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Synopsis

East African and south African churchill®dtrocephalusMormyridae) were synonymised in 1959 to become
members of a single species of subcontinental, southern African distribBgtmocephalus catoston{&unther,
1866). By comparison with the type material fer catostomdrom the Ruvuma River an®. stuhlmannifrom

the Ruvu River, both of East African origin, we confirm the South African form of churchill to represent a new
speciesP. wesselsitanging from the northern Limpopo and Incomati systems south to the Pongola River (Natal)
as its southern limit. We also compared churchills from the Sabie Rive§25outh Africa, Incomati system) with
churchills from the Upper Zambezi River (13, Namibia), using electric organ discharges (EODs) and morphology.
The duration of an EOD pulse of the South African forsh £ 39; 9432+ S.E. 18.82us) is, on average, more than
twice that of the Upper Zambezi forrtv(= 37; 4366 + 15.1 us), and the amplitude of the second head-positive
phase (P2 phase relative to B11) significantly weaker (2334 0.0005 vs. 0472+ 0.002 for Upper Zambezi
males, 0863+ 0.03 for Upper Zambezi females). In contrast to the Upper Zambezi form, the EOD of the South
African form exhibits no difference between the sexes. Fish from the two origins differ significantly in 11 out of 14
anatomical characters studied, confirming molecular genetic differentiation on the species level.

Introduction 1993). The key significance of this concept, as com-
pared to the traditional biological species concept, is
Traditionally, zoologists have derived all information also recognized for African freshwater fishes (Ribbink
on phylogeny from morphometrics; molecular genetic 1994). Taxonomic analyses considering mating signals
data sets are now widely regarded as equally informa- will substantially gain in resolving power and yield
tive and have revolutionized the field (e.g., Kocher & more reliable results than those that limit themselves
Stepien 1997). A further revolution is brought about by to anatomical and genetic characters, especially among
a new consideration for specific behavioural traits, as closely related fishes.
most clearly exemplified by the ‘recognition concept’ While conducting an analysis of electric organ dis-
of speciation. The ‘recognition concept’ of speciation charges (EOD) on mormyrids from South Africa, usu-
emphasizes adaptations in biparental organisms involv- ally regarded aB. catostomgspecimens from the Sabie
ing signalling between mating partners; together these River (Figure 1a) emitted a distinctively different EOD
adaptations form the ‘specific-mate recognition sys- compared tdP. catostomaspecimens from the Upper
tem’ (e.g., Paterson, 1978, 1988, Paterson in McEvey Zambezi system (Namibia, Figure 1b). The differences
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Figure 1 a — Photographs dPetrocephalus wesselfiolotype, 11.4cm SL; fixed fish) from the Sabie and P.-catostomg(fish
photographed alive, 7.9 cm SL) from the Upper Zambezi riversThe lectotype (4.91 cm SL) & catostomdrom the Ruvuma River.
d — The holotype oP. stuhImann{8 cm SL) from the Kingani (Ruvu) River.

in EOD supported Van der Bank’s (1996) suggestion of again recognized a single specie®efrocephalusbut

a species difference based on molecular genetic resultsstated a critical comparison of taxonomic characters
PetrocephalusMarcusen, 1854 is a diverse genus from different populations had not been accomplished.

that includes approximately 20 species found through-  The first South African record is that of a single spec-

out tropical Africa. In southern Africa only one imen from Leydsdorp (Northern Province, Limpopo

species is recognized (Gosse 1984, Bell-Cross & system) that Gilchrist & Thompson (1913, p. 326)

Minshull 1988). More recent work (Skelton 1993) referred to ad. stuhimanniBoulenger. This species
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was synonymised witR. catostomdy Whitehead & intentto utilize EOD as a taxonomic tool in distinguish-
Greenwood (1959) although specimens from South ing species, in addition to anatomical and genetic data,
Africa have not been examined. Since then, specimensand is utilized here as a characteristic in systematic
from South Africa have routinely been regarded as analysis.

P. catostomdGuinther, 1866), known commonly as the

churchill. Itis a wide ranging species reported from the

Victoria Nile southward to the lower Pongola Riverin  Material and methods

KwaZulu-Natal (latitude 27S).

EOD are a communication and location signal in Measurements used to establish morphometrics follow
mormyrid fishes (reviews, Bastian 1990, 1994, Moller Figure 2 and were made using vernier calliper readings
1995, Kramer 1990, 1994, 1996). EOD play a key to 0.1 mm. Abbreviations: PDL= predorsal length:
role in pair formation and mating iRollimyrus isidori distance tip of snout—dorsal fin origin, PAE distance
(today, recognized & adspersusBratton & Kramer tip of snout — anal fin origin, LD= dorsal fin length,
1989, Crawford 1991), and social attractiorfiampy- LA = anal fin length, pD= distance dorsal fin ori-
lomormyrus rhynchophoru@<ramer & Kuhn 1993). gin — end of caudal peduncle, CREt length of cau-
EOD of sympatric mormyrids of the Upper Zambezi dal peduncle, CPD= depth of caudal peduncle: the
are species-specific and have been used for phyloge-least vertical distance across the caudal peduncle; LS
netic analysis (Van der Bank & Kramer 1996). Itis our |ength of snout: distance tip of snout — centre of eye,

d pp pD

- e
% ey

Figure 2 a — Morphological measures used in the present study (for explanations, see Material and methd2isjance between
nares, from centre to centre (white points, shown éh@atostomar = rostral, d= dorsal) ¢ — Fin rays, counted at the base of the fin
(fin shown here is anal fin of & catostompa Arrows indicating a few rays.
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HL = head length: distance tip of the snout — furthest
bony edge of the operculum, Na distance between
the pair of nares of one side (from centre to centre),
SL = standard length: distance tip of the snout — mid-
base caudal fin, B(= body depth: the greatest vertical
distance across the body, nB number of dorsal fin
rays, nA = number of anal fin rays, SPe number

Subsequent to EOD recording fish were killed by an
overdose of the anaesthetic 2-phenoxy-ethanol, their
standard length determined, and fixed in 10% formalin
for morphological studies. Fish were sexed using (1)
the kink criterion of the anal fin base for orientation
(kink absent in females), (2) dissection of the gonad,
and/or (3) histology of the gonad (which was the deci-

of scales around caudal peduncle. Abbreviations usedsive criterion in case of conflict). Paraffin-embedded

to represent institutions and collections follow Leviton
et al. (1985).

7um slices of the gonads were stained with Azan
(Romeis 1989). Statistical analyses were carried out

Most scale counts are not considered here as theyas indicated in Results; p values are two-tailed unless

are subcutaneous iRetrocephalusand many other

mormyrids, and it is almost impossible to gather an
objective count without having to clear and coun-
terstain specimens. It is considered very impractical

and has similarly been avoided in previous systematic

research. Similarly, lateral line pores were not consid-
ered as they are not visible.

Specimens studied were initially identified using
dichotomous keys in Bell-Cross & Minshull (1988)
and Skelton (1993), which are considered effective
for fish populations occurring in South Africa and
Namibia.

Excluding three fish from Zambezi, electric organ

otherwise stated. Computer programs used were Prism
v2.01 and StatView v5.

Comparative material

Forty specimens dPetrocephalus catostonfeom the
Upper Zambezi River System, East Caprivi, Namibia
(Figure 3), totalling at least 13 males and at least 12
females in size range 28—-105mm SL with a smallest
gravid female 97 mm SL. Of these, 35 specimens were
sampled at Katima Mulilo, among rocks in the middle
of the river (opposite boat landing), 29 S, 2418 E,

10 September 1993, at water conductivity and tem-

discharges of each fish were recorded in the fieldimme- perature: 81uS cnt?, 21.8°C, no gravid female, SMF

diately after capture, using a 37-I plastic aquarium filled
with river water where the fish was collected. Conduc-
tivity changes possibly affecting EOD were excluded
(Bell et al. 1976, Bratton & Kramer 1988, Kramer &
Kuhn 1993).
Temperature £0.1°C) and water conductivity

(£1uS cn?) were constantly monitored using an elec-
tronic meter (LF92 by WTW, Germany). Fish were

28265 (27 specimens); 3 specimens from same loca-
tion, 9 August 1994, SL from 77-95 mm SL, all female
(presently alive in captivity); 1 specimen from Lisikili
backwater, 129 S, 2426 E, 6 March 1994, water
conductivity and temperature: 5618 cnt?, 26.8°C,
gravid female 105 mm SL; 1 specimen from Kwando
River, Nakatwa, 186 S, 2323 E, 9 March 1994,
water conductivity and temperature: 138cnt?,

placed between a pair of carbon rod electrodes that was24.9°C, gravid female 97 mm SL.

connected to a differential amplifier with a variable gain
(up to x10; 0.2Hz ..100kHz; filter slopes—3dB
per octave; electronics workshop, Biology Depart-
ment, University of Regensburg). Amplifier output
was recorded by a digital storage oscilloscope (up
to 10 MHz conversion rate; amplitude resolution, 8
bit; 512 points per trace), and data were numerically
transferred onto the hard disk of a computer via digi-
tal interface. Usually 8 traces per fish were recorded.
Equipment was battery-operated.

For analysis of EOD waveforms custom-designed

Five specimens oP. catostomdrom the Ruvuma
River, representing the lectotype (183.10.12:4) and
four paratypes (183.10.12: 5-6) stored in the Natural
History Museum (London), collected by Livingstone
in 1863, were included in this study as comparative
material (size range 42—49 mm SL). The single exist-
ing specimen of. stuhlmanniBoulenger, 1909 was
also included as comparative material. This specimen
from the Kingani (Ruvu) River in Tanzania represents
the holotype (1907.12.3:1) for this species that has
been synonymised witR. catostomdy Whitehead &

computer programs were used (programmed using aGreenwood (1959). It is stored in the Natural History
software package for signal analysis, Famos v3). When Museum, London.

necessary, EOD duration was corrected forQbising

P. catostomawas first recorded from the Upper

a Qo value of 1.5 (Kramer & Westby 1985) before zZambezi (Lialui or Lealui, Barotseland, present-day
data analysis. Fourier analysis was performed using aZambia) by Gilchrist & Thompson (1917, p. 562)
routine provided by Famos v3. referring to their species description Bf catostoma
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Figure 3 Partial map of southern Africa showing the type locality of the new speRiegsseldia = Sabie River), the sampling locality
of comparative material &¥. catostom#b = Upper Zambezi River), and the type locality farcatostomdc = Ruvuma River). Enlarged
lower left: map of the type locality of the new speciPswesselsfa, close to Skukuza, Kruger National Park).

specimens from the ‘Kafue River, Upper Zambezi’
in Gilchrist & Thompson (1913, p. 325). (Today we
consider the Kafue River part of the Middle Zam-
bezi system that begins below the Victoria Falls.)
Barnard (1948) confirmed the presenc@®afatostoma

for the Upper Zambezi/Okavango system but fol-
lowed Boulenger (1909) in listing this species under
the nameP. stuhlmanni Barnard (1948) could not

originally described from the Gmpué River (Sauvage
1880) and occurs from Liberia to Angola (Poll 1967).
However, Gosse (1984) indicates a more restricted
distribution (‘from Liberia to Z&e’) that excludes

P. simusfor the Okavango/Upper Zambezi system.
Ladiges (1964) does not give the source of his evidence
for the presence oP. simusin the Okavango/Upper
Zambezi system, nor any taxonomical or geographical

resolve the discrepancy between Boulenger on one detail, and Poll (1967) refers to Pellegrin (1936) and

hand, and Gilchrist & Thompson on the other. Jubb
(1958) reported nine other specimendgo$tuhlmanni
from the Upper Zambezi, shortly befoRestuhlmanni
was synonymised witP. catostomay Whitehead &

Greenwood (1959). Since then all authors have recog-

nized P. catostomaas the onlyPetrocephaluspecies

an unpublished check-list of fish species as evidence in
this regard. Neither paper is an original document for
the presence df. simusn the Okavango/Zambezi sys-
tem. Pellegrin (1936) lists four specimenshfsimus
from the Cubango (63—90 mm TL) without giving any
further morphological or other detail. There is no men-

present in the Okavango/Zambezi system, except Poll tion of P. catostoma/stuhimanaind the earlier litera-

(1967) and Ladiges (1964) who did not cite Whitehead
& Greenwood (1959). Poll (1967) and Ladiges (1964)
instead followed Pellegrin (1936) who list€d simus
Sauvage, 1878 ‘for the species which we recognize
as P. catostoma(Skelton et al. 1985)P. simuswas

ture relevant to these.

P. simudliffers in coloration, maximum size, number
of teeth, modal number of dorsal and anal fin rays, and
scales in lateral series (as characterized &yeque &
Paugy 1984, Blache 1964) from. catostoma(as
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characterized by Bell-Cross & Minshull 1988, Skel- 86 mm SL; ZSM 28559, female, 82mm SL; ZSM
ton 1993) P. simuscarries a distinctive black band that 28560, 64 mm SL; ZSM 28561, male, 67 mm SL; ZSM
extends downward from the origin of the dorsal fin 28562, 60 mm SL; ZSM 28563, female, 67 mm SL;
whose first few rays, as well as the external rays of the ZSM 28564, 61 mm SL; ZSM 28565, female, 64 mm
caudal fin and its base, are also black. No such black SL; ZSM 28566, 66 mm SL.

marks are found ifP. catostomdincluding all fish of

the present study). nD (nA) is 22-27 (27-33) com- Diagnosis. — Usually 20 (18-21) nD, 26 (25-28) nA;
pared to only 19-24 (25-30), the number of upper jaw ysually 16 (15-16) SPc; pD (2.37-2.54-2.72), CPL
teeth is 6-10 compared to 12-16, and the maximum (4.3-4.78-5.38), HL (3.17-3.32-3.5), LD (6.4-7-7.85),

size is only 90 mm irP. simuscompared to 130 mm in
P. catostomarespectively.
Poll (1967: figure 7) depict®. simuswithout any

LA (4.95-5.4-6), CPD (4.59-5.1-5.75), BD (3.1-3.38-
3.79), PDL (1.67-1.72-1.77) and LS (11.1-12.3-14.5)
times included in SL; long duration of EOD (644-943-

black marks, and some characters of the 4-8individuals 1172us at 25C), amplitude of second head-positive

(of unspecified origin, p. 45) differ considerably from
the definition as given by&eque & Paugy (1984). For

example, the number of teeth in the upper jaw (12—-16)

is identical to that oP. catostomabut higher than that
of P. simus similar for the lower jaw (16-25).

In conclusion, especially for nD, nA, coloration and
maximum size (which is beyond that recorded for
P. simus Table 2), our fish from the Upper Zambezi
clearly fall within theP. catostomgand notP. simu3
definition, as summarized by Bell-Cross & Minshull
(1988) and Skelton (1993). Not a single record of
P. simusis clearly substantiating the presence of this
species in the Upper Zambezi system.

Petrocephalus wesselsip. nov.
Figures 1-8
Tables 1-4

Material examined. — 39 specimens from the Sabie
River, Kruger National Park, South Africa (Figure 3),
bridge near Lower Sabie tourist camp, °@BS,
31’55 E, 29-30 March 1996, water conductivity and
temperature: 13@S cn1?, 25.1°C, totalling 20 males,

19 females, size range 59-114 mm SL, largest male

114 mm, largest female 109 mm, no gravid material.

Holotype. — ZSM 28556, 114mm SL (109 mm in
70% alcohol), male, 29 March 1996, collection data:

as given in preceding paragraph. Coll. B. Kramer and

F. H. van der Bank.

Paratypes. — RUSI 54449, 13 specimens, at least 2

male, at least 5 female, size range 59-91 mm SL, col-
lection data: same as holotype; SMF 28266, 13 spec-

peak of EOD, P2, weak (6-13.2-20%) compared to first
head-positive peak, P1 (definitions, Figure 4).

Description. — The head is broadly rounded with a
small ventrally positioned subterminal mouth, situated
ventral to the eye; head and body dorsolaterally com-
pressed. Dorsal fin (a) situated about three fourths of
standard length from snout, (b) obliquely oriented with
anteriorly higher and posteriorly lower, (c) distal mar-
gin sharply crescentic with anterior two or three rays
about 5 times longer than posterior rays together form-
ing a point, and (d) number of rays 18 (= 4), 19

(N =9),20 (v = 21),21 N = 5). Anal fin (a)
directly opposite to dorsal fin and obliquely oriented,

a )

F(8)8.14 cm

P1
J P2
® T N F(Z)8.2cm
b Y
F(S}8.24 cm (\ F(Z) 8.2cm
c g

M(S) 8.64 cm [\ M(2) 8.2 cm
- I
S)8.17 cm ’

e

d h
M( [m cm

Figure 4 Waveforms of electric organ discharges for the two
allopatric species d?etrocephalusa—d, fish from the Sabie River;
e—h, from the Zambezi (& female; M = male;(S) = Sabie
River, (Z) = Zambezi River, standard length in cm). Note time

2ms

imens, at least 3 ma_lev at least 5 female, size rangepar in ms. Waveform durations corrected to° @5if necessary;
61-96 mm SL, collection data: see above; ZSM 28554, the peak of the first head-positive phase (P1) normalized to 1
female, 81 mm SL; ZSM 28555, female, 69 mm SL; (N = head-negative phase; P2 second (last) head-positive
ZSM 28557, female, 109 mm SL; ZSM 28558, male, phase).



(b) anteriorly lower and posteriorly higher, (c) anterior

10 or so rays longer than those posteriorly, (d) margin
broadly rounded, (e) rays posterior to first 10 with distal
margin straight, and (f) number of rays 28 & 6), 26

(N =20),27(N =12),28 (v = 1). Scales (a) cycloid

with reticulate striae, except in centre and outer edge,

(b) extending anteriorly to operculum, pectoral fins and
pelvic fins. SPc, 15§ = 2) and 16 V = 37). Cau-
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P. wesselsalso has a deeper CPD, shorter LD and LA,

dorsal fin origin situated closer to head, greater sepa-
ration of Na, less BD, shorter LS, snout not as broadly
rounded, and has a much longer-lasting EOD (more
than two times), and the amplitude of P2, as compared
to P1, is about one third. Between the Sabie and the
Upper Zambezi populations there are seven fixed allele
mobility differences out of 26 studied (Van der Bank

dal peduncle slender and subcylindrical over the entire 1996), a clear indicator of a species differentiation.

length, usually less than 7% in SL. EOD triphasic with

We confirm Gilchrist & Thompson’s (1913) descrip-

strong head-positive (P1), very strong head-negative tion of their single specimen from Leydsdorp (Northern
(N), and weak second head-positive phases (P2); longProvince, Limpopo system), then determined as

duration (close to 1 ms; Figure 4).
Males approaching sexual maturity develop a kink
in the base of the anal fin (Figure 1a) which is absentin

P. stuhlmann{corresponding to our new species), and
confirm the distinction from the Upper Zambezi form
of P. catostomg1913) these authors made. However,

juveniles and females where the anal fin base is straightwe cannot revivestuhlmannifor South African spec-

(as in Figure 2c).

Colourinpreservation. — Dorsally grey; laterally and
ventrally including mouth region light ochre; dorsal

imens for two reasons. (1) Morphology: SPcis 12 in
P. stuhlmannvs. 16 in all South AfricafPetrocephalus
populations studied. As intra-population variability in
this character is only a single count in Bétrocephalus

and usually also lateral regions of head grey; the ventral populations studied in the present paper, it is extremely

light ochre sometimes extending to dorsal of the eye;
fins whitish except tail fin thatis of a light grey. Anterior
edges of anal and especially dorsal fins darkened.

Ecology. — Although transformed by some river

impoundment, the Sabie River in the Lowveld is a
fast-flowing, major, perennial river, bordered by dense,
subtropical or tropical vegetation. Water conductiv-

unlikely P. stuhimannishould vary by four. (2) Geog-
raphy: the type locality dP. stuhlmannis the ‘Kingani
River, East Africa’ which is now known as the Ruvu,
a small coastal river reaching the Indian Ocean at the
town of Bagamoyo just north of Dar es Salaam in Tan-
zania (627 S; P. Skelton personal communication).
This is about 2000 km north of the Limpopo and still
450 km north of the type locality foP. catostoma

ity appears to be raised by human settlements andth® Ruvuma River. Therefore, the type locality for
activities, both inside and especially outside the Park P. stuhlmannis the most remote locality in relation to

(upstream of the collection site).

Distribution. — The new species occurs in the Inco-
mati River system of which the Sabie River forms
part, the Blyde and the Letaba rivers that both drain
into the Limpopo (a major and independent system,
Figure 3), and in the Pongola River (Natal), its south-
ernmost record.

Relationships. — Petrocephalus wesselg consid-
ered closest tdP. catostomabased largely on the
confusion of the identity of both species. The clear-
est distinction fromP. catostomaas represented by

the South African localities studied in the present paper.

Etymology. — The new species is named in honour of
Pierre Wessels (Johannesburg), late participant of our
expeditions to Caprivi, nature conservationist and good
friend.

Additional material. — Two specimens from the
Groot Letaba River just below Tzaneen Dam (South
Africa, Northern Province), 23900’ S, 301000’ E,

22 September 1998, water conductivity and tem-
perature: 114Scnt?, 21.4°C, 53 and 61 mm SL.
Six specimens from Blyde River just below Swa-

Ruvuma type specimens, is a relatively shorter CPL dini Dam (South Africa, Mpumalanga), 2200 S,
(also detected in the pD measure that includes CPL) 3004705’ E, 25/26 September 1998, water conductiv-

but greater HL inP. wesselsiP. wesselsis most eas-
ily distinguished fromP. catostomdas represented by
our Upper Zambezi specimens) by modal nD 20 vs.

22-23, modal nA 26-27 vs. 28-29, and SPc 16 vs. 12,

ity and temperature: 154S cnt?, 16.7°C, size range
82-90 mm SL. Bothrivers are tributaries of the Olifants
River that forms part of the Limpopo system. This
material was studied for EODs (field recordings; seven
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fish) and morphology (eight fish). One male speci- a oq
men from the Pongola River (2 S, 3218 E, road

from Ndumo to Kosibay at bridge crossing the Pongola

River), 14 August 1999, water conductivity and tem- -10+
perature: 60QS cnt?, 22°C, 79 mm SL. The dark on

the back of the body and the head gradually becomes Za®
lighter towards the lateral line where the dark intensi-
fies to a fine dark line on either side. Ventral parts are a
light grey like in the other South AfricaPetrocephalus
samples.

Zambezi

]
o
L

20 30 40 50

Amplitude (dB

Results

-10- .
Gonad histology Sabie

In spite of a high and rapidly flowing Sabie River at the 207
time of capture (local autumn), the reproductive sea-

son was over foP. wesselsiOocytes of up to stage 50 A

Il were found in ovaries (terminology, Takashima & 0 10 20 30 40 50
Hibiya 1995), a stage that seems typical for reproduc-

tive quiescence in female mormyrids (Kramer 1997a). Frequency (kHZ)

The maximum oocyte diameter recorded in the total
sample was 24(m. Testes were completely regressed.
No (or exceedingly little) sperm was present in any
of the males, and the lumen of testicular canals was
reduced to almost zero. No cysts indicating ongoing
spermiogenesis were seen. A similarly inactive picture
has been described for Zamb@zcatostomahat were

collected at the end of local winter (Kramer 1997a).
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This section is based on a comparison of South Sabie Zambezi
African vs. Upper Zambezi (Namibian) live speci-
mens of churchill, as East African forms &tro- Figure 5 Fouri_e_ramplitud(_espectraofthe EODsshqwnin Figure
cephaluswere unavailable to us. All live specimens of % &—Zambezifisfb - Sabie fish. Frequency resolution.1 Hz.
Petrocephalustudied in the present paper displayed Ordmate’_amp“tu.d e in dB (re: the strongest iomponent of a

g = . ’ spectrum= 0dB); abscissa, frequency in kHez — Shows the
a basically similar, triphasic EOD waveform: head- _10dB bandwidth (re: peak amplitude 0dB) of the Fourier
positive P1-phase, strong head-negative N-phase, weakamplitude spectra (a, b), for fish from the Sabie (individuals a—d)
head-positive P2-phase. Thex24 examples shown and the Zambezi (e—h). Also indicated is the frequency of peak
in Figure 4 were recorded from adults of similar SL. _amplitude(horizontal bar) for each spectrum. Ordinate, frequency
EODs from specimens from the Blyde, Letaba and Pon- "M KHZ-
gola rivers resemble those from the Sabie so closely
that they are not shown. As expected from their shorter 4414-5834 Hz in these fish from the Sabie, and 6232—
duration, EOD amplitude spectra for the four Zambezi 8142 Hz in those from the Zambezi, whereas the fre-
fish shown in Figure 4 are more high-frequency and of quencies of~10dB amplitudes of the spectra are not
broader bandwidth than those for the four Sabie fish as well separated, with a tendency to higher values for
(Figure 5). Peaks of amplitude spectra ranged from the Zambezi fish (Figure 5c).

Electric organ discharges 0
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All EOD waveform parameters studied, except two, whereas fish from the Blyde and Pongola rivers fell
varied with SL at least in one of the two species within the range shown by the Sabie fish.
(Table 1), as shown by least-squares regression analy- Very marked differences between the two species
ses followed by runs tests for nonlinearity (with nega- were found for the durations of the P1 and the P2
tive results in all cases). The results are presented asphase, with the Sabie fish displaying the higher val-
regression lines with their associated scatter among ues (Figure 7). P2 phase duration is one of two (out of
individuals (Figures 6-8). One of the most conspicuous a total of 12) EOD parameters studied in which nei-
EOD waveform differences between the two species is ther of the two fish species show a correlation with
the weak amplitude of P2 (relative to P1 amplitude  fish size (regression lines horizontal); therefore, means
1) in fish from the Sabie (including those from the with standard errors are given (Table 1). In spite of their
Letaba, Blyde and Pongola rivers) compared to those weak P2 phase amplitudes (Figure 6), Sabie fish display
from the Zambezi (Figure 6). There is a significantly a P2 phase duration that is, on average, almost three
negative correlation of P2 amplitude with SL in both times that of Zambezi fish (g 0.0001). In contrast to
species (Table 1), except for juveniles from the Upper fish from the Sabie, P1 phase duration of Zambezi fish
Zambezi (no correlation; Kramer 1997a,b). Our small- is correlated negatively with fish size, and the differ-
est fish from the Sabie was 5.9 cm SL and determined ence between the regression lines slopes is significant.
not to be a juvenile as defined by the ‘40% rule’ (sex- Fish from the Limpopo and Pongola systems fit well
ual maturity possible at about 40% of the maximum into the scatter of the Sabie fish, with a tendency to still

species size which is 13 cm i catostomand proba- longer durations especially for P1 phase.

bly similar for P. wesselsiKramer 1994, based on field Also for N phase, and especially total EOD dura-
observations by Blake 1977 and Kolding et al. 1992, tion, Sabie, Limpopo and Pongola system fish range
and later confirmed by Kramer 1997a). well above Zambezi fish (Figure 7). In spite of a posi-

The cryptic sex difference that had been observed tive correlation of N phase duration with SL (not found
in Upper Zambezi fish, with male EODs showing, on in Zambezi fish) that was accentuated by similar corre-
average, a stronger P2 phase than EODs of femaleslations in two out of the three measures for the intervals
of the same size (the slopes of the regression lines, between EOD peaks (N-P2 separation and P1-P2 sep-
in contrast to their elevations, being not significantly aration, Figure 8), total EOD duration (Figure 7) is not
different, and pooled in Table 1), is not present in the correlated with size in Sabie fish. This contrasts with a
Sabie sample. The data for P2 amplitude as well as for significantly negative correlation for EOD duration in
all other EOD parameters of Sabie fish studied were Zambezi fish although an F-test shows no significant
pooled for the two sexes because the differences weredifference between the regression line slopes. How-
not significant in each case:p 0.05 for both slopes  ever, the elevation (Y-intercept) of the regression line
and Y-intercepts of regression lines. for the Sabie fish is significantly higher ¢ 0.0001)

The largest Sabie specimens showed an almostthan that for the Zambezi fish (Table 1). Also nega-
biphasic EOD waveform (also seen in the largest fish tively correlated is the interval between P1 and N peaks
from the Limpopo system), owing to the negative cor- (P1-N separation) with fish size in Zambezi, but not in
relation of P2 phase amplitude with fish size. There Sabie fish (no correlation). All three interval measures
was no overlap of the distinctly separate points for (Figure 8) differ significantly in regression line slopes
adult Sabie, Limpopo and Pongola system fish on one between the two species.
hand, and adult Zambezi fish on the other (Figure 6). Neither P1 nor N phase area depend on SL in
The regression line slope was significantly less steep Sabie fish although in Zambezi fish, values are smaller
for Sabie fish than Zambezi fish (Table 1). Also for and P1 phase area negatively correlated with fish size
amplitude of the head-negative N phase (again rela- (Figure 8; borderline case with 0.0502 for N area).
tive to P1 phase= 1), Zambezi fish, on average, show The lack of size correlation of N phase area in Sabie
higher values than Sabie fish. There is a statistically fish seems to result from the compensation of a positive
significant negative correlation of N amplitude with SL  correlation (with size) of N phase duration, by a nega-
in Sabie fish not present in Zambezi fish. The slopes tively correlated N phase amplitude. P1 phase duration
of the regression lines differ significantly between the in Sabie fish is not size correlated, and so is P1 phase
two species. The two small fish from the Letaba River area. However, P2 phase area in Sabie fish is negatively
showed the strongest N amplitudes of all fish studied, size-correlated, whereas there is no such correlation in
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0.6 _ . all three ‘area’ measures (Table 1). In Figure 8, fish
i, P x‘; * from the Limpopo system (including the single Pongola

0454 o i ~"‘:;; " specimen) tend to fall among the values for Sabie fish,
E o R ““‘:r g = or to show values more extreme, separating some of
g. e 8 these South African fish still more from Zambezi fish
5 0.304 e Y than what was observed for Sabie fish.
Ei _ P = I iy

o151 S L Morphology

0.00-1— Table 2 lists means (or medians for counts) and ranges

3 E 9 12

of the morphological measures for the four forms
of Petrocephalustudied (from South African, Upper
Zambezi, and two from East African origin). For the
three meristic measures nA, nD and SPc, least-squares
o regression with size is not significant (Table 3; SPc,
not shown). This contrasts with all of the 11 mor-
phometric measures. The median SPc is only 12 in
- fish from the Upper Zambezi vs. 16 in fish from the
Sabie, Limpopo and Pongola, with extremely little vari-
ation (for the Sabie, the 25% and 75% percentiles are
identical with the respective medians in both cases;
p < 0.0001; Mann-WhitneyJ-test). Because of some
caudal peduncle scales missing in the four paratype
specimens from the Ruvuma River, collected in 1863,
Figure 6. The dependence of EOD waveform parameters on stan- the numbers givenin Table 2 are approximate estimates
dard length (cm) for fish from the Sabie (filled symbols) and the (@ minimum of 15 and a maximum of 16 or perhaps 17
Upper Zambezi rivers (open symbols). P2ampamplitude of scales). In the lectotype, these scales were all gone and
the P2 phase of an EOD; Namp amplitude of the N phase;  no estimate was attempte®l stunimannimarkedly dif-
both relative to I_31 phase amplitqgle 1 (seg Figure 4). Least- fered fromP. catostomaypes by its low SPc (12). This
squares regression I|n_es are significantly different from zero cor- is surprising given the relative geographic proximity
relation (line), or non-significant (dashed)($) Z) = legend for L .
symbols for Sabie or Zambezi malesiEZ) = for females; and the synonymisation by Whitehead & Greenwood
J(Z) = juveniles from the Zambezk's for seven fish of indeter- (1959)-
minate sex from the Limpopo system (not included in the statisti- ~ In contrast to the scale count, nD and nA are signifi-
cal analyses); the two smallest fish are from the Letaba River, the cantly lower in fish from the Sabie than Upper Zambezi,
others from the Bly_de. Large triangte single male specimen and the ranges for the dorsal fin overlap for a single
from the Pongola River (Natal). count, only (18-21 versus 21-25; medians, 20 and 23,
respectively; p< 0.0001;t-test). The 25% percentile
(22) of the higher median is well above the 75% per-
Zambezi fish which display the higher values. This is centile (20) of the smaller median, underlining the clear
in agreement with the negative correlation of P2 phase separation of distributions. Although the distributions
amplitude with size in Sabie fish (Figure 6) which is of anal fin rays overlap more extensively, the medians
not compensated for by an increase in P2 phase dura-of 26 for the Sabie fish and 28 for the Upper Zambezi
tion that remains constant over the whole size range fish (with an associated 25% percentile of 28, Upper
(Figure 7). In spite of the weak amplitude of the P2 Zambezi, and a 75% percentile of 27, Sabie), show a
phase found in Sabie fish, P2-phase area values aredegree of separation of distributions only slightly less
surprisingly high, although smaller compared to those marked (p< 0.0001; Welch'st-test because of signif-
observed in Zambezi fish (Figure 8). This paradox is icantly different variances) than for the dorsal fin ray
explained by the very long duration of the P2 phase numbers. Our fish from the Limpopo system showed
in Sabie fish (Figure 7). Means and regression line count ranges within those for the Sabie fish, except
slopes are significantly different between species for for two specimens, both from the Blyde River: one

Namp (V)

Standard length {cm)
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Figure 7. The dependence of EOD waveform parameters on standard length (cm) for fish from the Sabie (filled symbols) and the Upper
Zambezi rivers (open symbols). P1ldgrduration of the P1 phase of an EOD; P2duduration of the P2 phase; Ndut duration of

the N phase of an EOD; EODdut total EOD duration (see Figure 4). Least-squares regression lines are significantly different from
zero correlation (line), or non-significant (dashed)SWZ) = legend for symbols for Sabie or Zambezi male€$;Z) = for females;

J(Z) = juveniles from the Zambezix’s for seven fish of indeterminate sex from the Limpopo system (not included in the statistical
analyses); the two smallest fish are from the Letaba River, the others from the Blyde. Large tdasigtfie male specimen from the
Pongola River.

with the highest pericaudal scale count of 17 of all (with negative result in all cases, Table 3; Ruvuma and
fish of the present study, and another one with the low- Kingani/Ruvu type specimens not included because of
est dorsal fin ray count observed (17). This removes the small sample size). With the exception of HL, PAL
the ranges for our Limpopo fish still more from those and CPL, all of the morphometric characters also differ
of the Upper Zambezi than what was observed in the significantly between the two locations. For example,
Sabie fish. Similar to SPc, the Ruvuma type specimens LD and LA are longer in Zambezi than in Sabie fish
showed nD and nA counts within the range of Sabie of the same size, as demonstrated by a significantly
and Limpopo fish (no difference), but clearly different higher elevation (Y-intercept) of the regression lines
from Upper Zambezi fish. Our single Pongola speci- for the Zambezi fish compared to those for the Sabie
men was within the range for Sabie fish also for nA fish that are parallel (differences in slope, not signifi-
and nD.P. stuhimannidiffered from Upper Zambezi  cant; Table 3). This corresponds well with the higher
specimens by its low nD count (19). number of fin rays in Zambezi compared to Sabie fish.
The morphometric measures depend on fish size Another correspondence with a meristic measure is the
in a linear way, as shown by least-squares regres- larger increase (steeper regression line slope) of CPD
sion analyses followed by runs tests for nonlinearity with size, and SPc is higher in fish from the Sabie. A
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Figure 8 The dependence of EOD waveform parameters on standard length (cm) for fish from the Sabie (filled symbols) and the
Upper Zambezi rivers (open symbols). P1-Nsepnterval separating the peak of the P1 phase from that of the N phase of an EOD;
N-P2sep= same for the peaks of the N and the P2 phases; same for the peaks of the P1 and the P2 phases. &&areader

P1 phase of an EOD; Narea same for N phase; P2area same for P2 phase, all in (¥ us), with \Volts relative to P1-phase
amplitude= 1 (see Figure 4). Least-squares regression lines are significantly different from zero correlation (line), or non-significant
(dashed). MS, Z) = legend for symbols for Sabie or Zambezi male¢3;Z) = for females; §Z) = juveniles from the Zambezix's

for seven fish of indeterminate sex from the Limpopo system (not included in the statistical analyses); the two smallest fish are from the
Letaba River, the others from the Blyde. Large trianglsingle male specimen from the Pongola River.
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larger increase with size in fish from the Sabie is also
found for pD. However, in all other characters where

A more interesting question is whether or not there
is any evidence for th®. catostomaypes being dis-

there is a difference between the two species, it is the tinct from the Sabie/Limpopo group. As shown above,

fish from the Zambezi in which either a larger increase
with size is found (BD, PDL, LS), or else higher val-

the meristic characters are similar or identical and do
not by themselves support the idea of a new species of

ues for fish of the same size because of a difference in Petrocephalu$or South Africa. However, even though

elevation of parallel regression lines (Na).
Since LS increases relatively more with size in

Nis only 5 for the group of types, significant morpho-
logical differences between types and Sabie fish are

Zambezi fish, in spite of there being no difference in demonstrated. Compared to Sabie fish, the rear sec-
regression parameters for HL, the eye seems to movetion of type specimens (pD), including CPL, is longer
farther backwards during ontogeny in Zambezi fish (p = 0.0093) whereas their head (HL) is shorter<p
compared to Sabie fish. The steeper growth of pD in 0.0001). Differences in body proportions such as these
Sabie fish probably signals that the dorsal fin is posi- are of a more fundamental nature that is not known to
tioned more anteriorly in Sabie fish because there is no be correlated with, e.g., food availability affecting char-
difference for CPL between both species of fish, and acters such as BD, and support a new South African
LD is even longer in Zambezi than in Sabie fish of the Petrocephaluspecies that is distinct from the types.
same size. This hypothesis is supported by the observa- An unexpected result is the differentiation of Upper
tion of a stronger growth of PDL in Zambezi compared Zambezi specimens with regard to Ruvuma types (pD,
to Sabie fish. HL, nD, nA, Table 4; and also Spc, Table 2). This seems
Morphological measures tend to be correlated to point to a need for studying also the relationship of
amongst each other, and a single analysis of all out- P. catostomapecimens from the Upper Zambezi and
comes as related to the independent variable, origin, is P. catostomaas represented by the types. Furthermore,
desirable. Therefore, a multivariate analysis of variance there seems to be a difference betw&eratostoma
(MANOVA) was performed; simultaneous univariate types and our singl®. stuhlmannitype (e.g., in pD,
ANOVAs can identify the source of the difference, if HL, and SPc) in spite of their common Eastern African
present (Table 4). Normalised morphological measures origin. To tackle these questions would require col-
were used in order to compensate for different size of lecting new specimens from the type localities, and is
the fish. Counts were not normalised as they are not cor- beyond the scope of the present study.
related with fish size. SPc was excluded from the anal-
ysis because the lectotype lacked all caudal peduncle
scales, and including this character would bring down Discussion
N from 5 to 4 for the group of ‘types’ (empty cell prob-
lem). Na was excluded because of a high variability Based on allozyme data, Van der Bank (1996) calcu-
perhaps due to measurement error of this extremely lated a large genetic distance value (Nei 1978) of 0.311
small measure. The single specimerPoktuhlmanni for two of the allopatric populations d®. catostoma
could also not be included in this analysis. that were studied in the present paper, those from the
The null hypothesis stating that our fish of dif- Upper Zambezi and Sabie. A degree of genetic differ-
ferent origin are all similar in morphology can def- entiation that high is typical for congeneric species,
initely be rejected because of a MANOVA result of and far beyond what has been observed in intraspe-
p < 0.0001 (Table 4). The univariate ANOVAs show cific populations (up to 0.07; Van der Bank 1996).

significant differences for the meristic characters nA
and nD (which is no surprise, see above), but also for
BD, HL, LS, CPD, pD, LA and LD. The only char-

acters that did not show any differences were PDL
and PAL. As expected, the multivariate analysis clearly
confirms the differentiation of South African speci-

mens from Upper Zambezi fish, in 7 characters. This
obvious result confirms those derived from EOD data,

Because there were also fixed allele mobility differ-
ences at seven of the 26 protein coding loci studied, Van
der Bank (1996) suggested the existence of an unde-
scribed species for the Sabie River system in South
Africa. To study the question in more detail we chose
morphology and EOD as the most likely fields for rel-
evant differences between populations.
For Petrocephalusfrom the Upper Zambezi and

genetic data, and morphology regression analyses (seghe Sabie, the present study confirmed differentiation

above).

on the species level by the analysis of morphology
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and EOD. Among 14 anatomical characters studied We therefore compared our fish from the Upper
(Table 3), 11 differed significantly between South Zambezi and South Africa with the type material of
African and Upper Zambezi specimens, including all P. catostomaBecause of the very small number of
meristic characters (that is, SPc, nD and nA). Eight type specimensN = 5) available, the clear rejec-
morphometric characteristics (out of 11) either differed tion of the null hypothesis of no morphological differ-
significantly in the slope of a regression line showing ence from our South African specimens (with a much
the correlation with fish size, or the elevation of par- larger sample size) is astounding {p0.01, Table 4).
allel lines. Whereas a steeper rate of growth of BD Only when differences are very consistent such a clear
in Zambezi fish compared to those from the Sabie result may be expected under adverse circumstances.
may be linked to more favourable food or climate We conclude that the South African specimens repre-
conditions, other anatomical differences (e.g., CPD — sent a new specie®, wesselsithat is distinct from
steeper growth in Sabie fish; length of unpaired fins, both theP. catostomandP. stuhimanntypes, and the
etc.; Table 3) are more difficult to explain in this way. Upper Zambezi specimens as well. Since there was
Additional material from the Limpopo system and the also significant differentiation of Upper Zambezi spec-
Pongola River agrees well with that from the Sabie imens fromP. catostomaypes in even more characters,
(Table 2). we suggest that the synonymisation withcatostoma
The EOD is this nocturnal fish’s principal means be revised. The synonymisation Bfstuhimannivith
of communication, and of key importance for mat- P. catostomaalso needs confirmation. To revise these
ing to occur in the single species studied (Bratton & synonymisations is, however, next to impossible at
Kramer 1989, Crawford 1991). In each of 12 EOD presentbecause of the paucity, age and sometimes con-
waveform parameters analysed, differences are sig-servation status of the type material. It would also be
nificant (Table 1). These differences are not only of interesting to study genetic and EOD differentiation
degree (e.g., P2 phase duration in Sabie fish averagesamong South African, Upper Zambezi and type local-
2.8 times that of Zambeazi fish), but also of principle. ity specimens butthat requires sampling live specimens
Whereas in Zambezi fish there is a cryptic sex differ- from the type locality, specimens that are unavailable at
ence in P2 amplitude, no such difference is found in present.
Sabie fish. The duration of the N phase is positively ~ Under Paterson’s ‘recognition concept’ (see Intro-
correlated with size in Sabie fish (hence, N amplitude duction), speciation is an incidental effect of allopatric
negatively correlated), compared to no such correla- separation caused by differences in selection pres-
tions in Zambezi fish. Other differences concern P1 sures. The founder effect and genetic drift are pos-
phase duration, the intervals between the peaks of thesible contributing factors. Both mormyrid species of
EOD, and area-under-curve measures. Similar to mor-the Sabie P. wesselsi Marcusenius macrolepidotus
phological analysis, EOD recordings from additional (Peters, 1852)] belong to a primary, tropical freshwater
material sampled from the Limpopo system and the family endemicto Africa, and are thought to be descen-
Pongola River suggests that the new species is thedants of populations of the Okavango-Upper Zambezi
only Petrocephalusspecies present in South Africa River system whose originally western orientation (to
(Figures 6-8). the Atlantic Ocean) changed in the mid Tertiary when
It is interesting to note that already Gilchrist & the outletto the sea became the Limpopo valley (Indian
Thompson distinguished between an Upper Zambezi Ocean). This arrangement probably only ended in the
Petrocephaluspecies R. catostoma1917), and one  late Pliocene when the Upper Zambezi was diverted
for South Africa @. stuhlmanniBoulenger; 1913,  further north by the encroaching middle and lower
Limpopo System). We suggest a similar distinc- Zambezi (reviews in Skelton 1993, 1994).
tion although we cannot reviveuhlmannifor South How can differences between allopatric populations
African Petrocephalusince this name originally refers  as large as the ones described in the present paper
to fish of the distant Kingani=£ present-day Ruvu)  evolve in, apparently, a relatively short time span (sep-
River in Tanzania (synonymised with catostomdy aration probably in the late Pliocene, 1.8—2 Myr ago)?
Whitehead & Greenwood 1959). Even though there is Character displacement, or rather its reversal, may have
only a single specimen &f stuhlmannavailable, there  played a major role in this speciation: (1) The mormyrid
is clear morphological differentiation (SPc) from South  fish community of the Upper Zambezi comprises seven
African Petrocephaluspecimens. species, one of which B catostomaand the spectral
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low-frequency range for EOD is well occupied by Acknowledgements
several species, forexamplormyrus lacerd&astel-
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