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Lake Malawi, gouthesnmost of the rift valley
hes of Efest Africa, is the world's ninth trgest
ko &t 22,480 km®, 570 km long, B0 km
wide, and 704 m maxdmum depth, Malawl,
alang with two ofher East African great lakes.
Tanganyika and Yeciona, has been i site of
puplosive speclation of cichlid fishes (Fryer,
fies 1872; Greemwood 1974, Barel gt al. 1977),
lethyologists estimale (nal ihere are over 500
gndemic species in the lake (Lawis, Fibbink
pivs. comm.; pers, obs.) . The mechanisms
by which so many species have evolved and
by which they coexist have evoked interest
and controversy (Kosswig 1847, 1963, Lowe-
McConnell 1959; Greenwood 1874; Fryer

1877; Fryar, lles 1872; McKaye 1980)
E _Fr:,r¢r'5_ {1959, Fryer, Hes 1972}
| microaliopatric model of speciation for the
Lake Malawi cichlids hypothesizes that intra-
bcustine speciation was due 1o habital isola-
fian followed by divergence of populations.
The emphasis of the earliest ecological
sludies was on & group of rock-dwelling
cichds known by the local name mibwna, This
group includes the genera Peaudorropheus,
labgoiropheus, Melanochromis, Cyaiho
chvomis, Genyochromis, Gephyrochromis,
and fodofraphews which are probably of
monophyletic arigin (Fryer 1958; Lewis 1982,
Ders. comm.). Mbuna species are usually
Emall, less than 20 cm long, and over 95 per-
Cent ara confined 10 rock habitats. Fryer's
(1559 research concentrated on (he mbuna,
which has furned ouwl 1o be even more
fpaciose than he realized (Lowis 1982, Marsh
"951, Ribbink et al. 1383). Fryer suggesied
that the lake shore is & mosae of habitats, with
Alernaling stretches of rock, sand, and weed
EBrvironments, Significant habital or patch

TRINSIC BARRIERS TO GENE FLOW IN ROCK-DWELLING
CICHLIDS OF LAKE MALAWI: MACROHABITAT
HETEROGENEITY AND REEF COLONIZATION

KEnNMETH R McKave ann W NorL GRay

disconlinuity could serve 10 clusier end isclate
fish populalions such as the mbana from each
other. He also speculated thit fuctuating lake
levals would serve, 1) 1o isolate, and 2) 10
recombine fish populations from these
patches (Figure 1).

Howaver, neither tha number, size and
distributiod af hahitat patches in the lake, nos
the eflect of chamging lake levels on the Lake
Malawi shoredine hawe been examined. Some
assume that sand habital i scarce In Lake
Malawi (Crstro 1979), &nd the idea thal Lake
Malawi is dominated by rocky shoreling may
refiect the popularity of the mbuna in the
aguarium trade. Our data suggest that habisal®
variation along Lake Malawi's western

shoreline to significant, and that habital lsola- |

fion may be possible for some species.

We asked the following quesions about ths
significance of solated rock patches for cchiid
occurrence: 1) Do rock-dwalling cichiids cross
bariar: and colonize new habitats? 2) Are the
first rock-dwelling cichlids 1o colonize new
hahbitats those that feed on zooplankion and
are thus fess dependent on rock habltats for
food? 3) Does the size, structure or depth of
a new habitat patch aflect the species number
or lotal number of fishes on the hab#al?
4} How does specias number and population
density change over time? Movemen of fishes
betwean paiches and colonization of new
palches were examined by regular survays ol
the fish on eighl expedmental reefs placed
ower sand 1 km from the nearast fOCK
orlCTepping

Our enscdancn Shows that: 1) the Malawi lake
shore is @ mosaic of habitats with many rock
parletses solaled by large stretches of weed
and sand areas, and 2 some of the rock-
dwelling cichlid species calonize naw habitats

L
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Figura 1: Effects of fluctuation In fake level and habitat ulilizatizn by cichilid fish. AL A, a risa in J.iu

lavel uniles two populations. Al B, a rise in leke e

val splits & singie population it twe. A C, a riss

laka levitl places a previowsly occupied rock habitat inio water that is too deep, but racky
i DREME U & few
shore habilat for colonization (Fryer 1977 madified). &

within & short time. This assessmant of the

~ rofe of micrahabifats isolating cichlid popula-

tions provides imponant baseline infarmation
for future Studies on speciation and gene flow
amang cichiid populations,

METHODS AND MATERIALS
Aerial Shoreline Analysis.

To gquantify the relative propartion of rock,
sand, and wead habital, we examined a series
of 1872 aerial phatos of the westem sharaling
of Lake Malawi. Four parameters were used
te detail the pattern of habital availability:
1) relative proportion of rock, sand and wead:
2] frequency of aiteration of rock and sand-
weed habilats along the shore; 3) paich size
of each type of habitat; 4) distribution of rock
and sand-weed habitats for four main regions
along the western lake shore. We examined
addibonal aesial pholographs laken betwean
1966 and 1980 laf the effect of increasing
water lgvel on shoreling configuration

W divided the wastern lake ghore into four
main geographic regions from north 1o south:
1} Karonga to Chilumba (9°40°S 10 107155},
2] Chilumba 1o Mkhata Bay (10°15'S 1o
12°00°5); &) MNkhata Bay 1o the Nankumba

ik

Paninswla; 4) fram tha Mankumba Peninsuls
1o the Shire River (Figure 2). Habitat type was
determined from 1872 aerial photographs and
scored on survey maps 093302; 103443, Ad,
C1.C3; 1134471, A3, A4, C1, 02, C3; 123449,
C1, C3, Ca; 133443, A4, CZ, D1, D3; 1493481,
B3, B4; 143543 (Malawi Survey Dagpt). |

The effect of rising lzke level on sha [
iopography was analyzed for o relativaly fla
regions, Sungu Point and Sungu Spit,
which we located a series of photographs that
spanned 16 years. For hase sites, whidl
border the southwest edge of the lake, threg,
sets of asrial photos were available and used

(Figures 3 and 4). The scale of phmu-gr;lﬁ.

taken in 1964 and 1966 for Sungu i
(13°35'S, 34°32"E) and Sungu Spit (12°55'5,
34°1B'E) was 1040000, and the scabe of
photographs taken in these areas in 1972 and,
1980 was 1/25,000. All figures were reduced
o & common scabe of 1/50,000, and aml.
measurermnens ware taken from the raducad
diagrams with & Hal-315 planimeter,
Experimental Reefs.

Eight experimental resls were placed offshorg
ol e Capt Maclear Fisheries Resparch
Station in May 1870 (McKayve 1981 1. Feais
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Figure 2: Four main reglons of Lake Malawi

ware struciured from cement blocks in twa
baslc designs and two sizes (Figure 5). Four
“homogeneous” reefs, two large and two
smafl, were construcied with large inter-
Spaces. Four "heterogeneous’’ reels, two
large and two small, wers constructed wiih
blocks of medium squarg and round inter-
&paces. The large (10 m) reefs consisted of
26 cement blocks. The small reefs consistad
ol 13 blocks. Tha haight of all resls was B0
om. Four reafs, ong of each type were placed
at 6 m depth; actual depth varied batween 5.5
and 7 m as lake levels changed during the
Course of this study, Four ather reels were
placed at 9 m depth; actual depih varied
between 8.5 and 10 m. The reafs ware 50 m
apart, and the ordering of the reefs ai each
depth, from west 1o east, was small homo-
Paneous, large homogeneous, large heteno-
neous, and small homogensous, Otter
Point, the nearest rock outcropping, was 1 km
o the west (McKaye 1881).

Cepsus data exists for both the dry (June-
MNovember) and the wed (Decembar-May)
S8agong for the S-year period 1978-1983,
Bxcapl the 1982 wet season, The reefs were
tansused avary 2-10 days. Sampling penods
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. While araa on landward side,
lawer |af, is not Bable to Rooding.

Figure 3: Sungu Point from 1964, 1972, and 1580
marial

and number of censuses wera: Dry-1978, 18,
Wet-1979, 8; Dry.1978 13; Wei-1980, 7; Dry-
1880, 21; Wet-1981, 10; Dry-1881, 18, Dry-
1982, 12; Wel-1083, 12, The reefs were
designed 1o allow divers 1o 588 completaty
through all holes. Theretars, a]l_'l'i.ﬂ'l wara
sasily counted. Al fish which were In reat
holes, feeding on the reel, or erianting 1o the
red within 2 m were incleded in the census.
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Figurg 4: Sungu Spit from 1964, 1972, and 1978
wmarial photographs. The shore of the lake ks on
the beft side of the continwous line from lel o
right,

Excluded were cichlid species which occurred
and fed only on the sand.

Water currant walocithes cver the reals were
eslimeted in the dry season of 1980 by
méasuring the time suspanded particulates in
the water moved 30 cm. On the 21 reef cen-
susing dates from June through August, 7
ciays had no curment; B days had a slight cur-
rent less than 2 emisec; and & days had &
modarately strong current of 2-15 cmisec,
from east to west

Zooplankion Availability.

Zooplankton samples were faken weekhy
fram March 1978 to August 1580, 20 m off

shore ol the deeper ot ol experimeanial

in 17 m water depth. Three samplag
taken al depihs ol 5 and 10 m, which g
rasponded closely to the depths of ﬂa%
reets, Samples were collected with &

Van Dorn boitle and concontraled lhl'uu’u
E4 um net. The three samples Iromea,chm
ware combined for analysis. M
broakdowns and bad weathes caused the
daparure from waokly sampling. All pd

were (dentified to spacies (Mekaye 1983, by
we only repon data for disptomids ey

-
Dyphanosoms axciswm. These are 1ha primag
plankiers eaten by the rock-gdwelling cichiig
{McKaye, Marsh 1983) and by mosi cthe
cichlids (McKaye 1983, unpubl. data). B

RESULTS

Habitat Distribution and Availability.

As Fryer pradicted (1959), Lake Malay
shorefing was a distinct mosaic of alt
patches of sand, rock and weed habitals. n
1972, 61.0 percent of the western sharaling
was gand, 20.9 percent weed, and 16.1p
cent rock (Table 1). The lake level then )
474 m above sea level (Drayton 1973).
Regeon | shoraline of B6.6 km was a s
of sand and wesd, with no cbservable ;
km) rock habitats (Table 1), The 22240
shorefine of Region Il had the highest prope
fion, 44 percent, of rock habitats, among I
four regions. Isolated patches of rock in 8
section ranged from 0.05 km o 6.3 kmol
length (Table 1, Figure &). Region HI
pradominantly sand, with rock patches
prising bkess than 4 percent of this 369 K
shorgfing (Table 1). The longest contin ,;"
straich of sand-weed habitat we obse
99.5 km, was In this region batween 13°028
and 13°40°3. Region IV, which Included
Mankumba Peninsula and Cape Maclear &
the Shire Aiver outlat of the take, had
27 percent rock elong s shoreline. TH
sauthernmost fegion had the longest cof
tinwous stretch of rock wie observed, 8.5 ki

piguie: 7 shows the fraquency disiribution
sch sires of rock and of sand habitals in
o regeons. Madian patch length for rock
300 m. Median paich bength for combined
swead habitats was 400m. Though med-
pn::h size was similar, the rock habitals
u:ﬂ'-" frequently as small islands, since rock
inates in patch sizés under 100 m,
and woed form the longest continuous
gretches of Rabtat. Region I, with the greal-
g5t abz0lute amount of rock, had 1he highest
pumber of rack patches: 43.2 per 100 km. vs.
4.2 for Region Ml and 23.6 for Region IV,

shoraline Configuration over Time
Analysis of photographs taken baetween
15661980 demonstrated the creation and
dissolution of isolated habitats over time. In
1066, Sungu Point consisted of a spit 4.2 km
jang polnting NNW that sheltered Domira bay
fo the wesl. On the landward side of the
shorelne, about 17.5 he were under water,
and 1530 ha more were potentially flooded
during the high rainy season (Figure 3).
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Figure 5: Structure of sxperimental reefs.

Tabilg 1: Summed lengths (km) of three kinds of
shoreling in four regions of western Lake
Malawi, 1972 (See Figure 1)
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Figure &; Regian Il from Chilumba to Nkhata Bay
showing longest stretch of uninterrupted rock
in this rmegion.

By 1872, following & slight increase of about
0.5 m in the lake level, the spit length shrank
to 3.5 km. The landward extremity was
separated from the maimland. An estimated
135 ha were under water with about 1500 ha
liahle to fiood, and the shoreline had en-
croached noticeably onto the spit, to include
mmmmmmmmmm
ly isolated from the lakes, T

By 1980 the lake level increased 2 m and
ihe spit had fragmented infa a seres of small
islands separatod by 1-2 Rmfrmﬂllm
Land under water had increased 1o an
estimated 252 ha. Land not kiable 1o fiood
had retreated, giving 1535 ha of flood ﬂﬂt
[Figure 3). -4
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Another pattern of change is lustrated by
Sungu Spit (Figure 4). In 1966 it was a
detached spit 2.5 km long and 1 km from
shora, pointing NNE. Probably it was attachad
earlior when fhe lake level was kwer (Drayton
1974). To the south of the spil the shoraling
contained a sheltered lagoon, 2.5 km & B.5 km,
ot about 775 ha thal was nol completely

}

isalated from the lake. Besides the Eagoafl
thera was no open water on the landward sade;
hewever, T20 ha was rear bake level and liakbe
1o flooding. -
By 1972 there was & change in shape and
size ol the spit. On the landward side, sand}
had been deposited towards the spil. To thé
south, the lagoon remainad about the samé
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Figure 8: Pooled species numbsers Tor all reels,
veraus time. Solid line marks cumaulative numbar
ol differant species which ever visdod the B roofs;
dashed line marks the toftal number of diflereni
species on all sight resls during any one segson

ared, 77 ha, but an extra 5 ha of open water
appeared fo the morth. The area liable to flood
was reduced to 292.5 ha.

By 1980 a dramatic change had aocufred,
a5 with Sungu Poinl. The spit had been
feduced 1o & low fragments, The landward
txiension had disappeared. The shoreline had
fetreated intand and eliminated the southern
laggoon, Within the new shoreline, 12 ha was
under open water, and onky 200 ha remained
liable to flood, Thus in only 16 years, land
larms changed, islands appeared and disap-
peared, and shoreline continuity was
significantly modifiad.

Reef Colonization: Rock-Dwelling Species

Data presanted hera for the five-year peniod,
late 1978-garly 1983, show the colonizing
abilities of the rock-dwelling cichlids and the
Pattern in species diversity on the experimen-
18l reats. Seventy-fivi. differont 1sh species
have been recorded Bn the habitats since the

repls ware established. New species which
had never before been seen on the reafs con-
finued (o appear at a rmte of about § per six
months afier 4.5 years, The rate of immigra-
lion of new species onto the reefs doas not
as yel appear to be diminishing (Figure 8),
Durireg the dry season of 1980 the maximum:
of 50 different species occurred on the eight
reafs. Al the wet season 1983 census, the
numiber of different species on all habitats had
dropped to 42. During this study, 18 species
which have never been recorded over sand
in the Cape Maclear region, either in 155 tran-
sects of 100 m 2 or 500 ransects of 200 m?
[McKaye 1083; McKaye, Reinthal unpubl
data}, have occurred on the reefs (Table 2),
Ten of {hase 18 species belong to the rock-
dwelling mbuna complex (Fryer 1859; Lewis
1982) which includes the genara
Paeudatropfeus and Petratiaplz. All of these
mbuna species oxcepl ong  undescribed
Peaudotrophes sp. (Yellow dorsal fin™) were
goen on the reefs every season, afler thelr
initial appearance. These nine resident mbuna
species included individuwsl territorial mabss or
brooding females with young in their mouths.
Thie other rock-dwelling cichlids did nol remain
consistenily an the resls from one season o
the next.

Colonization Related to Reef
Characteristics,

1. Large va. Small. The four large reals had
both more species and greater numbers of
fishes on them at all seasons than the com-
parable small reals (Figures 9, 10). AL S years
the average large reel had 1.6 timeas as many
species as did the average small reef.

2 Deap va. Shallow. The four deeper reals
had both more species and a greater number
of fishes an them during all seagons than the
comparabbe shallower reels (Figures 8, 10}
AL 5 years the average deep reef had 1.6 times
as many species as did the average shallow
resat,

3. Heterogeneous vs. Homogeneous, The four
heterogeneous reels had more species af
fishes on them in 92 percent of the 36 cen-
suses than the comparable homogeneous
reefs (Figure 9, Sign test, p 1 .01); and B1
percent of the 36 censuses had greater
numbers of fishes on the hel reats
{Figure 10, Sign test, p = .05). At § yaars tha
average heterogeneous reef had 1.3 1imes &5




Table 2: Aock dwelling species appearing on exparimental resfs.

Species Identification

* Preudavopheus masrophihaimus " [Blua “rophesps’’)
* Peoudaropheus trophecos (White with yellow fing)

* Pegudatropheus trapheaps (Orange haad)

* Petronilapia spp. (Three species, females not distinguished)

Cyriocara Nrnj

* Praudoropheus slongatus (Species complex)
* Psgudotropheus fropheaps (Yellow)
Cyriocara fenesiratus § memioiaius
Cyrtocara avchilis

" Proudotropheus zaebra (Blua-black)

* Pesudolropheus sp. (Yesiow dorsal finj
Alanocara ep. (nyassae)

Labeo cyfindricys

Docimodus johnston

Trematocranus sp. (jacobireiberngiT)
Cyriocara heterodon

* Feswdoropheus fetwa (Cobalt)

* Pegwdotropheus trapheops (Dark)

*Members ol the mbuna complox

many species as the average homogeneous
resf.

Species and Total Fish Numbers
through Time.

Each habitat has had a different pattern of
species accumulstion and population den-
sities. Nevartheless. cenaln patterns emerge
when tHe reefs are examined as a unil. The
mean number of species per habital peaked
at 9 after 2 years, and has declined to 7 at &
years. The mean number of individuals occur-
rireg @n the reefs reached a peak within the
first year, at 50 per reef, but declined steadily
since the 1980 dry season. The last census
in the 1983 wei season revealed an average
of 22 fish.

Effect of Currents on Specles Number
and Population Densities

Whien currents were greatar than 2 cmisec,
mean number of species and individuals on
all esghl reals wede greater than when currents
were absant or less than 2 cmisec (Figure 11).
On average, there wera 1.2 times more
species, and 2.0 times more individuals on the
resafs when the currents were running (Figures
11, 12). The increase in numbers of fish was
177 percent for the shallower reefs, and 43
percent for the deepar reals.

st Dbservation

18t season
150 geasan
15t season
15t season
Vs year

Y year

2 yaars

2 yaars

2 years
2% years
& years
24 years
2 years
3 years

4 years

4 yaars
43 yeais
Al ypare

Zooplankton Resources: Distribution
and Seasonality

For the two years of sampling which cor-
responded with the beginning of the experi-
maenl, there was consistently kess zooplankton
in 5 m of water than in 10 m (Figure 13). Mear
the hehitais, there appeared to be a bimodal
paak of iaphanasoma and diaptomids, one
at the baginning of the rains in Decamber:
January, and one at the beginning of thi
mwara, of southery winds, in June-July o
1979 and 1980. These resulis are consistent
with observations on frequency of zooplankton
feeding by fishes on the reefs (McKa
unpubil.).

SSION

The western shore of Lake Maluwi h ;]
heterogensous environment of sai ad
and rock. Eighteen percent of thﬂ '_
ore 15 composad of 158 rock patché
isolated by strétches of sand o weed. S
isolated rock sections provide tha nacessan
physical situation for microallopatric specld
tion. Isolation would be possible if the
mavemants of rock-dwelling cichlids  are
restricted, relative to the distances betweefl
rocks (Fryer 1959, 1877; Fryer, lles 1872k
Wide separation would minimize gene flo

Number of Species

Number of Species

N kO &

14
12
10

L T . S~ O -

16

12
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Figure 10; Mean number of individual fish for each season on each of The might reels.

Figure 11: Cichlid fishes feeding on zooplenkion in back of reef when strong current |8 Mowing.

amang populations and consequantly would
maximize the possibility of speciation due to
geographic isolation.

The dynamics of the shoreling indicate that
Fragmaniation of the laka into varying habifat
can and does otcur over surprisingly shon
limaspans (Figures 3, 4). The rapid rmodifica-
tion of habital continuity along the mainland
shoreling, plus the existence of numarous
solated stands and rock habitats in the lake,
provide evidence that the physical discon-
tinuity required for microallopatric molation
axigts, and thus gives some support to Fryer's
(1959, 1977 model for the avalution of cichlid
species fiocks in Lake Matewl, However, data
fraom the experimental reefs suggest the pro-
cesg may be complax and differantial among
Species subsets. Different groups, cdepanding
in part on trophic ecology, appear 1o disperse
at different rabis.

The resulis of the reel experiment
specifically demonstrate this key point- that a
subgel of rock-dwelling cichlids will disperse
over sand and colonize mewly farmed habitats
Furiher, fish species diversity and zooplankion
Productivity wese correlated, Thus, Tood diver-
Sity and availability may contribule o

determining species composition and suc-
cessful colonization of new habitats. All of the
species on the reefs were obsenved 1o leed
on rooplankion at least some of the tima
Whan currents wore llowing, bringing more
zooplanklon onlo the reefs, more species
werg counfed. The most dramalic response
in fish numbers with increasad current flow
occurred on the shallow reals where plankion
was al lower absolute density (Figures 11,12,
13). The mbuna colonizers early in the 5-year
research period belong to the four species
complaxes which leed ext@nsively on
rooplankton: the Pssyvdoiropheus zebra com-
plex (Mckaye, Marsh 1983; Holzberg 1978),
the £ fropheeps complex (pers. obs.), ihe £
elongaius complex (pers. obs.), and
tha Pefrotitapia complex  [McKaye, Marsh
19683). These speches arg also ones that Liemn
{1878, 1980, pers. comm.] sugjests are
faculiative in their feeding rEpEIrlnirl?: n
appears that the mibwna which fed extensive-
iy on zooplankion are the most vagile and
thus, the most likely speches o colonize a new
nabital These species groups may provide
the foundaers fof rew popukatons and lead 1o
rapid allopatric speciation {Mayr 1963). On
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Figure 12: Etfect of current on numbers of individual species occwrring on reels. On all sight reefs,
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the othar fund, increasad gane flow between
populations could retard allopatne speciation,
and intrinsic isolating mechanisms could be
rioee impartant than axtrinsic onas in splitting

| species (McKaye 1880). More data are

required to fully appreciate the implications of
these observations.

The mapping data support the view that
fragmeniation of poputations and subsequent
reproductive isalation could occur both on a
microgeographic scale, less than 20 km
separation, for tha less vagile species, and on
& more mecrogecgraphic scale. Along the
weslern shore of the lake, the rock portions
in the nork were separaied from those in the
south by extensive sand-weed beaches. The
longest singks stretch was nearly 100 ki, Mor-
thern mbuna species would have 1o traverse
these large distances over sand in order 1o
Inbarbreed with southarn conspecifics. Thus,
the dala lead o the prediction of distinctive
nedthisn and scuthern subsetz of species

acturnng in each region. The avadable

| genetic dalda are consistent with this
| hypothests. Elecirophoretic analysis of isoan-
| zymes of Pseudotropheus zebra show that
| Chilumba and Mkhata Bay populations in the
|nm'm have gene Keguencies that are not
statistically different from each other, but do
itfer statistically from those of P zebra
latiors ai Mumbo and Domwe islands in

the southesn Cape Maclear region (McKaye

et al, 1984}, The longest sand-weed stretch

batwesn Chilumba and Mkhata Bay is 155

km; thie longest sand beach between Mikhata

Bay and Cape Maclear is close to 100 km.

Thus, though P zebva may feed on

zooplankion while migrating, 100 km of sand
1I.aJ:lfJ-izo‘wa t0 be & significant barrier while 155
| WM may not be. More dala on magratory
| abilies of these fish are required before a
| cefindtive conchusion can be made abowt what
lconstilutes a major barrier 10 gene llow
|between populations
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Figure 13: Density of zooplankton fed on by the
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A related prediction o guide future research
can be derived from the map dala. We expect
thal the steep rocky shores in Region | should
serve 10 isolate many of the obligate sand-
theenlling cichlid populatiens In the northemn
Kargnga area from those in the south. If sa,
the sand-dwelling fauna to the south of Nkhata
Bay down 1o the outlet of the Shire Rivar
should be genetically differentiaied from those
in the northern sand portion of the lake.

Despite the limited extant of this survey
regarding the histary of the lake, these data
should be useful in evaluating the contribu-
tion of island blogeography theory (MacArthur,
Wilson 1987) to understanding cichlid specles
packing In communities. The isoiated rock cut-
croppéngs in the lake, surroundad by sand, ane
islands of habital. Species area Curves, con-
structed lor many groups of animals, predict
the increase in number of species relative 1o
increased habitat area. Barbour and Brown
(1874} applied such analysls to fish faunas of
many lakes throughoul the world. In Lake
Malawi we find rock oulcroppings ranging In
size from ©.05 10 8.5 km, with all intermediate
sizaa prasand (Figure 7). i should be possdble

ins this diverse verebrate assemblage, (o est
the applicabilily of the established species
area relationship (MacArthur, Wikson 1967) tor
fishes on habital patches within a large lake.
Dewiations from expected species diversilios
on givin patches would focws attention on the
processes delermining community siructure
in this diverse fish assemblage. Our expesi-
menial dala suggest thal nol only the size, but
also spatal haterogenaily of the available
habitat s imporant in determining how many
spacies may ultimataly find and inhabit a new
ragien (Figure 10).

Greenwood's {1965) study of 1he endemic
cichlids of Lake Nabugabo may also provide
a relavant paradigm for the evolution and
speciation of shore-bound cichlids in Lake
Malawi, In Lake MNabugabo, which was
separated from Lake Vicloria for about 4000
years, five endemic cichlid spacies cosxist.
These species are each most dosaly related
1o cichiids in Lake Vicioria, suggesting thal
they evolved allopatrically from those parent
populations. The appearance and disap-
pearance of lagoons in Lake Malawi, as in-
dicated by the 16-year series of pholographs
{Figures 3, 4) could be analogous o the Lake
Mabugabo siuation. More detailed geological
studies of Lake Malawi should allow us to
begin 1o determine the age and continuily of
isalation among various habital patches of
regiona, With such information, we will be in
a better posiicn to determine the rate of avolu-
tion of the cichlid fishes in this lake, and 1o
assess the degree of isclation and time
necessary for new species to arise.

Interastingly, the mbuna species that feed
extenshvely on zooplankton and colonized the
experimantal regls would appear to be the
groups least likely to have restricted gena fow.
However, they ara among the most species-
rich groups of mbuna (Marsh 1882; Marsh et
&l. 19681; McKaye et al. 1982, 1983; Lewis,
Marsh, Ribhink pars. comm.). Much further
work is reguired befors any definitive
conclusions can be drawn concerning the
evolutionary processes which caused this

vertebrate Mook to arise. We hope

thesa data will stimulate research on the

lawi.
geololgy, history and fauna of Lake Ma

This inland sea, with i habital hetarogeneity
and highly diverse fauna, has the potential to
provide further ingight ina the . processes




which mald the evolulion and structure of
complex communilies.

SUMMARY

1. Aerial phetos of the western shoreline of
Lake Malawi suppart Fryer's view thal Lake
Malawi consists ol a mosaic of alternating
patches of sand (61%), weed (21%) and rock
{18%).

2. Analysis of photographs laken between
1966-1580 documented the creation and
dissolution of isolated habitats due 1o riging
lake levels.

3. Dana from elght exparimental reals plac-
ad on sand demongtrated that a subsat of rock
dwelling cichlids will move ang kilomater from
the nearest rock oulcropping and colonize
naw habitats. These early colenizing species
are facultative in thair feeding repertoire and
primarily exploit zooplankton.

4, Doubling whe size of a rewl resulled in a
&0 parcent Increass in species number, and
increasing the reel's spatial helerogeneity
rasulted in a 30 percent increase in Species
numbers. Deep reeis (3 m) had approximale-
ly 60 parcent more species than did identical
shallow reefs (6 m). This increase was dua to
the greater zooplankion densities al the
greater depth. Zooplankion is the primary food
of most cichlids.

5. Theg species groups mos! Lkely 1o cal-
onize newly formed rock oulcroppings are
thosa which are among the most species rich,
This anomaly suggests thal in soma circum-
stances intrinsic isolating mechanisms could
b more impartant than extrinsic ones in split-
ting species. Processes of both allopatric
infralacustrine speciation and Sympatric
speciation are probably occurring In the
cichlid species flocks of the Great Lakes of

 Africa.
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