208.20478421 -189.45004107

Vio . 0.66157179 0.41817336

vis 0.21633488 0.26616874

V22 -0.18749041 ~-0.13076059
Table 7.28

Pooled within-species dispersion matrix for species S. sanctipauli ‘Djodji’

and S. squamosum

Character

vio

\'AR:]

V22

602.16406987
1039.788949%41
785.17486436

1039.78894941
3525.12490412
2182.91364838

785.17486436
2182.91364838
1766.88772958
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7-3.2 OVERALL DISCRIMINATION The matrix of Mahalanobis' squared
distances between species using the full 25 character set excluding
wiﬁg tuft colouration, abdominal setal colouration and basitarsal
SPine number js shown as Table 7.29. All of these distances are
Significant at p<0.001. Examining this matrix shows that the two
Pembers of the S. sanctipauli subcomplex are closer to each other than
ither is to either §. damnosum or S. squamosum. The table of re-
Substitutions is given in Table 7.30. The data set was too large to
Obtajin an estimate of error rate using the 'leave-one-out' method.
Because of this, the resubstituted error rate, e, _=0.0263 might be
OPtimistic, -

A Stepwise discriminant analysis of the 25 character set resulted .
in an initial subset of 15 characters. The method described in sec-
tion 7.2.3 was then used to reduce the number of characters from the
15 character subset to a nine character subset:

[v&4,V6,V9,V18,V20,V23,V27,V28,V29]

l.e, one -thorax, one head, one antennal, two wing and four leg char-
8ters. The matrix of Mahalanobis' squared distances resulting from
this cha?acter subset is shown as Table 7.31. The same pattern of
sﬁeCies relationships holds in this lower dimensional space as in the
25-character space, with S. sanctipsuli 'Djodji' and S. soubremse
'Beffaf still closer to each other than either is to thevother spe-
Cies, | s

Table 7.32 gives the table of reclassifications using resubsti-
tution and the 'leave-one-out' method of error rate estimation, The
Tesubstituted error rate using the nine character subset was 0.0842,

higher than for the full character set, the estimate of error rate
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uUsing the 'leave-one-out' method was 0.1105, showing that the resub-
Stituted error rate is quite biased.

‘Allocation using the typicality probability method described in
Section 7.2.4 resulted in 154 (81.05%) correctly allocated flies, 10
(5.26%) misidentified flies, 20 (10.53%) flies lying on an overlap
Tegion and 6 (3.16%) flies being untypical of any of the reference
SPGCies, with atypicality defined at «=0.01. The larger than expected
Number of atypical flies was most likely due to the fact that S.
Squamosum showed considerable variation in size (see Chapter six),
8s five of the atypical flies were S. squamosum. Of the twenty flies
which were overlapping 8 remained in an overlap region and 12 were
Correctly allocated when they were allocated using the relevant -
Species-pair statistics described in section 7.3.1, bringing the
Number of flies correctly allocated up to 166 (87.37%).

The null hypothesis of equal wing tuft colouration was rejected
Using a Kruskal-Wallis test at p<0.001, the null hypothesis of equal
@bdominal. setal colouration was not tested as all flies in these
Samples were character state one for this character (Chapter four).
The priof probabilities of species membership according to a fly's
Wiﬁg tuft colouration were therefore calculated and are shown as Table
7.33. When the prior probabilities were adjusted in the‘way described
in section 7.2.3, then 14 flies were classified incorrectly
(e,=0.0737).

The null hypothesis of equal dispersion was not.-rejected at
P<0.001 using the likelihood ratio test, legitimiéing the use of the
Pooled within-species dispersion matrix. °

The standardised canonical variates (Table 7.34, with the species'

Means along each canonical variate shown as Table 7.35) shows the
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characters of importance in discriminating between these species.
The first canoﬁical variate with a canonical root of 2.91 is dominated
bY‘antennal length 1, with most of the other characters having small
negative loadings. This vector discriminates predominately the spe-
cies pair S. soubrense 'Beffa'/ S. sanctipauli 'Djodji' from the
Species pair S. damnosum/S. squamosum. The second canonical variate
is a more complex vector but is basically a contrast between the two
Positively loading characters tibia length 1 and basitarsus length 2
and the two negatively loading characters thorax width and tibia
length 2. The canonical root associated with this canonical variate
was 2,173, which is high relative to the first canonical root (to-
8ether they account for nearly 95% of total variance). This canonical -
vVariate discriminates mainly S. damnosum from the other species. The
final canonical variate, with a canonical root of only 0.279, whilst
being statistically significant is probably of no biological impor-
tance (Campbell 1982), because no single species is discriminated
along its length.

The first principal component of the pooled within-species cor-
relation"matfix was a size §ector with coefficients:

- [0.33,0.33,0.26,0.33,0.3&,0.35,0.35,0.35,0.34]
and.accox‘mted for 83% of pooled wifhin-species variatidn. When the
Scores computed along this vector were introduced into the model as
8 covariable the canonical roots fell from (2.9077,2.1729,0.2786) to
(2.8209,1.2079,0.2279). Thus it is clear that the first canonical
Variate is very little influenced by size variation, whereas the
Second canonical Qariate is influenced by size variation to a con-
sideféble‘éxtent, although there is still significant discrimination

along this vector in the absence of size. -
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The mean vectors are shown as Table 7.36, the pooled within-

Species dispersion matrix as Table 7.37, and the linear discriminant

functions as Table 7.38.

Table 7,29

Matrix of Mahalanobis' distances between species, 25 character set

P‘

[ ——

S. soubrense

S. damnosum s.s

S. sanctipaul1

S. squamosum

S. soubrense
- damnosum s.s
« Sanctipauli

E&_fgyamosum

0.0
27.74
11.88
22.88

0.0
50.11

19.06

0.0

27.45

0.0

Table 7.30

[

Table of re-classifications, using resubstitution, 25 character set

—

[ ———

S. soubrense

S. damnosum s.s

S. sanctipaul{

S. squamosum

S. soubrense
« damnosum s.s
+ sanctipguli
S. squamosum
——

35
1
0
0

0
41
0
1

[ NN Ne)

Table 7.31

eres=5/190=0.0263

-

Matrix of Mahalanobis' distances between species, 9 character subset

—

——

S. soubrense

S. damnosum s.s

S. sanctipgull

S. squamosum

S. soubrense
S. damnosum s.s
- sgnctipaul i

- Squamosum
S ———

0.0
16.03
6.31
16.66

0.0
25.43
12.64

14.95

0.0
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Table 7.32

Table of re-classifications, using resubstitution (and 'leave-one-out'), 9
character subset
S. soubrense|S. damnosum s.s|S. sanctipauli S. squamosum

S. soubrense 31(30) 0(0) 5(6) 0(0)

S. damnosum s.s 2(2) 39(38) 0(0) 2(3)

S. sanctipauli 0(2) 0(0) 26(24) 0(0)

S. squamosum 2(2) 3(4) 2(4) 78(75)

eres=16/190=0.0842 ec=21/190=0.1105

Table 7.33

Prior probability of species membership for each wing tuft colour category
Wing Tuft S. soubrense|S. damnosum s.s|S. sanctipaull S. squamosum
Colour :

1 0.014 0.5102 0.001 0.4882

2 0.1293 0.3904 0.0274 - 0.4530

3 0.6038 0.0155 0.3588 - 0.0218

4 0.3747 0.0001 0.6251 0.0001

5 0.176 0.0 0.824 0.0

Table 7.34

Standardised Canonical Variates

Character cv I Cv II Cv III

Thorax Width ° -0.1382 | -1.1370 0.9800

Head width 0.3349 -0.4896 -0.4974

Antennal Length 1 1.8284 0.5821 0.5528

Wing Width 1 -0.8490 0.6044 0.2498

Wing Length 3 -0.4708 0.2720 1.2369

Tibia Length 1 -0.6883 1.0006 | .-1.8473

Femur Length 2 0.2425 0.5240 | -2.5364 .

Tibia Length 2 0.1017 | -1.6807 2.6348

Basitarsus Length 0.0327 1.6664 | -0.0822
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Table 7.35

Species Means on Canonical Variates

Species CViI CV II Cv III
S. soubrense 2.3471 |-0.7959 |-0.7467
S. damnosum s.s. -1.1964 -2.3222 0.3222
S. sanctipauli 2.5281 1.0122 0.9882
S. squamosum -1.1621 1.2022 |-0.1490

Table 7.36

Mean Vectors

Character

—

S. soubrense

S. damnosum s.s

S. sanctipaguli

'S. squamosum

Thorax Width

Head width
Antennal Length 1
Wing Width 1

Wing Length 3
Tibia Length 1
Femur Length 2
Tibia Length 2
Basitarsus Length

872.15600000
815.04746667
294.17916667
961.54361111
1409.6376388
685.52000000
658.46000000
611.72000000
320.77500000

907.70187907
812.944596744
259.07790698
996.17825581
1452.37523256
689.37209302
653.67348837 -
619.80558140
320.16275070

914.47961538
838.51038462
317.62500000
1041.22711538
1534.97576923
730.24153846
697.88307692
659.46923077
350.32500000

927.77268706
839.65947529
282.91058824
1087.65100000
1574.30000000
749.57647059
708.19058824
662.40564706
357.69882353
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Table 7.37

Pooled within-species dispersion matrix

Character

Va

vé

V9

V4
Vé
\%)
vis
V20
V23
V27
Va8
V29

2703.98603061
1785.83050939
443.98971197

2193.77677851
3177.78803740
1790.24030011
1686.60616466
1620.27957036
849.82461540

1785.83050939
1657.19398678
356.99024657

1641.83501162
2437.04611390
1353.68431045
1291.23179439
1233.27917780
643.94857901

443.98971197
356.99024657
218.59357585
459.42494772
692.30285860
385.62531003
370.05397465
362.93150118
181.67222156

Character

Vi

V20

V23

V4
Vé
V9
V18
V2o
Va3
V27
V28
V29

—

2193.77677851
1641.83501162
459.42494772

2882.78154798
3578.93882920
1801.24154958
1714.13777818
1667.97585554
890.86306685

3177.78803740
2437.04611390
692.30285860

3578.93882920
5995.15954680
2675.27774004
2520.76676937
2486.64200623
1316.36304299

1790.24030011
1353.68431045
385.62531003

1801.24154958
2675.27774004
1564.32903759
1379.39450559
1361.36720442
699.11470965

Character

V27

V28

V29

1686.60¢:16466
1291.23179439
370.05397465

1714.13777818
2520.76676937
1379.39450559
1402.44246022
1303.00588678
668.48042280

1620.27957036
1233.27917780
362.93150118

1667.97585554
2486.64200623
1361.36720442
1303.00588678
1338.85239212
655.23029298

849.82461540
643.94857901
181.67222156
890.86306685
1316.36304299
699.11470965
668.48042280
655.23029298
387.41117794
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Table 7.38

Linear Discriminant functions

p——

S. soubrense

S. damnosum s.s

S. sanctipsuli

S. squamosum

CONSTANT

-280.89972742
-0.01999528
0.42873824
0.98508531
0.15593835
0.11933462
~0.09037097
-0.02194982
-0.34703442
-0.27889690

-260.34685396
0.03898369
0.40578646
0.69130814
0.18779172
0.14444330
-0.11213230
-0.11961641
-0.22974707
-0.38307706

-314.02902408
-0.02685458
0.38885047
1.08663561
0.17451851
0.14422052
-0.12149516
-0.09813606
-0.31081350
<0.16981360

-292.11819108
-0.04163823
0.37081618
0.77167116
0.21464193
0.14794828
-0.02259459
-0.05145069
-0.39701843
-0.15883762
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?.3.3 DISCUSSION

The discriminant statistics presented in this section reveal that
there is extensive multivariate morphometric differentiation between
adult females of the four species of the S. damnosum complex for which
samples were available from Togo and Benin.

The species which was most successfully discriminated'relative
to the other taxa, both using the species-pair statistics and in the
overall analysis was S. damnosum s.s.. The maximum overlap of this
Species with any other was with S. squamosum, which was about 9%
Phenetic overlap. The influence of size variation on discrimination
of S. damnosum s.s. was greater than for the other species, but even
so, the size-free canonical roots were still larger when S. damnosum
S.s. was involved than for most other species-pair discriminant ana-
lyses. The samples of S. damnosum s.s. used were smalier.flies than -
the other species, but also they were a different shape, independent
of size. - Generally, the relative size of the antenna was the main
morphalogical feature -characterising §. damnosum s.s., -a finding in

.Concordance with previous morphological studies of the S. damnosum
complex (e.g. Garms 1978, Dang and Peterson 1980). The species also
had consistently paler wing tufts than the other species, with the
important exception  of S. squamosum, to™" which it 1s closest
morphologically.

Simulium squamosum is phenetically the next most isolated species,
being closest to S. damnosum s.s.. The ability to discriminate be-
tween this species and the members of the S. sgnctipsuli subcomplex
will be an import;nt aid in the further understanding of the relative
vVectorial importance of the different species in Togo and Benin (See

e.g., Cheke and Denke 1988). Previous morphological methods of
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identification using thorax/antennal ratios found considerable over-
lép between these groups (Garms and Cheke 1985).

Simulium soubrense 'Beffa' and S. sanctipauli 'Djodji' show the
8reatest phenetic overlap, over 10%. The species-pair discriminant
analysis also indicated that size differences were important in the
between-species variation which had been found so that more extensive
Sampling is likely to reveal greater overlap than was found in this
analysis. However, the discrimination between these species 1is
greater than previous methods, which have not distinguished between
the two, therefore it may be possible to collect more information as
to the relative vectorial importance of these species. The restricted
g8eographic range of S. sanctipauli 'Djodji' (Chapter two, Surtees et
al. 1988), also means that the phenetic overlap between it and S.
Soubrense 'Beffa' may not be of critical importance, because"they tend
not to be found sympatrically.

Table 7.39 summarises the four methods of allocation used in the
overall discriminant analysis: forced allocation with and without
'édjusting"the prior probabilities of species membership using the
fly's wing tuft colour, and typicality probability allocation with
and without subsequent allocation of overlapping flies using the ap-
Propriate species-pair stétistics. The relatively small sample sizes
of the four species accounts for over 10% of flies overlapping using
typicality probability allocation, because the approximate confidence
intervals for each fly's distanmce to each of the species are broad.
The subsequent species-pair allocation improves this. The largest
number of correct allocations was using forced allocation with ad-
- Justed prior probabilities, althought the effect éf adjusting the

Prior probabilities is very slight. The smallest number of incorrect

Page 196



allocations was obtained using typicality probability allocation.
ThlS method is more conservative than forced allocation, but con51d-
ering the small sample sizes used to calculate the discriminant sta-
tistics this caution is well justified.

To conclude, the discriminant analyses presented in this section
show that the four species of the S. damnosum complex which were ex-
amined from Togo and Benin can be successfully identified, although
the rate of correct classification varies according to species. The
ability to identify S. damnosum s.s., vector of the more debilitating
form of onchocerciasis is clearly important, as is the ability to
identify S. squamosum. The characters used in these analysis, and
the use of multivariate statistical methods is without doubt an im-
Provement over current morphological methods, and will be futher re-
fined once larger samples have been obtained of each speéies, so that
4 wider range of variation, including seasonal size variation is
sampled. The major limitation of the Togo and Benin statistics is
that no S. yahense were available for analysis, despite its presence
in Togo (Table 2.1). If account is to be taken of S. yshense, then
the 'global' statistics developed in Chapter eight should be used,
even though this assumes that §. yahense is the same morphologically

-a-

in the east as in the west.
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Table 7.39

Comparison of four methods of allocation for Togo and Benin

Forced! Forced? Typicality® |Typicality®
Correct 174 176 154 166
Incorrect 16 14 10 10
Overlapping na na 20 8
Atypical na na 6 6

'Forced allocation without adjusted priors

:Forced allocation with adjusted priors
Typicality probability without subsequent species pair allocation

?f overlapping flies
Typicality probability with subsequent species pair allocation of

overlapping flies
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7.4  RESULTS AND DISCUSSION, WESTERN AREA
7.4.1 SPECIES PAIR DISCRIMINATION

Samples from seven taxa were available from the area west of the
Volta Lake, making the situation more complex than in Togo and Benin.
For the purposes of the species pair statistics the single sample of
S. damnosum s.s. was pooled with the five S. sirbanum samples into
an artificial category called 'Savanna', because they were
morphometriclally very close (see section 7.4.1.1). Also OCP regards
both species as dangerous vectors of onchocerciasis, to be controlled
whenever either is found.

The single sample of S. soubrense 'B' was not pooled Qith the
samples of S. soubrenseeven though it was for the overall analysis
(see section 7.4.2). This was justified because of the chromosomal
distinctiveness of this new species (Chapter thrge, Post.1986), even
though morﬁhometrically it was not distinctive (Chapter six).
7.4,1.1 Discrimination of Sjimuljum damnosum and §, sjirbanunm

The squared Mahalanobis' distance between specie; using the 25
character set was 9.01 (unbiased D*=7.88, e, ,=0.0802) with 12 mis-
allocated flies wusing resubstitution (eres=o'0583) A stepwise
discriminént analyéis produced a nine character subset which gave a

Mahalanobis' squared distance of 7.7 (unbiased D?=7.32, e ct=0'088)

a
with 18 flies misallocated using resubstitution (eres=0'087)f
Thé dimeﬁsion reduction technique described in section 7.2.2 re-
sulted in a seven ﬁharacter subset: ‘. _ _ .
o [V4,V9,V14,V16,V17,V23,V29]
i.e. one thorax,ltwo antennal, two wing and‘two leg characters with

a Mahalanobis' squared distance of 7.17 (unbiased D*=6.89, €,c=0-095)

and 17 misallocated flies using resubstitution (eres=0'083)’ one S.
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damnosum s.s. classified as §. sirbanum and 16 S. sirbanumclassified
as §, damnosum s.s.

Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in 12 misallocated flies
(5.83%), one atypical fly (0.49%), 15 overlapping flies (7.28%) and
178 correctly allocated flies (86.4%).

The null hypothesis of equal wing tuft colouration was not re-
jected at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
Category were therefore not calculated.

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the use of the
pooled dispersion matrix.

The standardised canonical variate (Table 7.40) shows. that the
characters of most importance in discrimination are the positively
loading characters: thorax width, tibia length 1, and basitarsus
length‘2 , and the negatively loading characters: wing length 2 and
antennal length 1.

The first principal component of the pooled within-species cor-’
relation matrix was a size vector with coefficients:

[0.41,0.33,0.17,0.41,0.41,0.42,0.42]
and accounted for 73.0% of pooled within-species variétion. When the
scores aiong “this vector wére introduced into the model as a
covariable the canonical root fell from 0.8498 to 0.581% showing that
size has considerable influence on the already relatively poor dis-

Crimination between these species.
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The mean vectors are shown as Table 7.41, the pooled within-
Species dispersion matrix as Table 7.42 and the linear discriminant
functions as Table 7.43.

" To conclude, there is significant multivariate morphometric dif-
ferentiation between S. damnosum s.l1. and S. sirbanum, however this
differentiation is relatively small, and is influenced to a consid-
erable extent by size variation. Therefore, although the seven
character subset classified correctly in over 86% of cases, this is
Probably an optimistic estimate, and can be-expected to perform less
well once a greater range of temporal and geographic variation within
each species has been sampled. Operationally it is not important that
these species cannot be differentiated very well as both are regarded
a8s dangerous vectors of the more debilitating savanna form of

onchocerciasis, and OCP controls both species whenever théy are found.

Table 7.40

.Standardised Canonical Variate for S. damnosum s.s. and S. sirbanum

Character Canonical Variate
Thorax Width . 0.8793
Antennal Length 1 -0.8197 . , -
Antennal Segment 7 0.2192 i
Wing Length 1 -0.5568
Wing Length 2 -0.9491
Tibia Length 1 0.8777
Basitarsus Length 1.0627
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Table 7.41

Mean Vectors for species S. damnosum s.s. and S. sirbanum

S. damnosum s.s. S. sirbanum
Thorax Width 938.33485714 846.98794719
Antennal Length 1 252.66428571 253.14943820
Antennal Segment 7 "36.89000000 35.70921348
Wing Length 1 751.35428571 698.86112360
Wing Length 2 457.56000000 432.46247191
Tibia Length 1 716.56285714 657.28988764
Basitarsus Length 2 330.73392857 301.03398876

Table 7.42

Pooled within-species dispersion matrix for species S. damnosum s.s. and
S. sirbanum

Character|V4 V9 Via V16

V4 3334.50882078 [532.59237158 45,66197091 |2220.92410122
Vo 532.59237158 210.61198152 20.20367118 385.07727646
V14 45.66197091 20.20367118 8.44149260 30.64210469
Vie . 2220.92410122 1385.07727646 30.64210469 2005.,02023363
V17 1481.87749590 |272.14810905 21.90185856 1191.90521719
V23 1894.67718138 |335.59108748 30.47224600 1499.65516118
V29 . 953.28978365 177.40024425 14.60045960 754.20342956
Character|V17 V23 V29

V4 1481.87749590 |1894.67718138 [953.28978365

V9 272.14810905 335.59108748 177.40024425

Vig 21.90185856 30.47224600 14.60045960

Vi1é 1191.90521719 |1499.65516118 |754.20342956

V17 922.,23770839 978.54598652 495.96160806

V23 978.54598652 1386.32722338 [637.02149738

V29 495.96160806 637.02149738 357.89091733 -
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Table 7.43

Linear Discriminant functions for species S. damnosum s.s. and S. sirbanum

S. damnosum s.s. S. sirbanum
CONSTANT| -234.18007423 -211.54025531
V4 -0.08108991 -0.11697217
V9 0.52340679 0.67496271
Vig 1.91770284 1.71718024
Vi1e 0.03924445 0.07018309
V17 -0.27948955 -0.19882914
V23 0.57646803 0.52100165
V29 0.08097309 -0.05162960

-7.4.1.2 Discrimination of 'Savanna' and S. sanctipauli

The squared Mahalanobis' distance between species using fhe 25
character set was 77.16 (unbiased D2?=68.77, eact<0.0001) with no
misallocated flies .using resubstitution (eres=0.0). A stepwise
discriminant analysis produced a 12 character set, but the dimension
reduction technique described in section 7.2.2 reduced this.to a three
character subset:

[V9,V17,V29]
“1i.e. one antennal, one wing and one leg character with.a Mahalanobis'
squared distance of 48.28 (unbiased D2=47.47, e,.¢=0.0003) and no
misallocated flies using resubstitution (eres=o'0)'

Allocation using typicality probability.. of species membership
-with atypicality defined at «=0.01 resulted in no misallocated flies,
four atypical flies (1.66%), no overlapping flies ané 237 correctly
allocated flies (98.3%). o .

The null hypothesis.of equal wing tuft Folouration was rejected
at p<0.001 using ,; _Wilcoxon two-sample rank sum test. The prior
probabi;ities of species membership for each wing tuft colouration
category were calcﬁlated and are shown as Table 7.44. From this table
it is very clear that this character alone would classify most flies
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correctly, and when the prior probabilities were adjusted according
fo each fly's wing tuft colouration, the number of flies misallocated
remained zero.

The null hypothesis of equal dispersion was not rejected at
p<0.001 using the likelihood ratio test, legitimising the use of the
pooled dispersion matrix.

The standardised canonical variate (Table 7.45) shows that the
Characters of most importance in discrimination are the positively
loading character antennal length 1, and. the negatively loading
character wing length 2, with S. sanctipsuli lying at the positive
end of this vectdér having relatively larger antennae.

The first principal component of the pooled within-species cor-
relation matrix was a size vector with coefficients:

[0.51,0.61,0.60]
and accounted for 77.4% of pooled within-species variation. When the
Scores along this vector were introduced into the model as a
covariable the canonical root fell from 6.0438 to 3.2476 showing that
size has some influence on the discrimination between these species,
but that shape differences are important in the absence of size var-
iation.

The mean vectors are shown as Table 7.46, the pooled within-
Species dispersion matrix as Table 7.47 and the discriminant functions
as Table 7.48. |

To conclude, there is significant multivariate morphometric dif-
ferentiation between 'savanna' and S. sanctipsuli. This diffefen-
tiation is a combination of size and- shape variation but in the

&bsence of size variation, shape differences discriminate between this
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Species pair very well. Therefore, the three character set can be
expected to classify correctly in over 98% of cases.

Adjusting the prior probabilities according to a fly's wing tuft
colouration did not improve error rate, and so need only be used in

cases of doubt following typicality probability allocation.

‘Table 7.44
Prior probabilities of species membership for each wing tuft category.
Wing tuft category Species
'Savanna' S. sanctipauli
1 1.0000 0.0000
2 1.0000 0.0000
3 0.0004 0.9996
4 0.0000 1.0000
5 .0000 : 1,0000
0

Table 7.45

Standardised Canonical Variate for 'Savanna' and §. sanctipauli

Character Canonical Variate

Antennal Length 1 2.6164

Wing Length 2 -1.0412

Basitarsus Length 0.6315 .
Table 7.46

Mean Vectors for species S. sanctipau]j.and S. squamosum

S. sanctipaull- S. squamosum
Antennal Length 1 =~ 253.08349515 336.06857143 -
Wing Length 2 435.87378641 457.41942857
Basitarsus Length 2 '305.07087379 344.64857143
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Table 7.47

Pooled within-species dispersion matrix for species S. sanctipguli and S.
squamosum

Character|{V9 V17 V29

Vo 203.87903478 252.59119768 157.58476736
V17 252.59119768 920.92884199 533.82209912
V29 157.58476736 533.82209912 427.91009486
Table 7.48

Linear Discriminant functions for species 'Savanna' and S. sanctipsuli

'Savanna' ) S. sanctipauli
CONSTANT| -176.65358555 -294.73381294
V9 0.96290252 1.52092797
V17 0.00537202 -0.22632739
V29 0.35162620 0.52766237

7.4,1.3 Discrimination of 'Savanna' and S._ soubrense ;B' -

The  squared Mahalanobis' distance between species using the 25
character set was 33.65 (unbiased D?=29.88, eact=0.0031) with no
.pisallocated flies wusing resubstitution (eres=0.0). i Stepwise
discriminant analysis appled to this character set produced an eight
character subset with a D* of 32.15 (unbiased D* =30.7, e_,=0.0027)
and two misallocated flies using resubstitution (eres= 0.0086). The
dimension reduction technique described in section 7.2.2 further re-
duced this to a five character subset: '

[V3,V9,V13,V19,V29]
i.e. one thorax, two antennal, one wing and one leg character with a
Mahalanobis' squared distance between species of 28.34 (unbiased
D%=27,61, e,.=0:0043) and two misallocated flies using resubsti-

t =
ution (ereS 0.0086).
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Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in one misallocated fly
(0.43%), one atypical fly (0.43%), two overlapping flies (0.86%) and
230 correctly allocated flies (98.3%).

The null hypothesis of equal wing tuft colouration was rejected
at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
probabilities of species membership for each wing tuft colouration
category were calculated and are shown as Table 7.49. When the prior
Probabilities were adjusted according to each fly's wing tuft
colouration, two flies were misallocated (eres=0.0086).

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the use of the
pooled dispersion matrix.

The standardised canonical variate (Table 7.50) shows that the
Ccontrast between the positively loading character antennal length 1,
and the negatively loading charaéter wing width 2, discriminates be-
tween ;hese species, with S. soubrense 'B' lying at the positive end

“Of this vector having reletively larger antennae.

The first principal component of the pooled within-species cor-

rélation matrix was a size vector with coefficients:
[0.47,0.41,0.35,0.49,0.50]

and accounted for 67.4% of pooled within-species variation. When the

Scores along this vector were introduced into the model as a

covariable fhe canonical root fell from 3.0111 to 3.0097 showing that

Size has virtually no influence on the discrimination between these

Species.’
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The mean vectors are shown as Table 7.51, the pooled within-
Species dispersion matrix as Table 7.52 and the linear discriminant
functions as Table 7.53.

To conclude, there is significant multivariate morphometric dif-
ferentiation between 'savanna' and S. soubrense 'B'. This differen-
tiation is entirely shape variation involving the relative length of
the antenna. 'Therefore, the three character set can be expected to
classify correctly in over 98% of cases.

Adjusting the prior probabilities according to a fly's wing tuft
colouration did not improve error rate, and so it is recommended that

this should not be done except in cases of doubt.

Table 7.49

Prior probabilities of species membership for each wing tuft category.

{Wing tuft category : Species
. 'Savanna' S. soubrense 'B'
1 1.0000 0.0000
2 0.9450 0.0550
3 0.0003 0.9997
4 0.0000 1.0000
5 0.0000 1.0000
Table 7.50

Standardised Canonical Variate for 'Savanna' and S. soubrense 'B'

Character . |Canonical Variate
Thorax Length -0.7091
Antennal Length 1 1.0633
Antennal Segment 6 0.7730
Wing Width 2 -0.9619
Basitarsus Length 0.8611
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Table 7.51

Mean Vectors for species 'Savanna' and S. soubrense ‘B’

'Savanna'’ S. soubrense 'B'

—

Thorax Length

618.73154272 586.83394286

Antennal Length 1 253.08349515 299.88214286
Antennal Segment 6 35.88174757 44.,95000000
Wing Width 2 1383.34075243 1349.70892857
LEisitarsus Length 2 305.07087379 315.69107143
Table 7.52
Pooled within-species dispersion matrix for species 'Savanna' and S.
soubrense 'B' .
Character|V3 V9 Vi3
V3 2083.38014492 337.07104861 57.99456940
V9 337.07104861 216.20681015 22.08221096
Vi3 57.99456940 22.08221096 8.86393005
Vig 2892.10382875 702.64485893 105.74630357
V29 763.69444208 171.88295908 25.70746545
Character{V19 V29
vy 2892,10382875 763.69444208
Vo ) 702.64485893 171.88295908
V13 105.74630357 25.70746545
“|vise 7074.88590766 1563.10241270
V29 1563.10241270 444 .75467892
Table 7.53

Linear Discriminant functions for species 'Savanna' and S. soubrense 'B'

'Savanna' S. soubrense 'B'
CONSTANT| -185.24947818 -234,34607400
vy . 0.02935689 . ~-0.05145444
V9 0.72768806 0.99344177
Vi3 0.93113997 1.91417183
V19 0.13848980 0.07799207
V29 -0.18625321 0.02871013
7.4.1.4 Discrimination of 'Savanna' and S. soubrense

The squared Mahalanobis' distance between species using the 25
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character set was 25.89 (unbiased D?=24.03, €,.¢=0.0071) with six
misallocated flies using resubstitution (eres=0'0165)' A stepwise
discriminant analysis produced an eight character subset with a D2
of 25.37 (unbiased D? =24.25, e, .4=0:069). The dimension reduction
technique described in section 7.2.2 reduced this to a five character
Subset:
[V4,V10,V13,V20,V29]

i.e. one thorax, two antennal, one wing and one leg character with a
Mahalanobis' squared distance of 17.82 (unbiased D2?=17.53,
eact=0'0182) between species and seven misallocated flies using re-
Substitution (eres=0’0192)’ all seven of which were S. soubrense
classified into S. sirbanum.

Allocation using typicality probability of species membership
With atypicality defined at «=0.01 resulted in six misallocated flies
(1.65%), two atypical flies (0.55%), one overlapping fly (0.28%) and
355 correctly allocated flies (97.5%).

The null hypothesis of equal wing tuft colouration was rejected
at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
category were calculated and are shown as Table 7.54. When the prior
Probabilities were adjusted according to .;;ch fly's wing tuft
colouration, eight flies were misallocated (eres=0.022).

The null hypothesis of equal dispersion was rejected at p<0.001
using the likelihood ratio test, but for the statistical and practical
reasons given in section 7.2.5, the dispersion matrices were still
pooled. _ .

The standardised canonical variate (Table 7.55) shows that the

most important contrast in discrimination is between antennal length
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2. and thorax width. S. soubrense is at the positive side of this
Vector, having relatively larger antenna than 'savanna'.

The first principal component of the pooled within-species cor-

Telation matrix was a size vector with coefficients:
[0.48,0.44,0.33,0.48,0.49]

and accounted for 74.6% of pooled within-species variation. When the

Scores along this vector were introduced into the model as a

Covariable the canonical root fell from 4.4028 to 3.1025 showing that

size has little influence on the discrimination between these species.

The mean vectors are shown as Table 7.56, the pooled within-
Species dispersion matrix as Table 7.57, and the linear discriminant
functions as Table 7.58.

To conclude, there is significant multivariate morphometric dif-
ferentiation between savanna and S. soubrense. This differentiation
is mainly shape variation, so the five character set can be expected
to classify correctly in over 97% of cases.

Adjusting the prior probabilities according to a fly's wing tuft
Ccolouration did not improve error rate, and so it is reéommended that

this should not be done except in cases of doubt.

-a.
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Table 7.54

Prior probabilities

p——

of species membership for each wing tuft category.

Wing tuft category

S

Species

'Savanna' S. soubrense
1 0.8887 0.1113
2 0.4913 0.5087
3 0.1046 0.8954
4 0.0139 0.9861
5 0.0017 0.9983
Table 7.55

Standardised Canonical Variate for 'Savanna' and S. soubrense

Character

Canonical Variate

Thorax Width
Antennal Length 2
Antennal Segment 6
Wing Length 3
Basitarsus Length

~1.1602
1.3912
0.9875
0.7299
-0.1533

Table 7.56

Mean Vectors for species 'Savanna' and S. soubrense

———

'Savanna’

S. soubrense

Thorax Width :
Antennal Length 2
Antennal Segment 6
Wing Length 3
Basitarsus Length 2

859.404603204
380.12970874 "
35.88174757
1407.11145631
305.07087379

876.48680506
456.40784810
46.11544304
1504.37734177
328.69841772
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Table 7.57

and S.

Pooled within-species dispersion matrix for species 'Savanna'
Soubrense
—
Character|V4 V10 Vi3
V4 4116.58167146 1154.38579563 87.36060217
V1o 1154.38579563 703.06753937 53.53254960
V13 87.36060217 53.53254960 10.43394721
V20 5130.77823361 1597.06880493 123.04797006
V29 1292.57184921 426.39566358 34.96686560
Character|V20 V29
V4 5130.77823361 1292.57184921"
Vio 1597.06880493 426.39566358
Vi3 123.04797006 34.96686560
V20 8131.90646643 1860.02049606
V29 1860.02049606 507.57891532
Table 7.58

Linear Discriminant functions

for species 'Savanna' and S. soubrense

'Savanna' S. soubrense

CONSTANT| -148.15174068 - -199.77811381
V4 -0.02663396 -0.10241882
“1V10 0.25651160 0,38364221
Vi3 1.21771013 1.91060765
V20 0.22571626 0.25587704
V29 -0.45765225 -0.48316777

7.4.1.5 Discrimination of 'Savanna' and S. squamosum

The squared Mahalanobis' distance between species using the 25

character set was 18.14 (unbiased D?=16.52, €,ct=0-0211) with five

misallocated flies using resubstitution (e, =0.0171).

Stepwise

discriminant analysis préduced an eight character subset with a Df

between species of 17.17 (unbiased D? =16.16, €,.t=0:022) and ten

misallocated flies (eres=07034)'

described in section 7.2.2 resulted in a seven character subset:
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[V4,V6,V9,V20,V27,V28,V29]
i.e. one thorax, one head, one antennal, one wing and three leg
characters with a Mahalanobis' squared distance of 13.28 (unbiased
D2=12.91, eact=0‘0362) and ten misallocated flies using resubsti-
tution (e o =0.034), eight ‘savanna' classified into S. squamosum and
two S. squamosum classified into 'savanna'.

Allocation using typicality probability of species membership
With atypicality defined at «=0.01 resulted in five misallocated flies
(1-71%), four atypical flies (1.37%), six overlapping fly (2.05%) and
278 correctly allocated flies (94.9%).

The null hypothesis of equal wing tuft colouration was rejected
a8t p<0.001 using a Wilcoxon two-sample rank sum test. The prior
Probabilities of species membership for each wing tuft colouration
Category were calculated and are shown as Table 7.59. When the prior
Probabilities were adjusted according to each fly's wing tuft
colouration, six flies were misallocated (e ,s=0.021).
| Thé null hypothesis 6f equal dispersion was rejected at p<0.001
ﬁsing the likelihood ratio test, but for the statistical and practical
Teasons given in section 7.2.5, the dispersion matrices were still
Pooled. . |

The standardised canonical variate (Téble 7.60) shows tﬁat the
most important contrast in discrimination is between the positively
1°ading characters: wing length 3, and_basitarsus leﬁgth 2 and the
Negatively loading characters: thorax width and tibia length 2.

The first principal component of the pooled within-species cor-
relation matrix was a size vector with coefficients:

{0.39,0.38,0.29,0.39,0.40,0.40,0.39]

and accounted for 85.8% of pooled within-species variation. When the
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scores along this vector were introduced into the model as a
cgvariable the canonical root fell from 2.7919 to 2.4606 showing that
size has little influence on the discrimination between these species.

The mean vectors are shown as Table 7.61, the pooled within-
species dispersion matrix as Table 7.62 and the linear discriminant
functions as Table 7.63.

To éonclude,‘there is significant multivariate morphometric dif-
ferentiation between 'savanna' and S. squamosum. This differentiation
is mainly shape variation, so the seven character set can be expected
to classify correctly in nearly 95% of cases.

Adjusting the prior probabilities according to a fly's wing tuft
colouration improved error rate, and so it is recommended that this
Should be done in cases of doubt following typicality probability

allocation.

Table 7.59

Prior probabilities of species membership for each wing tuft category.

Wing tuft category| Species
———
'Savanna' S. squamosum
1 0.9013 0.0987
2 0.1873 0.8127
3 0.0058 0.9942
4 0.0001 0.9999
5 0.0000 [1.0000
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Table 7.60

Standardised Canonical Variate for 'Savanna' and S. squamosum

Character Canonical Variate
Thorax Width -1.5111
Head Width -0.2167
Antennal Length 1 0.5834
Wing Length 3 1.4802
Femur Length 2 - 0.9878
Tibia Length 2 -2.0050
Basitarsus Length 1.4755

Table 7.61

Mean Vectors for species 'Savanna' and S. squamosum

'Savanna’

S. squamosum

Thorax Width

Head Width
Antennal Length 1

Wing Length 3
Femur Length 2

Tibia Length 2
Basitarsus Length 2

859.40403204 .

775.71054175
253.08349515
1407.11145631
631.47961165
597.82776699
305.07087379

855.21798621
795.31917241
276.18275862
1506.67091954
658.14896552
612.96413793
329.43793103
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Table 7.62

The squared Mahalanobis'
Character set was 46 59 (unbiased D’—&Z 55, €.c
misallocated fly using resubstitution (e
discrlminant analysis produced a 12 character subset with a D?

45,21 (unbiased 'D?

=43.25, e,

-0 0033).
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Pooled within-species dispersion matrix for species 'Savanna'
squamosum

Character|{V4 vé V9 V20

V4 4081.94577108 12731.89999834 [589.35997597 4759.88112753
Veé 2731.8%9999834 |2324.38954083 1451.37162330 3534.85810881
\A 589.35997597 451.37162330 228.47447774 799.74397450
V20 4759.88112753 |3534.85810881 |799.74397450 7084.34530099
V27 2431.88941630 |1775.76543610 |392.03597295 3224,99834846
V28 2324.16176789 11714.74046939 |378.45810520 3113.27041767
V29 1210.31479711 [901.31965086 201.69990676 1637.40522063
Character|V27 V28 V29

V4 2431.88941630 [2324.16176789 11210.31479711

V6 1775.76543610 11714.74046939 [901.31965086

V9 392.03597295 378.45810520 201.69990676

V20 3224.99834846 |3113.27041767 [1637.40522063

V27 1708.94166521 [1611.01703297 {827.81038517

V28 1611.01703297 |1604.65839616 |796.96262868

V29 827.81038517 796.96262868 455,92922705
Table 7:63

Linear Discriminant functions for species 'Savanna' and S. squamosum

'Savanna' S. squamosum

CONSTANT| -196.45847171 -238.41977587

V4 -0.20494826 -0.29125591

Vé 0.24599641 0.22986491

V9 0.70930704 0.82471657

V20 0.21088635 0.26732438

Va7 0.23528375 0.31893918

vas -0.17417372 -0.35421631

V29 -0.46702989 .=0.24350292

7.4.1.6 Discrimination of 'Savanna' and S, yahense

distance between species using the 25

t=0'0006) with one

A stepwise

of

-0 0005) and one misallocated fly

and S.




Feres=0.0033). The dimension reduction technique described in section
7.2.2 resulted in a four character subset:

[V4,V9,V20,V29]
i.e. one thorax, one antennal, one wing and one leg character with a
Mahalanobis' squared distance of 30.1 (unbiased D?=29.6, e, .¢=0.0033)
and one‘misallocated flies using resubstitution (eres=0'0033)’ which
was a 'savanna' fly classified into S. yahense.

Allocation using typicality probability of species membership

with atypicality defined at a=0.01 resulted'in no misallocated flies,
four atypical flies (1.32%), no overlapping flies and 298 correctly
allocated flies (98.68%).
. The null hypotheses of equal wing tuft colouration and equal
abdominal setal colouration were both rejected at p<0.001 using
Wilcoxon two-sample rank sum tests. The prior probabilities_pf species
membership for each wing tuft colouration category were calculated
and are shown as Table 7.64. When the prior probabilities were ad-
'justed‘according to each'fly's wing tuft colouration, no flies were
”misallocated (eres=0.0). However, when the prior probabilities were
adjusted for each abdominal setal colouration category, four flies
Were misallocated (eres=0.0132), the four being S. yghense fiies with
abdominal setal colouration category one (Chapter four).

The null hypothesis of equal dispersion was rejected at p<0.001
using the likelihood ratio test, but for the statisticai and practical
reasons given in section 7.2.5, the dispersion matrices were still
pPooled.

The standardised canonical variate (Table 7.65) shows that the

most important characters in discrimination are antennal length 1 and

- the negatively loading character thorax width.
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The first principal component of the pooled within-species cor-

relation matrix was a size vector with coefficients:
{0.52,0.43,0.52,0.52)}

and accounted for 83.1% of pooled within-species variation. When the

Scores along this vector were introduced into the model as a

Covariable the canonical root fell from 6.5698 to 3.4387 showing that

size has some influence on the discrimination between these species,

but that shape differences are imporfant in its absence.

The mean vectors are shown as Table 7.66, the pooled within-
Species dispersion matrix a; Table 7.67 and the linear discriminant
functions as Table 7.68.

Tovconcludé, there is significant multivariate morphometric dif-
ferehtiation between 'savanna' and S. yahgnse. This differentiation
is a combination of size and shape variation, with shape“variation
being more important, so the four character set can be expected to
classify correctly in nearly 99% of cases.

Adjusting the priof probabilities according to a flyfs wing tuft
colouration improved error rate slightly, but since the fly which was
allocated cofrectly as a result wés actually atypical, it is recom-
mended that this'éhould be done only in cases_of doubt (i.e. only on
'typical' overlapping flies). Adjusting prior probabilities for each
abdominal setal colouration category did not improve error rate, so

it 1s not recommended that this should-be used.
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Table 7.64

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
'Savanna' S. yahense

1 1.0000 0.0000

2 1.0000 0.0000

3 0.0712 0.9288

4 0.0000 1.0000

5 0.0000 1.0000
Table 7.65

Standardised Canonical Variate for 'Savanna' and S. yahense

Character |Canonical Variate
Thorax Width - -1.5496
Antennal Length 1 2.2583

Wing Length 3 ©0.5025
Basitarsus Length 0.9848

L
Table 7.66

Mean Vectors for species 'Savanna' and S. yshense

'Savanna' S. yahense
Thorax Width . 859.40403204 _ 906.62228125
Antennal Length 1 253.08349515 319.98281250
Wing Length 3 1407.11145631 1576.95807292
LE_%;itarsus Length 2 305.07087379 352.44218750
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Table 7.67

Pooled within-species dispersion matrix for species 'Savanna' and S. yahense

Character|V4 V9 V20 V29

V4 4344.69214529 [669.65652051 5096.98270101 |1285.79911384

V9 669.65652051 251.12671008 890.65435174 225.75435193

V20 5096,98270101 |890.65435174 7566.,57036711 [1739.46501848

V29 1285.79911384 |225.75435193 1739.46501848 |[485.64772294
Table 7.68

Linear Discriminant functions for species 'Savanna' and S. yahense

'Savanna' S. yahense
CONSTANT| -168.33314123 -253.58470268
V4 -0.12202774 -0.24453803
V9 0.68764496 1.04177862
V20 0.23796683 0.26141911
V29 -0.22073570 -0.04745514

7.4.1.7 Discrimination of Simuljum sanctipauli and S. soubrense 'B'
The squared Mahalanobis' distance between species using the 25
Character set was 25.49 (unbiased D?=14.63, e, =0.0279) with no

misallocated flies using resubstitution (er s=0.0). A stepwise

e
discriminant analysis produced an eleven character subset with a D2
of 22.68 (unbiased D? =18.22, eact=0.0164) anf}no misallocated flies
(eres#0.0). The dimension reduction technique described in section
7.2.2 resulted in a six character subset:
[V4,V10,V15,V16,V20,V24]

i.e. one thorax, two antennal, two wing and one leg cha;acter with a
Mahalanobis'  squared distance of 12.76 (unbiased D?=11.3,
eact=0.0464) and no misallocated flies using resubstitution

(eres=0.0).
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Allocation using typicality probability of species membership
with atypicality defined at «=0.01 resulted in no misallocated flies,
one atypical fly (1.59%), eight overlapping fly (12.7%) and 54 cor-
rectly allocated flies (85.7%).

The null hypothesis of equal wing tuft colouration was not re-
jected at p<0.001 using a Wilcoxon two-sample rank sum test, so the
Prior probabilities of species membership for each wing tuft
colouration category were not calculated.

The null hypothesis of equal dispersion. was not rejected at
P<0.001 using the likelihoo&.ratio test legitimising the use of tke
pooled dispersion matrix.

" The standardised canonical variate (Table 7.69) shows that the
most important character in discrimination is the positively loading
character: basitarsus length 1. .

The first principal component of the pooled within-species cor-
relation matrix was a size vector with coefficients:

[0.44,0.37,0.21,0.45,0.45,0.46]
and accoun£ed.for 66.2% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
Covariable the caﬁonical root fell from 3.2556 to 1.1461 indicating
that size is important in discriminating between these two species.

The mean vectors are shown as Table 7.70, the pooled within-
Species dispersion matrix as Table 7.71 and the linea{‘discrimigant
functions as Table 7.72.

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. sanctipauli and S. soubrense 'B', however much
of this differentiation 1s size variation, a}though there is still

Significant discrimination in 1its absence. The six character subset
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classified nearly 8

% of flies correctly, but once a wider range of

temporal and geographic variation has been sampled, this figure may

be optimistic.

Table 7.69

Standardised Canonical Variate for S. sanctipauli and S. soubrense 'B'

Character

Canonical Variate

Thorax Width
Antennal Length 2
Antennal Segment 8
Wing Length 1
Wing Length 3
Lffiitarsus Length

-0.7089
0.8290
0.8452
0.4008

-0.6764
1.2457

Table 7.70

Mean Vectors for species S. sanctipauli and S. soubrense 'B'

S

S. sanctipauli

S. soubrense 'B'

.|Thorax Width _
Antennal Length 2
Antennal Segment 8
Wing Length 1

Wing Length 3.
Basitarsus Length 1

906.40608000
501.27771429

50.20228571
771.73714286

459.10628571

1512.93442857

854.03575714
441.74571429
42.91285714
707.60142857
1422,18357143
416.44285714
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Table 7.71

Pooled within-species dispersion matrix for species S.

sanctipauli and S.

soubrense 'B'
Character|V4 V10 V15
V4 2521.06007214 673.54413359 39.50850533
V1o 673.54413359 499.30943775 34.56310370
V15 39,50850533 34.56310370 8.80771129
V16 1511.12786324 437 .44422857 22.64939859
V20 2730.06872634 879.84030464 63.61045508
V24 801.37675347 266.71257780 11.87441424
Character|V16 V20 V24
V4 1511.12786324 2730.06872634 801.37675347
V10 437 .44422857 879.84030464 266.71257780
Vis 22.64939859 63.61045508 11.87441424
V16 1512.06383044 2378.01545902 708.64661171
V20 2378.01545902 5435.19611691 1248.19125639
V24 - 708.64661171 1248.19125639 430,94194735
Table 7.72

Pigear'Discriminant functions for species S. sanctipauli and S. soubrense
B

S. sanctipaulf S. soubrense 'B'
CONSTANT| -351.35623515 -277.83430877
V&4 -0.10026713 -0.05527611
V10 0.44030726 0.36060156
Vis 3.06561061 2.42182736
Vie 0.03974933 . 0.01122305
V20 0.04088571 0.06894794
V24 0.71104427 0.56107719
7.4,1,8 Discriminafion of Simulium sanctipaulj and §, soubrense

The squared Mahalanobis' distance between species ‘using the 25
character set was 11.57 (unbiased D?=10.0, e,  =0.0569) with nine

misallocated flies using resubstitution‘(eres=0.0415). A stepwise

discriminant analysis produced an eleven character subset with a D2

of 11.05 (unbiased D? =10.36, e <t =0-0538) and 12 misallocated flies

a
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(eres=0.062). The dimension reduction technique described in section
7.2.2 resulted in a five character subset:

[V11,V15,V19,V20,V27)
i.e. two antennal, two wing and one leg character with a Mahalanobis'
squared distance of 8.2 (unbiased D?=7.94, €,.¢~0:0794) and 12 mis-
allocated flies using resubstitution (eres=0’06)’ of which 10 were
S. soubrense misciassified as S. sanctipauli and two were S.
sanctipauli misclassified as S. soubfense. .

Allocation using typicality probability of species membership
with atypicality defined at\ 2=0.01 resulted in eight misallocated
flies (4.15%), two atypical flies (1.04%), ten overlapping flies
(5.18%) and 173 correctly allocated flies (89.6%).

The null hypothesis of equal wing tuft colouration was réjected
at p<0.001 using a Wilcoxon two-sample rank sum tést, so Ehe prior
Probabflities of species membership for each wing tuft colouration
Category were calculated and are shown as Table 7.73. When the prior
-pProbabilities of species membership were adjusted accordiné to a fly's
wing tuft colouration, the number of flies misallocated rose to 18
(e, (=0.093).

The null hypothesis of equal dispersion was not rejected at
p<0.001 using the likelihood ratio test, legitimising the usé of the
pooied dispersion matrix.

The standardised canonical variate (Table 7.74) shows that the
most important character in discrimination is the negatively loading
character wing length 3, with femur lgngth‘Z having some opposite
influence |

.The first principal component of the poolea within-species cor-

Telation matrix was a size vector with coefficients:
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[0.34,0.38,0.48,0.50,0.50]
and accounted for 68.8% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from 1.23 to 1.1461 indicating that
Size is not important in discriminating between these species.

The mean vectors are shown as Table 7.75, the pooled within-
Species dispersion matrix as Table 7.77 and the linear discriminant.
functions as Table 7.78. | .

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. sancfjpauli and S. soubrense, although this
differentiation is not great. The five character subset can be ex-
Pected to classify néarly 90% of flies cor;ectly when it is known 4
priori that just this species pair can be expected.

Adjusting prior probabilities according to a fly's'“wing tuft
colouréﬁion did not improve error rate, so it is not recommended that

this should be done.

Table 7.73
Prior probabilities of species membership for each wing tuft category.
Wing tuft category Species
S. sanctipauli S. soubrense
1 0.1022 10.8978 _
2 0.2105 0.7895 o
3 0.3843 0.6157
4 0.5937 0.4063
5 0.7738 10.2262
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Table 7.74

Standardised Canonical Variate for S. sanctipsull and S. soubrense

Character

—

Canonical Variate

Antennal Segment 4
Antennal Segment 8
Wing Width 2

Wing Length 3
Femur Length 2

S

0.5997
0.5237
0.7372
-2.1817
1.2937

Table 7.75

Mean Vectors for species S. sanctipauli and S. soubrense

S. sanctipauli

S. soubrense

Antennal Segment &
Antennal Segment 8
Wing Width 2

Wing Length 3
Femur Length 2

|

. 49.91885714

50.20228571
1488.56614286
1512.93442857
692.31428571

42.41113924
44.,09848101
1423.85350633
1504.37734177
663.60835443

Table 7.76
Pooled within-species dispersion matrix for species S. sanctipsuli and S.
"Soubrense ' : -
Character|V11 V15 V19
Vi1 17.42241439 8.62668673 136.96191809
V15 8.62668673 12.15275525 .. 141.42825524
V19 " 136.96191809 141.42825524 7812.75567753
V20 165.28271757 162.66671418 7280.48278354
Va7 ' ©71.62593229 72.04564640 3060.16200252
Character|V20 V27
vii ©165.28271757 71.62593229 )
V15 162.66671418 72.04564640
V19 7280.48278354 3060.16200252 -
V20 8833.97372629 3535.85005757
Va7 3535.85005757 1612.55914885
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Table 7.77

Linear Discriminant functions for species S. sanctipsuli and S. soubrense

S. sanctipaull S. soubrense
CONSTANT| -181.19268736 -155.23678949
Vi1 0.73449596 0.39603997
V15 1.69442424 1.33750211
V19 - 0.,10332047 : 0.08028381
V20 -0.07219432 -0.00559610
V27 0.28322704 0.19409267

7.4.1.9 Discrimination of Simulium sanctipauli and §, squamosum

Thg squared Mahalanobis' distance between species using the "25
character set was 80.49 (unbiased D?=63.4, eact<0.0001) with no mis-
allocgted flies using resubstitution (eres=0.0). A stepwise
discriminant analysis produced a nine character subset which gave a

D2 of 72.48 (unbiased D2 =66.44, e <0.0001) and no misallocated

act
flies (eres=o’0)' The dimension reduction technique describgd in
Section 7.2.2 resulted in a two character subset:

" [V10,V20]
i.e. one antennal and one wing character with a Mahalanobis' squared
distance of 41.42 (unbiased D2=40.73, eact=0‘0007) and no misallocated
flies using resubstitution (eres=0.0).

Allocation using typicality probability” of species membership
with atypicality defined at «¢=0.01 resulted in no misallocated flies,
one atypical fly (0.82%), no overlapping flies and 121 correctly al-
located flies (99.2%). o

The null hypothesis of equal wing tuft colouration was rejécted
at p<0.001 usiﬁg a Wilcoxon two-sample rank sum test, so the prior

Probabilities of species membership for each wing tuft colouration

category were calculated and are shown as Table 7.78. When the prior
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probabilities of species membership were adjusted according to a fly's
wing tuft colouration, no flies were misallocated.

The null hypothesis of equal dispersion was not rejected at
p<0.001 using the likelihood ratio test legitimising the use of the
pooled dispersion matrix.

The standardised canonical variate (Table 7.79) shows that most
discrimination is due to antennal length 2 with an opposite effect
from wing length 3.

The first principal component of the ;ooled within-species cor-
relation matrix was a size vector with coefficients: )
[0.71,0.71)
and accounted for 88.9% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from 8.62 to 6.9401 indicating that
size has some influence in discrimination, but that shape variation

is much more important.

The mean vectors are shown as Table 7.80, the pooled within-
Species dispersion matrix as Table 7.81 and the linear disériminant_;
functions as Table 7.82.

" To conclude, fhere is significant multivariate morphometric dif-
ferentiation between S. sanctipguli and S. équamosum, and the two
Char&cter ;ubset derived in this analysis can be expected to correctly
élassify over 99% of flies when it is known & priori that just this
Species pair can be expected.

Adjusting prior ‘probabilities according to a fly's wing tuft

colouration should be done in cases of doubt following typicality

Probability allocation.
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‘Table 7.78

Prior probabilities of species membership for each wing tuft category.

Wing tuft category ' Species
S. sanctipauli S. squamosum
1 0.0008 0.9992
2 0.0207 0.9793
3 0.3623 0.6377
4 0.9386 0.0614
5 0.9976 : 0.0024
Table 7.79

Standardised Canonical Variate for S. sanctipauli and S. squamosum

Character - |Canonical Variate

Antennal Length 2 3.3654

Wing Length 3 -1.2291

Table 7.80

Mean Vectors for species S. sgnctipsuli and S. squamosum

S. sanctipaulli S. squamosum

. {Antennal Length 2 501.27771429 405.58896552
Lyfpg Length 3 ' 1512.93442857 1506.67091954

Table 7.81

Pooled within-species'dispersion matrix for species S§. sahctipéu]i and S,
Squamosum

Character|V10 - - 1V20
V1o ‘| 547.65873687 1494 . 64465864
v2o 1494 . 64465864 6709.02769555
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Table 7.82

Linear Discriminant functions for species S. sanctipauli and S. squamosum

S. sanctipauli S. squamosum
CONSTANT| =-233.40249585 -180.56918886
V10 0.76497296 0.32574574
LXEO "~ 0.05508573 0.15200366

7.4,.1.10 Discrimination of Simuljum sanctipauli and S, yahense

The squared Mahalanobis' distancé between. species using the 25
character set was 14.58 (unbiased D?=11.64 e, .t=0-044) with four
misallocated flies using resubstitution (eres=0‘0305)’ A stepwi;e
discriminant analysis produced an eleven character subset with a D?
of 12,91 (unbiased D? =11.71, eact=0.0435) and five misallocated flies
(eres=0.0382). The dimension reduction technique described in section
7.2.2 resulted in a six character subset: | .

’ [V3,V9,V11,V17,V20,V22]
i.e. one thorax, two antennal, two wing and one leg character with a
Mahalanobis' squared‘ distance of 10.07 (unbiased D2?=9,52,
€act=0-0615) and six misallocated flies using resubstitution
(eres=0.046), all six of which were S. yshense misclassified as S.
sanctipauli. -

Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in five misallocated flies
(3.82%), - four atypical flies (3.05%), six overlapping flies (4.58%)
and 116 correctly allocated flies (88.55%).

The null hypotheses of equal wing .tuft >colouration and equal
abdominal setal colouration were both rejected at p<0.001 using

Wilcoxon two-sample rank sum tests. The prior probabilities of spe-

Cies membership for each wing tuft colouration category were calcu-
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lated and are shown as Table 7.83. When the prior probabilities of
species membership were adjusted according to a fly's wing tuft
colouration, the number of flies misallocated was seven (eres=0.053).
When fhe prior probabilities of species membership were adjusted ac-
cording to a fly's abdominal setal colouration category, the number
of flies misallocated was four (the four S. yahense with abdominal
Setal colouration category one).

The null hypothesis of equal dispersion 'was not rejected at
P<0.001 using the likelihood ratio test, leéitimising the use of the
Pooled dispersion matrix. -‘ “

The standardised canonical variate (Table 7.84) shows that the
most important contrast of characters is between femur length 1 and
wing length 3. ’ .

. The first principal component of the pooled within-spééies cor=

felatioh matrix was a size vector with coefficients:
[0.40,0.39,0.37,0.43,0.43,0.44]

and accﬁunted for 77.3% of pooled within-species variation. When the

Scores aloﬁg! this vector were introduced into the model as a

covariable the canonical root fell from 1.7747 to 1.7412 indicating

that sizé is not important in discriminating between these species.

. The mean vectors are shown as Table 7.85, the pooled within-
Specieé.dispersion matrix as Table 7.86 and the linear discriminant
fUnctionsvés Table 7.87. B

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. sanctipauli and_S. yabense, mainly involving
shape variation. The six character subset can be expected to classify
hearly 89% of flies correctly when it is known & priori that just this

Species pair can be expected.
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Adjusting prior probabilities according to a fly's wing tuft
colouration did not improve greatly improve error rate, so it is re-
commended that this should be done only in cases of doubt following
fypicality probability allocation, likewise with abdominal setal

colouration.

Table 7.83

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
S. sanctipauli S. yahense
1 0.9991 0.0009
2 0.9934 o 0.0066 -
3 0.9524 0.0476 o
4 0.7265 . 0.2735
5 0.2609 : - 10.7391
L
Table 7.84 . -

Standardised Canonical Variate for S. sanctipauli and S. yahense

—
Character : Canonical Variate

Thorax Length 0.4583 -
Antennal Length 1 0.6552

Antennal Segment & 0.7283

Wing Length 2 -0.8580

Wing Length 3 -1.8563

Ef?ur Length 1 1.1017
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Table 7.85

Mean Vectors for species S. sanctipsuli and S. yahense

S. sanctipauli S. yahense
Thorax Length 657.81216000 650.18355000
Antennal Length 1 336.06857143 319.98281250
Antennal Segment & 49.,91885714 45.00166667
Wing Length 2 457.41942857 471.03875000
Wing Length 3 1512.93442857 1576.95807292
Femur Length 1 657.87428571 657.64000000
Table 7.86
Pooled within-species dispersion matrix for species S. sanctipasuli and S.
Yahense
Character|V3 V9 Vi1
V3. 2101.72893060 476.38310941 130.43457686
V9 476.38310941 295.53507418 56.21923638
Vi1 130.43457686 56.21923638 22.27158828
V17 1090.34712382 392.28948301 93.66614091
V20 3119.57653853 1071.46097048 279.494982006
V22 1493.70925395 559.31001329 130.80799823
Character|V17 V20 V22
V3 1090.34712382 3119.57653853 1493.70925395
\L] 392.28948301 '1071.46097048 559.31001329
V11 93.66614091 279.49498206 130.80799823
\2%) 994.05007937 2279.75222448 1170.04748438
V20 2279.75222448 7856.66628688 3479.19583477
V22 1170.04748438 3479.19583477 1884.81091827
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Table 7.87

Linear Discriminant functions for species S. sanctipguli and S. yahense

S. sanctipsuli S. yahense
CONSTANT| -239.03455218 -244.46837753
V3 0.09601691 0.06611952
V9 1.31761714 1.21212558
Vi1 -2.13424984 -2.55398160
V17 -0.09305999 -0.01291173
V20 0.21241801 0.27220438
V22 -0.30426702 - =-0.38037825

7.4.1.11 Discrimination of Simulium soubrense 'B' and S, soubrense

The squared Mahalanobis; distance between species using the 25
character set was 5.67 (unbiased D?=4.87 e, ,=0.135) with 19 misal-
located flies using resubstitution (e?es=0.102). A stepwise
discriminant analysis produced a.ten character subset with a D? of
4.56 (unbiased ‘D? =4.29, eact=0'1509) and 27 misallocéied flies
(eres=6.145). The dimension reduction technique described in section
7.2.2 resulted in an eight character subset:

»[V3;V4,V16,V17,V20,V21,V22,V28]
i.e. two thorax, four wing and two leg character with a Mahalanobis'
Squared'distancé of 4.09 (unbiased D?=3.89, eact=o'162) and 26 mis-
allocated flies using resubstitution (eres=0:}398), of which two were
S.  soubrense ' 'B' misclassified as S. soubrense, and 24 S.
Soubrensemisclassified as S. soubrense 'B'.

Allocation - using typicality probability of spec}gs membership
with atypicality defined at «=0.01 resulted in 17 misallocated flies
(9.14%), seven atypical flies (3.76%), 29 overlapping flies (15.6%)
and 133 correctly allocated flies (71.51%).

The null' hypothesis of equal wing tuft colouration was not re-

Jected at p<0.001 using a Wilcoxon two-sample rank sum test, therefore
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the prior probabilities of species membership for each wing tuft
Colouration category were not calculated.

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the use of the
Pooled dispersion matrix.

The standardised canonical variate (Table 7.88) shows that the
most important contrast of characters is between wing length 3, femur
length 1, wing length 2, and the negativelx loading characters tibia
length 2, :thorax width and wing length 1.

The first principal compbnent of the pooled within-species cor-
relation matrix was & size vector with coefficients:

[0.33,0.37,0.37,0.37,0.37,0.25,0.37,0.38]

and ;ccounted for 82.2% of pooled within-species variation. When the
Scores -éloﬁg this vector were introduced intd the deel as a
covariable the canonical root fell from 0.5287 to 0.4281 indicating
‘that size is imporfant in discriminating between these species. Such
. a vsmall canonical rédt suggests that the between species variation
is in reality very small, and perhaps biologically unmeaningful
(Campbell 1982).

The mean vectors are shown as Table 2;89, the pooled within-
Species dispersion matrix as Table 7.90 and the linear discriminant
functions as Table 7.91.

To conclude,‘there is significant multivariate morphometric dif-
ferentiation between S. soubrense 'B' and S. soubrense, but this is
very slight in comparison to other specigs-paif discriminant analyses.
It is not recommended that this species pair be separated using this

Seven character subset.
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Table 7.88

Standardised Canonical Variate for S. soubrense and S. soubrense 'B'

Character Canonical Variate
Thorax Length 0.6167

Thorax Width -1.5308

Wing Length 1 -1.2355

Wing Length 2 1.2174

Wing Length 3 1.9824

Radial Hair Number 0.4037

Femur Length 1 1.5214

Tibia Length 2 -2.2162
Table 7.89°

Mean Vectors for species S. soubrense and S. soubrense 'B'

S. soubrense’ S. soubrense 'B'
Thorax Length : 586.83394286 628.90365570 .
Thorax Width L 854.03575714 876.48680506
Wing Length 1 707.60142857 738.09341772
Wing Length 2 419,.78142857 448,12481013
Wing Length 3 1422,18357143 1504.37734177
Radial Hair Number 13.07142857 14.82278481
.|Femur. Length 1 . 607.09285714 640.53417722
Tibia Length 2 - 600.24000000 622.53569620
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‘Table 7.90

Pooled within-species dispersion matrix for species .

Va4

Vié

V17

2540.46154488
3623.86125944
2712.06032687
1715.20579338
5142.61995803
101.31871863

2203.91076242
2128.43777672

2109.08913798
2712.06032687
2802.81829727
1600.95871383
4687.19056899
88.23615673

1906.70059038
1889.07338437

1346.92465004
1715.20579338
1600.95871383
1101.65924939
2830.88356890
53.73658601

1187.42862995
1179.67898734

V2t

V22

Va8

64.50138627
101.31871863
88.23615673
53.73658601
150.65254580
8§.70051694
69.42897417
68.36891029

1705.81167474
2203.91076242
1906.70059038
1187.42862995
3552.95675473
69.42897417

1674.31753269
1521.45783500

1655.36329864
2128.43777672
1889.07338437
1179.67898734
3530.32897496
68.36891029

1521.45783500
1538.07225801

soubrense 'Bﬂ
Characte|V3
V3 2753.67086144
V4 2540.46154488
Vieé 2109.08913798
V17 1346.92465004
V20 3902.89663612
V21 64.50138627
V22 1705.81167474
Va8 1655.36329864
Characte|V20

V3 3902.89663612
V&4 5142.61995803
Vié 4687.19056899
V17 2830.88356890
V20 9271.31758194
V21 150.65254580 -
V22 3552.95675473
V2 . 6
L_§ 3530.3289749

Table -7.91

~Linear Discriminant functions for species §. soubrense

and S. soubrense 'B'

S. soubrense S. soubrense 'B'
CONSTANT| -145.13327813 ~-150.85930038
V3 . =0,10416705 -0.08126909
Va4 0.09896614 0.04785658
V16 - =0.,00356864 -0.04991006
V17 -0.21647810 -0.14537616
V20 " 0.02961330 0.06952539
V21 -2.63733323 -2.3659073%
V22 0.10765730 0.17999523
LYE? 0.47859779 0.36632780

7.4,1,12 Discrimination of Simulium soubrense 'B' and S. squamosum

soubrense and S.

The squared Mahalanobis' distance between species using the 25

character set was 34.67 (unbiased D?=26.69 eact=0.0049) with no mis-
(e

r

allocated flies using resubstitution es=0.0). A stepwise
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discriminant analysis produced a 12 character subset with a D? of
31.57 (unbiased D? =27.94, eact=0.0041) and no misallocated flies
(eres=o'0)' The dimension reduction technique described in section
7.2.2 resulted in an four character subset:

[V&4,V10,V17,V20]
i.e. one thorax, one antennal, and two wing characters with a
Mahalanobis' squared distance of 20.75 (unbiased D2?=19.83,
eact=0'01299) and one misallocated fly wusing resubstitution
(eres=0.0087), which was a S. soubrensei.'B' misclassified as S.
Squamosum, ‘

Allocation using typicality probability of species membership -
with atypicality defined at «=0.01 resulted in one misallocated fly

(0.87%), one atypical fly (0.87%), one overlapping flies (0.87%) and
112 correctly allocated flies (97.39%).

The null hypothesis of equal wing tuft colouration was rejected
_at p<Q.001 using a Wilcoxon two-sample rank sum test, therefore the
. Prior probabilities .of species membership for each wing tuft
colouration category were calculated and are shown as Table 7.92.
Adjusting the pfior probability of species membership according to a
fly's wing tuft colouration resulted in a single misallocated fly
(e =0.0087). .

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test so the pooled dispersion ma-
trix was used, ,

The standardised canonical variate (Table 7.93) shows that the
most important contrast of character; is between the positively
loading character antennal length 2 and the pegatively loading char-
acters wing length 2, and wing length‘S.
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The first principal component of the pooled within-species cor-

relation matrix was a size vector with coefficients:
[0.51,0.48,0.51,0.51]

and accounted for 86.2% of pooled within-species variation. When the

scores along this vector were introduced into the model as a

covariable the canonical root fell from 3.8905 to 3.7107 indicating

that size is of little importance in disériminating between these

Species. .

The mean vectors are shown as Table 7.94, the pooled within-
species dispersion matrix as Table 7.95 and the lineat discriminant
functions as Table 7.96.

To conclude, thére is significant multivariate morphometric dif-
ferentiation'between S. soubrense 'B' and S. squamosum. The four
character subset cén be expected to allocate corfectly i; over 97%
of casés when it is known & priori that just this species pair can
be expected. The lack of influence of size variation in discrimi-
~nation implies'that‘oﬁce a wider range of temporal and geographic
variation is sampled, the error rate should not be substantially
worse.

Adjusting the priof probabilities of species membership according

to the fly's wing tuft colouration did not improve error rate, so it

is not recommended that this should be done. '
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Table 7.92

Prior probabilities

of species membership for each wing tuft category.

Wing tuft category

Species

S. soubrense 'B'

S. squamosum

1 0.0570 0.9430

2 0.2275 0.7725

3 0.5894 0.4106

4 0.8750 0.1250

5 0.9715 0.0285
Table 7.93

Standardised Canonical Variate for S. soubrense 'B' and S. squamosum

Character

Canonical Variate

Thorax Width
Antennal Length 2
Wing Length 2
Wing Length 3

0.6841
1.8070
-1.2721
-1.0838 .

Table 7.941

.Mean Vectors for species S. soubrense 'B' and S. squamosum

S. soubrense 'B'

S. squamosum

Thorax Width
Antennal Length 2
Wing Length 2

- 854.03575714
441.74571429
419.78142857

1422.18357143 =

855
405
450.71724138
1506.67091954

.21798621
.58896552

Wing Length 3 -

Table 7.95

Pooled within-species dispersion matrix for species S. soubrense 'B'  and

S. squamosum

p—

Characte|V4

|

V10

V17

V20

V4

3225.08076155

V1o 1016.36998911
V17 1400.14442037
V20 4194.91822849
—

1016.36998911
539.42068401
531.85084180
1540.33015320

1400.14442037

"1531.85084180

842.04421310
2093:11773874

4194.91822849
1540.33015320
2093.11773874
7289.52899841

Page 241




Table 7.96

Linear Discriminant functions for species S. soubrense 'B' and §. squamosum

S. soubrense 'B' S. squamosum
CONSTANT| -191.16952958 -176.45339324
V4 -0.02693330 -0.08204850
V1o - 0.76679613 0.47157782
V17 -0.21570523 -0.03357885
V20 0.11050698 0.16390038

7.4.1.13 Discrimination of Simulium soubrense 'B' and 54_;3h§nse
The squared Mahalanobis' distance between cpecies using the 25
character eet was 13.05 (unbiased 02510.27 €gct=0.0055) with six
misallecated fliesvusing resubstitution (e . =0.0484). A stepwise
discriminant analysis produced an 11 character subset with a D? of
11,65 (unbiased D? =10.5, eact =0. 0053) and six misallocated flies
(eres=0.0484). Tﬁe dimension redqction technique described }n section
7.2.2 resulted in an eight character subset;
[v4,vV10,V17,V19,V20,V27,V28,V29]
i.e. one thorax, one antennal, three wing and‘three leg characters
‘with a Mahalaeobis' squared distance of 8.11 (unbiased. D%=7,51,
£~0.0853) and eight misallocated flies usipg resubstitution

(er =0.065), two S. soubrense 'B' into S. yahense, and six S. yshense

into s. soubrense 'B'. o .
Allocation using typicality probability of species membership
with atypicality defined at o=0.01 resulted in six misallocated flies
(4.84%), five atypica1 f1ies (4.03%), 10voverlapping:flies (8.07%)
and 103 correctly allocated flies (83.06%). ,
The null hypotheses of equal wing tuft colouration and equal
abdomina1 setel colouration were both rejected at p<0.001 using
Wilcoxon twc-sample rank sum tests. The prior probabilities of spe-
“cies membership'for each wing tuft colouration category were calcu-

"~ Page 242



lated and are shown as Table 7.97. Adjusting the prior probability
of species membership according to a fly's wing tuft colouration re-
sulted in two misallocated flies (eres=0‘0161)‘ Adjusting the prior
probabilities according to a fly's abdominal setal colouration re-
sulted in four misallocated flies (eres=0‘0323)’ these being the four
S. yahense with abdominal setal colouration category one (Chapter
four).

The null hypothesis of equal dispersion was not rejected at
p<0.001 using the likelihood ratio test so the pooled dispersion ma-
trix was used, but the multivariate statistical test for skewness
(Mardia 1970) showed some departure from normality, which couid ac-
count for the relatively large proportion of atypical flies.
B The standardised canonical variate (Table 7.98) shows that there
are only th negatively loading characters, thorax width and tibia
length- 2, indicating that this discriminant vector may have a con-
siderable size component.
‘ Tﬁ; first principal component of the pooled within-species cor-
relation matrix was a size vector with coefficients:
. [0.36,0.32,0.35,0.35,0.36,0.37,6.37,0.36]
and accounted for 87.4% of pooled within-species variation. When the
Scores along this vectér were introduced-.into tﬁe model as a
covariable the canonical root fell from 1.4407 to 0.7$S confirming
the fact that size is of importance in.discfiminating between these
Species. ‘.

The mean vectors are shown as Table 7.99, the.pooled within-

species dispersion matrix as Table 7.100 and the linear discriminant

functions as Table 7.101.
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To conclude, there is significant multivariate morphometric dif-
ferentiation between S. soubrense 'B' and S. yahense, but size vari-
ation contributes significantly to this discrimination. Therefore
the eight character subset can be expected to allocate correctly about
83% of the time, but once a wider range of size variation has been
sampled, it is likely that this estimate is optimistic.

| Adjusting the prior probabilitie; of species membership according
to the fly's wing tuft colouration improved error rate, so it is re-
commended that this should be done. Adjusting the prior probabilities
according to abdominal setal colouration is subject to the extreme
influence that this character imposes (Chapter nine) but the better
Performance of this character over the subse£ derived in this analysis

means that its use is recommended.

Table 7.97
‘Prior probabilities of species membership for each wing tuft category.
Wing tuft category Species
S. soubrense 'B' S. yahense
1 1.0000 0.00Q0
2 0.9988 0.0012
3 0.9711 0.0289
4 0.5677 0.4323
5 0.0489 0.9511
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Table 7.98

Standardised Canonical Variate for S. soubrense 'B' and S. yahense

Character Canonical Variate
Thorax Width -1.6063
Antennal Length 2 0.2239
Wing Length 2 0.8375
Wing Width 2 0.9903
Wing Length 3 1.1733
Femur Length 2 0.2859
Tibia Length 2 -1.7129
Basitarsus Length 0.9400

Table 7.99

Mean Vectors for species S. soubrense 'B' and S. yahense

S. soubrense 'B' S. yahense
Thorax Width 854.03575714 906.62228125
Antennal Length 2 441,74571429 . 475.44625000
Wing Length 2 419.78142857 471.03875000
Wing Width 2 1349.70892857 1495.92739583
Wing Length 3 1422.18357143 1576.95807292
Femur Length 2 633.80142857 690.33750000
|Tibia. Length 2 60024000000 648.41500000
Basitarsus Length 2 . 315.69107143 352.44218750

-
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Table 7.100

Pooled within-species dispersion matrix for species S. soubrense 'B' and
S. yahense
Characte|V4 V10 V17 V19
Va4 3934,38975621 |1599.54679697 |1726.76572239 |4858.91600003
V10 1599.54679697 |987.09609292 |[740.83766329 |2055.55129618
V17 1726.76572239 |740.83766329 1052.89838519 12414.28330107
V19 4858.91600003 }[2055.55129618 [2414.28330107 |7656.33734523
V20 5065.53411486 {2156.62348348 |2468.48739038 |7126.09981005
V27 2589.69969903 |1134.30120386 [1296.31614133 |3440.14839687
V28 2376.82672350 |1019.78553934 |1208.88977213 [3229.93999139
V29 1183.15732295 |511.09617308 |614.36624934 |1661.39299409
Characte|V20 V27 V28 V29
V4 5065.53411486 |2589.69969903 |2376.82672350 |{1183.15732295
V10 2156.62348348 |1134.30120386 |1019.78553934 [511.09617308
V17 2468.48739038 |1296.31614133 |1208.88977213 {614.36624934
Vi1s 7126,09981005 [3440.14839687 |3229.93999139 |1661.39299409
V20 8460.19183903 |3700.08764012 |3485,06270144 |1808.42069014
V27 3700.08764012 {2023.16538478 |1825.05343279 {935.82996297
V28 3485.06270144 |1825.05343279 |1758.70078033 [861.32035451
V29 1808.42069014 ]935.82996297 |861.32035451 1493.23935991
Table 7.101

“Linear Discriminant functions for species S. soubrense 'B' and S. yahense

I

S. soubrense 'B' S. yahense
CONSTANT| -138.09186312 -173.61086040
V4 " -0.12195821 -0.19099451
V1o - 0.23775813  0.25632349
V17 "=0.09095115 "-0.02952965
V19 0.11991277 - 0.14636684
V20 0.10357705 0.13332578
V27 . =0.09082624 -0.07476517
V28 ©0.05108723 -0.05401815
V29 0.09895643 - 0.19821470 .

7.4.1.14 Discrimination of Simulium soubrense and S. squamosum

The squared Mahalanobis' distance between species using the 25
character set was 13.35 (unbiased D2=11'92‘eactﬁ0'0421) with nine

misallocated flies using resubstitution (e__ =0.0367). A stepwise
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‘discriminant analysis produced a ten character subset with a D? of

12.49 (unbiased D2? =11.93 e =0.0421) and eight misallocated flies

act
(e. =0.0327). The dimension reduction technique described in section

res

7.2.2 resulted in an eight character subset:
[V3,V4,V6,V10,V13,V24,V28,V29]

i.e. two thorax, one head, two antennal, and three leg characters with

a Mahalanobis' squared distance of 11.92 (unbiased D2=11.48,

eact=0.04152) and ten misallocated fligs using resubstitution

(eres=0.0408), nine §S. soqbrense into §. squamosum, and one S.

squamosum into S. soubrense.

Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in four misallocated flies
(1.63%) , three atypical flies (1.22%), six overlapping flies (2.45%
and 232 correctly allocated flies (94.69%). | )

Thé null hypothesis of equal wing tuft colouration was rejected
.at p<0.001 using a Wilcoxon two-sample rank sum test. The prior
. probabilities of speéies membership for each wing tuft.colouration
category were calculated &nd are shown as Table 7.102. Adjusting the
prior probability of species membership according to a fly's wing tuft
colouration resulted in a 11 misallocated fl{gs (eres=0.0449).

The null hypothesis of equal dispersion was not rejected at
P<0.001 using the likelihopd ratio test;Aso the pooled dispersion
matrix was used. | , ..

The standardised canonical variate (Table 7.103) shows that
antennal length 2 ig»important in discrimination, as well as thorax
shape and leg lengtﬁ.

The first principal component of the pooled within-species cor-

relation matrix was a size vector with coefficilents:
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[0.34,0.37,0.37,0.34,0.25,0.38,0.38,0.38]
and accounted for 78.6% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from 2.7528 to 2.6439 showing that
size variation is of little importance relative to shape variation
in discriminating between these species.

The mean vectors are shown as Table 7.105, the pooled within-
species dispersion matrix as Table 7.106 and the linear discriminant
functions as Table 7.107. i

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. soubrense and S. squamosum, which is mainly
§hape variation. The eight character subset can be expected to al-
locate correctly in nearly 95% of the cases.

Adjusting the prior probabilities of species membersﬁiﬁ according
to the fly's wing tuft colouration made the error rate worse, so it

is not recommended that this should be done.

Table 7.102

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species

S. soubrense S. squamosum
1 0.3118 0.6882 .
2 0.4346 0.5654
3 0.5660 0.4340
4 0.6888 0.3112
5 ©10.7897 -10.2103
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Table 7.103

Standardised Canonical Variate for S. soubrense and S. squamosum

Character

Canonical Variate

Thorax Length
Thorax Width

Head Width
Antennal Length 2
Antennal Segment 6
Basitarsus Length
Tibia Length 2
Basitarsus Length

—

-0.4038
0.6438
-0.4703
1.6163
0.6236
-0.9714
0.8248
-0.8872

Table 7.104

Mean Vectors for species S. soubrense and S. squamosum

S. soubrense

S. squamosum

H

Thorax Length
Thorax Width

Head Width

Antennal Length 2
Antennal Segment 6
Basitarsus Length 1
Tibia-Length 2
Basitarsus Length 2

N S——

628.90365570
876.48680506
809.42156962
456.40784810
46.11544304

435.45113924
622.53569620
328.69841772

631.97175172
855.21798621
795.31917241
405.58896552
39.08137931

436.35310345
612.96413793
329.43793103
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.Table 7.105

Pooled within-species dispersion matrix for species S§. soubrense and S.

squamosum

Character

V3

Va4

Vé

V10

2907.60441486
2664.11298272
1845.18036992
994.99138316
79.61103673
1243.10401386
1736.66642653
946.07944730

2664.11298272
3760.51158467
2433.10407715
1251.91824591
101.85343706

1623.72048579
2191.73641037
1234.12716620

1845.18036992
2433.10407715
2052.78305406
997.75622128
83.68869484
1162.11681398
1549.97195216
891.09574800

994.99138316
1251.91824591
997.75622128
796.09547521
67.46957932
660.69797682
824.25232802
498.13886574

Character

V13

V24

V28

V29

V3
V4
Vé
V1o
V13
V24
vas
V29

79.61103673
101.85343706
83.68869484
67.46957932
12,79452738
57.26154752
69.73669632
43.90896423

1243.10401386
1623.72048579
1162.11681398
660.69797682
57.26154752
906.30697719
1100.17549489
649.40660717

1736.66642653
2191.73641037
1549.97195216
824.25232802
69.73669632
1100.17549489

1583.32221722

844.21730152

946.07944730
1234.12716620
891.09574800
498.13886574
43.90896423
649.40660717
844.21730152
525.58342359

Table 7.106

. Linear Discriminant functions for species S. soubrense and §. squamosum

S. soubrense S. squamosum
CONSTANT| =-190.76465438 -170.00160277
vy . -0.09902805 -0.07312541
V4 -0.09027153 -0.12610120
Ve .. 0.41966966 0.45519018
vio® - © 0.20337566 0.05350385
Vi3 01.11867749 0.68023840
V24 © ~0.14500433 -0.03337458
vas 0.39341413 0.32216414
V29 - . "=0.43487297. -0.30099220 .

7.4.1,15 Discrimination of Simulium soubrense and S, yahense

The squared Mahalanobis' distance between species using the 25
character set was 5.03 (unbiased D%=4.51 eact=0.1442) with 34 misal-
(e

r

located flies wusing resubstitution es=0.134). 4 stepwise
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‘discriminant analysis produced a nine character subset with a D? of

4.28 (unbiased D? =4.12, =0.155) and 35 misallocated flies

eact
(e, _=0.1378). The dimension reduction technique described in section

res

7.2.2 resulted in an eight character subset:
[vé,V18,V19,V22,V24,V25,V26,V29])

i.e. one head, two wing and five leg characters with a Mahalanobis'

squared distance of 4.2 (unbiased D2=4.05, €.c+=0-1572) and 33 mis-

allocated flies using resubstitution (eresf0.1299), 22 S. soubrense

into S. yahense, and 11 S. yahense into S. soubrense.

Allocation using typicaiity probability of species membersﬂip
with atypicality defined at a=0.01 resulted in 23 misallocated flies -
(9.06%), 10 atypical flies (3.94%), 24 overlapping flies (9.45%) and
197 correctly allocated flies (77.56%).

The null hypotheses of equal wing tuft colouration and . equal
&bdominal setal colouration were both rejected at p<0.001 using
Wilcoxon two-sample rank sum tests. The prior probabilities of spe-
- cies membership for eech wing tuft colouration category:were calcu-
lated and are shown as Table 7.108. Adjusting the prior probability
of species membership according to a fly's wing tuft colouration re-
sulted in 34 misallocated flies (e =0.1339). Adjusting the prior
probabilities according to a fly's abdominal setal colouration re-
sulted in four misallocated flies (e, =0.0157), these being the four
S.- yahensi/with abdominal setai coloutation category one (Chapter
four).

The null hypothesis of equal dispersion was not rejected at
P<0. 001 using the likelihood ratio test legitimising the use of the

pooled dispersion matrix
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The standardised canonical variate (Table 7.108) shows that the
main characters discriminating between this species pair are femur
length 1, basitarsus length 1, and basitarsus length 2.

The first principal component of the pooled within-species cor-
relation matrix was a size vector with coefficients:

[0.35,0.35,0.35,0.36,0.37,0.36,0.34,0.36]
and accounted for 86.3% of pooled within-species variation. When the
Scores along this vector were introduced into the model as a
covariable the canonical root fell from O. 9954 to 0.807 sh: owing that
Size is of some importance in dlscrlmlnatlng between these spec1es

The mean vectors are shown as Table 7.109, the pooled within-
Species dispersion matrix as Table 7.110 and the linear discriminant
functions as Table 7.111 |

To cénclude, the eight character subset offer; very poor dis-
Crimiﬂaﬁioh between S. soubrense and S. yahense, and it is not re-
C§mmehded that they should be idenfified in this way.

Using the abdomiﬁal setal colour character gives.a’more satig-

factory error rate, so it is recommended that this character be used

on its own.

Table 7.107
Prior probabilitles of species membership for each wing tuft category.
[_;ng tuft category ' Species
S. soubrense S. yahense

1 0.9864 0.0136

2 0.9405 0.0595

3 0.7747 0.2253

4 0.4279 . 0.5721

5 0.1399 0.8601
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Table 7.108

Standardised Canonical Variate for S. soubrense and S. yahense

Canonical Variate

Character

Head Width -0.5451
Wing Width 1 -0.6656
Wing Width 2 0.7507
Femur Length 1 -1.3216
Basitarsus Length 0.6647
Tarsus Segment 2 -1.3443
Tarsus Segment 3 . 0.6487
Basitarsus Length 2.4347

Table 7.109

Mean Vectors for species S. soubrense and S. yaheqse.

S. soubrense

S. yashense

Head Width

Wing Width 1

Wing Width 2

Femur Length 1
Basitarsus Length 1
Tarsus Segment 2
Tarsus Segment 3
Basitarsus Length 2

809
1009

435
167
125

1423.

640.
.45113924
.56481013
.46759494
328.

.42156962
.80537975

85350633
53417722

69841772

828.
1039,
1495,

657.

462,

172,

131.

© 352,

68378125
91921875
92739583
64000000
27500000
72166667
40125000
44218750
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Table 7.110

Pooled within-species dispersion matrix for species S. soubrense and S.

V18

V19

Va2

2443,20135162
4506.90502776
5215.71907686
2601.06808710
1771.16381253
580.51226840

492,37409063

1344.89810519

3350.45289437
5215.71907686
8374.65043572
3474.59832884
2419.45455484
795.27150171

633.02918931

1807.00430882

1770.44352484
2601.06808710
3474.59832884
1967.02331525
1242.25677083
410.31138581
319.55345630
954.17537914

V25

v2eé

V29

403.85449661
580.51226840
795.27150171
410.31138581
296.57958863
116.88226380
85.98369376 -
228.53422402

318.43274511
492.37409063
633.02918931
319.55345630
228.08255886
85.98369376

81.78923625

174.71857078

937.62187253
1344.89810519
1807.00430882
954.17537914
687.79443268
228.53422402
174.71857078
558.47493550

yahense

Character|Vé

Ve 2124.90433379
Vis 2443,20135162
V19 3350.45289437
V22 1770.44352484
V24 1224.49148122
V25 403.85449661
V26 318.43274511
V29 937.62187253
Character|V24

Vé 1224.49148122
Vig 1771.16381253
V19 2419.45455484
V22 1242.25677083
V24 956.85661109
V2s 296.57958863
V26 228.08255886
V29 687.79443268
Table 7.111

Linear Discriminant functions for species S. soubrense and S. yahense

S. soubrense S. yahense
CONSTANT| -186.57383097 -189.29742336
veé 0.44733902 0.42354367
vig - 0.11935613 . 0.09946490
V19 0.07931896 0.09504821
V22 -0.17732607 -0.23746916
V24 -0.28476846 -0.24411637
vas 1.35795592 11.10923261
V26 -0.54475594 -0.40445037
Vg -0.43813258 -0.24808245
\

7-‘*'1.16 Discrimination of Simulium squamosum and SL_yghgnig

The squared Mahalanobis' distance between species using the 25

Character set was 20.64 (unbiased D2=17.67 eact=0'0178) with no mis-

allocated flies

using

reéubstitution

(e

res=0'0)’

A stepwise

D2
discriminant analysis produced an 11 character subset yith a D? of
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19.73 (unbiased D? =18.42, eact=0'016) and no misallocated flies
(eres=0.0). The dimension reduction technique described in section
7.2.2 resulted in an seven character subset:
[V9,V11,V15,V16,V22,V24,V29]

i.e. one head, two wing and five leg characters with a Mahalanobis'
squared distance of 16.03 (unbiased D?=15.32, e,ct=0:0252) and one
misallocated fly using resubstitution (e,o=0.0055), which was a s.
squamosum misidentified as S. yahense.

Allocation using typicality probability of species membership
with atypicaliﬁy defined at «=0.01 resulted in one misallocated fly
(0.55%), four atypical flies (2.19%), two overlapping flies (1.09%
and 176 correctly allocated flies (96.17%).

The null hypotheses of equal wing tuft colouration and equal
abdominal setal colouration were both‘.rejected at p<0.001 using
Wilcoxon two-sample rank sum tests. The prior probabilities of spe-
cies membership for each wing tuft colouration category were calcu-
latea and are shown as Table 7.112. Adjusting the prior probability
of species membership according to a fly's wing tuft colouration re-
sulted in no misallocated flies (e =0.0). Adjusting the prior
pProbabilities according to_a fly's abdominal setal colouration re-
sulted in four misallocated flies (eres=0’0323)’ these being the four
S. yshense with abdominal setal colouration category one (Chapter
four). | ..

The null hypothesis of equal dispersion was not rejected at

P<0.001 using the likelihood ratio test and so the pooled dispersion

matrix was used.
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The standardised canonical variate (Table 7.113) shows that
antennal length 1 and basitarsus length 2 contrast with wing length
1 and the other leg measurements.

The first principal component of the pooled within-species cor-
relation matrix was a size vector with coefficients:

[0.38,0.32,0.34,0.40,0.40,0.40,0.40]
and accounted for 79.6% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from 4.0427 to 3.0228 implying that
size has some influenée in discrimination, but that shape differences
are more important.

‘ The mean vectors aré shown as Table 7.114, the pooled within-
Sbecies dispersion matrix as Table 7.115 and the linear discriminant
functions as Table 7.116. '

To conclude, there is significant multivariate morphometric dif-
fereqtiation between S. squamosum and S. yahense, mainly involving
sHape differences. The seven charactér subset can be expected to
Ialloeate.correctly over 96% of the time. |

Adjusting the prior probabilities of species membership according
to the fly's wing tuft colouration improved error rate, so it is re-
comhended that this should be done. However, adjusting the prior
Probabilifies‘according to abdominal setal colouration is subject to
fhe extréme'inflﬁeﬁce‘that this character imposes (Chapter nine) so‘
it is fécommended that it should be used only in cases of doubt,

otherwise all S. yahense with pale abdominal setal colouration will

be incorrectly allocated.
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Table 7.112

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
S. squamosum S. yahense

1 1.0000 0.0000

2 0.9998 0.0002

3 0.9238 0.0762

4 0.0341 0.9659

5 0.0001 0.9999
Table 7.113
Standardised Canonical Variate for S. squamosum and S. yahense

Character Canonical Variate

Antennal Length 1 1.7646

Antennal Segment 4 0.7048

Antennal Segment 8 0.4806

Wing Length 1 -0.8171

Femur Length 1 -0.8805

Basitarsus Length -0.6487

Basitarsus Length 1.0703

Table 7.114

Mean Vectors for species S. squamosum and S. yshense

S. squamosum S. yahense
Antennal Length 1 o - 276.18275862 319.98281250
Antennal Segment &4 36.13103448 . 45.00166667
Antennal Segment 8 . 37.96965517 46.06083333
Wing Length 1 734.04137931 . 770.69750000
Femur Length 1 631.34344828 657.64000000
Basitarsus Length 1 436.35310345 462.27500000
Basitarsus Length 2 329.43793103 352.44218750

I
'
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Table 7.115

Pooled within-species dispersion matrix for species §.

792.98599417
147,95524793
129.31021791
3270.62386317
2402.34416125
1474.16430291
1158.70728493

yahense

yahense

Characte|V9 Vil V15 V16
V9 308.74590209 46.21971990 45.24130861
Vi1 46.21971990 16.27798641 8.43954142
V15 45.24130861 8.43954142 10.92835261
Vié 792.98599417 147.95524793 129,.31021791
V22 634.17394018 115.96479055 100.58862046
V24 408.80214036 76.17205426 61.18805632
V29 302.42489782 55.11946318 48.38336886
Characte (V22 V24 V29

V9 634,17394018 408.80214036 302.42489782
Vil 115.96479055 76.17205426 55.11946318
V15 100.58862046 61.18805632 48.38336886
V16 2402.34416125 |1474.16430291 |1158.70728493
V22 2072.96679870 [1195.38910756 |927.55830177
V24 1195.38910756 |836.71943537 600.89218237
V29 927.55830177 600.89218237 495.40067109
Table 7.116
Linear Discriminant functions for species §. squémosum and S.

S. squamosum S. yahense

CONSTANT| -145.00160013 -186.98928625

V9 0.75681927 . 1.00850247

Vi1 -0.80731730 -0.33643093

Vis -0.22155901 0.14686223

Vié -0.17568891 -0.23029386

V22 0.00051998 b -0.07405566

V24 0.23273406 0.15061693

V29 . 0.44210122 0.61347053

Page 258

squamosum and S.




7.4.2. OVERALL DISCRIMINATION

Samples of seven cytospecies from the area west of Togo were
availasble for analysis, from four countries, C8te d'Ivoire, Guines,
Mali, and Sierra Leone (see Appendix one).

For this analysis, the single S. demnosum s.s. sample was included
with the five S. sirbanum samples in a single artificial category
designated 'Savanna'. This step was justified because the ' WHO
Onchocerciasis Control Programme within this area regards both species
to be dangerous vectors to be controlled wherever they are found, and
morphometrically they are not distinctive (section 7.4.1.1). The
single sample of S. soubrense 'B' was included within the rest of S.
Soubrense, because morphometrically this species is not distinctive
enough to justify the extra cost involved in estimating more parame-
ters (see Chapter six, and section 7.4.1.11), desbite the chromosomal
distinctiveness of this taxon (Chapter three, Post 1986).

The 25 character set (excluding wing tuft colouration and
abdominal setal colouration) resulted in the matrix of Mahalanobis'
Squaréd distances shown as Table 7.117. This matrix shows some un-
expected features, for example, while §. yahense is chromosomaily
close to S. squamosum (Vajime“and Dunbar 1975), it is morphometrically
closer £o' S. soubrense and S. sanctipsuli than it is to .
squamosum. All of these distances are significant at p<0.001. The
number of flies misclassified using resubstitution was 74
(eresgo,1213; Table 7.118). . The data set was too large to obtain an
estimate of error rate using the 'leave-one-out' method of Lachenbruch
and Mickey (196é), but the relatively large'sample sizes probably

means that the resubstituted error rate is mnot seriously biased.
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Examining the table of resubstitution (Table 7.119) shows that
the species with by far the greatest number of misidentifications is
S. soubrense, with over 25% of this species being misallocated into
other species.

A stepwise discriminant analysis on the 25 character set resulted
in the rejection of only four characters. .Therefore, the method de-
scribed in section 7.2.2 was applied until an eleven character subset
was obtained: .

[V4,V6,V9,Vll,V16,V17,V19,V20,V22,V2§,V29]
i.e. one thorax, one head, two antennal, four wing and three leg

characters.

The matrix of Mahalanoﬁis' squared distances between species using
this 11 character subset is shown as Table 7.119. This matrix shows
essentially the same features as the full character set, The nuﬁber
of flies misallocated using this subset and resubstitﬁtion was 98
-(eres=0;1607’ Table 7.120),‘while the 'leave-one-out' method resulted
in 110 misclassifications (ec=0.}803). ‘

Allocating the flies using the typi;ality probability approach
described in sectién 7.2.4, with a fly being §efined as atypical if
the none of the‘probabilities associated with the distance from each
species' mean was greater than 0.01, then 479 (78.52%) were allocated
_correctly; 14 were atypiéal (2'29%)’.38 (6.23%) wereloverlapping and
79 (12.95%)‘were iﬁcofrectly allocated. When the flies which "were
on the overlap of two'species were allocated using the appropriate
Pairwiseidiscriminant~statistics, the number of correctly allocated
flies rose to 502 (82.295%), the number overlapping fell to 11 (1.8%)

and the number wrongly allocated rose to 83 (13.61%).
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The null hypotheses of equal wing tuft colouration and equal
abdominal setal colouration were both rejected at p<0.001, using a
Kruskal-Wallis non-parametric one-way analysis of variance. Two sets
of prior probabilities of species membership were calculated, one set
from the wing tuft coiour alone, the other set from both colour
characters, these are shown as Tables 7.121 and 7.122. The method
used to calculate these probabilities was described in section 7.2.3.
These two sets of priors were calculated because of the extreme in-
fluence that abdominal setal colouration had on the analysis; any S.
yehense flies with abdominal setal colouration category one were au-
tomatically classified into another species.

Adjusting the prior probability of a fly's species membership
using ‘the priors given in Table 7.121 resulted in 84 flies being
wrongly allocated (eres=0'1377)’ while adjusting the priors uéing both
colour characteré (Table 7.122) resulted in 68 flies being incorrectly
allocated (eres=0.1115).

Table 7.123 gives the standardised canonical variates, showing
which of the eleven characters are important in discrimination, also
the.means of each species on each canonical variate are shown as Table
7.124 to aid interpretation.™

The first canonical variate, with a canonical root of 5.2451, is
clearly dominated by antennal length i, such that flies at the posi-
tiv; end of this vector can be expected to have relatively larger
éntennae than those at the negative end. Thus, S§. sanctipauli is at
the positivé end of the vector and 'Savanna' at the negative end.
This.;onfirms previous work on the morphology of the S. damnosum

cOmplek (seé}é.g. Garms 1977). Other characters with some influence
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along this vector are basitarsus length 2 and thorax width, the former
is positively loading, the latter negative.

The second canonical variate has a canonical root of 0.9791, which
is not very large (Campbell 1982). However, two species are quite
well discriminated along this vector (S. sanctipsuli and S.
squamosum), so the vector is of importance. The most influential
character is wing length 3, which has a large positive loading, so
that wing size in S. squamosum can be expected to be relatively larger
than in S. sanctipauli. A relationship between the two mid-leg
characters, tibia length 2 and basitarsus length 2 is also of impor-
tance along this vector, with tibia length 2 loading positively and
basitarsus length 2 loadiﬁg negatively.

The other canonical variates have canonical roots of only 0.3187
and 0.0799 respectively, and so are not of any importance, especially

as neither discriminates one species particularly well.

The first principallcomponent of the pooled within-species cor-

relation matrix was a size vector with coefficients:
‘[0.32,0.31,0.25,0.2,0.32,0.31,0.31,0.32,0.32,0.32,0.32]

and accounted for 80.31% of pooled within-species variation. When the
Scores along this vector  were inifoduced into the model as a
covariable, effectively cont;olling for size variation, the first
canonical root fell to 4.035, showing that although size has some
influence along this vécﬁor; it is.npt as'important_as shapetvari-
ation. The second canonical roptAfell to 0.9674 showing that size
is not important along this Qector.

The mean vectors are shown as Table 7.125, the pooled within-

species dispersion matrix as Table 7.126 and the linear discriminant

“functions as Table 7.127.
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To conclude, the overall discriminant analysis of western flies has

revealed a great deal of multivariate morphological differentiation

between the five taxa examined in this area.

The statistics derived

in this analysis should be of considerable assistance to attempts to

understand more fully the relative vectorial importance of the dif-

ferent taxa in this area.

Table 7.117

Matrix of Mahalanobis' distances between species, 25 character set

Savanna|S. sanctipaulllS. soubrense|S. squamosum| S. yahense
Sa. na 0.0 -
S. sanctipguli|47.92 0.0.
S. soubrense [25.43 11.42 0.0
S. squamosum |13.89 36.66 12.69 0.0
S. yahense 35.08 12.43 5.76 14.9 0.0
Table 7.118

Table of re-classifications, using resubstitution, 25 character set

Savanna|S. sanctipaull|S. soubrense|S. squamosum| S. yahense
Savanna 202 0 1 3 0
S. sanctipauli| O 32 Y 0 -3
S. soubrense 5 10 139 8 24
S. squamosum 2 0 1 84 0
S. yahensea 0 7 10 0 79

eres=7&/610?0.1213
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Table 7.119

Prior probability of species membership for each wing tuft colour category

Wing Tuft }|Savanna |S. sanctipsull|S. soubrense|S. squamosum| S. yahense
Colour

1 0.664 |0.0005 0.0476 0.2854 0.0

2 0.2568 0.0156 0.2493 0.4666 0.0027

3 0.0379 0.1655 0.4659 0.2724 0.0584

4 0.0013 0.4347 0.2152 0.0393 0.3095

5 0.0 0.3955 0.0344 0.002 0.5681

| N

Table 7.120

Prior probability of species membership for each
setal colour category

wing tuft and abdominal

Al B? Savanna | S. sanctipaul|S. soubrense |S. squamosum| S. yahense
1 1 0.6665 0.0006 0.0476 0.2853 0.0
1 2 0.2662 |0.0167 0.2497 0.4674 0.0
1 3 0.0399 |0.1813 0.4915 0.2873 0.0
1 4 0.0019 0.6312 0.3103 0.0566 0.0
1 S 0.0 0.9139 0.0814 . 0.0046 0.0
2 1-5 0.0 0.0 0.0 0.0 1.0

A! Abdominal setal colour.

B? Wing tuft co

Table 7.121

lour.

Matrix}of Mahalanobis' distances between species, 11 character subset

Savanna

S. sanctipauli

S. soubrense

S. squamosum

S. yahense

Savanna

S. sanctipauli
S. soubrense
S. squamosum
S. yahense

0.0
43.46 -
20.23
12,27 - | 32.
30.73

OWNWYO

OO
v 00

SO Oo
W o
U

0.0 -
12.41

0.0

| S
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Table 7.122

Table of re-classifications, using resubstitution (and 'leave-one-out'), 11

character subset

Savanna|S. sanctipguli|S. soubrense|S. squamosum| S. yahense
Savanna 200(197|0(0) 2(2) 4(7) 0(0)
S. sanctipauli|0(0)  |34(31) 1(3) 0(0) 0(1)
S. soubrense 5(5) 15(15) 121(119) 13(15) 32(32)
S. squamosum |4(4) 0(0) 4(4) 78(77) 1(2)
S. yahense 0(0) 4(5) 13(14) 0(1) 79(76)
e =98/610=0.1607 e =110/610=0.1803
res c
Table 7.123
Standardised Canonical Variates
Character cv 1l cv 11 Cv III Cv 1v
Thorax Width -0.7428! -0.8216 «0.,0093 -1.2503
He:§ ﬁidih -0.3497| -0.1707 -0.4332 0.3250
Antennal Length 1 2.1559| -0.5048 | -0.7147 | -0.8025
Antennal Segment 4 0.3230| -0.7823 0.5356 0.2273
Wing Length 1 -0.3358] -0.9190 -0.0470 1.6083
Wing Length 2 -0.5758| 0.6049 | 0.4453 | -0.6043
Wing Width 2 -0.0215| -0.5004 1.0569 |- 0.8070
Wing Length 3 0.5966| 2.1948 | -0.5248 | -2.0623
Femur Length 1 0.2295| 0.5962 | -2.3321 2.0908
Tibia Length 2 -0.2896| -1.5068 0.6115 «1.5701
LEﬁsitarsus Length 2 0.9069 1.5298 1.8634 1.0686
Table 7.124
Species Means on Canonical Variates
Fg;;cies cviIi ., |CVII Cv II1I CV 1v
S -2.9028 -0.4728 0.1692 -0.0403
S ipauli 3.4005 | -2.1675 | 0.4904 | 0.8259
S, conbrense 1.5073 | -0.2749 | -0.6867 | -0.1472
S. squamosum -0.4572 | 1.9737 | -0.1852 | 0.3831
S. ygbense 2.4832 0.5487 0.9564 -0.2766
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Table 7.125

Mean Vectors

Character

Savanna

S. sanctipaul 1

S. soubrense

Thorax Width

Head Width
Antennal Length 1
Antennal Segment 4
Wing Length 1

Wing Length 2

Wing Width 2

Wing Length 3
Femur Length 1
Tibia Length 2
Basitarsus Length 2

859.40403204
775.71054175
253.08349515
35.08718447
705.99611650
435.87378641
1383.34075243
1407.11145631
597.99495146
597.82776699
305.07087379

906.
831.
336.

49

457
1488

344

40608000
90817714
06857143

.91885714
771.

73714286

.41942857
.56614286
1512,
657.
644,

93442857
87428571
66057143

.64857143

873
805
307

42

1412

326

.10707742
.30381935
.02016129
.24000000
733.
443,

50322581
85806452

.69195699
1492.
63S.
619.

00408602
50000000
17935484

.74032258

Table 7.125 (continued)

Mean Vectors

Character

S. squamosum

S. yahense

Thorax Width

Head Width
Antennal Length 1
Antennal Segment &
Wing Length 1

Wing Length 2

Wing Width 2

Wing Length 3
Femur Length 1
Tibia Length 2 '
Basitarsus Length 2

855.21798621
795.31917241
276.18275862
36.13103448
-734.04137931
450.71724138
1411.51097701
1506.67091954
631.34344828
©612.96413793
329.43793103

906,

828
319
45
770
471
1495

657
352

62228125

.68378125
.98281250
.00166667
.69750000
.03875000
.92739583
1576.

95807292

.64000000
648,

41500000

.44218750

—
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Table 7.126

Pooled within-species dispersion matrix
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Character|Vs4 ’V6 V9 Vi1

V4 3938.81886706[2547.86417923 [700.67149127 {122.06071806
V6 2547.86417923|2170.96003419 |537.16930604 |88.17262381
V9 700.67149127 |537.16930604 [292.41436279 |37.76227516
Vi1 122.06071806 |88.17262381 37.76227516 14.47383944
V16 2830.31111161{2016.41932163 [590.33707686 [94.59387621
V17 1707.8538894411227.64588087 |365.56136579 |56.38481987
Vio 4660.59315723(3289.08156046 |933.950669487 |150.50287360
V20 4978.36830465|3572.66929859 |1008.58724661 |169.08697429
V22 2354.74558447)1703.22821304 |485.32662599 |80.14613543
V28 2274.59173427/1622.90781954 [451.03237589 |74.96679100
V29 | 1208.31487019 882.61668440 |253.18259454 |43.06575188
raggracter V16 V17 V19 V20 41
V4 2830.31111161]1707.85388944 |4660.59315723 |4978.36830465
vé 2016.41932163|1227.64588087 |3289.08156046 [3572.66929859
V9 590.33707686 |365.56136579 * |933.90669487 |1008.58724661
Vi1 94,59387621 |56.38481987 150.50287360 |169.08697429
V16 2734.16453406|1507.75055961 |3817.39933797 |4281.72764426
V17 1507.75055961|1044.00879161 12383.22635347 |2514.37284250
AL 3817.39933797(2383.22635347 17629.48029291 |6894.47454785
V20 4281.72764426|2514.37284250 |6894.47454785 |8168.03898552
V22 1973.86763070/1181.72550851 13123.83941523 |3457.55908978
V28 1910.00548457|1149.80753341 |3058.94929888 |3339.27956167
V29 1035.06316022(613.92763037 |1619.15046300 |1803.27475551
(E;aracter V22 V28 V29

\43 2354.74558447(2274.59173427 [1208.31487019

vé 1703.22821304(1622.90781954 |882.61668440

V9 485,32662599 |451.03237589 [253.18259454

Vi1 80.14613543 |74.96679100 43.06575188

Vié 1973.86763070{1910.00548457 {1035.06316022

V17 1181.72550851(1149.80753341 |613.92763037

V19 3123.83941523[3058.94929888 [1619.15046300

V20 3457.55908978(3339.27956167 |1803.27475551

V22 1753.43979004|1600.05442471 |842,56492900

V28 1600.05442471]1620.39537057 [819.79925300

V29 842.56492900 {819.79925300 [486.25898631




Table 7.127

Linear Discriminant functions

———

Savanna S. sanctipguli S. soubrense S. squamosum S. yahense
[ ——
CONSTANT| -182.5282093 | -254.03615624 | -224.90401261 | =205.64371422 | -244.71672460
Va4 -0.15031241 |-0.21733740 |-0.20081153 |-0.21698026 |-0.22003282
V6 0.34089754 |0.30583341 0.31636906 0.32147748 0.29192484
V9 0.47002013 0.87270319 0.77099716 0.58770168 0.78939291
Vi1 -0.11107483 |0.51258684  |0.02045405 -0.31465100 |0.10764204
Vie -0.09101005 |-0.07669257 {-0.12237300 |-0.13247048 |-0.14632048
V17 -0.12683996 [-0.27332493 |-0.20646178 |[-0.13679257 |{-0.18471890
Vig 0.11571448 [0.13393345  {0.10339051  |0.10209010 |0.11586675
V20 0.12504147 [0.10727173  |0.15971974  [0.18206171 |0.17637932
V22 -0.19746609 |-0.16590277 -0.13631686 -0.11886083 -0.20767140
v2g 0.21674973 |0.20685222  |0.17287595  |0.09688152  |0.16570609
V29 -0.37117770 |-0.20279346 |-0.27723383 |-0.16278160 |-0.09361895

- Page 267




7.4.3 DISCUSSION

The discriminant analyses presented in this section have revealed
that there is considerable multivariate morphometric variation within
the S. damnosum complex in the area west or the Volta lake.

The two 'savanna' species, S. damnosum s.s. and S. sirbanum are
phenetically similar, with over 10% phenetic overlap, and a consid-
erable proportion of the differences between them being due to size
variation.  However, the pooled taxon 'savanna' shows very little
morphological overlap with any of the other species in this area, the
largest being with S. squamosum, at about 5%. The differentiation
of the 'savanna' flies from the other species involves the relative
length of the antenna, ana also the relative length of the basitarsal
segment of the mid-leg. Size also influences the differentiation of
_'savanna' from the other species. but tﬁé size-free cénoniéal roots
are also the highest when this species is involved than for most other
analyses. The ability to identity adult females of this species is
of - considerable practical importance considering the dangerous
vectorial role of S. damnosum s.s.and S. sirbanum.

Simulium  squamosum is also a well isolated species
morphometrically, with the maximum overlap being about 5%. This rate
of correct identification compares with that using enzyme
electrophoresis (Meredith and Townson 1981, Garms and Zillman 1984),
So that the two metﬁodé together should provide unequivocal iden-
tification of members of this species. This contrasts with larval
cytotaxonomy, as S. squamosum and S. yahense are currently only dis-
tinguishable as samples in parts of the western area (Surtees and Post

unpublished data).

Page 268

L 44



Members of the §. sanctipguli subcomplex are morphologically very
similar, and S. yakense is also very close to these species. There-
fore it appears that the chromosomal evolution of the S. sanctipaulis
subcomplex and S. yahense has not been parallelled in morphology, or
that these species have converged to & common morphology. Simulium
yvahense can be distinguished from the S. sanctipsuli subcomplex with
nearly 96% accuracy using the colour of the abdominal setae, although
scoring this character is less objective, and hence more prone to
error, than taking measurements.

Table 7.128 summaries the performance of the different allocation
methods used in the overall analysis. The method which resulted in
the largest proportion of’correct identifications was the forgﬂg al-
location method with prior ﬁrobabilities adjusted according to both
wing tuft colour and abdominal setal coléﬁr. The typiéality proba-
bility method resulted in over % of flies lying on an overlap of two
or more species. This was a smaller proportion than the equivalent
analysis in Togo and Benin because of the larger sample sizes giving
narrower approximate confidence intervals. The proportion overlap-
ping fell once the flies had been allocated using typicality proba-
bilities calculated from the.appropriate species-pair statistics.

To conclude, there is considerable morphological differentiation
between members of the S. damnosum complex in the western area. In
particular, 'savanna' ‘and S. squamosum can be very successfully
identified, as can S. yahgnse if abdominal setal colour is used.
Members of the S. sanctipauli subcomplex cannot be very well distin-

guished, although the practical importance of this may not be great.
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Table 7.128

Comparison of five methods of allocation for the Western area

Forced! Forced? Forced? Typicality|Typicality
Correct 512 526 542 479 502
Incorrect 98 84 68 79 83
Overlapping na na na 38 11
Atypical na na na 14 14

'Forced allocation without adjusted priors.
’Forced allocation with prior probabilities

colour

adjusted for wing tuft

‘Forced allocation with prior probabilities adjusted for wing tuft

colour and abdominal setal colour

“Typicality probability without subsequent species pair allocation

of overlapping flies
*Typicality probability with subsequent species pair allocation of

.overlapping flies
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CHAPTER EIGHT: GLOBAL DISCRIMINATION OF SPECIES.

8.1  INTRODUCTION

Chapter seven has developed the statistics for allocation assuming
Prior knowledge of the geographic origin of the fly to be allocated,
and hence of the possible range of reference species. The purpose
of this chapter is to develop the statistics necessary for allocation
without prior geographic knowledge.

For this analysis S. soubrense and S. soubrense 'B' were treated
8s a single category,S. soubrense for the reasons given in section
7.1, as were S. damnosum and S. sirbanum, which were pooled into the
category 'savanna'. Thus there were five reference groups for allo-
cation, S. soubrense, S. sanctipauli,S. squamosum, S. yahense, and

]
savanna'.

8.2  MATERIALS AND METHODS
The full list of samples is given in Appendix one, and thé nethods

used were the same as described in Chapter seven.
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8.3  RESULTS AND DISCUSSION
8.3.1 PAIRWISE DISCRIMINATION
8.3.1.1 Discrimination of 'savanna' and S. sanctipaulij

A total of 249 'savanna' flies from eight samples, three §.
damnosum s.s., and three S. sirbanum, from five West African coun-
tries, and 61 S. sanctipsuli, from two samples in two West African
countries were examined (Appendix one).

The 25 character set Qescribed in Chapter four resulted in a
Mahalanobis' squared distance ~of 55.28 (unbiased D?=50.61,
eact<0'001)’ with no misallocations using resubstitution, eres=0.0,
showing that there is considerable morphological divergence between
these species. |

A 12 character set derived using stepwise discriminant analysis
resulted in a squared distance of 53.69 (unbiased D2
=51.43,eact<0.001) with no misallocated flies, This 12 character
subse; was further reduced using the method described in section 7.2.2
to the four character set:

[V4,V9,V13,V29]
i.e. one thorax, two antennal and one leg measurement (Chapter four),
which gave a Mahalanobis', squared distance of 44.29 (unbiased

D’=43.57, e_-.=0.0005) between the species, and one fly misallocated

act
using resubstitution (a 'savanna' fly misidentified as .
sanctipaull), eres=0'003' .

Allocation using typicality probability of species membership
with atypicality defined at'c=0.01 resulted in one misailocated fly
(0.323%), four atypical flies (1.29%) and 305 correctly allocated
flies (98.39%).
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The null hypothesis of equal wing tuft colour was rejected at
P<0.001 (Wilcoxon two sample rank-sum test), so the adjusted prior
Probabilities of species membership according to a fly's wing tuft
colour are given as Table 8.1. This shows that §. sanctipguli flies
have darker wing tufts than 'savanna'. The effect of adjusting the
Prior probabilities of species. membership according to wing tuft
colour was to reduce the resubstituted error rate to zero.

The null hypothésis of equal dispersion was not rejected at
P<0.001 using the likelihood ratio test, legitimising the pooling of
the individual species' dispersion matrices.

The standardised canonical variate (Table 8.2) shows that three
of tﬁe characters: the two'anténnal characters and the leg character
have positive loadings on thé vector, while thorax width has a nega-
tive loading. Thus, S. sanctjpaujj, which is at the positive side
of this vector has a relatively larger antenna than 'savannna’.

The first eigenvector of the pooled within-species correlation
matrix was a size vector with coefficients:

[0.55,0.48,0.41,0.55]
and accounted for 64.5% of pooled within-species Variance. When the
Scores along this vector were introduced into the model as a
Covariable, the canonical root fell from 7.0458 to 4.3566, indicating
that size has some influence on discrimination, but that shape dif-
ferences are important.' ‘ . .

The hean vectors are shown as Table 8.3, the pooled within-species
dispersion matrix as Table 8.4 and the linear discriminant functions
as Table 8.5.

To conclude, there is significant multivariate morphometric dif-

ferentiation between 'savanna' and §. sanctipsuli. This variation
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includes both size and shape components, but discrimination is still

very successful when size variation is controlled for.

The four

character subset can be expected to classify flies to their correct

Species in over 98% of cases when it is known & priors that just this

Species pair can be

expected.

Adjusting the prior probabilities of species membership according

to a fly's wing tuft colouration improves allocation rate, so it is

Tecommended that this should be done for flies of doubtful affinity

following typicality probability allocation.

Table 8.1

Prior probabilities of species membership for each wing tuft cate

—

Wing tuft category

Species

P————

'Savanna' S. sanctipaul i
1 1.0000 0.0000
2 0.9998 0.0002
3 0.0012 0.9988
4 0.0000 1.0000
5 0.0000 1.0000
Table 8.2 -

Standardised Canonical Variate for 'Savanna' and S. sanctipauli

Ch
e

aracter Canonical Variate
Thorax Width -1.0102
Antennal Length 1 1.5531
Antennal Segment 6 1.1886
Basitarsus Length 2 0.7587
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Table 8.3

Mean Vectors for species 'Savanna' and S. sanctipauli

'Savanna' S. sanctipauli
Thorax Width ' 867.74462410 909.84725902
Antennal Length 1 254.11867470 328.20737705
Antennal Segment 6 36.08449799 50.53508197
Basitarsus Length 2 307.67710843 347.06803279

Table 8.4

Pooled within-species dispersion matrix for species 'Savanna' and S.
sanctipaul 1 o

—
Characte|V4 o V9 V13 V29
V4 3793.50722634 [451.12961410 |71.96460652 1069.40693381
V9 451.12961410 [212.63157417 [21.20256590 145,85851731
V13 71.96460652 21.20256590 9.01493600 22.06170470
V29 1069.40693381 |145.85851731 122.06170470 399.42636260
Table 8.5

Linear Discriminant functions for species 'Savanna' and S. sanctipauls

(—_‘7 | 'Savanna' S. sanctipauli
CONSTANT| -185.82239913 -301.48495611
V4 -0.02075579 -0.12623403
V9 0.80451694 1.11869762
V13 1.12638086 - 2.34553278
V29 0.46986876 0.66882302

8.3.1.2 | Discrimination of 'savanna' and S. soubrense
Two hundred and twenty-two S. soubrense from eight samples taken
in three West African countries were examined in relation to the 249
'savanna' flies (Appendix one).
' The.25bcharacter set resulted in a Mahalanobis' squared distance
between species of 20.15 (unbiased D*=19.036, €,.t=0:0146) with nine

individuals misallocated using resubstitution, eres=0'019' Stepwise
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discriminant analysis resulted in an initial subset of 13 characters
with a D? of 19.63 (unbiased D?=19.044, eact=0.0146) and ten misal-
located flies (eres=0.021). Applying the method described in section
7.2.2 a five character resulted:
[V9,V13,V17,V19,V22]

i.e two antennal, two wing and one leg character, which had a
ﬁahalanobis' squared distance of 17.09 between species (unbiased D2
=16.87, eres=0'02) vand I{Umisallocated flies ﬁsing resubstitution

(eres=o'023)’ these being three 'savanna' flies and eight S. soubrense

misallocated. a

Allocation using typicality probability of species membership
With‘atypiCAIity defined at a=0.01 resﬁlted in 11 misallocated flies
(2.34%); five étypical flies (1.06%), three overlapping flies (0.64%)
and 452 correctly allocated flies (95.97%)! '

The null hypothesis of eéual wing tuft colour was rejected at
p<0.001 using a \Jilco#on t&o-sample rank sum test, so the prior
probabilities of species membershipvaCC6rding to a fly's wiﬁg tuft
colour were calculated (Table 8.6). This shows that 'savanna' flies
have lighter wing’tufts than §. soubrense. When the prior probabil-
ities were adjusted, howevgf; the fesubstituted error rate rose to
15/471'(eres=0,0385, due to the pale wing tufted S. Soubrense from
Sample‘V1=19 (Chapter six) being heavily penalised against 'own-group'
membership. Inéludihg"wing‘ tuft  colouration in the 1linear
discriminant funétion. resulted in eléven misallocationé, nine S.
soubrense into 'savanna', %or the same reasons. Therefére, for
'global' diséfimination‘of theseASpecies'it is-hot fecommended that

wing tuft colouration be used for adjusting prior probabilities,
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The likelihood ratio test for equality of dispersion was rejected
at p<0.0001, bringing into question the validity of pooling th?
dispersion matrices. However, the pooled dispersion matrix was used
for the practical reasons discussed in section 7.2.5.

The standardised canonical variate (Table 8.7) shows that the most
important character in discriminating these two species is antennal
length 1. The antennal segment and the femur length of the first leg
also load positively on the variable, whist the wing characters both
load negatively. Thus, the relative size of the antenna, which is
larger in s. soubrense, is the main feature discriminating between
this species pair.

The first eigenvector of the pooled within-species correlation
matrix was a size vector, had coefficients:

[0.43,0.34,0.48,0.48,0.49]
and accounted for 71% of pooled within-species variation. wgen the
Scores along this vector were intfoduced 4s a covariable into the
model; the canonical root fell from 4.2758 to 3.8441, indicating that
siée was not an important discriminant relative to shape differences
between these species. |

Thé mean vectors are shown as Table 8.8, the linear discriminant
functioﬁ as TaBle 8.9 and thz'pooled within-species dispersion matrix
as Table 8.10

To conclude, there -is significant multivariate morphometric dif-
ferentiation between 'savanna' and S. soubrense. This variation is
mostly shape variation involving relative antennal size. The five
character subset can be expected to classify flies to their correct
Sbecies in over 95% of cases when it is known & priors that just this

-Species pair is expected.
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Adjusting the prior probabilities of species membership according
to a fly's wing tuft colouration is detrimental to error rate, so its
2

Use is not recommended.

Table 8.6

Prior probabilities of species membership for each wing tuft category.

M‘ O
Wing tuft category o Species
'Savanna' S. soubrense
1 0.9181 0.0819
2 0.5336 0.4664
3 0.1045" 0.8955
4 0.0118 0.9882
3 0.0012 0.9988
Table 8.7

Standardised Canonical Variate for 'Savanna' and S. soubrense

Character Canonical Variate )
Antennal Length 1 1.6258
Antennal Segment 6 0.7682
Wing Length 2 -0.6028
Wing Width 2 -0.5660
Femur Length 1 0.4483
Table 8.8

Mean Vectors for species 'Savanna' and S. soubrense

'Savanna' S. soubrense

Antennal Length 1 254.11867470 3
Antennal Segment 6 36.08449799 2?:?3;3253?
Wing Length 2 439.08530120 443,02162162
) Wing Width 2 - ' 1389.53391566 1401.13479279
Efmur Length 1 602.69012048 633.77135135
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Table 8.9

Pooled within-species dispersion matrix for species 'Savanna' and &.
soubrense

Character|V9 V13 V17

V9 289.78578427 © 33.96758774 340.38985869
V13 33.96758774 11.24929548 bh . 42128441
V17 340.38985869 44.42128441 1055.46127339
V19 928.19454943 130.29886217 2433.44880791
V22 435.82477951 59.87858877 1141.13146814
Character|V19 o |va2

V9 928.19454943 435.82477951

V13 130.29886217 59.87858877

V17 2433.44880791 1141.13146814

V19 7989.75793638 3045.75962135

V22 3045.75962135 1610.71537461
Table 8.10 -

: , e 1 .
Linear Discriminant functions for species 'Savanna' and S. soubrense

'Savanna' S. soubrense
CONSTANT| -148.26573187 -188.51546669
V9 " 0.44074801 © 0.66063765
V13 0.48058134 1.03014963
V17 -0.12677299 -0.20340642
V19 0.10345703 0.07731114
V22 0.13123615 0.17433713

-

8.3.1.3 Discrimination of .savanna' and §.squamosum
The 25 character set resulted in a Mahalanobis' squared distance
of 15.09 between species (unbiase@(D’#la.lS, €,ct0-03) with 13 mis=
" @llocated flies (e -0 031). Stepwise discriminant analysis
re
Produced an 1nitial subset of 14 characters with a squared distance
of 14.78 (unbiased D2—14 25 eact_o .0295) and 15 flies misallocated,
=0.036. Applying the dimension reductlon technique described in
s .

Section 7.2.2 resulted in a six character subset:
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[V4,V9,V12,V20,V28,V29]
i.e. one thorax, two antennal, one wing and two leg characters, giving
4 Mahalanobis' squared distance between species of 11.85 (unbiased
D2=11.65, eact=0.044) and 19 flies misallocated (eres=0.045), ten
'savanna' flies into S. squamosum, nine S. squamosum flies 1into
'savanna'. '

Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in 13 misallocated fljes
(3.09%), three atypical flies (0.71%) six overlapping flies (1.43%)
and 399 correctly allocated flies (94.77%). B '

The null hypothesis of equal wing tuft colour was rejected at
P<0.001 usingba Wilcoxon two sémple rank sum test. The adjusted prior
Probabilities of species membership were therefore calculated and are
shown as Table 8.11. When the prior probabilities were -adjusted ac-
cording to a fly's wing tuft colour, the number misallocated remained
19, as it did when wing tuft colouration was included in the linear
discriminant function. Therefore no extra discriminatory power was
Provided by including this character for discriminating between these
Species.

The null hypothesis of equal dispersion was not rejected at
P=0.0001, legitimising the use of the pooled within-species dispersion
matrix (see'section 7.2.5)

The standardised canonical variate (Table 8.12) shows the most
importaﬁt characters in discrimination are the length of the
basitarsus of the second leé, length of the tibia of the second leg,
wing length and thorax width. Antennal measurements have only a minor
impact on discrimination. . Wing length and basitarsal length load

‘Positively, while thorax width and tibia length load negatively.
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The first eigenvector of the pooled within-species correlation
Matrix was a size vector with coefficients:
[0.44,0.35,0.30,0.44,0.45,0.45]
and accounted for 76% of pooled-within species vériation. When the
Scores along this vector were introduced into the model as g
Covarigble, the canonical root fell from 2.8767 to 2.0056, showing

that size has some influence as a discriminatory factor, but that

Shape variation is more important than pure size.

The mean vectors are shown as Table 8.13, the pooled within-
Species dispefsion matrix as Table 8.14 and the linear discriminant

functions as Table 8.15.

To éonclude, there is significant multivariate morphometric dif-
ferentiaﬁion between 'savanna' and.Sf squamosum. This variation is
Mostly shape variation involving the thorax width, wing length and
the mid?leg; The six character subset can be expected to classify
flies'to their correct species in nearly 93% of cases when it is known
4 priofj that just this species pair is expected.

Adjusting the prior probabilities of species membership eccording
to a fly's‘wing tuft colouration does not improvg allocation rate,

50 it is not recommended that this should be done,

~as
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Table 8.11

Prior probabilities of species membership for each wing tuft category.

Wing tuft category

Species

'Savanna' S. squamosum
1 0.6691 0.3309
2 0.2589 0.7411
3 0.0569 0.9431
4 0.0103 0.9897
5 0.0018 0.9982
Tgble 8.12

Standardised Canonical Variate for 'Savanna' and S. squamosum

Character

Canonical Variate

Thorax Width
Antennal Length 1
Antennal Segment 5
Wing Length 3
Tibia Length 2
Basitarsus Length 2

-1,

0
0
1.
1
2

5329

.5197
.2363

2627

L4962
L2498

Table 8.13

v,

Mean Vectors for species 'Savanna' and S. squamosum

=

'Savanna’ S. squamosum
Thorax Width - 867.7L462410 891.07350698
Antennal Length 1 254.11867470 279.50755814
Antennal Segment 5 34.29670683 37.76953488
Wing Length 3 1414.92809237 1540.09226744
Tibia Length 2 601.62313253 637.39744186
Basitarsus Length 2 307.67710843 343.40406977

S
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Table 8.14

Pooled within- -species dispersion matrix for species 'Savanna' and §.
squamosum

Character|Vé4 V9 viz2

\'/ 4488.85965498 633.61858811 117.91589590
V9 633.61858811 238.80768696 21.98895923
V12 ' 117.91589590 21.98895923 10.80613189
V20 5081.60222426 : 853.06093478 140.29902677
Vvas 2648.98664488 430.14450062 75.35378894
Vag 1413.40302741 230.21063521 . 41,07309918
Character|V20 vag- _ V29

V4 5081.60222426 2648.98664488 -1413.40302741
V9 853.06093478 430.14450062 230.21063521
Vi2 140.29902677 75.35378894 41.07309918
V20 7492.,71565724 3441.29744197 1837.01409675
vas - 3441.29744197 . 1879.71363826 956.95545023
V29 1837.01409675 956.95545023 553.35364360
Table 8.15 )

. P ' ) [] :
Linear Discriminant functions for species 'Savanna' and §. squamosum

'Savanna' S. squamosum
CONSTANT| -183.65011147 -225.40730245
\ZA -0.06024785 -0.13796231
ve . : 0.71732731 0.80740560
V12 1.02865257 1.24842656
V20 0.26325429 0.30419872
V28 -0.06744587 . -0.17762073
V29 -0.42217823 . -0.15829280

8.3.1.4 Discrimination of 'savanna' and S. yahense

The 25 character set resulted in a Mahalanobls squared distance
between species of 44.28 (unbiased D2—40 92, €act™0.0007) with no
flies misallocated using resubstitution (e . §=0.0)." ' Stepwise
discriminant analysis reduced this to a fourteen character subset with
a D? of 43.58 (unbiased D%=41.674, éact-o.ooos) and a single fly -
misallocated (eres=0'003)° Applying the method for dimension re-
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duction described in section 7.2.2, a four character subset was de-
rived,
[V&4,V9,V20,V29]

i.e., one thorax, one antennal, one wing and one leg character, with
a Mahalanobis' squared distance of 29.6 between species (unbiased D2
=29.17,e,.,=0.0035) and a single fly misallocated as S. yashense
(eres=0’003)' This fly had a posterior probability of species mem-
bership (0.4999,0.5001) for 'savanna' and S. yahense respectively,
and the typicality p;obability confidence  intervals were
.(0.0118,0.0067) for 'savanna' and (0.0129,0.0062) -for S. yvahense,
showing that the fly was in reality atypical of both species at
p<0.01.

Allocation using typicality probgbility of species membership
with atypicality defined at a=0.01 resulted in no misallocated flies,
six atypical flies (1.74%) one overlapping fly (0.29%) and 333 cor-
rectly allocated flies (97.97%).

The null hypotheses of equal wing tuft colouration and equal
abdominal setal colouration were both rejected at p<0.001 using a
Wilcoxon two-samples rank sum test. The prior probabilities of spe-
cies membership for each wing tuft category are shown as Table 8§.16.
No flies were misallocated wﬁ;h the wing tuft colouration was included
in the linear discriminant function or when the prior probabilities
were adjusted according to wing tuft colouration. By contrast, four
S. yahense flies were misallocated when prior probabilities were ad-
justed according to abdominal setal colouration; these flies were S.
yahense with colour cafegory one (Chapter four). The problems with

using the character objectively are discussed in Chapter nine.
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The null hypothesis of equal dispersion was rejected at p<0.001
using the likelihood ratio test. However for the practical and sta-
tistical reasons discussed in section 7.2.5 the dispersion matrices
wWere pooled.

The standardised canonical variate (Table 8.17) shows that the
most important contrast in characters responsible for discrimination
is between thorax width and antennal length 1, with the other two
characters having only a minor influence on discrimination. Simulium
yahense is at the positive end of this variable, having a larger an-
tenna relative to 'savanna'.

The first eigenvector of the pooled within-species correlation
matfix'was a size vector, with coefficients

[0.52,0.43,0.52,0.52]
and accounted for 82% of pooled witﬁin-sPécies variation. When the
scores along this vector were introduced as a covariable, controlling
for size,‘the canonical root fell from 5.98 to 3.535, indicating that
Size has some influence on discrimination but that shape differences
are more important, especially when it is realised that only 18% of
booled within-species variation is involvgd in discrimination once

Size is controlled for.

-a

The mean vectors are shown as Table 8.18, the linear discriminant

functions as Table 8.19 and the pooled within-species dispersion ma-
trix as Table 8.20.

To cénclude, there is significant ;ﬁltivariate morphometric dif-
ferentiation between 'savanna' and S. yahense. This differentiation
involves both size ané shape variation but in the absence of size
there is still considerable @iscrimination. The shape variation in-

volves a ielationshib between thorax width and antennal length 1.
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The four character subset can be expected to classify flies to their
correct species in nearly 98% of cases when it 1s known & priori that
just this species pair is expected.

Adjusting the prior probabiligies of species membership according
to a fly's wing tuft colouration improves allocation rate, so it is
recommended that this should be done in cases of doubt following
typicality probability allocation. Adjusting the prior probabilities
of species membership according to & fly's abdominal setal colouration
does not improve allocation rate because of the problem that abdominal
setal colourétion is not 100% diagnostic for S. yahense. Therefore
it_is not recommended that the charécter be used routinely but instead.

it should be used in cases of doubt.

Table 8.16

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
‘Savanna’ S. yahense
1 1.0000 . 0.0000
2 . 1.0000 0.0000
3 0.0978  -- 0.9022
4 . 0.0000 1.0000
5 0.0000 1.0000
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Table 8.17

Standardised Canonical Variate for 'Savanna' and S. yahense

Character Canonical Variate
Thorax Width -1.4570
Antennal Length 1 2.1645
Wing Length 3 0.5252
Basitarsus Length 2| 0.8300

Table 8.18

Mean Vectors for species 'Savanna' and S. yashense

Character

'Savanna'

S. yahense

Thorax Width
Antennal Length 1
Wing Length 3
Basitarsus Length 2

867.74462410
254.11867470
1414.92809237
307.67710843

906.62228125
319.98281250
1576.95807292
352.44218750

Table 8.19

Linear Discriminant functions for species 'Savanna' and S. yahense

'Pdoled Qithin-épecies dispersion matrix for species 'Savanna' and S. yahense

'Savanna’ S. yahense
CONSTANT| -178.12879395 -263.32515247
V4 -0.10363023 -0.22159312
Ve 0.70408309 1.05637118
V20 0.24719283 - .0,27282018
"Iv29 ' -0.26813365 - ~0.11546584
Table 8.20

V20

V29

635.18361138

244.49179243

834.35947942
217.97832669

Character|{V4 V9
V6. 4224,07247057
V9 635.18361138
V20 4820.91533268
V29 1243.52743755

4820.91533268
834.35947942

7166.92779778
1657.94539485

1243.52743755
217.97832669
1657.94539485
472.76026577
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8.3.1.5 Discrimination of Simulium sancti auli and §. soubrense

The 25 character set resulted in a Mahalanobis' squared distance
of 6.81 between species, (unbiased D2?=6.18, €,c¢=0-1069) with 25 flijes
misallocated wusing resubstitution - (eres=0'088)' A  stepwise
discriminant analysis resulted in an initial 14 character subset with
4 squared distance of 6.43 (unbiased distance=6.09, €,ct=0-1086), with
27 misallocated flies. The method for dimension reduction given in
section 7.2.2 resulted in a nine character subset:’

[V6,V1&,V15;V16,V17,V19,V20,V24,V27]
i.e. one head, two antennal, four wing and two leg éharacters, having
a Mahalanobis' squared distance of 5.37 (unbiased D3=5.18,
€act™0.1276) and 29 misallocated flies (eres=o'1025)’ seven of which
wWere misallocated S. sanctipguli, 22 were misallocated S, soubrense.

Allocation using typicality probability of species membership
with atypicality defined at «=0.01 resulted in 19 misallocated flies
(6.7%), nine atypical flies (3.18%), 25 overlapping flies (8.83%) and
230 cofrectly allocated flies (81.27%). ‘

The null hypothesis of equal wing tuft colouration was rejected
at p<0.001 using a Wilcoxon two-sample rank sum test. Therefore the
Prior probabilities of specigf membership were calculated according
to a fly's wing tuft colouration using the method described in Chapter
Sseven; these are shown as Table 8.21. VWhen the prior probabilities
wére altered in this way 28 flies werg misallocated (eres=0‘0989)'
while 27 were misallocated when wing tuft colouration was - included
in the linear discriminant function (eres=0‘095)’ so that this char-
acter is having only minor influence on discrimination.

The null hypothesis of equal dispersion was rejected using the

likelihood ratio test ét p<0.0001. The dispersion matrices were still
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pooled .for the practical and statistical reasons given in section
7.2.5,

The standardised canonical variate (Table 8.22) shows that the
most important contrast of characters in discrimination of these two
Species is between wing length 3 and basitarsus length 1. The
canonical root was only 0.915 reflecting the relatively poor dis-
crimination between these species.

The first eigenvector of the pooled within-species correlation
matrix was mainly a size vector with coefficients:

| [6.34;0.21 0.23,0.36,0.36,0.35, 0.36 0.37,0.37]
and accounted for 73% of pooled within- species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from 0. 915 to 0.7255, indicating
that size variation is a 51gn1ficant proportion of the between- “species
variation. The importance of size variation in discrimination is
discussed in greater detail in Chapter nine.

The mean vectors are shown as Table 8.23, the linear discriminant
functions as Table 8.24 and the pooled within-species dispersion ma-

trix as Table 8.25.

To conclude, there is 51gnificant multivariate morphometric dif-
ferentiation between S. sancclpauli and S. soubrense, although this
differentiation is not large. The differentiation involves both size
and shape variation but size variation is a considerable component
of discrimination. The shape variation involves a relationship be-
tween wing length 3 and basitarsus length 1. The nine character
subset can be expected-to classify flies to their correct species in

over 80% of cases when it is known & priori that just this species

‘pair is expected.
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Adjusting the prior probabilities of species membership according
to a fly's wing tuft colouration does not significantly improve al-
location rate, so it is not recommended that the character be used

routinely.

Table 8.21

Prior probabilities of species membership for each wiﬁg tuft category.

Wing tuft category Species
S. sanctipauli S. soubrense

1 -10.1453 : 0.8547

2 0.2559 ° 0.7441

3 0.4103 - 0.5897

4 0.5846 : 0.4154

5 0.7401 : 0.2599
Table 8.22

Stgndardised Canonical Variate for S. sanctjpauli and S. soubrense

Character |Canonical Variate

Head Width -0.6145
Antennal Segment 7 0.4369
Antennal Segment 8 0.3857

Wing Length 1 - 0.8474~
Wing Length 2 -0.9158
Wing Width 2 0.7277
Wing Length 3 -1.7100
Basitarsus Length 1| 1.0585
Femur Length 2 0.7642
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Table 8.23

Mean Vectors for species S. sanctipsuli and S. soubrense

Character

S. sanctipauli

S. soubrense

Head Width
Antennal Segme
Antennal Segme
Wing Length 1
Wing Length 2
Wing Width 2
Wing Length 3

nt 7
nt 8 .

834.72223279
49.57967213
48.38032787

774.45639344

461.91540984

1479.41942623
1522.32909836
461.10885246

806.88387027
44.30486486
43.55639640

730.55351351

443.02162162

1401.13479279
1478.64736486
432.29513514

Basitarsus Length 1 ,

Femur Length 2 694.68786885 659.01405405

Table 8.24

Linear Discriminant'functions for species S. sanctjpaujj gnd S. soubrense

(ﬁ¥ S. sanctipsulil S. soubrense ]
CONs -221.66933357 -198.01356901
V6 TANT 0.28345358 .0.31523435
V14 1.68731319 ©1.44047546
V15 0.69683414 0.47216568
V16 0.02301751 -0.01450255
Vi - -0.24375687 -0.17865843
V19 0.05061038 0.03318706
V20 . -0.02458801 0.01642916
V24 -0.12400258 -0.20545171
V27 .0.29346838 0.25045209
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Table 8.25

Pooled within-species dispersion matrix for species S. sanctipguli and S.
soubrense

Character|Vé Vid Vis

Vé 1883.76682660 62.88650931 70.53286981
V1id 62.88650931 12.15178626 8.45178754
V15 70.53286981 8.45178754 11.92571356
V16 1647.19040184 66.53560759 77.22545795
V17 1054.11490471 40.37357351 46.69724907
V19 2883.48344565 127.20979513 149.01901390
V20 3179.23135670 -- 126.00207483 155.47490537
V24 11001.93177282 39.59252467 - 45,24714709
V27 1434.61892441 51.93177857 . 58.99575191
CharacterVi1é V17 V19

Vé . 1647.19040184 1054.11490471 2883.48344565
Vi 66.53560759 40.37357351 - 127.20979513
V15 77.22545795 46.69724907 149.01901390
V16 -12421.69212195 1399.57821112 3610.91211572
V17 1399.57821112 1006.13740260 2345.59235201
V19 3610.91211572 2345.59235201 8361.24114879
V20 4154.,26366871 2542.01867686 7626.77650072
V24. : 1198.99741830 764.64662573 2027.15060422
V27 1686.60200843 1070.32927098 2889.49389325
Character|V20 va2a Va7

Vé 3179.23135670 1001.93177282 1434.61892441
Vis . 126.,00207483 39.59252467 51.93177857
V15 155.47490537 45,24714709 58.99575191
Vié 4154.26366871 1198.99741830 1686.60200843
V17 2542.01867686 764.64662573 1070.32927098
V19 7626.77650072 2027.15060422 2889.49389325
V20 9045.06737298 -« 2304.48047417 3224.88183294
V24 2304.48047417 769.10953724 977.96635349
V27 3224.88183294 977.96635349 1484.68711308

8.3.1.6 Discrimination of Simulium sanctjpauli and S, squamosum

The squared Mahalanobis' distance between species using the full
25 character set was 32.18 (unbiased D?=28.558, e,.¢=0.0038) with no
flies misallocated usng resubstitution, A stepwise discriminant
analysis produced a 13 chgracter subset which gave a Mahalanobis'
squared distance of 50.93 (unbiased D?=29.06, eact=0‘0038) and no

misallocated flies using resubstitution (e =0.0).
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The dimension reduction technique given in section 7.2.2 resulted

in a six character subset:

[vi0,V13,V16,V18,V20,V22]
l.e. two antennal, three wing and one leg character, with a
Mahalanobis' squared - distance of 25.16 (unbiased D*=24.4,
€act™0.0068) and no misallocated flies using resubstitution
(e, es=0-0).-

Allocation using  typicality probability of species membership
with atypicality defined at”a=0.01 resulted in no misallocated flies,
six atypicai.flies (2.58%), no overlapping flies and 227 correctly
allocated flies (97.43%).

»:The null hypothesis of’equél wing tuft colouration was rejected
at p<0.001 using a Wilcoxon two-sample rank sum test, therefore the
Prior probabilities .of species 'membershlp' for each. wing tuft
colouration category were calculated using the method described in
Chabter seven and are shown as Table 8.26. When the prior probabil-
ities Qere adjusted no flies were misallocated using resubstitution,
as was also the case when wing tuft colouration was included in the
Vlinear discriminant function. = . "

.The null hypothesis of ésual dispersion was rejected at p<0.001
using the likelihood ratio test. For the reasons given in section
7.2.5 the pooled dispersion matrix was still used.

The standardised canonical variate‘(Table 8.27) shows that most
discrimination between these species 1is achieved by antennal length
2 with respect to the other characters. Wing length 3 also has some
opposite influence. Simulium sanctipsull is at the positive end of

this variable indicating that this species has a relatively longer

antenna than S. squamosum.
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The first principal component of the pooled within-species cor-

relation matrix was a size vector with coefficients:

[0.37,0.32,0.43,0.43,0.43,0.44]

and accounted for 79.7% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from 4.9 to 4.82 showing that size
variation is negligible in discriminating betwgen these species, de-
spite the fact that ﬁearly 80% of within-species variation is size
variation.

.The mean vectors are shown as Table 8.28, the liﬁear discriminant
functions as Table 8.29 and the pooled within-species~dispersion ma-
trix as Table 8.30. ’

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. sanétipauli and S. squamosum. The differen-
tiation iﬁvélves only shapg variation which is the relative length
of the antenna. The six character subset can be expected to ciassify
flies to their correct species in over 97% of cases when it is known
& priori that just this species pair is expected.

Adjugting the prior probabilities of species membership according
to a fly's wing tuft colourafion does not alter an already very good
allocation rate, so it is recommended that the character be ﬁsed only

in cases of doubt, following typicality probability allocation.

.
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Table 8.26

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
S. sanctipauli S. squamosum

1 0.0013 0.9987

2 0.0441 0.9559

3 0.6255 0.3745

4 0.9837 0.0163

5 0.9995 0.0005 -

Table 8.27

Standardised Canonical Variate for S. sanctipsuli and S. squamosum

Character Canonical Variate
Antennal Length 2 1.9016
Antennal Segment 6 0.7835

Wing Length 1 0.2548

Wing Width 1 -0.3820

Wing Length 3 -0.7374

Femur Length 1 -0.3777
Table 8.28

Mean Vectors for species S. sanctipaull and S. squamosum

Character S. sanctipauli S. squamosum

Antennal Length 2 ' 490.54819672 .415,62558140
Antennal Segment 6 50.53508197 40.36488372
Wing Length 1 . 774.45639344 758.70976744
Wing Width 1 o 1041.64434426 1048.84267442
Wing Length 3 ©- ] 1522.32909836 1540.09226744
Femur Length 1 658.95737705 654.56023256

Page 295

.



Table 8.29

Linear Discriminant functions for species S. sanctipsuli and S. squamosum

S. sanctipaull S. squamosum
CONSTANT| -218.41358418 -188.35870422
V10 0.53891100 : 0.31238504
V13 1.16221940 0.46913288
V1é -0.20335053 : -0.22676802
2% 0.09262248 - 0.12133480
v20 0.24567002 0.28775022
V22 -0.30237415 -0.26036749

Table 8.30

Pooled within-species dispersion matrix for species S. sanctipauli and S.
squamosum ‘ '

Character (V10 V13 V16

V10 686.32956079 60-19675399 1066.78068583
Vi3 60.19675399 12.12667542 - 101.81901954
Vi1é 1066.78068583 101.81901954 2942.82959%99
V18 1274.19712450 127.45080241 3162.78558166
iV20 1724 .89487348 \162.55085422 4307.87779348
V22 * 906.58547657 89.40313341 2221.13883910
Character|V18 V20 - ' V22

V10 1274.19712450 1724.89487348 906.58547€57
V13 127.45080241 162,.55085422 89.40313341
vie - 3162.78558166 4307.87779348 2221.13883910
V18 4461.52969955 5128.11500962 2722.01904411
V20 ‘ 5128.11500962 : 7697.39292593 3592.05175656
Va2 2722.01904411 =l 3592,05175656 2038.62453148

8.3.1.7 Discrimination of Simulium sanctipauli and S, yahense

The squared Mahalanobis' distance’between species using the 25
character set was 8.27 (unbiased D?=6.88, ea'ct=o.095) with 14 misal-
located flies using -resubétitution (éres=0.089). A - stepwise
discriminant analysis resulted in an initial subset of 10 characters
giving a Mahalanobis' squared distanceof 7.33 (unbiased D2=6.86, -
.eaét=0.0952) and i4 misallocated flies using resubstitution
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(eres=0.089). Applying the method described in section 7.2.2 for
dimension reduction in the context of discrimination, a six character
subset resulted: ,

[V3,V11,V16,V17,V20,V28]
i.e. one thorax, one antennal, three wing and one leg measurement.
This character subset resulted in & Mahalanobis' squared distance of
6.07 (unbiased D? =5.796, e =0.1143) and 14 misalldcated_flies

r
Allocation using. typicaiity probability of species membership

(e es~0-089), seven of each species into the other.

with atypicality defined at «=0.0l resulted in 9 misallocated flies
(5.73%), three atypical flies (1.9%), 11 overlapping flies (7.0%) and
134 correctly allocated flies (85.35%).. | |

The null hypotheses of equal wing tuft ;olouratiog and equal
abdominal setal colouration were 1both rejgcted at p<0.001 using
Wilcoxon two-sample rank sum tests. The prior probabilities of spe-
cies membership according to a fly's wing tuft colouration were cal-
Culate& and are ;hown as Table 8.31. when_the prior probabilities
were adjusted for wing tuft colouration the number of flies misallo-
cated fell to eight»(eres=0.051), with four from each species misa]-
located.v Including wing tuft colouration in the linear discriminant
function resulted in 14 mis;ilocated .flies (eres=0.089), nine §.
Yahense‘classified as S. sanctipaull, and five §. sqnctipauli clas-
sified as S. yahense. Including abdominal setal colouration either
in the linear discriminant function or by adjusting the prior proba-
bilities resulted in four flies being misallocated (eres=0.026), these
flies being the four S: yahense _with abdominal setal colouration
Charaéter state one. The special nature of this character is dis-

cussed in further detail in Chapter nine,
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The null hypothesis of equal dispersion was rejected at p<0.001
-using the likelihood ratio test. For the reasons given in section
7.2.5 the dispersion matrices were still pooled.

The standardised canonical variate (Table 8.32) shows that the
main discrimination between these species is effected by a contrast
between wing length 3 and tibia length 2.

The first eigenvector of the pooled within-species correlation
matrix was a size veétor wiFh coefficients: ’

[0.39,0.32,0.43,0.43,0.43,0.43)
and accounted for 77.3% of pooled within-species Vériation. When the
Scores along this vector wére introduced into the model as a
COva;iable the canonical root fell from ;.4606 to 1.4386 showing that
size variation is neéligible in discriminating between these species.

The mean vectors are.shown as Table 8.33, the linear discriminant
functions as Table 8.34 and the pooled within-species dispersion ma-
trix as Table 8.35. |

To éonclude, there is significant yultivariate morphometric dif-
ferentiation between S. s#nctipsulil and S. yashense. This differen-
tiation;invoives ﬁainly shape variation as in the absence of size
there ig stiil q&ite good discrimination. The shape variation in-
Volvés a relétionship betweén wing length 3 and femur length 2. The
six character'subsét cén be expected to classify flies to their cor-
Tect species in over 85% of cases whquit is known & prio}j that just
this speéies pair is expected.

Adjusting the prior prob&bilities of species membership according
to a fly's wing tuft colouration does not greatly improve allocation
rate, so it is not recommended that this should be done. Adjusting

the prior‘probabilities of species membership according to a fly's

Page 298



abdominal setal colouration improves allocation rate but because of
the problem that abdominal setal colouration is not 100% diagnostic
for S. yahense, it is recommended that the character be used only in

cases of doubt following typicality probability allocation.

Table 8.31

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
S. sanctipaull S. yahense

1 0.9994 . 0.0006

2 0.9944 0.0056

3 0.9526 © 10,0474

4 0.6949 0.3051

5 0.2051 , 0.7949
Table 8.32

Standardised Canonical Variate for S. sanctipauli and S. yahense

Character Canonical Variate
Thorax Length -0.3837
Antennal Segment 4| -0.7846°

Wing Length 1 -0.7147

Wing Length 2 1.0096°°

Wing Length 3 2.2319

Tibia Length 2 -1.4841
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Table 8.33

Mean Vectors for species S. sanctipguli and S. yahense

Character S. sanctipauli S. yahense

Thorax th 660,.35632131 650.18355000
Antesna%egggment 4 48.33967213 45.00166667
Wing Length 1 774.45639344 770.69750000
Wing Length 2 461.91540984 471.03875000
Wing Length 3 1522.32909836 1576.95807292
Tibia Length 2 650.,97245902 648.41500000

Table 8.34

Linear Discriminant functions for species S. sanctipaul 1

and S. yahense

S. yahense

S. sanctipauli
CONSTANT| -174.22329721
V3 0.06924040
Vi1 -0.06203030
Vie -0.17491616
V17 . 0.15615325
V20 0.20421750
vasg 0.08935998

-189.77089675
0.04793217
- =0.45841296
-0.20837892
0.23834071
0.26670128
-0.00499819
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Table 8.35

Pooled within-species dispersion matrix for species S, sanctipauli and S.
yahense

Character|V3 Vil Vie

V3 1955.75824597 108.85775937 1687.92559940
V11 108.85775937 21.25674404 142.22053115
V16 1687.92559940 142.22053115 . 2783.37874972
Vi7 940.42740710 ) 77.90040328 1345.25345219
V20 2775.62344008 228.90582445 3836.82413251
V28 1267.40300477 90.49433967 1786.60875833
Character|V17 V20 V28

V3 ' 940.42740710 2775.62344008 1267.40300477
V11 77.90040328 228.90582445 90.49433967
V1iée 1345.,25345219 3836.82413251 1786.60875833
V17 : 901.83462300 1994.79639946 993.08270767
V20 - 1994.79639946 7076.81380738 2895.72912168
V28 993.08270767 2895.72912168 1509.68528084

8.3.1.8 Discrimination of Simylium soubrense and S. squamosum

The squared ‘Méhalanobis' disténce between species using the 25
character, set was 13.15 (ﬁnbiased D%=12.28, eac£=0‘03§9) with 13 flies
misallocated using resubstitution (éres=0.033). A stepwise
discfiminant analysis produced a 12 Eharactef sdbset which gave a
Mahalanobis' “squared : distance of 12.78 (unbiased D2=12,356,
eéct=0'0394) and 15 misallocated " flies using resubsfitution
(eréséo.OSS). |

‘The dimension reduction technique described in Chapter seven re-
sulted in a seven character subset: ' '

[v1o,v13,v18,v19,vz’s’,vzsi,vz9]

i.e. two antenhal, two wing and threev leg ‘characters, with sa
Mahalanobis' squared distance of 11.56 (unbiased D?=11,296,
ééct=0'0464) and 18 misalloca;ed: flies using resubstitution
(eres¥0.046); of which"lﬁ were S. soubrense classified as §. sq&amosum

and five were S. squamosum classified as S§. soubrense.

Page 301

o9



Allocation using typicality probability of species membership
with atypicality defined at &=0.01 resulted in 16 misallocated flies
(4.06%), nine atypical flies (2.3%), three overlapping flies (0.76%)
and 366 correctly allocated flies (92.89%).

The null hypothesis of equal wing tuft colouration was rejected
at p<0.001 using aWilcoxon tho-sample rank sum test. The prior prob-
abilities of Species.membershib for each wing tuft colouration cate-
gory were calculated using the method described in Chapter seven and
are shown as Tablé.8.36. When the prior probabilities were adjustéd
the number of flies misallocated rose to 22 (e ¢=0.056) whilst in-
cluding wing tuft colouration in the linear discriﬁinant function
resﬁlfed in 18 misallocated flies (eres=0.046). Therefore wing tuft
coloﬁfatidn does not improve discriminatioq.between these species.
| Thé null hypothésis of equal dispersion was rejecteé at §<o,001
using the likelihood iatio test. For the reasons given in section
7.2.5 the'pooled dispersion matrix was still used.

The standardised canonical variate (Table 8.37) shows that the
main contrast in discriminating these species involves tibia length
1, ana b.asi.tarsluesngth 2 on the positi\;e side, and antennal length 2
andtibia length 2 on the negative éide. Simulium squamosum is at the
positive end of this vector.

~ The firét'érincipal‘component‘of the pooled withiﬁ;species cor-
relation matrix was a size vector with-coefficients:v .
[0.36,0.28,0.39,0.38,0.40,0.41,0.40]
and accounted for 80.2% of pooled within-species variation. When the
scores along this vector were introduced into the model as a

covariable the canonical root fell from 2.8576 to 2.6199 showing the
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negligible effect of size in discriminating between these species,
despite the fact 80% of within-species variation is size variation.

The mean vectors are shown as Table 8.38, the linear discriminant
functions as Table 8.39 and the pooled within-species dispersion ma-
trix as Table 8.40.

To conclude, there is signifiqantlmultivariate morphometric dif-
ferentiation between S. soubtense and S. squamosum. This differen-
tiation involves maiﬁly shapg variation as in thé absence of size
there is still quite good discrimination. The seven character subset
can be expected to classify flies to their correct“species in over
92% of cases Qhen it is known & priorl that just this species pair
is ekﬁécted. v‘ :

Adjusting the pfior brobabilities‘of épecies membership éccording
to .a fly's wing tuft colouration doeé not improve alloﬁation;rate,

so it is not recommended that this should be done.

Table 8.36

Prior probabilities of species membership for each wing tuft‘category.

Wing tuft category| . - Species
S. soubrense . S. squamosum
1 0.1905 0.8095
2- 0.4062 0.5938
3 10.6655 . *10.3345
4. 0.8526 0.1474
5 0.9439 : 0.0561
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Table 8.37

Standardised Canonical Variate for S. soubrense and S. squamosum

Character Canonical Variate
Antennal Length 2 -1.3938
Antennal Segment 6 | -0.5038
Wing Width 1 0.2542
Wing Width 2 0.2544
Tibia Length 1 0.9448
Tibia Length 2 -1.0839

Basitarsus Length 2 1.1753

Table 8.38

Mean Vectors for species S. soubrense and S. squamosum

Character _ S. soubrense S. squamosum
Antennal Length 2 452.30756757 415,.62558140
Antennal Segment 6 45.50576577 40.36488372
Wing Width 1 997.15797297 1048.84267442
Wing Width 2 1401.13479279 1466.39627907
Tibia Length 1 687.64756757 721,09465116
Tibia Length 2 612.96972973 637.39744186
Basitarsus Length 2 325.77297297 343.40406977
Table 8.39

Linear Discriminant functions

for species S. soubrense and S, squamosum

S. soubrense

S. squamosum -

CONSTANT
V10
V13
V1s
V19
Va3
\'P2]
V29

-150.

COO0OO0COOO0

.41885412
.74360050
.10132735
.03829657
.11749550
.01654648 _ -
.45363441 -

38773459 =140,

ooooocoo

32654738 -
.27668607
.36064597
.11313158
.04664547
.18100888
.09953965
.30004584
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Table 8.40

Pooled within-species dispersion matrix. for. species &.

squamosum

Character

V10

V13

V18

Vis

V10
Vi3
\2%:)
V19
Va3 .
vas
V29

781.20558043
69.05704496
1353.66897306
1898.06680633
1022.42660720
933.35206049
530.81165688

69.05704496
13.52189112
131.75112334 .
187.14544559
94.10687451
87.13826351
52.03809484

1353.66897306
131.75112334

4712.98607757
5870.89534929
2935.76237058
2693.58657081
1478.19712810

1898.06680633
187.14544559

5870.89534929
9708.31406014
3942.77347389
3612.26322503
1991.04171904

Character

V23

vas -

V29

V1o
Vi3
Vi
V19
V23
Vvag
V29 -

1022.42660720
94.10687451

2935.76237058
3942.77347389
2287.88248971
1995.10209720
1090.85562028

933.35206049
87.13826351
2693.58657081
3612.26322503
1995.10209720
1883.38427413
997.03216370

530.81165688
52.03809484
1478.19712810
1991.04171904
1090.85562028
997.03216370

601.71878824 -

8.3.1.9 D

The.25 character set resulted in a Mahalanobis'

of 5.25 (unbiased D2?=4.82,

iscrimination

using resubstitution (e q

of Simulium soubrense and S. yahense

=0 113).

squared distance
€ac t—O 136) with 36 misallocated flies

A stepwise discrimlnant analysis

resulted in an initial subset of 15 characters giving a Mahalanobis

squared distanceof 5.02 (unbiased D%=4.77, e,

located flies using resubstitution (eies

=0.129).

ct=9.137) and 41 misai-

Applying the di-

mehsion reduction method described in section 7.2.2 resulted in an

eight chara

'i.e.

character subset resulted in a'Mahalanebis

(unbiased

cter subset:

[vée,V10,V18, V22 V24,V25,V26,V29]

D2

=3.75, eact =0.166)

and

one head, one antennal, one wing and five leg measurement.

41

. misallocated

This

squared distance of 3. 86

flies

( es=0-129), 31 S. soubtense classified as S. yahense and 10 S.

yabense classified as S. soubrense.
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Allocation using typicality probability of species membership
with atypicality defined at a=0.01 resulted in 33 misallocated flies
(10.38%), 12 atypical flies (3.8%), 25 overlapping flies (7.86%) and
248 correctly allocated flies (77.99%).

The null hypothesis of equal wing tuft colouration and equal
abdominal setal colouration were both rejected at p<0,001 using
Wilcoxon two-sample rank sum tests. The prior probabilities of spe-
cies membership according to a fly's wing tuft colouration were cal-
culated and are shown as Table 8.41. When the prior probabilities
were adjusted for wing tuft colouration the number of flies misallo-
cated only fell to 34 (e, _=0.1069), with 29 §. soubrense classified
as S..yabense and five S. yahense classified as S. soubrense. In-
cluding wing tuft colouration in the linear discriminant function
resulted in 29 misallocated flies (eresﬁb.091), 23 S. soubrense
classified as S. yghense, and six §. -yghense classified as §.
soubrense. Including abdominal setal colouration either in the linear
discriminant function or in the prior pfobabilities resulted in four
flies being misallocated (eres=0'013)’ these flies being the four S.
yahense with abdominal setal colouration character state one. The
special nature of this character is discussed in further detail in
Chapter nine.

The null hypothesis of equal dispersion was not rejected at
p<0.001 using the likelihoéd ratio test, therefore the dispersion
matrices &ere pooled.

The standardised canonical variate (Table 8.42) shows that tﬁe
main character involved in discrimination between these species is
basitarsus length 2, with femur length 1 and tarsus segment 2 having

a'significant opposite influence.
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The first eigenvector of thepooled within-species correlation

matrix was a size vector with coefficients:
f0.35,0.32,0.35,0.37,0.37,0.36,0.34,0.37],

and accounted for 83.7% of pooled within-species yariation. When the

scores along this Qector were introduced into the model as a

covariable the canonical root fell from 0.8193 to 0.6148 showing that

size wvariation has sohe influence of the already relatively poor

discrimination between these species.

The mean vectors are shown as Table 8.43, the linear discriminant
functions as Table 8.44 and the pooled within-species dispersion ma-
trix as Tablé 8.45. ‘ . '

To conclude, there is significant multivariate morphometric dif-
ferentiation between S. soubrense and S. yshense, although this dif-
ferentiafion is not greaf; This differentiation involves both size
and shape variation as ih the absence of size the discrimination de-
teriorates. =~ The eight éharaéter subset can be expected to classify
flies to their correct species in nearly 80% of cases when it is known
a4 priori that just this species pair is expected.

Adjﬁsfing the prior probabilities of species membership according
to a fly'g.wing tuft colouration improves allocation rate, so it is

recommended that this should be done in cases of doubt.
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Table 8.41

Prior probabilities of species membership for each wing tuft category.

Wing tuft category Species
S. soubrense .S. yahense

1 0.9832 0.0168

2 0.9343 0.0657

3 0.7756 0.2244

4 0.4564 0.5436 -

5 0.1694 0.8306
Table 8.42

Standardised Canonical Variate for S. soubrense and S. yahense

Character Canonical Variate
Head Width -0.7411
Antennal Length 2 0.2887
Wing Width 1 -0.2564
Femur Length 1 -1.2047
Basitarsus Length 1 0.6478
Tarsus Segment 2 -1.1176
Tarsus Segment 3 0.5920
Basitarsus Length 2| 2.5188:

Table 8,43

Mean Vectors for species S. soubrense and S. yshense

an-

Character S. soubrense S. yahense

Head Width . 806.88387027 828.68378125
Antennal Length 2 452.30756757 475,44625000
Wing Width 1 997.15797297 1039.91921875
Femur Length 1 633.77135135 657.64000000
Basitarsus Length 1 . 432,29513514 462.27500000
Tarsus Segment 2 165.95333333 172.72166667
Tarsus Segment 3 124.53063063 131.40125000
Basitarsus Length 2 325,77297297 352.44218750

Page 308

.9




Table 8.44

Linear Discriminant functions for species S. soubrense and S. yshense

S. soubrense S. yahense

CONSTANT| =-195.36976155 -199.46621622

Vé 0.45053367 ' 0.41909206

V10 0.18662705 0.20430887

V18 0.16447478 0.15714705

V22 -0.21177450 -0.26513282

V24 -0.27046140 o ~0.23166637

Va5 1.49677445 1.29398832

V26 -0.57435456 .. © ~0.45030602

V29 -0.45106015 -0.26045124
Table 8.45
Pooled within-species dispersion matrix for species S. soubrense and S.
yahense

Character|Vé V10 Vis- V22

Vé 2052.10239071(1005.73982336 |2280.95932025 [1675.78371658
V1o 1005.73982336]919.86051752 * 11327.76129138 |986.45393206
V18 2280.95932025(1327.76129138 |4358.58590824 |2476.85048452
Va2 1675.78371658|986.45393206 12476.85048452 [1854.60560568
Va4 1150.43329966(694.13496194 11663.37658176 [1158.69955525
V25 373.05311287 [225.45368038 -{550.82719596 |383.35612405
V26 306.66309748 [172.83653605 1462.67142999 1305.37873041
V29~ 879.53423597 |515.24732941 [1284.70297311 |897.80567756
VARIABLE |V24 V25 V26 V29

Vé 1150.43329966|373.05311287 |306.66309748 |879.53423597
V10 694.13496194 |225.45368038 172.83653605 |515.24732941
V18 1663.37658176(550.82719596 |462.67142999 {1284.70297311
Va2 1158.69955525|383.35612405 | 305.37873041 |897.80567756
V24 889.95130489 |272.87887342 |212.26754456 |642.00407298
Va5 272.87887342 -|107.98558312 |79.66183143 = |212.12306725
V26 212.26754456 |79.66183143 .178.24852773 164.49460988
V29 642.00407298 [212.12306725 |164.49460988 |525.87139075

8.3.1.10 Discrimination of Simulium squamosum and §. yahense

The Mahalanobis' squared distance between species using the 25

character set was 20.75 (unbiased D%=18.72, €,.¢=0.015) with no mis-

allocated flies using resubstitution

(e

res=0‘0)‘
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discriminant analysis resulted in an initial subset of 12 characters
giving a Mahalanobis' squared distance between species of 20.88 (un-
biased D2=19.86, eact=0'013) and 1 misallocated fly using resubsti-
tution (eres=0.004). Applying the method described in section 7.2.2
for dimension reduction in the context of discrimination, a six
character subset resulted: S
[V9,V11,V15,V22,V23,V29]
i.e. three antennal,‘and three wing characters. This character subset
resulted in a Mahalanobis' squared distance of 16.6 (unbiased D2
=16‘2’eact=0'022) and three misallocated flies (eres=0'011)’ 2 s.
squamosum classified as S. yahense and 1 S. yshense classified as .
Squamosum.
Allocation using -typicality probability of species membership
with atypicality defined at a=0.01 resulted in three misallocated
flies (1.12%), seven atypical flies (2.6%) three overlapping flies

(1.12%) and 255 correctly allocated flies (95.15%).

" The null hypothesis of equal wing tuft colouration and equal
abdominal setal colouration were both rejected at p<0.001 using
Wilcoxon two-sample rank sum tests. The prior probabilities of spe-
cies membership according to.a fly's wing tuft colouration were cal-
culated and are shown as Table 8.46.- When the prior probabilities

were adjusted for - wing tuft colouration 2 flies were misallocated
using resubStitution-(e¥es¥0.075), both of which were S. squamosum
classifi;d as S. yahense. - Including wing tuft colouration in the
linear - discriminant function resulted in 1 misallocated fly
(eres=0.0037),,,a S. squamosum classified as S. yahense. Including
abdominal setal colouration either in ;he linear discriminant function

or in the prior probabilities resulted in four flies being misallo-
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cated (eres=0.0149), these flies being the four S. yahense with
abdominal setal colouration character state one. The special nature
of this character is discussed in further detail in Chapter nine.

The null hypothesis of equal dispersion was rejected at p<0.001
using the likelihood ratio test. However, for the practical and ,
statistical reasons discussed in section 7.2.5, the dispersion ma-
trices were still poqled. |

The standardised canonical variate (Table 8.47) shows that
antennal length 1 is the most important character involved in dise
crimination between these species, with tibia length 1 having a sig-
nificant opposite influence.

The first eigenvector of the pooled within-species correlation
matrix was a size vector with coefficients:

[0.40,0.36,0.38,0.44,0.44,0.43],
and accounted for 78.1% of pooled within-species variation. When the
scores along this vector were introduced into the model as a
covariable the canonical root fell from;3.8454 to 3.6416 showing that
size variation has negligible influence on discrimination between
tﬁeSe species. '

The mean vectors are shown as Table 8.48, the linear discriminant
functions as Table 8.49 and the pooled within-species dispersioﬁ ma-
trix as Table 8.50.

To conclude, there is significant multivariate morphometric dif-
ferentiafion between S. squamosum and S. yshense. This differen-
tiation involves mainly_shapé variation because when size variation
is controlled, discrimination is still effective. The six character

subset can be expected to classify flies to their correct species in
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over 95% of cases when it is known & priori that just this species
pair is expected.

Adjusting the prior probabilities of species membership according
to a fly'é wing tuft colouration slightly improves allocation rate,
so it is recommenaed that this should be done in cases of doubt fol-
lowing typicality probability allocation

‘Adjusfing the prior probabilities of species membership according
to a fly's abdominai setal‘éolouration improves allocation rate but
because of the problem that abdominal setal colouration is not 100%
diagnostic for S. yahense, it 1is recommended that the character be

used only in cases of doubt.

Table 8.46

Prior probabilities of species membership for each wing tuft category,

Wing tuft category Species
S. squamosum S. yahense
1 1.0000 0.0000
2 0.9993 0.0007
3 0.7880 0.2120
4 0.0091 - 0.9909
5 0.0000 - 11.0000
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Table 8.47

Standardised Canonical Variate for S. squamosum and S. yahense

Character Canonical Variate

Antennal Length 1 1.3978
Antennal Segment 4 0.6915
Antennal Segment 8 0.5655

Femur Length 1 -0.7261
Tibia Length 1 -0.9980
Basitarsus Length |  0.4308

Table 8.48

Mean Vectors for species S. squamosum and S. yashense

Character S. squamosum S. yahense
Antennal Length 1 279.50755814 319.98281250
Antennal Segment & 37.69744186 45.00166667
Antennal Segment 8 39.01674419 46:06083333
Femur Length 1 654.56023256 657.64000000
Tibia Length 1 721.09465116 721.60000000
Basitarsus Length 2 343.40406977 352.44218750
Table 8.49

Linear Discriminant functions for species S. squamosum and S. yakense

S. squamosum S. yahense
CONSTANT| -134.68348826 -171.69187356
V9 0.80352471 1.02174383
V11 -0.47696294 0.06143848
V15 -0.20676689 0.28235314
¥ -0.10656273 -0.16655907
V23 .0.12162377 -0.04427324
V29 ' 0.15396694 0.22205447
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Table 8.50

Pooled within-species dispersion matrix for species §. squamosum and S.
yahense

Character|V9 vil V1s

V9 304.26573051 41.86146645 42.54871657
V11 41,.86146645 15.12832559 8.09739261
V15 42.54871657 8.09739261 10,.77909064
V22 _ 642.09971315 126.98207858 109.91556440
V23 680.31886073 137.48406333 116.57001280
V29 321.28657639 63.39587609 54.,90745077
Character|V22 Va3 V29

V9 642.09971315 680,31886073 "321.28657639
Vi1 126.98207858 137.48406333 63.39587609
V15 109.91556440 116.570012890 54.90745077
V22 2438.84470974 1 2485.28616321 1166.02930014
v23- 2485.28616321 2774 .23815895 1244.06463814
V29 1166.02930014 1244,06463814 648.06330373
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8.3.2 OVERALL DISCRIMINATION

The full 25 character set excluding wing tuft colouration,
abdominal setal colouration, and basitarsal spine number for the
reasons given in section 7.2.3 resulted in the matrix of Mahalanobis'
squared distances shown as Table 8.50a. All of these distances were
significant at p<0.001, but examining the matrix reveals that there
are three morphometric subgroups within S. dsamnosunm s.l.: 8.
squamosum, 'savanna', and‘§2 sanctipau]j/s. séubrense/s. yahense,
with members of the last group being relatively close together.

The matrix of classifications using resubstitution is given as
Table 8.51. The overall resubstituted error rate was 0.144. Of the
indi&idual species' error rates, S. soubrense is the highest with
nearly 30% of f1ies being misallocatad into other species.

A stepwise discriminant analysis on the 25 character set only
rejected four characters,antennal segment 5,antennal segment 7, ra-
dial hair number and tarsus segment 3 (Chapter four). This was re-
garded as too large a character set for practical aliocation purposes,
ana so the method for dimensi?n reductioh in the context of allocation

described in Chapter seven was used. This resulted in a 13 character

subset: . v - )
[V4,V9,V11,V13,V16,V17,V18,V19,V20,V22,V24,V28,V29]

i.e. one thorax, thrae antennal, five wing. and four leg characters
(Chaptar fou;); B o A .. ‘

~ The matrix of Mahalanobis' squared distances between species re-
sulting from these 13 characters is shown as Table 8.54. The table
of rasubstitutions (Table 8.55) shows that the resubstituted erfor
fate for the 13 charaater subset was 0.15. The individual error rates

range from 0.044 ('savanna') to 0.293 (S. soubrense).
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Allocation using the typicality proability method given in section
7.2.4 resulted in 29 atypical flies (3.6%), 54 overlapping flies
(6.75%), 94 incorrectly allocated flies (11.8%) and 623 correctly
allocated flies (77.9%). Once the flies which lay on a species-pair
overlap had been allocated using thé appropriate species-pair sta--
tistics given in sections 8.3.1.1- 8.3.1.10, then 29 flies remained
atypical (3.6%), 16 were still overlapping (2%), 104 were incorrect
(13%) and 651 were correctly allocated (81.4%).

The null hypotheses of equal wing tuft colouration and equal
abdominal setal colouration were both rejected at p<0.001 using a
Kruskal-Wallis test. Therefore the prior probabilities of species
membership for each wing tuft colouration category and each abdominal
setal colouration category were calculated'using the method given in
Chapter seven. These are shown as Tables 8.52 and 8.53:

When the prior probabilities were adjusted according to a fly's
wing tuf£ colour, then the overall error rate remained at 0,15, Yhen
the priors were adjusted using both wing tuft colouration and

-abdominal setal colouration, then 89/799 flies were incorrectly al-
located (eres=0.108).

The standardised canonical variates (Table 8.56) show the char-
acters of importance in discrimination and also give each species'
mean score alogg each of the canonical vectors as Table 8.57. The
first canonical variate accounted for 76% of total variance and was
influenced most by antennal length 1 and basitarsus length 2. The
species best discriminated along this vector were §. sanctipauli/s.
yahense at the positive end and 'savanna' at the negative end. The
second canonical variate accounted for a further 17% of total vari-

ance, and was strongly positively influenced by basitarsus length 2
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and wing length 3, and strongly negatively by thorgx width and tibia
length 2. Discrimination between S. squamosum at the positive end
and S. sanctipgull at the negative end was the most important function
of this vector. The third and fourth canonical vectors, whilst being
statistically significant are probably unimportant biologically be-
cause both have small canonical roots (Campbell 1982),

The null hypothesis of equal dispersion was rejected at p<0.0001
using the likelihood ratio test. However, for the practical and
statistical reasons given in section 7.2.5 the dispersion matrices
were still pooled ,

The first principal component of the pooled within-species cor-
relation matrix was a size vector witn coefficients:
‘[0.29,0.23,0.19,0.20,0.30,0.28,0.29,0;28 0.30,0.30,0.30,0.30,0.30]
ano accounted for 77.4% of pooled withinféoecies variation. When the

scores along this vector were included in the model as g covariable

the canonical roots fell from:

[4.6377,1.0643,0.2908,0.1459]
to
[4.052,0.8732,0.2502,0.1366]
showing that size has a small influence on discrimination, princ1na11y

along the second canonical variate.

- The mean vectors are given as Table 8.58, the pooled dispersion
matrix as Table 8.59 and the linear discriminant functions as Table'
8.60. N

To conclude, the 13 character subset derived in this analysis has
shown that there is significant multivariate morphometric differen-
tiation between the species of the S. dgmnosum complex. There is one

major axis of between species variation, the first canonical variate,
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which is a vector expressing antennal length and mid-leg basitarsus
length in relation to the rest of the body. It is the relative size
(i.e. shape) of these characters which is responsible for the dis-
crimination between the species. Characters of secondary, but sig-
nificant importance include thorax width, wing length, and the mid-leg
tibia length. The other characters contribute to a lesser extent to

between-species variation probably through correlation with charac-

ters more important in spegies discriminantion (Lubischew 1962).

Table 8.50a

Matrix of Mahalanobis'

distances between species, 25 character set

Savanna|S. sanctipaulilS. soubrense|S. squamosum! S. yvahense
Savanna 0.0
S. sanctipsuli|{37.74 0.0 .
S. soubrense [21.07 6.53 0.0
S. squamosum 11.91 25.89 12.91 0.0
S. yahense - 31.89 7.02 6.01 14.6 c.0
Table 8.51

.Table of re-classifications, using resubstitution, 25 character set

Savanna|S. sanctipauli|S. soubrenselS. squamosum| S. yahense
Savanna 241 0 3 5 0
S. sanctipauli| O 51 "5 0 5
S. soubrense 7 21 156 7 31
S. squamosum 9 0 4 158 1
S. yahense 0 10 7 0 79

eres=115/§00=0.1h38
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Table 8.52

Prior probability of species membership for each wing tuft colour category

Wing Tuft [Savanna |S. sanctipauli|S. soubrense|S. squamosum| S. yahense
Colour

1 0.5644 [0.0009 0.0320 0.4026 0.0000

2 0.2766 |0.0273 0.2357 0.4580 0.0024

3 0.0395 |0.2432 0.5063 0.1519 0.0591

4 0.0012 |0.4534 0.2273 0.0105 0.3076

5 0.0000 - |0.3316 0.0400 0.0003 0.6280
Table 8.53
Prior probability of species membership for each wing tuft and abdominal

setal

colour category

A B2  Savanna S. sanctipaull S. soubrense S. squamosum S. yahense
1 1 0.5645 |0.001 -~ .]0.0319 . 0.4026 0.0

1 2 0.2768 |0.0285 0.2359 0.4587 0.0

1 3 0.0417 }0.263 0.535 - 0.1604 0.0

1 4 0.0017 {0.6551 ' 0.3281" 0.0152 0.0

1 5- 0.0 0.8895 ©10.1097. 0.0008 0.0

2 1-5 0.0 0.0 ’ c.0 0.0 1.0

A'=Abdominal setal colour category (see Chapter four).

B2=Wing tuft colour category (see Chapter four).

Table 8.54

Matrix of Mahalanobis' distantes between species, 13 character subset

Savanna|S. sanctipaulilS. soubrense|S. squamosum| S. yshense
Savanna 0.0 :
S. sanctipauli}35.85 0.0
S. soubrense 19.85 5.89 0.0 - .
S. squamosum |10.79 23.48 ‘ 11.04 0.0
S. yahense  .{29.47 6.08 4.91 12.58 0.0
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Table 8.55

Table of re-classifications, using resubstitution, 13 character subset

Savanna|S. sanctipauli|S. soubrense|S. squamosum| S. yahense
Savanna 238 0 2 9 0
S. sanctipaull|0 48 5 0 8
S. soubrense |6 19 157 10 30
S. squamosum |7 0 4 159 2
S. yahense 0 10 8 0 78
eres=120/8q9é0.15,

Table 8.56

Standardised Canonical Variates

Character cvVI Ccv 11 CV III Cv 1V

Thorax Width -0.6323 | -1.1533 | -0.0874 | -0.7891

Antennal Length 1 1.6678 | -0.4761 =0.1345 | -0.5461

Antennal Segment 4| 0.1762 | -0.3361 0.8469 0.1080

Antennal Segment 6{ 0.6211 [ -0.3631 | -0.6173 0.3769

Wing Length 1 -0.1310 | -0.6600 0.4007 1,0422

Wing Length 2 -0.3995 0.1800 0.0109 -0.8774

Wing Width 1 -0.1248 0.3747 | -0.5498 1.0485

Wing Width 2 -0,2206 -0.1079 | . 1.2190 0.1655

Wing Length 3 0.2579 1.1661 -0.4448 =2.4018

Femur Length 1 0.0959 0.8137 =2.5897 | - 1.0942
Basitarsus Length -0.5418 0.1549 0.8505 1.1273

Tibia Length 2 -0.0902 | -1.6104 C.8879 ~0.0030
Basitarsus Length 1.1033 | 2.1201 0.6605 -0.1962
Table 8.57
Specieé Means on Canonical Variates .

Savanna -2.7399 -0.6702 0.1969 -0.0604
S. sanctipauli 3.1093 -1.0771 0.8367 0.9707
S. soubrense 1.6280 | -0.6058 | -0.6789 -0.1120
S.' squamosum -0.6053 1.7760 -0.1843 0.2615
S. yahense 2.4507 0.6415 0.8578 -0.6699
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Table 8.58

Mean Vectors

Character

Savanna

S. sanctipaulli

S. soubrense

Thorax Width
Antennal Length 1
Antennal Segment 4
Antennal Segment 6
Wing Length'1

Wing Length 2

Wing Width 1

Wing Width 2

Wing Length 3
Femur Length 1

Tibia Length 2
Basitarsus Length 2

Basitarsus Length 1

867.74462410
254.11867470

35.31759036
- 36.08449799
708,12433735
439.08530120
978.44353414
1389.53391566
1414.92809237
.602.69012048
419.64240964
-601.62313253
307.67710843

909.84725902
328.20737705
-48.33967213
50.53508197
774.45639344
461.91540984
1041.64434426
1479.41942623
1522,32909836
658.95737705
461.10885246
650.97245902
347.06803279

872.95284865
304.93783784
42,.19909910
45.50576577
730.55351351
443.02162162
997.15797297
1401,13479279
1478.64736486
633.77135135
432.29513514
617.96972973
325.77297297

Table 8.58

Mean Vectors

(continued)

Character

S. squamosum

S. yahense .

Thorax Width - v
Antennal Length 1
Antennal Segment &
Antennal Segment 6
Wing Length 1

Wing Length 2

Wing Width 1

Wing Width 2

Wing Length 3
Femur Length 1
Basitarsus Length 1
Tibia Length 2

Basitarsus. Length 2

891.07350698
279.50755814
37.69744186
40,36488372
758.70976744
. 463.22372093 .
1048.84267442
1466.39627907
1540.09226744
.654.56023256
453.87000000
637.39744186
343.40406977

906.62228125
319.98281250
45.00166667
47.19750000
770.69750000
471.03875000
1039.91921875
1576.95807292
1495,92739583
657.64000000
462.27500000
648.41500000
352.44218750

Page 321




Table 8.59

Pooled within-species dispersion matrix

Character|Vé& Vs Vil Vi3

V4 4020.42684612|674.11534770 123.93425781 114.81760517
V9 674.11534770 1290.36670606 36.22041760 37.77400930
Vil 123.93425781 {36.22041760 14.12867695 9.20617799
V13 114.81760517 [37.77400930 9.20617799 12.62327975
Vi1é 2819.6302505%9(573.81903537 94.33719941 96.15314058
V17 1705.33879012|349.30148288 55.26046145 56.36812476
V18 3479.02054715|645.92634072 109.26739900 113.81280202
V19 4779.96597811[947.15089526 156.22669013 162,58573156
V20 4901.55169491{998.76130192 163.94461750 168.26927707
v22 2430.366543521479.44726851 81.94251823 81.64578963
V24 1660.98659993]{332.33085966 58.78564509 57.16285608
V28 2354.07338731/450.54402160 76.77856170 76.01723060
V29 1262.94455076|250.45044613 43,.66888838 |43.47540170
Character|{V16 V17 Visg V19

V& 2819.63025059(1705.33879012 {3479.02054715 [4779.96597811
V9 573.81903537 |349.30148288 645.92634072 947.15089526
V11 94.,33719941 55.26046145 109.26739900 156.22669013
V13 96.15314058 56.36812476 113.81280202 162,58573156
V16 2754.94213103{1510.11756107 |2949.81478407 {3918.69270629
V17 1510.11756107]1048.71143120 |1678.25278978 {2414.76598315
vis 2949.81478407|1678.25278978 |4112,98487223 |5067.96192179
V19 3918.692706292414,.76598315 |5067.96192179 |{8195.58351299
V20 4243.34067646|2465.36734418 |5134.02817590 |7155.46508249
V22 1999.44104911[1188.65965191 |2423,13912677 |3276.69614499
V24 1380.11258810|836.14006698 1641.46026172 [2268.03800475
V28 1953.41437341[1168.40568665 {2362.22639952 [3208.22684180
V29 1061.193834041629.00740560 1268.70992201 |1727.30826743
Character|V20 V22 V24 V28

\"// 4901.55169491]2430.36654352 11660.98659993 |2354,07338731
V9 998.76130192 [479.44726851 332.33085966 450.54402160
Vil 163.94461750 [81.94251823 58.78564509 76.77856170
Vi3 168.26927707 |81.64578963 |57.16285608 76.01723060
Vie 4243.34067646(1999.44104911 11380.11258810 [1953.41437341
V17 2465.36734418]1188.65965191 836.14006698 1168.40568665
vis 5134.02817590(2423.13912677 1641.46026172 (2362.22639952
V19 7155.46508249(3276.69614499 2268.03800475 [3208.22684180
V20 8224.1069035313472.63849913 |2387.76530057 {3377.77197174
V22 3472.63849913]1816.16396259 [1154.99263296 |1670.50349394
V24 2387.76530057{1154.99263296 |881.10960971 1134.99996767
V28 3377.77197174]1670.50349394 |1134.99996767 |1706.41061326
V29 1835.20200128|887.63622455 635.37505416 870.84426109
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Table 8.59(continued)

Character|V29
Va4 1262.94455076
V9 250.45044613
Vil 43.66888838
Vi3 43.47540170
Vi1é 1061.19383404
V17 629.00740560
\"AR.} 1268.70992201
V19 1727.30826743
V20 . 1835,20200128
V22 887.63622455
V24 635.37505416
V28 870.84426109
V29 516.02553624
Table 8.60

Linear Discriminant functions

Savanna S. sanctipauli S. soubrense S. squamosum - S. yahense
CONS- |-159.733167|-221.51972253 | -196.68139491|~187.19981965|~219.46907820
A2 -0.02705877 -0.09002968 -0.06882842 -0.09453154 -0.09422150
Vo 0.55777538 0.85369529 0.79324788 0.63004027 . (0.82112976
V11 0.15679247 0.48019491 0.15689796 0.02635963 0.32868239
Vi3 -0.21406578 0.41275768 0.31915059 -0.08214442 0.13634649
V16~ -0.14728705 -0.13290588 -0.16488123 -0.17682596 -0.18035777
V17 |0.04504152 |-0.05064176 - |-0.00406664 |0.02482137 . 0.00756623
vie  |0.15185719 |0.14968480 0.15052823  |0.16886344  |0.13539866
V19  |0.04640510 |0.04342813 0.02582277  |0.03487736  |0.04055290
v20 |0.10955495 |0.09344627 0.12554969  |0.13566331  |0.14721648
V22 -0.13414412 -0.14034412 «0.07841564 . | -0.06072305. {-0.15103736
V24 0.05064384 0.00576679 -0.04229086 0.02890527 -0.02977846
V28 0.14400142 0.15937790 0.11569554 0.04474148 0.69978495
V29 -0.34843142 -0.14215441 -0.19269392 -0.09191129 -0.02568580
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8.4 DISCUSSION

| The 'global' discriminant analyses presented in this chapter have
shown that there is a large amount of multivariate morphometric var-
iation between females of the five taxa examined within the &§.
damnosum complex form West Africa. These analyses also demonstrate
that multivariate statistical methods contribute Qaluable information
to the morphological study of the complex, and should provide an ad-
ditional, powerful method for the field identification of flies.

The speciés which is most succéssfully discriminated is 'savanna';
the pooled S. damnosum s.s., S. sirbanum categbry. This is true of
both.the species-pair'analyses and the overall analysis. The species
with which it has most pheﬁetic overlap is S. squamosum, but this {is
6n1y ~about 5%. The ability to ideﬁtify this species with accuracy
is of considerable importance, because both S. damnosum s.s.uand S.
sjpbanum aré known fo be dangerous vectors of the more debilitating
savanna strain of 0. volvulus. The raie of correﬁt idenﬁification
using the multivafiate 'statiétical method is an "improvement over
published methods currently‘iﬁ routine use for adult female' iden-
tification.

A‘ The morphological characters which were most commonly derived in
discriminant analyses involving 'savanna' were thorax width, antenna]
léhgth and mid-basitarsus length Chapter four) for all of which it
is relatively smaller than the other species. ~ 'Savanna' flies are
a1s§ paie, mostly having wing tuft coléur category one and two, and
always showing'abdomihai setal colour'category two.

» Size variation was a significant componeht of the between-species
analyQés involving 'savanna'; but the size-free canonical roots were

still higher than for most other analyses, demonstrating that both
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size and shape differences are important in defining the
distinctiveness of this taxon. Whether the consistently smaller size
of 'savanna' flies is a taxonomic feature, or whether it is an envi-
ronmentally mediated feature which might disappear once a wider range
of geographic and seasonal variation has been sampled cannot be stated
on the available data.

Simulium squamosum is the next most isolated species, with
phenetic overlap ranging from about 3% to 8%. The species to which
it is phenetically closest is 'savanna', followed by S. soubrense and
S. yahense, and it is morphologically most distant from §.
sanctipauli. It is of interest that §. Yebense,»td which it is
chromosomally very close (Vajime and Dunbar 1975) is morphologically
so distant. Clearly, morphological and Chrpposomal evolution in the
S. damnosum complex -are not always closely correlatéd, as was
emphasised in Chapter six.

Morphélogical characters which are taxonomically uséful in dis-
tihguishing S. sanctipauli in relation to the other a species include
having ‘a relatively broader thorax, and longer wing, and the leg

characters.’ The species 1s also paler than most, except for

.o

t
savanna'.

The - ability to identify this species using multivariate
morphometrics is an imprqvemént over the currently used morphological
methods (e.g. Garms and Cheke 1985), but the rate of correct’ iden-
tification is not as good as that achieved wusing enzyme
eléctrophoresis (Meredith and Townson 1981). In combination, the two
methods should be able to identify flies with great accuracy, assuming

the rate of incorrect identification for each method is independent.
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The three species S. soubrense, S. sanctipsuli and S. yahense show
a larger degree of phenetic overlap. The morphological similarity
of S. soubrense and S. sanctipauli might have been expected consid-
ering their chromosomal relatedness, but the proximity of S. yashense
to this pair of species is unusual considering their chromosomal .
distance. Wing tuft colour parallels this morphological similarity,
with S. yshenseand S. sanctipauli being the darkest and . soubrense
being very variable (Chapter six). Abdominal setal colour. is 96%
diagnostic for S. yshense on the basis of this data. The cause of
the phenetic similarity of the three species may be due to ecological
similarities between thenm, as all three are pPredominantly forest
dweliers (althougﬁ S. soubrense 1is variable). ' ' A

Téble 8.61 gummaries the results of the overall discrimination
using the five allocation schemes used in éhis analysié; forced al-
location without adjusted prior probabilities, forced allocation with
priofs,adjusted for wing tuft colour, forced allocation with priors
adjusted for wing tuft and abdominal setal colour, and typicality
probability allocation with and without subsequent allocation of
oVerlapﬁing fiies using the appropriate Species-ﬁair statistics,

The meﬁhod which results .in the largest number of correct allo-
cations is forced allocation with priors adjusted according to g fly's
wing tuft and abdominal setal colour, although comparison of the first
two columns reveals that this is due entirely to abdominal setal
colour. ABy automatically classifying all category 2 flies into g§.
yahense and all category 1 flies into some other species, the char-

‘acter is acting as a diagnostic character in traditional taxonomic

analysis.
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Typicality probability allocation without subsequent allocation
of overlapping flies results in considorably fewer correct allo-
cations, although as was emphasised in Chapter seven, the purpose of
using this method is to provide a biologically more meaningful method
of allocation. Ignoring atypicality or overlapping flies will ulti-

to
mately lead poorer allocation rates.

Table 8.61

Comparison of five methods of allocation

o Forced!® Forced? Forced? Typicality Typicality
Correct - 680 680 713 623 651
Incorrect 120 120 86 94 104
Overlapping na na na .. 5S4 1 16
Atypical na na na 29 29

1Forced allocation without adjusted priors.
*Forced allocation with prior probabilities adjusted for wing tuft

colour
3Forced allocation with prior probabilities adjusted for wing tuft

colour and abdominal setal colour
“Typicality probability without subsequent species pair allocatlon

of overlapping flies
*Typicality probability with subsequent species pair allocation of

overlapping flies
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CHAPTER NINE: GENERAL DISCUSSION

9.1  INTRODUCTION

The previous chapters:of this project have examined variation
within and between species of the S. damnosum complex in West Africa
from three distinct viewpoints:
1. 'Classical' larval polytene chromosome analysis,
2. Multivariate statistical éhalysis of larval polytene chromosome

variation,

3. Multivariate statistical analysis of adult female morphological
variation.

The purpose of this chapter is to discuss issues érisigg from
these three appréaches to the analysis of variation, to summarise and
discﬁss the adult morphological variation, to provide worked examples
of the mathematics of the different allocation procedures for iden-
fifying females, -and to suggest a protocol for the field identifica-

tion of adult females. Suggestions for future study will also be

- me

made.
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9.2 CHROMOSOMAL VARIATION

The study of larval polytene chromosome variation in the §.
damnosum complex using the 'classical' methods (e.g. Vajime and Dunbar
1975,‘Qui11€Vér€ 1975, Post 1986) is justified because species which
are responsible for more serious disease transmission (e.g. s.
sirbanum, S. damnosum s.s.) can be identified, and also species can
be associated with ecological and bionomic factors which can influence
control of the vector. Vector céntrol problems such as the evolution
of insecticide resistance and reinvasion of flies from uncontrolled
areas can be clarified by detailed cytotaxonomic study of the problem
flies,lwhich in turn helps to overcome such problems mo?e quickly than
if the species complex were regarded as unitary,

- The identification of a new chromosomgl form, S. sanctipauls
'Djodji' from Togo (Chapter two, Surtees et a&l. 1988) éemoﬁétrates
the continuing value of the usual approach to polytene chromosome
Variation; and the epidemiological work arising from its recognition
(Cheke and Denke 1988) justifies the detailed analysis of chromosomal
variation within previously récognised species,

However, the multivariate analyses presented in Chapter three
demonstrate clearly that chromosomal variation in the S. damnosum
complex is much more subtle and involved than can be revealed simply
by using the classical approach. Important substantive results
arising from this anaiysis include the recognition that the
insecticide resistant flies within the S. sanctipsuli subcomplex are
chromosomally distinctive in relation to other S. sanctipsuli , and
may represent a new chromosomal form, a finding which had been over-
looked using classical cytotaxonomy. That the variation revealed

within S. soubrense 'Menankaya/Konkoure' cannot simply be broken into
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classically defined taxa without considerable loss of information is
another substantive result of this analysis, as is the recognition
of the chromosomal distinctiveness of S. soubrense 'B'. Apart from
these substantive findings, however, the importance of the analyses
shown in Chapter three lies.in the new approach taken to the analysis
of polytene chromosome variation within the S. damnosum complex. As
emphasised in that chapter,. the methods used and the materiais
available were not entirely optimal, nevertheless, it is clear that
the method applied routinely to the S. damnosum‘complex will reveal
" greater understanding of the population structure of the different
species which will include factors of importance in vector control
and disease transmission such as tracing insecticide resistance, more
detailed and subtle analysis of relative rates of gene flow and mi-
Srafion, and the recognition of new sibling species. '

For the approéch adopted in Chapter three to be applied to othef
parts of the S. damnosum complex, and to the complex as a whole, the
homologies of chromosomal sequences amongst different taxa must first
~ be established. It is known that this work is not cpmﬁlete (Post
personal communication), and until it {is, the method will be re-

stricted to better known pdrts of the complex such .as the &,

saﬁctjpaulj subcomplex and the S. squamosum subcomplex.
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9.3 ADULT FEMALE MORPHOLOGICAL VARIATION

The adult female morphological characters described and figured
in Chapter four were used to examine intra- and inter-specific varji-
ation in the S. damnosum complex, with the results of these analyses
presented in Chapters six, seven and eight,

The purpose of this section is to examine which of the
morphological characters were most important in discrimination, to
discuss the significance of size variation in the S. damnosum
complex, to comment on the two colour characters and to discuss the
r importance of the departure from the null assumption of equal
dispersion. '

9.3.1 MORPHOLOGICAL CHARACTERS OF IMPORTANCE

Table 9.1 summarises the characters derived for each-of the ana-
lyses presented in Chapters six, seven and eight.' The first coiumn
refers to.the chapter heading for each'analysis. ‘
9.3.1.1 Thorax Characters

Of the two thorax characters measured in this project tnorax
width (V4) was more important taxonomically than thorax length (V3)
Neither character was 1mportant in describing intraspecific variation
(analyses 6.3.1-6.3. 6), but of the 35 between-species analyseS, thorax
length was derlved in six analyses, and thorax width in 16. Of these,
none of the standardlsed canonical variate coefficients were rela-
t1ve1y large for thorax length whereas 10 were considered important

for thorax width. Thus thorax width seems to be a useful taxonomic
character in the S. damnosum complex.

9.3.1.2 Head Characters
Of the two head characters used in this project vertex width (Vs)

was not derived in any of the discriminant analyses, and so can be
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discounted as a taxonomic character. Head width (V6) was selected
in 12 of the analyses, but was only considered important in the
within-species analysis for S. sirbanum, and in the species pair
discrimination of S. soubrense 'Beffa' and S. sanctipaul § 'Djodji(,
Therefore, neither character on its own can be considered of great

importance taxonomically, although head width can be useful in con-

junction with other characters.

9.3.1.3 Antennal Characters
Seven antennal characters were measured in this project, and they
contributed considerably to the discrimination between species.

. Antennal length one (V9), which is the shorter of the two meas-
urements which included more than one segment,was selected in 21 of
the analyses, while antenna length two (V10) was selected in 12 of
the analyses. In no analysis were both selected togetﬂer. ‘0f the
analyses in which they were selected, antennal length one was con-
sidered iﬁportant in 14 and antennal length two in nine.

Of the within-species analyses, only. in §. sanctipsuli was

antennal length considered important, indicating that the character

may be relatively invariant within species, but of considerable im-

-

portance between species.

The individual antennal segments &4-8 (V11-V15) were sometimes
derived in the between-species analyses, but the only segment con-
sidered important was antennal segment 6 (V13), which was chosen in

analyses including 'savanna' species and members of the §. sanctipaul

subcomplex.

Antennal length and the relative compaction of the antennal seg-

ments 4-8 were considered important in previous morphological studies
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of the S. damnosum complex (e.g. Garms 1978, Quillevere et 4]. 1977)
and this has been confirmed in these analyses.

9.3.1.4 Wing Characters
Excluding wing tuft colour, which is dealt with in section 9.3.3,

six characters were measured on the wing . Five of these were linear
measurements, and one a count. This character, the number of hairs
.on the radial vein of the wing (V21) was chosen initially because it
had previously been considered ta%onomically important by Quillevérs
and Sechan (1978). However it was derived in the characters subsets
" of only one of the 35 analyseé in chapters six, seven and eight, and
it was not considered important in this ahalysis. Therefore, the
character can be discounted as a taxonomic character in the .
damnosbm complex, confirming the findings of-Garms (1978) and Townson
‘and Meredith (1979). ’ :

‘ af the linear measu;ements, the longest wing length measurement
(V20) was chosen in 24 of the 35 analyses and considered particularly
importaﬁt on three of the six within-species analyses and 14 of the
29 beéween-species analyses. Thus wing length appears to be a
taxonomically useful character.

Of the other characters, V17 and V18 were quite frequently present
in the final character subsets of the between-species analyses.
9.3.1.5 Leg Characters
: Eight leg character were measured (excluding basitarsus length 2
which was rejected at an early stage in the anélysis), five on the
fore-leg, three on the mid-leg. The least important characters on
the fore-leg were the very small tarsal segments. This is possibly

a reflection of their small size decreasing the accuracy of measure-

ment.
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Femur length, tibia length and basitarsal length of the fore-leg
were sometimes considered important in between-species analyses, but
none were of great taxonomic value.

Of the three mid-leg characters, the least important was femur
length, but tibia length and basitarsal length were frequently con-
sidered important, and were often chosen together, indicating that
the relative proportion of these segments might be of taxonomic sig-
nificance in the S. damnosum cohﬁlex. |
9.3.2 ~ INFLUENCE OF SIZE VARIATION

Table 9.2 summarises the influence of size variation on the
with;n- and between-species analysgs presented in Chapters six, seven
and eight.

The proportion of variance along the first principal component
of the pooled within-groups correlation indicates the amount of error
variance due to size. This proportion ranges from 58.6% -to 88.9%
showing that within-groups variation is predominantly along the size
axis, i.e. individuals within a sample, or within a species are more
likely to differ in size than shape.

‘The size-free canonical root is an indication of the sﬁape-only
differentiation between samples (6.3.1.1-6.3.1.6) or between species
(7.3.1.1-8.3.2). As an informal guideline based on extensive prac-
tical experience, Campbell (1978) suggests that a canonical root less
than aboqt 0.75 to 1.0 is unlikely to be of practical use, although
this guideline was not for size-free canonical roots. Using this
guideline strictly and conservatively, only one of the within-species
analyses (S. soubrense) shows meaningful shape differentiation, re-

flecting the chromosomal heterogeneity of this taxon.
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Six of the between-species analyses have size-free canonical roots
less than one, these are S. damnosum s.s./S. sirbanum, S. soubrense
'B'/S. soubrense, S. soubrense 'B'/S. yahense, S. soubrense/S. yahense
and S. sanctipaalj/s; souorense. Ali other analyses have shape-only
canonical roots greater than one and so in principle ail are useful,

The influence of size variation, as measured by the ratio of the
size -free canonical root to the size-in canonical root expressed as
a percentage, gives the influence of the pooled within-groups scatter
along the size vector on tne canonical variate analysis., This in-
fluence varies greatly, from very heavy influence 633.2%) toinegli-
gibie influence (97.9%). L |

inere appears to be no obvions pattern as to the influence of
Within-groups size variation on betneen-groups discrimination, beyond
seeingithat 'savanna’' flies tend to be smaller. It seems that size
variation is a random component of within -species variation which does
-not influence the taxonomically more important shape differences be-
tween species

) To conclude, whilst size variation is the predominant mode of
variation in §. damnosum s.1., the extent of between -species shape

differentiation is unaffected by size variation
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Table 9.1

Characters of Importance

Section |Thorax|Head {Antenna Wing Fore-leg Mid-leg
6.3.1 Vo V16 V22 V25 V27
6.3.2 [V3 V& |V6 V17 V18 V20 |vw23

6.3.3 V') V20

6.3.4 V4 V10 V17 V18 V20 [V24 V27-v29
6.3.5 V9 V11l V19 V20 V22 V28 V29
6.3.6 V6 V17V19V20 V22 V27 V28
7.3.1.1 V9 Vi Vi8 V19 V27 V28
7.3.1.2 - V6 V10 V17 V20 V27 V29
7.3.1.3 |vé v10|V1i8 V|0 -

7.3.1.4 T o|ve  |ve V13 V29
7.3.1.5 |V3 V4 V9 V12 V17 V19 v23 V28 V29
7.3.1.6 Y10 V18 ' V22 T
7.4.1.1 (V& V9 Via Vié V17 V23 V29
7.4.1.2 V9 V17 V29
7.4.1.3 |V3 V9 V13 V19 V29
7.4.1.4 [V4 vio vi3  |V19 V29
7.4.1.5 |V4 Vé V9 V20 V27V28V29
7.4.1.6 |V4 ' V9 V20 v2g
7.4.1.7 |V4 V10 V15 V1é V20 V24 V29 .
7.4.1.8 Vi1l V15 V19 V20 V27
7.4,1.9 Vi1 V20

7.4.1.10|V3 V9 Vil V17 V20 V22

7.4.1.11|V3 V4 V16V17V20V21 |V22 {v2s
7.4.1.12V4 V10 V17 V20

7.4,1.13|V4 vio Vi7v19V20 V27V28V29
7.4.1.14|V3 V4 |V6 yio V13 - V24 V28 V29
7.4.1.15 vé V17 V18 V22V24V25V26({V29
7.4.1.16 V9v1ivls |V1é - V22 V24 - |V29
7.4,2 V& Vé V9 Vil V16V17V19V20 |{V22 V28 V29
8.3.1.1 |V4 v9 V13 V29
8.3.1.2 Y9 V13 V17 V19 V22

8.3.1.3 (V4 Ve V12 V20 V28 V29
8.3.1.4 |V4 V9 V20 V29
8.3.1.5 vé Vi4é V15 V16V17V19V20 [V24 vy
8.3.1.6 vi0 Vi3 V16 V18 V20 V22

8.3.1.7 |V3 Vil V16 V17 V20 V28
8.3.1.9 vVé V10 V18 V22V24V25V26({V29
8.3.1.10 Y9 V11 V15 V22 V23 V29
8.3.2 Va. "{y9 V11 V13|V16-V20 V22 V24 V28 V29
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Table 9.2

The influence of size variation

Analysis®|% Var Size? |size-free Root® |Size Influence“ Species®
6.3.1.1 |74 0.717, 0.122 79.6, 53.4 dam
6.3.1.2 [85.0 0.811, 0.243 69.5, 95.8 sir
6.3.1.3 |69.5 0.828 99.84 san
6.3.1.4 |83.7 1.829, 1.206, 84.3, 76 soub
6.3.1.5 |69.6 0.927, 0.348 39.5, 35.3 squ
6.3.1.6 |86 0.453, 0.364 35.3, 35.3 yah
7.3.1.1 |66.4 4.81 93.95 bef/dam
7.3.1.2 |80.1 1.23 48.4 bef/djo
7.3.1.3 |84.4 2.43 60.2 bef/squ
7.3.1.4 |58.6 3.4 38.6 dam/djo
7.3.1.5 |73.5 2.05 67.9 dam/squ
7.3.1.6 |85.6 2.83 99.7 djo/squ
7.3.2 2.82, 1.21 96.9, 55.8 overall
7.4.1.1 {73 0.581 68.4 dam/sir
7.6.1.2 |77.4 3.25 53.7 sav/san
7.4.1.3 |67.4 3.01 99.9 sav/sob
7.4.1.4 |74.6 3.1 70.5 |sav/soub
7.4.1.5 |85.8 2.46 88.1 sav/squ
7.4.1.6 |83.1 3.44 52.3 sav/yah
7.4.1.7 166.2° 1.15 35.2 san/sob
17.4,1.8 |68.8 1.15 93.2 san/soub
7.4.1.9 |88.9 6.94 80.51 |san/squ
7.4.1.10 |77.3 1.74 98.1 san/yah
7.4.1.11 |82.2 0.43 81.0 sob/soub
7.4.1.12 |86.2 3.71 95.4 sob/squ
7.4.1.13 [87.4 0.76 52.4 sob/yah
|7.4.1.14 |78.6 2.64 96.0 soub/squ
7.4.1.15 |86.3 0.807 81.0 soub/yah
7.4.1.16 |79.6 3.02 74.8 squ/yah
7.4.2 4.04, 0.97 76.9, 98.8 overall
8.3.1.1 |64.5 4.36 61.8 sav/san
8.3.1.2 {71 3.84 89.9 sav/soub
8.3.1.3 |76 2.01 69.7 sav.squ
8.3.1.4 |82 3.54 59.1 sav/yah
8.3.1.5 |73 0.73 79.3 san/soub
8.3.1.6 [79.7 4.82 98.4 san/squ
8.3.1.7 |77.3 1.44 98.5 san/yah
8.3.1.8 |80.2 2.62 91.7 soub/squ
8.3.1.9 [83.7 0.62 75 soub/yah
8.3.1.10 |78.1 3.64 94.7 squ/yah
8.3.2 77.4 4.05, 0.87 87.4, 82.0 overall
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'Numbers refer to chapter headings

*Percentage of variation along the first principal component of the

pooled within-groups correlation matrix

3Canonical root resulting from multivariate analysis of covariance

with size as the covariable

“Ratio of the size-free canonical root to the usual canonical root
expressed as a percentage;

*dam= S. damnosum s.s., sir=S. sirbanum, san=S. sanctipauli, soub=s,
soubrense, sob=S. soubrense 'B', bef=S.. soubrense ‘Beffa', djo=S.

sanctipsuli 'Djodji', squ=S. squamosum, yah=S. yahense, sav='savanna'

(pooled S. sirbanum and S. damnosum s.s.)
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8.3.3 COLOUR CHARACTERS

Two colour characters were included in this project (Chapter four)
because both were considered to be of taxonomic importance in the §.
damnosum complex, wing tuft colour (e.g. ﬁarms 1978) and abdomingl
setal colour (Garms and Zillman 1984). The special nature of these
characters was mentioned in Chabter seven, where a method was de-
scribed which exploited the taxonomic potential of these characters
without risking certain statistical assumptions being invalidated
9.3.3.1 Ving Tuft Colour

Figure 9.1 gives the frequency histograms for each species com-
bined as in Chapter eight. The taxonomic importance of this character
is obvious from this figure, but it is also clear‘that there is con-
siderable overlap between species for the five categories of the
character V

The originafifive character state system for scoring this char-
acter of Kurtak et &l. was used. This system probably obscures more
subtle expression of this character, so it is recommended that in
futnre studies, either more categories be defined (thus splitting the
heterogeneous middle category), or the character be expressed dif-
ferently (such as a proportion).

The overall 'global' discriminant analysis (Chapter eight) showed
that, in practice, the influence of this character on helping allo-
cation of flies to each of the five species was negligible. Whilst
it"'is extremely useful for distinguishing between, for example,
'savanna' and S. yashense, these species are already well separated
morphometrically, whereas those species which need extra information

to aid discrimination, e.g S. soubrense and S. yahense, overlap con-

siderably for this character.
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To conclude, the taxonomic importance of wing tuft colour has been
confirmed in this project, although the method of scoring it has been
criticised. In practise, the character helps to identinySpecies
which are already well Aistinguished, so its use is likely to be re-
stricted to allocatingvflies of doubtful affinity after typicality
probability.
9.3.3.2 Abdominal Setal Colour

The colour of the setae on the ninth abdomihal tergite was re-
corded asla two-state character (Garms and Zillman 1984). 1In this
project, it was found to be 95.8% diagnostic for S. yahense, meaning
that the effect of this character on adJusted prior probabilities was
diagnostic The main problem with such extreme influence of a single
character is that those S. yahense with character atate ene (white
setae) are automatically incorrectly allocated as are flies of other
species with character state two, should they exist.

This extreme influence may be justified, as the effect of ad-
justing‘prior probabilities of species membership usihg this character
}s beneficial in discriminating between S. yahense and the species
to which it is morphologically closest, §. sanctipauli and §.
soubrense. However, the objectivity of scoring this character is not
certain, ana it is recommended that a detailed, double-blind study
be undertaken to establish the true taxonomic status of this charac-
ter; '

9 3 4 'COMMENTS ON DEPARTURES FROM EQUAL DISPERSION

A The null hypothesis of equal dispersion was tested on each of the
diacriminant analyses because genuine rejection of this assumption
is potentially serious, more so than departure from normality on the

allocation rate of a given character subset (Campbell 1978). The
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pooled dispersion matrix was used throughout the analyses because to
calculate separate dispersion matrices for each group in an analysis
involves calculating more parameters with less accuracy. The effect,
generally would be to introduce optimistic bias into the estimate of
error rate for a particular analysis. ‘

In the between-species analysés given in Chapters seven and eight,
the null hyvpothesis was tested 35 times‘and rejected 12 times at a
significance level of p<0.0001. Clearly, even though the teéting of
each null hypothésis is not independent, its rejection is too freqﬁent
to be by chance alone. A larger proportion of the rejections occurred
in the 'global' analyses than in the regiohal analyses, which may be
due fovpboiing resulting in departures from norﬁality,vto‘whiéh the
likelihood’ratio test is particuiarly'sensigive.

To conclude, given the poor performance of the statisticél test
for equai‘dispersion (Seber 1984), it is not possible to state with
certainty whether the larger than expected rejections of the nuli
hypotheses is due to genuine difference in covariance structure be-
tween species, or due to other causes. Determihing the true gature
of between-species variation in covariance structure is very impor-
tant;,and will need to be investigated in greater detail once more
comprehensive sampling has been obtained. If differences in
covariancé structure exist, then allocation should be by the Quadratic
discfiminant'function, or by typicality probability allocation to each

Spécies' méén vector weighted by the inverse of its own, rather than

the pooled, dispersion matrix (Ambergen and Schaafsma 1984).
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9.4  WORKED EXAMPLE OF ALLOCATION PROCEDURES

Two basic allocation procedures were used in these analyses,
forced allocation and typicality allocation. Forced allocation as-
sumes that the fly belongs to one of the reference species with
probability 1, whereas typicality probability allocation calculates
the probability that a fly is sampled from each species without ref-
erence to the other species. Forced allocation can be achieved in a
number of ways, calculating the' fly's score on each species’ LDF,
calculating each fly's posterior probabi}ity of §pecies membership
derived from its Mahalanobis' distance,and adjusting the prior prob-
ability of species membership in a way which reflects prior belief
abouf the probability of the fly being one or other species. In this
analysis, prior probabilities were calculated on the basis of colour,’
but other statements of prior belief could be used to’ adjust the
probabilities.

As an example of the calculations of the statistics necessary for
the different allocatién procedures, three flies will be allocated
using the overall 'global' statistics presented in section 8.3.1.
Two (A'and B) were collected from Bioko, West Africa by Dr. J. Mas
of the Uni\;ersidad de Barceﬁlon&.' These flies belong to the S.
squamosum subcomple¥_(i-e-s S. squamosua, S. yahense, Post unpublished
cyto£axonomic results). The other fly (C), was collected by Dr. P.J.
McCall, Liverpool School of Tropical Medicine biting at cattle at
Cyand, Ndrth Wales, and belonged to the épecies S. variegatum,

The vector of observations for the three flies, for the 13 char-

acter set given in Chapter 8 is shown below:
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Character Fly

A TB - 1C
Thorax Width 968.95 993,792 1043.48
Antennal Length 1 323.7 331.5 304.2
Antennal Segment 4 47.12 42.16 44,64
Antennal Segment 6 42.16 ‘ 47.12 44,64
Wing Length 1 : 777.36 787.2 1230.0
Wing Length 2 492.0 492.0 747.84
Wing Width 1 1029.35 1029.35 1499.9] .
Wing Width 2 1529.32 .. 1544 .02 1970.47
Wing Length 3 1646.96 - . 1646.96 2088.11
Femur Length 1 688.8 678.96 797.04
Basitarsus Length 1 492.0 - 482,16 619.92
Tibia Length 2 678.96 669.12 797.04
Basitarsus Length 2 | 358.8 354.9 460.2

i). LDF Allocation .
.Computationally; Vthis is the simplest method. The transposed
vector of observations for each fly is postmultiplied by the vector
part of each linear discriminant function given in Table 8.60, and
the resultant score added to the constant The three flies A, B and

C score on each species LDF in the following way,

Species Fly
A B ' cC .

savanna - 213.62 [215:45 258.55

S. sanctipauli 217.16 220.88 241.29
S. soubrense 219.89 224.73 241.85
S. squamosum 1218.07 219.1 272.56
S. yahense 223.13 225.96 255.38

Based on the highest score, both Bioko flies would be allocated
into S. yabense and the S. Vanegatum would be allocated into S
squamosum. o

Prior probabllitles could be adjusted according to wing tuft and
abdominal setal colour using the priors given in Tables 8.52 or 8.53
by adding lnni to each constant.
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Although it 1is not necessary to calculate the discriminant func-
tions each time they are to be'used, this can be done if it is decided
to write a general allocation program, rather than simply storing each

species' LDF. The vector part of the LDF is calculated by S'lii and

the constant part by Xi'S'lxi.

ii). Posterior Probability Allocation
The first step in allocation is to calculate the Mahalanobis'
squared distance to each of the-five reference mean vectors shown in
Table 8.58 using the inverse of the pooled within-species dispersion
matrix shown in Table 8.59."
D2 = (x-%) 'S 1( x-%)

These distances Diz, are given below:

Species ~ Fly

_ A B c
savanna *- 37.34 37.4 342.32
S. sanctipauli]30.27 26.54 376.85
S. soubrense |24.81 18.85 375,72
S. squamosum |28.44 30.11 1314.3
S. yahense 18.31 16.38 348.7

If forced allocation without adjusted prior probabilities is being
used, then this is equivalent-to assigning the fly to the species to
which it is closest, thus the two Bioko flies would both be allocated
into S. yahense and the S. variegatum would be allocated into .
squamosum .

To calculate the posterior probabilities of species membership,
then the following calculation is performed:

R=ﬂiexp(-0.5 Di2 )/SUM ﬂiexp(-O.S Di2 ),
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where summation is over i=l...g, the number of reference groups (5),

and 7, is the prior probability of species membership taken either

from Table 8.52 or Table 8.53.
The following table gives the posterior probabilities of species

membership for each of the three flies, without adjusted prior prob-

abilities:

Species Fly
A B C
savanna <0.001 <0.001 <0.0001

S. sanctipauli{0.0024 0.0048 <0.0001
S. soubrense 0.037 0.224% <0.0001
S. squamosum |0.006 0.0008 0.999

S. yahense -10.954 0.7703 <0.0001

Thus the posterior probabilities of species membefship are highest
for S. yahense for the two Bioko flies, and.highést for S; squamosum
for the S. variegatum fly. -

If the prior probabilities are adjusted for wing tuft colour, then
the probabilities in Table 8.52 are used. Fly A has wing tuft colour
category 4 and therefore enters the table at the fourth row, fly B
has colour category 5 and enters the table in the final row, while
fly C has colour category 1 and enters the table in row 1.

i- fhe following table gives the pogterior probability of species
membership for each of the flies, with each fly's prior probability

adjusted using the appropriate pripr probabilities:
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Species Fly

A B c
savanna 0.0 0.0 <0.0001
S. sanctipauli|0.0036 [<0.0001 [<0.0001
S. soubrense 0.028 0.018 <0.0001
S. squsmosum (0.0002 ([<0.0001 {0.999
S. yahense 0.9684 (0.979 - {<0.0001

Once again the three flies are allocated into S. yashense, S. yahense
and S. squamosum respectively.

» Adjusting the prior probabilities of species ‘membership using
: abdominal setal colour and Qﬁng tuft colour involves using the prior
probabilities shown in Table 8.53. The two Bioko flies had character
state 2 for this character and so enter the tablé in the last row,
and Fly C had character state one for both characters and so enters
the table in fhé first row. The following table gives the pogterior

probabilities of species membership for each fly:

Species Fly

A B c
savanna 0.0 0.0 <0.0001
S. sanctipauli|0.0 0.0 <0.0001
S. soubrense 0.0 0.0. <0.0001
S. squamosum 0.0 0.0 0.999
S. yahense 1.0 1.0 0.0

Once again, this shows that the two Bioko flies show a stroné affinity
for S. yshense whilst, apparently the §. variegatum shows strong af-
finity for S. squamosum.
iii). Typicality Probébility Allocation

However, to obtain greater detail of the affinities of the three
flies for each of the reference species, it is necessary to calculate
the typicality probabilities of species membership. Using the method
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of Ambergen and Schaafsma (1984) first involves calculating an unbi~
ased estimate of Mahalanobis' distance:
agapne 2_
((n-g-p-1)/n)D *-p/n;

where n=total sample size = 800,

g = number of reference groups = 5,

number of characters = 13,

p

n, = sample size of i-th reference species (i=1;..5).
The following table gives the unbiased distances of the three flies

to each of the reference species:

Species . Fly

A B C
savanna 36.4 36.5 334.14
S. sanctipauli|29.33 . |25.69 367.69
S. soubrense |24.16 18.35 366,73
S. squamosum |27.69 29,32 306.78
S. yahense L17.7a 15.85 340.23

Using these distances an estimate of its variance is then calculated:
(n- g p-3)" {ZD“ + 4(n g-1)ng "1 p2 +2p(n-g-1)ni 2y
where n is the total sample size on which the dispersion matrix.is
based, g is the number of reference Species, P is the ﬁumber of
characters and'ni'is the sample size of the i-th species.
The unbiased distancé blus and minus half‘the variance gives an

approximate confidence 1nterva1 for the distance of the fly to each

of the reference species
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Species Fly
A B c
|savanna 36.4%2 36.5%2 334.14+146.1
S. sanctipauli|29.33%2.1 25.69+1.7 367.69+185.8
S. soubrense [|24.16%0.97 18.3520.6 366.73+176.0
S. squamosum |27.69%1.3 29.32%1.45 306.78+124.32
S. yahense 17.74%0.78 15.8510.66 340.23%155.8

The upper and lower distancgs thus derived can then be réferred

to the x? distribution with p-degrees of freedom (13),

approximate confidence intervals:

to give the

Species Fly

A B c
savanna . -10.001,0.0002 |0.001,0.0002 0.0,0.0
S. sanctipauli|0.0115,0.0029/0.0313,0.011. {0.0,0.0
S. soubrense |0.0395,0.022210.1673,0.1247 [0.0,0.0
S. squamosum |0.0151,0.0065/0.0095,0.0036 [0.0,0.0
S. yahense 0.2011,0.1386{0.2955,0.2225 {0.0,0.0

Clearly, therefore, the S. variegatum shows no affinity for any

of the reference species.

This example is extreme, in that the

' Mahalanobis' distanées of this fly to the five species were all very

large, but the principle is clearly demonstrated: that forced allo-

cation can sometimes lead to’an unrelated or atypical fly beiﬁg forced

into a speciés to which it does not belong.

Flies A and B both show greater affinity for S. yahense than for

any other species, and their confidence intervals do not overlab with

any other species.

Therefore, especially when considering the forced

allocation results, both flies should be allocated to §. yahense.
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9.5 FIELD PROTOCOL

The exact statistics to be used in identifying adult females of
the S. damnosum complex in the field clearly depends on the specific
aims of the individual project. The purpose of this section is to
give a key to the analyses presented in Chapters seven and eight, and -
hence to the characters to be measured. Some suggestions will also

be made for adjusting the methods to suit a specific situation which

may arise in the field.

Key to Discriminant Analyses, West Africa.

1). Geographical region taken into account......... 2
No account taken of geography............... S
2). Togo and Benin....... S EEERERPR 3
WesStern Area.....coeveersoesntsenesannnsas ST 4
3). Overall discrimination only......... P 7.3.2
~Ov;rall and species-pair discrimination........ 7.3.1,7.3.2
Species-pair discrimination only............... 7.3.1.1-7.3.1.6
- 4). Overall discrimination only................... 7.4.2
Overall and species-pair discrimination....,....7.4.1,7.4.2
' Species-pair discrimination only...... Ceeeneaa 7.4.1.1-7.4.1.16
5). Overall discrimination only..............v...., 8.3.2
Overall and species-pair discrimination........8.3.1,8.3.2
Species-pair discrimination only....... +eee....8.3.1.1-8.3.1.10

Examining the statistics in each section and referring to Table
9.1 will give the characters to be measured for each analysis. 1In

addition, it is recommended that wing tuft colour and abdominal setal

colour also be recorded.
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There are advantages and disadvantages to each of the approaches
which could be taken to identifying adult females using these sta-
tistics. The principal advantage ofbusing the overall 'global' sta-
tistics to the species-pair 'global' statistics in Chapter eight is
that sample sizes are larger, and so estimates of the parameters more
accurate than the regional estimates. However, unlike samples are
pooled, which may give unpredictable results in allocation. The ad-
vantage of the regional statisgics is that'only flies native to a
region were used to derive the statisticé for allocation inbthat re-
gion, but the disadvantage is that smaller sample sizes were used with
consequent loss of resolving power.

The species-pair statistics have the advantage that thé statistics
were developed for just that species pair, but therefore the estimate
of the pooled dispersion matrix is based on a smaller sample size than
for the overall statistics. Also, if the assumption implicit in using
only speéies-pair statistics is violated, that flies in an area'Only.
belong to those species, then results might be unpredictable. This
does not occur if the species-pair statistics are used subsequent to
overall allocétion, buﬁ then there is the disadvantage that more
characters need to be measured if all species-pair combinations are
accounted for.

This last problem can be alleviated if certain of the species-pair
statistics are discountéd prior to the analysis, for example, if all
combinations in section 7.4 were covered, then 22 characters would
need to be measured on each fly as well as the two colour characters.
However, if those analyses with size-free canonical roots less than

1.0 are discounted, then the number of characters falls to 16, plus

the two colour characters. Likewise, the 'global' statistics require
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23 characters, plus the two colour characters, but if species-pair
analyses with size-free canonical roots less than 1.0 are discounted
then this number falls to 18, plus the two colour characters,

In practise, in the field, it is unlikely that all of the
species-pair statistics will be required, and these are more likely
to be used in a laboratory where more sophisticated computers will
be able to access the relevant statistics in a straightforward manner
not likely to be practicable with the programhable calculator or
portable computer envisaged as the field tool for this method, It
is more likely that the overall statistics; whether 'global' or re-
gional, together with certain species-pair statistics known to be of
use in that area will be the only statistics used.in the field method,
therefore reducing the number of characters which need to be measured,

The statistics developed in Chapters séven and eight can ‘be mod-
ified to meet the particular requirements of an area. For example,
if it is known with some certainty from other evidence that it {s
extremely unlikely that 'savanna' flies will be found in an area, then
~the prior probabilities of species membership can be adjusted ac-

cordingly.. If the 'global' overall statistics of Chapter eight are

used, then the priors might be set at

0.0, 0.25, 0.25, 0.25, 0.25
for the five species 'savanna', S. sanctipauli, S, soubrense, S.
squamosum, S. yahense. I1f the information in the wing tuft colour
is alsoArequirea, then this can simply be achieved by first multi-
plying the new priors and the appropriate colour character priors,
summing the intermediate result, and dividing each intermediate result

by this sum. For example, the first row of Table 8.52 is,
0.5644, 0.0009, 0.032, 0.4026, 0.0
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multiplying this row by the new set of priors gives the intermediate
result,

0.0, 0.000225, 0.008, 0.10065, 0.0
which sums to 0.1089. Dividing each of these by the sum gives,

0.0, 0.002, 0.0735, 0.9245, O.b'

the new set of prior probabilities. This would be done for each row
of this table (except for the final one where the result isvidenti-
cal).

It must be emphasised, however, that objective justifications for
altering the prior probability of a species‘muét_be'established before
this gtep can be taken. | « |

A user of the statistics developed in this projéct may decide,
on. objective grounds ihat certain of the“characters derived in aﬁy
one of the discriminant analyses are unnecessary. If this is so, then
thé corresponding row and column of the pooled dispersion matrix and

the relevant row of the mean vectors can simply be deleted, and the

LDF also recalculated.
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9.6  GENERAL CONCLUSIONS

The methods developed in this project for the identification of
adult females of the S. damnosum complex in West Africa will clearly
be of benefit to studies aimed at determining the relative vectorial
importance of the different species in transmittiﬂg 0. volvulus, The
very successful identification of the 'savanna' species §. damnosum
s.s. and S. sirbanum from all other species is of most benefit, as
these species transmit the morebdebilitating strain of onchocerciasis.
The ability to identify S. sgquamosum and s.'yahense'individually
provides a more practical field identification method than enzyme
electrophoresis. But the proximity of S, sanctjpau}i S. soubrense
and S. yahense means that unequivocal identification of these species
cannot be established in the absence of abdominal setal ‘colour, but
the statistics presented in this project represent the bést aQailable
method for distinguishing between them.

of the two methods of allocation, forced allocation and typicality
probability allocation, it is recommended that both be used simul-
‘taneously, as both can easily be written into the same computer pro-
gram. Typicality probability allocation allows a more realistic
assessment of a fly's affinities to be made, while forced allocation
allows the inclusion of additional prior knowledge to influence the
specific identity of a fly.

- The multivariate statistical method for identification of adult
females as it is presented in this project could very easilj be ap-
plied as a field method, without requiring any laboratory facilities,
and after very short training of field workers. This facility is a

great improvement over other methods of adult identification, with

_ the exception of current morphological methods.
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There are still outstanding problems within the morphology and
morphometrics of the S. damnosum complex which will need to be in-
vestigated in further detail, although the method presented in this
project can still be used in their absence.

1). VWider geographic and seasonal variation néeds to be sampled
for each species in the S. damnosum complex, with the ultimate aim
of providing discriminant statistics for specific geographic regions
and climatic seasons.,

2). More intensive sampling of chromosomally known samples of
new cytoforms needs to occur, such as S. sanctipauli 'Djodji', the
OP-insecticide resistant S. sanctipguli , and the vaiious forms of‘
S. soubrense. The morphological status of S. dieguerense needs to
be established in light of recent data on more extensive geographic
range of this species (Boakye and Mosha 1988). . ’

A more sensitive system for scoring wing tuft colour should be
adopted‘ﬁhich more accurdtely represents the variation of this char-
acter.

4). The reliability of abdominal setal colour as a taxonomic
character for S. yshense (Garms and Zillman 1984) needs to e estab-

lished using a double-blind trial,
5). A continuously updated data base should be established on

computer of measurements on flies of known chromosomal identity con-
taining the characters used in this project, those previously used
in morphological studies of the S. damnosum complex, and any new
characters as they are discovered. This will provide more reliable
estimates of parameters such as mean vectors and dispersion matrix,
and also allow an objective assessment of the error rates of the

different morphological methods. The question of equal dispersion

Page 354



will also be more easily established once larger sample sizes of each

species are available.
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APPENDIX ONE: DETAILS OF ADULT FEMALE SAMPLES USED FOR MULTIVARIATE
MORPHOMETRICS

Sample V1=1.
River Amou at Amou Oblo, Togo, 7° 24'N 0° 53'E, collected by Dr. R.J

Post, 19/10/1984, reared from pupae, preserved in 95% propanol
Species identity, S. squamosum, from correlated larval cytotaxonomy
3

36 S. squamosum, determined by D.P. Surtees.

Initial sample size = 40

Number rejected because of missing values = 2
Number,réjected as outliers = &4 -

Final sample size = 34

Sample V1=2.
River Nanie at Nigbi, C8te d'Ivoire, 5° 38'N 6° 38'W, collected by

Dr. R.J. Post, 10/07/1985, reared from pupae, preserved in 95%

propanol.
Species identity, S. yahense, from correlated larval cytotaxonomy
3

109 S. yahense, (determined by D.P. Surtees).

Initial sample size = 41

Number rejected because of missing values = 2

Number rejected as outliers = 2

Final sample size = 37
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Sample V1=3.

River Niger at Tienfala, Mali, 12° 43'N 7° 44'W, collected by Dr. R.J.
Post, 02/11/1984, reared from pupae, preserved in 95% propanol.

Species identity, S. sirbanum, from correlated larval cytotaxonomy,
7 S. sirbanum, determined by D.P. Surtees.

Initial sample size = 35

Number rejected because of missing values = 2

Number rejected as outliers = &4

Final sample size = 29

Sample V1=4.

River sassandra at So;bre, cote d'Ivoire, 5° 47'N‘6° 37'W, collected
by Dr. R.J. Post, 26/10/1984, rearea:from pupaé, preserved in
95% propanol.

Species identity, S. sgnctipsull, from correlated larval

cytotaxonomy, 29 S. sanctipauli, determined by D.P. Surtees.

H

Initial sample size = 40

Number rejected because of missing values = 4

Number rejected as outliers =1

Final sample size = 35
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Sample V1=5.

River Gban-Houa at Djodji, Togo, 7% 42'N 0° 35'E, collected by Dr.
R.J. Post, 15/10/1984, reared from pupae, preserved in 95%
propanol.

Species identity, S. sanctipauli 'Djodji'/S. squamosum, from corre-
lated larval cytotaxonomy, 23 S. sanctipaul{ 'Djodji': 11 &.
squamosum, determined by D.P. Surtees. Mixture separated by
external analysis, using LD?Q derived from samples V1=1 and V1=4,
and internal analysis using PCA and cluster analysis.

Initial sample size = 50

Numbqr rejected because of missing values = &4

Number rejected as outliers (following separation of mixture) = 1

F;nal sample size, V1=1 (S. sanctipauli 'Djodji') = 26 Final sample

size, V1=30 (S. squamosum) = 17

Sample V1i=6.

River Bankasoka at Port Loko; Sierra Leone, 8° 45'N 12° 47'W, col-
lected by MRC laboratory staff, Bo, 25/01/1986, reared from
pupae, preserved in 95% propanol.

Species identity, S. soubrense'B', from previous chromosomal iden-
‘tification (Post 1986). |

Initial éample size = 37

Number rejected because of missing values = 7

Number rejected as outliers = 2

Final sample size = 28
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Sample V1=7.
River Waanje at Kenema Waterfall, Sierra Leone, 7° S54'N 11° 14'W

collected by Dr. R.J. Post, 21/07/1985, reared from pupae, pre-
3

served in 95% propanol.
Species identity, S. yahense, from correlated larval cytotaxonomy

38 S. yahense, determined by D.P. Surtees.

Initial sample size = 20

Number rejected because of missing values = &4

Number rejected as outliers = 2

Final sample size = 14

Sample V1=8;

River Bebeye at Ge?ihun, Sierra Leoﬁe, 7° -57'N 11° 35'W, collected
by D.P. Surtees, Dr. J.B. Davies, M.C. Thomson, 20/01/1986,
reargd from pupae, preserved in 95% propanol.

Species identity, S. yahense, from previous chromosomal identifica-

tions (Post 1986).

Initial sample size = 40

'Number rejected because of missing values = 12

Number rejected as outliers = 3

Final sample size = 25
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Sample V1=9.
River Taia at Mongeri, Sierra Leone, 8° 19'N 11° 44'W, collected by

D.P. Surtees, Dr. J.B. Davies, M.C. Thomson, 23/01/1986, reared
from pupae, preserved in 95% propanol.
Species identity unknown.

Initial sample size =7

Sample not used in subsequent analyses.

Sample V1=10.

River Seli at Yirafilaia, Sierra Leone, 9° 28'N 11° 20'W, collected
by D.P. Surtees, Dr. J.B. Davies, M.C. Thomson; 09/02/1986,
reared from pupae, preserved in 95% propanol.

Species identity, S. damnosum s.s.:(S. squamosum/S. yahense) , from
previous _larval cytotaxonomic identifications (4 ;, dabfosum
s.5., 7 S. squamosum) determined by D.P. Surtees. Also, corre-

lated DNA probes identifications of same adults (Post pers

comm.), 27 S. damnosum s.s., 6 S. squamosum/S. yashense, 3 un-

known.

Initial sample size = 40

W
&~

Number rejected because of missing values

]
[o.]

Number rejected as outliers/ contaminants

Final sample size = 28
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Sample V1=11.

River Kakatemadaru, Benin, 10° 07'N 03° 20'E, collected by Dr. R.A
Cheke, 10/09/1984, caught at human bait, preserved in 70%

o

ethanol.

Species identity, S. damnosum s.s., Dr. R.A. Cheke personal communi-
cation.

Initial sample size = 20

Number rejected because of missing values = 4

Number rejected as outliers =0

Final sample size = 16

Sample V1=12.

River Amoﬁ at Amou Oblo, Togé, 7° 24'N 0° S53'E, collected-by Dr. R.A.
Cheke, 14/03/1985, reared from pupaé, preserved in 95% propanol.

Species identity, S. squamosum, from corrglated larval cytotaxonomy,
40 S. squamosumdetermined by D.P. Surtees.

Initial sample size = 18

Number rejected because of missing values = 0

Number rejected as outliers = 4

-a

Finai sample size = 14
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Sample V1=13,

River Amoutchou at Idifiou, Togo, 7° 38'N 0° 58'E, collected by Dr.
R.A. Cheke, A.M. Denke, 09/10/1985, reared from pupae, preserved
in 95% propanol.

Species identity, S. squamosum, from correlated larval cytotaxonomy,
30 S. squamosum determined by D.P. Surtees.

Initial sample size = 29

Number rejected because of missiné values = 6

Number rejected as outliers = 3

. Final sample size = 20

Sample V1=14.
River Mono at T52, Togo, 6° 54'N 01° 36'E, collected by Dr. R.A. Cheke
L. e &3 Yy

02/11/1981, caught bitong on man, preserved in 70% ethanoi.
Species identity, S. soubrense 'Beffa', Dr. R.A. Cheke personal com-
munication.

Initial sample size = 32

Number rejected because of missing values = 5
Number rejected as outliers = 2

Final sample size = 25 -
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Sample V1=15,
River Baoule at Wandadou, Guinea, 9° 04'N 09° 20'W, collected by D
r.

R. Baker, Sept. 1986, caught at human bait, preserved in 95%
propanol.

Species identity, S. squamosum, Dr. R. Baker personal communication

Also, correlated DNA probes identifications, 43 §. squamosum

s

Dr. R.J. Post personal communication.

Initial sample size = 45

Number rejected because of missing values =1
Number rejected as outliers = 4

Final sample size = 40

Sample V1=16.
River Milo at Balan, Guinea, 9° 46'N 09° 10'W, collected by br R

Baker, Sept. 1986, caught at human bait, preserved in 95%

propanol.

Species identity, S. soubrense, Dr. R. Baker personal communication

Initial sample size = 39

Number rejected because of missing values = 1

Number rejected as outliers = g

Final sample size = 30
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Sample V1=17.

River Milo at Konsankoro, Guinea, 9° 02'N 09° 00'W, collected by Dr
R. Baker, Sept. 1986, caught at human bait, preserved in 95%

propanol.

Species identity, S. soubrense, Dr, R. Baker personal communication

Initial sample size = 38
Number rejected because of missing values = 2
Number rejected as outliers =4 .

Final sample size = 32

Sample V1=18.
River Makona at Yalamba, Guinea, 8° 31'N 10° 11'w, collected by Dr

R. Baker, Sept. 1986, caught at human bait, preserved in 95%

propanol.

Species identity, S. soubrense, Dr. R. Baker personal communication.
Initial sémple size = 40

Number rejected because of missing values =1

Number rejected as outliers =1

Final sample size = 38
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Sample V1=19.
River Bafing at Koukoutamba, Guinea, 11° 17'N 11° 20'W, collected by
b

Dr. R. Baker, Sept. 1986, caught at human bait, preserved in 95%
o

propanol.

Species identity, S. soubrense, Dr. R. Baker personal communication
Initial sample size = 38
Number rejected because of missing values = 1

Number rejected as outliers = 6

Final sample size = 31

Sample V1=20.
River Koudeta at Bassi, Guinea, 10° 51'N 11° 14'W, collected by Dr.

R. Baker, Sept. 1986, caught ét human bait, preserved in 95%

propanol.

Species identity, S. squamosum, Dr. R. Baker personal communication

Initial sample size = 35

Number rejected because of missing values = 0
Number rejected as outliers = 1

Final sample size = 3%
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Sample V1=21.
River Niger at Laya Doula, Guinea, 09° 51'N 10° 39'W, collected b
b
y

Dr. R. Baker, Sept. 1986, caught at human bait, preserved in 95%
propanol. ‘
Species identity, S. sirbanum, Dr. R. Baker personal communication

Initial sample size = 45

Number rejected because of missing values =1

Number rejected as outliers =0

Final sample size = 44

Sample V1=22.
River Bouka 2 at Sidakele, Guinea, 11° 30'N 10° 10'W, collected by
. - ’

Dr. R. Baker, Sept. 1986, caught at human bait, preserved in 95%
propanol. . )
Species identity, S. sirbanum, Dr. R. Baker personal communication.
Initial sgmple size = 33
Number rejected because of missing values =1
Number rejected as outliers = 3

Final sample size = 29
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Sample V1=23,
River Mafou at Serekoroba, Guinea, 10° 24'N 10° 09'W, collected by

Dr. R. Baker, Aug. 1985, caught at human bait, preserved in 70%

ethanol.

Species identity, S. sirbanum, Dr. R. Baker personal communication

Initial sample size = 50

Numbér rejected because of missing values =1

Number rejected as outliers = 6

Final sample size = 43

Sample V1=24.
River Nigef at Diaragbela, Guinea, 10° 36'N 096 Sg'w’ collected by

Dr. R. Baker, Dec. 1985, caught at human bait, preserved in 70%

ethanol.

Species ;dentity, S. sirbanum, Dr. R. Baker personal communication

Initial sample size = 35

Number rejected because of missing values = 0

Number rejected as outliers = 2

Final sample size = 33
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Sample V1=25.
River Bale at Menankaya, Guinea, 09° 33'N 09° 35'W, collected by Dr

R. Baker, Aug. 1985, caught at human bait, preserved in 709

ethanol.

Species identity, S. soubrense, Dr. R. Baker personal communication

Initial sample size = 27

Number rejected because of missing values = 0
Number rejected as outliers = o

Final sample size = 27

Sample V1=26.
River Niger at Mamouria, Guinea, 09° 23'N 10° 34'W, collected by Dr

o

R. Baker, Sept. 1986, ;aught at human bait, preserved in 70%

ethanol.

Species identity, S. squamosum/S. yahense, Dr. R. Baker personal

communication.

Initial sample size = 20

Number rejected because of missing values = 0
Number rejected as outliers =7

Finai sample size = 13 .
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Sample V1=27.
River Makona at Bofossou, Guinea, 08° 39'N 09° 41'W, collected by Dr

R. Baker, Sept. 1986, caught at human bait, preserved in 70%
ethanol.

Species identity, S. yahense/S. squamosum, Dr. R. Baker personal
communication.

Initial sample size = 25

Number rejected because of missing values =1

Number rejected as outliers = 4

' Final sample size = 20

Sample V1=28.

River Anie at Konogbe, Togo, 7° 48'N 1°. 5'E, collected by OCP
insecticide team, 12/10/84, reared from pupae, Preservea'in 55%
propgnol. Species identity, S. damnosum s.s. and S. soubrense
'Beffa' mix, 14 S. damnosum s.s., 4 S. soubrense 'Beffa' deter-
mined by D.P. Surtees. Mixture separated by external analysis,
using LDFs, and internal analysis using PCA and cluster analysis.

Initial sample size = 43

Number rejected because of miESing values = 2

Number rejected as outliers (following separation of migture) =4

Final sample size, V1=28 (S. damnosum s.s.) = 27 Final sample size,

V1=29 (S. soubrense 'Beffa') = 11

Sample V1=29.
See V1=28.
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Sample V1=30.

See V1=5,
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The cytotaxonomy of the Djod]i form of Simulium sanctipaull

(Diptera: Simullidae) -

D. P. Surtees’, G. Flasorgbor®, . J. Post', E. A. Weber?

Department of Medical Entomology. Liverpool School of Tropical Medicine, Liverpool: workd Heaith Organisation,
Onchocerciasis Control Programme, Ouagadougou, Burkina Faso

Summaery

i of Simukium
The D ntonnnduamodulmwcytotwc
uncu:dw within the S. damnosum compiex, from the
Gmﬂmw“nmmumduxwmwmamm
entiation. .

‘lli“h‘?dpotemial importance of describiyg gene(imlly distinct
forms or geographic races within prewous_ly wmd cyto-
r complexes such as the Simulium damnosum
complex comes from the possible correlation of the different
forms with factors of epidemiological xngmﬁanog, sucp asan-
thropophily, together with their usgfulgesg in tracing migration
patterns of insecticide resi dlS(l{ n .

The purpose of this paper is to describe 8 new cytolaxonomic
form within S. sancripauli from G?lanl and Togo, aqd to give cti-
teria for its routine identification in any future studies of oncho-
cerciasis transmission in that area.

Materials and methods

of S. sanctipauli was collected are
3:1 ethanol :acetic acid and stored
ytene chromosomes the larvae
in hydrochloric acid. The silk

Breeding sites where the Djodji foqn
listed in Table 1. Larvae were ﬁxed in
in & refrigerator. For preparation of pol

i d hydrolysed :
g mmlll: .fncuI.:n and/or orcein following standard

glands were stai or¢ g
ime and Dunbar 1975, Quillévéré X _

Larva determined according to the shape of the developing

.om;s‘(e;u:al;u) after staining with (eul;e:. Inversions were scored

from polytene ch prep y P

standard maps of Post (1986).

Wmmummmmm

lymorphic inversions within D;odp.form arein-
géaf}:ded:nnd thp: nydTogmm (Fig. 1), and frequencies of poly-
morphic inversions are listed in Table 2. The new form is homo-
zygous for the fixed inversions IL-P{;Q, 2L4&_6&_.A and 3L,-z,
but there are no fixed inversions unique (0 Djodji form, an
only one new rare polymorphic inversion ng:P. see Figure 2).
The presence of inversion 2L-A places Djodji form within S.

Accepted 21 January 1988

with the

) 2 3
:]21
Short arm inversions
I Fixed Polymorphic
]P
Nucisolus :E
Centromers @ a
Y

MR

”

Long arm

Fig. 1 ldiogram showing the relative positions of the breakponts
of all the inversions currently known from the Diodji form of S. sancti-
paui. Those inversions plotted 1o the right are intraspectic poly-
morphisms, wiwist thoss 10 the laft are fixed inversions plotted on
the idiogram to the derr of the St ssquence (as
saen in S. squamosum) from the basikc Djodj sequence. The poly-
morphic inversion 3L-8 is based on the 3L-4.17 2 sequenca. and not
the 3L-2 sequence. Most of thess inversions are iustrated by Post
{1986}, aithough 1S-21, 1S-A and the new inversion IS-P are also

- shown in Figures 2 and 3

sanctipauli(Post 1986). However, 1S-21 (Figure 3) is strongly Y-
linked in Djodji form (Table 2), and this unique festure is the
most important cytotaxonomic criterion for both description
and routine identification.

Since 1S-21 is Y-linked in Djodji form there is no single inver-
sion which is diagnostic of all individuals. However, samplesin
which there is strong Y-linkage of the inversion can be unequi-
vocally identified as S. sanctipauli Djodji form, and mixed
samples (should they exist) of the form with typical S. sancti-
pauli, will be recognised as such using standard population
genetic analysis.
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Fig.2 S sanctipauli (collected by R. J. Post from the river Sassandra at Soubré 26 10 84) showing the karyotype 1S-A/A with the break-

points of inversions 1S-21 and 1S-P indicated

Table 1 List of larval samples from which the Djodji form of S. sancti-
paulihas been identified

Code: River: collection number, co-ordinates (N/E), date, cytospecies
composition . collectors™.

'sq = S squamosum.ya = S.yahense,sa = Djodji form of S. sanctipau-
li.da = S.damnosum s.s.and si = S. sirbanum. Other cytospecies were
not found in these samples.

“AKA = A K. Adzah, AKO = A. K. Opoku, AMD = A. M. Denke,
CKP = C. P. Kowal Post, EAW = E. A. Weber, HSA = HS.K.
Avissey, JEH = J. E. E. Hendenckx, JFW = J. F. Walsh, MA = M.
Ampah,MD = M. David, RAC = R.A.Cheke, RJIP = R.J. Post,SS =
S. Sowah, SSH = OCP subsector Hohoe, YY = Y. Yamagata.

Dayi: 1, 7°09'0°29’, 13.01.87, 22sq Sya 3sa lda, AKA. 2, 7°07°0°27",
22.01.87, 20sq 74ya 8sa 1da, RAC EAW YY. 3, 7°06'0°26', 17.03.86,
3lsq 12ya d4sa AKA. 4, 7°06'0°26', 29.04.86, 20sq Sya dsa, SSH. 5,
6°57'0°21, 12.02.86, 17sq 15ya 21sa S5da 2si, AKA. 6, 6°57°0°21",
21.03.86, 9sq 8sa 47da AKA. 7, 6°53'0°21", 06.05.86, 2sq 4sa 8da 3si,
SSH. 8,6°53'0°21, 16.05.86, 5sq 2ya 17sa 16 da 8si, SSH. 9, 6°53'0°21",
13.01.87, 2sq 4sa 8da 3si, RAC EAW YY. 10, 6°52'0°19", 29.05.86, 2sq
8sa 19da 2si, AKA. 11, 6°52'0°19", 22.01.87, 2sq Isa 7da, RAC EAW
YY. -

Asukawkaw: 12, 7°54'0°37', 05.02.87, 54sq 7sa JFW JEEH. 13,
7°54'0°37', 27.05.86, 41sq 13sa, YY. 14, 7°54'0°37", 23.01.87, 91sq
27sa, RAC EAW YY. 15, 7°52'0°36’, 18.03.86, 26sq 4sa, MD. 16,
7°52'0°29’, 23.01.87, 33sq 28sa, RAC EAW YY. 17, 7°41'0°2¢',
28.05.86, 29sq S2sa, YY. I8, 7°41'0°25', 06.02.86, Ssq 90sa. 19,
7°41'0°25', 23.01.87, 2sq 74sa, RAC EAW YY.

Menou:20,7°37'0°39', 28.05.86, 28sq 14sa, YY.

Gban-Houa: 21, 7°42'0°38', 28.05.86, 3sq 25sa, YY. 22, 7°42'0°38',
23.01.87, 12sq 29sa, RAC EAW YY. 23, 7°41'0°37', 06.02.86, 12sq
18sa, YY. 24, 7°42'0°36’, 23.01.87, 11sq 22sa Ida, RAC EAW YY. 25,
7°42'0°35', 15.10.84, 4sq 29sa, RIP CKP. 26, 7°42'0°35', 15.03.85, 17sq
23sa, RAC AMD. 27, 7°42'0°35', 21.03.85, 11sq 23sa, RAC AMD. 28,
7°42'0°35', 26.03.85, 8sq 32sa, RAC AMD. 29, 7°42'0°35’, 29.03 85,
10sq 29 sa, RAC AMD. 30, 7°42'0°35’, 15.10.85, 13sq 21sa, RAC
AMD. 31, 7°42'0°35', 15.03.86, 45sq 22sa, YY. 32, 7°42'0°35’,
27.01.87, 28sq S4sa Ida, RAC HSA.

Wawa: 33, 7°43'0°33, 20.03.86, 13sq 12sa, YY. 34, 7°43'0°33,
23.01.87, 13sq 32sa, RAC EAW YY. 35, 7°41°0°30", 27.03.86, 175q 6sa,
AKA.

Kpaza:36,8°33'0°41’, 15.10.87, JFW SS. 37, 8°33'0°41", 22.10.87, JFW
YY AKO. 38,8°33'0°37", 22.10.87, JFW YY AKO.
Niankpe:39,9°05'0°42',21.10.87, JFW YY AKO.

Fig.3 The Djodji form of S
sanctipauli from the river Gban-
Houa at Djodji showing the karyo-
type 1S-St/21

<

The following cytotaxonomic key can be used for the identifica-
tion of S. soubrense, S. soubrense Beffa form, S. sanctipauli and
the Djodji form of S. sanctipauli. The key should not be used
west of Céte d'Ivoire, where S. soubrense form Konkouré and
S. soubrense B’ might also be encountered.

1) Larva homozygous for inversions | L-P&Q, 2L-4&6 and 3L-2
........... S. sanctipauli subcomplex 2)
These inversions absent from larva
............ Other species of S. damnosum complex
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Table 2 inversion fraquencies in the Djodji form of S. sanctipauk
i1S-21 karyolype frequency
Numbers of males Numbers of A polymorphic inversion fre 2
Rwver Samples' sust  s/21 21721 st/st s21 2121 iS-A 27 A8 3417 3L-24 ISP
Dayi 1247 2 14 o 22 1 [} 0.56 1.00 4] 1.00 ) [
8.9.11
Asukaw- 14,16, [} 58 [4 3 2 [ 042 100 0 097 0 0
kaw 19
Gban- 22,2425 3 108 0 113 1 0 0.45 100 - 0 099 0002 0002
Houa 26.27.28,
29.30,32
Wawa 34 1 12 0 8 0 "] 050 100 © 1.00 0 0
Kpaza 36,37 0 10 0 " 0 0 0.31 100 © 1.00 0 0

1Samples are as listed in Table 1. However. it was not always poasibie o acore all vers:ons in every specimen, and hence sampie sizes may be

slightty smatier than those listed in Tabie 1.

from other ples which were not scored systematically for

2inversions 2L-7 and 3L-B were noted heterozyQously in a very few sp

autosomal polymorphisms

e S. saACtipaUli 3)
. S. soubrense 4)

2) Larva homozygous for inversion 2L-A.
Inversion 2L-A absent from larva
3) Inversion 18-21 Y-linked in populati
......... S. sanctipauli Djodji form
Inversion 1S-21 not Y-linked in population
s S Sanctipauli typical form
4) Inversion 25-6b absent from larva
renerneseenn . SOUbrense typical form,
Inversion 25-6¢ pvescm in larva
S. soubrense Beffa form

f

Discussion

The new cytotype seems to be largely confined to the Asukaw-
kaw and Dayi niver sy in the inous forest on the
Ghana/Togo border (see Table 1). Within Togo and Benin, to
the north and east, S. soubrense Beffa form appears to be the sole
representative of the S. sancripawli subcomplex with the excep-
tion of a few samples of the Djodji form identified from the
rivers Kpaza and Niankpe in October 1987. To the west of the
Volta lake S. sancripaulitypical form and S. soubrenseare found
(Meredith et al. 1983, Post 1986, and Fiasorgbor, Weber, Post
and Surtees, unpublished data).
1n view of the absence of any sympatric samples or unique fixed
inversions, there is no evidence for Djodji form being a species
distinct from S. sancripauli elsewhere. However, the sex-
linkage of 1S-21 indicates that Djodji populations are, by defi-
nition, genetically differentiated from other S. sanctipauli po-
pulations, and therefore it scems that Djodji form should be
considered to be a geographic race within §. sanctipauli.
In a preliminary description this inversion was mistaken for a
new inversion 1S-a (Surtees 1986), because 1S-21 is not just a
simple reversal of the included bands, but is also associated with
a consistent additional puff just outside the inversion and proxi-
mal to it. This gives 1S-21 the superficial appearance of being
longer in Djodji form.
The taxonomic significance of sex-linked inversions in the Si-
muliidae has been discussed by Post (1982), and within the S.
damnosum complex sex-linked inversions have been conside-
red important in the cytotaxonomic description of several
forms and species, such as S. soubrenses.n. Beffa form (Mere-
dith et al. 1983), S. yahense (Vajime and Dunbar 1975), and

inal Es

Turiani form (Dunbar and Vajime 1981). In any case the impor-
tance of Djodji form, as with other forms described within the S.
damnosuni compiex, lies not in its taxonomic level but rather in
its possible epidemiological importance which is discussed by
Garms and Cheke (1985) and Cheke and Denke (1988).
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