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Introduction 1

1 Introduction

Tropicd evergreen forests are of major biologicd interest due to their high hiologicd diversity.
Recent estimates of worldwide spedes diversity have risen to 30 milli on spedes foll owing canopy
fogging studiesin tropicd evergreen forests (Erwin 1983. Other estimates range from five milli on to
100 milli on spedes (Stork 1996, and athough the variation d these estimates is griking, there is
littl e doult that tropicd evergreen forests make ahuge oontribution to worldwide biodiversity (Myers
et a. 2000, offering home to more than 50% of the world's gedes (Linsenmair 1990. However,
diversity is generaly nat high in all taxa (Scharff 1992, narisit equally highin all tropica evergreen
forests. There ae so-cdled “hot spots’ among them, which are usually defined as regions with high
within-habitat-diversities and a high percentage of small-range endemics (Myers et a. 2000.
Nowadays there is gred interest to locate these regions for subsequent conservation (Burgesset al.
1998a) because of the rapid dedine of tropicd moist forests (Sayer & Whitmore 1991). Since the
distribution petterns of spedes are not only determined by the present environment but also by
processes which have operated in the past (Moreau 1966, the genesis and maintenance of those
patterns of biodiversity pose major questions for reseach. Or, as Erwin (1996 points out, “attention
must focus on the underlying evolutionary processes that have resulted in such dversity and evaluate
these in terms of present human adivities.”

In Africa four main hdspots of biodiversity have been identified: The Central African forests in
Cameroon, the Cape Floristic Province, the Lake Tanganyika/ Lake Malawi area and the Eastern Arc
Mountains/ Coastal Forests (Barthlott et al. 1996. The Eastern Arc Mourtains/ Coastal Forests have
been ranked as the second most important “endemism hat spot” of mainland Africa, based onaglobal
analysis of plant and animal endemism (Myers et a. 200Q. Approximately 1,500 endemic plant
spedes and 121endemic vertebrates occur in 2,000km? of remaining primary vegetation, topping a
world wide list of hatspats in concentration d endemics, bu also in terms of degreeof thred (Myers
et a. 200Q. Conservation priority-setting assesanents have ranked the Eastern Arc as nd most
important areain Africafor the mnservation d restricted-range bird spedes (Dinesen et al. 1993.
The presence of relicts with close dfinitiesto SE Asia (Dinesen et a. 1994, Madagascar (Emberton
et a. 1997,Pbcs 1998, and the GuineaCongoli an forest block (Lovett 1988,Howell 1993 aswell as
recently diversified groups (Fjeldsd & Lovett 1997, Roy et a. 1997, makes this area etremely
interesting for studies of evolution and kiogeography (Burgesset al. 199&).

The fadors causing such a high degree of endemism have been a subjed of controversy, bu severa
interading fadors are discussed. Fadors influencing the generation d centres of endemism can be
divided into fadors related to time (e. g. evolutionary times, times of separation) and fadors related to
space(e. g. refuge aess, geographic separation). Persistence in time and spaceis probably a main
fador for the survival of endemics (Anderson 1994. According to the refuge cncept (Haffer 1974,
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tropicd forest spedes have evolved hy isolation in aress which remained stable. This can also be
concluded from the fad that most hotspots are situated in areas which were dimaticaly more or less
stable or at least buffered during the Pleistocene dimatic fluctuations (Fjeldsa & Lovett 1997). They
are often located close to the seaor in mourtainous regions, which receved high rainfall even duing
dry periods. The acamulation o spedes in mourtain regions is probably also influenced by the
topography. The dtitudinal climatic variation alows an dltitudinal shift of spedes with spedal
climatic requirements. Moreover, mourtainous greams may provide small humid aress, in which at
least some endemic insed spedes may survive dry periods (Fjeldsa & Lovett 1997). The separation o
the single mourtain blocks of the Eastern Arc by adjacent savannah or dry miombo woodand caused
the isolation d congeneric spedes (Lovett & Wasser 1993. Thus eah o the forests contains a
number of small-range endemics, resulting in a high landscgpe diversity (Hochkirch 1999. However,
there is dill some antroversy on the past effeds of climatic fluctuations on the vegetation o East
Africa sincetherelative dfeds of different climatic fadors are difficult to dsentangle.
Severa authors have urged for more phylogenetic and Hstoricd biogeographic research linking
spedation with forest refuges. According to Howell (1993 thereis a “ladk of knowledge dou exad
timing and reture of the lost connedions among various forests and climatic variations.” He proposes
to apply biochemicd techniques to study the evolutionary relationships of the faunal assemblages.
Scharff (1993 suggests that an analysis of the phylogenetic relationships of a monoptyletic group
endemic to the Eastern Arc may provide further insight into the natural history of those faunas. A
group d allopatric taxa with small ranges and low vagility, such as flightlessinsed spedes may well
serve & gudy objed for such apurpose, sincethose spedes depend on labitat connedions rather than
on long-distance dispersal (Brihl 1997. Since nealy all forest grasshoppers of the Eastern Arc ae
flightless this groupis probably suitable for such a study. The grasshopper faunas of the Eastern Arc
are charaderized by numerous endemic taxa, ead of which consist of closely related spedes
belonging to the same genus, and repladng ead aher on dfferent mourtains. While in the
agricultural cultivations smilarities can be found on spedes level, endemic genera or even
subfamilies occur inside forests of single mourtain bocks (Hochkirch 1998. The ranges of
grasshopper spedes and genera ae much smaller than in pant taxa and therefore, grasshoppers
provide asuitable study groupfor phylogeographicd studies (Hochkirch unpulb.).
The main motivation for this qudy was the lack of information abou the evolutionary history of
endemic Orthoptera of the Eastern Arc. The research oljedives of this gudy can be summarized as
follows:

1. In which way have separated popuations of atypicd Eastern Arc taxon keen conreded?

2. When and where did thase mnredions exist?

3. Under what emlogicd condtions could gene flow occur between the popuations?

4. How strong is the emlogicd, morphdogicd, genetic and ethdogicd diff erentiation between

the separated taxa?
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In this study the genus Afrophlaeoba JAGO, 1983 was chosen for the analysis. Four species from four

separated mountain blocks are known (Jago 1983). The closely related genus Parodontomelus

RAMME, 1929 was also included in the study, as an outgroup. A combined approach was chosen to

gain more information on the degree of molecular, morphological, ethological and ecological

differentiation of the species:

1

Molecular makers (three DNA sequences of parts of mitochondrial genes) were analysed to gain
phylogenetic information. This method may also allow rough estimates on the time of separation
(Li 1997).

Discrete morphological characters of the male external anatomy and genitalia were examined, to
study the differentiation. In addition to these, morphometric measurements of 27 external
characters were made to provide some information on inter- and intraspecific morphometric
discontinuity (Blackith & Reyment 1971).

Behavioural records of male displays were included to provide information on interspecific
differences in this regard, since communication differences are known to be important for
specific mate recognition in Orthoptera (Ragge & Reynolds 1998).

Habitat requirements were studied to gain some information about niche differentiation between
the species and the possible ancestral biology. Information about the ecological origins of the
species can be important for the reconstruction of possible paths of gene flow (Knox & Palmer
1998).
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2 Study Area: The Eastern Arc

A series of ancient crystalline mourtain blocks stuated east of the aid corridor and running from
southeast Kenya to southwest Tanzania (figure 1) is referred to as Eastern Arc (Lovett 1985. The
more prominent rocks of the Arc consist of Taita Hill s (Kenya), North and South Pare Mts., East and
West Usambara Mts., Nguu Mts., Nguru Mts., Ukaguru Mts., Rubeho Mts., Uluguru Mts., Maundwve
Hill, Udzungwa Mts. and Mahenge Mts. (al in Tanzania). On the whole the Eastern Arc mourtain
forests cover lessthan 2% of Tanzania's total land area (Kingdon & Howell 1993. They are under
the dired influence of the Indian Ocear monsoon (Lovett 1993h) and separated by dry woodand and
savannah. The exad coordinates of the mourtains relevant for this gudy are givenin table 1.

£ =
=4 KENYA
Kilimanjaro
N. Pare Q\CTaita
S. Pare Q -
TANZANIA " Usambara% E. Usambara

Nguu &
Ukaguru & ¥ Nguru

Rubeho Qﬂ) o Uluguru

C//\\?D ° Malundwe
Udzungwa

o
‘ Mahenge

Eastern Arc
Mountains QO

Other
Mountains o

Fig. 1: Locaion of Tanzania in Africa ad the Eastern Arc Mountains in Tanzania (according to Hamilton &
Bensted-Smith 1989).
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Tab. 1: Location, distance to coast, elevation and atitudina range of the forests of the Eastern Arc (data from
Burgesset a. 1998 and Cordeiro 1999, from which the genus under study was recorded.

Sites Coordinates Distanceto coast | Altitude | Altitudinal range of forest

04°20-05°07 S.
West Usambara Mts. 38°06 -38°47 E. 100km 2250m 1200220 m

04°45-05°20 S.
East Usambara Mts. 38°26-38°48 E. 40km 1500m 130-:1500m

05°27-06°13 S.

Nguru Mts. 37°96-37°37 E. 150km 2400m 400-2000m
Ukaguru Mts, S ea aoos | 220km | 2250m 15002200m
Rubeho Mts. o oree | 300km | 2050m 520-2050m
Uluguru Mts. gggé g;ﬁ 2 180km 2650m 300-2400m

2.1 Natural History of the Eastern Arc

The first uplift of Precanbrian basement rocks took placebetween Ethiopia and Mozambique during the
Mozambiquian orogeny, 650to 450my BP (Griffiths 1993. These Precambrian geologicd formations
are usually referred to as Mozambique belt (Saggerson 1962 and a particular uniform series within this
belt is cdled Usagaran system (Quennel et al. 1956. Nowadays only the degper root zones of those
mountains remain and later uplifts are usualy defined as the origin of the Eastern Arc. During the Karoo
period (290to 180my BP) verticd movements led to ealy rift faulting (Griffiths 1993, including the
genesis of the lake troughs such as Nyasa (Rodgers 1998 and the progenitors of the Eastern Arc (Lovett
1993). The Gondwana bregk-up separated Africafrom the other continents 165to 120my BP (Griffiths
1993. Currents from the surroundng oceans brought moisture to large aeas of Africa with moist
forests even in nathern Africa 60 to 40 my BP (Lovett 19933). Based onthe distribution patterns of
birds, Lonnkerg (1929 and Braestrup (1935 aready assumed a former forest conredion to Western
Africa These huge forested areas in Africa ae usualy referred to as pan-African forests. When the
African corntinent reated Eurasia during the Miocene (c. 20my BP), the dosed Tethys Seachanged the
rainfall supdy from the north and aridity was gpreading in large parts of Africa(Lovett 1993). This
changing rainfall pattern and the uplift of the Central African Plateau separated the GuineaCongolian
forests from the East African rainforests by the “arid corridor”, which simultaneously conreded the aid
regions of northeastern Africa with the southwestern parts (Axelrod & Raven 1978, Werger 1978,
Lovett 1993). During the same period C, grassdominated ecosystems greal in Africa (Jacobs et a.
1999. The development of the East African rift started 30to 20my BP in the northern parts, continuing
15to 12my BP in Southern Kenya and 7my BP in Tanzania. This latest period was aceompanied by
volcanism and Hock faulting again (Griffiths 1993, including the uplift of mourtain bocks further east
(Rodgers 1999. These topagraphic changes altered the drainage patterns dramaticaly (Lovett 1993))
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with successve desiccdion d large parts of eastern Africa The Kenyan Rift Valley was dill occupied
by woodand 14my BP (Cerling et a. 1991)).
There is gill some @ntroversy abou the date of the latest faulting and upifting of the Eastern Arc.
Tede (1936 considered the late Mesozoic (100 my BP) as the time for the uplifting of the basement
complex, bu athowh these tedonic events probably were significant for the genesis of the Eastern Arc,
later uplifts are likely to have occurred (lversen 1991b. According to Quennel et a (1956 the Pare
Mourtains, Uluguru Mourtains and Usambara Mountains are of Neogene aje (38 to 7my). Saggerson
(1962 and Hamilton (1982 dated the latest upliftsto the Miocene (25to 20my BP). Other theories (e.g.
Lundgren 1978,Ezaza 1988 date the latest Eastern Arc faulting to the Pliocene-Pleistocene (5 to 2 my
BP). Iversen (19918 paints out that these theories of a later origin are incompatible with vicariant
distribution petterns of some plants. However, there is littl e doult that the Eastern Arc is much dder
than the volcanic mourtains of the Kilimanjaro/ Meru region a the Southern Highlands of Tanzania,
which were formed by volcanic adivity during the Pleistocene, 2 to 1 my BP (Coe 1989. Many
elements of the Eastern Arc fauna and flora ae believed to be reli cts from the Miocene (Burgesset al.
19983). Consequently most authors regard the Miocene @ the time of the latest uplift. It shoud be
mentioned that some present-day deegp-sea aiess were land duing the Neogene (26 to 2.5my BP),
while some land areas were deg sedimentary basins during the same time (Kgjoto 1982. This is
probably of importance, as there ae many faunistic dfinities between the islands and the Coastal
Forests respedively the Eastern Arc (e. g. Parodontomelus arachniformis). The offshore island o
Zanzibar is sparated from the mainland by a distance of only 35 km and a depth of 70 m, while
Pemba island is sparated by a distance of 60 km and a depth of 1,000m. Both Pemba and Zanzibar
are thought to be fault blocks like the Eastern Arc (Kent et al. 1971. Pemba is thought to have been
separated from the mainland for 6 my, while Zanzibar was conreded to the mainland duing the
Pleistocene (Burgesset al. 1998h.
The locaion d the Eastern Arc Mourtains close to the Indian Ocean is widely accepted as the source
of higher rainfall at the eatern flanks of thase blocks (Rodgers 1998, suppating the growth of
evergreen forests and aridity in the aeas west to them. The gladal fluctuations garted in Equatorial
Africa 2.5 my BP with afirst cold and dy period. However, climatic fluctuations probably already
existed before. Threemajor climatic periods during the Pli ocene have been identified (Lovett 19931):
1. 9to 6.4my BP the dimate was humid and warm — moist forests existed even in nath-western
Ethiopia
2. 6.4to 4.6my BP aridity spread — the Kalahari desert readed the river Congo
3. 4.6to0 2.5my BP the dimate becane warm and humid again — with rich riverine forests nea Lake
Turkana
Jaoobs et al. (1999 emphasize that widespread grassdominated environments were found na ealier
than in the Pliocene in East Africa During the Pleistocene & least 21 gladals or nea gladal periods
occurred since 2.3my BP (van Donk 1976, bu the influence on the vegetationin Africahas not been
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completely understood yet. Marine drill -core data suggest that the mastal waters of Tanzania were
lessinfluenced by Pleistocene dimatic fluctuations (1-2°C) than ather oceans (Prell et al. 1980Q. Such
stable temperatures of the Indian Ocean may have suppated the high rainfall pattern of the Eastern
Arc or in parts of it and the persistence of evergreen forests. This climatic stability is a frequently
used argument for the high biodiversity and endemism in the Eastern Arc and the Coastal Forests.

Although the southerly Indian Ocean monsoon was gill wedker during dadals than duing
intergladals, the rainfall pattern was possbly still high enough for the eistence of forests on the
Eastern Arc (Hamilton 1983. In ather parts of Africathe glada fluctuations had a more severe
influence on the dimate and vegetation. There ae presumptions that during wetter periods
(intergladals) the forests of the usualy separated mourtains have been conreded through the
lowlands, allowing spedes to dsperse. During drier periods (gladals) the popuations were separated
again and evolved to new spedes (Rodgers 1998. A striking argument against such a hypathesis is
the dsence of sympatric congeneric spedes in most of the mountain blocks (Hochkirch 1998.

Intergladal periods with warm and wet climates are thought to have occupied orly arelatively small

propation o at lesst the last 1 milli on yeas (Hamilton 1982. According to Cordeiro (1998 global

coadling depressed the vegetation belts during the ealy part of the Pleistocene, which may have served
as forest corridors for dispersal between the single mountain bocks. A high rainfal period was
documented for the mid-Pleistocene (c. 525,000y BP, Rosdgnal-Strick et al. 199§.

Hamilton (1982 presented detail ed evidence that the dimate was cod and moist before 22,000y BP
with high lake levels. During the last gladal maximum (22,000 to 12,500y BP) the temperature
depresson and dy climate led to aridification. At 18,000BP, the vegetation zones of high mourtains
were lowered by abou 1,000 m and the temperatures depressed by 3-6°C (Hamilton 1982, 1988
However, it must be kept in mind that a changing climatic situation probably does nat leal to a simple
downward movement of complete plant asociations. Each spedes reads differently to a danging
environment and it is likdy that during humid periods lowland forests had a different spedes
composition than montane rainforests or lowland forests of today. Lake Victoria was nealy dry
14,370y BP and the water levels of Lake Tanganyika and Lake Malawi were 250to 500m lower than
today (Lovett 1993). The deserts of Kaahari and Sahara were sprealing during this period
(Hamilton 1983. On the other hand the high number of endemic spedes within the lowland forests
and the mnstant water temperatures at the East African coast suggest that the rainfall pattern stayed
more stable dose to the wast, allowing forest taxa to survive in small refuges (Lovett 19937). 12,500
to 10,000y BP the East African lake levels rose ajyain and the wettest postgladal period was dated to
9,0008,000y BP, with rainfall 125to 13%% higher than today (Gasse & al. 199Q. After minor drier

periods with a recesson d some lake levels from 8,000to 6,000y BP, an ohvious switch to a drier

climate occurred 4,000y BP, with a spreading Sahara and lower lake levels (Hamilton 1982 Ambrose &

Sikes 1997). Those dimatic forces have been accéerated by the influence of man. The use of fire started

in the rift valey 1.5 my BP (Clarke & Karoma 2000, and the spread of modern man occurred
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40,000BP, bu acording to Hamilton (1982 the human influence in montane aeas did na start before
2,000BP, duing the time when the Bantu spread and replaced the older Bushman and Hottentot stocks.
In the lowlands, howvever, human beings might have caised bushfires snce 150,000y BP (Clarke &
Karoma 2000. During recent times ome smaller climatic fluctuations occurred. Based uponthe lake
level and sdlinity fluctuations of Lake Naivasha (Kenya) some evidence for a drier climate during the
“Medievd Warm Period’ (c. AD 1,0001,270 and a wet period duing the “Little Ice Age” (c. AD
1,2701,850 was presented (Verschuren et d. 200Q. The latter period was charaderized by gladations
on the high mourtains of East Africa (Hamilton 1982. Despite these extensive records of climatic
fluctuations, the length of time the Eastern Arc forest blocks have been separated from ead ather
remains virtually unknown (Scharff 1990.

2.2 Climate and Soils of the Eastern Arc

The dimate of the tropics is mainly influenced by the seasonal movements of the intertropicd
convergence zone (ITCZ), which is foll owing the movements of the zenith. Solar heding leals to the
convergence of hat air and a high convedional rainfall pattern in the ITCZ (Hamilton 1982. Close to
the equator the ITCZ crosses twice ayea and consequently two rainy seasons can be found tere (e. g.
in the East Usambara Mts.). Further south the rainy seasons fuse to just one longer-lasting rainy
season (e. g. in the Udzungwa Mts.). Therefore, forest growth is dependent on the relative position o
the solar equator (Lovett 19933). The higher rainfall pattern in the Sahara during the Cretaceous was
mainly due to a position further south of Africa, with the equator runring through the Sahara (Clarke
20008. In addition to the influence of the ITCZ, the rainfal pattern is modified by oceaiic currents
and the pasiti ons of mourntains and lakes. The aurrents of the Indian Ocean (South Equatorial current)
are quite important for the Eastern Arc, as they bring warm and humid waters to the East African
coadt, increasing the rainfall close to the mast and at the eatern slopes of mountains (Wasser &
Lovett 1993. The Eastern Arc Mourtains are known to recave the highest rainfall in East Africa
(2,0003,000 mm per yea), bu some regions are markedly drier. The high rainfal is the main
condtion for the existence of evergreen forests. The temperatures are exceptionaly coadl, with frosts
occurring frequently above an dtitude of 2,000m during July and August (Lovett 1998 and
exceptionally occurring as low as 1,500m in the West Usambara Mts. (Moreau 1935. The depresson
of mean and mean maximum temperatures in those high rainfall areas is due to the doudness which
deaeases the quantiti es of incoming radiation (Kenworthy 1966. Apparently some small areasin the
Eastern Arc possss exceptionaly stable dimatic regimes (Fjeldsd € al. 1997. Parts of the
Usambaras and Ulugurus have an amost per-humid climate (Lovett 1993h.

In the East Usambaras the average yealy rainfall is 2,235mm at Kwamkoro and 1,919mm at Amani
(Iversen 1991), bu much variation accurs (Phipps 1959. The long rainy season lasts from March to

May and a short one from November to December. The long rains provide &ou 50% of the annuel
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predpitation (Iversen 1998). Amani has an annual mean of 162 rainy days (>0,25mm). The dimate
is humid o perhumid throughou the yea with no month having less than a rainfall of 75mm
(Rodgers & Homewood 1982). The rainfall deaeases towards the lowlands and to the North (lversen
1991a). The mean humidity is 87% in the morning and 75% at midday. Fog or mists have bee
recorded on 130 dys annually. Within the forest the humidity is rarely lower than 70%, caused by the
dense canopy (Rodgers & Homewood 1982). The East Usambaras have anomalous low average
temperatures, with the 20°C isotherm passng Amani at 900 m altitude (in the highlands of Kenya a
1,400m). The lapse rate reades 1.7°C/ 100 m in the East Usambaras, whil e the general 1apse rate for
East Africahas been estimated to be 0.5°C/ 100m (lversen 1998). The mean annual temperature a
Amani is 20.6C. The mean daily maximum is 24.9C, the mean daily minimum 16.3C (lversen
1991a).
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Fig. 2: Climatic diagram for Amani, East Usambara Mts. (19021982 Data: meteorologicd station Amani)

The ead climatic data for the other regions are not available. The southern parts of the visited
mourtains (Ulugurus, Rubehos) lie in the transition zone of unimodal and kimodal rainfal pattern.
The Uluguru Mourtains receave two annual pedks of rainfall with the rainy seasons lasting from
March to May and from October to November (Nummelin & Nshubemuki 1998. The annual rainfall
of the eatern sdopes of the Ulugurus exceealds 3,000mm, while the aid land in the rain shadow
recaves lessthan 600mmrain per yea (Wasser & Lovett 1993. The estimated annual rainfall for the
western slopes of Uluguru North Catchment Forest Reserve is 1,2003,100mm, for the eatern slopes
2,9004,000mm. The dry seasonis not marked. Average temperatures vary from 17°C in July to 22C
in Decaember (Lovett & Pocs 1993. Morogoro, situated at the northern edge of the Ulugurus receves
arainfall of abou 800 mm a yea, falling mainly between March and May, and sometimes there is a

substantial amourt in November.
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The total annual rainfal at the foot of the Nguru Mountains, as refleded by the Mtibwa Sugar
Company rainfall data, is 1,206mm with a considerable variation from one yea to the next (Lovett
1996. The bimodal pattern peaks in April and December. The Nguru South Catchment Forest
Reserve nea Turiani probably receves higher rainfal due to its higher elevation (the Mtibwa Sugar
Company is locaed in the plains east of the Nguru Mts.). The etimated annual rainfall varies from
2,100mm to 4,000mm at an dltitude of 2,000m. The dry season is not marked onthe eatern side.
Mean annual temperatures vary with the dtitude from 12-24°C (Lovett & Pocs 1993.

Kilosais stuated between the Rubeho and the Ukaguru Mourtains on the Mkondaa River. The parts
south of the Mkondaa River belong to the Rubeho Mountains. Kihiliri Catchment Forest Reserve, 3
km south of Kilosatown, is estimated to receve an annual rainfall of 1,050mm. The dry season lasts
from June to October and the mean temperatures vary from 21°C in July to 26°C in Decanber (Lovett
& P6cs 1993.

In the Udzungwa Mountains the rainfall is unimodal in pattern, starting in November with a pe& in
April and ending in June (Wasser 1993. The dimate is influenced by the November-May Southeast
monsoonwinds. High altitudes above 1,600 m recave more rain than the lower slopes (Shangali et al.
1998. The rainfall in that arearanges from 1,800to 2,000mm per yea (Rodgers & Homewood
1982 and sometimes reades over 3,000mm per yea in wetter areas (Shangali et al. 1998. The
northern mourtain blocks Taita and Pare ae much drier and resemble the Kenyan Highlands in
eaoclimatic parameters (Fjeldsa & al. 1997. The Taita Hill s receéve an annwal rainfall of 1,329mm
(Brooks et al. 1998.

The well-drained soils of the Eastern Arc ae derived from crystalline gneissc rocks. Within the
mourtain chain ore type is rather similar to the other. Thus the description focuses on the East
Usambara Mourtains. The soil s of the East Usambaras are described as red laterite (Phipps 1959 and
belong to the humic ferrisols acmrding to the FAO soil clasdficaion scheme (Rodgers & Homewood
19823). In the valleys, grey-bladk sandy clay soils occur, which are quite deg and fertile. On the
escarpments the soil s are younger, lessleadied and more fertil e than the higher plateau soil s (Iversen
1991a), which are very addic and highly leaded (Hamilton 198%). According to Hamilton (1998 a
remarkable drop in addity from abou pH 6.5at 850mto below pH 5.0at 900m and pH 4 at 1,050m
occurs, whil e the pH dedines only gradually from pH 7 at 300mto pH 6.5at 850m. This ®ansto be
caused by the typicd position o the doudcover at 850m, which also might be the reason for the high
temperature lapse rate. A thick (10cm) upper layer of mor-type humus can be found uné@rneah the
litter at higher altitudes, which canna be foundin the lowland forests (Hamilton 1998.
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2.3 Vegetation of the Eastern Arc

The vegetation zones of the Eastern Arc largely follow the dtitudinal and moisture gradients (Lovett
1993). The floristic variation with the dtitude is continuous, withou any abrupt changes (Hamilton
1998 and the forests change in a similar way with the dtitude on the mourtains of eastern Tanzania
(Lovett 1996. The highest mourtain elevation within the Eastern Arc is the Kimhandu pe&k in the
Uluguru Mts. (2,635m dltitude). From this height down to 2400m elfin woodands, montane
grasdands, heahs and bays can be found(Burgesset a. 199&, Lovett 1998. Forests naturally extend
from 2400m down to the lowlands, bu many have been cleaed at lower slopes. These forest
formations are divided into three zones, including the upper montane (2,4061,800m), the montane
(1,2001,800m) and the sub-montane (800-1,200m) forests (Pécs 1976. At lower altitudes the forest
vegetation grades into that of the lowland Coastal Forests, which occur fragmented along the eatern
seadboard of Africa (Burgesset al. 1998h. In addition to the dtitudinal changes of vegetation, the
different rainfall patterns influence the forest structure. Lovett (19931 therefore dso dstinguishes
dry and wet forest types with dry montane forests above 1,500m (with an annual rainfall of 1,000to
1,200mm), upper montane forests (altitude: >1,800m, rainfall: >1,200mm), montane forests (1,200
1,800m, >1,200 mm), submontane forests (800-1,400m, >1,500mm), lowland forests (<800m,
>1,500mm) and dy lowland forests (<800m, 1,0001,500mm). The lowlands between the southern
parts of the mourtains are mainly covered by miombo woodand (composed o the tree genera
Brachystegia, Isoberlinia and Julbernardia), receving an annual rainfall of 750-1,000mm with a
long dry season in between (Hamilton 1982. The driest montane forest type is the Shume-Juniperus
forest in the West Usambaras (Lovett 1993). The doud forests at high elevations on wetter ridge-
tops are charaderized by low canopy and large quantiti es of epiphytes, herbs, mosses and ferns. The
wettest upper montane forest type is the northern Uluguru cloud forest (Lovett 1998. The upper
montane forests of the Udzungwa and Rubeho mourtains seem to be secondary, having been cleaed
for cultivation within the last few hunded yeas (Lovett 1993. Since the general vegetation zones
are quite similar within the Eastern Arc (Shangali et al. 1998, a more detailed description is given
only for the East Usambaras.

Early descriptions of the vegetation d the East Usambaras give the impresson that large parts were
forested (Engler 1903, including even the higher popuated Mt. Mlinga. At steg slopes and higher
atitudes heahlands, grasdands, bushes and open rocks were more ammon. In the northwestern part
of the East Usambara plateau grassy areas with patches of forest have been reported. Particularly nea
the villages grasdand accurred, possbly caused by burning (Iversen 199FH). Due to the lower
elevation d the East Usambara Mts., the submontane forest is the main forest type of the plateau — an
exception within the Eastern Arc. Iversen (19910 distinguishes five forest types for the East
Usambaras: Lowland evergreen forest up to 750m, dry lowland evergreen forest, occupying smaller
patches outh and nath of the mourntain range, submontane evergreen forest between 750and 1400m
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dtitude, ericaceus srub forest on exposed and xerophytic summits and ridges and riverine forests at
low altitudes along the Zigi river. Four types of grasdand are distinguished (Iversen 1991): grasdand
and wooded grasdand, Pteridium heahs, swamps and rocky outcrops at the stegpest parts of the
mourtains. It is dill a matter of controversy, whether grasdands naturally occur on the mourtains or
whether they are anthropic in origin. At least there is payndogicd evidence for the dominance of
montane grasdands in the southern African mourtains snce the last gladal maximum (Meadows &
Linder 1993. Nowadays induced vegetation can be foundin large parts of the Eastern Arc, including
plantation forests (e. g. Pinus spp., Eucalyptus grandis, Grevillea robusta, Maesopsis eminii, Tectona
grandis, Terminalia ivorensis and T. superba) and cultivated aress (tea sugarcane, cardamom,

banana, maize, coffeg cassava, swed potato, phegple, cocoyam).

2.4 Endemism within the Eastern Arc

The high degree of endemism of the Eastern Arc is well documented (Verdcourt 1968, Myers et al.
2000. White (1978 mentions, that spedfic endemism of individual mourtains of tropica Africais
comparatively low, bu exceptionally high in the Usambaras, Ulugurus and Ngurus. About 25% of the
c. 2,000 pant spedes occurring in the Eastern Arc ae endemic (Lovett 1989. A total of 66 trees
(> 20cm dbh) are strictly endemic to the Eastern Arc (Lovett 1998. According to Pocs (1998 700
bryophyte spedes occur in the Eastern Arc, including 32 endemics (4.6%). Burgesset a. (1998&)) list
74 vertebrates, which are strictly endemic to the Eastern Arc, including ten hirds, eleven mammals, 23
reptiles and 30amphibians. Whil e rodents are broadly distributed aadossthe Eastern Arc, five shrew
spedes may be endemic (Stanley et a. 1999. Howell (1993 lists 82 amphibian and reptile spedes
for the Eastern Arc, including 54 (65.8%) endemic spedes. 8246 of the linyphiid spiders are endemic
to the Eastern Arc and the single-site endemism varies from 58% to 86% (Scharff 1993, while Mt.
Elgon and Mt. Kenya have only 25% respedively 33% endemics,. Burgesset al. (1998) mention an
endemism of 95% for the caabid bedles of the Uluguru Mts., bu this is based on dder taxonamic
studies. Of the 89 buterfly spedes recrded from the Eastern Arc, 56 spedes (62.9%) are endemic
(De Jong & Congdon 1993. The moll usc faunas of the East Usambaras (94 spedes) and the Ulugurus
(77 spedes) belong to the richest land snail faunas worldwide with 57 speaes in Mbomole forest
(Tattersfield et al. 1998. According to Myers et a. (2000 the Eastern Arc / Coastal Forest hotspot
contains the highest density of endemics worldwide (75 dant spedes/ 100km?).

Nealy al endemics are dosed-forest spedalists, but some prefer montane grasdands (Burgesset al.
19983). Acoording to Lovett et al. (in presg restricted forest tree taxa occur in al atitudes of the
Eastern Arc, bu mostly in narrow elevational bands. Wetter forest types contain more endemic plant
spedes and the submontane forests are the richest in endemic spedes of large trees (Lovett 1998.
The degree of endemism also varies between the single mourtain blocks. The wettest mourtains with

the most endemics are the East and West Usambaras, the Udzungwas and the Ulugurus, while the
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drier aress, like the Rubehos, Ukagurus, Ngurus and Pares are poa in endemics (Burgess et al.
1998&). It is believed that the wettest mourtains had a more stable dimate during the Pleistocene
(Fjeldsd & Lovett 1997 and served as gaging areas for dispersal (Cordeiro 1999.

The endemics of the Eastern Arc are divided into palaeoendemics (relicts, which survived in alimited
portion d the former range) and recendemics (rapidly evolving spedes complexes with closely
related taxa in the same or neaby region; Lovett 1993. Among the palaebendemics, some
geneticdly ancient birds may be from lineages gretching bad to the Miocene ¢ 30my BP (Fjeldsa &
Lovett 1997). The endemic Xenoperdix udzungwensis has Indo-Malayan affinities (Dinesen et al.
1994). However, recent radiations sem to daminate (Fjeldsa & Lovett 1997), indicated by DNA data
on the bird genus Andropadus (greenbus) and the plant genus Saintpaulia (African violets) (Roy
1997,Lindqvist & Albert 1999.

Acoording to Iversen (1991H the degreeof red endemism in the Usambara Mts. is lower than usually
thought (6% for the whole Usambaras, 3% for the East Usambaras). He asaumes that isolation hes
been relatively short or nat fully effedive. A number of plants also occur on a¢her mourtains or in the
Coastal Forests. The dfinities to the Coastal Forests are generally high within the Eastern Arc,
particularly in the East Usambaras and the Ulugurus, which are situated close to the ast. Some
authors, therefore, regard the lowland forests of the Eastern Arc as Coastal Forests (Lovett 1998.

Tab. 2: Spedes diversity and endemism in the Usambara Mountains and in the Uluguru Mountains for diff erent
groups, E = East Usambaras, EW = East and West Usambaras, U = Uluguus, - = Data not available,
* = Figure includes subspedes, + = Figure includes “nea endemics.”

Group Area| Spedes| Endemics | Forest spedes | Forest endemics
Trees (>5 m)* (Iversen 1991h EW | 684 | 42(6.1%) - 41
Vascular plants* (Iversen 1991h EW | 2855 | 169(5.9%) 1627 157(9.7%)
Bryphyta (Pocs 1998 EW | 464 | 11(2.4%) - -
Mammals (Rodgers & Homewood 1982 EW 55 2 (3.6%) - -
Reptiles (Howell 1993 EW - - 29 6 (20.6%)
Amphibians (Howell 1993 EW - - 23 4 (17.4%)
Gastropoda* (Rodgers & Homewood 1982 | EW 122 | 55(45.1%) - -
Linyphiidae (Scharff 1993 EW 12 6 (50.0%) 7 6 (85.7%)
Butterflies* (De Jong & Congdon 1993 EW 37 | 15(40.5%) - -
Vascular plants* (Iversen 1991h E 2083 | 64(3.1%) - 64
Birds** (Rodgers & Homewood 1982 E 219 5 (2.2%) 100 5 (5.0%)
Land snails" (Tattersfield et al. 1998 E 94 | 12(12.8%) - -
Diplopoda (Hoffman 1993 E 41 5 (12.2%) 37 5 (13.5%)
Spheddae(Rodgers & Homewood 1982 E 131 | 27(20.6%) 74 27 (36.5%)
Grasshoppers (own data) E 63 13(20.6%) 36 10(27.8%)
Birds (Stuart et al. 1993 U - - 41 2 (4.9%)
Reptiles (Howell 1993 U - - 24 6 (25.0%)
Amphibians (Bhatia & Buckley 1998 U - - 26 6 (23.1%)
Diplopodh (Sgrensen 1995 U 28 | 23(82.1%) - -
Linyphiidae (Scharff 1993 U 17 | 12(70.6%) 14 12 (85.7%)
Butterflies (De Jong & Congdon 1993 U 37 10(27.0%) - -
Grasshoppers (own data) U 48 13(27.1%) 29 13 (44.8%)
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Discrepancies in the assesanents of endemism are mainly due to dfferent definitions of the term
“endemic.” As Anderson (1994 points out, the term “endemic” is used in rather different ways.
Unless an area of endemism is not exadly defined, it is useless to argue with the term. These
problems beame obvious, if the summary of biodiversity and endemism of the Usambara Mourtains
presented by Rodgers & Homewood (19823) is analysed. The comparison o different taxa includes
so-cdled “nea endemics’ withou any clea definition. For some taxa subspedes are included, for
others the West and East Usambara fauna is combined or even ony forest spedes are regarded.
Conseguently endemics $houd be defined as restricted to a single mourtain block. An analysis of the
East Usambara grasshopper fauna showed that affiniti es to the Coastal Forests nea Tanga ae higher
(16 spedes; 25.4%) than the number of endemics (13 spedes; 20.8%, Hochkirch unpub.). Hawthorne
(1993 mentions that the foothill s of the East Usambara Mourtains share many spedes with coastal
forests, including a number of endemics. This is probably caused by the small distance between the
mourtains and the aast (40 km). In contrast to the East Usambaras the spedes of the West Usambara
Mountains and o most other Eastern Arc mourtains are more dosely restricted to the mourtain area
since they are surrounded by dry grasdand a miombo woodand. Table 2 shows the number of
endemic taxa for the Usambara Mts. acarding to literature and avn data.

In comparison to vascular plant genera of the Usambaras (Iversen 19910), grasshoppers of the East
Usambaras have no cosmopditan o pantropica genera, which make up 34% of the plant genera. The
number of genera endemic to East Africais 26% in grasshoppers and most of them are endemic to the
Coastal Forests and the Eastern Arc, while this propationis only 4% in vascular plants (Hochkirch
unpuh.). At spedes level the degreeof endemism in the East Usambaras also is higher (21%) than in
plants (3.1%), birds (2.2%) and mammals (0%), bu lower than in Diplopoda (76%). The vicariant
distribution d many grasshopper genera and the high degree of endemism is mainly due to the small
ranges of flightless forest spedes (Hochkirch 199§. If only the flightless pedes of the East
Usambaras are regarded, the percentage of grasshopper spedes occurring in no dher of the Eastern
Arc Mts. is71.4%.

A number of authors gressthe significance of geographicd separation d the mountain bocks and
their climatic stability within periods of drought for the biodiversity and endemism of the Eastern Arc
(e. 9. Rodgers 1998. However, the degree of endemism is influenced by many different interading
effeds (Anderson 1994. The geographicd level includes the age of an areg its dimensions, the
distance to source aess (i. e. other forests), the distance to the ocean (climatic stability), latitude,
dtitude, barriers and geographicd separation. The dimatic level includes sasonality and stability.
The emlogicd level includes the aye of the habitat type, the habitat persistence and its diversity. The
taxon level includes fadors depending on the evolutionary history of the taxon such as life history,
vagility, emlogicd tolerance, abundance, minimal range, minimum viable popuation size and aso
body size @ it influences the minimum viable popuation size and vagility. These interading fadors

either influencethe spatial level (degreeof separation) or the temporal level (time of separation).
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2.5 Conservation of the Eastern Arc

The human influence on the forests of the Eastern Arc started probably with the use of fire. Charcoal
layers in the soil of the East Usambaras ill ustrate that fire influenced the forests quite ealy. The
ealiest stone-bowl cultures (Azanian culture) were recorded from the ealy Iron Age, 2,000y BP in
the Usambaras, Pares and Taita Hill s (Newmark 1998. Forest clearance began at approximately the
same time in Rwanda and Burund, some 2,300y BP (Jolly et al. 1997. A later wave of vill age
settlements in the East Usambaras was reported for the time from 900-1,000AD, but these vanished
later (Rodgers 1993. Most tribes in Tanzania have some traditionaly proteded forests, which are
often referred to as “saaed forests.” In the North Pare Mountains the traditionally proteded forests
are dmost the only remaining natural forests (Mwihomeke d a. 1999. Recently settled tribes, like
the Wduguru, who moved into the hill forests of the Uluguru Mts. less than 200y BP, are
charaderized by only littl e traditional anti-erosion works in comparison to ealier settled tribes like
the Wasambaain the Usambara Mts. (Rodgers 1993.

At the end o the 19" century the first Europeans foundlarge forested areas in the East Usambaras,
but some anourts of deforestation were dready noted (Engler 1903. Under German rule (18851916
the presaure on the forest increased due to colonia settlements at climaticaly preferable higher
atitudes (Rodgers 1993. Deforestation was acceerated in order to plant tea ad coffee and the
developing infrastructure and agriculture atraded people from the lowlands (Rodgers & Homewood
19823). However, this aso led to a rapid reservation d forests. Some 80% of the present forest
reserves within the Eastern Arc were gazetted during this period (Rodgers 1998, but these reserves
aso included pantations of induced vegetation. The biologicd and agricultural reseach station at
Amani and the Amani Botanicd Garden were founded in 1902 ly German scientists. One of the trees
planted onlarger scde was Maesopsis eminii, which soon spread into deforested areas and is now
causing problems for conservation (Binggeli 1989. Until 1914,atotal of 231 forest reserves had been
established, covering 7,500 km? of mainly montane and costal forests. The British administration
(19161961 enlarged the number of forest reserves in the 193G and 195@, so that in 1961some
9,500km? of natural closed forest was protected (Rodgers 1993. The “Uluguru Land Usage Scheme”
(ULUS) was established in the mid 1943 to stop erosion, and in the 195G bench terradng was
introduced in the Ulugurus (Bhatia & Buckley 1998. In the 1950 the dtention to forest production
increassed in forest pdicy leading to plantations of fast growing exotic softwoods. Since the
independence, Tanzania has increased the forest reserves to 13,700km? (1985, but 605 km? have
been degazetted, including 120 km? of valuable natural forest in the West Usambara Mourtains
(Iversen 199%, Rodgers 1993. Due to the high annual popuation growth in Tanzania ranging from
2.8% 10 3.26, or even 6.8% in the Ulugurus (Lulandala 1998, the increasing demand for land led to
high deforestation presaure (Rodgers 1998. Polhill (1968 aready noted the high popuation in the
East Usambaras and the nead for conservation. While during the 195G and 196G the forest was
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cleared mainly for agriculture, timber exploitation was the main cause for the lossof forest during the
197G and 1986, suppated by the Finnish developmental organization FINNIDA (Chadhage 1998.
In the Usambaras c. 50% of the pubic land forest disappeaed between 1954and 1978(Rodgers &
Homewood 1982).

A new recent wave of conservation adions garted with the “4™ East African Wil dlife Symposium” in
1978, in which a sedion o forest conservation was included. The “Tanzania Forest Conservation
Group’ was established in 1983(Rodgers 1999. In the mid 198G the Tanzanian government redized
the necessty of a natural forest cover for maintaining water, soil and climatic resources (Rodgers
1993. The “Tanzania Forest Action Plan” (TFAP) in 1986included the Eastern Arc as key ecsystem
conservation pojed (Lovett 1998. In 1987 the IUCN (International Union for Conservation o
Nature) started the “East Usambara Conservation and agricultural Development Projed” (EUCODEP)
in the East Usambara Mts. and the FINNIDA started to focus on conservation d reserves in the “East
Usambara Catchment Forest Projed” (EUCFP) (Ningu pers. comm.). In the Uluguru Mountains the
“Uluguru Mountains Agricultural Development Projed” (UMADEP) and the “Uluguru Slopes
Planning Projed” started in the 199G (Bhatia & Buckley 1998. The “Udzungwa National Park” was
gazetted in 1992 covering an areaof 1,990km’ and an altitude ranging from 250m to 2,500m (Iddi
1998. In 1997the “Amani Nature Reserve” was gazetted, which covers ome formerly small er forest
reserves and the Amani Botanicd Garden (Iddi 1998.

Tab. 3: Forest cover in the some blocks of the Eastern Arc Mountains (acording to Newmark 1998

Mountain block | Natural forest | Nr. of main forest patches | Closed forest | Lossof forest cover

East Usambara 413km’ 8 221km? 57%
Nguru 647 km? 8 120km? 82%
Ukaguru 184km? 1 100km? 90%
Rubeho 499km? 6 100km? 37%
Uluguru 528km? 5 120km? 65%

At present, thereis gill aneed for conservation measures. According to recent estimates by Newmark
(1998 the Eastern Arc total forest area @vers approximately 5,327km? and is highly fragmented and
disturbed (table 3). Over the last 2,000 yeas 77% of the original forest cover has been lost — most of
it during the last 100yeas. The etimate for the dosed forest cover is 1,497km?, which is 27% of the
remaining forest (Newmark 1998. According to Lovett (1998 the submontane forests in the
Usambaras have been largely replaced by plantations or disturbed by logging, in the Ulugurus they
have been mostly lost to cultivation, bu some ae left at stegp dopes of the Ngurus. The lowland
forests of the East Usambaras have been partly replaced by teak plantations (Rodgers 1993. In the
Ulugurus, shifting cultivation has converted most of the mourtain slopes below the gazetted forest
reserves into tredess grasdand, and erosion is dill a severe problem (Fjeldsa € al. 1995. In 1993

hundeds of tonnes of mud flooded the Morogoro Municipality. Moreover, ead yea fires destroy
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extensive areas (Lulandala 1998). At present c. 150 forest reserves or forest patches in nature reserves
and national parks are left (Lovett 1998). In the East Usambaras c. 32,000 ha (76% of the forest |eft)
are protected in 13 forest reserves and the Amani Nature Reserve, but poles and timber are till
extracted from the forest (Johansson et al. 1998). Most parts of the Eastern Arc forests still suffer
from logging, pit-sawing, fuelwood collecting and hunting due to inadequate legal protection, field
protection and management (Rodgers 1993). This is probably also caused by the high level of
negative or neutral attitudes to protected areas by local people in Tanzania (Newmark et al. 1993). In
the Udzungwa Scarp Forest Reserve the main human activities include tree felling, animal hunting
and trespassing (Zilihona et al. 1998).
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3 The Study Object

The dhoice of the right taxon for a phylogenetic analysis concerning the Eastern Arc is influenced by

several aspeds, such as (a) the vagility of the group, (b) the degree of endemism, (c) the dependence

on forests, (d) the taxonamic knowledge, (e) the number of spedes or separated popudations within a

spedes and (f) the dundance of the spedesin the aeaof reseach.

a) The vagility is of importance to avoid the influence of long-distance dispersal (Briihl 1997). The
vagility of grasshoppersis mainly affeded by the presence of wings. Most tropicd forest spedes
areflightless and thus have an extremely low vagility (Hochkirch 199§.

b) Flightlessessis also the main reason for the small ranges of forest grasshoppers (Hochkirch 1998.
Most of the forest spedes are restricted to single mountain blocks, bu some East Usambara
spedes also occur in the Coastal Forests (see dove).

¢) Nealy al endemic grasshopper spedes of the Eastern Arc ae forest spedalists, athough some
Eastern Arc endemic birds and buterflies are confined to montane grasdands and heahlands
(Burgesset a. 199&). However, many of the grasshoppers are nat restricted to the forest interior,
but inhabit cleaings, paths, forest edges, or disturbed forest types (Hochkirch 1995, 1998).

d) The taxonamic knowledge of East African Acridoidea has drongly increassed duing the last
century (Ritchie 1987,Green 199§ and a handbod on East African grashoppersisin preparation
(Jago pers. comm.). Although new spedes can still be foundeven at such well-colleded places as
the East Usambaras (Hochkirch 1996l), and some huge genera ae in nead o revision, the
taxonamic knowledgeis far greaer than in many other insed groups.

e) Since the intention d this gudy was to present a broad overview of a typicd group, including
mMtDNA data, morphametric data, behaviour records and emlogicd reards, the taxon uncder study
shoud na contain too many spedes. A higher number of spedes would also enlarge the number of
study sites and thus cause logistic problems, sincenat al placesin Tanzania ae eay to read with
pubic transport.

f) Many spedes of tropicd rainforests occur only in small abundance, which might influence the
number of records. Grasshoppers of forest edges usualy read a higher abundance than spedes
within the forest (Hochkirch 199&).
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3.1 Eastern Arc Grasshopper Faunas
The chaice of the right grasshopper taxon for a phylogenetic analysis requires sosme information on

typicd Eastern Arc grasshopper faunas. A list of typicd generaisgivenintable 4.

Table 4: Typicd grasshopper genera of the Eastern Arc with habitat, number of spedes (+: number of additi onal
subspedes; ?: number uncertain, awaiting revision), distribution type (C: Coastal Forests, EA: Eastern Arc,
TN: Tanganyika-Nyasa Mountain Forest Group (incl. Eastern Arc), GC: Guinean-Congolian Forest block, K:
Kilimanjaro area young wlcanic mourntains, V: Lake Victoria basin), availability (based on haebitat or
abundance) and last taxonomic revision (in need: in need of revision, De: Descamps, Di: Dirsh, Gre: Green,
Gru: Grunshaw, H: Hochkirch, Ja: Jago, Jo: Johnsen, K: Kevan, U: Uvarov)

Genus Habitat Spec. Distribution ~ Avail. Revision
Euschmidtia KARSCH, 1889 arboricolous 13 TN-C-GC bad De 1973
Chromomastax DESCAMPS, 1964 arboricolous 5 C-EA bad De 1973
Stenoschmidtia DESCAMPS, 1973 arboricolous 5 C-EA bad De 1973
Mastarammea DESCAMPS 1977 arboricolous 1 TN bad De 1977
Pieltainidia RAMME, 1925 arboricolous 1 East Usambaras  bad De 1977
Plagiotriptus KARSCH, 1899 arboricolous 7 TN-C-K-V  bad Jo 1986
AcanthothericlesDESCAMPS 1973 arbusticolous 2 Ulugurus bad De1977
Dimorphothericles DESCAMPS 1977 ?arbusticolous 2 Ulugurus bad Del977
Loveridgacris REHN, 1954 terricolous 1+1? C-EA bad K 1977
Ixalidium GERSTACKER, 1869 terricolous ?8 C-EA-GC good inreda
Burttia DIRSH, 1951 herbicolous 1 Ulugurus good Di1951
Aresceutica KARSCH, 1896 herbicolous ?3 EA —K good inreda
Rhainopomma JAGO, 1981 herbicolous 5 EA-C good Jal981
Physocrobylus DIRSH, 1951 herbicolous 2 EA bad H 1996b
Parodontomelus RAMME, 1929 graminicolous 6 EA-C bad H 1999b
Parepistaurus KARSCH, 1896 herbicolous 20+4 TN-C-K-V good Grel998
Kassongial. BOLIVAR, 1908 herbicolous 6+1 C-TN=-V bad Gru 1986
Afrophlaeoba JAGO, 1983 graminicolous 4 EA good Jal1983
Oxyaeida |. BOLIVAR, 1914 herbicolous 3 C-EA-V good Jal994b
GymnobothroidesKARNY, 1915 graminicolous 6+2 C-EA-K-V good Jal968
Paraspathosternum RAMME, 1929 graminicolous 1 C-EA-V good Gru1988
Phaeocatantops DIRSH & UVAROV, 1953 herbicolous 16 Ethiopian good Jal1982
EupropacrisWALKER, 1870 arbusticolous  ?19 Ethiopian bad in need
Heteracris WALKER, 1870(pulchripes-group)  arbusticolous 9 Ethiopian good Gru1991
Phyteumas|. BOLIVAR, 1904 arbusticolous 3 TN-C-K-V  med. K 1977
Cyphocerastis KARSCH, 1891 ? 10 GC-EA bad Jo 1987
Anischnansis DIRSH, 1959 ? 1 East Usambaras  bad Di 1959

Twenty-seven grasshopper genera can be regarded as typicd Eastern Arc dements, athough the
transition to Coastal Forest elements is fluent. Their suitability for a phylogenetic analysis, howvever,
isnat similar. Generain need o revision are not suited, since ataxonamic revision d agenus was not
the intention d this thesis. Eumastaids (the first eight genera) are taxonamicdly badly known.
Some spedes have been described onthe basis of single males, others on the basis of single females.
Fully winged genera (the last six genera) are too vagile and do nd serve for the purpase & well, since
they might be long-distance dispersers. Some genera (Loveridgacris, Burttia, Gymnobothroides,
Paraspathosternum, Anischnansis) contain orly one or two spedes. Others (Parepistaurus) consist of
a very high number of spedes with several subspedes or separated popuations, which would be

beyond the scope of this thesis. Some genera ae difficult to collea, since the popuations of the
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spedes are usualy small or difficult to locate (Kassongia, Parodontomelus, Physocrobylus). Other
genera ae aboricolous (Eumastamideg). In the end orly two genera seam to be suitable for this
study: Rhainopomma and Afrophlaeoba. Both have four or five dlopatric spedes and bdh have been
revised recantly (Jago 1981, 198 They usually occur in high abundhinces and have exceptionally
small ranges (with the exception o Rhainopomma usambaricum, which is also present in the Coastal
Forests and in the Shimba Hill s, and Afrophlaeoba longicornis which has been recorded from the
Rubeho Mts. and the West Usambara Mts.).

3.2 Why Afrophlaeoba?

A dired comparison d Afrophlaeoba and Rhainopomma leals to the conclusion that the former genus
has sveral advantages. First of al, the whole Afrophlaeoba genus group (sensu Popov in press
seams to be restricted to evergreen forest regions, such as the Coastal Forests, the Eastern Arc, the
Tanganyika-Nyasa Forest block, the Lake Victoria basin and Madagascar (Jago 1983,Popov in press.
A close relative genus, Parodontomelus, has sveral endemic spedes in the Eastern Arc and in the
Coastal Forests of Tanzania. The sympatric occurrence of a potential outgroup (P. arachniformis)
with A. usambarica in the East Usambaras is of high value for dired ewlogicd comparison. All
members of the Afrophlaeoba genus group are flightless which is adually a goodargument for future
extension d this gudy on the whde group. In comparison to Afrophlacoba some relatives of
Rhainopomma are known to occur in the drier parts of Tanzania. The cmparatively wide distribution
of Rhainopomma usambaricum suggests a broader elogicd niche for this pedes.

The doice of Afrophlaeoba also dffers the oppatunity to test Jago's (1983, 1994) hypothesis that
the morphdogicdly very similar genus Odontomelus belongs to a completely different group
(Pargaini sensu Popov in presg. This genus would off er another suitable outgroupfor the study, since
it is rather widespread in Eastern Africa Odontomelus also contains several flightless pedes with
limited ranges. Some of them are endemic to the drier parts of the Eastern Arc (Pare Mts., Nguru
Mts.), to the Coastal Forests, Kili manjaro o the Lake Victoria basin. Jago (1983, 1994) assumed that
the Afrophlaeoba genus group consists of ancient relicts, while Odontomelus is a recent radiation.
This hypothesis might be proved with the help of mtDNA markers.

The combined approach daes include studies on the habitat requirements of the spedes and onthe
courtship behaviour. While Rhainopomma usambaricum has been subjed of ewmlogicd and
ethdogicd studies (Hochkirch 1995, 1998), the knowledge on Afrophlaeoba islow. Hence, the study
of Afrophlaeoba would add something new to the ewologicd information d the Eastern Arc
grasshopper fauna, which is of importance for a better understanding of its biodiversity and for
conservation measures (Rodgers and Homewood 1982). Rhainopomma belongs to the family
Lentulidae a primitive Cadiferan group, without tympana, wings and wing muscles. Its courtship
behaviour is lesspronourced than that of Afrophlaeoba, which belongs to the rather modern group d
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Acridinae Jago (1983 aready made some remarks on the urtship behaviour of Afrophlaeoba and
Parodontomelus: “P. arachniformis uses elaborate semaphaing of the hind femora foll owing careful
cleaning of the antennae while A. usambarica uses rapid vibration d the femora aad bod/ withou
antennal cleaning, probably transmitting signals through the substrate.” This datement suggests that
the spedes is interesting for studies on communicaive behaviour. Finally, the dedsion was aso
influenced by the pradicd experience During a first trip to Tanzania dl Afrophlaeoba spedes were
foundwithou difficulty and in adequate @undance for a mwmprehensive sample. These preliminary
results encouraged the continuation d the study on Afrophlaeoba.

3.3 History of the genus Afrophlaeoba

The systematic relationships within the subfamily Acridinae ae poaly understood (Jago 1983. A
recent phylogenetic analysis, based on mtDNA data, suggests that African Acridinae ae
monoplyletic (Rowell pers. comm.). Based on the anatomy of the epiphallic plate, Jago (1983
distinguished two major groups, which he cdled “Phlaeoba genus group’, including the Phlaeobinae
(sensu Dirsh 1975 and the “Parga genus groug’, including the Gymnobdhrinae ad Pargainae(sensu
Dirsh 1975. While in the Parga genus group the epiphallic loph form slender hodk-li ked structures,
they form broad lobate structures in the Phlaeoba genus group. Jago (1983 stated that the Phlaeoba
genus group consists of small (often monaypic) genera with small ranges in forested areas, while in
the Parga genus groupthe genera ae large and widespread in grasdands or dry woodands. The latter
is particularly true for the genus Odontomelus, of which Jago (1994a) suggested that it consists of
recantly evolved spedes. Popov (in presg established the tribes Phlaeobini, Pargaini and
Gymnobdhrini within the Acridinae He distinguished five genus groups within the Phlaeohini,
including an “ Afrophlaeoba genus groug’ containing the foll owing genera:

Afrophlaeoba JAGO, 1983(Eastern Arc Mts., Tanzania);

Brachyphlaeobella JAGO, 1983(W Uganda);

Chlorophlaeobella JAGO, 1983(Madagascar);

Chokwea UvAROV, 1953(Tanganyika-Nyasa Mourtain Group);

Chromochokwea JAGO, 1983(Ufipa Plateau, Tanzania);

Parodontomelus RAMME, 1929(Coastal Forests and Eastern Arc Mts. of Tanzania and Kenya);
Paralobopoma REHN, 1914(Lake Victoria basin);

Platyverticula JAGO, 1983(Zambia, SW-Tanzania, Somdli a);

ONoghwNE

The genus Afrophlaeoba was ereded by Jago (1983 for Odontomelus usambaricus RAMME, 1929
which was described from some spedmens colleded in 19051907 at Amani in the East Usambara
Mts. by J. Voleler, the former Zodogist of the Amani Biologicd Reseach Station. Jago (1983
transferred the spedes to his Phlaeoba genus group (now: Phlaeobini sensu Popov in press based on
the eiphalic morphdogy and described three more spedes: A.nguru, A.euthynota and
A.longicornis. Dirsh (1965 missd the eiphallic differences between Odontomelus and
Afrophlaeaba, since he studied Afrophlaeoba usambarica as a typicd Odontomelus, instead of the
type spedes Odontomel us brachypterus (GERSTACKER, 1869 (Jago 1983.
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Fig. 3: Present knowledge of the distribution of the Afrophlaeoba spedes.

A spedes list with locditi es is given below (Jago 1983 and avn data). The wlledion d the Natural
Resources Ingtitute (NRI) (the former Centre for Overseas Pest Reseach, COPR) has now been
transferred to the Natural History Museum, London (NHM). Further abbreviations are; MNHU:

Museum fiir Naturkunde der Humboldt-Universitét zu Berlin; UMB: Uberseanuseum Bremen.

1

euthynota Jago, 1983 Locus typicus: Tanzania: Uluguru Mts., W side of Bunduki For. Res. fishing camp,
20.-23.10.1964 (Jago) (NHM) (Jago 1983; further records. Tanzania: Uluguu Mts., W side of Bunduki
For. Res. fishing camp, 20.-23.10.1964 (Jago) (NHM); Morogoro, Morningside, 11/1953(Phipps) (NHM);
Morogoro, Morningside, 02.02.1970 (Brown) (NHM); Uluguu Mts., Mkata, 11/1953 (Phipps) (NHM)
(Jago 1983

longicornis Jago, 1983 Locus typicus: Tanzania: llonga, 16.06.1967 (Jago) (NHM) (Jago 1983; further
records: Tanzania: llonga, 16.06.1967 (Jago) (NHM); West Usambara Mts., Mkussu For. Res., 11.11.1964
(Jago) [posshbly mislabelled] (NHM) (Jago 1983

nguru Jago, 1983 Locus typicus. Tanzania: E foot Nguru Mts., montane forest above Turiani, 05.-
07.11.1964 (Jago) (NHM) (Jago 1983; further recrds. Tanzania: E foot Nguru Mts., montane forest
above Turiani, 05.-07.11.1964 (Jago) (NHM); E foot Nguru Mts., Mtibwa For. Res. nr Turiani, dry
woodand, 05.11.1964(Jago) (NHM) (Jago 1983

usambarica (Ramme, 1929: Locus typicus. Tanzania: Amani, 09.01.1905 (Vos=ler) (MNHU) (Jago
1983; further recrds: Tanzania: E Usambara Mts.: Amani, 06.12.1907 (Vossler) (MNHU); Sigi, nr
Amani, 18.-31.12.1965 (Jago) (NHM); Kizugy, nr Amani, 18-30.12.1965 (Jago) (NHM); nr. Amani,
09.11.1964 (Jago) (NHM); Mbomole summit, nr Amani, 03.04.1966 (Jago) (NHM); Longwza For. Res.,
15.04.1966 (Jago) (NHM); nr. E Usambara Mts., Ngomeni, Makuyuni, 27.06.1954 (Phipps) (NHM);
Korogwe-Msata rd, 103km N of Msata, summit of kopje, 27.09.1982(Jago) (NHM); 10 km N of Mbwewe,
bush fire, 30.09.1982 (Jago) (NHM) (Jago 1983; E Usambara Mts.,, Amani East Forest Reserve, 06
11/1994 (Hochkirch) (UMB); E Usambara Mts.,, Mbomole Hill, 06-11/1994 (Hochkirch) (UMB); E
Usambara Mts., Road from Amani to Muheza nea Zigi, 06-11/1994 (Hochkirch) (UMB); E Usambara
Mts., Road from Amani to Mbomole, 06-11/1994 (Hochkirch) (UMB); E Usambara Mts., Centre of Amani,
06-11/1994 (Hochkirch) (UMB); E Usambara Mts., Road from Amani to Monga, 06-11/1994 (Hochkirch)
(UMB); Mt. Mlinga, nr. Magrotto, 07-08/1994(Hochkirch) (UMB) (Hochkirch 1996a)
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3.4 Ecological Knowledge on the Genus Afrophlaeoba

Although the East Usambara Mts. belong to the best-studied areas in East Africa the ewologicd
knowledge of its fauna is very limited. During the German colonial times, the zodogist of the
biologicd reseach station at Amani, J. Vol¥ler, was probably the first to nde some observations on
Eastern Arc grasshoppers (1905, 1906, 197a, b, c). However, due to the ayricultura focus of his
studies, he exclusively pudished data on pest spedes, like the locust Schistocerca gregaria or
Zonocerus elegans. Nevertheless he alleded the hdotype of Afrophlaeoba usambarica at Amani
(09.011905, which was later described by Ramme (1929 at the Berlin Museum. Since Ramme’s
(1929 description, ndghing but the name Odontomel us usambaricus was known for along time. This
is partly due to the relatively recent taxonamicad asggnments. Older literature usualy refers to
Afrophlaeoba spedes as Odontomel us spedes.

At the end d the 1950 a wave of emlogicd studies garted in Tanzania with works of Phipps (1959,
1966, 1968 Kevan & Knipper (1961), Robertson & Chapman (1962, Anderson (1963, Vesey-
Fitzgerald (1964, Robertson (1967 and Jago & Masinde (1968. Of these authors Phipps (1959,
1966, 1968 Kevan & Knipper (1967 and Jago & Masinde (1968 studied in the range of
Afrophlaeoba. Phipps (1959 described life g/cles and hebitats of several grasshopper speades, which
he mlleded at Muheza, Kibaranga and Mlingano located at the focthill s of the East Usambara Mts.
and at Morogoro locaed at the foathill s of the Uluguru Mts. In atable of disseeded spedmens helists
Odontomel us brachypterus for the Usambaras and for Morogoro. Since Odontomelus brachypterusis
endemic to the region d Mt. Meru and Kili manjaro and aher spedes of the genus Odontomelus are
not known to occur at the locdions, these records probably refer to A. usambarica respectively
A. euthynota. This can also be foll owed from the body lengths given by Phipps (1959. The only data,
which are presented for those spedmens, are average numbers of ovarioles of 16.2for A. euthynota
and 16.5for A. usambarica. These ae quite low values, which are suggested to be e®namisation
strategies influenced by high predation presaure (Hochkirch 1998. In the second paper, Phipps (1966
deds with the habitat and seasondl distribution d grasshoppers from the same regions. Again helists
Odontomel us brachypterus instead of the Afrophlaeoba spedes and includes the information “thicket
edge” and the dates of colledion (Magrotto, East Usambaras: December; Morogoro: February, March,
May, Jure). In the third paper Phipps (1969 summarizes data on the eology and life g/cles of
several African spedes, but he does naot include Afrophlaeoba any more. Kevan & Knipper (1967) list
several spedes from Tanzania, including new spedes from the Uluguru Mts. (Morningside), bu any
data on Afrophlaeoba are missng. Jago & Masinde (1968 present some general information onthe
faunistic diff erences of northern and southern slopes within the East Usambara Mts. nea Amani, bu
they did na work at spedeslevel.

After the 1960 the number of ewmlogicd studies on grasshoppers in Tanzania deaeased abruptly.

However, taxonamists of the Natural Resources Institute (NRI), formerly the “Anti-Locust Reseach
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Centre” or “Centre of Overseas Pest Reseach” (COPR), pubished many revisions and descriptions of
spedes colleded duing the wlonia times, including the huge olledions of spedmens colleded by
N. D. Jago in Tanzania from 1964to 1967.1t was Jago, who enforced the revisions for a handbod of
the grasshopyers of East Africa As noted above, this work also included the description d the genus
Afrophlaeoba and fortunately also some information onthe e®logy and kehaviour of these spedes
(Jago 1983, which were described above. For A. euthynota he gives ©me more acarrate information
on the habitat (“edge of lush relic montane forest, espedally sunny well watered gullies with
Dracaena andferns’) and food (grasss). In the discusgon d his description d A. nguru, he mentions
that the “Nguru and Uluguru sites are isolated from ead aher by savannah and dy woodand
unsuitable to the genus.” In 1994the habitat preferences of the grasshoppers were studied at the East
Usambara Mts. (Hochkirch 199&), including also A. usambarica and P. arachniformis. Nymphs and
adults of A. usambarica were common at grass/ forest edges and at large deaings from June to
November. The graminivorous diet was confirmed and a ntinuows life o/cle aumed.
P. arachniformis occurred dispersed at grassy patches inside the forest and small cleaings from July
to September. This gecies aso seans to be graminivorous and hes smilar habitat requirements as
P. luci (Hochkirch 19995.
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4 Molecular Systematics

4.1 Introduction

The analysis of DNA data has become a frequently used method for inferring relationships of
different taxa or genes. This is partly due to the development of the PCR technique, which allows
rapid amplification d gene sequences. Amazingly, “the PCR only works becaise of an enzyme
discovered in a baderium [ Thermus aquaticus] foundin the hot springs of Yellowstone[...], an area
[which] was st aside & the world’ sfirst National Park in 1872 (Lovejoy 1996.

DNA sequences are believed to evolve in a more regular manner, compared with morphdogicd or
physiologicd charaders (Li 1997, athough Omland (1997 points out that in most cases there is a
correlation ketween morphdogica and genetic evolutionary rates. DNA data ae more anenable to
quantitative treaments, they are more éundant and easily accessble. The high number of available
charadersin genesis also an advantage, espedally in cases where discrete morphdogicd charaders
are missng (see tapter 5). Mitochondial DNA (mtDNA) is well suited for phylogenetic studies, as
it is maternally transmitted and nonrecombining. All parts of the moleaule share the same historicd
pattern of common descent (Wilson et al. 1985. Genes of the mtDNA demonstrate awide range of
evolutionary rates, and therefore can provide resolutions acossalarge time scde (Hilli set a. 1996).
Full sequences of the mtDNA of several taxa ae dready available and so-cdled “universal primers’
have been developed (Kocher et al. 1989. These primers are highly conserved and all ow the accssto
gene sequences of taxa withou genetic badkground information (Palumbi 1996. Since mtDNA is
present in multiple cpiesin many cdls, the use of mtDNA provides alarge number of starting copies
for the paymerase chain readion. However, sometimes gene trees may fail to refled the relationship
of the organisms from which they were sampled (Swofford et al. 1996. This may happen if
introgresson events occur (Ballard 200Q or if the time of a spedes lit is hort (Li 1997). To avoid
these arors, it is necessry to use different genes or different methods for phylogenetic
reconstructions.

The use of MDNA markersin the field of phylogeography is exeauted by genotyping diff erent taxa to
maternal lineages, and relating the resulting phylogeny to patterns of geographic distribution (Weir
1996. In this qudy a gene treeis inferred for the mitochondial DNA of the genus Afrophlaeoba
using three different gene fragments. Although the occurrence of introgressed haplotypes canna be
excluded, such events would also contribute to the reseach oljedives, as they indicae gene flow

between the taxa, for which a dired conredion o the popuations (and the habitats) is necessary.
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4.2 Methods

4.2.1 Collection of Specimens

During the first field trip to Tanzania in March and April 1997 al four Afrophlaeoba spedes,
Parodontomelus arachniformis and Odontomelus phloiodes binervis were mlleded by hand.
Additional spedmens were obtained duing the second field trip from 30 November 1997 to 27
February 1998, including Odontomelus brachypterus and Parodontomelus luci. The exad data on the
spedmens are listed in table 5. Despite intense seaches during both field trips, Afrophlaeoba
longicornis was not found in the West Usambara Mourtains, from where Jago (1983 lists one
spedmen. The spedes is quite ammon in the region d Ilonga (the type locdity) and Kilosa (8 km
south of Ilonga). All other spedes were foundrather frequently at the type locditi es. Thusit islikely,
that the record from the West Usambara Mourtains is the result of mislabelling. The type locditi es
were dhosen to avoid misidentificaions. All speamens were stored in 80% ethand. The pronaum
was cut at one side to allow a better penetration with ethanad. One day later the ehand was replaced
by fresh 80% ethand. The comparatively small number of individuals sampled allows the lledion
of sizeable DNA sequences, which frequently yield highly, resolved, well-suppated mitochondial
phylogenies (Funk 1999.

Table 5: Spedmens used for the genetic analysis

Spedes abbreviation locdion date

e I Il o Ul e
JA;;ogril ;\sgba usambarica A_usam? iarrsltarﬁ: Sggob& aZMStS 3':?;‘73' gyé;/vamkoro M| 04011998
JA;;ogT ;\ggba nguru A_nguru '\NAQ\JI;';'\'/\I/:I"ZQ f(:)ag%i Lén(éer ?ﬁgf;g N | 15031997
T N Il el
JA;;ogril ;\sgba longicornis A_long1 :ngggtzcl)\gjjgfgs?;gg ' rlgi;ngo treenea 08.04.1997
JA;;ogril ;\sgba longicornis A_long2 Eﬁt;esgo(%%o%f;siﬁeggge; . rga;ngo treenea 08.02.1998
EAa(; gdfg;%mel us arachniformis P arach I(EEaastst léf;t))a(rgstﬂot; 5 Asme;’néolg gtzreE ?werve 27031997
oo 90 et | Gy s, soss0e)
oo 190 "2 |orsors. save)
?A%Ogtfgﬂg;A, us phloiodes binervis 0_phloiod QQPOTLCSV?Q?Sg Jgn)ga 24.03.1997
| o Sy
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4.2.2 DNA Extraction

All laboratory work was exeauted with sterile tubes and dsposable pipette tips (sterili zed with an
autoclave) to avoid contamination. Sterile and doulbe distill ed water was used for al solutions.
Forceps, sciswors, scadpels and dher diseding material were flamed in ethand to avoid
contaminations. All spedmens were disseded under a stereomicroscope to gain some muscle tissue
from the thorax. Thoradc muscle tisaue is suitable for mtDNA extradion as the muscle céls contain
mitochondia in high concentration. The spin column procedure (QIAamp Tisaue Kit, QIAgen) was
used to extrad DNA, following the tissue protocol of QIAgen handbodk. The muscle tisale was
transferred to a 1.5-ml microfuge tube with 180ul buffer ATL and afterwards crushed and squashed
with a mortar to deaease the lysis time. 20l proteinase K stock solution was added and mixed by
vortexing. The ap was incubated for 1-3 hous in a water bath at 55°C urtil the tissue was
completely lysed. This procedure was necessary to destroy the membranes and DNA-degrading
enzymes. Afterwards 200 ul buffer AL were alded to the sample and vortexed again. The tube was
now incubated in awater bath at 70°C for ten minutes. Theredter it was centrifuged for threeminutes
at 10,000rpm (Hettich mikro-rapid) to eliminate insoluble fragments of the cdls. The supernatant was
transferred to afresh tube. 210ul 95% ethand was added and vortexed. This mixture was applied to a
QIAamp spin column in a 2 ml colledion tube. The spin column with the aup was centrifuged at
6,000rpm and afterwards placed in a dean 2-ml coll edion tube. The filtrate was decanted. The whole
procedure was exeauted to bind the DNA to the spin column. 500l buffer AW were added and
centrifuged for one minute & 6,000rpm to wash the sample. This washing procedure was repeaed.
Afterwards the ap was centrifuged for 2 minutes at 10,000rpm. The spin column was transferred to
a dean 2ml microfuge tube and 200l buffer AE (preheaed to 70°C) were added to elute the DNA.
This cup was transferred to a water bath at 70°C for 5 minutes. Afterwards 200 pl buffer AE (70°C)
were added again and for ancther five minutes the ap was placel in the water bath of 70°C.
Theredter the mixture was incubated at room temperature for 1 minute and then centrifuged for 1
minute & 10,000rpm. The supernatant was transferred to a dean tube and frozen. The template for
the PCRwas diluted 1:50 (1 pl DNA fluid with 50l dd H,0).

4.2.3 DNA Amplification

The Polymerase Chain Readion (PCR) is an enzymatic in vitro procedure to amplify spedfic
nucleotide sequences. It was introduced by Mullis et a. (1986, although the principles were dready
described by Kleppe d a. (1971). The four DNA-spedfic nucleotide triphaosphates (NTP), bufer,
cofadors (such as Mg*) and a hea-stable DNA-paymerase (= Taq pdymerase, isolated from the hat
springs baderium Thermus aquaticus) are given to the template DNA. The spedficity of the readion
is given by two short oligonucleotides (primers) complementary to a short spedfic region o the

template DNA and flanking the region d interest. Due to increasing temperatures the DNA is
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denatured into bah single strands. If the temperature is lowered again, the oligonucleotide primers
bind to the gpropriate sites of the template DNA (anneding). The primers anned faster than the
complementary strand, since they are shorter and a vast overdose of them is available. The doulde-
stranded part of the DNA functions as a starting signal for the polymerase, which extends the primer
sequences in the 3'-diredion (Palumbi 1996. Thus the original sequence between the primers is
copied. This procedure is repeaed in successve gycles and in ead cycle the product is doubed,
leading to an exporential incresse of the @pies required. To ensure the success of the PCR, the
knowledge of short conserved sequences is neaded for the @nstruction d the primers. Since the
complete mitochondial genome of several insed spedes has been sequenced (including also Locusta
migratoria), primers can easily be found (Clary & Wolstenhdme 1985, Crozier & Crozier 1993,
Mitchell et al. 1993,Flook et al. 1995. At the beginning, universal primers were used and thaose,
which had been used in the workgroup for DNA studies on carabid bedles. These primers usually
work well, if the number of mismatches is low and nd locaed at the 3'-end (Palumbi 1996. Two
additional primers have been designed later. Parts of three mitochondia genes have been analysed:
Thaose genes were the NADH-dehydrogenase suburit 1 (ND1), the NADH-dehydrogenase suburit 5
(ND5) and the 12S rRNA. The locaions of the anplified sequences are given in figure 4, the primer
sequencesin table 6.

| ND1

Fig. 4: Genetic map of the complete mitochondrial genome of Locusta migratoria (according to Flook et al.
1995)- the grey shaded areas represent the location of the amplified sequences 12SrRNA, ND1 and ND5
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Tab. 6: Names, locaion, sequences and length of primers used for amplificaion

Name locaion sequence length Reference

12S ai 12SIRNA |5 AAACTAGGA TTAGATACC CTATTAT 3 25 bp Kocher et al. 1989
12S bi 12SrRNA |5 AAG AGC GAC GGG CGA TGT GT 3’ 20 bp Kocher et al. 1989
ND S ND1 |5 TAG AAT TAG AAG ATC AAC CAG C 3’ 22 bp Pashley & Ke 1992
ND I 16SrRNA |5 ACA TGA TCT GAG TTC AAACCG G 3’ 22bp | Vogler & DeSale 1993
ND V-His ND5 |5 CCTGTTTCTGCTTTAGTTCA3 20 bp Sueta. 1998

ND V-Phe ND5 |5 GTCATACTC TAAATA TAAGCTA3 22 bp Sueta. 1998

ND V-400 ND 5 5 AGC TGG TTT TTATTC AAAGG 3 20 bp self-designed

ND V-400r ND5 |5 ATC CTT TGA ATA AAA ACC AG 3’ 20 bp self-designed

ND V-850 ND5 |5 GAT TTATAC CTAATATTTCTAC3 22 bp | Diiring & Briickner 2000
ND V-850r ND5 |5 GTA GAAATA TTA GGT ATAAATC 3’ 22 bp | Diiring & Briickner 2000

The PCR war performed acwording to the Tag PCR handbodk of QIAgen uwsing the following
protocol. A total of 100 pl were pipetted into a 0.5ml Eppendaf tube, including the following
substances acarding to the Taq PCR handbod of QIAgen:

50 pl vortexed PCR Master Mix of QIAgen (incl. Tag pdymerase, bufer, NTP, MgCl,)

2,5ul Primer A

2,5ul Primer B

3,0 ul DNA template (1:50)

42 pl sterile dd H,O
This mixture was overlaid with approximately 100yl mineral oil to avoid evaporation. The tube was
transferred to the thermal cycler (Perkin ElImer DNA-Thermal Cycler). The o/cle programmes are
given in table 7. The first anneding temperature (Nr. 2, Step B) varied acwording to the optimal
temperature of ead primer from 37-46°C. The lower anneding temperature of the first ten cyclesis
mainly caused by the fad that universal primers are often nad matching perfedly. After the start of the
synthesis, the ends of the PCR fragments are identicd to the readion pimers and a higher anneding
temperature can be chasen (Palumbi 1996. If the primers bind at more than ore site, it is necessary to
perform the first cycles at a higher anneding temperature to asaure that only the crred products are
obtained.

Tab. 7: Programme of the thermal cycler for the PCR

Nr.  temperature time number of cycles function

1 A:96°C 00:05:00 1 Denaturation
A:96°C 00:01:30 Denaturation

2 B: 37-46°C 00:01:30 5 Anneding
C.68°C 00:01:30 Extension
A:94°C 00:01:30 Denaturation

3 B: 50°C 00:01:30 28 Anneding
C. 68°C 00:01:30 Extension

4 A:68°C 00:03:00 1 Extension

5 A: 4°C endless 1 Codling
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To ched the success of the PCR, 2 pl loading solution was added to 10 ul of the product and
transferred to a 1.5% agarose gel (submerged in 1XTBE buffer: 40mM Tris-HCI, 0.114% glada
acdic add, 1mM EDTA). 4 ul Hind lll/Eco-R1-digested lambda baderiophage DNA were included
in the same gel as asize standard. The dedrophaesis lasted 1-1.5 hous at 100V. Afterwards the gel
was dained in an ethidium bromid solution (200ml H,O + 200l ethidium bromid solution 1 mg/ml)
for at leest 0.5 hous. The result was examined onan utraviolet lamp desk (Vetter Chroma 43) at
302nm.

4.2.4 DNA Purification

The dficiency of sequencing readions can be improved by purifying the PCR-generated templates
prior to sequencing (Hillis et a. 199&). For this resson the PCR product (90 ul product) was
predpitated with 10 ul ammonium acdat (10 M) and 300l icecold absolute @hand at -20°C
overnight. The tube was centrifuged 20 minutes at 10,000rpm and the supernatant decaited. The
pellet was dried in a vaauum centrifuge (DNA Spead Vac DNA 100, Savant) for 8 minutes.
Afterwards the pell et was disolved in 20 ul TE buffer (10 mM Tris-HCI, pH 8, 1mM EDTA). 4 pl
loading solution was added to this lution and transferred to a 1.5% agarose gel (submerged in
1x TBE buffer: 40mM Tris-HCI, 0.114% gladal acdic add, 1mM EDTA). The dedorpharetic
separation d the sample was performed with an agarose gel apparatus (Isco Little Blue Tank, Biorad
Wide Mini sub™ Cell). To estimate the fragment lengths, 4 pl Hind Ill/Eco-R1-digested lambda
baderiophage DNA was included in the same gel as sze standard. The dedrophaesis lasted 1-1.5
hous at 100V. Afterwards the gel was dained in an ethidium bromid solution (200ml H,O + 200yl
ethidium bromid solution 1mg/ml) for at least 0.5 hours. The result was examined onan utraviolet
lamp desk (Vetter Chroma 43) at 302nm. The length of the DNA fragments was cheded, and the
DNA band was excised from the agarose gel with a dean, sharp scdpel and transferred to atube. The
next steps of the purificaion followed the Qiaex I Handbod of QIAgen. The gel slice was weighed
and three volumes of buffer QX1 were alded to ore volume of excised gel. A sili cabinding matrix
(the glasamilk QUIAEX II) was vortexed for 30 seaconds and 10pl were alded to the sample. The tube
was incubated at 50°C in a water bath for 10 minutes to solubilize the ajarose and ind the DNA to
the glasamilk. Every 2 minutes the sample was mixed by vortexing. Afterwards the tube was
centrifuged at 10,000rpm for 30 seconds. The supernatant was carefully removed with a pipette and
the pell et washed with 500ul of buffer QX 1. This washing procedure was repeaed twice Afterwards
the pell et was air-dried for 15 minutes until the pell et becane white. 20 ul of 2L0mM Tris-Cl (pH 8.5
were alded and the pell et was resuspended by vortexing to elute the DNA. The sample was incubated
at 50°C in awater bath for 10 minutes and centrifuged at 10,000rpm for 30 seconds. The supernatant
containing the purified DNA, was carefull y pipetted into a dean tube and frozen.
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4.2.5 DNA Sequencing

Before the sequencing procedure is darted, it is necessary to quantify the purified DNA product. For
this purpose 4 ul purified DNA are mixed with 1 pl loading solution (to mark it and to enlarge the
weight) and transferred to a 1.5% agarose gel (submerged in 1x TBE buffer: 40mM Tris-HCI, 0.114%
gladal acdic add, 1mM EDTA). To estimate the DNA content 2.5 pul KB-marker and 5 pl KB-
marker were separated in the same gel. The dedrophaesis lasted 1-1.5 hous at 100 V. The result
was examined on an utraviolet lamp desk (Vetter Chroma 43) at 302nm and phdographed. The
brightnessof the DNA bands was used to estimate the DNA content.

Cycle Sequencing is based on the dideoxynucleotide cain-termination method d Sanger et al.
(1977. The primer is anneded to a mmplementary single-stranded DNA fragment in the presence of
a poymerase, deoxynucleotide triphosphates (ANTPs) and fluorescently labeled dideoxynucleotide
triphasphates (dANTPs). The extension d the DNA isterminated by incorporation d addNTP, since
it ladks the 3' OH group. Successive gycles of denaturation, anneding, and synthesis result in alinea
amplification d the labelled product (Hillis et a. 1996). The different labels (in this case
dRhodamine accetor dyes) for ead base dlow to separate dl bases smultaneously in one gel slot
later. The main pupose of cycle sequencing is to ensure an adequate signal for the aitomated
sequencing. The automated sequencing was performed by the workgroup hotechndogy of Prof.
Blohm, University of Bremen with an AB 373A Stretch DNA-Sequencer. The fluorescently labelled
DNA fragments are deteded duing eledrophaesis by atunable laser as they passasingle point. The
sequenceis recorded dredly into a computer, printed as a chromograph and interpreted by computer
software (Hilli set al. 199@). These diromographs were visually controlled for uncertainties.

Cycle Sequencing was performed acarding to the protocol for a kit (ABI Prism BigDye Terminator
Cycle Sequencing Ready Readion Kit, Biosystems, Warrington, England). The template volume was
chasen acmrding to the fragment length and to the concentration estimated above and transferred to a
0.5ml tube. 4 pl pre-Mix (incl. dye terminators, dNTPs, AmpliTag DNA Polymerase FS, rTth
pyrophasphatase, MgCl, and Tris-HCI buffer, pH 9.0) and 0.5l primer A were alded and the
volume filled upto 10 ul with H,O. This mixture was overlaid with a drop d mineral oil to avoid
evaporation. The same mixture was transferred to a second tube, but using primer B. The sample was
transferred to the thermal cycler and a program run, which is presented in table 8. The product of
cycle sequencing was predpitated with 1.0yl 3M NaCO; and 25 ul 95% ethandl. To puify the
product, it was centrifuged at 13,000 rpm (Heraaus Pepatch Biofuge A) for 30 minutes. The
supernatant was pipetted and 125ul 70% ethanad added to the pell et. The fluid was pipetted again and

the tube was centrifuged in avaauum centrifuge for eight minutes.
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Tab. 8: Programme of the thermal cycler for sequencing

Nr.  temperature time number of cycles function

1 A: 96°C 00:02:00 1 Denaturation
A: 96°C 00:00:30 Denaturation

2 B: 44-50°C 00:.00:15 25 Anreding
C. 60°C 00:04:00 Extension

3 A: 4°C endless 1 Codling

4.2.6 Data Analysis

The DNA sequences are analysed by means of several computer programmes. In a first step the
sequences are digned, so that exclusively homologous squences can be compared. In a second step
the homoplastic content is estimated. If the homoplasy is low, the data ae alded to the complete data
set and analysed with distance methods and parsimony programmes. The topdogies rendered by these
programmes are rooted with ougroup(s) and transposed to phenograms (distance methods) or
cladograms (parsimony methods). The dadograms are tested by boastrapping and the darader
distributionis presented.

4.2.6.1 Alignment

Sequence dignment is one of the most important and least understood comporent in the phylogenetic
analysis of DNA sequences. Only if the charaders under study are homologous, a comparison for a
phylogenetic purpase is passble. Homology suggests that the charader under study must be defined
in a way that all charader states observed among the taxa must have been derived from a
correspondng state in a common ancestor of those taxa (Swofford et al. 1996. In DNA seguences,
the charaders are represented by the correspondng positions in the sequences, and the dcharader
states are the nucleotide residues observed at these paositions. The dignment is a method to interpret
the homology of DNA sequences based on similarities or distances. The simil arity approad tries to
maximize the number of matched base pairs, while the distance aproac tries to minimize the
number of mismatched pairs and gaps. If the mmpared sequences are highly similar the visua
inspedion can be feasible & well (Li 1997). Alignments may be simple for closely related protein
genes, but may be rather difficult if the taxa under study are distantly related (Hilli set al. 199@). This
is particularly true, if deletions or insertions (indels) occur in longer sequences of a single nucleotide
(e. g. microsatellites). In DNA sequences of protein coding genes sngle indels hardly ever ocaur, as
they would cause ashift of the reading frame (in the protein coding data presented here noindels have
been foundat all).

The spedficity of the primer region is of high importance for finding homologous (orthdogous)
sequences. This criterium might cause problems, if a gene or a part of it that includes the primer

region is copied to ancther part of the genome, as it is known for pseudagenes (Bensasson et al.
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2000. Such a mpy would also be homologous (paralogous) to the required sequence, asit is derived
from a common ancestor, bu as it has lost its function and hes become seledively neutral, it is not
posshle to infer phylogenies from comparing pseudogenes with the original, despite genomic
evolution. To avoid the comparison with such paralogous nonfunctional DNA sequences, the
transcription to the amino add sequenceis helpful. In the case of functional genes most substitutions
shoud be silent substitutions. These synonymous substitutions do nd change the amino add sequence
due to the degenerate ade (70% of the substitutions at the third codon paition). If a norsynonymous
substitution takes place amino adds with similar physicochemicd properties roud be substituted
(e. g. Leu-lle) to guaranteethe function d the protein (Li 1997). In the cae of pseudagenes, which
lost their function and which are believed to be seledively neutral, the substitution may occur at all
paositions. In RNA spedfying genes, a comparison with the highly conserved regions is necessary, as
they were identified by Hicksonet al. (1996.

A first step of pairwise dignment is given by matrix plots, which allow quick determination d
simil arities and their portrayal (Lawrence 1990. The two sequences under comparison are portrayed
aong the x and y axes of a graph, and the similarities are marked. This procedure dlows the
identification d indels (Hilli s et al. 1996). The pairwise dignment of two sequences usually follows
the dgorithm of Needleman & Wunsch (1970. This algorithm tries to find a path through the matrix
plot of two sequences, causing as few substitutions and indels as posdble (Hillis et a. 1996).
Substitutions are usually penali zed less gverely than indels, sincethey shoud occur more frequently.
It is also passble to assgn dfferent penalties for the number or size of gaps or for different kinds of
substitutions (transitions, transversions). The dm of the dgorithm is to find the least costly
interpretation d the data (Hilli s et al. 199&). If multi ple sequences have to be compared, a multiple
adignment is necessary. A multidimensional matrix would exporentialy incresse the number of
cdculated cdls and exceal the cgadty of many computers. Therefore, the sequences are mmpared
serially by pairwise dignment of ead sequence and combination d the most similar ones. The
aignment was performed with the computer programme Clustal V (Higgins et a. 1992, using the
default parameters. In this programme the order of the pairwise dignments is obtained from clusters
in an initial tree produced from a matrix of distances acoss al pairwise dignments (Hillis et al.
1996. The dignments were visually inspeded to ensure that the most reasonable one has been

generated.
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4.2.6.2 Homoplastic Content of the Data Set

Skewness

If a data set was randomly constructed, some random covariation would lead phylogenetic
reconstruction methods to prefer some trees to others, although any true hierarchical structure was
absent. A suitable method for estimating the non-randomness of a hierarchical structure is the
examination of the tree length distribution of a high number of random trees from the data set
(Swofford et al. 1996). While little or no hierarchical structure produces relatively symmetric
distributions, a high amount of hierarchical structure produces |eft-skewed distribution. The degree of
skewness is quantified with the gl statistics.

S (1)

1=1

Qh=" =

nes’

01 = skewness

T = tree length

n = number of trees

s = standard deviation of the tree length distribution

A gl =0isgiven by anormal distribution, since the data set contains as many longer trees as shorter
trees and there is only little covariance. A skewed left (g1 < 0) indicates that the data set contains
covariances, which support similar branches. The lower amount of necessary evolutionary steps is
mainly based on the lower amount of homoplastic information. However, strong skewness can be
misleading, since highly asymmetric tree-length distribution can also be produced by very localized
structures (Swofford et al. 1996). In this study one million random topologies were computed for each
data set. The calculation was executed with the computer programme PAUP 3.1.1 (Swofford 1993) on
a Power Maclntosh 6100/60, using the default parameters.

Proportion of Transitions

Substitution is along lasting process, whereby the frequencies of mutant alleles increase or decrease
randomly, until the alleles are fixed or lost by chance. A mutation becomes significant only if its
frequency increases with time (Li 1997). Due to chemical constraints, transitions (substitutions within
purines or pyrimidines) occur more often than transversions (substitutions between purines and
pyrimidines, Brown et al. 1982). Since multiple substitutions may occur at the same site (back
substitutions, parallel substitutions, convergent substitutions), the number of transitions between two
evolutionary lineages increases first, but reaches a plateau after some time. The number of
transversions increases at a lower rate and reaches a plateau later. Therefore, the proportion of
transitions among the number of substitutions gives a good estimate for the homoplastic content of the
data. A high proportion of transitions indicates that the plateau is not reached and the number of back
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substitutions is low. If the proportion of transition decreases, the number of back substitutions is
higher and the homoplastic content of transitions rises. The number of transversions, transitions and
total substitutions between the taxa was calculated by the computer program MEGA 1.02 (Kumar et
al. 1993).

Consistency and Retention Indices

For the evaluation of the performance of a method, consistency, efficiency, robustness, computational
speed, discriminating ability, and versatility are important criteria (Hillis et al. 1996b). The ability of
an estimation method to converge to a true value as more data become available is known as
consistency. Methods become inconsistent, if their assumptions are violated. Efficiency describes the
speed in which a method converges to a correct solution as more data are accumulated. A method is
called robust if it is more or less insensitive to violations of its assumptions. The computational speed
of distance methods is generally higher than that of parsimony methods, but the discriminating ability
is much lower, which means that they do not necessarily find an optimal solution. Versatility is the
possibility to include more information about the data, such as the weighting of different codon
positions (Hillis et a. 1996b). The computer programme PAUP 3.1.1 calculates the following indices
for estimating the accuracy of the method. The Cl (Consistency index) gives the proportion of
homoplastic events (multiple substitutions) among all variable sites. Noninformative sites can be
excluded from the analysis. The RI (Retention index) gives the relation of the highest possible
homoplasy to the existing homoplasy. Both values can vary from 0 to 1. A high Cl or RI indicates a
low homoplastic content. A third index given by PAUP isthe RC (Rescaled consistency index), which
isthe product of RI and CI.

4.2.6.3 Phylogenetic I nference

Generally spoken two approaches to infer a phylogeny with molecular data can be distinguished,
algorithms and optimality criteria (Swofford et a. 1996). Since no information about the past is
available, the methods try to find the best estimate of an evolutionary history. Algorithms try to define
a specific sequence of steps that lead to determination of a tree, optimality criteria try to find a
criterion for comparing aternative phylogenies and choosing the best (Swofford et al. 1996).
Algorithmic methods include distance methods (UPGMA, Neighbor joining), which are
computationally fast. Optimality criteria methods (parsimony methods, maximum likelihood) are
computationally much slower, since they first define an objective function (optimality criterion) for
evaluating a tree and then calculate the values of the trees to find the one with the best values
according to the criterion. The advantage of criterion-based methods is the possibility to rank different
phylogenies according to the score (the preference according to the criterion). Purely algorithmic
methods do not determine the strength of support for that tree (Swofford et al. 1996).
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The Parsimony Method

In parsimony algorithms a phylogenetic hypaothesis is derived from the observed synapomorphies on
the basis of their most parsimonious hierarchicd arrangement (Vogler & DeSalle 1994). Each base
position represents a charader and charader changes are analysed to find the shortest tree which is
cdled most-parsimonious tree (MPT). The principle of parsimony in science maintains that simpler
hypaotheses are preferable to more complicated ores. The estimation d trees under the aiterion o
parsimony means that ad hoc hypotheses are avoided. However, this is not always possble, and
asaumptions of homoplasy must be invoked (Swofford et al. 1996. Generally spoken, parsimony
methods try to seled trees that minimize the total treelength (the number of evolutionary steps, in this
case base subsgtitutions). Uninformative sites (autapomorphies and nonvariable dcaraders) are
ignored for the analysis. Only informative sites (synapomorphies and hanoplasies) are regarded. Thus
only afradion d the datais used — which makes it more dfedive, if the number of informative sites
is large (Li 1997. The simplest parsimony methods are the Fitch and Wagner Parsimony. These
methods impaose no a minimal constraints on permissble dhanges in charader state. The Fitch
Parsimony alows unardered multistate charaders, direa transformation from one state to the other,
and either diredion is equally probable, which is the cae in nuwcleotide sequences (Fitch 197). In
consequence, it is possble to roat the tree & any point withou changing its length (Swofford et al.
1996. The parsimony approach can be misleading, if the rate of evolution has been accderated in
peripheral branches or if the branching events of the central branches occurred in a short period o
time (which causes a low number of synapomorphies). In such a case, patterns that suppat the true
treewill occur only rarely and an incorred tree might be suppated. A higher amount of charaders
analysed will then suppat the incorrea tree more and more, which is cdled “positively mideading”
(Felsenstein 1978. Different methods have been developed to find the shortest tree anong the high
number of posgble trees. For data sets of moderate size the simplest approach is to evaluate every
posshle tree (Swofford et al. 1999. This exhaustive seach is feasible only for few taxa, as the
number of posdble topdogies rises exporentially for ead taxon added (> 2 Million pdble
topdogies for ten taxa). Another exad algorithm for identifying all optimal trees is the branch-and-
boundmethodintroduced to phylogenetic inference by Hendy & Penny (19832. Initially threetaxa ae
conreded and then taxa ae alded sequentialy. Parts of the search treethat contain orly subopgimal
solutions are diminated and the number of evaluated trees thus reduced. In this gudy, the cdculation
was exeauted with the computer programme PAUP 3.1.1 (Swofford 1993 on a Power Madntosh
610060 wsing the branch-and-boundmethod. Theinitial upper boundwas computed stepwise.
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Weighting

For functional genes the substitution rate usually varies among sites (Li 1997). For protein genes this
can be explained by the degenerate code, for RNA genes by the different functions of different
regions of the RNA. Therefore a different weighting of substitutions can be helpful for inferring gene
trees. In this study different weighting schemes were conducted. For estimating the skewness,
transversions were weighted 2x, 5x or 10x. Different weighting schemes (higher weights for the
transversions or for the different codon positions) were also applied to the parsimony analysis, but

this did not influence the results and it is therefore not presented here.

Outgroup Comparison

Parsimony methods do not require a prior determination of the character polarities (Swofford et al.
1996). The estimation of a character polarity can be difficult, but it is not meaningful for the
parsimony methods. However, a phylogenetic analysis requires the output of a rooted tree. The
character polarity can be inferred by the inclusion of sequences from an outgroup, if the outgroup is
chosen in away so that the ingroup is monophyletic. From this point of view it is necessary to choose
an outgroup which clearly represents a different lineage. The data of the outgroup imply the
plesiomorphous state, whereas the ingroup data should be apomorphous. Hence, it is helpful to choose
more than one outgroup. The location at which the outgroup branches from the unrooted tree implies
that there is a root with respect to the ingroup taxa. Since a hypothetical ancestor is implied by the
polarity assignments, arooted tree is gained from an analysis of polarized characters (Swofford et al.
1996). In this study, two Odontomelus species (Pargaini sensu Popov in press) were used as outgroups
to the Phlaeobini and the genus Parodontomel us has been used as an outgroup to Afrophlaeoba. These
genera proved to be suitable, when literature mtDNA data of the Oedipodinae Locusta migratoria
were included (Flook et al. 1995). The phylogenetic consequences of the outgroup choice were
evaluated by first employing al outgroups simultaneously and then assigning each outgroup

separately while deleting others.

Bootstrapping

The bootstrap test is a method to gain information on an unknown distribution by nonparametric
resampling (sampling and replacement) from the data matrix. It was introduced into phylogenetic
analyses by Felsenstein (1985). New data matrices of the same structure (in terms of the number of
taxa and characters) are composed of the sampled data. The method assumes that the original sample
represents the original sample space. Hence, the sample has to be large enough. The bootstrap value
represents the proportion of bootstrap replicates in which a branch appears. Usually the technique
gives underestimates of the confidence level (Li 1997), but this error can be reduced by an increasing
number of replications. In this study, 1000 replications were performed, using the computer
programme PAUP 3.1.1 (Swofford 1993) on a Power Maclntosh 6100/60 (default parameters).



Molecular Systematics 38

Bremer Support

The deca index or Bremer suppat indicates, which branches are dso suppated in longer trees than
the MPT (Bremer 1994). The diff erencein treelengths between the shortest treethat contains a group
and the shortest tree that ladks the group was cdculated by the computer programme PAUP 3.1.1
(Swofford 1993 on a Power Madntosh 610060, by keeping all trees that are one step longer and

examining the strict consensus treefor the stability of groups.

Maximum Likelihood

Maximum likelihoodwas introduced in phylogenetic inference by Cavalli -Sforza & Edwards (1967).
Felsenstein (1981) applied it to nucleotide-based phylogenetics. The method estimates the hypathesis,
maximizing the probability of observing the obtained data. This requires a model of evolutionary
change (seebelow), e. g. that the rate of substitutionis equal from one nucleotide to the other and that
the expeaed number of substitutions of a branch is given by the substitution rate and the branch
length (Swofford et a. 1996. The influence of the branch length is an important difference to the
parsimony method. Uninformative sites for parsimony methods can become informative in the
maximum likelihoodmethod, sinceit considers that changes are more likely along long branches than
aong short ones. This explains the higher consistency of the method compared to parsimony.
Moreover, it is lessaffected by sampling errors (Swofford et al. 1996. A problem in the gplicaion
of maximum likelihoodis the assumption d the models of evolutionary change that every site evolves
at the same rate. Rate heterogeneity aaoss $tes can have severe mnsequences onthe results, and thus
the maximum li kelihoodmethod can be “pasitively misleading” as well (Felsenstein 197§. Therefore,
it is suggested to incorporate arate heterogeneity into likelihoodanalyses, e. g. by assuming diff erent
rates for the first, seaond and third pasitions of a protein-coding gene (Swofford et al. 1996. A new
approach to phylogenetic inference mmbines the maximum likelihood method with the neighbar
joining method described below (Ota & Li 2000.

Distance M ethods

Distance methods use evolutionary distances, based onthe percentage of substitutions between the
diff erent sequences. Due to badk substitutions the observed K (the number of substitutions per site) is
usually not identicd with the “red” K. Therefore, different models of evolution for estimating the
number of substitutions have been developed. The p-distanceis the observed number of substitutions
per site. The Jukes-Cantor-distance (J-C-distance) cdculates corredions for badk substitutions. The
Kimura-2-Parameter-distance nsiders the different substitution rates of transitions and
transversions. The Tajima-Nei-distance @rreds different base frequencies. The Tamura distance
considers both, dfferent substitution rates of transitions and transversions and dfferent base

frequencies. The Tamura-Nei-distance alditionally correds different substitution rates of the two
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diff erent kinds of transitions (G-A, T-C). Since alditional assumptions can cause estimation errors the
effed of errorsis gronger in models with a larger number of parameters (Li 1997). The distance used
for the inference of phylogenies shoud thus depend onits magnitude. If the J-C-distanceis < 0.05,the
estimation shoud be simple (e. g. p-distance, J-C-distance). Since the interspedfic distances of the
data observed in this gudy were < 0.05, multi ple substitutions were arreded by the Jukes-Cantor-
distance The J-C-distance asumes that equili brium frequencies of all bases are the same and that all

substitutions occur at the same rate (Swofford et al. 1999:

- -4

UPGMA

The unweighted pair-group method with arithmetic mean (UPGMA) first groups the two sequences
with the shortest distance Afterwards the mean dstance of these two sequences is taken as a new
value (compasite taxon) and again the two sequences with the smallest distance @nreded. A
presumption for this method s that all li neages have the same evolutionary rate. Since this is usually

not the cae, it is more gpropriate to use neighba joining, which correds diff erent rates of evolution.

Neighbor-Joining

The neighbar-joining method correds the rate heterogeneity between the branches. It uses the
minimum evolution principle and seaches for the lowest sum of squares. Thus it is much more
affeded by the acaragy of the estimated dstance The method performs well if the sequences are
long and the distances snall (Li 1997, which is the case for the data presented here. The principle of
this methodis to find reighbars that may minimize the total length of the treesequentially (Li 1997).
It starts with a so-cdled “bush” — a starlike tree and chooses two taxa, which it then regards as new
single unit by cdculating the mean. The cdculation was performed by the computer program MEGA
1.02(Kumar et a. 1993.
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4.3 Reaults

4.3.1 Alignments and Base Content

The following alignments represent the DNA sequences for the three gene parts analysed from all
taxa studied, including the outgroups. For ead sequence the base wntent, the number of variable
sites and the AT-content is given. For protein coding sequences the number of variable pasitions of
the transcribed amino add sequences is given as well as the propation d nomsynorymous

substitutions.

12SrRNA

A 355357 bpsegment of 12SrRNA was colleded from the spedmens, which is ghown in figure 5.
Both strands of ead sequence have been analysed and inacarrades correded. Fifty-one paositions
(14.3%0) proved to be variable anong al taxa, including three indels and twelve sites with
transversions. Twelve sites were variable within the genus Afrophlaeoba (3.4%), exclusively
containing transitions. The AT-content of the data varies from 72.0% to 74.24 (table 9).

Fig. 5: Alignment of the sequenced part of the 12SrRNA — 355357 bp

12S r RNA

60

A usanil
A usan?
A _nguru
A eut hy
A longil
A longi 2
P_arach

O _phl oi od
O _brach

TTTAAATGIT AATTAAATTT ACCTGGGTAT TATTAGITAA GATCTTTAAA CCCAAAGAAT

12S r RNA

120

A usanil
A usan?
A _nguru
A eut hy
A longil
A longi 2
P_arach
P lucil
P luci?2
O phl oi od
O _brach

TTGGCGGTAT TTTATTCCAT TCAGAGGAAC CTACCCTGTA ATTGATAATA CACGATTGAC

12S r RNA

180

A usanil
A usan?
A _nguru
A eut hy
A longil
A longi 2
P_arach
P lucil
P_luci?2
O phl oi od
O _brach

TTTACTTAAT TTATTTGITT GTATATCTCC GTTATAGGAA GATCTTTTTG GAGITATAAT
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12S r RNA

240

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

TTTCTTGATT TATAATTTTA GATTATTTCA GGTCAAGGTG CAGCTTATGA TTAAGAAGAG

12S r RNA

300

A usani

O _brach

GIGGGITACA ATAGATTT-T - TCTATAATG GATTTAATTA TGAAATATTT TTAATGAAAG

12S r RNA

357

A usani

O _phl oi od
O _brach

TGGATTTGAT AGTAATTTAA TTTATTTAAT TTAATTGATA TTGCCTCTGA GGTGIGI

Tab. 9: Sequence length and nucleotide content of the sequenced part of the 12S rRNA gene for each specimen

examined

Specimen Sequence length G C A T G&C A&T

A_usaml 355 61 (17.2%) 32(9.0%) 109 (30.7%) 153(43.1%) | 93(26,2%) 262 (73,8%)
A_usam2 355 61 (17.2%) 32(9.0%) 109 (30.7%) 153(43.1%) | 93(26,2%) 262 (73,8%)
A_nguru 355 50 (16.6%) 34(9.6%) 111(31.3%) 151 (42.5%) | 93(26,2%) 262 (73,8%)
A_euthy 355 58(16.3%) 34(9.6%) 112(31.5%) 151 (42.5%) | 92(25.9%) 263 (74.1%)
A_longil 355 58(16.3%) 34(9.6%) 112(31.5%) 151 (42.5%) | 92(25.9%) 263 (74.1%)
A_longi2 355 50 (16.6%) 34(9.6%) 111 (31.3%) 151 (42.5%) | 93(26,2%) 262 (73,8%)
P_arach 355 59 (16.6%) 35(9.9%) 108(30.4%) 153(43.1%) | 94(26.5%) 261 (73.5%)
P_lucil 356 61 (17.1%) 33(9.3%) 108(30.3%) 154(43.3%) | 94 (26.4%) 262 (73.6%)
P_luci2 356 61 (17.1%) 33(9.3%) 108(30.3%) 154(43.3%) | 94(26.4%) 262 (73.6%)
O_phloiod 357 62 (17.4%) 35(9.8%) 110(30.8%) 150 (42.0%) | 97 (27.2%) 260 (72.8%)
O _brach 357 65(18.29%) 35(9.8%) 109 (30.5%) 148 (41.5%) | 100 (28.0%) 257 (72.0%)

ND1 (NADH-dehydrogenase subunit 1)

Figures 6 and 7 show the alignment of the sequenced part of the DNA flanked by the primers ND2
and NDS. They include a part of the 16S rRNA, the complete coding region for the tRNA of the
amino acid Leucin (tRNA-Leu), a4 bp long intergene of unknown function (figure 6) and a part of the
NADH-dehydrogenase subunit 1 (ND1), from the start codon to the primer NDS (figure 7). Both

strands of each sequence have been analysed and inaccuracies corrected. Due to the different nature
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of the regions, they are usually presented separately here. For the analysis of ND1 orly the protein-
coding part was used. The total sequence length varies from 543to 546 bp.,including a part of the
ND1 gene, which is 372 bplong in al spedmens. Within the ND1 part 66 sites (17.72%6) varied, 47 d
which represented the third codon paition (71% of all variable sites), while 13 variations (19.76)
and five variations (9.1%) were observed at the first respedively the second paition. Within the rest
of the sequenced fragment 31 variable positions were found (17.6%). No indels were recorded for
ND1, whereas ten indels had to be included in the 16SrRNA coding part. In the ND1 fragment
transversions were found at 24 sites (6.5%), in the RNA-coding part eleven sites with transversions
occurred (6.3%). Within the genus Afrophlaeoba six sites were variable within the ND1 part (1.6%),
including only one transversion (0.3%). Within the RNA-coding part six sites were variable for
Afrophlaeaba (3.4%), including two indels and ore transversion (0.6%). The AT-content varied from
77.2% to 80.4% for the ND1 part and from 72.48%6 to 77.0% for the RNA part (table 10and 11J). If the
ND1-coding part is transcribed to the anino add sequence (124 amino adds), 24 pgaitions are
variable (19.40) within the @mmplete data set, bu only three a@e variable within the genus
Afrophlaeoba (2.4%) — and al of them concen Afrophlaeoba euthynota. The propation o
norsynorymous aubstitutions within the genus Afrophlaeoba varies from 0.0 to 0.25, within
Parodontomelus it is 0.48 and within Odontomelus 0.14. Between the genera the propation o

nonsynonymous substitutions ranges from 0.32to 0.52.

Fig. 6: Alignment of a part of the 16SrRNA, tRNA-Leu and an intergene (IG) — 176 bp

16S r RNA 60
A _usaml CGTGAGCCAG GTCGGITTCT ATCCTAAGAT TAATTAATTT ATATTAGTAC GAAAGGACCA
A USANE e e
A nguru . e G
A UL Y e e
AL ONgi L L e e
AL ONGi 2 e e
P_arach ... ... ... .. o G. T
Plucil ... G. T
Pluci2 ... G. T
Ophloiod ....... ... ... i AT. .GT.... .
O brach ... ... . AG .. T ... s
16S r RNA [tRNA-Leu 120
A_usaml TATGAATGAA ATATTTTTTA TA----TTTT GATTAAAATT AATTATT- AC TATTTTGACA
A USANE e e
Anguru ... T o e e
A euthy ... ... L T ....TA ... ... ... .. G
Alongil ..... G... ... T o e e
Alongi2 ..... G... ... T o e e
P_arach A ... AL T .T..TA ... o T.. o
P lucil LAG L L AL T -- A T o
P_luci2 LAG L L AL T -- A T o
O _phl oi od AGG .G ..G...-CT .TATTAA .. .......... LT
O _brach AGG .G ........ CT .TATTAAC. - .TC....... - i
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t RNA- Leu

[IG176

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

GATTAATGTIG TTGAATTTAG AATTCATTAA TGTAGATTTT TCTACAAATA GTATTG

Fig. 7: Alignment of the sequenced part of the NADH-dehydrogenase subunit 1 (ND1, 372 bp)

ND1

51

A usani
A usan?
A _nguru
A _eut hy
A longil
A_longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

ATA TTT TAT GAT TTA ATT ATG TTT ATT TTA AGI TTT ATT CIT TTA ATT ATT

>> >

.GG.

>> >

>>>>>!

ND1

102

A usanil
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

TGI GIT TTA ATC AGT GIT GCT TTT TTA ACT TTA TTT GAA CGI AAA GTA TTA

A=A

> 5550

.

ND1

153

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

GGI' TAT ATT CAA ATT CGA AAA GGT CCA AAT AAA GIT GGA TTT

OO0

TTA GGT ATT

ND1

204

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

CCT CAA CCT TTT AGI GAT GCT ATT AAA TTG ATT TGI AAG GAG CAA CCA ATT

> 5555

>>
>>

OO
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ND1 255

A_usaml CCT TTA ATA TCG AAT TAT TTA CTT TAT TAT TTT TCT CCT GIT TTT AAT TTA
A _usan®
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

G...
G,
G

EONOR N

>>>> >>>>
>

0" 000"
S>>

>>:
— -

ND1 306

A_usaml ATA ATT TCT TTA GIT ATT TGG GIT ATT TTT CCT TAT TTA ACT TAT ATA TGT
A _usan®
A_eut hy P €
A longil
A_longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

>
>

>>>.
SESY

PO
Yok

ND1 357

A_usaml TCT TTT TCT TAT AGA TTT TTA TTT TTT TTA TGT TGTI ACT AGA TTA GGT GIT
A _usan® e e e e e e e e e e e e e e
A _nguru
A_eut hy e oo A
A longil
A _longi 2
P_arach
P lucil
P_luci2
QO _phl oi od
O _brach

POOOO:
>r>>.
>0

(9]
PN

ND1 372

A_usaml TAT ACA GIT ATA ATT
A _usan®
A _nguru

A _eut hy

A longil

A _longi 2 ce e

P_arach R

P lucil ..C ...

P_luci2 LColl
Ophloiod ... ..T ..A ...

O _brach .. .. T ..G

Tab. 10: Sequence length and nucleotide content of the sequenced part of the 16S rRNA and tRNA-Leu genes for
each specimen examined

Specimen Sequence length G C A T G&C A&T

A_usaml 171 bp 25(14.6%) 15(8.8%) 59 (34.5%) 72 (42.1%) | 40 (23.4%) 131 (76.6%)
A_usam?2 171 bp 25(14.6%) 15(8.8%) 59 (34.5%) 72 (42.1%) | 40 (23.4%) 131 (76.6%)
A_nguru 171 bp 26 (15.2%) 15(8.8%) 57 (33.3%) 73 (42.7%) | 41 (24.0%) 130 (76.0%)
A_euthy 173 bp 26 (15.0%) 15(8.7%) 58 (335%) 74 (42.8%) | 41 (23.7%) 132 (76.3%)
A_longil 171 bp 26 (15.29%) 15(8.8%) 57 (33.3%) 73 (42.7%) | 41 (24.0%) 130 (76.0%)
A_longi2 171 bp 26 (15.29%) 15(8.8%) 57 (33.3%) 73 (42.7%) | 41 (24.0%) 130 (76.0%)
P_arach 174 bp 25(14.4%) 15(8.6%) 60 (34.5%) 74 (42.5%) | 40 (23.0%) 134 (77.0%)
P lucil 171 bp 27 (158%) 15(8.8%) 55(32.2%) 74 (43.3%) | 42 (24.6%) 129 (75.4%)
P luci2 171 bp 27 (158%) 15(8.8%) 55(32.2%) 74 (43.3%) | 42 (24.6%) 129 (75.4%)
O _phloiod 174 bp 31(17.8%) 16(9.2%) 52(29.9%) 75(43.1%) | 47 (27.0%) 127 (73.0%)
O _brach 174 bp 29(16.7%) 19(10.9%) 53 (30.5%) 73 (42.0%) | 48 (27.6%) 126 (72.4%)
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Tab. 11. Sequence length and nucleotide mntent of the sequenced part of the ND1 gene for ead spedmen

examined

Spedmen Sequencelength G C A T G&C A&T

A_usaml 372 bp 44(11.8%) 33(8.9%) 100(269%) 195(52.4%) | 77(20.7%) 295(79.3%)
A_usam?2 372 bp 44(11.8%) 33(8.9%) 100(269%) 195(52.4%) | 77(20.7%) 295(79.3%)
A_nguru 372 bp 44(11.8%) 34(9.1%) 100(269%) 194(52.2%) | 78(21.0%) 294(79.0%)
A_euthy 372 bp 45(121%) 32(8.6%) 100(269%) 195(52.4%) | 77(20.7%) 295(79.3%)
A_longil 372 bp 44(11.8%) 34(9.1%) 100(269%) 194(52.2%) | 78(21.0%) 294(79.0%)
A_longi2 372 bp 44(11.8%) 34(9.1%) 100(269%) 194(52.2%) | 78(21.0%) 294(79.0%)
P_arach 372 bp 46 (124%) 33(8.9%) 104(28.0%) 189(50.8%) | 79(212%) 293(78.8%)
P_lucil 372 bp 39(105%) 34(9.1%) 110(29.6%) 189(50.8%) | 73(19.6%) 299(80.4%)
P_luci2 372 bp 39(105%) 34(9.1%) 110(29.6%) 189(50.8%) | 73(19.6%) 299(80.4%)
O_pHoiod 372 bp 48(12.9%) 33(8.9%) 93(250%) 198(532%) | 81(21.8%) 291(78.2%)
O_brach 372 bp 49(132%) 35(9.4%) 91(245%) 197(53.0%) | 84(22.6%) 288(77.4%)

ND5 (NADH-dehydr ogenase subunit 5)

The sequenced parts of the ND5 gene ae presented in figure 8. Both strands of ead sequence were
analysed and inacairades correded. To improve the quality of the data, two additional primers were
developed, aligning at ead strand at approximately bp 400.Subsequently it is cdled here ND5 400
and ND5 400r. The total sequence length of the ND5 alignment is 1059 bp.Neither deletions nor
insertions were required for multiple dignment. 243 sites were variable anong all taxa (22.%9%),
including 69 variable sites at the first codon paition (28.3% of al variable sites), 36 at the second
(14.9%) and 137at the third pasition (56.6%). Transversions occurred at 114 sites of the sequenced
part (10.8%6). Within the genus Afrophlaeoba 49 paitions were variable (4.6%), including 12
transversions (1.1%). The AT-content of the ND5 sequencevaries from 75.8% to 78.8% (table 12). In
the anino add sequence of ND5 93 variations (26.3%6) can be inferred from the sequences (353
amino adds), bu only 13 within the genus Afrophlaeoba (3.6%). The propation d norsynornymous
substitutions within the genus Afrophlaeoba varies from 0.2 to 0.39,within Parodontomelus from
0.52to 0.53and within Odontomelus it is 0.38.Between the generathe propartion o norsynornymous
substitutions ranges from 0.51to 0.65.

Fig. 8: Alignment of a part of the NADH-dehydrogenase subunit 5 (ND5) — 1059 bp

ND5 51

A_usaml TCT TCT ACT CTT GIT ACT GCT GGI GIT TAT TTA TTA ATT CGT TTT AGT CCA
A _usan®
A_eut hy e
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

N S
000 - -

_i
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ND5

102

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

ATA TTG GAT TTA TAT AAT TAT GGT TGA TTT TTA TTG TTA

AL

OO0’

G. ... .o ..G...

>>>p

T T
G T

5555

5555
>>.

>>:
— -
OO

GIT GGI TGI ATA

PPy

ND5

153

A usani
A usan?
A _nguru
A _eut hy
A longil
A_longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

ACT ATA TTT ATA TCT GGI CTT GGI GCT AAT TTT GAG TTT

0550

PREOD:
>> >

o>
@
@

>

GAC TTA AAA AAG

RRRRRRR
5555

ND5

204

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
QO _phl oi od
O _brach

ATT ATT GCT CTT TCT ACT TTA AGT CAA CTT GGT TTA ATA
e
AL
AL

e I
>
(aX0)]

ATG AGA ATT TTA

SECSESSES

.G

ND5

255

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

TCT ATA GGTI TAT TCT AAT CTT GCT TTT TTT CAT TTA TTA

>

o800
(9]

>
>

ACT CAT GCT TTG

>>>>>>>>>

OOAAA]

ND5

306

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

TTT AAG GCA TTA TTA TTT ATA TGI GCA GGI' TCA ATA ATT

AAAA

CAT AAT TTA AAG
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ND5

357

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

GAT TCT CAG GAT ATT CGT TTT ATA GGI TCT ATT GIT AAT TTT ATG CCT TTA

OO0

> 55
555

LA ..G
A..G

ND5

408

A usani
A usan?
A _nguru
A _eut hy
A longil
A_longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

ACT TCT GIT TGI TTT AGI GIT TCT AGA TTA TCT TTA TGI GGT ATG CCT TTT

G...

>
>
>>>>> >

>>>
S>>
(@]

>>>>> P>

.

ND5

459

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
QO _phl oi od
O _brach

TTA GCT GGT TTT TAT TCA AAG GAT TTA ATT CIT GAG ATA GIT TGT TTA AGA
. G...
G...

[9X9)
Oo:
SRS

OO

ND5

510

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

TGG GIT AAT TAT TTT ATT TAT TTT TTA TTT TTT TTT TCA ACT GGTI TTA ACA

AAAAA]
>3
(9]

A=A

> >
>>.
(o)
555

ND5

561

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

GCT TCA TAT TCT TTT CGT TTA TTT TAT TAT TCT ATA TCT GGI' GAT TAT AAT
..C
.C

>>>rp
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ND5

612

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

TTT AAT

A

e

AAAAA]
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ND5

663

A usani
A usan?
A _nguru
A _eut hy
A longil
A_longi 2
P_arach
P lucil
P_luci2
O _phl oi od
O _brach

ATA ATT

TCT TTA CTT TTT ATT GCT GIT TTT GGT GGG AGA ATG TTA TCT TGA

>

BRSSSSS

AAAAA]
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ND5

714

A usani
A usan?
A _nguru
A _eut hy
A longil
A _longi 2
P_arach
P lucil
P_luci2
QO _phl oi od
O _brach
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ND5
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O _brach
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O _brach
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Tab. 12: Sequence length and nucleotide content of the sequenced part of the ND5 gene for each specimen
examined

Specimen Sequence length G C A T G&C A&T
A_usaml 1059 bp 150 (14.2%) 92 (8.7%) 255(24.1%) 562 (53.1%) | 242 (22.9%) 817 (77.1%)
A_usam?2 1059 bp 150 (14.2%) 93 (8.8%) 255(24.1%) 561 (53.0%) | 243 (22.9%) 816 (77.1%)
A_nguru 1059 bp 145 (13.7%) 93 (8.8%) 264 (24.9%) 557 (52.6%) | 238 (22.5%) 821 (77.5%)
A_euthy 1059 bp 143 (13.5%) 94 (8.9%) 266 (25.1%) 556 (52.5%) | 237 (22.4%) 822 (77.6%)
A_longil 1059 bp 145 (13.7%) 92 (8.7%) 265(25.0%) 557 (52.6%) | 237 (22.4%) 822 (77.6%)
A_longi2 1059 bp 145 (13.7%) 92 (8.7%) 265(25.0%) 557 (52.6%) | 237 (22.4%) 822 (77.6%)
P_arach 1059 bp 144 (13.6%) 88(8.3%) 274(29.9%) 553(52.2%) | 232(21.9%) 827 (78.1%)
P_lucil 1059 bp 139 (13.1%) 86(8.1%) 282 (26.6%) 552 (52.1%) | 225(21.2%) 834 (78.8%)
P_luci2 1059 bp 138(13.0%) 86(8.1%) 283 (26.7%) 552 (52.1%) | 224 (21.2%) 835 (78.8%)
O _phloiod 1059 bp 161 (15.2%) 97 (9.2%) 244 (23.0%) 557 (52.6%) | 258 (24.4%) 801 (75.6%)
O _brach 1059 bp 155 (14.6%) 94 (8.9%) 254 (24.0%) 556 (52.5%) | 249 (23.5%) 810 (76.5%)
A-T Bias

Systematic error of phylogenetic analyses can result from models assuming the same equilibrium base
frequencies in all lineages (Swofford et al. 1996). The A-T bias for the complete data set variesin a
comparative narrow range from 75.3% to 77.9%. The variability is even lower within the genera: For
Afrophlaeoba the A-T bias ranges from 76.8% to 77.2%, for Parodontomelus it varies from 77.3% to
77.9% and for Odontomelus from 75.3% to 75.5%. The complete variation between taxa and genes
ranges from 72.0% to 80.4%, but within a single gene fragment the variability islower. The high A-T
bias is rather typical for insect mtDNA (Li 1997), although in the leaf beetle genus Neochlamisus a
low A-T bias (63%) has been recorded (Funk 1999).

4.3.2 Paralogous or Orthologous?

It isof high interest for phylogenetic inference, whether the sequences under study are orthologous (at
the same locality of the genome) or paralogous (copied to another part of the genome). Since
Bensasson et al. (2000) found a high number of pseudogenesin the grasshopper genus Podisma, it has
to be discussed, whether pseudogenes are also present in African Acrididae. A transcription of the
ND1 and ND5 data sets to amino acid sequences resulted in low numbers of amino acid substitutions
(16 of 477 in Afrophlaeoba). The absence of indels and the high proportion of silent substitutions
support the hypothesis that the compared fragments are orthologous. The 12S rRNA specifying gene
was compared with the highly conserved regions identified by Hickson et al. (1996). All substitutions
occurred at sites, which are known to be variable. Thus it can be concluded that the 12S rRNA data

set is also orthologous.
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4.3.3 Homoplastic Content

The homoplastic content of the data sets was estimated with two methods, the calculation of the
skewness of one million random trees and the proportion of transitions among all substitutions
observed. Since the homoplastic content proved to be low for all data sets, only the complete data set

is presented in detail. The basic values, however, are given for all data sets.

Skewness

The tree length distribution and skewness was calculated unweighted and weighted for each data set
(12SrRNA, 16S rRNA + tRNA-Leu, ND1, ND5) and for the combined data set (table 13). The
distribution of random tree lengths is skewed left for all data sets, indicating a low homoplastic
content. The value even decreases, if the transversions are weighted higher than the transitions. For
the combined data set, which was used for the phylogenetic analysis, the gl value is -0.984876,
indicating a rather low homoplastic content. Since the inclusion of two data sets of one species might
increase the skewed left character of a distribution, the calculation was also performed excluding
A_usam2, A _longi2 and P_luci2. This exclusion did not increase the skewness as well. The tree

length distribution of the combined data set is presented in figure 9.

Tab 13: Skewness (g1) for one million random trees calculated from the different gene parts.

Gene fragment Weighting Mean Standard deviation gl
none 109.1 6.9 -1.40
transversions 2x 133.3 8.4 -1.63
12SrRNA transversions 5x 205.7 134 201
transversions 10x 326.6 22.0 -2.22
none 51.1 3.3 -1.49
transversions 2x 74.0 4.8 -1.70
16STRNATIRNA-LeU | | eversions 5x 142.8 9.6 184
transversions 10x 257.4 17.7 -1.88
none 143.3 104 -0.91
ND1 transvers: ons 2x 192.3 13.9 -1.16
transversions 5x 3394 254 -1.63
transversions 10x 584.3 45.3 -1.89
none 563.7 40.2 -0.89
ND5 transvers: ons 2x 829.1 63.4 -0.89
transversions 5x 1624.3 133.1 -0.90
transversions 10x 2949.7 250.4 -0.90
none 867.2 59.9 -0.98
. transversions 2x 1228.4 89.4 -1.05
Combined data set transversions 5x 23115 179.2 114
transversions 10x 4115.8 328.7 -1.16
without double species (2s) 707.8 50.5 -1.08
Deletion of single taxa without Odontomelus 485.1 49.9 -1.40
(combined data set) without Parodontomelus 535.3 44.6 -2.52
without 2s and Odontomelus 332.0 29.3 -1.95
without 2s and Parodontomelus 486.0 514 -2.00
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Fig. 9: Treelength distribution for the combined data set (unweighted), g1 = -0.984876

Proportion of Transitions

The proportion of transitions among all substitutions is shown for each sequence separately to
emphasize the differences between the genes under study. Figure 10 and table 14 illustrate the
proportion of transitions for the 12srRNA data set. Within the genus Afrophlaeoba exclusively
transitions have been found and the J-C-distances are quite low (0.009 to 0.032). One transition
occurs between the two specimens of A. longicornis collected at llonga and Kilosa (J-C-distance
0.003), while the number of intrageneric transitions ranges from three to eleven. Although the J-C-
distance within the other two genera (0.026) is quite similar to the distance within Afrophlaeoba, the
proportion of transitions in Odontomelus (0.78) and Parodontomelus (0.56) is substantially lower.
This is probably caused by stochastic effects due to the low number of variable sites within a genus
(nine substitutions). Since the number of possible transversions is twice as high as the number of
possible transitions, the proportion of transitions can decrease to 0.3, if multiple substitutions
occurred over a long period of time. This trend is also visible in figure 10. While the J-C-distance
within the Phlaeobini increases (0.047-0.062), the proportion of transitions decreases (0.69-0.86).
Within the Acridinae the J-C-distance varies from 0.065 to 0.096 and the proportion of transitions
decreases to 0.44-0.76. The high proportion of transitions within the genus Afrophlaeoba and the left
skewed distribution indicate that the homoplastic content of the 12SrRNA is low and the data are
suitable for a phylogenetic analysis. The low distances and the low number of informative sites

suggest to combine the data set with the others.
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Fig. 10: Proportion of transitions of all substitutions for the 12S rRNA data set.

Tab. 14: Substitutions of the 12S rRNA fragment between each taxon studied. Upper right matrix: proportion of
transitions, lower left matrix: absolute number of transitions and transversions (ns/nv).

A_usaml A _usam2 A_nguru A_euthy A longil A _longi2 P_arach P_lucil P_luci2 O _phloiod O_brach

A_usaml 1 1 1 1 0.76 0.86 0.86 0.73 0.76
A_usam2 0/0 1 1 1 1 0.76 0.86 0.86 0.73 0.76
A_nguru 8/0 8/0 1 1 1 0.69 0.81 0.81 0.68 0.72
A_euthy 7/0 7/0 3/0 1 1 0.69 0.81 0.81 0.7 0.73
A_longil 11/0 11/0 5/0 6/0 1 0.71 0.82 0.82 0.7 0.73
A_longi2 10/0 10/0 4/0 7/0 1/0 0.72 0.83 0.83 0.71 0.74
P_arach 16/5 16/5 11/5 11/5 12/5 13/5 0.56 0.56 0.44 0.63
P_lucil 18/3 18/3 13/3 13/3 14/3 15/3 5/4 0.66 0.67
P_luci2 18/3 18/3 13/3 13/3 14/3 15/3 5/4 0/0 0.66 0.67
O_phloiod 19/7 19/7 15/7 16/7 16/7 17/7 17/122  19/10 19/10 0.78
O_brach 22/7 22/7 18/7 19/7 19/7 20/7 20/12  20/10  20/10 712

The trend of a decreasing proportion of transitions with increasing J-C-distance is also visible for the
ND1 data set (figure 11, table 15), but in comparison to the 12S rRNA data set the J-C-distance within
Afrophlaeoba is lower (0.008-0.014). The proportion of transitions ranges from 0.75 to 1, but the
number of substitutions is low (3-5). No substitutions were found between A.nguru and
A. longicornis or intraspecific. Within Odontomelus the J-C-distance is 0.059 and the proportion of
transitions 0.86 (18 of 21 substitutions). In Parodontomelus twenty transitions were found among 23
substitutions (0.87) and the J-C-distance is 0.65. Among the Phlaeobini the pairwise J-C-distances
ranges from 0.07 to 0.082 and the proportion of transition decreases (0.70-0.79). In the Acridinae the
J-C-distance increases to 0.098-0.132 and the proportion of transitions varies from 0.46 to 0.58. This
indicates that the homoplastic content of the datais low for the genus Afrophlaeoba and even for the

Phlaeobini, but it increases in the case of the Acridinae.
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Fig. 11 Propartion of transitions of all substitutions for the ND1 data set.

Tab. 15 Substitutions of the ND1 fragment between ead taxon studied. Upper right matrix: propartion of
transitions, lower left matrix: absolute number of transitions and transversions (ng/nv).

A_usaml A_usam2 A_nguru A_euthy A _longil A_longi2 P_arach P_lucil P_luci2 O_pHoiod O_brach

A_usaml 1 0.75 0.75 0.75 0.76 0.74 0.74 0.57 0.53
A_usam2 0/0 1 0.75 0.75 0.75 0.76 0.74 0.74 0.57 0.53
A_nguru 3/0 3/0 0.8 0.79 0.75 0.75 0.58 054
A_euthy 31 31 4/1 0.8 0.8 0.76 0.7 0.7 054 0.53
A_longil 31 31 0/0 4/1 0.79 0.75 0.75 0.58 054
A_longi2 31 31 0/0 4/1 0/0 0.79 0.75 0.75 0.58 0.54
P_arach 19/6 19/6 22/6 217 22/6 22/6 0.87 0.87 0.58 0.51
P_lucil 207 207 217 19/8 217 217 2013 0.46 0.47
P_luci2 207 207 217 19/8 217 217 2013 0/0 0.46 0.47
O_phoiod| 20/15 20/15 2115 1916 19/16 19/16 26/19 17/20 17/20 0.86
O_brach 18/16 18/16 1916 1917 1917 1917 2120 1719 1719 18/3

The propation d transitions for the 16S rRNA and tRNA-Leu is shown in figure 12 and table 16. In
this data set the propation d transition deaeases rapidly with the increasing J-C-distance, although
the distances are generally small. This indicates that the fragment consists of large mnserved regions
and a small amourt of rapidly evolving sites (Funk 1999. Within Afrophlaeoba the pairwise J-C-
distance ranges from 0.006to 0.012,which are the lowest distances measured. The propation o
trangition is always 1, bu the number of substitutions is only 1-2. No substitutions occur between
A. euthynota and A. usambarica or within a spedes. In Odontomelus the J-C-distanceis 0.026and the
propation d transitions 0.63 (five of eight substitutions). In Parodontomelus the J-C-distance is
0.018and the propation d transitions 0.67 (two of three substitutions). Within the Phlaeohini the J-
C-distanceranges from 0.018to 0.05.The propation d transitions varies from 0.33to 0.63,which is
probably caused by the low distances. In the Acridinae the J-C-distance ranges from 0.083to 0.111
and the propation d transitions from 0.47to 0.71.Since only one informative site for the genus
Afrophlaeoba can be found onthis squence, it doesn’t contribute much to the phylogenetic inference
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Fig. 12: Proportion of transitions of all substitutions for the 16S rRNA + tRNA-Leu data set.

Tab. 16: Substitutions of the 16SrRNA + tRNA-Leu fragment between each taxon studied. Upper right matrix:
proportion of transitions, lower left matrix: absolute number of transitions and transversions (ns/nv).

A_usaml A _usam2 A_nguru A_euthy A longil A _longi2 P_arach P_lucil P_luci2 O _phloiod O_brach

A_usaml 1 1 1 0.5 0.57 0.57 0.57 0.64
A_usam2 0/0 1 1 1 0.5 0.57 0.57 0.57 0.64
A_nguru 1/0 1/0 1 1 1 0.33 05 05 0.64 0.71
A_euthy 0/0 0/0 1/0 1 1 0.5 0.57 0.57 0.57 0.64
A_longil 1/0 1/0 2/0 1/0 0.6 0.63 0.63 0.54 0.62
A_longi2 1/0 1/0 2/0 1/0 0/0 0.6 0.63 0.63 0.54 0.62
P_arach 2/2 2/2 12 2/2 3/2 3/2 0.67 0.67 05 0.56
P_lucil 4/3 4/3 3/3 4/3 5/3 5/3 2/1 0.47 0.53
P_luci2 4/3 4/3 3/3 4/3 5/3 5/3 2/1 0/0 0.47 0.53
O_phloiod 8/6 8/6 9/5 8/6 716 716 8/8 8/9 8/9 0.63
O_brach 9/5 9/5 10/4 9/5 8/6 8/6 o7 9/8 9/8 5/3

The ND5 data set proved to have the highest sequence divergences. Thus the proportion of transitions
is also lower than in the 12S rRNA or ND1 data set (figure 13, table 17). An extreme low J-C-distance
of 0.010 (10 substitutions) was found between A.longicornis and A. nguru, while the distances
between all other species varied from 0.026 to 0.034 (27-35 substitutions). The proportion of
transitions ranges from 0.70 to 0.79, but reaching 0.90 between A. nguru and A. longicornis. One
transition occurred between the two specimens of A. usambarica and within Parodontomelus luci (J-
C-distance 0.001). In the genus Odontomelus the J-C-distance was 0.075 and the proportion of
transitions 0.71 (54 of 76 substitutions). Between the two Parodontomelus species the J-C-distance
varied from 0.043 to 0.044 and the proportion of transitions from 0.61 to 0.62 (44 to 45 substitutions).
The J-C-distance among al Phlaeobini studied amounted from 0.090 to 0.100 with a proportion of
transitions varying from 0.48 to 0.55. In the Acridinae the J-C-distance was 0.140-0.165 and the

proportion of transitions varied from 0.48 to 0.51. The higher distances and lower proportion of
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transitions of the ND5 data set is consistent with a higher ratio of nonsynonymous substitutions (see
above). Although the homoplastic content of the ND5 gene is higher than in 12SrRNA and ND1, the
skewness and the proportion of transitions indicate that the quality of the data is high enough to
include it in the analysis. Since the number of informative sites and the sequence length also is higher

in ND5, this data set contributes most to the phylogenetic inference.
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Fig. 13: Proportion of transitions of all substitutions for the ND5 data set.

Tab. 17: Substitutions of the ND5 fragment between each taxon studied. Upper right matrix: proportion of
transitions, lower left matrix: absolute number of transitions and transversions (ns/nv):

A_usaml A _usam2 A_nguru A_euthy A _longil A_longi2 P_arach P_lucil P_luci2 O _phloiod O_brach

A_usaml 1 0.77 0.71 0.73 0.73 0.55 0.53 0.52 0.51 0.51
A_usam2 1/0 0.76 0.7 0.72 0.72 0.54 0.52 0.52 0.51 0.51
A_nguru 27/8 26/8 0.79 0.9 0.9 0.53 0.52 0.51 05 05
A_euthy 20/8 19/8 23/6 0.77 0.77 0.52 0.51 0.5 05 05
A_longil 24/9 23/9 91 23/7 0.51 0.48 0.48 0.49 0.49
A_longi2 24/9 23/9 91 23/7 0/0 0.51 0.48 0.48 0.49 0.49
P_arach 54/45 53/45 50/45  49/45 46/44 46/44 0.62 0.61 0.49 0.49
P_lucil 51/46 50/46 49/46  47/46 44/47 44/47 28/17 1 0.5 0.49
P_luci2 50/46 49/46 48/46  46/46 43/47 43/47 27/17 1/0 0.5 0.48
O_phloiod | 80/76 79/76 79/78 7778 T4[77 T4[77 69/73  73/74  73/74 0.71
O_brach 76/72 75172 73/78  72/72 7173 7173 67/69 66/70 65/70 54/76

Within the genus Afrophlaeoba the proportion of transitions is high for all DNA sequences studied,
indicating a low transition saturation. The variability and the number of informative sites is low for
the 16srRNA + tRNA-Leu, 12SrRNA and ND1 data sets, but higher for ND5. The skewness is
convenient for all sequences and for the combined data set. Thus for the phylogenetic inference all

sequences were added to a combined data set with 1964 characters.
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4.3.4 Phylogenetic I nference

Since dl DNA data sets contain orly littte homoplasy, the mmbined data set was used for
phylogenetic inference The cdculation was performed with two methods, parsimony and neighba

joining. The topdogies were roaoted with the sequences of the two Odontomel us spedes.

4.3.4.1 Most-Parsimonious Tree

Due to the homoplastic cortent, alternative weighting schemes recovered the same MPT and thus the
presentation o different weighting schemes is ignored here. The parsimony analysis recmvered oy
one completely dichotomous MPT (figure 14), which is 487 steps long. The minimal number of
homoplastic events within the MPT is 62. This means that 425 evolutionary steps (in terms of
substitutions) suppat the branches of the MPT and are assumed to be gpomorphies. The Cl cdculated
from these data (425487) is 0.873(excluding uninformative charaders = 0.830, the RI is 0.882and
the RC 0.770.These high indices confirm the low homoplastic corntent within the data set. A Cl <1
was foundat 58 sites among 383 variable sites.

The MPT suppats the hypathesis of a monopyhletic origin of the mitochondia of Parodontomelus
and Afrophlaeoba. Within the genus Afrophlaeoba two groups can be distinguished. One branch
conreds A. nguru and A. longicornis, the other one mnreds A. usambarica and A. euthynota. The
number of evolutionary steps within the genus Afrophlaeoba is comparatively low. Seven
substitutions suppat the usambarica-euthynota group and eleven the nguru-longicornis group.On the
euthynota-branch 17 substitutions have to be proposed including eight homoplastic events for the
complete tree or five homoplasies respedively within the genus Afrophlaeoba. Three of thase (ND5
sites 57, 85 and 1023 would branch A. euthynota basally (as an ougroupto the other Afrophlaeoba
spedes), ore (ND5 site 634) with A. nguru and ore (12S rRNA site 98) with A. longicornis. Of course
such branches would cause more homoplasies within ather groups and thus enlarge the tree (the
number of additional steps necessary to rejed a branch is the decey index described below). On the
usambarica-branch 23 substitutions are found, including eleven hamoplasies for the wmplete tree
and three within the genus Afrophlaeoba. One of those (ND5 site 289 would branch A. usambarica
basally and two (12SrRNA site 229 and ND5 site 708 with A. longicornis. The nguru-branch
contains $x substitutions including two hanoplasies, bu only one within Afrophlaeoba (ND5 site
634 — the one grouping with A. euthynota). On the branch of A.longicornis ten substitutions are
included in the most parsimonious tree of which eight are homoplastic events for the mmplete tree
and five for the genus Afrophlaeoba. Additionally to the two homoplasies (12SrRNA site 229, ND5
site 708) conneding A. usambarica and A. longicornis, three homoplasies (12S rRNA site 201,ND5
sites 402 and 648§ would hbranch A.longicornis basally. A matrix summarizing the number of

homoplasies between ead taxonis given in table 18.
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Fig. 14: MPT for the combined data set including all taxa. The numbers above the branches refer to the number
of evolutionary steps (in terms of substitutions). The numbers below the branches refer to the number of
homoplastic events among these substitutions. Figures in brackets give the number of homoplastic events
within the genus Afrophlaeoba.

Tab. 18: Pairwise homoplasy matrix for the complete data set.

A_usaml | A_usam2 | A_nguru | A_euthy | A_longil | A_longi2 | P_arach [ P_lucil | P_luci2 | O_phloiod
A_usam2 0
A_nguru 0 0
A_euthy 0 0 2
A_longil 4 4 0 2
A_longi2 4 4 0 0 0
P_arach 6 6 4 8 8 6
P_lucil 2 2 2 10 6 4 0
P_luci2 2 2 2 10 6 4 0 0
O_phloiod 22 22 12 20 20 18 16 20
O_brach 14 14 6 14 14 12 12 20 0

4.3.4.2 Reliability of the Branches

Figure 15 shows the consensus tree of 1000 bootstrap replicates. Its structure does not differ from the

MPT. The bootstrap values, which are given above each branch, are exceptionally high. The distinct

clades of Parodontomelus and Afrophlaeoba are well supported by the bootstrapping (bootstrap

value: 100). The branch connecting A. nguru and A.longicornis also received strong bootstrap

support (97). The weakest branch is connecting A. usambarica and A. euthynota with a bootstrap

value of 80. An exclusion of single taxa did not influence the general structure of the tree, but had

some influence on the bootstrap confidence of the euthynota-usambarica branch. A calculation

including only one specimen per species recovered an identical tree with a higher bootstrap value of
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90, atree length of 486 and more or less similar homoplasy indices (Cl: 0.874, RI: 0.823, RC: 0.720).
An exclusion of Odontomelus from the data set and the use of Parodontomelus as outgroup lowered
the bootstrap value of the euthynota-usambarica branch (70). If both Odontomelus species and the
double specimens were removed from the data set, the bootstrap value increased again to 78 with a
tree length of 250 and higher consistency indices (Cl: 0.928, RI: 0.852, RC: 0.791). If the calculation
was performed without Parodontomelus, the tree length was 351 with exceptionally high indices (Cl:
0.940, RI: 0.913, RC: 0.858) but only minor differences in bootstrap confidence for the euthynota-

usambarica group (81 or 83 excluding doubl e specimens, respectively).

100 T A usambarica T
82 9 L A usambarica 2
+3
100 A esuthynofa
33 A ngurd
a7
+6 99 ——— A Jongicorms 1
100 +6 A longicorms 2
100 —— F fuci 2
100 +29 L P uci f

+27
P arachniformis

0. brachyplerus

0. phiorodes

Fig. 15: Rooted consensus tree from 1000 bootstrap replicates, including the bootstrap values (above the
branches) and the decay indices (beneath the branches).

The decay indices (Bremer Support) are given below the branches, confirming the weaker support for
the euthynota-usambarica branch. Only three more evolutionary steps have to be assumed for another
tree, branching A. euthynota basally to the other Afrophlaeoba species and five steps more to branch it
with A.longicornis and A. nguru. The nguru-longicornis group disappears at a cost of six more
evolutionary steps, while the other branches have higher decay indices and are well supported. The
monophyly of Afrophlaeoba is supported by a decay index of 33 steps, the monophyly of
Parodontomelus by a decay index of 27. The low decay indices within Afrophlaeoba are probably

mainly a subject of the low number of substitutions (apomorphies) within these branches.



Molecular Systematics 60

4.3.4.3 Neighbor Joining

The phenogram resulting from the neighbor joining analysis is given in figure 16. No structural
differences can be found between the MPT and the phenogram. In contrast to the MPT, the
phenogram includes information on the genetic distances (branch lengths) from which it was inferred.
It is clearly visible that the distances between the two Odontomelus species and between the two
Parodontomelus species are much higher than the distances within the genus Afrophlaeoba. Within
Afrophlaeoba the two species A. nguru and A. longicornis have the lowest distances, while the
distances between A.usambarica and A. euthynota are approximately the same as between
A. euthynota and A. nguru. A matrix presenting the J-C-distances between all specimens is given in
table 19.

99 —A. usambarica 1

L A usambarica 2

99| L A euthynota
| —— A. nguru
L A. longicornis 1
99 L——

99L A longicornis2

P. arachniformis

P.luci 1

99

99L P.luci2

O. phloiodes

99 O. brachypterus

Scal e: each — is approximately equal to the distance of 0.001014

Fig. 16: Phenogram resulting from a neighbor joining analysis of the computer programme MEGA 1.02,
including the confidence levels from the t-test.

Tab. 19: Pairwise J-C-distances between the taxa for the combined data set.

A_usam2 A_nguru A_euthy A_longil A_longi2 P_arach P_lucil P_luci2 O_phloiod O_brach
A_usaml | 0.0005 0.0245 0.0203 0.0250 0.0245 0.0806 0.0823 0.0817 0.1289 0.1253
A_usam2 0.0240 0.0197  0.0245 0.0240 0.0800 0.0817 0.0812 0.1283 0.1247
A_nguru 0.0197  0.0088 0.0083 0.0766 0.0783 0.0777 0.1283 0.1235
A_euthy 0.0219 0.0224 0.0772 0.0772 0.0766 0.1265 0.1223
A_longil 0.0005 0.0755 0.0777 0.0772 01241 0.1211
A_longi2 0.0760 0.0783 0.0777 0.1247 0.1217
P_arach 0.0422 0.0416 0.1295 0.1253
P_lucil 0.0005 0.1283 0.1217
P_luci2 0.1277 0.1211
O_phloiod 0.0609
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Fig 17: Substitution rates of the four different gene fragmentsin relation to the J-C-distances of the complete data
set; the 1:1 line represents the case of equal rates to the complete data set, which is approximately given by
the ND1 fragment.

4.3.5 Substitution Rates

The number of substitutions accumulates with time, but probably not in alinear way. As stated above,
transitions are known to occur more often than transversions. Moreover, the three codon positions of
protein coding genes evolve at different rates due to the degenerate code. In RNA specifying genes,
conserved regions can be distinguished from regions evolving faster (Hickson et al. 1996). In protein
coding genes some parts may code for amino acid sequences, which are highly conserved due to
functional constraints, while others may represent more plastic parts of the protein. Some genes are
higher conserved than others or they consist of larger parts of highly conserved sites. Therefore, it is
not surprising that a comparison of the substitution rates of different genes will result in the
observation of different rates. However, if the different taxa are compared, it is even visible that
within some genera the rates of the different genes differ (figures 10-13). Figure 17 represents a plot
of the J-C-distances of the different gene fragments against the total J-C-distance. On the abscissa the
distances between different taxa can be observed. It starts with the very low intraspecific distances.
Around 0.01 the species group nguru-longicornis is plotted, where no exchange between the ND1
genes have been found and the 12SrRNA distances are dlightly higher than the ND5 distance.
Between 0.02 and 0.03 the other Afrophlaeoba species are plotted, where 12SrRNA is slower than
ND5, but still alittle bit faster than ND1. For Parodontomel us (around 0.04) the ND1 gene proves to
be faster than the ND5 gene, but both protein-coding genes are faster than the RNA specifying genes.
At a J-C-distance of 0.06 the distances between the two species of Odontomelus are plotted. In this
group ND5 isfaster than ND1, and both are much faster than the RNA specifying genes. Around 0.08



Molecular Systematics 62

the genus Afrophlaeoba is plotted against the genus Parodontomelus. Thus it represents the distances
within the Phlaeobini. The ND5 geneis faster here than ND1, and 16S rRNA is the slowest fragment.
The last group is the comparison of Odontomelus with the Phlaeobini (0.13). At this distance ND5 is
till the fastest gene, but ND1 is only dlightly faster than 16SrRNA. The slowest gene fragment is
12SrRNA. In summary it can be concluded that at lower overal distances (< 0.05) the rates of the
different genes are highly variable as they are influenced by stochastic events. At higher rates it
becomes obvious that RNA specifying genes evolve at slower rates than the protein coding genes.
However, the number of highly variable sitesis also limited and the high substitution rates within the
ND1 gene reach saturation after some time, while the process of visible substitution might continue in

the RNA specifying genes.

4.4 Discussion

4.4.1 Suitability of Genesand Primers

Initially, universal primers were chosen to amplify some gene fragments of the specimens. The
amplification was successful for al of them. In some cases the annealing temperatures had to be
adjusted to compensate for the lower affinities (if substitutions occurred in the primer region). The
self-designed primers also fitted well and the transcription of the protein coding genes and the control
of the conserved regions of the 12S rRNA gene suggest that all sequenced data are orthologous.

The suitability of the genes for the phylogenetic analysis has to be evaluated differently. The
evolutionary distances within the genus Afrophlaecba are comparatively low and thus genes with a
higher evolutionary speed are more suitable for the analysis. Within the data presented here,
12SrRNA, 16SrRNA (incl. tRNA-Leu) and ND1 had very low numbers of substitutions within the
genus Afrophlaeoba and therefore do not contribute much to the parsimony method. The distances
within the ND5 fragment are higher and so is the number of informative sites. Thus the ND5 fragment
contributes most to the parsimony analysis. If a MPT was produced by exclusively analysing the ND5
data, the result would not differ from the combined approach. The bootstrap values of the consensus
tree were dlightly lower for the euthynota-usambarica branch (74), since this branch already contains
less covariance. According to Clary & Wolstenholme (1985) the ND5 gene is one of the fastest-
evolving mitochondrial genes and long enough for statistical analysis and therefore especially useful
in resolving the phylogenetic relationships within a genus with a low degree of diversification (Su et
a. 1996). The reconstructed gene tree topologies proved almost entirely insensitive to the choice of
the data set, the algorithm, the outgroup, and the weighting scheme and the values from the bootstrap
analysis showed only minor variation, indicating the robustness of the recovered mitochondrial
relationships.



Molecular Systematics 63

4.4.2 Choice of the Outgroups

A preliminary parsimony analysis with the help of the DNA sequences of Locusta migratoria (Flook
et al. 1995 showed that Odontomelus is well suited as an ougroup for the Phlaeobini and that
Parodontomelus is well suited as an ougroup for the genus Afrophlaeoba. This confirms the
taxonamic studies of Jago (1983 and Popov (in presg. Although from the external appeaance the
spedes of Afrophlaeoba closely resemble those of the genus Odontomelus, they belong to a
completely different tribe within the Acridinae The onvergent morphdogy of both spedes is
expressd in the original description d Afrophlaeoba usambarica (RAMME, 1929 as Odontomelus
usambaricus. Dirsh (1965 missed the goiphalli ¢ diff erences between Odontomelus and Afrophlaeoba
by examining the genitalia of Afrophlaeoba usambarica as atypicad Odontomelus, insteal of the type
spedes Odontomel us brachypterus (Jago 1983.

4.4.3 Phylogenetic I nference and Divergence Age

If a gene treeis to be used for inferring the history of closely related taxa, its topdogy must be
sufficiently resolved and robust so that noteworthy phylogenetic patterns can be nfidently
documented (Funk 1999. The high bodstrap values of these branches and the low homoplasy indices
demonstrate that the inferred gene trees are very consistent. Thus the gene treeis acceted here &
hypathesis for a spedes tree Of course, a gene tree inferred from mtochondial DNA could orly
refled the evolutionary history of the mitochondia. Limited intraspedfic sampling leaves
phylogenetic analyses prone to misinterpretations due to unceteded introgressed haplotypes (Funk
1999. Since there is evidence for introgresson d mitochondia for some insed spedes, including
Drosophila (Ballard 200Q and Carabus (DUring & Brickner pers. comm.), it canna be excluded that
such events occur also in the group undar study. However, introgresson is based on gene flow and
only posdble, if a mnredion between two popuations existed. The evolutionary history of the
mitochondiawill give some information abou paths of gene flow even if it does nat refled the “red”
phylogenetic situation. Thus it will not affea the main conclusions of this paper. Moreover, there is
no reason to suggest an introgresson event between the spedes of Afrophlaeoba, since there is no
morphdogicd evidence which cast doult on the hypathesis. According to Brower et al. (1996,
sources of misleading haplotypes are sufficiently rare so that they pose no serious problem to the
phylogenetic analyses.

Since the hypathesis of the existence of a moleaular clock has first been proposed (Zuckerkand &
Pauling 1962, much evidence ajainst the universal charader of such a dock has been pubished (Li
1997. Hence dating of divergence ajes remains a difficult process A moleallar clock can be
misleading at low distances, becaise some few substitutions will modify the mmputed time of
divergence dramaticdly, and the influence of stochastic events will be higher (Priser & Mossakowski

1998. Moreover, the variation d recent estimates for moleaular clocks is very high. Many authors
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suggested a rate of 0.02 per my for the ND1 gene (DeSalle d al. 1987,Brower 1994, Juan et al.
1995, bu some authors cdculated much higher rates (0.046 gr my for Dolichopoda cave aickets,
Venanzetti et al. 1993 or much lower rates (0.0039to 0.0098 pr my for Mediterranean Carabus
spedes, Priser & Mossakowski 1998. Additionaly, it has to be taken in consideration that genetic
sequences might diverge soorer than the organisms (Li 1997). Thus the estimates have to be aljusted
to a soorer date. Unfortunately the details of the natural history of eastern Africa espedally the
vegetational changes during and after the Pleistocene and the human effeds on it remain matters of
controversy (Howell 1993. Therefore, it is nat posshble to cdibrate amoleaular clock for the taxa
under study by means of geologicd or well-known climatic events within the range of the spedes.
Moreover, the sparse worldwide fossl evidence for Acrididaeis of doultful generic assgnments
(Storozhenko 1997%. Finally, amoleaular clock does certainly nat work in alinea way, sincedifferent
sites evolve & different rates and the rate of transitions differs from the rate of transversions. The
propation d homoplastic events will i ncrease with time, obscuring the number of evolutionary steps.
Since d present no aher method for the dating of the divergence time is avail able, rough estimates
are presented here, using medium evolutionary rates of 0.01-0.03 per my. Additionally, bah, the
minimum rates (Priser & Mossakowski 1998 and the maximum rates for the ND1 fragment
(Venanzetti et al. 1993 are mnsidered as possble wider range. The complete data set was used for
cdculation, sinceit evolves at similar rates asthe ND1 data set (figure 17).

The parsimony and reighba joining analyses grongly suppated a robust mtDNA genedogy that
reveded the monoptyly of the genera Afrophlacoba and Parodontomelus. The latter genus was
chosen as an ougroup and thus only two spedes were examined. Hence, a final conclusion to the
monoplyly of this genus is not possgble axd was not subjed of this gudy. Odontomelus has an
average J-C-distance of 12.9% to the spedes of Afrophlaeoba and Parodontomelus. Calculated from
the medium rates this would result in dvergence times of 4.17 my to 12.52my between the
Phlaeohini and Pargaini. If the two extreme rates mentioned above ae used for cdculation, the aje
would vary from 2.7 my to 32.1my. This might ill ustrate the high variation die to dfferent assumed
moleaular clocks. Since Acridinae ae generally regarded as a comparatively yourng group (Rowell &
Flook 1998 and they are spedalized ongrasss in their diet (Jago 1973, atime of divergenceof 32.1
my seamns to be too high, while adivergence time of 2.7 my would suggest that bath tribes had a
major radiation in the Pleistocene. Since the tribes are present in Southern Asia, Africa and
Madagascar, such a high speed o radiation and dspersal is rather unlikely, too. The medium rates of
0.01-0.03 mr my result in more cnvenient ages, bu as long as the complete phylogeny of the two
groups is nat studied, this remains geaulation. The high genetic distances between the two
Parodontomelus spedes and the doser restriction to forests (chapter 7) suggest it to be asuitable
genus for further phylogenetic analysis with a main interest in forest conredions within the Eastern
Arc and the Coastal Forests. Within the genus Afrophlaeoba the results suggest two groups, the

euthynota-usambarica group and the nguru-longicornis group.
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The nguru-longicornis Group

The sister relationship between A. nguru and A. longicornisis sippated by high bodstrap values and
confirms the morphdogica results (chapter 5). The average J-C-distance between bah spedes is
exceptionally low (0.00855, so that it is even worth dscussng, whether bath are conspedfic. Su et
a. (1999 presented 1-2% divergences within and 4.26 between dfferent subspedes in the ground
bedle Damaster blaptoides, based on ND5 sequences. Within the genera of Carabinae Su et al.
(1996 found mirwise sequence divergences from 2.7%6 to 4.90. Priser & Mossakowski (1998
found 0.5% to 4.8% divergence within Carabus spedes and 7.86 to 11.3%6 between spedes.
However, acmording to the biologicd spedes concept (Mayr 1942 the spedes gatus cannd be
asdgned by studying genetic distances or morphdogy. A test of the potential to interbreed is
experimentally difficult and less meaningful for the ducidation d the evolutionary history of the
spedes complex, since the question d paths and condtions for gene flow is nat dependent on the
present taxonamic rank. At least the low distances of the two spedes suggest a relatively recent
divergence Thisisaso suppated by the high ratio o transitions in comparison to the other gropus of
spedes (90% in the ND5 sequence in comparison to 7079%). If medium evolutionary rates are
considered, the estimates for the longicornis-nguru divergence vary from 285 thousand to 855
thowsand yeas. Considering the extreme rates, the etimates may vary from 186 thousand yeas to
2.2my. If the higher propational error at lower rates is taken into acourt, a minimum time of
separation canna be given. At least the maximum time of divergence can be dated, indicaing that the

two spedes sparated nosoorer than the Pleistocene.

The euthynota-usambarica Group

The branch conreding A. usambarica and A. euthynota has the lowest bodstrap value (80) andis aso
more sensitive to the inclusion a exclusion d single taxa. This is probably caused by the higher
number of homoplastic events, which have to be propcsed for the euthynota-branch. If the J-C-
distances are compared (table 19), it becomes obvious that A. euthynota has approximately the same
distance to A. nguru than to A. usambarica. On the other hand there ae seven apomorphic sites
suppating the euthynota-usambarica group, while there is only one site suppating an euthynota-
nguru group. A basal euthynota-branch could be obtained at a wst of only three steps on the tree
Acoording to Hillis & Bull (1993 several studies suggest that for maximum parsimony boastrap
values = 70% the probability of a dade being corred is at least 95%. Thus the MPT still remains the
best hypothesis for the phylogenetic origin. It is also suppated by the morphdogicd data (see
chapter 5). The similar distances between A. nguru and A. euthynota and ketween A. usambarica and
A. euthynota suggest that A. euthynota, A. usambarica and the nguru-longicornis group radiated
within a short period from their common ancestor. This may also cause the lower bodstrap value of
the euthynota-usambarica group. The average J-C-distance between bah spedes (0.020Q is more

than twice & high as between A. nguru and A. longicornis, athough it is dill comparatively low for
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the spedes level. The cdculated medium divergence ayes of the euthynota-usambarica group vary
from 667 thousand yeas to 2 my, and 435,000yeas to 5.13my using the extreme rates. From the
comparison with the nguru-longicornis group it can be concluded that a present conredion between

bath spedesisunlikely to exist.

Basal Divergence of Both Species Groups

The distances between bah spedes groups are only dlightly higher than between A. euthynota and
A. usambarica (average J-C-distance 0.022§. Medium estimates of divergence times vary from 753
thowsand yeas to 2.26my, whil e the extremes range from 491 thousand yeasto 5.8my. The distance
between A. euthynota and A. nguru is even as high as between A. euthynota and A. usambarica. Thus
it is difficult to suggest any divergence time for the two groups prior to the divergence of the
euthynota-usambarica group. It is even passble that the same event of habitat fragmentation caused
the separation d three main groups. A. usambarica, A. euthynota and the longicornis-nguru group.
The phylogeographic interpretation d thase conclusions will be further discussed after the e®logy
has been dedt with.

Intraspecific Variability

The intraspedfic variability was not subjed of this dudy and, therefore, it is not posdble to present
genera statements on the degreeof intraspedfic variation. Of three spedes, howvever, two spedmens
were included in the analysis. The intraspedfic J-C-distance within all three spedes (A. usambarica,
A. longicornis, P. luci) was 0.0005— a distance based upona single substitution. This occurs despite
the faa, that the two colour morphs of P. luci were wlleded from the same locdity, whil e the two
A. usambarica spedmens were mlleded at locditi es with a distance of 3 km and the two spedmens
of A. longicornis with a distance of 13.6km separated by Mkonda River. A cdculation d the age of
divergence of such a single substitution may ill ustrate the influence of stochastic events on cdculated
times of divergences. Using the medium rates, ore substitution would be egual to 16,667yeas to
50,000yeas. In the high evolutionary rate of Dolichopoda one substitution would be equal to 10,869
yeas, while in the low evolutionary rate of Carabus one substitution would represent an age of
128,205yeas. Thisill ustrates that any stochastic substitution event leals to large changes in the time
estimates.
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5 Morphology

5.1 Introduction

Since the beginning of biologicd systematics the dharaders used in spedes descriptions have dtered
remarkably. The faunistic exploration o the African grasshopper fauna boamed at the end o the 19"
and the beginning of the 20" century with a high number of descriptions by Stal (1876, Krauss
(1877, |. Bolivar (1881), Karsch (1891), Brancsik (1892, C. Bolivar y Pieltain (1893, Burr (1899,
Sausaure (1899, Sjostedt (1907), Giglio-Tos (1907, Karny (1907, Rehn (1914, Uvarov (1922 and
Ramme (1929, to mention just the ealy works of the most important taxonamists. The ealy
typoogicd descriptions were mainly based uponexternal morphdogicd charaders, such as colour
patterns and morphs. Systematic erors were common, due to convergent evolutionary processes, high
intraspeafic variation a cryptic spedes (Ramme 1929. With the beginning of reseach in
communicative behaviour, new charaders have proved to be of high taxonamic value (Faber 1928.
Severa spedes have been dscovered dwe to their spedfic song patterns and some ae difficult to
identify unlessthey are singing. The high value of songs for prezygotic isolation forced taxonamists
to include fieldwork and laboratory song analysisin their studies (Ragge & Reynolds 1998. In future,
the use of moleaular charaders in taxonamy will probably incresse (Hochkirch 1999. Tropicd
spedes, however, are till described mainly morphdogicdly, sincethey are not available dive in the
museums. In morphdogicd descriptions the genitalia have becme important charaders, since they
might represent barriers for hybridisation ketween spedes, and they are less influenced by the
environment (Dirsh 1956. On this basis revisions of a high propation d the East African Orthopera
have been pubished, including the Phlaeohini (Jago 1983,Popov in presg. Spedes or genera, which
appeaed to be dosely related, proved to belong to dfferent groups after the genitalia were studied.
However, the knowledge on intraspedfic variability has remained low, since frequently only few
spedmens were available. Much o the confusion in “difficult” groups gems from an insufficient
knowledge of the intraspedfic variability (Bladith & Kevan 1967. Examinations of larger series of
specimens are necessary to oltain better descriptions and to prove the stability of morphdogicd
charaders. Present taxonamy is gill mostly based on plenetic simil ariti es rather than on plylogenetic
analyses based on dscrete charaders in the sense of Hennig (1950. This is mainly caused by
pradicd reasons, such as the low avail ability of discrete dharaders (Bladith & Kevan 1967.
Theintention d the foll owing analyses was to prove the goplicability of the keys and descriptions of
Jago (1983, to find appropriate charaders for the identification d the rather homogenous edes, to
investigate the degree of geographicd variation in morphametrics and to infer a phylogeny, if
posshble. For this purpase measurements of 27 bod/ dimensions of 149 males of Afrophlaeoba and
P. arachniformis were undertaken, and 66 qualitative charaders were examined. The quditative

charaders also included the structure of the inner genitalia.
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5.2 Methods

5.2.1. Collection and Preparation of Specimens

Thirty males of each Afrophlaeoba spedes and d Parodontomelus arachniformis were olleded
during the second field trip to Tanzania (table 20). These spedmens were dried at the locdity and
transferred into parchment bags. In the laboratory they were relaxed in a refreshment box with water
saturated atmosphere and rephthali ne (to avoid mould). The genitalia of the refreshed spedmens were
diseeded under a stereo-diseding microscope. For this purpose the ebdamen was gripped with a
horizontal forceps and the genital complex was gjueezed out by horizontal presaure with the forceps.
If the genitalia did na evert completely upon pesaure from the forceps, they were out gently, using
an entomologicd pin, with the point bent through 9C°. Afterwards the genitalia were separated from
the &damen by cutting through the membranes around the elge of the genitalia with a pair of
miniatur scissors. Finally the genitalia were transferred to an alcohdic glyceral solution (10%
glyceral), for preservation. Afterwards the spedmens were pinned and the antennaewere direded in
an approximately straight line to allow morphametric measurements. Additionaly to the alleded
spedmens, some body dimensions of the holotypes and paratypes at the Natural History Museum in

Londonwere measured with a stereo-disseding microscope and an ocular micrometer.

Tab. 20: Date, locditi es and altitude, from which the spedmens have been obtained.

Spedes | Date | Locdity | Altitude

Afrophlaeoba euthynota 06.12.t0 13121997 | Uluguu Mountains nea Morogoro 800-1400m
Afrophlaeoba usambarica 0201 to 1501.1998 | East Usambara Mountains nea Amani | 600-1100m
Parodontomelus arachniformis | 06.01. to 18011998 | East Usambara Mountains nea Amani | 600-850m
Afrophlaeoba nguru 30.01 to 02021998 Nguru Mountains nea Mhonda 500:900m
Afrophlaeoba longicornis 08.02 t0 13021998 Rubeho Mountains nea Kilosa 500-600m

5.2.2 Body Dimensions M easured

A total of 149 inseds were measured (P. arachniformis; 30, A. euthynota: 28, A. longicornis; 31,
A. nguru: 30, A. usambarica: 30). The measured bod/ dimensions were seleded acarding to the keys
and descriptions given by Jago (1983. Body parts, which are susceptible to shrinkage, (in dried
inseds) are nat desirable for a measurement (Bladith & Reyment 1971). Thus the total body length
was ignored, sincethe @damen is ensitive to water loss The charaders under comparison haveto be
homologous in the sense of Remane (1952, bu in the cae of closely related arganisms and
guantitative measurements homologies are generally evident (Bladkith & Reyment 1971). The
measurements were performed with an apparatus constructed by D. Wienrich, a step-motor-controll ed

(translateur TL 17 CA, 2 axes, of Micro-Cortrole Eledronique, Vitry-sur-Seine, France) stereo-
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diseding microscope. The following list presents the 27 bod/ dimensions measured and their
abbreviation (figures 17-19):

Length of flagellum (measured at the inner edge of the right antenna) — FlagL

Length o the flagellar segments 1+2, 3, 4, 5, @Gnd 9(always along the inner edge of those
segments; the first two segments are often fused and were therefore measured together) —
FS1+2L, FS3L etc.

Apicd width of the same flagell ar segments — FS2W, FS3W etc.

Length of fastigium of vertex (along the median carinuain front of the g/es) — VertL
Width of fastigium of vertex (measured in front of the gyes) —VertW

Length of head along the median carinula— HealL

Width of heal at the broadest distance between the outer edges of the g/es — HeadW
Interocular distance d the small est distance— Intoc

Length of prozona of pronaal disc dong the median carina— Proz

Length of metazona of pronaa disc dong the median carina— Metaz

Distance between lateral carinaeof pronaum at the anterior margin — AntCar

Distance between lateral carinaeof pronaum at the posterior margin — PostCar

Length of right tegmina from the lower base to thetip — TegL

Maximal width of right tegmina— TegW

Length of right cercus— Cerc

Length of right hind femur — HFemL

Maximal width of right hind femur — HFemwW

/Length of flagellum segment 9 /,

Length of flagellum

/ Length of flagellum segment 6

[ Length of flagellum segment5 [
/ Length of flagellum segment 4

/ Length of flagellum segment 3 /

Length of flagellum segment 1+2 [

\N Length of fastigium of vertex

Q Length of head
]
H 1

Length of Prozona

Length of Metazona

- '\_‘\ Length of Tegmina

T

Fig. 17: Twelve of the body length dimensions measured (flagellum, head, pronotum, tegmina); figure changed

after Jago (1983)
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Width of head

Width of vertex

Interocular distance

Hon - —

Distance between lateral carinae at anterior margin

1

Py

Distance between lateral carinae at posterior margin

Fig. 18: Five of the body width dimensions measured (head, pronotum); figure changed after Jago (1983)

Tegmina length

Hind femur length

Hind femur width

Fig. 19: Five of the body dimensions measured (tegmina, hind femur, cercus); figure changed after Dirsh (1965)

Distance between ancorae Lophus length

—— Lophus height

Anterior lophal interspace ——

Posterior lophal interspace —

Total width ——————]

Fig. 20: Epiphallus and lophus of A. usambarica, illustrating the dimensions measured.
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5.2.3 Qualitative Characters Examined

Sixty-six nonmetric characters were examined with a stereo-dissecting microscope. They were chosen
partly according to the keys and descriptions of Jago (1983). Twenty males of each species were
examined. The included parts of the body were the shape of the flagellum with its basal segments (six
characters), the frontal ridge with carinulae (three characters), the fastigium verticis with carinulae
(five characters), head, eyes and mouthparts (three characters), the pronotum with carinae, sulci and
lateral |obes (twelve characters), the tegminae with its veins (seven characters), the abdominal tergites
with carinae, supra-anal plate, cerci and subgenital plate (eleven characters), the legs with genicular
lobes, carinae and posttibial spines (eleven characters) and the epiphallus with its lophi and ancorae
(eight characters). For six males of each species some dimensions of the epiphallus (lophal interspace,
distance between ancorae, total width, lophi length and height) were measured with a stereo-

dissecting microscope and an ocular micrometer at 50 x magnificaion (figure 20).

5.2.4 Data Analysis

Discriminant Analysis

Multivariate morphametrics is mainly useful at the taxonamicd level of spedes and kelow, since
lower taxa may differ in orly a few qualitative charader disgmil arities (Bladkith & Reyment 1977).
Such misdng differentiation may cause dendrograms to fail in separating groups, while it may be
posshle to construct a dart illustrating the degree of phenetic relationships between groups at
different levels by the use of multivariate methods (Bladith & Reyment 1971). One of these methods
is the discriminant analysis, which was performed with the computer programmes SAS (LuginbuH &
Schlotzhauer 1987 and SPSS9.0.1. Spedmens with misdgng data (usually missng flagellum) were
ignored and thus 140 spedmens were included in the analysis. This sample onsisted of 28
P. arachniformis, 26 A. euthynota, 30 A. longicornis, 27 A. nguru and 29 A. usambarica. Since the
sample size of the within group shoud aways be higher than the number of variables, two charaders
had to be excluded. These dharaders were chosen acarding to their contribution to the discriminant
functions, described by the Wilks Lambda. A first analysis was made including the outgroup
P. arachniformis, the second analysis excluded the outgroup,including 112 spedmens. The reason for
the exclusion was the grea distance between P. arachniformis and the Afrophlaeoba spedes, which
influenced the visibility of the intrageneric differencesin aplot of the canonicd variates.

The discriminant analysis is an ordination technique for displaying and describing the diff erences
between group centroids (in this case for ead spedes) by extrading the @gen vedors from the poded
variance-covariance matrix of the within-group (Slaney & Weinstein 1994. It tests the diff erences for
significance and reveds measures of the mntribution d ead charader to the discriminant function.

Whil e the dharaders have to be scded metric, the groups can be nominally scaed. It also is posgble
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to forecast the group affili ation o an element of unknown identity, if the resolutionis high enough. In
contrast to cluster analyses the discriminant analysis does nat creae groups, bu rather examines
given groups (Badkhaus et a. 200Q. The methodis quite robust even to considerable deviations from
the theoretica requirement of homogeneity in the dispersion matrices (Bladith & Reyment 1971).
The first step of adiscriminant analysisis the definition d the groups to be examined. In the present
study the groups are defined by the different spedes or locditi es from which they were colleded. The
sample size has to be large enough and the number of groups $oud na exceel the number of
variables (Badkhaus et a. 200Q. The canonicd discriminant function is estimated computationally,
which allows an oggimal discrimination between the groups and the assesament of the discriminatory
importance of the charaders. The discriminant functionis gructured as foll ows:

Y = discriminant variable

Xj = charader variablej (j =1,2,...,J)

bj = discriminant coefficient for the charader variable |
bg = constant term

Y =b, +b X, +b, X, +..+b, X,

It is sded metric due to a linea combination o ead variable. For ead group a centroid can be
cdculated acording to the eguation:

Y = discriminant variable

- 1 s g = group
Y, —l—ZYQi i = element
g 1=

The difference between two groups is defined simply by their residual. Each element and the
centroids can be locdized ona canoricd axis (also referred to as canonicd variate) to ill ustrate the
differences. The variance within and between the groups is of high importance The variance between
the groups can be obtained from the squared deviation d the group centroids (multiplied by the

sample size) from the grand total centroid (SS,: sum of squares between). The variance within the
groupsis caculated by the squared deviation d ead element from the centroid (SS,,: sum of squares

within). The best discriminance between two groups is estimated by maximising the discriminant

criterion (I'), which is calculated by dividing SS|/SS,,. This maximum discriminant criterion is

referred to as eigen value. Geometrically spoken, the discriminant function is a plane within the space
of variables. In a two-dimensiona plot it is usualy referred to as discriminant axis or canonical
variate (Blackith & Reyment 1971, Backhaus et al. 2000). The number of discriminant functions
depends upon the number of groups and variables (maximum: g-1 functions). The second discriminant
function is calculated to explain a maximum proportion of the variance left. Since the first function is
already maximised, the second function must have a smaller eigen value. The proportion of the eigen
values represents a good measure for the relative importance of each function (Backhaus et al. 2000).

To evaluate the quality of a discriminant function, it is possible to compare the proportion of rightly

grouped elements with a random distribution (classification). The effect of the same sample can be
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ignored, if the total sample is divided in subsamples. Another measure of the quality is the canonical

correlation coefficient:

¢ = canonical correlation coefficient
c= A v = explained variance
1+y 1+y = unexplained variance
The most frequently used criterion for evaluating the discriminanceis Wilks Lambda:
1
N=——
1+y

Wilks Lambda is an inverse measure, which means that smaller values represent a better
discriminating power of a function and vice versa. It is passgble to transform Wilks' Lambda into a
probabili stic variable and make probability statements. This allows gatistica significance testing by
the x° test or F statistics. In contrast to Wilks Lambda these tests of significance evaluate the
difference between the groups, bu not the discriminating power of the function. The multivariate
Wilks Lambdaisthe product of the univariate lambdas (Badhaus et al. 200Q.

The significance of ead parameter measured is cdculated by univariate F statistic, based onWilks
Lambda. However, the discriminating power of the cmbined variables is often substantially higher
than their sum due to multi variate interadions. A multivariate gpproach to evaluate the discriminating
significance of a variable in a discriminant function is given by the discriminant coefficients, which
are usualy standardized in a way so that the poded within-group variance is one. The discriminant
coefficients are standardized by multiplying them with the poded within-group variances. The
amourt of the standardized discriminant coefficient of ead variable for ead functionis equivalent to
the discriminating power within this function (Badkhaus et al. 200Q.

A stepwise discriminant analysis includes the charader variable in ead step, which maximizes the
quality measures (respedively minimize Wilks Lambda). Charaders which do na contribute
significantly to the discriminant functions, are excluded. This agorithm automaticdly sorts the
variables acording to their importance by including the most important charaders first (Badhaus et
a. 2000. A stepwise computation was performed using SPSS9.0.1. to identify those body
dimensions, which are minimizing Wilks' Lambda. The maximum significance of the F value for the

inclusion d avariable was st to 0.0% the minimal significancefor the exclusionwas st to 0.15.

Phylogenetic Inference

A phylogenetic analysis of discrete data was not posshle, due to the ladk of dissmilarities in
qualitative dharaders. The metric scde of morphametric data does not alow to derive different
charader states from them, which could be used for a mnventional phylogenetic analysis based on
synapomorphies. The discriminant analysis, however, reveds pairwise squared Mahalanohi's distances

between the five groups, which are found ky multi plying the vedor of coefficients that constitutes the
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discriminant function by the vedor of differences between the means for the groups. Becausg, it is
based on the discriminant function, the Mahalanolis generalized dstance dlows ead charader to
cary only its proper amourt of information abou the separation d groups, and eliminates the dfeds
of correlation between the dharaders (Bladkith & Reyment 1971). The discriminant technique might
be an appropriate method for inferring phenetic afinities, since there can be no question o a priori
weighting (Bladith & Reyment 1971). The roats of the pairwise Mahaanohis distances can be used
to perform distance methods as they were described in chapter 4.2.6.3to derive aphenogram (Zink et
a. 1999. Such a phenogram is the result of a poythetic processbased onthe need to maximize the
between-group variancein relation to the within-groups variance. It represents relationships based on
phenetic similarity rather than on common descent (Bladith & Reyment 1971). In a dustering
process more dosely asciated individuals or groups are brought together into a duster, which is
then considered to be differentiated from other associations forming separate dusters. The gred
strength and resili ence of such dvisive techniques may be influenced by convergence or divergence
proceses. Hence, differences frequently neead to be distinguished from various aspeds of
environmentaly induced variation. According to Bladith & Reyment (1971) the possble problems of
convergent or divergent evolution can be minimized by including a multiplicity of charaders, drawn
from as wide arange of the parts of the organism as passble. According to Omland (1997 moleaular
and morphdogicd evolution may be muded in many cases, uniess extraordinary body forms are
induced by spedal evolutionary presaures (Wilson 199). In morphdogicdly closely related spedes,
this does nat seem to be the cae. To estimate the simil arity of the gene treesinferred in chapter 4 and
the morphdogicd phenograms in this chapter, the crrelation between the genetic Jukes-Cantor-

Distance and the roats of the Mahalanolis generali zed dstanceis examined.

Univariate Analysis

SAS reveds smple statistics (mean, variance, standard deviation) for the total sample and for eat
spedes, which were used for the univariate pairwise analyses of eat spedes and charader. The
morphametric data rendered namal distributions (x° test), so Student’s t-tests were performed to test
on dfferences between the groups (Precht 1979. The highest P accepted was 0.05. The tests were
performed for eat bod/ dimension and for some ratios. Only thase charaders were presented, which
are dther given in the keys and descriptions of Jago (1983 or which contribute much to the

discrimination o spedes.
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5.3 Results: Morphometrics

5.3.1 Canonical Discriminant Analysisincluding P. arachniformis

5.3.1.1 Choice of the Characters

Most of the measures are significantly correlated with ead aher (87% of the 368 padbiliti es,
P < 0.05. Less correlated charaders include the flagellar widths (in particular of segment 4 and 6
and the interocular distance In comparison to those widths, the length measures are well correlated
with eadh ather. In some cases (interocular distance) the missng correlations are probably an oucome
of the different propations of P. arachniformis in comparison to the Afrophlaeoba spedes. The
univariate F-statistics reveded significant diff erences between al 27 charaders (P < 0.000). Due to
the lower sample of A. euthynota (26 spedmens), caused by antennal loss two variables with high
Wilks' Lambda had to be excluded. Wilks' Lambda for ead charader is given in table 21 and the
highest values are anphasized. Those two charaders (widths of second and sixth flagellar segments)

were excluded from the analysis.

Tab. 21: Wilks Lambda, F satistics, degrees of freedom and significance for the 27 charaders measured
(df1 =4, df2=135 * =dignificant, P <0.000J), grey shaded areas represent the two charaders with the
highest Wilks' Lambda, which have been excluded from the analysis.

Charader | FlagL |FS1+2L [FS2wW| FS3L [FS3W| FAL [Fsaw| FSBL [FSBW| FSBL |FSBW/| FSOL [FSow| Headl
Wilks Lambda |0.313| 0.355 |0.788|0.317]0.778/0.436|0.729] 0.28 [0.722] 0.245[0.837| 0.3 [0.682] 0.451
F 74.15| 6145 |9.103|72.79|9.657|43.72|1252|86.65|12.98| 10376|6.569| 78.88|15.77| 41.02
Sgnlflcmce * * * * * * * * * * * * * *

Tab. 21 (continued)

Charader |HeadW|VertL |VertW| Intoc |AntCar|PostCar| Proz |Metaz| Tegl | TegW | Cerc |HFemL |HFemW
Wilks Lambda | 0.22 |0.304|0.418|0.506| 0.563 | 0.195 |0.366|0.383|0.626| 0.121 |0.455| 0.244 | 0.2
F 11971|77.34|47.03|3297| 26.14 | 13935 |5852(54.47|20.17|24482|40.43| 10430 | 13514
S'gn'flcmce * * * * * * * * * * * * *

5.3.1.2 Discriminating Power of the Analysis

Wilks' Lambda is exceptionally low (A =0.00% x°=835.7 df =100 P<0.000). For CAN2 to
CAN4 it is 0.046(x* = 381.4 df = 72, P<0.0003), for CAN3 to CAN4 0200 (x*=199.7 df = 46;
P < 0.000) and for CAN4 0.562(x*= 71.5 df = 22; P<0.000). The low values of Wilks Lambda
ill ustrate the high discriminating power of the discriminant functions. The dassficaion phase of the
discriminant analysis asdgned al but six spedmens (95.7%6) corredly. The wrong assgnments
included four A.longicornis grouped with A. nguru, ore A. euthynota with A. usambarica and ore

A. longicornis with A. usambarica.
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5.3.1.3 Pairwise M ahalanobis Distance and Discriminant Structure

The multivariate analysis revealed significant pairwise differences between all species (F statistics;
P <0.0001). The highest Mahalanobis distances were found between the outgroup P. arachniformis
and the Afrophlaeoba species (table 22). Within Afrophlaeoba the lowest Mahalanobis distance
occurred between A.nguru and A.longicornis and the highest distance between A.nguru and

A. euthynota.

Tab. 22: Generalized Mahalanobis distances (D?) between the species; P. arachniformis is shaded.

Species | A euthynota | A. longicornis | A. nguru | A. usambarica
P. arachniformis 238.53 239.02 212.12 249.67
A. euthynota 23.52 30.16 20.82
A. longicornis 8.85 16.37
A. nguru 20.09

The great distance between P. arachniformis and all Afrophlaeoba species is also illustrated by the
eigen value of the canonical variate 1 (CAN1, table 23). This first variate clearly discriminates
P. arachniformis from the Afrophlaeoba species. The P. arachniformis data set forms a distinct group
in the discriminatory topology on this axis (figure 21). CAN1 explains 86.5% of the differences, while
the second function explains only 7.6%, the third function 4.1% and the fourth function 1.8% of the
differences (table 23). All four functions, however, show significant differences between the five
species (F statistics; P < 0.0001).

Tab. 23: Eigen values of the four functions; note the high eigen value of CAN1 (shaded).

CAN| Eigenvalue | Difference | Proportion | Cumulative

1 37.99 34.66 0.865 0.865
2 3.33 1.52 0.076 0.941
3 181 1.03 0.041 0.982
4 0.78 - 0.018 1.000

The group centroids of each species for the four canonical variates are given in table 24, illustrating
again the high discrimination of P. arachniformis on CAN1. Figure 21 shows a plot of the first two
canonical variates of the discriminatory topology, illustrating the great distance of P. arachniformis

on the first function and the differences between A. euthynota and A. nguru on the second function.

Tab. 24: Group centroids for the five species on the four canonical variates; note the high distance between
P. arachniformis and the Afrophlaeoba species on the CAN1.

Species CAN1 CAN2 CAN3 CAN4
P. arachniformis 12.07 -0.10 0.10 0.09
A. euthynota -3.00 -3.10 -1.34 -0.28
A. longicornis -3.23 143 -0.80 134
A. nguru -2.23 2.16 -0.53 135
A. usambarica -3.55 -0.61 243 0.04
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Fig. 21: Plot of canonical variates 1 and 2 of the discriminatory topology, illustrating the great distance between
P. arachniformis (upper group) and the four Afrophlaeoba species (lower group); note: 21 objects are hidden,
a=P. arachniformis, e = A. euthynota, | = A. longicornis, n = A. nguru, u = A. usambarica, circles mark the
three species P. arachniformis, A. euthynota and A. nguru.

5.3.1.4 Contribution of Single Characters

The contribution of single characters to the complete analysis was calculated by a stepwise
discriminant analysis. The stepwise analysis included 13 characters, which are given in table 25. The
first character (TegW) belongs to the strongest characters of CAN1, while the second one (VertL)
belongs to the strongest characters of CAN2 and CAN3 (table 26). Figure 22 shows a plot of those

two most effective discriminating characters of the stepwise analysis against each other. In this
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bivariate plot, P. arachniformis is easy to dstinguish from the Afrophlaeoba spedes by its broader
tegminae ad A. euthynota by its dhorter vertex. However, there ae some outli ers among the sample,
including a P. arachniformis plotted close to Afrophlaeoba and an A. euthynota with a cmparative
long vertex, groupng it between the other Afrophlaeoba spedes. In a multivariate plot (figure 21)
such ouliers are partly correded by other charaders, athough it has already been mentioned that
even in the cmmplete analysis ome spedmens were dassfied wrongly. The other three Afrophlaeoba

spedes overlap largely in this plot, sincethe third and fourth variates are not presented.

Tab. 25: Included charaders in the stepwise discriminant analysis in order of the steps in which they were
included. The value of Wilks' Lambda ill ustrates the antribution of eat value to the analysis—the value is
deaeasing with eat charader added.

Step | Charader | Wilks' Lambda |Estimated F| df1 | df2 |Significance
1 TegW 0.121 244.8 4 |135.0f 0.0001
2 VertL 0.042 130.9 8 |268.0/ 0.0001
3 FS6L 0.025 89.1 12 | 352.2| 0.0001
4 Vertw 0.017 71.2 16 | 4039 | 0.0001
5 HeadwW 0.010 66.7 20 | 435.4| 0.0001
6 PostCar 0.006 61.6 24 | 454.7| 0.0001
7 AntCar 0.005 56.9 28 | 466.5| 0.0001
8 FSOW 0.004 50.7 32 | 473.6| 0.0001
9 FS3L 0.004 46.1 36 | 477.7| 0.0001
10 FHAL 0.003 44.3 40 | 479.6| 0.0001
11 Tegl 0.003 41.2 44 | 480.2| 0.0001
12 HFemL 0.002 38.4 48 | 479.7| 0.0001
13 Proz 0.002 36.7 52 | 478.5| 0.0001
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Fig. 22: Bivariate plot of the two most important variables of the stepwise discriminant analysis. Note the grea
distance between P. arachniformis and all Afrophlaeoba spedes, caused by the broad tegminae and the low
vertex lengthsin A. euthynota.
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The description of the functions is represented by the standardized canonical coefficients (table 26).
The characters with the highest amounts contribute most to the discriminant function. The three
highest standardized canonical coefficients of the first variate are the vertex width (Vertw: 1.21), the
distance between the posterior lateral carinae of pronotum (PostCar: 0.76) and the tegminal width
(TegW: 0.70). It is obvious that al those characters represent body widths, which characterize
P. arachniformis. The two most effective variables of CAN1 are plotted against each other in
figure 23. The higher posterior distance between the lateral pronotal carinae in P. arachniformis
separates this group clearly from the Afrophlaeoba species. Among the Afrophlaeoba species
A. euthynota is characterized by a narrower vertex and A. usambarica is characterized by a small

posterior distance between the lateral carinae of pronotum in relation to its broader vertex.

Tab. 26: Standardized canonical discriminant coefficient for the canonical variates CAN1 to CAN4. The highest
values are shaded.

CAN1 CAN2 CAN3 CAN4
FlagL 0.260 -0.378 0.051 -0.894
FS1+2L -0.190 0.003 0.106 0.635
FS3L 0.131 0.417 -0.510 -0.503
FS3wW -0.175 0.259 -0.344 0.036
FSAL -0.291 -0.131 0.330 0.651
FSAW -0.145 -0.274 0.712 -0.087
FS5L -0.032 0.017 0.102 0.398
FS5wW 0.239 0.043 -0.373 0.265
FS6L 0.259 0.113 -0.331 0.065
FSOL -0.052 0.326 -0.287 0.073
FSOwW 0.309 -0.323 0.255 -0.064
HeadL 0.149 0.097 -0.004 -0.316
HeadW 0.659 -0.250 0.397 -0.350
VertL 0.007 0.582 0.656 0.058
Vertw -1.205 0.206 -0.009 0.015
Intoc -0.003 -0.026 0.385 0.160
AntCar -0.643 0.125 -0.258 0.091
PostCar 0.764 -0.117 -0.309 0.761
Proz -0.167 0.440 -0.163 -0.812
Metaz -0.179 0.032 -0.067 0.005
TegL -0.350 0.253 -0.087 0.162
TegW 0.698 0.007 0.329 -0.282
Cerc 0.138 0.145 -0.030 -0.175
HFemL 0.274 -0.618 -0.089 0.913
HFemw 0.210 0.242 0.151 -0.407

On CAN2 the length of hind femora (HFemL: 0.62), the length of the vertex (VertL: 0.58) and the
length of the prozona (Proz: 0.44) account for most of the discriminatory power. The functions
CAN2, CAN3 and CAN4 discriminate the four Afrophlaeoba species. However, the differences
become more obvious if the discriminant analysis is calculated without P. arachniformis, since the
great distance between P. arachniformis data and Afrophlaeoba data influences the visibility of the

differences within Afrophlaeoba.
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Fig. 23: Plot of the two most important variables of CAN1 against ead other. Note the grea distance of the
posterior lateral carinae of pronotum in P. arachniformis, the narrow vertex in A. euthynota and the
comparative small distance of posterior lateral carinaein A. usambarica.

5.3.2 Canonical Discriminant Analysis excluding P. arachniformis

5.3.2.1 Choice of the Characters

If only Afrophlaeoba spedes are compared, the number of correlated measures beames higher than
in the first analysis (91% of the 368 pasbiliti es, P < 0.05. Less correlated charaders include the
flagellar widths (in particular of segments 4, 6 and 9. The univariate F-statistics reveded significant
differences of al 27 charaders (P < 0.000). Again, two charaders with high Wilks' Lambda had to
be excluded due to the lower sample size of A. euthynota. Wilks Lambda for ead charader is given
in table 27, and the values of excluded charaders are anphasized (FS6W and FS3W).

Tab. 27: Wilks Lambda, F statistics, degrees of freedom and significance for the 27 charaders measured
(df1 =3, df2=108 * =dignificant, P<0.0001), grey shaded aress represent the two charaders with the
highest Wilks' Lambda, which were excluded from the analysis.

Charader | Flagl |FS1+2L |FS2W| FSBL |[FS3W| FSAL [Fsaw| FSBL [FSeW| FSBL |FSBW| FSOL [FSOW| Headl
Wilks Lambda |0.377| 0.427 |0.784]0.432/0.787|0.557|0.714|0.412]0.704| 0.387 [0.8020.418|0.703| 0.468
F 59.59| 48.38 | 9.91 |47.26| 9.75 |28.69|14.43|51.36|15.14| 56.98 | 8.89 [50.05|15.19| 40.92
Sgnlflcmce * * * * * * * * * * * * * *

Tab. 27 (continued)

Charader |HeadW/| VertL |Vertw| Intoc | AntCar | PostCar| Proz | Metaz| TeglL | TegW | Cerc |HFemL |HFemw
Wilks Lambda | 0.544[0.290]0.401]0.580] 0.505 | 0.519 |0.399] 0.594]0.549| 0.505 [0.629| 0.415 | 0.465
F 30.23 |88.10|53.68|26.12| 3529 | 33.38 |54.19| 24.66|29.63| 3532 |21.27| 5068 | 4142
S'gnlflcmce * * * * * * * * * * * * *
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5.3.2.2 Discriminating Power of the Analysis

All three functions show significant differences between the four spedes. Again Wilks Lambda is
quite low (A = 0.027 X*=349.3 df = 75, P< 0.000). For CAN2 to CAN3 it is 0.141(x* = 189.1
df =48 P<0.000) and for CAN3 0.453 (x°=76.5 df=23 P<0.000). Thus the high
discriminating power of the discriminant functions can be @nfirmed. The values of Wilks' Lambda
are even lower than those of CAN2 to CAN4 o thefirst analysis. The dassgficaion statistics assgned
six speamens wrong. These included ore A. euthynota, which was classfied as A. usambarica, three

A. longicornis as A. nguru, ore A. longicornis as A. usambarica and ore A. nguru as A. longicornis.

5.3.2.3 Inter specific Differences and Discriminant Structure

The discriminant anaysis reveded significant differences between al spedes (F statistics;
P <0.000). The greaest Mahalanohis distance occurred between A. euthynota and A. nguru, the
smallest between A. longicornis and A. nguru (table 28). These relations correspond to the first

analysis.

Tab. 28: Generali zed Mahalanobis distances (D?) between the four Afrophlaeoba spedes:

Spedes | A longicornis| A nguru | A. usambarica
A. euthynota 24.63 30.61 21.88
A. longicornis ‘ 10.04 ‘ 16.02
A. nguru 19.85

The eclusion d P. arachniformis data leads to higher eigen values of those canorica functions,
which discriminate between the Afrophlaeoba spedes (table 29). The first function dscriminates the
A. euthynota data from the data of A. longicornis and A. nguru. It explains 55.9% of the diff erences.
This comparatively high value is mainly based on the smaller body size of A. euthynota, which is
already visible in the figures 22 and 23.CAN2 explains 28.8% of the diff erences within Afrophlaeoba
and CAN3 15.®x.

Tab. 29: Eigen values of the three caonica functions.

CAN | Eigen value | Difference | Propation | Cumulative

1 4.26 1.99 0.555 0.555
2 2.21 1.10 0.288 0.843
3 1.21 - 0.157 1.000
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The group centroids for the Afrophlacoba spedes for the three caoricd variates are given in
table 30, ill ustrating again the discrimination d A. euthynota on CAN1, o A. usambarica on CAN2
and d A.longicornis and A. nguru on CAN3. Figure 24 shows a plot of the first two canornicd
variates with the locations of A. euthynota, A. usambarica and A. nguru marked. In figure 25 CAN2
and CAN3 are plotted against ead ather with A. nguru, A. longicornis and A. usambarica marked.
This :oond got is equivalent to aview from “below” (CAN2) onfigure 24, if the caoricd variate 3
isdrawn in the third dmension. A. longicornis and A. usambarica are well separated onCANZ2.

Tab. 30: group centroids for the five spedes on the four canonicd variates; note the high distance between
P. arachniformis and the Afrophlaeoba spedes on the CAN1.

Spedes | CAN1 | CAN2 | CAN3
A. euthynota -3.29 -1.18 -0.15
A. longicornis 1.26 -0.39 1.63
A. nguru 2.17 -1.02 -1.33
A. usambarica -0.38 2.42 -0.31
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Fig. 24: Plot of canonica variates 1 and 2 of the discriminatory topology; it illustrates the separation of
A. euthynota and A. usambarica on CAN2 and of A. euthynota from the nguru-longicornis group on CANZ;
note: 5 objects are hidden, e = A. euthynota, | = A. longicornis, n = A. hguru, u = A. usambarica.
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Fig. 25: Plot of canonical variates 2 and 3 of the discriminatory topology; it illustrates the separation of
A. longicornis and A. nguru on CAN3 and A. usambarica on CANZ2; note the overlap of A. nguru and
A. longicornis; 9 objects are hidden; e = A. euthynota, | = A. longicornis, n = A. nguru, u = A. usambarica

5.3.2.4 Contribution of Single Characters

Ten characters were included in the stepwise analysis (table 31). These differ from the first stepwise
analysis, illustrating the different power of characters for the discrimination of the Afrophlaeoba
species. The most effective discriminating character (VertL) is the strongest of CAN1 and one of the
strongest of CAN2, while the second one (FS3L) belongs to the most effective characters of CAN2
(table 32). A bivariate plot of those two variables (figure 26) shows that the most distinct group is
represented by A. euthynota, due to the shorter vertex. A.usambarica is characterized by a
comparatively short flagellar segment 3 in comparison to the other two Afrophlaeoba species. In all

four species outliers are found.
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Tab. 3L Included charaders in the stepwise discriminant analysis in order to the steps in which they were
included. The value of Wilks Lambda shows the contribution of eat value to the analysis — the value is
deaeasing with eat charader added .

Step | Charader | Wilks' Lambda |estimated F| dfl | df2 |Significance
1 VertL 0.290 88.101 3 |108.0f 0.0001
2 FS3L 0.177 49225 6 | 214.0f 0.0001
3 FS1+2L 0.138 35.945 9 |258.1| 0.0001
4 FSOW 0.112 29.756 12 | 278.1| 0.0001
5 TegW 0.097 25427 15 | 287.5| 0.0001
6 PostCar 0.084 22715 18 | 291.8| 0.0001
7 HeadW 0.075 20.487 21 | 293.4| 0.0001
8 FAL 0.067 18875 24 | 293.5| 0.0001
9 FSHBL 0.058 17.852 27 | 292.7 0.0001
10 IntOc 0.054 16.608 30 | 291.3| 0.0001
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Fig. 26. Bivariate plot of the two most important variables of the stepwise discriminant analysis. While
A. euthynota is charaderized by a narrow vertex, A.usambarica has a shorter flagellar segment 3 in
comparison to A. nhguru and A. longicornis.

The standardized canoricd coefficients for the seaond analysis are given in table 32. The threebody
dimensions that are particularly important for discriminating between the spedes in the first function
are the vertex length (VertL: 0.67), the length of the hind femur (HFemL: 0.62 and the length dof the
prozona (Proz: 0.36). These charaders are very similar to the most important charaders of CAN2 of
the first analysis. The two most eff edive discriminating charaders of CAN1 are plotted against eath
other in figure 27, ill ustrating the high dscriminating power of CAN1 for A. euthynota.
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Tab. 32: Standardized canonical discriminant coefficient for the canonical variates CAN1 to CAN3. The three
highest values are shaded for each variate.

CAN1 CAN2 CAN3
FlagL -0.032 0.231 -0.889
FS1+2L 0.236 0.339 0.564
FS3L 0.344 -0.629 -0.347
FS3W 0.311 -0.246 0.051
FSAL -0.208 0.502 0.612
FSAW -0.235 0.746 -0.114
FS5L -0.103 0.237 0.516
FS5W -0.080 -0.431 0.403
FS6L -0.162 -0.812 -0.132
FSOL 0.183 -0.352 0.192
FSOW -0.345 0.141 -0.041
HeadL 0.129 0.035 -0.098
HeadW -0.034 0.060 -0.747
VertL 0.667 0.532 -0.278
Vertw -0.067 0.130 0.166
Intoc 0.083 0.414 0.020
AntCar 0.110 0.028 0.502
PostCar -0.153 -0.395 0.399
Proz 0.359 -0.236 -0.496
Metaz 0.040 0.057 0.174
TegL 0.249 -0.032 0.192
TegW 0.275 0.166 -0.449
Cerc 0.229 -0.079 -0.138
HFemL -0.618 -0.022 0.849
HFemwW 0.290 0.044 -0.417
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Fig. 27: Plot of the two most important variables of CAN1 against each other. Note the high discriminating

power of these variables for the identification of A. euthynota.
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CAN2 separates A. usambarica from the other species. The three characters with the highest
standardized canonical coefficients are the width of flagellar segment 4 (FS4W: 0.75), the length of
flagellar segment 3 (FS3L: 0.63) and the vertex length (VertL: 0.53). Again these three characters are
identical to the three most effective characters of CAN3 of the first analysis. CAN2 explains 28.8% of

the variation.
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Fig. 28: Bivariate plot of the two most important variables of CAN2. In A. usambarica and A. euthynota the

flagellar segment 3 is shorter, A. usambarica has a comparative broad flagellar segment 4.
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Fig. 29: Bivariate plot of the two most important variables of CAN3. The two length measures are correlated and
sort the four Afrophlaeoba species according to their body length. It isvisible that A. euthynota is the smallest

species, followed by A. usambarica, while A. nguru and A. longicornis still overlap largely.
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In the third canonicd function, A. nguru and A. longicornis are separated (figure 25). These two
spedes are till plotted close together and have the lowest distance CAN3 has a propationa eigen
value of only 15.®%6. The function is mainly described by the length o the flagellum (FlagL: 0.89),
the length o the hind femur (HFemL: 0.85 and the width of the head (HeadW: 0.75. Since the data
sets are dightly overlapping even in the multivariate plot, it is not possble to dstinguish them
bivariately. A stepwise discriminant analysis just including A. nguru and A. longicornis reveded five
charaders (TegW, FS1+2L, FS3L, AntCar, HeadW) and a Wilks' Lambda of 0.448.However, even a
plot of TegW with FG1+2L has a high overlap of the spedes (figure 30).
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Fig. 30: Bivariate plot of the two most important variables of a stepwise caonicd discriminant analysis just
including the two spedes A. nguru and A. longicornis. The overlap o the two groups is gill high, athough
the diff erences are significant.

5.3.3 Univariate Analysis

All charaders were tested by means of pairwise univariate t-tests. The number of significant
differences (table33) ranges in most cases from 70% (A. usambarica and A.longicornis. 19
differences within a group d 27 charaders) to 1006 (A. usambarica and A. euthynota). One value is
extremely low (A. nguru and A. longicornis: 37%). However, these values are influenced by the high
number of antennal charaders included (13 o 27 = 48%), weighting the flagellum extremely high
compared to the head (18.9%), the pronaum (14.8%) or the femur (7.4%). Such weighting effeds do
not occur in the multivariate analysis. This also explains the comparatively low number of significant
differences of P. arachniformis and the Afrophlaeoba spedes compared to A. euthynota, although it
has very high dstances in the multivariate analysis. In the following part only some important
charaders are presented.
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Tab. 33: Pairwise number (lower left matrix) and proportion (upper right matrix) of univariate significant
morphometric differences; the right column represents the mean percentage of all significant differences
between one species and all other species; the lowermost line represents the total of all significant differences
between one species and all other species; note the extremely low value between A. nguru and A. longicornis.

Species P. arachniformis A. usambarica A. euthynota A.longicornis A.nguru | X
P. arachniformis 0.74 0.93 0.78 0.85 |0.82
A. usambarica 20 1.00 0.70 0.78 |0.81
A. euthynota 25 27 0.96 096 |[0.96
A. longicornis 21 19 26 0.37 |0.70
A. nguru 23 21 26 10 0.74
> 89 87 104 76 89

5.3.3.1 Length of the Flagellum

Nearly all species differ significantly in the flagellum length (t-test, df: 51-55, P < 0.05, figure 31),
with one exception: A.nguru and A.longicornis. P.arachniformis has the longest flagellum
(x: 12.7 mm), A. euthynota has the shortest flagellum (x: 8.6 mm). The length of the flagellum is
probably correlated with the body Iength and may represent nothing more than the size of the different
species. Jago (1983) used a relative length of the flagellum in his descriptions. Thus the flagellum
length has been divided once with the length of the pronotal prozona and once with the length of the
hind femur. In both cases al species proved to be significantly different with the exception of
A. usambarica and A. euthynota (t-test, df: 51-57, P < 0.05). Figure 32 shows the relative flagellum
length based on the length of the pronotal prozona.
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Fig. 31: Flagellum length (mean, standard deviation, range) of the five species; note the extremely long flagellum
in P. arachniformis (the low minimum in this speciesis caused by a specimen with rudimentary antennae) and
the similar flagellum length of A. longicornisand A. ngurul.
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Fig. 32: Relative flagellum length (mean, standard deviation, range) of the five species; A. euthynota and
A. usambarica isthe only pair of species, which does not differ significantly in this regard.
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Fig. 33: Length of the first two (usualy fused) flagellar segments (mean, standard deviation, range); the species
are arranged according to their body length. Again the low minimum in P. arachniformis is caused by the
specimen with vestigial antennae.
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5.3.3.2 Flagellar Segments 1+2

In many specimens of all species the flagellar segments 1 and 2 are fused. In some P. arachniformis
specimens, a suture was visible in the first segment, indicating that this may consist originally of two
segments again. However, the homology of the measured segments is out of question, since the shape
of the following segments is rather typical. The length of the first two flagellar segments differs
significantly among all species (t-test, df: 56-59, P < 0.05, figure 33). It correlates with other length
measures, such as the flagellum length (R = 0.90), the length of other flagellar segments (all R > 0.8)
or the length of the hind femora (R = 0.87). In the widths of flagellar segments differences are less
pronounced than in lengths measures (figure 34). This is also true for the flagellar segment 2, which
does not differ significantly in this regard among four of the species. Only A. euthynota differs
significantly from all other species in this character (t-test, df: 56-59, P< 0.05). To illustrate the
proportions of the basal flagellar segments, the ratio of the length of segment 1+2 and the distal width
of segment 2 has been calculated. All species differ significantly in this regard, with the exception of
A. usambarica and A. nguru (t-test, df: 56-59, P < 0.05, figure 35).
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Fig. 34: Width of the second flagellar segment (mean, standard deviation, range) of the five species; the species
are arranged according to their body length; note the significantly lower valuesin A. euthynota.
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Fig. 35: Proportions of the first two (usually fused) flagellar segments, based on the length and distal width of the
five species (mean, standard deviation, range); the species are arranged according to their body length;
A. nguru and A. usambarica do not differ significantly in this regard.
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Fig. 36: Length of head (mean, standard deviation, range) of the five species; the species are arranged according
to their body length; in this case A. nguru differs not significantly from A. usambarica and A. longicornis
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Fig. 37: Width of head (mean, standard deviation, range) of the five species; the species are arranged according
to their body length; in this case A. usambarica and A. longicornis differ not significantly from each other;
note the extremely broad head of P. arachniformis.
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Fig. 38: Interocular distance (mean, standard deviation, range) of the five species; the species are arranged
according to their body length; P. arachniformis has a small interocular distance compared to its body size,
caused by itslarge protruding eyes.
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5.3.3.3Head

The length of the head differs between nearly all species (t-test, df: 56-59, P < 0.05, figure 36).
Exceptions are the groups A. usambarica / A. nguru and A. nguru / A. longicornis. A. euthynota has
the shortest head (x = 3026 um) and P. arachniformis has the longest head (x = 3768 um). The head
width also differs significantly between most of the species (t-test, df: 56-59, P < 0.05, figure 37). In
this case only A. usambarica and A. longicornis do not differ. If the species are arranged according to
their body size, it becomes obvious that P. arachniformis has an extremely broad head. Thisis caused
mainly by the large, protruding eyes. Figure 38 illustrates the interocular distance of the five species
examined. It is obvious that the interocular distance in P. arachniformis is lower than in most of the
Afrophlaeoba species, despite its broader head. In Afrophlaeoba the interocular distance seems to
increase in relation to the body size. No significant differences were found between the species pairs
A. usambarica / A.longicornis, A. usambarica / A. nguru, and A. euthynota / P. arachniformis. All
other species pairs differed significantly in this character (t-test, df: 56-59, P < 0.05).

5.3.3.4Vertex

The vertex length differs in the case of six of the ten species pairs (table 34, figure 39). The only
species, which is differing from all other species is A.euthynota. It has a very short vertex

(x = 856 um) compared to the other species (x = 1051-1081 pum).

1300 +

1200 +

1100 +

H
o
o
o
|
T

900 +

800 +

700 +

Length of vertex [m]

600 +

500 +

400 1 1 1 1 1
A. euthynota  A. usambarica A. nguru A. longicornis  P. arachniformis

Fig. 39: Length of vertex (mean, standard deviation, range) of the five species; the species are arranged according
to their body length; note the extremely short vertex in A. euthynota.
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Tab. 34: Significant differences (P < 0.05) and species pairs which do not differ significantly (n.s.) in the vertex
length. Note that A. euthynota is the only species, which differs significantly from all other species.

Vertex Length |A. usambarica A. euthynota A.longicornis  A. nguru

P. arachniformis n.s. P<0.05 n.s. P<0.05
A. usambarica P<0.05 n.s. P<0.05
A. euthynota P<0.05 P<0.05
A. longicornis n.s.

The ratio vertex width / vertex length is negatively correlated with the body length (figure 40). In
P. arachniformis it is in mean 1.01, while in A. euthynota it is in mean 1.20. All species differ
significantly in this character, with the exception of A. longicornis and A. usambarica (t-test, df: 56-
59, P < 0.05).
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Fig. 40: Ratio of the vertex width to the vertex length (mean, standard deviation, range) of the five species; the
species are arranged according to their body length; the ratio decreases with body length. It is extremely high
in A. euthynota and extremely low in P. arachniformis.

5.3.3.5 Pronotum

The ratio of the posterior distance between the lateral carinae of the pronotum and the anterior
distance varies in mean from 1.07 (A. usambarica) to 1.11 (A. longicornis) for Afrophlaeoba, but
reaches 1.42 in P. arachniformis (figure 41), caused by the diverging lateral carinae in this species.
A. euthynota, A.longicornis and A.nguru do not differ significantly in this regard, while
A. usambarica differs from the other Afrophlaeoba species (t-test, df: 56-59, P < 0.05). The average
ratio of the prozonal length to that of the metazona ranges from 3.06 to 3.11 in Afrophlaeoba, while it
is 2.82 in P. arachniformis (figure 42). No significant difference was found within Afrophlaeoba,
while P. arachniformis differs significantly from all other species (t-test, df: 56-59, P < 0.05).
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Fig. 41: Ratio of posterior intercarinal distance to the anterior intercarinal distance (mean, standard deviation,
range); the species are arranged according to their body length; note the relatively large intercarinal distance
of P. arachniformis.
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Fig. 42: Ratio of prozona length to length of metazona (mean, standard deviation, range); the species are
arranged according to their body length; note the comparatively short prozonain P. arachniformis.

5.3.3.6 Tegminae

The average ratio of the tegmen length to its width ranges from 3.34 to 3.53 in Afrophlaecba, while it
is 2.29 in P. arachniformis (figure 43). No significant difference was found between A. nguru,
A. euthynota and A. usambarica and between A. longicornis and A. nguru. P. arachniformis differs

significantly from all other species (t-test, df: 56-59, P < 0.05) and there is only little overlapping.
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Tegmen length / tegmen width
N
a1

0 1 1 1 1 1
A. euthynota  A. usambarica A. nguru A. longicornis  P. arachniformis

Fig. 43: Ratio of tegmen length to tegmen width (mean, standard deviation, range); the species are arranged
according to their body length; note the broad tegminae in P. arachniformis.

5.3.3.7 Hind Femur

The proportions of the hind femora were calculated by dividing the length by the width. The only
intrageneric differences found were between A.longicornis and A. euthynota and between
A. longicornis and A. nguru (t-test, df: 56-59, P < 0.05, figure 44). A. longicornis has a more slender
hind femora (x: 5.2, range: 4.6-5.7) than those two species (x: 5.1, range: 4.6-5.6), but the overlap is
high. The hind femora of P. arachniformis are stockier.

59 +

57 +

55 +

5.3 +

51+

49 +

Hind femur length / width

4.7 +

4.5 1 1 1 1 1
A. euthynota  A. usambarica A. nguru A. longicornis  P. arachniformis

Fig. 44: Ratio of hind femur length to hind femur width (mean, standard deviation, range); the species are
arranged according to their body length; note the broad femorain P. arachniformis.
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5.4 Resaults: Qualitative Characters

5.4.1 Antennae

Antennal characters proved to be highly variable. In all species there is a trend of the basal flagellar
segments to fuse (figure 45). In Afrophlaeoba this usually includes the first two flagellar segments,
while in P. arachniformis these are normally separated. The suture of the first flagellar segment in
P. arachniformis may indicate that this originally consisted of segments. In Afrophlaeoba this suture
is not visible. The homology of the flagellar segments can be followed from the shape of the
following segments. Since it remains unknown, whether the suture in the first flagellar segment of
P. arachniformis represents the apomorphous or plesiomorphous state, the numeration followed the
state of Afrophlaeoba. Additionaly, some more segments were fused in some specimens of all
species. These included fusions of the segments 1-3 and 4-5 or 1-4 and 5-6. Fusion events usually
generate contractions of the participating segments (figure 45). Generaly the first six to seven
flagellar segments are flattened, but in some specimens all segments are flattened. The variation of the

antennal charactersis high and no typical interspecific differences were found.

ud e1 e2

u?2 u3

Fig. 45: Basal flagellar segments of some specimens of Afrophlaeoba (u 1-u 4 = A. usambarica, e 1-e 3 =
A. euthynota, | 1-1 3= A.longicornis, n 1-n 3 = A. nguru); dotted lines represent visible sutures between
fused segments.

5.4.2 Frontal Ridge

The frontal ridge and the fronto-lateral angle of the frons are marked by clear carinulae in all
Afrophlaeoba species and P. arachniformis. The carinulae of the frontal ridge are continuous down to
the fronto-clypeal suture in most specimens. In some specimens they are flattened ventrally. The frons

are strongly sulcate in all species. No interspecific differences were found.
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5.4.3 Fastigium Verticis

The shape of the vertex is highly variable in all species. The strong median carinula extends across
the occiput, but it fades at the rear of the head. The fastigium verticis is usually concave, sometimes
flat, but never convex. The sides of the rear half are lightly divergent to the front. Anteriorly the
vertex can be obtuse- or acutangular. In some A. euthynota specimensiit is rounded due to the broader
shape of the vertex (see morphometrics). A part of the aerodynamic organ (a hairy field) described by
Weis-Fogh (1956) is present close to the eyesin all species. No interspecific differences were found

in the qualitative characters of the vertex.

5.4.4 Head and Compound Eyes

No differences were found in the shape of the eyes, the mouthparts or other parts of the head between
the Afrophlaeoba species. P. arachniformis differs from the Afrophlaeoba species in having large,

protruding eyes (see also morphometrics).

Tab. 35: Pronotum: Character states with number of specimensin each Afrophlaeoba species.

Character Character state A. longicornis A. nguru A. usambarica | A. euthynota
. divergent 4 4 2 0
'a‘ta]ff;ﬁtca””ae parallel 16 16 18 18
convergent 0 0 0 2
. divergent 5 2 8 4
;aﬁgafl carinae parallel 15 18 12 16
convergent 0 0 0 2
broad 8 12 6 10
Shape of slender 12 8 14 10
median carina high 12 8 12 8
low 8 12 8 12
broad 5 12 12 10
Shape of lateral slender 15 8 8 10
carinae high 15 8 10 12
low 5 12 10 8
Anterior sulcus crosses al carinae 20 20 20 20
Posterior sulcus V'S'.b.le ! 2 10 6
not visible 13 18 10 14
Pronotal shape coarse 20 20 20 20
. two frontal dots 18 20 19 20
Pronotal disc without those 2 0 1 0
Lateral lobe: concave 0 1 0 0
frontal margin straight 1 1 0 0
convex 19 18 20 20
Lateral lobe: with concavity 20 20 20 20
lower margin without concavity 0 0 0 0
Lateral lobe: concave 20 20 20 20
rear margin not concave 0 0 0 0
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5.4.5 Pronotum

The lateral cainae of the pronaum are usualy nealy paralel-sided in al Afrophlaeoba spedes
(table 35). In some spedmens of A.usambarica, A.longicornis and A. nguru the pronaal disc is
widened at rea or front. Only in some A. euthynota spedmens they are convergent forwards or
badwards. The shape of the lateral and median carinaeis variable from flat and broad to high and
dender in all spedes. The posterior sulcus (separating the prozona from the metazona) always crosses
al three cainag while the anterior sulcus is either not or only faintly visible. The pronaal disc is
aways coarse and wualy has ssme dark dats, of which two paral el dots can be found rea the front.
The latera lobe of the pronaum is nealy aways smilarly shaped with a straight or slightly convex
frontal margin (in ore spedmen a oncavity was foundventrally), a cncavity at the anterior lower

margin (the rea half is graight, bu sloping downwards) and a mncave rea margin.

5.4.6 Tegmina

The tegminae of al Afrophlaeoba spedes are rather similarly shaped. They are usualy at least
dightly expanded dstally and apicdly rounded. The anterior lower margin is graight or slightly
concave, the anterior upper margin straight to convex. The tegminae ae usually reading or dlightly
excealing the rea edge of the first abdaminal tergite. The number of veins varies from four to six, but
in most spedmens five veins are visible. The variation d these dharaders is correlated with the
tegminal length. Four veins were found comparatively often in A. euthynota, the spedes with the
shortest tegminae while A. longicornis more often had six visible veins and an oltuse-angulate goex
(table 36).

Tab 36 Examined tegminal charaders. Charader states with number of spedmensin ead Afrophlaeoba spedes.

Charader Charader state A. longicornis A. nguru A. usambarica | A.euthynota
. expanded distaly 17 20 16 18
Tegmina not expanded 3 0 4 2
. rounded 15 15 19 19
Apex of Tegmina obtuse-anguate 5 5 1 1
concave 4 10 9 2
Lower margin straight 16 10 11 17
convex 0 0 0 1
concave 0 0 0 0
Upper margin straight 9 7 4 8
convex 11 13 16 12
Yaway tergite 1 0 1 0 3
Apex reading: rea edge of tergite 1 19 16 20 17
half way tergite 2 1 3 0 0
4 4 2 5 7
Number of veins 5 11 16 13 11
6 5 2 2 2
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5.4.7 Abdomen

No clear differences were found in abdominal characters. The abdominal tergites of all specimens are
sharp carinate dorsally and lightly pitted. Tergite ten is always divided and obtusely angularly
emarginate. The subgenital plate is always rounded and bluntly pointed. The cerci are conical and
hairy. Only the relative length of the cerci and their shape is variable. In A. longicornis and A. nguru
the tips of the cerci are nearly aways exceeding the apex of the supra-anal plate, while in the smaller
species, A. usambarica and A. euthynota, only 50% of the specimens have such long cerci (table 37).

Thetip of the cerci usually point slightly ventrally, but in some cases they are straight.

Tab. 37: Examined abdominal characters, which proved to be variable. Character states with number of
specimens in each Afrophlaeoba species.

Character Character state A. longicornis A. nguru A. usambarica | A. euthynota
. . apex of supra-anal plate 18 17 10 10
Cerci reaching exceeding it 2 3 10 10
. . pointing ventrally 17 19 18 18
Tip of cerc straight 3 1 2 2

Tab. 38: Examined characters of legs, which proved to be variable. Character states with number of specimensin
each Afrophlaeoba species.

Character Character state | A. longicornis A. nguru A. usambarica | A. euthynota
lower outer lobe acutangulate 13 12 16 8
of hind knee rounded 7 8 4 12
10+2 1 1 0 2
Number of outer 11+2 2 3 2 4
dorsal spines 12+2 13 6 11 9
of right post-tibia 13+2 0 3 1 1
14+2 0 0 1 0
10+3 1 0 0 0
Number of inner 11+3 6 0 0 1
dorsal spines 12+3 9 12 11 14
of right post-tibia 13+3 0 1 3 1
14+3 0 0 1 0
10+2 1 1 0 2
Number of outer 11+2 ! 6 5 !
dorsal spines 12+2 8 8 9 9
of left post-tibia 18+2 2 3 4 1
14+2 0 1 0 0
15+2 1 0 0 0
10+3 0 1 0 2
Number of inner 11+3 2 2 5 7
dorsal spines 12+3 16 14 9 9
of right post-tibia 13+3 1 1 4 1
14+3 0 1 0 0
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54.8Legs

Some characters of the legs are variable, others proved to be very uniform. The lower outer lobe of
the hind knee variesin all species from acutangulate to rounded, while the lower inner lobe is always
rounded. The upper pair of lobes is always equal in length. Both, fore and mid-femora are aways
bicarianate above. All specimens have a longitudinal carinula on the outer side of the mid-femur and
the inner side of the fore-femur. The highest variation was found in the number of tibial spines (table
38). The differing sample sizes of posttibia characters are caused by missing single hind legs in some

specimens.

5.4.9 Epiphallus

The epiphalli of Afrophlaeoba are characterized by broad lophi merging into the broad posterior
lateral projections. The lophal interspace proved to be variable, depending on the dissection
technique. If the epiphallus is extracted with a pin, the epiphallic bridge may bend or even break. This
subsequently changes distances like the lophal interspace or the lateral projections. If the epiphallus
remained attached to the ectophallus, the lophal interspace was aways narrow, while it became
widened when the epiphalus was removed. This also leads to stronger lateral projections. The
distance between the ancorae was always broad.

The intraspecific variation in the shape of the lophi was higher than the interspecific variability. The
hind margin was dlightly concave or straight, the rear upper margin was always convex with a small
concavity often occurring at the front. The dimension of this concavity was variable and not specific.
In some cases the concavity produced a small elevation at the frontal edge. The frontal margin of the
lophi was aways steep but low. At the rear the lophi are curved outwards. Figure 46 illustrates some

examples of the similar lophal shape of the four species.

A. usambarica A. euthynota A. nguru A. longicornis

Fig. 46: Lophi shape of four Afrophlaeoba specimens, illustrating the high similarity. In each species some
variability was found, including the dimension of the concavity at the frontal upper margin and the angle of
the hind margin.
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5.5 Phenetic Relationships and Correlation with the Genetic Distances

Since no discrete dissimilarities were found within the genus Afrophlaeoba, a phylogenetic analysis
based on discrete characters was not possible. Instead a phenetic method was applied, using the roots
of the pairwise Mahalanobis distances as proposed by Blackith & Reyment (1971). The phenogram
inferred from neighbor joining and rooted with the outgroup P. arachniformis is given in figure 47.
The structure does not differ from the trees inferred with molecular data. The great distance between
P. arachniformis and the Afrophlaeoba species is clearly visible. The two groups euthynota-
usambarica and nguru-longicornis are branched together despite the unusual body dimensions of
A. euthynota. This is probably caused by the correction of the rate heterogeneity with the neighbor
joining method. If the UPGMA method was chosen, A. euthynota branched basally to the other
Afrophlaeoba species. Like in the genetic analysis the lowest distance was found between
A. longicornis and A. nguru. The distance between A. usambarica and A. euthynota is higher than the
distance between A.usambarica and A.longicornis or A.nguru. A strong correlation between
morphological and genetic distances (R* = 0.9837) was found (figure 48), which was mainly caused
by the high distances between Afrophlacoba and P. arachniformis. Within Afrophlaeoba the
correlation is lower (R? = 0.3664).

A. longicornis

A. nguru

A. euthynota

A. usambarica

P. arachniformis

Scale: — isapproximately equal to a distance of 0.001158

Fig. 47: Phenogram for the morphometric data inferred from the pairwise distances of the discriminant anaysis.
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Fig. 48: Ratio of hind femur length to hind femur width (mean, standard deviation, range); the species are
arranged according to their body length; note the broad femorain P. arachniformis.
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5.6 Discussion

5.6.1 Evaluation of the Identification Keys

Jago (1983 presents keys to all spedes of the genus Afrophlaeoba in his revision d the Phlaeohini.
According to these keys the main charader distinguishing Afrophlaeoba from Parodontomelus is the
shape of the lateral cainae, which are dmost paralel in Afrophlacoba bu divergent in
Parodontomelus. The high taxonamic value of this charader can be onfirmed from the
measurements. The posterior distance of the lateral carinaeis one of the most important charaders
discriminating P. arachniformis from Afrophlaeoba. The ratio of the posterior distance between the
lateral carinae ad the anterior distance is much higher in Parodontomelus than in Afrophlaeoba. It
clealy separates the two genera and is even a good charader for distinguishing them in the field. The
other generic charaders of Parodontomelus given by Jago (1983 are dso o high quality (Hochkirch
19991).

In the key to the males of Afrophlaeoba (Jago 1983, the first spedes keyed ou is A. nguru, which has
relatively short antennae and stocky hind femora (length to depth ratio 4.9. The measurements
presented above suggest that these charaders are nat reliable for identifying A. nguru. The flagellum
of the spedes is nat differing significantly from A. longicornis, which is the spedes with the longest
flagellum within Afrophlaeoba. The ratio of the flagellum length and the length of the pronaal
prozona ill ustrates that A. usambarica and A. euthynota and nd A. nguru have the shortest relative
antennal lengths. In A. nguru the relative antennal length is not always “equal to dstance from tip of
vertex to half way along secondabdominal tergite” (Jago 1983. In some caesit readesthe rea edge
of the abdaminal tergite two, which shoud be typica for the other spedes. The cmmparatively stocky
hind femora of A. nguru can be confirmed. The length to depth ratio has the smallest value (5.07)
within the genus Afrophlaeoba, bu in this regard it only differs sgnificantly from A. longicornis
(5.22. However, the overlap is very high and the dcarader is, therefore, na suitable for the
identification o the spedes. The two spedes A.longicornis and A.nguru are very similar in
morphametric feaures. The distance within the discriminant function between the spedes pair is the
smallest and the overlap higher than among other spedes of Afrophlaeoba. This can aso be
concluded from the dassgficdion statistics, in which four spedmens of A. nguru were asgned to
A. longicornis. This means that even by measuring 25 body dimensions a small uncertainty in
identification remains.

The second spedes keyed out by Jago (1983 is A. euthynota, which has a smaller body size. The
predse dtationis “small inseds, overall length from tip o vertex to apices of folded hind femora
17mm.” The body sizeistruly avery typicd charaderistic of A. euthynota. In al measures of lengths
A. euthynota is the small est spedes within the genus. Thisisill ustrated by the high distances between

A. euthynota and all other Afrophlaeoba spedes and by the high importance of length measuresin the
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discriminant function, separating A. euthynota. The overall |ength was not measured for this analysis,
sinceit is prone to measurement errors (e. g. the angle, in which the hind femora ae folded). In the
case of the spedmens with the longest femora and pronaa the overall | ength was measured with an
ocular micrometer. In these cases the length varied from 17.520.5mm including the stretched hind
legs, while the smallest A. usambarica spedmens were dways = 20.7mm long. The multivariate
analysis reveds that the best measure for distinguishing A. euthynota from other spedesis the length
of the vertex, which usualy ranges from 749 um to 930um. The small est vertex length measured in
A. longicornis was 939um, in A.usambarica 941um and in A.nguru 958um. However, ore
spedmen o A. euthynota (€125 had an extremely long vertex of 1054um, which causes a wrong
clasdficdion. This pedmen also has the longest prozona and the longest hind femur. On the second
canoricd variate (CAN2) of the discriminant analysis excluding P. arachniformis (figure 24), the
spedmen was plotted in the A. usambarica group. Several causes for such an oulier can be imagined.
Sincethe spedmen was plotted onCAN1 in the range of A. euthynota, mislabelli ng is rather unlikely,
athough it canna be mmpletely excluded. Mistakes in measurement can be negleded, since dl
doultful measures were proved. Probably the spedmen just represents a “red” outlier, which can be
foundin al popuations.

In the last step of his key, Jago (1983 distinguishes A.usambarica and A.longicornis. For
A. usambarica he mentions that the pronaal disc is dightly widened at the extreme front and rea. In
A. longicornis he describes that the pronaal prozona is paralel-sided o dightly convergent to the
front. The measurements of the pronaa disc and the examination o qualitative charaders do nd
confirm these observations. All spedes have very similarly shaped pronaa discs with more or less
parallel lateral carinae Sometimes the lateral carinae ae slightly diverging to the front, but only in
two spedamens of A. euthynota they are slightly convergent.

It is obvious that the identificaion key to the males of Afrophlaeoba given by Jago (1983 is nat
suitable. The overlap of measures is very high in most of the morphametric charaders, and there ae
no dstinct differencesin the qualitative dnaraders. The only spedeswhich is easy to dstinguish from
the eternal morphametrics, is A. euthynota, which is the smallest spedes within the genus.
A. longicornis and A. nguru are very similar and even on CAN3 their plots overlap dlightly, although
they differ significantly. According to Bladith & Reyment (1971) difficulties in using keys for the
identification frequently arise from the fad that they are built on monahetic principles. They state
that “it has to be almitted that sometimes dichotomous keys, espedally thase deding with rare
material of which the constructor may have seen few spedmens, or have been compelled to rely on
ealier descriptions which themselves have been of poa quality, are partly incorred.” This proved to
be true dso for Afrophlaeoba. Based uponthe findings from the multivariate analysis, it is not
posshle to present a new key to the spedes, using only a few morphdogicd charaders. While

A. euthynota may be distinguished qute eaily, measurements of many charaders are nealed to
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discriminate the other spedes. Apparently, at present the use of genetic analyses represents a more
powerful tod for identification than morphdogy, although it has to be amitted that the genetic
intraspedfic variability of the spedes remains virtually unknown. For pradica reasons, the location
remains the most suitable field charader for identification. Although this may not be sufficient from a
taxonamicd point of view, the dea discrimination d the four spedes in multivariate space

demonstrates that such asimplificaionis quite reliable.

5.6.2 Evaluation of the Descriptions

Due to the deficient quality of the keys the question arises, whether the descriptions are more suitable
for the identification. Three of the four Afrophlaeoba spedes known were described by Jago (1983,
and A. usambarica (RAMME, 1929 was redescribed in the same paper. While the redescription o
A. usambarica is rather long, the description d the other three spedes are cmparatively short and
often based uponcomparisons of measurements with ore of the other spedes, mostly A. usambarica.
The tharaders used in the description will be discussd in the foll owing part. The order, in which the

spedes are discussed and al statementsin qudation marks refer to Jago (1983.

A. euthynota JAGO, 1983

According to Jago (1983 this gedes “resembles a miniature of A. nguru.” Concluded from the
morphametric distances, it is plotted nearer to A. usambarica than to A. nguru. A. euthynota is small er
than the other spedes in al charaders, including the antennae This confirms Jago's (1983
observations. The relative length of the flagellum is dgnificantly smaller in A. euthynota than in
A. nguru and A. longicornis. However, it does nat differ from A. usambarica in this regard. The
statement that the aitennae ae only “weakly widened basally” is true on an absolute scde, bu nat
with regard to its length. A. euthynota is the only spedes, which dffers ggnificantly from the other
spedes by narrower flagellar segments 2 and 3.The length to width ratio of the flagell ar segment 1+2,
however, is sgnificantly smaller (x: 2.25 than in the other spedes (2.4-2.7), which means that the
relative width is higher. Sincethe width of segment 2 is not correlated with length measures, it is also
lessbroad in the spedmen €125, which is extremely large in al measures of lengths and dotted with
A. usambarica on CAN2. This sippats the hypothesis that the spedmen is a red outlier and nd
mislabelled.

The vertex of A. euthynota is shorter and kroader in propartion (width to length ratio 1.2 than in the
other Afrophlaeoba spedes (1.1). It isnat narrower, as sated by Jago (1983. The propartions and the
shape of the vertex are highly variable in all spedes, bu the charader proved to be the strongest for
discriminating A. euthynota. Although A. euthynota is the only spedes in which convergent pronaal
cainae «ist, most spedmens examined had parallel carinag which charaderistic for all other
Afrophlaeoba spedes. The cainae ae nat typicdly “dlightly widened at front” and rea, as described
by Jago (1983. The ratio o the length of the pronaa prozona to the length of the metazona is not
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significantly differing from any of the other Afrophlaeoba spedes. It isin mean 3.11and nd “less
than threetimes.” The emargination d the rea margin of the pronaa metazona is highly variable in
al spedes and nospedfic shape was found.Asit istrue for all measures of lengths, A. euthynota has
the shortest hind femora. However, urike statements by Jago, they are not more slender than in
A. nguru, bu they differ from A. longicornis, which in mean has more slender femora than any other
Afrophlaeoba spedes. The overlap in this charader is very high and ory the outgroup
P. arachniformisis obviously differing from the other spedes. Theratio of the upper inner areaof the
hind femur to its upper outer areahas been ignored, asiit is too sensitive to minimal changes of the
angle, in which the femur is viewed and to the aeg in which the measurement is taken.

Different from Jago’'s (1983 observations, the propation d the tegmina of A. euthynota is not
significantly differing from A. usambarica, bu rather from that of A.longicornis. It is 2.80to 4.18
longer than wide (x: 3.37). Tegminal charaders ®em to be highly variable, but somehow correlated
with the body length. Epiphalli c diff erences between the spedes were not found. The three haraders
mentioned by Jago (1983, the lophal interspace the posterior lateral projedions and the distance
between the ancorae proved to be sensitive to dssdion techniques. The eiphalli ¢ bridge may bend
or even bregk, when the guiphallusis pulled ou with apin. This processwill subsequently change the
lophel interspace ad the lateral projedions or the distance between the ancorae The low values of
these dharaders can aready be wncluded from comparing the drawings of the eiphallus of
A. usambarica by Jago (1983 and Popov (in press. Thelophal interspaceis much broader in Popov’s
drawings than in Jago’ s drawings and resembles the state of A. longicornis presented by Jago (1983.
In the sister genus Parodontomelus other epiphalli ¢ charaders proved to be more useful, in particular
the shape of the loph (Hochkirch 19990). However, even these proved to be variable in Afrophlaeoba
and nointerspedfic diff erences were found. Table 39 compares sme measurements of Jago’'s (1983
description with own measurements. The table illustrates that Jago (1983 missd the high
intraspedfic variability, becaise he examined orly few spedmens.

In conclusion, it is obvious that many of Jago’'s (1983 observations canna be confirmed and most
charaders have very high overlaps. The statement that A. euthynota differs from all other spedes by
the smaller size and popartionaly shorter antennae ca be confirmed. The only suitable charader for
identifying A. euthynota, however, is the vertex length, in which oy one outlier was found,grouping

with A. usambarica.

Tab. 39: Comparison of Jago’'s (1983 and own measurements of A. euthynota

Jago (1983; n=7 Own measurements; n = 28
Head width 2.07-2.48(x: 2.25 2.31-2.68(x: 2.47)
Tegminal length 2.002.72(x: 2.27 1.903.17(x: 2.57)
Tegminal width 0.67-0.81(x: 0.74 0.600.89(x: 0.77)
Pronaa length 2.553.07(x: 2.77) 2.77-3.31(x: 2.99
Hind femur length 9.52:10.90(x: 10.09) 9.1611.25(x: 10.13
Hind femur depth 1.81-:2.13(x: 1.99 1.792.30(x: 1.99
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A. longicornis JAGO, 1983

According to Jago (1983 this pedes foud be “closely similar to A. usambarica.” The discriminant
analysis owed that the spedes that is most similar to A.longicornis is A.nguru and nd
A. usambarica. Of course, al spedes are very similar in the outer appeaance and withou a
morphametric analysis they are difficult to distinguish. Jago's (1983 description d the spedes is
based onthe differences to A. usambarica. Amazingly, A. usambarica and A. longicornis are the only
spedes, which do na differ significantly from ead ather in the propation d the vertex, in contrast to
Jago’'s (1983 observations. The lateral pronaal carinae of A.longicornis are usualy parallel or
dightly widened at the front and nd “parallel or dightly convergent forwards.” No interspedfic
diff erences were foundin the propation d the prozonal length to the length of the metazona, but the
mean o 3.06is consistent with Jago’'s (1983 description. The taxonamic value of the shape of the
outer genicular lobes semsto be very low, as they are highly variable in al spedes. The hind femora
proved to be significantly more slender asin A. euthynota and A. nguru, bu not as in A. usambarica,
as dated by Jago (1983. The only observation, which proved to be true is that of alonger and more
dender shape of the tegmina, compared to A.usambarica. However, athough the tegmen are
significantly longer (x: 3136um) than in A. usambarica (3018um) and A. euthynota (2572um), the
overlap with A. usambarica is dill grea. They are dso more slender (x: 3.53times longer than broad)
than in A. usambarica (3.34), but again with a high overlap (range 2.954.57 for A. longicornis and
2.784.18for A. usambarica). Jago dces not describe the epiphallus, but afigure isincluded, which is
charaderized by abroad lophal interspace As dated above, this charader is prone to errors. It can be
seen from table 40 that the examination o longer series of spedmens increased the variability of
Jago’s (1983 measurements in most cases.

In conclusion, A. longicornis canna be eaily distinguished from either A. usambarica or A. nguru.
The lowest overlap between A. usambarica and A. longicornis was foundin the paosterior distance of
the lateral carinae of the pronaum, which is usually higher in A. longicornis. In a multivariate plot,
however, A. usambarica and A. longicornis are represented by distinct groups. In the dasdficdion
statistics only one A. longicornis was assgned to A. usambarica, bu threewere assgned to A. nguru,

indicating the dose morphametric relationships between the two spedes.

Tab. 40: Comparison of Jago’'s (1983 and own measurements of A. longicornis

Jago (1983; n =4 | Own measurements, n = 31
Head width 2.602.75 2.51-2.92(x: 2.66)
Tegminal length 2.903.40 2.733.76(x: 3.14
Tegminal width 0.841.10 0.76:1.00(x: 0.89
Pronaal length 3.51-3.66 3.143.74(x: 3.42
Hind femur length 11.4912.28 10.2912.71(x: 11.68
Hind femur depth 2.11-2.41 2.052.45(x: 2.24
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A. nguru JAGO, 1983

A.nguru is a larger spedes than A.euthynota and A.usambarica and rather similar in length
compared to A. longicornis. The spedes is not “smaller... than either usambarica or longicornis’
(Jago 1983. The pronaa prozona is even significantly longer than in A.longicornis. Like in
A. longicornis, Jago (1983 described the spedes on the basis of differences to A. usambarica. As
stated above, the fastigium verticisis highly variable and its shape nat suitable for distinguishing the
spedes. A fading median dasal carinula of the vertex, described by Jago (1983, can be foundin all
spedes to some degree This was aready mentioned by Ramme (1929 in his description o
A. usambarica. According to Jago (1983 the pronaal prozona shoud be “twicein length” compared
to the length of the metazona. Considering the examination d the typesit can be concluded that thisis
obviously wrong. In the spedmens guded the ratio varied from 2.7 to 3.6with a mean of 3.1. The
lateral cainae ae parallel or dightly widened at the rea and the front, bu never “corverging
forwards.” Jago’s drawing of the epiphallusis charaderized by wedk posterior lateral projedions and
anarrow lophal interspace charaders that proved nd to be stable. Comparisons of measurements are
given in table 41. The four spedmens measured by Jago (1983 proved to be smaller than those
colleded in 1998with regard to nealy all charaders.

The spedes is insufficiently described. It can be @ncluded from the discriminant analysis that this
spedes sgnificantly differs from al other spedes, bu not one single charader separates this gedes
from A. longicornis. The strongest variable separating those two spedes is the width o the tegmen,
but the overlap is very grea. Even if 25 charaders are included in a multivariate analysis, the two
spedes canna be separated completely. Three spedmens of A.longicornis were dassfied as
A. nguru in the dassficdion statistics.

Tab. 41: Comparison of Jago’'s (1983 and own measurements of A. nguru

Jago (1983; n =4 | Own measurements, n = 30
Head width 2.482.61 2.552.89(x: 2.71)
Tegminal length 2.323.04 2.863.77(x: 3.19
Tegmina width 0.770.97 0.831.05(x: 0.94
Pronaal length 3.083.46 3.253.86(x: 3.50
Hind femur length 10.0610.78 10.7713.22(x: 11.60
Hind femur depth 2.152.28 2.122.66(x: 2.29

A. usambarica (RAMME, 1929)

A. usambarica is the best described spedes of the genus, since Jago (1983 redescribed the spedes as
areferencefor his other descriptions. Most of his and Ramme’s (1929 observations proved to be true
for A. usambarica, bu also for the whole genus. In the following part only differences to Jago’'s
(1983 and Ramme's (1929 observations are discussed. Jago (1983 does nat mention the tendency of
flagellar segments to fuse. An examination d the holotypes and the paratypes at the Natural History
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Museum (Londor) showed that no fusions occurred in these spedmens (this does nat include the
posshle fusion d the first two flagellar segments which is visible in P. arachniformis). All flagell ar
segments measured in this gudy were longer than wide. Segment 4 is nat “aslong as wide.” The first
six to seven segments are flattened, sometimes even the awmplete flagellum. The tendency of the
flagellar segments to fuse and the high variation d their lengths suggest that these dharaders are not
suitable for the identification d any spedes within the genus. The vertex is nat always “acutangular
anteriorly”, sometimes it is obtuseangular (in al spedes) or even rounded (in A. euthynota). Ramme
(1929 describes the vertex of A. usambarica as anteriorly rounced. Different from Ramme’s (1929
observations, the vertex is also na always dightly longer than wide, but the range of the width /
length ratio varies from 0.98to 1.23.

The lateral cainae of the pronaum are not aways “lightly and equally divergent anteriorly and
posteriorly”, as proposed by Jago (1983. Usualy they are paralel or lightly divergent. The
emargination d the rea edge of the metazona is variable and nd aways “broadly obtusely angularly
emarginated.” The lower margin of the tegminais not convex, as described by Jago (1983, but rather
straight or concave. The tegmen are in mean 3.34times longer than wide (not “abou four times’),
ranging from 2.78to 4.18in A. usambarica. The number of visible tegminal veins varies from four to
six, bu five veins are visible in most spedmens, as described by Jago (1983. The ceci tips do nd
aways “level with apex of supra-anal plate.” In 50% of the spedmens they are shorter. The shape of
the lower outer lobes of the hind knee is variable and nd aways “acutangulate.” The number of
posttibial spines is variable, but most spedmens had 12 ouer spines and 12inner spines. Jago's
(1983 drawing of the eiphallus shows drong lateral projedions and a medium lophal interspace bu
these charaders canna be confirmed. The measurements given below (table 42) are quite similar to
those of Jago (1983. This is probably due to the longer series of spedmens examined by him in this
spedes.

Again it is difficult to find any charaders sparating A. usambarica clealy from A. nguru and
A. longicornis. However, the discriminant analysis $howed, that it is easier to dstinguish than the
latter spedes pair. The antennae ae shorter than in these spedes (also in relation to the body length).
The third flagell ar segment is very short, and realy all segments are comparatively broad. The fourth,

the sixth and the ninth segment proved to be significantly broader than in A. longicornis and A. nguru.

Tab. 42: Comparison of Jago’s (1983, Ramme's (1929 and own measurements of A. usambarica

Jago (1983; n=7 Ramme (1929; n=1 | Own measurements; n = 30
Head width 2.552.80(x: 2.67) - 2.462.84(x: 2.66
Tegminal length 2.863.37(x: 3.07) 3.3 2.67-3.51(x: 3.02
Tegminal width 0.90-1.07(x: 0.99 - 0.71-1.02(x: 0.9
Pronaa length 3.153.57(x: 3.33 3.4 3.01-3.60(x: 3.27)
Hindfemur length | 11.2411.90(x: 11.57 11.8 10.6212.21(x: 11.29
Hind femur depth 2.142.46(x: 2.31) - 2.002.46(x: 2.19
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5.6.3 Morphological Discontinuity

Only one spedes, A. euthynota, is distinguishable by using ore single charader (the short vertex). In
the other spedes no single dharader by itself can be used to discriminate between the spedes, bu
most of them can be dealy distinguished from ead cther in a multivariate cntext. There is a
substantial morphdogicd discontinuity in all body dimensions between the four spedes of
Afrophlaeoba. Thus, the discriminant analysis provides morphametric charaders for separating the
morphdogicdly very homogenous group. Only a few spedamens fall into ead other’s data doud,
espedally the two spedes A. nguru and A. longicornis, which have the smallest morphametric and
genetic distances. Hence, ead o the spedesisdistinct in morphametric space

According to Slaney & Weinstein (1996 morphdogicd modificaions are likely to occur in
popuations, which have been isolated, experienced stronger seledive presarres, or have agreaer
fixation rate of genetic mutations within a popuation. Thus a separation d the popuations ems
likely. This can aso be inferred from the dose restriction d the genus Afrophlaeoba to the Eastern
Arc (Jago 1983 and the general fragmentation o forests. Of course, this picture might be influenced
by the low availability of distribution records. However, grasshoppers have been colleded in
substantial parts of Tanzania, bu nowhere Afrophlacoba has been found in dy woodand o
grasdand, so far.

The dose morphametric relationship between A. nguru and A. longicornis suppats the hypothesis
that these two spedes have been separated rather recently. The low Mahalanokis distance is
consistent with the low genetic distance. A final solution d the question, whether a habitat conredion
between the two spedes dill exists or nat could oy be found ly intense wlledion effortsin the aea
between the two sites. It cannd be excluded that the unusual body dimensions of A. euthynota are
influenced by environmental fadors, since the habitat from which the spedes was obtained was
locaed at nealy tredess stes at higher atitudes with a high radiation. The high amount of parasitic
mites (see hapter 7) may indicate the high degreeof disturbance of the habitat.

5.6.4 Taxonomic Rank

For pradicd reasons al four spedes have been described as morphospedes. Hence ore would exped
that qualitative morphdogicd differences clealy distinguish them. Ramme (1929 arealy redised
that many charaders of grasshoppers are variable within spedes and sometimes even within
popuations, which leads to wrong descriptions, if only a few spedmens are examined. This was
probably the cae in the paper of Jago (1983. He examined ony four spedmens of A. longicornis and
A. nguru and seven spedmens of A. euthynota and A. usambarica. Since Jago dseded ony few
spedmens, he missed the intraspecific variability of the genitalia. From this point of view the missng
gualitative differences between the spedes auggest that they may be conspedfic. The male genitalia

are similar enowgh to consider them to be subspedes of the same taxon. At least A. longicornis and
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A. nguru are geneticdly extremely closely related and they are morphdogicdly difficult to identify.
Since genetic drift will lead to clea morphdogicd differences even between closely located
popuations (Gries et al. 1973, the present taxonamic rank of at least these two spedes must be
severely doulted. On the other hand, in some taxa no morphametric diff erences occur, athough they
can be dealy distinguished by quditative charaders (Burckhardt & Basst 2000. Spedes of the
grasshopper genus Chrotogonus SERVILLE, 1838 can orly be multivariately identified or by a
dissdion d the genitalia (Blackith & Kevan 1967. This demonstrates that morphdogicd charaders
aone ae not suitable to provide an answer to the questions of the spedes datus (Mayr 1942).
However, dthowgh o becaise isolation may not be given, it is reasonable to suggest a fairly recent
divergence of these two taxa. A final conclusion regarding the spedes datus is only possble by
testing their potential to interbread, which is experimentaly difficult and nd meaningful for the
reseach oljedives of this dudy. The problem will be discussed further, after the communicative
behaviour has been dedt with.

5.6.4 Phenetic Relationships

The neighbar-joining phenogram depicts phenetic relationships based onthe morphametric distances.
This may be interpreted as a phylogenetic treg if morphametric charaders do nd evolve in
abnamally different rates (Bladkith & Reyment 1971). Omland (1997 suggested that morphdogicd
and genetic distances are usually highly correlated. This also seems to be the cae in the studied taxa.
A fador, which is often thought to cause diff erences between a phenetic treebased onmorphametrics
and the “red phylogeny” is the alaptation to locd emlogicd condtions (Sites & Willi g 1994). This
might be refleded in the small body dimensions of A. euthynota, which was coll eded from the highest
locaions with the highest degree of disturbance (see dapter 7). However, the neighba joining
analysis correds the rate heterogeneity and, therefore, the spedes was branched with A. usambarica.
In an UPGMA phenogram A. euthynota would branch basally to the other Afrophlaeoba spedes, since
this analysis does not corred different evolutionary rates. The structural similarity of the neighbar
joining phenogram and the trees inferred from MIDNA data is quite a good argument for the
soundressof ead method. Unfortunately, there is no statistic method avail able to test the cnfidence
of a phenetic tree based on dstances alone. It merely represents the shortest way to conred the
spedes in morphametric space Due to the missng discrete diff erences, this typdogicd technique to

conred spedes was the only methodavail able, to find any hierarchicd structurein the data.
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6 Communication Behaviour

6.1 Introduction

The cmmmunicative behaviour of grasshoppers has been studied intensely due to the anspicuous
songs of European grasshoppers. Aristotle mentioned the song production d grasshoppers by rubking
with the hind legs already 330BC (Thompson 1910. Some aithors described the songs of several
European Orthoptera dready in the midde of the 19" century (Von Siebold 1843 and Yersin (1854
illustrated them by musicd notation and redised the high value for identificaion. The first
identification key for Orthoptera entirely based ontheir songs was provided by Faber (1928. He dso
established the spedes gatus for the two closedy related spedes Chorthippus parallelus
(ZETTERSTEDT, 1821 and Chorthippus montanus (CHARPENTIER, 1825, based upontheir sound
production (Faber 1929. The extensive descriptions of the behaviour of European grasshoppers
pioneaed by Faber (1953 and Jambs (1953 were followed by detail ed studies of the songs from the
ethologicd (von Helversen 1979 and taxonamicd point of view (Ragge & Reynads 1999. In Africa
taxonamicd studies based onsongs are rare and mainly focus on Tettigoniidae and Grylli dae (Bailey
1975, Pitkin 1977,0tte & Cade 1983, Rentz 1988. Only few descriptions of songs of Acrididae ae
avail able (Green 1995. Thisis partly caused by the fad that sound poduction in the ammmunicative
behaviour of Acridoideais absent in many “primitive” groups, whil e it evolved independently in some
subfamilies, such as Gomphaceinae or Oedipodnae which daminate in Europe. The “silent
majority” of grasshoppers communicate by visual means, usualy by signals of the hind legs or
antennae (Otte 1970, Riede 1987. It is reasonable to suggest that sound poduction is derived from
such visual signalling (Bailey 1991). Some typicd visua signals include “kneewaving”, “femur-
shaking” and antennal movements (Riede 1987. The spedal value of songs and aher kinds of
communicative behaviour in taxonamy stems from the fad that they form a mate recognition system
and are thus likely to be particularly reliable (Ragge & Reyndds 1998. In the sibling spedes
Chorthippus brunneus (THUNBERG, 1815, Ch. mollis (CHARPENTIER, 1825 and Ch. biguttulus
(LINNAEUS, 1758 the songs ®an to provide the only barrier for interbreading (Ragge & Reyndds
1998. According to Ragge & Reynadlds (1998, “songs are particularly useful in ... dedding on the
status of alopatric popuations showing small morphdogicd differences. Their use in asesdng
relationships between spedes, and therefore as atod in phylogenetics, is more limited.”

The intention d the analyses of the communicaive behaviour in this fudy was to examine
interspedfic diff erences and evaluate the importance & barriers. For this purpose 52 video sequences
were analysed and the movements of antennag hind legs and palpi were studied for the Afrophlaeoba
spedes and P. arachniformis. The analysis included the amplitude of the antennal movement in all
spedes and d the hind femorain P. arachniformis. The frequency of the movements was analysed as

well, including the number of strokes and the duration d adisplay.
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6.2 Methods

6.2.1. Video Records
The visual displays were recrded with a High 8 video camera (Sony video Hi8, CCD-TR310(E) in

the fiedld. The number of records per spedes differs aubstantially due to the rareness of displays
occurring. In some caes many hous or days of observations precaled a succesful observation d a
display. A total of 51 records were analysed. Most displays were recorded for A. euthynota, but only
26 d them were analysed. From the other spedes a substantialy smaller sample was obtained,
including eleven sequences of A. usambarica, four of A. nguru, four of A.longicornis and six of
P. arachniformis. All field records were obtained during the secondfield trip to Tanzania (table 43).
The temperature was usually noted duing the eologicd records obtained from the same spedmen. In
some Ca&®ES, however, the eologicd records had adready been finished
(P. arachniformis: 19.& 20.01.1998 A. nguru: 03.02.1998 and the temperature was then estimated
from the temperature measured at the same site and time one day before. With the exception o
A. euthynota, al spedes were recrded at temperatures between 24°C and 26C. The higher
temperatures of the A. euthynota records (c. 34°C) may have influenced the frequency and the
duration d the display, as was documented in Gomphacerinae songs (von Helversen 1973. The
angle, from which the video sequences were recorded, depended onthe drcumstances of the location.
In most cases it was not posshble to oltain records from the straight dorsal or the lateral view. This
influenced the angles measured for antennal or femoral movements, which have to be interpreted as

relative angles and nd as absol ute measures.

Tab. 43: Date, locditi es and altit ude of the video records.

Spedes | Dates | Locdity | Altitude | Temperature
A. euthynota 09.12.1997 Uluguru Mts. nea Morogoro €. 1200m c. 34°C
A. usambarica 06.01.1998 East Usambara Mts. near Amani | ¢.900m c.24°C

P. arachniformis | 17.,19. & 20.01.1998 | East Usambara Mts. nea Amani | ¢. 750m | c.2526°C
A. nguru 03.02.1998 Nguru Mts. nea Mhonda c.700m | c.2526°C
A. longicornis 11.02.1998 Rubeho Mts. nea Kilosa c.550m c.26°C

6.2.2 Videography

In videography, the image is analysed sequentially frame-by-frame. A full video frame isinterleaved,
i.e. composed of 50/s frames (20 ms per interleave). Provided that the movements exceal the
duration d a half-frame scan, al movements will be cgtured on the video. The frame-by-frame
analysis was made with a video player (Panasonic NV-HS 1000 and a monitor screen. The
measurements were performed by attaching a transparent film to the monitor and drawing one line
along the body axis and ancather along the antennae ad the upper edge (respedively the inner edge)
of the femora to the point where those lines med the body axis (figure 49). The angle between the

body axis and the femora and antennal positions was measured with a protrador (antennae
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front =0°, rea =18C, hind legs: rea =0°, front =180°"). The movements of the hind legs in
Afrophlaeoba proved to consist mainly of minor angles (up to 3), which are difficult to measure.
Hence the main and the minor strokes of hind leg movement were noted, to oltain at least the
frequency of the hind leg. Moreover, these hind leg movements were very fast and even the diredion
of the movement was difficult to dsentangle. This might also be caused by the threedimensional
charader of thase movements. Seen from above, a horizontal movement could be observed, while a
verticd movement was visible from the lateral view. Main hind leg strokes were noted with a “1”,
while minor movements were noted with “0.5” The video material had a resolution of 0.02 seconds
(25 Hz). Thus, 50 pctures had to be analysed for a video sequence of one second. The movements
were noted in a table, with ead cdl representing a new picture. In addition, the day, the time, the
temperature (if available), the orientation and the locaion d the insed and the view were noted.
Speaal fedures, such as the presence of another male or female or missng legs were noted as well .
The descriptions of visual displaysin literature ae too rare so that no uriversal terminology has been
proposed yet. Although the movements resembl e those of sound podtction, a different terminology is
required due to the different quality. In this dudy a display refers to an “echeme” in the sense of
Ragge & Reynadds (1998 and a stroke refersto a “syllable”.

Fig. 49: lllustration of the main movements of Afrophlaeoba, redrawn from a transparent film. The arows
indicate the main diredions of antennal and femoral movements. Both, the hind femora and the hind legs also
move in averticd direction, which is not ill ustrated. The angle of movements is measured in relation to the
body axis, represented by the cantral line.
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6.2.3 Statistical Analysis

From the video sequences the foll owing data could be obtained:

— duration d adisplay

— amplitude of ead antennal stroke (in P. arachniformis also of the hind legs)

— total amplitude of the antennaewithin adisplay

— frequency of the antennal movements and average per display

— number of antennal movements per display

— freguency of the hind leg movements and average

— number of hindleg movements

— freguency and number of palpi movementsin P. arachniformis

These measures were analysed unvariately and multivariately. The number of strokes per display
proved to be rather variable between the spedes and was aso influenced by the quality of the video
recrds. In some caes minor strokes precaling the analysed part were possbly overlooked o the
display started before recording. Therefore, some sequences had to be excluded from the multivariate
analysis. For the same reason the homology of single movements is difficult to assess It was dedded
to hamologise the strokes from behind to avoid errors based onincomplete recordings. From such
incompl ete displays the existing data, such as the frequency or the anplitudes of the last strokes were
included in the averages for the main descriptions and univariate analyses. Student’s t-tests were
performed on nomal distributed data. The highest P accepted was 0.05. Charaders, which were
present in most sequences (espedally the anplitude and the distance of the last strokes) were included
in a stepwise discriminant analysis. This method hes already been presented in the morphdogicd part
(chapter 5).
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6.3 Results

The visual display of Afrophlaeoba includes rapid synchronows movements of the hind legs and the
antennae These vibratory bursts are not continuous, but rather expressed in short rhythmicd strokes
with typicd intervals. Whil e the hind legs perform only minor vibrations (“femur shaking” sensu Otte
1970, the aatennae @ver larger amplitudes in most of the spedes. The hind legs are dlightly spread
from the ébdamen and thus a sound poductionis unlikely to occur. For ead spedes a description o
one typicd display is presented. A first chart ill ustrates the spatial pattern of the movement, whil e the
seand chart illustrates the difference to the situation d the previous frame, which alows a deaer
identification d the rhythm of the main strokes. In addition, the average anplitude of ead stroke and
the average frequency of the strokes is presented for ead spedes. In a second mrt the main
descriptors of the sequences of ead spedes are compared urivariately. The third part represents a

discriminant analysis of some parameters, which have been chosen acwrding to their avail abilit y.

6.3.1 Descriptions of the Visual Displays

A. euthynota

Most video sequences of displays were obtained from this gedes, and 26 ¢ them were analysed. In
comparison to the other spedes the temperature was much higher (c. 34°C), which might have
influenced the frequency and the duration d the display. A female was observed pusuing amale dter
adisplay. A typicd display (record rr. 4) is presented in the figures 50 and 51.Sincethe vibrations of
the hind femora ae synchronous, only one femur is presented. The hind femur movement is given in
different categories (0.5 for a minor movement, 1 for a major movement). The number of hind femur
strokes was eight and the frequency deaeased in the last threeintervals (5 Hz, 4.6Hz, 5.6Hz, 4.6Hz,
4.6 Hz, 3.6Hz, 2.6Hz). A similar rhythm could be observed in the antennal movements, but there was
one more stroke. The right antenna was nat visible very well and thus it showed smaller amplit udes.
The angle of the left antenna to the bodyline was rising with ead stroke, representing a movement to
the rea. With the last stroke arapid forward movement of the left antenna could be observed. Each
stroke was charaderized by a major movement in ore diredion and a following smaller movement
badk. The anplitude of the antennal movement increased with ead stroke (Fig. 50 1°, 2°, 3°, 8, &,
14, 19, 32, 58). The cmmplete anplitude of the left antenna was 82° with a highest velocity of
2,200 per sec. The rhythmicd patterns of the antenna and the femur were highly synchronized. The
length of the display was 2.48secndks.
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Fig. 50: Charaderistic, continuous squence of the male visual display in A. euthynota (record 4, 09.12.1997,
10:19, c. 34°C, dorsal view, location: led of aforb)
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Fig. 51: Relative movements of hind legs and antennaein relation to the preceding position of A. euthynota
(record 4,09.12.1997, 10:19, c. 34°C, dorsal view, location: led of aforb)

Figure 52 ill ustrates the development of the arerage frequency with ead interval of the complete
A. euthynota data set. The number of strokes per display ranged from five to eleven, with an average
of 7.83(s.d.. 1.40. It is visible that the frequency of the first strokes was around 5Hz on average,
while it deaeased in the last strokes to 3-4 Hz. This deaeasing rhythm of the frequency seemsto be
rather typicd. The total average of the frequency was 4.4Hz. The mean amplitude of the antennal
movement incressed with ead stroke, as illustrated in figure 53. The diredion d the antennal
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movement was variable between the sequences, bu often an increasing angle was observed due to the
low resting paosition d the antennae (c. 30°). The mean total amplitude was 41.9, bu the variation
was very high (s.d.: 20.1°). The average of the highest velocity per display was 1,270 per secmnd. A
display lasted 1.73seconds (s.d.: 0.29 on average. In summary the visual display of A. euthynota was
charaderized by antennal movements of medium amplitude and short duration with a comparatively

high frequency, which deaeased during the display.
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Fig. 52: Development of the frequency of the strokes of A. euthynota with ead interval (mean, standard
deviation, range). The frequency istypicdly deaeasingfrom 5to 3-4 Hz.
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Fig. 53: Development of the amplitude of the antennal movement with ead strokein A. euthynota (mean,
standard deviation, range). The anplitude increases with ead stroke.
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A. usambarica

From this gedes eleven video sequences of visua displays were obtained and analysed. The
temperature was lower than in the displays of the other spedes, bu only in A. euthynota the
temperature was substantially higher. Some of the sequences were recorded from two males locaed
close to ea ather and alternating in displaying, which was termed “vibratory dialogue” by Riede
(1987. The figures 54 and 55 illustrate atypicd display of A.usambarica (record rr. 37). As
described in A. euthynota, only one hind femur is presented. The hind femur movement is given in
different caegories (0.5 for a minor movement, 1 for a major movement). The number of the
rhythmicdly synchronows grokes of the hind femur and the antennae was nine. The frequency
increased with the first four strokes and deaeased with the last threeintervals (2 Hz, 2.8Hz, 3.6 Hz,
3.6 Hz, 2.9 Hz, 2.9Hz, 2.4Hz, 2.2Hz). The antennal movement did na aways follow the same
diredion, bu the same rhythmicd pattern. In this gedal case the diredion d the left antennal
movement alternated, bu this pattern was variable between the records. The antennal resting position
was approximately 30°. It varied from —7° to 59 and thus covered a total amplitude of 66°. Asin
A. euthynota a badkward movement of the antennae ould be observed after ead stroke, which
sometimes lasted urtil the next stroke occurred. The amplitude of the antennal movement increased
with eadh stroke, bu deaeased in the last stroke (Fig. 54 1°, 2°, 5°, @, 17, 36, 38, 45°, 37°). The
pattern of an initially incressing and afterwards deaeasing amplitude was rather typicd for the
spedes, while the diredion d the aitennal movement was variable. The length of the display was 3.1
seands, covering atotal antennal amplitude of 66° with a highest velocity of 125C per sec
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Fig. 54: Charaderistic, continuous sequence of the male visual display in A. usambarica (record 37, 06.01.1998
16:10, c. 24°C, dorsal view (dlightly from the right), location: led of agras9
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Fig. 55: Relative movements of hind legs and antennaein relation to the precaling position of A. usambarica
(record 37,06.01.1998 16:10, c. 24°C, dorsal view (dightly from the right), locaion: led of agras9
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Fig. 56: Development of the frequency of the strokes of A. usambarica with ead interval (mean, standard
deviation, range). Whil e the frequency isincreasing urtil the ninth interval, it is deaeasing afterwards.

The development of the average frequencies for the cmplete data set of A. usambarica are given in
figure 56. The number of observed strokes per display ranged from seven to fifteen, with an average
of 9.6(s.d.. 2.11). Fifteen strokes were observed orly once, whil e the other displays included seven to
ten strokes. Hence, the first four frequencies in the dhart are given withou the range and standard
deviation. The display with only seven strokes (record 38 followed the deaning of the hind leg
withou transition. Generally, the frequency increased from 2 Hz in the first part of the display to 3
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4 Hzin the central part and deaeased afterwards to an average of 2.2 Hz between the last two strokes.
In only one display this pattern was less pronourced (the @ove mentioned reduced record 38. The
total average of the frequency was 2.85Hz. While the amplitude of the first eleven strokes was
comparatively low (usualy below 20° on average), it was higher in the three penultimate strokes
(around 30) and deaeasing again to 2C° in the last stroke (figure 57). The mean total amplitude was
45.8, bu showed a very high variation (s.d.: 33.3). The average of the highest velocity per display
was 1,390 per second. A display lasted 3.22semnds (s.d.. 0.76 on average. In summary the visual
display of A.usambarica is charaderized by antennal movements of medium amplitude and o

medium duration with a cmparative low frequency.
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Fig. 57: Development of the anplitude of the antennal movement with ead stroke in A. usambarica (mean,
standard deviation, range). Whil e the most of the first eleven strokes and the last stroke have arerage
amplitudes up to 2C°, the penultimate threestrokes have higher amplitudes.

A. nguru

Only four displays of one spedmen o this gpedes were recmrded and analysed. This pedmen had
only one hind leg. The temperature was approximately 25-26°C. It canna be excluded that the
missng hind leg influenced the display. Since the hind leg movements of al other Afrophlaeoba
spedes were synchronots, it was treaed like those spedes. One reard was incomplete. The figures
58 and 59ill ustrate atypicd display of A. hguru (record rr. 48). Dueto the high quality of the record,
the angle of the hind femur was included (right lateral asped). The number of main femoral strokes
was 14, that of the antennal strokes 13. A longer gap (0.56sec) was observed between the fourth and
the fifth stroke. Since the length o the gap is approximately twice the usual interval, it can be
assumed that one stroke was lost. When this gap was omitted, the frequency was increasing up to the
11" interval and teaeasing dightly afterwards (2.6Hz, 3.1 Hz, 3.6 Hz, 1.8 Hz, 3.3 Hz, 3.9Hz,
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3.3Hz, 3.6Hz, 4.2Hz, 3.6 Hz, 4.2 Hz, 2.6 Hz, 3.1 Hz). Due to the synchronows movements of the
antennae and the hind legs the antennae foll owed the same rhythm. The amplitude of the atennae
was more or lessincreasing corntinuowsly, bu espedally within the last four strokes (Fig. 58 1°, 9°,
5°, 13, 7°, 34, 27, 18, 22, 103, 125, 79, 108). The total amplitude of the antennal movement
was 201° (ranging from —41° to 160) with a highest velocity of 3,900 per sec The badkward

movement of the antennaewas visible aswell. The length of the display was 4.4 seconds.
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Fig. 58: Charaderistic, continuous squence of the male visual display in A. nguru (record 48 03.02.1998
11:06, c. 25-26°C, lateral view (from the right), location: stem of agras9
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Fig. 59: Relative movements of hind legs and antennaein relation to the preceding position of A. nguru (record
48,03.02.1998 11:06, c. 25-26°C, lateral view (from the right), location: stem of a grasg
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Fig. 60: Development of the average frequency of the strokes of A. nguru (mean, standard deviation, range) with
each interval. The frequency increases up to the 12" interval and decreases slightly afterwards.
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Fig. 61: Development of the amplitude of the antennal movement with each stroke in A. nguru (mean, standard
deviation, range). The amplitude is much higher than in the other species and more ore less continuously
increasing to the last stroke.

Figure 60 illustrates the development of the average frequency for the records of A. nguru. It should
be taken in consideration that only four records of one specimen were available, of which one record
was incomplete. The number of observed strokes ranged from 12 to 17 in the complete displays (the
incomplete record included four strokes), with an average of 14.3 (s.d.: 2.52). Thus the observed

displays included more strokes than in A. euthynota or A. usambarica, similar to A. longicornis. The
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frequency increased dlightly from 2-3 Hz to 3-4 Hz with the first twelve intervals. Afterwards it
deaeased to an average of 2.8Hz between the last two strokes. The total average of the frequency
was 3.1Hz. The amplitude of the aitennal movement was increasing continuowsly. The first eight
strokes had amplitudes lower than 20° on average, the next four strokes varied from 20-40° and the
next three overed amplitudes higher than 4C°. The last stroke was usualy the highest, with an
average anplitude of 70° (figure 61). The mean total amplitude was 102.6, bu showed a very high
variation (s.d.. 48.9). The average of the highest velocity per display was 3,275 per seaond, bu a
maximum of 5,100 per second acurred (102 amplitude between two frames). A display lasted 4.69
sends (s.d.: 0.74) on average. In summary, the recorded dsplays of A. nguru were charaderized by
a high duation, a mmparatively low frequency and extremely high amplitudes of the antennal

movements.
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Fig. 62: Charaderistic, continuous squence of the male visual display in A. longicornis (record 51, 11.02.1998
15:46, 26°C, dorsal view (dlightly from the right), location: led litter)

A. longicornis

In A. longicornis four displays were analysed, which were recorded at a temperature of 26°C. Two
spedmens were involved, which were located close to ead ather and alternating in dsplay. A typicd
display of A.longicornis (record rr. 51) is given in the figures 62 and 63.The hind femur movement
is given in dfferent categories (0.5 for a minor movement, 1 for a major movement). The number of
main antennal strokes was 14, whil e the hind femora showed many small er movements, which made it
difficult to identify the major strokes. Since most of the femoral strokes were synchronous to the
antennal strokes, 16 major strokes were identified. Thus the femoral movement started two strokes

ealier than the aitennal movement. The frequency of the first strokes varied from 3.9 Hz to 7.2Hz,
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while it deaeased in the last two intervals (3.3 and 3.6Hz). The full sequencewas 5 Hz, 3.9Hz, 5.6
Hz, 5Hz, 5Hz, 4.2Hz, 7.2Hz, 5.6 Hz, 5.6 Hz, 5.6 Hz, 4.6 Hz, 5.6 Hz, 4.2Hz, 3.3Hz, 3.6Hz. The
amplitude of the antennal movement was rather low and covered in total only 10°. It was only slightly
increasing (Fig. 62 1°, 3°, 6°, 8, 2°, 3°, 2°, 5°, 6°, &°, 4°, 6°, 3°, 8°). Hencethe highest velocity was
only 450° per second. The length of the display was 3.54secondks.
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Fig. 63: Relative movements of hind legs and antennaein relation to the preaeding position of A. longicornis
(record 51, 11.02.1998 15:46, 26°C, dorsal view (dightly from the right), locaion: led litter)

The development of the average frequency of the four records of A. longicornisisill ustrated in figure
64, including one incomplete record. In the longest record (4.48secnds) alonger gap (0.92semnds)
occurred in the first half of the display. This caused the high variation, which is visible in interval
number 6. The number of observed strokes ranged from 13 to 16 in the complete records (the
incomplete record included six strokes). The average number of strokes of the three @mplete records
was 14.67(s.d: 1.53, which is quite similar to A. nguru. The average frequency of the first twelve
intervals varied from 4.2 Hz to 5.3 Hz (the gap was ignored). A deaeasing frequency could be
observed in the last threeintervals (3.8 Hz, 3.3Hz, 2.8Hz). The total average of the frequency was
4.1 Hz. The anplitude of the antennal movement was snall in all records (usually <10°), bu slightly
increasing (figure 65). The mean total amplitude was 13° with a standard deviation d 4.8°. The
average of the highest velocity per display was only 433 per second. A display lasted in average 3.76
sends (s.d.: 0.64). In summary, the displays of A. longicornis were comparatively long, with many
smaller movements of the hind femora and orly small amplitudes of the antennae The frequency was

comparatively high, bu deaeasing in the last intervals.
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Fig. 64: Development of the frequency of the strokes of A. longicornis with ead interval (mean, standard
deviation, range). The low frequency and high variation in the sixth interval is caused by alonger gap (0.88
semnds) in one display and was not observed in the other records.
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Fig. 65: Development of the amplitude of the antennal movement with ead strokein A. longicornis (mean,
standard deviation, range). The anplitude is very low, but dightly increasing with ead stroke.

P. arachniformis

Six reaords of P. arachniformis displays were obtained and analysed later. The temperature & the

location was approximately 25-26°C. In ore cae the male was stting behind a female nymph and

apparently courting this gedmen. In ancther case astretching of the hind legs preceaded the display

withou transition. Two dsplays semed to be reduced. In ore cae such a reduced display was
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followed by a more extensive one. A typicd record (nr. 44) is represented in the figures 66 and 67.
Due to the high amplitude of the hind leg movements, the movement is given in an angle and nd in
caegories. The length o the display was 13.42 seconds and thus much longer than in any of the
Afrophlaeoba records. The number of antennal strokes was 37, whil e the number of femoral strokes
was 45. The femora movement was charaderised by typicd dephased waves, in which the right
femur started a forward movement, followed by the left femur. At the highest angle, the hind tibiae
were spread (“knee waving”), which is not illustrated in the figures. All movements were made in
rhythmicd strokes, as already presented in Afrophlaeoba. A minor movement of the antennae started
at the highest amplitude of the first femoral movement. In the central part of the display the antennal
amplitude increased and deaeased afterwards. The antennal movement stopped with the last major
movement of the hind legs, while arother smaller movement of the right hind femur occurred
afterwards. The papi were not visible in this record duwe to the dorsal view. In ancther record
rhythmicdly synchronows movements of the palpi were visible & a frequency of 7-8 Hz. The
frequency of the femoral waving movements was approximately 0.4 Hz, whil e the frequency of the
rhythmicdly synchronous antennal and femoral strokes varied in thisrecord between 2.9Hz and 5Hz.
There was a small tendency of a deaeasing frequency within the display, but the variability seemed to
correlate with the anplitude of the movement. The anplitude of the femoral movement was very high
and covered atotal range of 133 in the left and 104 in the right hind femur. In contrast, the antennal
movement covered ony small er amplitudes with atotal range of only 12°. Hence the highest velocity

was only 300° per second, while in the femorait was 2,250 per second.
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Fig. 66: Charaderistic, continuous sguence of the male visual display in P. arachniformis (record 44
29.01.1998 11:58, c. 25-26°C, dorsal view, location: led of agras9
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Fig. 67: Relative movements of hind legs and antennaein relation to the preceding position of in
P. arachniformis (record 44, 29.01.1998 11:58, c. 25-26°C, dorsal view, location: led of agrasg
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Fig. 68 Development of the frequency of the strokes of P. arachniformis with ead interval (mean, standard
deviation, range). Thereisonly adight tendency of a deaeasing frequency, which seemsto be crrelated
with the anplitude.

The development of the average frequency in the displays of P.arachniformis is presented in
figure 68. The frequency ranged from 2-5 Hz and dlightly deaeased with eat stroke. The total
average of the frequency was 2.75Hz. The number of observed femoral strokes ranged from 9 to 45.
No record was incomplete, but some displays saned to be reduced. The number of antennal strokes

was usualy lower (9-37) than the number of femoral strokes. Due to the high variation, noaverage is
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presented here. The lengths of the displays ranged from 2.74 seconds to 13.42semnds. The total
amplitude of the antennal movement was usualy small (average 15.7, s.d: 17.8). Up to the 26"
stroke it was lower than 5°. In the strokes 27-32 it increased upto 12 and theredter it deaeased to an
average of 2.4° in the last stroke (figure 69). The average of the highest antennal velocity per display
was only 433 per second,whil e the arerage velocity of the femoral movement was 1,534 per second
with a maximum velocity of 2,250 per second. In summary, the displays of P. arachniformis were
charaderized by dephased femoral movements of low frequency and high amplitude, combined with
kneewaving. The rhythmicdly synchronows antennal movements of 2-5 Hz had orly small
amplitudes. In ore spedmen synchronots high-frequency movements of the palpi were observed.

Thus the visual display behaviour of P. arachniformis diff ered substantially from Afrophlaeoba.

50 +

45 |

40 +

35 +

30 +

Amplitude [°]

10

°T m mm
glmmmmmmmm-BBlee - B OB BB 80000 ]
1 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Stroke

Fig. 69: Development of the anplitude of the antennal movement with ead stroke in P. arachniformis (mean,
standard deviation, range). The anplitude is very low, but dlightly increasingin the first two thirds of the
display and deaeasing afterwards.

6.3.2 Comparison of the Species

Several differences between the visual displays are drealy obvious from the precaling chapter. In
this chapter the main descriptors will be cmpared to emphasize diff erences and simil ariti es between
the spedes. From the qudlitative point of view P.arachniformis differs aubstantialy from the
Afrophlaeoba spedes by using high-amplitude, low-frequency movements of the hind femora
combined with kneewaving. Although sometimes high-amplitude femoral movements can also be
observed in Afrophlaeoba, they apparently occur mainly in the stretching and cleaning behaviour and
don nd seam to be related to communication. P. arachniformisis aso the only spedes, in which rapid

movements of the maxill ary and labial palps were observed. The rhythmica structure of femoral and
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antennal movements is similar to Afrophlaeoba with short strokes and characteristic intervals in
between. Figure 70 illustrates the average duration of a display in the five species. While in
A. euthynota nearly all displays were shorter than two seconds, displays of A. usambarica lasted 2.5 to
4s (t-test, df: 31, P<0.05). In A.longicornis the display lasted 3.3 to 4.3 s, but it only differed
significantly from A. euthynota (t-test, df: 23, P < 0.05). The displays of A. nguru had durations from
4.1 to 555, differing from all Afrophlaeoba species except A. longicornis (t-test, df: 4, n.s.). The
longest displays were observed in P. arachniformis, with an average of 6.7 seconds, covering arange
from 2.74 to 13.42 seconds.
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Fig. 70: Duration of the visual displaysin the five species examined (mean, standard deviation, range). While the
display in A. euthynota usually lasts shorter than two seconds, it lasts four to 5.5 seconds in A. nguru.
P. arachniformis has the longest and most complex displays.
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Fig. 71: Number of antennal strokes per display for the five species (mean, standard deviation, range). The
number of strokesis highly correlated with the length of the display (see figure 70).
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A similar pattern is visible in figure 71, in which the average number of antennal strokes for each
speciesisillustrated. All species differ significantly in this regard (t-test, df: 4-29, P < 0.05), with the
exception of A. nguru and P. arachniformis. A high correlation of the number of strokes with the
duration of a display can be found (figure 72). Since the number of femoral strokesis usually nearly

the same as the number of antennal strokes, this character is not presented here.
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Fig. 72: Correlation between the duration of adisplay and the number of antennal strokes, including al records.
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Fig. 73: Mean frequency of the displays of the five species (mean, standard deviation, range). The highest
frequency can be observed in A. euthynota and A. longicornis, while A. usambarica and A. nguru have lower
frequencies.
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Fig. 74: Mean frequency of the last two strokes per display in the different species (mean, standard deviation,
range). The highest frequency can be observed in A. euthynota; A. usambarica has the lowest and
A. longicornis and A. hguru have medium frequencies.

The mean frequency of the complete display is illustrated in figure 73 for each species. In
A. euthynota the mean frequency is 4-5 Hz, in A. usambarica 2.5-3 Hz, in A. nguru 2.8-3.3Hz and in
A. longicornis 3.5-4.5 Hz. The display of the outgroup, P. arachniformis, has a mean frequency of 3-
4 Hz. Nearly all species differ significantly in the average frequency (t-test, df: 6-31, P <0.05). No
differences occur between A.euthynota and A.longicornis, and between A.nguru and
P. arachniformis.

In al Afrophlaeoba species there is a general trend of decreasing frequencies in the last five intervals
(in A. euthynota from 4.9 Hz to 3.3 Hz, in A. usambarica from 3.3 Hz to 2.2 Hz, in A. nguru from
3.7Hz to 29 Hz and in A. longicornis from 4.5 Hz to 2.8 Hz). While A. nguru and A. usambarica
show increasing frequencies in the first two thirds of the display, this was not observed in
A. euthynota and A. longicornis. This pattern causes differences to the above-mentioned average
frequencies, if only the frequency of the last two strokes is compared (figure 74). In A. euthynota the
average frequency of this last interval is 3.3 Hz, in A. usambarica 2.2 Hz, in A. nguru 2.9 Hz and in
A. longicornis 2.8 Hz. The outgroup, P. arachniformis, has an average frequency of 3.3 Hz in the last
interval. No significant differences were found in this regard between A. longicornis, A. nguru and
P. arachniformis, and between A. euthynota and P. arachniformis (t-test, df: 6-31, n.s.), while other
pairwise comparisons resulted in significant differences (t-test, df: 13-35, P < 0.05).

The total amplitude of the antennal movement is an important descriptor of the displays (figure 75).
A.nguru performs antennal movements with extremely high amplitudes (x: 40.7°), while in
A. usambarica (17.6°) and A. euthynota (15.6°) the amplitude is medium. The latter two spedes do
not differ in thisregard (t-test, df: 32, ns.), while dl other spedes of Afrophlaeoba differ significantly
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(t-test, df: 6-28, P<0.095. A.longicornis and P. arachniformis differ from the other spedes by
performing only minor antennal movements (x: 4.7°, rep. X: 5.6°), while no significant differences
were found letween those two spedes in this charader (t-test, df: 8, ns.). The same spedfic pattern
can be observed, if the maximum amplitude, the velocity, the last amplitude or the total amplitude ae
analysed. The highest antennal velocity (5,000 per seaond) occurs in the spedes with the highest
antennal amplitude (A. nguru). Within a display there is a general trend d increasing antennal
amplitudes, which is extremely high in A. nguru, medium in A. euthynota and A. usambarica and low

in A. longicornis. However, even in the last spedesthistrendis gill visible (figure 65).
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Amplitude of the antennal movement [°]

I==—""
0 1 1 1 1 1
A. euthynota  A. usambarica A. nguru A. longicornis  P. arachniformis

Fig. 75: Mean amplitude of the antennal movement in the displays of the five spedes (mean, standard deviation,
range). A. nguru has the highest amplitudes, while in A. usambarica and A. euthynota the anplitudeis
medium. P. arachniformis and A. longicornis have small amplitudes.

6.3.3 Canonical Discriminant Analysis

6.3.3.1 Choice of the Characters

Due to the low number of records in A. hguru and A. longicornis it was nat possble to include more
than three variables in the discriminant analysis. It was necessary to exclude those charaders which
had missng values in these two spedes (e. g. duration, number of strokes, which urfortunately are
guite charaderistic for those two spedes) to alow the inclusion d all four records of both spedes.
Since P. arachniformis is charaaerized mainly by the duration d the display and femoral movements,
which have not been analysed for Afrophlaeoba, this gedes was excluded from the canonicd
discriminant analysis. For the coice of the three most important variables for the discriminant
analysis, a stepwise analysis was performed first, including the following nine dcaraders. The

average amplitude, the total amplitude, the average frequency, the anplitudes of the last threestrokes



Communication Behaviour 134

and the frequencies of the last three intervals. The univariate F-statistics reveded significant
differences for al included charaders of the analysis (P < 0.005. According to the stepwise analysis,
the three most important charaders were average frequency, total amplitude and the penultimate
frequency (table 44). These three haraders have been chaosen as variables for a seand dscriminant
analysis. If P.arachniformis was included, the penultimate frequency was replacal by the last
frequency.

Tab. 44: Included charaders in the stepwise discriminant analysisin order to the steps in which they have been

included. The value of Wilks Lambdaill ustrates the contribution of ead value to the analysis—the valueis
deaeasing with ead charader added.

Step | Charader | Wilks Lambda |estimated F| df1 | df2 |Significance
1 verage freguency 0.139 74.3 3 | 36.0 0.0001
2 Total amplitude 0.071 32.2 6 | 70.0| 0.0001
3 Penulti mate frequency 0.047 23.0 9 | 829 0.0001
4 Last frequency 0.036 18.5 12 | 87.6 | 0.0001

6.3.3.2 Discriminating Power of the Analysis

The high discriminating power of the analysis is illustrated by a very low Wilks' Lambda (A = 0.049;
x? = 110.2; df = 9; P < 0.0001). For CAN2 to CAN3 it is 0.471 (x> = 27.5; df = 4; P < 0.0001), but for
CANS3 it is not significant with 0.998 (x*=0.088; df =1; P>0.77). Hence, the third canonical
function does not contribute anything to the discrimination. The classification statistics assigned
92.7% of the specimens to the correct species. The three wrong assignments included one
A. euthynota grouping with A. longicornis, one A. nguru with A. usambarica and one A. usambarica
with A. nguru. It should be kept in mind that only three variables were included in the analysis and
that these did not include the number of strokes or the duration of the display, which would probably

further discriminate between the species.

6.3.3.3 Pairwise M ahalanobis Distances and Discriminant Structure

The multivariate analysis revealed significant pairwise differences between all species (F statistics;
P < 0.0002). The lowest Mahaanobis distance was found between A. longicornis and A. euthynota
and the highest distance between A. usambarica and A. euthynota (table 45). This was mainly caused
by the high discriminatory power of the frequency in the first function. The two species with higher
frequencies had lower distances and were plotted together in the discriminatory topology (figure 76).

Tab. 45: Generalized Mahalanobis distances (D?) between the species

Species | A longicornis | A. nguru | A. usambarica
A. euthynota 8.03 31.30 35.43
A. longicornis 29.57 18.32
A. nguru 10.21
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The high eigen value of canonicd function 1(CAN1, table 46) demonstrates that this function days a
very important role in discrimination. 88.8%6 of the variation is explained by this first function, while
the second function explains the remaining 11.9% of the variation. All spedes form distinct groupsin
the discriminatory topdogy (figure 76) with the exception d an oulier of A. nguru, which is plotted
in A. usambarica. This outlier (record 49 is caused by a lower total amplitude (67°) and lower
frequencies (penultimate stroke: 2.5Hz, average: 2.8Hz). Only the first two variates siow significant
diff erences between the five spedes (F statistics; P < 0.000). The group centroids of ead spedesfor
the four canonica axes are given in table 47, ill ustrating the good dscrimination d A. usambarica

and A. euthynota onthefirst variate and A. nguru and A. longicornis onthe secondvariate.

Tab. 46: Eigen values of the four axes; note the high eigen value of CAN1.

CAN| Eigenvalue | Difference | Propation | Cumulative

1 8.64 5.52 0.885 0.885
2 1.12 1.12 0.115 1.000
3 0.002 - 0.000 1.000

Tab. 47: Group centroids for the five spedes on the four canonicd axes; note the high distance between
P. arachniformis and the Afrophlaeoba spedes on the CAN1.

Spedes | CAN1 | CAN2
A. euthynota -2.22 0.09
A. longicornis -0.40 -1.62
A. nguru 2.67 2.60
A. usambarica 4.20 -0.61
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Fig. 76: Plot of canonicd variates 1 and 2 d the discriminatory topdogy, ill ustrating the good dscrimination of
the four groups:
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6.3.3.4 Contribution of Single Characters

The contribution of single characters to the complete analysis can be extracted from the order, in
which they were included in the stepwise discriminant analysis (table 44). The strongest character is
the average frequency of a display, which also contributes the most to the first canonical function. In
the second step the total amplitude is included, which is the main descriptor of the second function
(table 48). Thus, the discriminatory topology can be simplified in a bivariate plot of those two
characters against each other (figure 77). This plot aready shows the good discrimination by the use
of these two variables. A. usambarica is characterized by low frequencies and medium amplitudes,
A. nguru by high amplitudes and medium freguencies, A. longicornis by extremely low amplitudes

and A. euthynota by high frequencies with medium amplitudes.

Tab. 48: Standardized canonical discriminant coefficients for the canonical axes CAN1 and CAN2. The third
function has been omitted due to its low significance.

Character | CAN1 | CAN2 |
Average frequency 0.711 0.294
Total amplitude 0.173 0.994
Penultimate frequency | 0.555 -0.486
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Fig. 77: Bivariate plot of the two most important variables of the stepwise discriminant analysis for the
Afrophlaeoba species.

The two most important variables of CANL1 are plotted against each other in figure 78. There is a
strong correlation between those two characters (R* = 0.814, P< 0.0001), since the penultimate
frequency of the movements influences the average frequency directly. However, it is visible that in
A. longicornis the penultimate frequency is quite low in comparison to the high average, while in

A. euthynota the penultimate frequency is higher. The lowest frequencies are found in A. usambarica.
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Fig. 78: Plot of the two most important variables of CAN1 against ead other. The penultimate frequency is
correlated with the average frequency. In both cases A. usambarica has the lowest and A. euthynota has the
highest frequencies. In A. longicornis a ammparative high variation can be found in the average, but the
penulti mate frequency is lower than in A. euthynota.

6.4 Discussion

6.4.1 Biological Function of the Displays

Thereislittl e doult that the described male displays are part of the communicaive behaviour, sincein
one cae afemale of A. euthynota followed a displaying male and in two cases “vibratory dialogues’
were observed between two males. However, the biologica function d the visual displays is difficult
to urravel. In Gomphocerinaemany spedes perform diff erent song types with dfferent functions. The
cdling song is produced sportaneously by isolated males to €li cit aresporse from conspedfic females
or to attrad them. If two conspedfic male grasshoppers are sufficiently close to ead ather they often
produce a modified song, which is cdled rivalry song. These rivary songs are often faster or
abbreviated versions of the cdling song, bu they can aso be rather different in charader. The
courtship song is produced when the male is next to afemale. This ong is often a modified cdling
song, which may include some new elements (Ragge & Reynalds 1998. If the “silent mgjority” of
grasshoppers have the same differentiation d visual displays, these display types may superimpose
the interspedfic differences of Afrophlaeoba. In threeof the four displays of A. longicornis a second
male was present close to the displaying one (in visual contad but not located onthe same substrate).
The last display was recorded after one of the males jumped away. Although this last display showed
the same spatial and temporal pattern, it canna be excluded that these four displays were “rivalry
displays’” and that the low antennal amplitude of A. longicornisis an oucome of this type of display.

On the other hand, in A. usambarica eight of the deven dsplays were recorded in a similar rivalry
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situation, bu they did na differ from the displays of isolated males. The interspedfic differences to
A. longicornis were higher, even if only the males in arivalry situation were included. This siggests
that the rivalry display in Afrophlaeoba does nat differ from the normal display of isolated males.

Additionally to the rivalry situation, courtship might be the main function d the displays. Since the
ohserved types of movements are quite common in courtship behaviour of grasshoppers (Riede 1987,
there is little reason to suggest something else for Afrophlaeoba. The pattern of the hind leg
movements closely resembles the pattern exhibited by singing Gomphocerinae According to Ragge &
Reynalds (1998 synchronows gaps in the downstrokes of the hind legs occur often in singing
Gomphaocerinag which is quite similar to the synchronots intervals in Afrophlaeoba. Additionally
many Gomphacerinae spedes perform a aescendo duing the course of an echeme (Ragge &
Reynalds 1998, simil ar to the increasing antennal amplitude in Afrophlaeoba. At least in ore cae of
A. euthynota, a female was pursuing the displaying male. Amazingly the male kept jumping away,
when the female touched it with its antennae and started to display at ancther locdion. Thus the
courtship function d the visual display still needs confirmation d a successul mating observation.
Copuating spedmens were foundin two cases in the field duing the eologicd records (chapter 7)
(one mupe of A. usambarica and ore of A. nguru), bu the preceading courtship behaviour was not
observed. As discus=d for the rivalry situation, it must be discussed, whether the “courtship
situation” of A. euthynota influences the structure of the display. It is remarkable that the display in a
courtship situation was charaderized by the longest duration (2.4 semnds, eleven femoral strokes).
However, the other main descriptors (amplitude, frequency) were in the range of normal displays.
Sincein most cases the male A. euthynota was displaying isolated, the aurtship situation shoud na

overlay the interspeafic diff erences observed.

6.4.2 Perception of the Displays

The observation d two “vibratory dialogues’ raises the question d the perception d the displays.
Jago (1983 assumed a vibratory transmisson d the signal through the substrate. Although vibratory
transmissons an to be ommonin Orthoptera (Riede 1987, thisis nat likely to be the sole fador in
the observed cases, sincein bah rivary situations (A. usambarica and A. longicornis) the two males
involved were situated on dfferent substrates. A second pashility would be the production o
ultrasonic sound,which is not audible to man. However, since the hind legs are spread apart slightly
from the body during the display, sound poduction is unlikely to accur. Whether pheromones play a
rolein communication canna be answered. According to the aurrent knowledge, avisual signa seans
to be the best explanation. The homogenous coloration o the male spedmens in Afrophlaeoba and
Parodontomelus confirms this hypothesis. The aitennae ae probably flattened for the purpose of
visual signalling and the hind femora ae dways orange-brownish with contrasting bladk knees. The

females are much more variable in colour, but aways brownish camouflaged.
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6.4.3 Environmental Influence

The high temperatures during the displays of A. euthynota are of high importance as they might
influence the frequency and duation d the displays (von Helversen 1973. Indeed the displays of
A. euthynota had the highest frequency and shortest duration. On the other hand substantial
interspedafic differences in frequency and duation were dso found letween the other Afrophlaeoba
spedes, dthouwgh the temperature was quite similar in these caes. The displays of A. nguru were
recorded from a single male with orly one hind leg. The loss of hind legs usualy occurs during
moulting or predation (Hochkirch et a. 1999 and it is known from Gomphocerinaegrasshoppers that
a misgng leg might cause short gaps (4 ms) in the songs (von Helversen & von Helversen 1994.
These gaps are usually caused by the reversal of the hind leg movement, which is otherwise overlaid
by the dlightly out-of-phase movement of the other leg (Greenfield 1997. Gaps between the strokes
are atypicd element of the display in Afrophlaeoba and the hind legs move in perfed synchronicity.
Moreover, the gaps are quite long, lasting between 0.2and 0.6s, which would certainly obscure agap
of 4 ms. However, in ore display of A. nguru, alarger gap (approximately twicein length of the usual
interval) occurred. Since this was naot the cae in the other two complete records of A. nguru, it must
be asaumed that the gap is not a result of the missng hind leg. Moreover, larger gaps were dso
present in the displays of A.longicornis. Since the hind femora movements are synchronous in all
spedes of Afrophlaeoba, this was also suggested to be true for A. nguru. Of course, the extremely
high antennal amplitudes in A. nguru might be explained as compensation for the missng hind leg —
but this remains peaulation.

6.4.4 Inter specific Differentiation

An obvious problem of the eisting records is their insufficient quantity for assessng the extent of
intraspedafic variation. Although the observed interspedfic differences seem to be striking and much
higher than any morphdogicd differences, it remains uncertain whether these differences play an
important role for mate recogniti on and thus may function as prezygotic barriers. Since interbreeding
experiments are nat avail able, it remains geaulative, whether one spedes would read on the display
of another one.

Spedes distinction in Orthoptera may be mediated by evaluation d asingle (temporal) property of the
males signal or by several fadors (Greenfield 1997. Despite of the differences in the anplitude, the
duration and the frequencies of the displays, there ae dso fadors, which are quite similar among the
Afrophlaeoba spedes. These include the increasing distances between the last five intervas
(deaeasing frequency) and the increasing amplitude within the display. If the female resporse to the
displays is mainly based on these two relative fadors, the observed dfferences in duation,
frequencies or amplitudes might not be substantial enough for spedfic mate recognition. According to

Ragge & Reyndds (1998 the most important comporent for mate recognition in European
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Orthoptera ae the rhythmic patterns of the songs and the duration d the gaps between. The enarmous
amplitudes of the aatennal movement in Afrophlaeoba suggest that these movements are important
visual signals in the spedes. It is griking that the two morphdogicdly and geneticadly most closely
related spedes, A. longicornis and A. nguru, are quite distinctive in the display pattern. Although bah
perform a similar number of antennal strokes, the amplitudes are much higher in A. nguru and the
frequency is lower, resulting in a longer duration d the display. In the multivariate analysis the two

spedes have quite high Mahalanolis distances, ill ustrating the diff erences between the two spedes.

6.4.5 Intergeneric Differentiation

The differences between Afrophlaeoba and Parodontomelus are much more @nspicuous than the
interspedfic differences in Afrophlaeoba. P. arachniformis performs dephased leg movements with
high amplitudes combined with knee waving, and high frequency vibrations of the white palps. A
small time lag between the movements of the left and right legs is also qute @mmon in singing
Gomphacerinae (Ragge & Reyndds 1999. The wntrasting white cloration d the palps and Hadk
hind knees suggests that visual signals play a maor role in the communicaive behaviour of
P. arachniformis. Many grasshopper spedes which perform visua signals have @nspicuowsly
coloured antennag palps or femora (Riede 1987. In contrast to the small antennal vibrations of
P. arachniformis, Afrophlaeoba has usually more pronourced antennal movements with high
amplitudes and velocities. The hind femora produce only small vibratory bursts, which are usually
referred to as “femur shaking” (Otte 1970.
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7 Habitat Preferences

7.1 Introduction

Our general knowledge on the habitat requirements of grasshoppers usually includes two factors:
microclimate and vegetation. Concerning microclimate, several affects on eggs, nymphs and adults are
known. The water demands of the eggs are usually correlated with the microclimate of the habitat of a
species (Ingrisch 1983, 1988), while temperature affects mainly the developmental speed (Ingrisch
1979, 1980). Grasshoppers are often divided into geophilous and phytophilous species, since they are
usually associated to typical vegetation structures (Uvarov 1977). The significance of vegetation
structure for grasshoppers is partly explained by its influence on the microclimate. Many species,
however, have also behavioural adaptations to the vegetation structure, which is often expressed in
their orientation (Sanger 1977). Frequently the sexes exhibit different utilization of microhabitats, due
to sex-specific differences in energy budgets and behaviour (Hochkirch 1999a).

The ecological information of the East African forest insects, or tropical forest insects in general, is
extremely low. Lawton (1993) wrote: “Intriguingly, I have never seen anybody discuss what we
actually know about the 1.7 million [species] that do have names. Overwhelmingly the answer will be
nothing, except where they were collected and what they look like.” For the Eastern Arc grasshoppers,
only some rough data on the habitats were available (Phipps 1966), until more detailed studies
followed in the 1990s (Hochkirch 1995, 1996a, 1998). The vicariant distribution patterns of
grasshoppers of the Eastern Arc are thought to be also illustrated by their ecology. Congeneric
allopatric species seem to have similar habitat requirements in different distribution areas (Vesey-
Fitzgerald 1964, Hochkirch 1998), while sympatric species of the East Usambara Mts. can be clearly
distinguished ecologically (Hochkirch 1995, 1996a). This suggests that equilibrium models are better
explanations for the high within-habitat-diversities than non-equilibrium models (Linsenmair 1990).
The main motivation for the study of the habitat requirements of Afrophlacoba was the reconstruction
of the ancestral ecology, to gain information about the necessary habitat connections for gene flow.
Additionally, the outgroup species P. arachniformis was studied to emphasize the intergeneric
differences of the sympatric species 4. usambarica and P. arachniformis. These data will also add
something to the general ecological information of the Eastern Arc grasshopper fauna, which is

certainly necessary for conservation purposes (Hamilton 1989b).
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7.2 Methods

The practical fieldwork was performed from 06.12.1997 to 13.02.1998. The ecological data was
recorded during a short period to avoid ecological differences caused by seasonality. The data were
obtained on sunny days from 8:00 to 18:00. The research periods and locations for the single species
are presented in table 49. Climatic data are directly comparable only between Parodontomelus
arachniformis and Afrophlaeoba usambarica, as they were recorded at the same location during the

same period.

Tab. 49: Date, localities and altitude, from which the analysed videos were recorded.

Species | Dates | Locality | Altitude

A. euthynota 06.12. to 13.12.1997 Uluguru Mts. near Morogoro 800 m to 1400 m
A. usambarica 02.01. to 15.01.1998 | East Usambara Mts. near Amani | 600 mto 1100 m
P. arachniformis | 06.01.to 18.01.1998 | East Usambara Mts. near Amani | 600 m to 850 m
A. nguru 30.01. to 02.02.1998 Nguru Mts. near Mhonda 500 m to 900 m
A. longicornis 08.02. to 13.02.1998 Rubeho Mts. near Kilosa 500 m to 600 m

A total of 1,500 ecological records were obtained, including 300 records for each species. The
following data were recorded:

— Date, time, study site

— Sex: female, male, nymph

— Vegetation cover: In a circle of 50 cm diameter surrounding the grasshopper the vegetation density was
estimated (plant cover in percentage). In addition, the coverage of grasses, forbs, mosses, leaf litter and open
soil was noted. Mosses were not taken into consideration for the analysis, since they hardly ever occurred.

— Vegetation height: recorded by measurement of the highest plant in a circle of 50 cm diameter surrounding
the specimen with a folding rule. It was classified in 10 cm-classes (0 cm, 1-10 cm, 11-20 cm, 21-30 cm,
etc.). Vegetation higher than 200 cm was summarized to a class >200 cm.

— Height of situation: measured with a folding rule from the ground and noted in classes of 10 cm as with
vegetation height.

— Orientation: horizontal, vertical

— Item of location: stem, leaf

— Location: plants, litter, soil. Soil was not considered for the analysis, since it hardly ever occurred.

— Plant: The plant, where the specimen sat on was recorded: trees, bushes, climbers or lianas, forbs, grasses,
ferns, dead leaves and mosses. Only grasses and forbs occurred often enough for a statistic analysis.

— Temperature of location occupied by the grasshopper: The temperature was measured by a digital
thermometer at the location of the specimen. It was recorded to two decimal points, but rounded up or down
to 1°C for the analysis.

— Shade: The following categories were divided: sunny, semi-shaded, shaded, clouded, and lightly clouded.

— Radiation: Radiation at the location was recorded with a luxmeter.

— Weather in the following categories: sunny, sunny to clouded, clouded with sunny periods, clouded, clouded
with rain, rainy, night

— Behaviour: Special behaviour of specimens was noted. When feeding was observed, the plant type was
recorded as in plant.

Crosstabulation tests (x?) were used for the statistical analysis of distributions within nominal
categories (Precht 1979). Since the metric data were not normally distributed, Mann-Whitney U-tests
and Kruskal-Wallis H-tests adjusted for large sample size were used to test data on the habitat (Sachs
1974). The highest P accepted was 0.01. Renkonen’s coefficient for niche-overlap was calculated

according to Miihlenberg (1989). Q1 and Q3 refer to the quartiles one and three.
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7.3 Results

7.3.1 Nymph Ratio

No significant differences were found in the ratio of nymphs to adults between A. usambarica,
A. nguru and A. longicornis during the research period ()’ test, n. s., df =2, Renkonen’s coefficients
>0.93). In the species, which was studied first, 4. euthynota, significantly more nymphs were found
than in all other Afrophlaeoba species (x*test, df=1). P. arachniformis had significantly more

nymphs than all Afrophlaeoba species (x” test, df = 1, figure 79, Renkonen’s coefficients < 0.6).
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Fig. 79: Percentage of nymphs for the investigated species (Afrophlaeoba arranged according to the date of
record, for each species n=300). Significant differences were found between A. euthynota and the other
species, as well as between P. arachniformis and the other species (3 test, df = 1).

Tab. 50: Renkonen’s coefficients for the nymph/adult ratio

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.923

A. euthynota 0.803 0.88

A. usambarica 0.937 0.987 0.867

P. arachniformis 0.397 0.473 0.593 0.46

7.3.2 Sex Ratio
The sex ratio was similar among the five species () test, n. s., df = 1, Renkonen’s coefficients > 0.94,

table 51). The percentage of recorded males varied between 85% and 92% (figure 80).
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Fig. 80: Sex ratio of adults (4frophlaeoba arranged according to the date of record). No significant differences
were found () test, n. s., df = 1).

Tab. 51: Renkonen’s coefficients for the male/female ratio

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.953

A. euthynota 0.99 0.964

A. usambarica 0.929 0.976 0.94

P. arachniformis 0.983 0.971 0.993 0.947

7.3.3 Vegetation Height

P. arachniformis was found in significantly lower vegetation heights than the Afrophlaeoba species
(Mann-Whitney-test, Renkonen’s coefficients: 0.61-0.80). Most specimens were found in vegetation
heights between 30 cm (Q1) and 70 cm (Q3). The median was 50 cm, while it was 70 cm for nearly all
Afrophlaeoba species, with the exception of A. usambarica (60 cm). Among Afrophlaeoba species,
only the vegetation height in the habitat of A. longicornis and A. euthynota was not differing (Mann-
Whitney-test, n.s., Renkonen’s coefficient: 0.88). All other species differed significantly in this
variable (Mann-Whitney-test, Renkonen’s coefficients: 0.73-0.86). 4. nguru was found in the highest
vegetation (Q3: 90 cm; max.: 200 cm, figure 81).

Tab. 52: Renkonen’s coefficients for the vegetation height

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.81

A. euthynota 0.88 0.86

A. usambarica 0.84 0.733 0.813

P. arachniformis 0.727 0.613 0.713 0.8033
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Fig. 81: Vegetation heights in the habitats of the five species (median, Q1, Q3, range). The vegetation height in
the habitat of A. euthynota and A. longicornis can be regarded as similar (Mann-Whitney-test, n. s.), while all
other species differ significantly from each other in this parameter (Mann-Whitney-test).
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Fig. 82: The height of situation for males and females of A. euthynota differs significantly from each other
(Mann-Whitney-test).
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7.3.4 Height of Situation

The height of situation was dependent on the sex. Females were found more often on the floor than
males (figure 82). Between 30 and 50% of the females were resting on the floor, in A. longicornis even
more than 80% (Renkonen’s coefficients for sex-specific differences: 0.18-0.6). This was tested only
for A. euthynota on significance (Mann-Whitney-test), since in this species the most data on height of
situation of females were recorded (n =21). Between nymphs and males, a significant difference was
found for nearly all species (Mann-Whitney-test), except for 4. euthynota and P. arachniformis. For
interspecific comparison only data on males were used. Males were usually found between 10 cm (Q1)
and 50 cm (Q3), in mean (median) 20 to 30 cm. No significant interspecific difference was found

(Kruskal-Wallis-test, n. s., Renkonen’s coefficients: 0.61-0.85, figure 83).

Tab. 53: Renkonen’s coefficients for the height of situation in males

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.773
A. euthynota 0.724 0.718
A. usambarica 0.792 0.765 0.849
P. arachniformis 0.613 0.785 0.737 0.7564
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Fig. 83: Heights of situation of the five species (median, Q1, Q3, range). The situation heights of males do not
differ significantly (Mann-Whitney-test, n. s.; Kruskal-Wallis-test, n. s.).
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7.3.5 Orientation

All species were usually seated horizontally (76% to 89% of the specimens, figure 84). The difference
between the species was not significant () test, n.s., df =4). The Renkonen’s coefficients were

exceptionally high (0.88-0.99, table 54).
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Fig. 84: Percentage of specimens resting horizontally and vertically in the vegetation. In all species horizontally
orientated specimens dominate. The difference between the species is not significant () test, n. s., df = 4)

Tab. 54: Renkonen’s coefficients for the orientation

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.913

A. euthynota 0.96 0.873

A. usambarica 0.997 0.91 0.963

P. arachniformis 0.963 0.877 0.996 0.9666

The orientation of the species was correlated with the location (figure 85). The majority (88% to 96%)
of the horizontally resting specimens were found on leaves, while specimens resting vertically were
found more often on stems (35% to 80%). No significant interspecific difference was found ( test,
n. s., df = 4), while the difference between the two states of orientation was significant for all species

(x” test, df = 1, Renkonen’s coefficients: 0.91-1, table 55).
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Fig. 85: Percentage of specimens resting on stems and on leaves, divided into specimens resting horizontally and
vertically. In all species the specimens resting horizontally were mainly found on leaves, specimens resting
vertically were mainly found on stems.

Tab. 55: Renkonen’s coefficients for the stem-leaf ratio of horizontally sitting specimens

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 1

A. euthynota 0.91 0.91

A. usambarica 0.911 0911 1

P. arachniformis 0.958 0.958 0.952 0.9524
7.3.6 Locations

In figure 86 the locations of males, females and nymphs are sorted in order of the proportion of
specimens located on grasses. This arrangement demonstrates that females were found more often on
litter, while males were nearly exclusively found on plants. In all species the locations of males,
females and nymphs were differing significantly (3 test, df =4). No interspecific differences were

found in each gender () test, n. s., df = 4, table 56).

Tab. 56: Renkonen’s coefficients for the locations of males

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.903

A. euthynota 0.936 0.966

A. usambarica 0.978 0.881 0.915

P. arachniformis 0.888 0.985 0.951 0.866
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Fig. 86: Locations of males, females and nymphs of the species, in order of the percentage of specimens sitting
on living plants. Note the grouping of males, nymphs and females.

7.3.7 Plants

The species were found more often on grasses than on forbs (51% to 86% on grasses, figure 87). In all
species nymphs were found more often on grasses than males. This difference was significant in
A. longicornis, A. usambarica and P. arachniformis, for the latter species also between males and
females ()’ test, df = 1). Consequently, interspecific differences were tested separately for males,
females and nymphs. Regarding females or nymphs no differences were found among the species. For
most of the males no differences were found as well. The only significant difference was found
between A. nguru and A. euthynota (x* test, df = 1). A. nguru was found more often on grasses than
A. euthynota. The Renkonen’s coefficient varied for males between 0.71 and 0.99 (table 57), for
nymphs between 0.79 and 0.98 and for females between 0.61 and 0.96. The low values for females are

mainly caused by the small sample sizes (n = 9-14).

Tab. 57: Renkonen’s coefficients for the grass-forb ratio (males)

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.846

A. euthynota 0.861 0.707

A. usambarica 0.991 0.837 0.87

P. arachniformis 0.891 0.736 0.971 0.8993
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Fig. 87: Locations of males and nymphs of the species, divided into forbs and grasses. All species were found
more often on grasses than on forbs (51% to 86%). Nymphs were always found more often on grasses than
males. Females are not included, because of the small sample size.
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Fig: 88: Vegetation cover in the habitat of the five species (median, Q1, Q3, range). All species were found
mainly in dense vegetation (>70% vegetation cover). The vegetation density differed significantly between
Afrophlaeoba species and P. arachniformis (Mann-Whitney-test). A. longicornis and A. euthynota do not
differ in this parameter, as well as 4. nguru and A. usambarica, while the differences between those two
groups are significant (Mann-Whitney-test).



Habitat preferences 151

7.3.8 Vegetation Cover

No significant differences were found in the vegetation cover between the sexes or between nymphs
and adults ()’ test, n.s., df = 28). All species were found mainly at locations with dense vegetation
(80-100%, figure 88). However, the vegetation density in the habitat differed significantly among
some of the species (Mann-Whitney-test, Renkonen’s coefficients: 0.53-0.9, table 58). Species pairs,
in which no significant difference was found included A. nguru / A. usambarica (Mann-Whitney-test,
n.s.) and A. longicornis | A. euthynota (Mann-Whitney-test, n.s.). P. arachniformis was found
significant more often at sites with lower vegetation densities than any of the Afrophlacoba species
(Mann-Whitney-test).

The vegetation cover was divided into grasses, forbs, leaf litter and open soil. Grasses usually made up
60 to 80% of the vegetation cover (figure 89). No significant differences were found between
A. usambarica, A. nguru and A. euthynota (Mann-Whitney-test, n. s.), while 4. longicornis differed
significantly from all other species in this parameter (Mann-Whitney-test). A. longicornis was found
more often at sites with 100% of grasses in the vegetation. P. arachniformis was found significantly
more often at sites with lower densities of grasses (Mann-Whitney-test), but it differed not from

A. euthynota (Renkonen’s coefficient: 0.88, table 59).

Tab. 58: Renkonen’s coefficients for the vegetation density

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.737
A. euthynota 0.893 0.807
A. usambarica 0.793 0.9 0.84
P. arachniformis 0.46 0.703 0.53 0.6667
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Fig: 89: The grass cover in the habitat of the five species (median, Q1, Q3, range). No significant differences
were found between A.usambarica, A.nguru and A. euthynota (Mann-Whitney-test, n.s.), while
A. longicornis differs from all other species significantly in this parameter (Mann-Whitney-test).
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Tab. 59: Renkonen’s coefficients for the grass cover in the habitat

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.723

A. euthynota 0.687 0.86

A. usambarica 0.697 0.87 0.913

P. arachniformis 0.68 0.82 0.883 0.86

The density of forbs in the habitat of the species usually varied from 10 to 30% (figure 90).
P. arachniformis, A. nguru and A. longicornis differed not in the percentage of forbs (Mann-Whitney-
test, n.s., Renkonen’s coefficients: 0.75-0.88, table 60). No significant difference was also found
between A. usambarica and P. arachniformis (Mann-Whitney-test, n. s., Renkonen’s coefficient: 0.86)
and between A. usambarica and A. euthynota (Mann-Whitney-test, n.s., Renkonen’s coefficient:
0.91). All other pairwise comparison proved to be significant (Mann-Whitney-test, Renkonen’s

coefficients: 0.72-0.85).
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Fig: 90: The forb cover in the habitat of the species (median, Q1, Q3, range).

Tab. 60: Renkonen’s coefficients for the forb cover in the habitat

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.753

A. euthynota 0.757 0.817

A. usambarica 0.717 0.85 0.913

P. arachniformis 0.793 0.887 0.807 0.86
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The percentage of leaf litter in the habitat usually ranged from 0 to 10%. In P. arachniformis it was
significantly higher than in any of the Afrophlaeoba species (Q1 and median: 10%, Q3: 30%; Mann-
Whitney-test, Renkonen’s coefficients 0.45-0.80, table 61). No difference was found between
A. longicornis and A. usambarica and between A. longicornis and A. euthynota (Mann-Whitney-test,
n. s.). All other Afrophlaeoba species differed significantly from each other (Mann-Whitney-test). The
percentage of open soil in the habitat was even lower than that of leaf litter (median, Q1 and Q3 =0 in

all species) and, therefore, it was not considered for this analysis.

Tab. 61: Renkonen’s coefficients for the percentage of leaf litter in the habitat

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.687

A. euthynota 0.763 0.62

A. usambarica 0.893 0.783 0.76

P. arachniformis 0.627 0.797 0.45 0.67
7.3.9 Diet

All feeding specimens observed, were exclusively feeding on grasses. Altogether 17 specimens were
recorded feeding on grasses (4. euthynota: two males, six nymphs; A. nguru: one male, one female;

A. usambarica: four males, one female, P. arachniformis: two males).
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Fig. 91: Radiation at the location of the grasshoppers (median, Q1, Q3, range). Note the high radiation in the
habitat of Afrophlaecoba species, which were studied at higher elevations and the low radiation at the
locations of P. arachniformis.
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7.3.10 Radiation

The radiation differed significantly between all species (Mann-Whitney-test, Renkonen’s coefficients:
0.29-0.91, table 62). The lowest values were found in P. arachniformis, of which the median was
1,843 lux and Q3 was 3,615 lux. Only 5% of the specimens were found at locations with light
intensities higher than 10,000 lux. In 4. nguru the median was 3,513 lux. and in A. longicornis
5,150 lux. In these two species the highest similarity was found (Renkonen’s coefficient: 0.91) with
16% respectively 25% of the specimens found at patches with light intensities higher than 10,000 lux.
In A. usambarica even 36% were found at those lighter patches (median 7,805 lux.) and in
A. euthynota the median was 22,000 lux.

These values correlate with the height of the study sites (figure 91). Species studied at lower
elevations (4. longicornis and A. nguru) were found at darker patches than those of higher elevations.
The only exception was P. arachniformis, which was studied only slightly lower than A. usambarica,
but still it was found more frequently at darker places. Sometimes P. arachniformis was found only
several metres away from A. usambarica. In these cases A. usambarica was always at lighter places

(forest edge, clearings), while P. arachniformis was more associated with the forest interior.

Tab. 62: Renkonen’s coefficients for the light intensities (four classes: <1,000 Ix; 1,000-10,000 lx; 10,000-
100,000 Ix; >100,000 Ix).

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.907

A. euthynota 0.49 0.397

A. usambarica 0.867 0.773 0.623

P. arachniformis 0.8 0.893 0.29 0.6667

7.3.11 Shade

Comparing the percentage of specimens sitting in shade, semi-shade or sun, no significant differences
were found between Afiophlaeoba species () test, n. s., df =6, figure 92). All species were found
mainly in the shade of trees (>60%) and only <20% of the specimens were found at sunny locations
(Renkonen’s coefficients: 0.84-0.96). The difference was significant, when P. arachniformis was
included (y” test, df = 8). The percentage of P. arachniformis specimens sitting in shade, semi-shade
or sun differed not significantly from 4. nguru (x2 test, n. s., df = 2, Renkonen’s coefficient: 0.98), but
from all other Afiophlaeoba species () test, df =2, Renkonen’s coefficients: 0.81-0.93, table 63). In

P. arachniformis only 1.4% were found in the sun, while 71% were found at shaded patches.

Tab. 63: Renkonen’s coefficients for the shade conditions

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.944

A. euthynota 0.921 0.872

A. usambarica 0.885 0.835 0.963

P. arachniformis 0.929 0.979 0.851 0.814
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Fig. 92: Shade at the location of the grasshopper specimens. The higher radiation of species studied at higher
elevations is visible, although the differences are not significant. In P. arachniformis the most specimens
were found at shaded or semi-shaded locations. The species differs significantly from nearly all other
species, with the exception of A. nguru (y* test, df = 1)
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Fig. 93: Temperatures at the location of the grasshopper specimens. Note the two groupings, with 4. longicornis
and A. nguru at warmer locations and the other species at cooler locations.
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7.3.12 Temperature

A comparison of the temperatures at the locations of the grasshoppers showed that two groups can be
distinguished: P. arachniformis, A. usambarica and A. euthynota, of which the median ranged from
24.7°C to 25.1°C (Renkonen’s coefficients: 0.52-0.83, table 64) and 4. longicornis and A. nguru, of
which the median was 26.4°C respectively 26.2°C (Renkonen’s coefficient: 0.87; figure 93).
Significant differences were found between those groups (Mann-Whitney-test), but not within them
(Mann-Whitney-test, n.s.). The temperatures correlated with the height of the study sites.
A. longicornis and A. nguru were studied at the lowest elevations, while the other three species were

studied at higher locations (figure 93).

Tab. 64: Renkonen’s coefficients for the temperature in the habitat

Species | A. longicornis | A. nguru | A. euthynota | A. usambarica
A. nguru 0.867
A. euthynota 0.61 0.577
A. usambarica 0.62 0.593 0.687
P. arachniformis 0.61 0.603 0.52 0.83
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Fig. 94 & 95: Radiation at locations of 4. euthynota specimens attacked by mites and shade conditions of those
specimens.

7.3.13 Ectoparasites

African grasshoppers are often hosts for ectoparasitic mites (e. g. Erythraecidae, Podapolipidae).
Species in open habitats seem to be more often attacked than species inside the forest (Cloudsley-
Thompson 1969). During the field work mites were found exclusively on A. euthynota, and only at

some study sites, which were rather treeless with only some shrubs around. The figures 94 and 95



Habitat preferences 157

illustrate the radiation and shade conditions of those specimens, which were attacked by mites. They
were characterized by significant higher radiation (median 38,600 lux in comparison to a median of
20,950 lux for specimens without mites; Mann-Whitney-test). Specimens with mites were also more
often found at sunny places (50%, n = 12) than the other specimens (12%, n = 86; %’ test, df = 2). The

attacked specimens were also found in higher vegetation compared to the other specimens.
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Fig. 96: Average pairwise Renkonen’s coefficients; the pairwise niche overlap for Afrophlaeoba is indicated by
white bars (I: A. longicornis, u: A. usambarica, e: A. euthynota, n: A. nguru); the intergeneric comparisons
are represented by black bars (a: P. arachniformis); the grey bars indicate the average niche overlap for three
sympatric species of the East Usambara Mts. (Hochkirch 1995; R: Rhainopomma usambaricum, 1: Ixalidium
transiens; P: Parepistaurus pygmaeus).

7.3.14 Average Renkonen’s Indices

Due to the nominal and interval scales of many variables, it was not possible to perform a multivariate
analysis. To illustrate an overview of the habitat affinities, an average of the Renkonen’s coefficients
was calculated for each species pair (figure 96). Following parameters were considered for calculating
this average: sex ratio, nymph-adult ratio, total vegetation cover, vegetation height, height of situation,
orientation, location and plants. Climatic parameters were not considered, as they depend too much on
the geographic situation, daily fluctuations and the research period. To avoid higher weighting of the
vegetation cover, only the total vegetation cover was included, while the parameters grass cover, forb
cover, leaf litter and open soil were excluded from the analysis. In addition, the average niche overlap
of three sympatric species of the East Usambaras was included (figure 96) to illustrate the high values
of the allopatric Afrophlaecoba species. The highest niche overlap was observed in Afirophlaeoba
species (0.85-0.91). The niche overlap between Afrophlacoba species and P. arachniformis ranged

from 0.74 to 0.81, although P. arachniformis occurs sympatric with A. usambarica.



Habitat preferences 158

7.4 Discussion

7.4.1 Ecological Differentiation on Single Mountains

Compared to the clear differences between three sympatric grasshopper species (Ixalidium transiens,
Parepistaurus pygmaeus, Rhainopomma usambaricum) studied in 1994 in the East Usambaras
(Hochkirch 1995), the four allopatric Afrophlaeoba species have quite similar habitat preferences. The
lower Renkonen’s indices between P. arachniformis and Afrophlacoba suggest, that niche
differentiation within a single mountain block is generally higher than between congeneric species of
different mountain blocks. This supports equilibrium models, suggesting that niche specialization
plays a major role in the generation of the high within-habitat-diversities of rainforests (Linsenmair
1990). The five species of the East Usambara Mts., which were studied intensely so far, can be clearly
distinguished ecologically: Ixalidium transiens occurs in the ground litter of the forest, feeding on
litter; Rhainopomma usambaricum occurs in dense and high vegetation of smaller gaps in the forest,
feeding on forbs; P. arachniformis occurs in sparse and low vegetation of forest gaps, feeding on
grasses; Parepistaurus pygmaeus and A. usambarica occur syntopous in dense and low vegetation of
the forest edge, but while P. pygmaeus feeds on forbs, A. usambarica is a graminivorous. Generally,
the Afrophlaeoba species were most similar to P. pygmaeus in ecology (based upon the Renkonen’s
indices). This is illustrated by a similar height of situation of P. pygmaeus compared to Afrophlaeoba
(Mann-Whitney-test). The vegetation height in the habitat of P. pygmaeus was not differing from
P. arachniformis and the vegetation cover was similar to 4. nguru (Mann-Whitney-test).

A comparison of the habitat preferences of P. arachniformis and A. usambarica might illustrate the
main differences between the two related genera. Although the species were studied close to each
other during the same period and in similar temperatures, P. arachniformis was found at darker sites
than any other Afrophlacoba species. This illustrates the association of P. arachniformis with the
forest interior (Hochkirch 1996a). The two species were only rarely found syntopous. Usually there
was a transition from darker patches with P. arachniformis to more sun-exposed patches with
A. usambarica. These differences were confirmed by the higher amount of leaf litter in the habitat of
P. arachniformis and by the lower and less dense vegetation. Parodontomelus luci, the sister species

from the Udzungwa Mts., was also found in a grassy clearing (Hochkirch 1999b).

7.4.2 Ecological Differentiation of Afrophlaecoba

The high niche overlap in Afrophlaeoba confirms the former impression that the species composition
of the single mountain blocks within the Eastern Arc is very similar, with vicariant species of the same
genera occurring at the forest edge (Hochkirch 1998). Afrophlaeoba is such a typical forest edge
genus. It is confined to grassy forest edges and large clearings of submontane rainforests, as already
suggested prior to this study (Hochkirch 1996a). Sometimes it was found at open locations

(A. euthynota), but always near trees, shrubs or steep slopes, which provided shade at least for some
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time of the day. Populations of open locations are affected by higher radiation and drought. They were
often attacked by parasitic mites, which might indicate “environmental stress” of those grasshoppers.
However, this might be also an effect of the ecological preferences of the mites. According to
Cloudsley-Thompson (1969) parasitism is not developed to any great degree in tropical forests.

In the vegetation structure of the habitat many significant differences were found, but the similarities
are more striking. Based upon the medians the vegetation can be characterized as follows. The
vegetation usually is 60-70 cm high (in P. arachniformis it is 50 cm high) and has a cover of 90-100%
(in P. arachniformis 80%). Grasses dominate in the habitat (60-80%), while forbs usually cover only
10-30% of the ground and leaf litter 0-10%. The median percentage of open soil is 0 in all species.
Thus Afrophlaeoba species are typical for dense and low vegetation, which is dominated by grasses.
P. arachniformis occurs in slightly lower and less dense vegetation, probably due to the occurrence
inside the forest. The amount of leaf litter in the habitat of Afrophlacoba is usually low, but in the
habitat of P. arachniformis it is higher.

The microclimatic data have to be compared carefully, since the data were recorded at different
locations and during different periods. Due to the allopatric occurrence of the four Afrophlaeoba
species a direct comparison is only possible between 4. usambarica and P. arachniformis. It has to be
considered that A. nguru and A. longicornis were studied at lower elevations and later in the year,
when the average temperature is generally higher. These two species were closer associated with
shaded areas than those, which have been studied at higher altitudes. They were recorded from darker
sites with higher temperatures, mainly under trees with a dense canopy, such as mango trees.
Sometimes nearly a complete forest edge association occurred under such mango trees (Hochkirch
1998). Since the few A. euthynota specimens found in the lowlands at Morogoro were also situated
under mango trees, it is reasonable to conclude that the genus Afrophlacoba as a whole is more closely
associated with dense canopy trees under the high temperature conditions of the lowlands. Thus,
humidity might be a more important factor for the habitat preferences of Afrophlacoba than

temperature.

7.4.3 Sex-specific Microhabitats in Relation to Behaviour

The similar habitat preferences of the four Afrophlaeoba species are particularly well illustrated by the
locations of the sexes. Males were usually found on plants, mainly horizontally on leaves of grasses,
between 10 and 30 cm above the floor. In these characters nearly no differences occurred between the
species or between Afrophlacoba and P. arachniformis. 85 to 92% of the recorded specimens were
males. Females were mainly recorded from leaf litter and nymphs more frequently on grasses. These
locations are probably affected by sex-specific differences in behaviour. All Afrophlaeoba species and
P. arachniformis seem to feed exclusively on grasses. This food specialization is of high significance,
as it clearly restricts the species to grassy patches, which are less common in forests than in open

habitats. According to Jago (1973) grass feeders are rare among rainforest grasshoppers, due to the
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rareness of grasses and their bad palatability. This was confirmed by the feeding behaviour of
Rhainopomma usambaricum, Ixalidium transiens and Parepistaurus pygmaeus (Hochkirch 1995).
Apparently food specialization was underestimated by various authors (Hochkirch et al. 2000). The
higher importance of grasses for nymphs can easily be interpreted by their higher energetic
requirements in comparison with adults. This should also be true for females, which are bigger than
males and nymphs and need to produce eggs (Hochkirch 1999a), but predation avoidance seems to be
another important factor (Hochkirch 1998, 1999a), superimposing this expectation. In contrast to the
small and inconspicuous nymphs, the females are bigger and would be easily seen when resting on
grasses. Their stick-like appearance provides a useful camouflage in the ground litter, where they are
nearly invisible. This might be the main cause for the high percentage of recorded males. During this
study, records were made during the day to allow a better comparison of the environmental factors. It
is reasonable to suggest that females supply their greater energetic costs during the night, since feeding
females were observed during a short night excursion at Amani.

The high importance of predator avoidance for tropical forest insects seems to have a major influence
on the life strategies (Linsenmair 1990, Hochkirch 1998, 1999a). In all Afrophlacoba species, the
males vary less in colour than the females. Typically they have a straw-like colouration with dark
lateral stripes from the antennal bases to the end of abdomen. This striped colour might be interpreted
as adaptation to the vertical structure of the habitat, which is dominated by grasses. The uniform
straw-like to orange colour of the hind femora with contrasting dark knees is probably of importance
for courtship (chapter 6). Additional behaviour, which might be of significance for habitat preferences
are thermoregulation, mating and oviposition (Hochkirch 1996¢c, Hochkirch et al. 1999). Little is

known in this regard due to the sparse occurrence of these behaviours (Hochkirch 1998).

7.4.4 Life Cycle

The nearly equal percentage of nymphs in the four Afrophlaeoba species indicates that the life cycle
within the genus is rather similar, while P. arachniformis differs substantially from Afrophlacoba. A
higher number of adult P. arachniformis was found in March 1997. Thus the main adult emergence
might be from March to May, which is the main rainy season and warmest period in the East
Usambaras (figure 2). In Afrophlaeoba adults were dominant already during the research period from
December to February. The slowly decreasing percentage of nymphs from the first studied species to
the last one might be due to the ongoing moult of last-instar nymphs. Nevertheless adults of
A. usambarica were recorded throughout the year. This might be explained by long life spans, which
is known for other rainforest grasshoppers of the East Usambaras (Hochkirch 1995), but also by a
continuous life cycle (Hochkirch 1996a). Unless quantitative studies are available, the life history of

Afrophlaeoba remains a matter of speculation.
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8 Final Discussion

8.1 Palaeoendemics or Neoendemics?

The Eastern Arc Mountains are known for their exceptionally high rates of endemism, including
species, which are thought to be relicts of a former pan-African forest (“palacoendemics”) and recently
evolved groups (“neoendemics”). The latter radiated during the Pleistocene climatic fluctuations and
dominate (Fjeldsa & Lovett 1997). Jago (1983) assumed that the members of the Afrophlacoba genus
group are evolutionary relicts of “long past climatic patterns”, while the morphologically similar genus
Odontomelus includes species “apparently still in a state of active evolution.” The latter genus was
studied merely as an outgroup to the genus Afrophlaecoba and only two of the 33 species described
(Jago 1994a) were included in the analysis. Thus it is not possible to present any final evidence to
Jago’s (1983) comments on Odontomelus. However, it is striking that the genetic distance between the
two species of Odontomelus that were studied is substantially higher (6%) than the distances between
Afrophlaeoba species (0.8-2.5%). The low pairwise distances within Afrophlacoba indicate that the
species of this genus have to be regarded as neoendemics. Although the literature data on molecular
clocks are highly variable, calculations of a possible time of divergence using medium substitution
rates (0.01-0.03 per my) did not exceed 2.3 my. In contrast to the low distances between Afiophlacoba
species, the distance between the two species of Parodontomelus that were analysed was substantially
higher (4.2%). These differences were possibly caused by the greater geographical distance between
the two species of Parodontomelus (350 km), but also by their stronger preference for closed forest.
As long as only parts of the Afrophlacoba genus group have been studied, it is difficult to prove Jago’s
(1983) remarks completely. It would be interesting to study the phylogeny of the remaining genera of
the Afrophlacoba genus group and to test, if Jago’s hypothesis is true for them. Since all species of the
group are restricted to forested areas of eastern Africa and Madagascar, such a study would probably
contribute a lot to the knowledge of the natural history of this region. It might clarify the significance
of the arid corridor or the Indian Ocean as separating elements and the affinities of the Eastern Arc
elements to the forests near Lake Victoria, the southern montane regions of Malawi, or the forests of

the off-shore islands of Zanzibar, Mafia and Madagascar.

8.2 The Eastern Arc as Refuge Area

The Eastern Arc is thought to have served as a major refuge area during periods of drought. This
hypothesis is mainly based on the high number of endemic species. Climatic stability is important for
the survival of relictual taxa and for initial speciation (Lovett & Friis 1996). The peak concentrations
of neoendemics are located in the same areas as those of relictual species (Fjeldsa & Lovett 1997).
Regarding grasshoppers the same pattern can be observed. This includes the recent radiation of
Afrophlaeoba as well as relictual species, such as Anischnansis burtti (UVAROV, 1941), with uncertain

systematic affinities (Dirsh 1959) or Loveridgacris REHN, 1954, with affinities to Parapetasia
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I. BOLIVAR, 1884 occurring in the West Central refuge in West Africa (Cameroon, Gabon, Nigeria).
This confirms the hypothesis of the high importance of climatic stability for the survival of endemics
(Anderson 1994). Since nowadays the Eastern Arc receives the highest rainfall of East Africa, there is
no reason to suggest anything else for the past (Lovett & Friis 1996). Marine drill-core data suggest
that the coastal waters of Tanzania were less influenced by Pleistocene climatic fluctuations (1-2°C)
than other oceans (Prell et al. 1980). Even when aridity spread over large parts of Africa, forest taxa
were possibly able to survive in small humid patches within the Eastern Arc. The low number of
endemic mammals in the Eastern Arc (Stanley et al. 1998) suggests, that these refuge areas were rather
small. According to Fjeldsd & Lovett (1997) the Eastern Arc served as a principal centre of evolution
during the Plio-Pleistocene period. The case of Afrophlaeoba confirms this hypothesis, but multiple
waves of dispersal and speciation (Rodgers 1998, Johanson & Willassen 1997) cannot be confirmed.
The restriction of both genera, Parodontomelus and Afrophlacoba to the Coastal Forests and the
Eastern Arc suggests that either no sufficient habitat connections to the volcanic mountains of northern
Tanzania existed during the period of dispersal, or that populations in these areas became extinct due

to drought events or volcanic eruptions.

8.3 The Significance of Ecological Studies

The genus Afrophlacoba apparently represents a young radiation in the Eastern Arc. Based on the
small ranges of all four species and on literature data (Jago 1983), one would expect them to be
restricted to evergreen rainforests. Although this is true on a broader scale, they rather occur at forest
edges and in clearings. From the small-scale ecological point of view, no species seems to be restricted
to closed forest. They do not occur in treeless habitats, but a single tree with a dense (and probably
evergreen) canopy might suffice for the existence of the species, if grasses are available as food plants.
Such a situation has been observed frequently under mango trees, which spend enough shade and
humidity and often serve as small refuges for forest edge species or even “real” forest species
(Hochkirch 1998). Since the habitat requirements of the four Afrophlaeoba species are rather similar,
there is no reason to suggest a different ancestral biology. This has an enormous consequence for the
natural history of the genus, since a postulation of a closed forest connection is not necessary to
interconnect the populations of Afrophlaeoba. This might illustrate the high importance of ecological
studies for phylogeographical conclusions. On the other hand it is striking that the species are
apparently restricted to the Eastern Arc and do not occur in the Coastal Forests. Even among material
from 30 Coastal Forests of Tanzania, recently collected by “Frontier Tanzania” and kept at the
Zoologisk Museum in Copenhagen, there is no record of Afrophlaeoba, although approximately 100
species occur in this collection, including three species of Parodontomelus (Hochkirch unpubl.). A
restriction by macroclimatic factors, such as rainfall or temperatures seems likely. Although the study
sites of A. longicornis at Kilosa only receive about 1,000 mm rainfall per year, they might be

influenced by the local climate of Mkondoa River and the Rubeho / Ukaguru Mountain massif. While
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the river might influence the local humidity and the groundwater regime, the Rubeho and Ukaguru
Mountains probably receive higher rainfall. The Coastal Forests of Tanzania receive 800-1,300 mm
rainfall per year and the average temperatures are higher (Hawthorne 1993, Burgess et al. 1998b,
Clarke 2000b). Experimental studies on the requirements of eggs, nymphs and adults of Afrophlaeoba
regarding the temperature and the humidity would possibly explain the absence of Afiophlaeoba from

the Coastal Forests.

8.4 A Scenario of the Evolutionary Divergence

Acridinae are a comparatively young group of Orthoptera, related to the Gomphocerinae (Rowell &
Flook 1998). They are specialized on grasses in their diet (Jago 1973), while more “primitive” groups
are usually herbivorous. Since there are apparently no exceptions in Acridinae and in the sister group
Gomphocerinae, it is reasonable to suggest this food specialization to be a plesiomorphous character.
The origin of Poaceae in Africa is dated to the Palacocene (60-55 my BP) and a major spread of grass-
dominated habitats to the middle Miocene (c. 15 my BP, Jacobs et al. 1999), supporting the view that
Acridinae are a comparatively young group. The position of the Phlacobini within the Acridinae
remains unknown, but the forest specialization suggests them to be a comparatively ancient group of
Acridinae (Jago 1983).

The most established evolutionary concept for tropical forests is the refuge concept, which assumes
that forest species evolved allopatric by isolation in areas, which remained stable (Haffer 1974). This
mechanism of segregation of an ancestral species into geographically separated populations caused by
climatic or geological events that lead to speciation, is usually referred to as vicariance. Generally it is
likely that both vicariance and dispersal scenarios interact, but the natural history of eastern Africa and
the flightlessness of Afrophlaeoba suggest that vicariance is of a higher importance, although at some
time in the past the ancestral dispersal must have occurred. Despite the evidence for periodic aridity
alternating with humid periods (Hamilton 1982), it remains doubtful whether this caused several
waves of dispersal and speciation in refuge areas (Briithl 1997). This can be concluded from the fact
that each mountain block of the Eastern Arc usually has only one endemic species of a genus
(Hochkirch 1998). According to Hamilton (1982) it is likely that many disjunct “montane” taxa once
occurred in lowland forests, either during wetter periods or during initial phases of forest expansion. A
lowland origin of many endemic montane taxa is also assumed by Harmsen (1989) and Kingdon &
Howell (1993). For flightless species there is naturally no other way to disperse than via lowland
connections. Moreover, forest grasshoppers of the Eastern Arc do not exhibit a steep altitudinal
gradient of species replacement (Hochkirch 1996a), which is typical for plants (Lovett et al. 2000).
Since most of the Eastern Arc forests are separated by dry savannah and woodland, two elements have
to be distinguished for the connection of the ancestral range from the ecological point of view: Coastal
Forests and Riverine Forests. According to Clarke (2000a) some existing gallery forests include
Swabhilian (Coastal) elements, representing transitions to the Coastal Forests. The Coastal Forests on

the other hand represent a mixture of different vegetation types, including Coastal Dry Forests, Coastal
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Scrub Forest, Coastal Brachystegia Forest, Coastal Riverine / Groundwater / Swamp Forest and
Coastal / Afromontane Transition Forests, which represent a transition to the Eastern Arc (Clarke
2000a). The genus Afrophlacoba seems to be mainly dependent on the existence of evergreen trees
rather than on a dense forest cover. Therefore, different Coastal Forest types and riverine forests
possibly served as habitats during humid periods. In this context it is interesting to mention that a
female Afrophlaeoba was collected 10 km north of Mbwewe (Jago 1983), a village close to the Wami
River situated between the East Usambaras and the Ulugurus (figure 97). This female was assigned to
A. usambarica (Jago 1983), although it is certainly difficult or even impossible to identify females. A
genetic analysis of specimens from Mbwewe would be of high interest for the phylogenetic
conclusions, since the area represents a node between the euthynota-usambarica group and the nguru-
longicornis group. Although Afirophlaeoba was missing in the Coastal material collected by “Frontier
Tanzania”, the genus might occur in the region of Pangani (Hemp pers. comm.), which is situated at
the coast close to the Usambara Mts. Additional sampling would provide yet a more complete

understanding of the phylogenetic history of the genus.

West Usamba

| East Usarhbara

Nguu Pemba

Mbwewe

Nguru Wami River

Ukaguru Zanzibar

Uluguru

Ruvu River

Rubeho

Fig. 97: Present knowledge on the distribution of Afrophlaeoba; circle: A. usambarica; square: A. euthynota,
triangle: 4. nguru; thombus: 4. longicornis. Question marks represent unconfirmed records of Afrophlacoba.
The lightly shaded area is the coastal part of the Zanzibar-Inhambane regional mosaic sensu White (1983);
the dark shaded areas are blocks of the Eastern Arc; the offshore islands of Pemba and Zanzibar are black.
Note the possible interconnection of A. usambarica and A. euthynota through the Coastal Forests and the
possible connections of A. nguru and A. longicornis through the Wami River basin.
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Fig. 98: Synopsis of a vicariance scenario for the separation of populations of Afrophlacoba (question marks
represent unconfirmed recent records, lighter shadings represent a higher ages; the off-shore islands of
Zanzibar and Pemba are black). The first habitat split occurred in the rainshadow of the island Zanzibar,
separating the inland group from the coastal group and then the northern from the southern populations. The
connection of the nguru-longicornis group to the coastal group follows the Wami River, while 4. euthynota
was connected to the northern populations via the Ruvu River and the Coastal Forests.

If a scenario of the evolutionary divergence of Afrophlaeoba has to be set (figure 98), the ancestor of
the species would be found in the formerly widespread Coastal Forests, which included those parts of
the Eastern Arc, which are situated close to the coast (E. Usambaras, Ulugurus) and those which were
connected via the basin of Wami River. Although the distance between the Ulugurus and the coast is
substantially higher than that of the East Usambaras, the phytogeographical regions in Tanzania
connect the Ulugurus with the coast through the Zanzibar-Inhambane regional mosaic sensu White
(1983), which also includes the East Usambaras (figure 97). Moreover, this phytogeographical region
includes the record of Afirophlaeoba from Mbwewe. In addition, a connection of the populations of the
Ulugurus may have been possible through the Ruvu River basin. The Wami River basin drains the
Rubehos, the Ukagurus and the Ngurus and thus might have connected the populations of those
mountain ranges with each other and with the Coastal Forest zone. The phylogenetic hypotheses
suggest an initial fragmentation of the “Wami River Connection” close to the coast, followed by a
fragmentation of the “Coastal Forest Connection” shortly after that (figure 98). The short period
between these two steps of divergence would be a sufficient explanation for the lower reliability of the

euthynota-usambarica branch and the similar genetic and morphological distances between those two
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species on the one hand and the nguru-longicornis group on the other hand. The instability of the
euthynota-usambarica group thus has only minor effects on the main phylogeographic conclusions. A
basal euthynota-branch would just suggest that the initial fragmentation occurred some kilometres
further south, but still in the same area and in the same period of time. The Wami River Connection
between the Nguru Mountains and the Rubeho Mountains must have remained stable for a longer time
and might even still exist, but a connection via the Ukaguru Mountains is also feasible.

The dating of the habitat fragmentation remains a matter of uncertainty. If medium evolutionary rates
are assumed, the basal divergence occurred 753 thousand years to 2.26 my BP. Despite this high
variation, at least a Pleistocene radiation of Afrophlaeoba is likely, as has been suggested for other
recent radiations within the Eastern Arc (Fjeldsa & Lovett 1997). The loss of habitats in the lowlands
were possibly affected by natural desiccation as well as by human disturbance. Although the use of
fire in East Africa started 1.5 my BP, anthropogenic bushfires were not reported prior to
150,000 y BP. Hence, it is reasonable to suggest a natural cause for the initial split. The node between
the three groups, A. euthynota, A. usambarica and the nguru-longicornis group, is located exactly in
the rainshadow of Zanzibar. Since this area is still characterized by a lower rainfall pattern, it is likely
that the natural desiccation during the Pleistocene had more severe effects on the vegetation here than
in other areas. The present north-south disjunctions in the distribution patterns of plants confirms this
hypothesis (Hawthorne 1993). Fragmentation possibly started further inland, since the coastal area
generally receives a higher rainfall. There is unequivocal evidence that Coastal Forests were once
more widespread in areas that are now woodland (Clarke & Karoma 2000). However, Clarke &
Karoma (2000) point out that both factors, human influence and natural desiccation interacted and
Hawthorne (1993) states that moist forests probably occurred naturally only sporadic along the coast,
while dry forest types previously occurred in extensive blocks.

A second event of habitat loss possibly occurred between the Ngurus and the Rubehos, but the low
genetic distances between 4. nguru and A. longicornis suggest that this happened either recently or not
at all. The estimates for the time of divergence of the two species vary from 285 thousand years to 855
thousand years. If the higher relative error at lower substitution rates is considered, it is rather doubtful
to present a minimum time of separation (otherwise the two specimens of Parodontomelus luci would
have been separated for 17,000 to 50,000 years, which is certainly not the case, since they were
collected from the same site). At least the very low distances between A. nguru and A. longicornis
suggest a fairly recent divergence, probably not sooner than the late Pleistocene. The part of the Wami
River valley connecting the Nguru and the Rubeho Mountains is situated south of the Zanzibar
rainshadow and thus possibly received a higher rainfall. Gained from the present knowledge on the
natural history of eastern Africa, four hypotheses are presented here that might explain the close

relationships between A. nguru and A. longicornis.
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1. A connection between both species still exists along the Wami River or the Ukaguru Mountains.
The missing records from the area between the Nguru Mountains and the Rubeho Mountains
would then be a result of lacking collection activities.

2. A connection was present during a minor climatic fluctuation in the Holocene, e. g. during the
“Little Ice Age” in the 17" and 18" century (Verschuren et al. 2000).

3. A connection was present during major climatic fluctuations within the Pleistocene or Holocene.
The warm interglacials were probably wetter and forests spread during those periods. The last
major wet period is believed to have lasted from 9,000 to 8,000 y BP (Hamilton 1982).

4. The connection has vanished during the last thousands of years due to anthropogenic events such

as logging and burning. The use of fire in Tanzania started 1.5 my BP (Clarke & Karoma 2000)

8.5 The Zanzibar Rainshadow as Separating Component

The habitat loss in the coastal area of the Wami River basin is quite reasonable, if the present climatic
regime is considered. Even today the rainshadow of Zanzibar Island seems to separate the northern
Coastal Forests from the southern Coastal Forests (Robbrecht 1996, Clarke 1998, Tattersfield 1998).
According to Hawthorne (1993) the low rainfall around Bagamoyo (and the Msangasi River) explains
the abrupt change in the flora across this area. In many cases northern and southern groups of taxa are
also distinguished in the Eastern Arc (Lindquvist & Albert 1999), which might confirm the general
importance of the Zanzibar rainshadow for the isolation of Eastern Arc and Coastal Forest species. In
the past the Afromontane element of eastern Africa was divided into a northern Usambara-Imatong
section and a southern Uluguru-Malanje section (White 1978), until the Eastern Arc was considered as
a floristic unit (Lovett 1988). According to Scharff (1993) the linyphiid faunas of the Uluguru Mts.
and the Usambaras do not share a single true forest species. This can only be explained by strong
habitat barriers between those two mountain ranges. This also is true for grasshoppers, in which the
number of shared species increases with the distance from the forest, while in the forest even endemic
genera can be found (Hochkirch 1998). Additionally, there are only few connections between the
millipede faunas of the Usambaras and Ulugurus (Hoffman 1993). Based upon a study of nuclear
DNA sequences (ITS) of the African Violets (Saintpaulia), Moller & Cronk (1997a) conclude that the
Uluguru Mts. became isolated prior to the isolation of the northern mountain ranges, while Lindqvist
& Albert (1999) suggest that an initial north-south disjunction must have occurred, separating the
Uluguru-Ukaguru-Nguru ranges from the Taita Hills and Usambaras. Burgess et al. (1998b) assume
that the high number of single-site endemics in the Coastal Forests have to be interpreted as relicts due
to fragmentation. They note a predominance of old species within the Coastal Forests contrasting with
the Eastern Arc, where a considerable proportion of endemic species are believed to be recent
radiations (Fjeldsa & Lovett 1997). However, the Saintpaulia studies elucidated a recent radiation in

the Coastal Forests (Lindqvist & Albert 1999).
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8.6 Riverine Forests as Connecting Components

The “Wami River Connection” is supported by distribution patterns of several other forest taxa as
well. The millipede genus Pseudotibiorus DEMANGE, 1978 has several species in the Eastern Arc and
the Coastal Forests, including one in the East Usambaras, one in the Ulugurus and one in the Wami
River valley east of Ngurus (Hoffman 1993). Pongwe Mountain in the Wami River plain is occupied
by a subspecies of the millipede Rhododesmus planus (KRAUSS), which has another subspecies in the
Ulugurus and one in the northern Udzungwas (Hoffman 1993). Based upon the distribution pattern of
the millipede genus Ceratodesmus, Hoffman (1993) already assumed that some continuity of rain
forest must have existed between the Usambaras, Pongwe Mountain and the Ngurus. He also
suggested a relatively recent disjunction of the habitat in the late Pleistocene. This hypothesis can be
confirmed from the Afrophlaeoba data. The importance of riverine forests for contact between forest
faunas has already been suggested by Hamilton (1982) and Brandl et al. (1996). Kellman et al. (1994)
found typical forest floras in savannah gallery forests. According to Mdller & Cronk (1997a) spread
along river systems may be of significance for the typical Eastern Arc and Coastal Forest genus
Saintpaulia (African Violets). Riverine forests possibly served also as refuges for forest taxa in
periods of drought, since they are more dependent on groundwater than on rainfall. The Tana River
forests in Kenya are situated in semi-arid land with annual rainfall of 470 mm (Medley 1995).
Nevertheless some typical forest species occur here, including Pachystela msolo, a tree, which is
found outside West Africa only in the East Usambaras and along Tana River (Medley 1998). Even
small remnants of gallery forests were possibly enough to allow the survival of certain populations of
arthropods (Scharff 1992). The possible significance as refuges is supported by observations of Evans
(1997), who found the riverine forest in the East Usambaras to be particularly rich in species. Fjeldsa
& Lovett (1997) suggested patches near waterfalls or local mist zones to be of high importance as
forest refuges. The Wami River valley probably played a major role for gene flow between the

different rainforest areas, as it connects three Eastern Arc mountain ranges with the Coastal Forests.

8.7 Isolation or not?

The species of Afrophlaeoba were described based on morphological differences (Jago 1983), which
proved to be not reliable. Although the species are genetically distinct and also distinct in
morphometric space, this does not help to answer the question whether the species are isolated or
whether they should be regarded as subspecies or populations of one species. A slight degree of
differentiation will be found between most populations (Gries et al. 1973) and in the comparatively old
habitats of East African mountains a genetic differentiation is likely to occur. The problem arises
mainly as a result of the allopatric distribution of the Afrophlaeoba species. A promising approach was
the study of the communicative behaviour, which revealed clear differences between the species.
Amazingly those two species, which are genetically and morphologically most close to each other

(4. longicornis and A. nguru), appear to have the highest differences in communicative behaviour.
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This indicates the possibility of a higher selective pressure on the displays due to recent
interconnections between these two species. On the other hand, the intraspecific variability is not yet
known well enough to present any final conclusions. However, it should be kept in mind that the
Chorthippus biguttulus group in Europe is not isolated genetically, but nevertheless interbreeding does
not occur in nature due to the specific mate recognition systems based on different songs. Obviously,
interbreeding experiments are the only solution to the question, whether isolation of the Afrophlaeoba
species may be given or not. In many species groups of the Eastern Arc, which are regarded as
neoendemics, the taxonomic status seems to be a matter of opinion (Lovett & Friis 1996, Moéller &

Cronk 1997a).

8.8 Comparison with other Phylogenetic Analyses

Only a few phylogenetic studies of Eastern Arc taxa are available. Knox & Palmer (1998) studied the
phylogeny of giant lobelias (Lobelia, subgenus Tupa, section Rhynchopetalum) based on chloroplast
DNA sequences. This genus radiated geographically and altitudinally in the mountains of Eastern
Africa, but in contrast to Afrophlaeoba it is wind-dispersed. According to Knox & Palmer (1998) the
Uluguru Mts. represent the site of origin of the African giant lobelias. They have been colonized
approximately 20 my ago from Southeast Asia. From the Uluguru Mts. two species dispersed to the
Nguru Mts. and one from there to the East Usambaras. Another species dispersed from the Ulugurus to
the Ukaguru Mts. and from there to the Nguru Mts. It is obvious that these dispersal routes follow the
main wind directions (SE monsoon, Hamilton 1982). Hence, any conclusions to the natural history
drawn from the phylogeny of such a wind dispersed taxon should be taken with caution. At least, the
Eastern Arc origin of the high number of giant lobelias is interesting, as it confirms the high age and
persistence of this mountain chain.

Several recent studies of the phylogeny of the African Violets (Saintpaulia) based on DNA sequences
are available (Moller & Cronk 1997a, 1997b, 1999, Moller et al. 1999, Lindqvist & Albert 1999).
Moller & Cronk (1997a) studied the phylogeny of African Violets (Saintpaulia) based on nuclear
DNA sequences (ITS), while later (Mdller et al. 1999) they included a nuclear developmental gene
(Gceyce — the putative homologue of cycloidea). Lindqvist & Albert (1999) studied the same genus
based on faster evolving nuclear ribosomal 5S non-transcribed spacer sequences. The obtained
phylogenies of both studies are wellmatched, but since the latter authors included more species and
faster evolving sequences, they were able to present a higher resolved phylogeny. An interesting
similarity to the Lobelia study (Knox & Palmer 1998) is the possible origin of Saintpaulia in the
Uluguru Mts. (Méller & Cronk 1997a) or a complex of Uluguru, Ukaguru and Nguru Mts. (Lindqvist
& Albert 1999), while the high number of species in the Usambaras and Coastal Forests proved to be
recent radiations, which are regarded as taxonomically critical due to wide cross-fertility (Moller &
Cronk 1997a). The rapid recent radiation close to the East Usambaras is probably caused by the close

location of this mountain range to the coast and multiple waves of repeated separation events in this
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smaller area. In contrast to the Eastern Arc Mountains, the coastal area near the Usambaras is also
characterized by a high number of congeneric species of grasshoppers, although Afrophlaeoba does
not follow this pattern. The Coastal Forests of this area are also known to be particularly rich in
endemic species (Clarke 1998). Moller & Cronk (1997a) interpret this radiation as the result of
Pleistocene climatic changes. In comparison to Lobelia the genus Saintpaulia is probably not capable
of long-distance dispersal, which allows a better comparison with Afrophlaecoba. In the study of
Lindqvist & Albert (1999) the Uluguru Mits. cluster with the Ukaguru Mts. and the Nguru Mts., while
in Afrophlaeoba the Usambaras and the Ulugurus cluster together. Apparently the collapse of habitat
connections in the Zanzibar rainshadow had an effect on the central connection paths of the Eastern
Arc and thus leading to different evolutionary patterns in different taxa. The habitat loss in the coastal
Wami River basin interrupts three major regions, the northern part (Usambaras, Pares, Taitas), the
western part (Ngurus, Ukagurus, Rubehos) and the southern part (Ulugurus, Udzungwas).

An analysis of the bird genus Andropadus (greenbuls) based upon cytochrom b gene sequences of the
mtDNA suggests complex historical interchanges between different montane areas, including the
Cameroon Mountains and East Africa (Roy et al. 1997). This is probably caused by the high dispersal
power of birds, like in the giant lobelias. Generally, the birds of the Usambaras seem to have stronger
biogeographic affinities to the northern volcanic mountains than to the southern highlands (Dowsett
1986). Although some insect genera of the Eastern Arc also reach Kilimanjaro (e. g. Ixalidium), most
of them are restricted to the Coastal Forests and the Eastern Arc. Eleven forest-dwelling species of
Andropadus occur in Africa, of which four species are strictly montane and represent a recently
radiated monophyletic group (Roy et al. 1997). The basal branch of the Andropadus gene tree is
represented by Andropadus milanjensis, a species mainly distributed in the southern Eastern Arc (Roy
et al. 1997), like in the Lobelia and Saintpaulia examples. The recent radiation of Andropadus seems
to conform to the Afrophlaeoba data, but the differing dispersal power of the taxa does not allow any

further comparison.

8.9 The Need of Future Faunistic Research in Tanzania

Although the faunistic exploration of Tanzania started more than 100 years ago, there is still a mass of
undescribed species, waiting to be studied. Taxonomy is the basis for any biological research, but the
number of taxonomists is decreasing, even though the dimensions of biodiversity are estimated to be
enormous in the tropics (Erwin 1982). Although the high importance of insects for biodiversity is
generally well known, most of the present research activities in the Eastern Arc and Coastal Forests of
Tanzania focus on plants and vertebrates (Lovett & Wasser 1993). A short examination of some
Orthoptera collected from Coastal Forests of Tanzania by “Frontier Tanzania” and kept at the
Zoologisk Museum in Copenhagen included approximately 100 species with 10-15 yet undescribed
species, although Orthoptera are taxonomically comparatively well known. This might illustrate that

taxonomical research on insects is urgently needed in the area. Some grasshopper groups are in need
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of radical revision, including some genera with major radiation in the Eastern Arc and Coastal Forests
(e.g. Ixalidium, Eupropacris, Chromomastax, Euschmidtia). There is still a lot of material in the
museums to be studied and some areas are also badly collected. Faunistic studies in Tanzania should
focus on insects in separated ecological zones, such as the evergreen forest areas, including not only
the Eastern Arc, but also the Southern Highlands, Mbizi Mts. and Mahali at Lake Tanganyika, the
Lake Victoria region, the islands of Pemba, Zanzibar and Mafia and the Coastal Forests. Additionally,
the arid zones in the rainshadow of those mountain ranges seem to possess a high number of endemics
(Lovett 1988). The fauna of the canopy is still badly known and some mountain ranges (e. g.
Udzungwa Mts., Nguu Mts., Rubeho Mts., Pare Mts.) have rarely been visited by entomologists.
Obviously there is also a need for studies of the faunas of gallery forests, which might interconnect the
forest refuges. It seems appropriate to include the gallery forests of Tanzania into future research,
since they might represent important links and provide answers to the history of interconnections. The
crucial need for faunistic exploration of Eastern Africa is illustrated by the rapid deforestation. Habitat
fragmentation is known to cause extinction (Samways & Sergeev 1997). Probably many species will
become extinct, before they are described. Jago (1973) stated that forest speciation and adaptation are
an evolutionary dead end and the forest ecosystem a species sink, “continuously seducing species into
its confines and then eliminating them by fading away during dry periods.” At present, deforestation
by man is a much more severe problem than natural desiccation, thus confirming Jago’s assumptions

in a frightening way.
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9 Summary

The Eastern Arc Mountains in Tanzania are considered to be one of the principal biodiversity hotspots
of mainland Africa. A high number of endemics with very limited ranges are known from here and
many species have vicariant distribution patterns. According to the refuge concept these patterns are
mainly derived through allopatric speciation of populations during periods of habitat fragmentation.
The genus Afrophlaeoba is a typical example of such a group. It consists of four geographically
separated species, which occur in the East Usambara Mountains, Uluguru Mountains, Nguru
Mountains and Rubeho Mountains, respectively. Due to their restricted distributions the species have
been regarded as relicts of past forest expansions. Four separate lines of evidence have been studied
here, namely the molecular systematics, morphology, ecology and communication behaviour, in an
attempt to elucidate the evolutionary history of these species.

Three mtDNA segments have been sequenced from the four species of Afrophlaeoba, two species of
the sister genus Parodontomelus, and two species of the morphological similar, but less related genus
Odontomelus. The phylogenetic inference was obtained by two methods, neighbor joining and
maximum parsimony. With both methods a structurally similar gene tree was obtained, rooted with the
outgroup Odontomelus. Parodontomelus proved to be a monophyletic group in this gene tree, as did
Afrophlaeoba. In the latter genus, two distinct groups were distinguishable. The first group, the nguru-
longicornis group, was supported by high bootstrap values and extremely low genetic distances. The
second group, the euthynota-usambarica group, was less stable in the gene trees, but was still
supported by quite high bootstrap values.

Twenty-seven body dimensions were measured from thirty males of each of the four Afrophlaeoba
species and P. arachniformis. Additionally, sixty-six discrete morphological characters were studied,
including external characters and internal features of the male genitalia. The discrete characters
provided no reliable differences between the four species, and thus a classical phylogenetic analysis
was not possible. A phenetic analysis of morphometric discontinuity was made by means of a
discriminant analysis. The four species were clearly discriminated from P. arachniformis in a first
analysis, illustrating the high intergeneric distances. In a second analysis the intraspecific multivariate
structure was analysed. The smallest species, A. euthynota was discriminated in the first function and
A. usambarica in the second. The species of the nguru-longicornis group had the lowest distances, but
the differences were significant and the discriminating power still high. Based upon the roots of the
squared generalized distances, a neighbor joining phenogram was obtained, to illustrate the
morphometric affinities. This phenogram did not differ structurally from the gene trees inferred from
molecular data. An evaluation of the present taxonomical descriptions and keys demonstrated that
most species are insufficiently described and not identifiable on the basis of single characters alone.

In the third part of the study, male communicative behaviour of the Afrophlaeoba species and
P. arachniformis has been examined by means of videography of field records. The frame-by-frame

analysis of the visual displays showed that significant differences are present between all species.
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P. arachniformis included dephased low-frequency hind leg movements with knee waving, palpi
movements and minor antennal movements in the display, while Afrophlaeoba species performed
medium-frequency hind femur vibrations with major antennal movements. The movements were
performed in typical short strokes with intervals between. In all Afrophlacoba species the frequency of
the strokes decreased within the display. Average frequencies, duration and antennal amplitudes
differed significantly between species. The highest difference in antennal amplitudes occurred in the
two closely related species A. nguru and A. longicornis. However, the extent of intraspecific variation
has not yet been adequately studied and the significance of these differences in mate recognition
remains unknown.

For the ecological part, the habitat preferences of the four Afrophlaeoba species and P. arachniformis
were studied to gain some information about niche differentiation between the species and possible
ancestral ecology. The four Afrophlacoba species had rather similar habitat preferences, while
P. arachniformis differed more strongly from these. All Afirophlaeoba occurred in low and dense
vegetation, which is dominated by grasses. They were not found in closed forest, but rather at the
forest edge, in clearings and even under single trees with dense canopy. In contrast, P. arachniformis
is associated with the forest interior. Both genera feed exclusively on grasses, but they show
substantial differences in phenology. While Afiophlaeoba females were closely associated with the
ground litter, males were often located on grasses. Species which were studied at higher altitudes were
found in environments with lower temperatures but higher radiation. Species, studied in the lowlands,
experienced higher temperatures, but lower radiation. This trend was consistent with a higher
restriction to dense canopy trees in the lowlands. At study sites with relatively high disturbance,
parasitic mites were recorded more frequently.

The main conclusions from these results can be summarized as follows. Based upon the possible
ancestral biology of Afrophlaeoba, a closed forest connection between the species was not necessary
for gene flow, but the presence of trees with dense canopy is required. Possible interconnections may
have existed via riverine forests or through the Coastal Forest zone. A scenario for species divergence
is presented, starting with an ancestral species, distributed in the coastal zone, riverine forests and
some of the Eastern Arc mountains. An initial split is proposed for the area in the Zanzibar
rainshadow, which separated first the nguru-longicornis group from the euthynota-usambarica group
and shortly after that the two species 4. euthynota and A. usambarica. The exact dating of this event is
not possible, but a rough estimate suggests that the fragmentation occurred during the Plio-
Pleistocene. The two species 4. nguru and A. longicornis remained in contact for much longer. The
divergence did not start before the Pleistocene, if those two species were isolated at all. The higher
genetic distances within the genus Parodontomelus suggest that this genus might have been isolated
more effectively, due to its restriction to closed forest. In conclusion, the genus Afrophlaeoba has to be
regarded as a recently radiated group of forest edge species, which are morphologically difficult to

disentangle but morphometrically and genetically distinct.
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