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Henri J. Dumont, scientist and editor

Henri J. Dumont

I first saw Henri Dumont when 1 was about 16 or 17
years old. He gave a public lecture on dragonflies. 1
forget at what occasion exactly, but it was on a winter
evening, in a lecture room of the Antwerp Zoo, next to
the larger theatre where now the International Queen
Elisabeth contests for piano, violin and so on are or-
ganized. | was thrilled by the way Henri Dumont made
the dragonflies come alive. I had been dabbling with
this group for a few years then, as an undergraduate
amateur, and 1 loved these animals, but the way Henri
talked about them opened whole new worlds to me.
It was then that I decided to go to the University of
Ghent, to study biology, and to work with Henri Du-
mont. When [ later told him this story, Henri claims

that he had all but forgotten the occasion, which I
believe immediately, as he was and is asked quite of-
ten to give popular talks about sciences, mostly about
dragonflies, but also about biodiversity, sustainable
development and so on. That is so, because Henri has,
and always has had, a very wide interest. He is not a
centipede, he is the archetypal millipede.

Henri Jean Dumont was born in Denderleeuw, a
small city between Ghent and Brussels (Belgium), in
1942. When he obtained his diploma of Licenciate in
Biology (similar to Honours’ degree) in 1964 at the
University of Ghent, he had already published his first
papers. He obtained his Diploma of Doctor of Sci-
ences (PhD) in Zoology, again at the University of
Ghent, in November 1968 with greatest distinction.
He became “Geaggregeerde van het Hoger Onderwijs”
(DSc), the highest academic degree in Belgium, in
December 1979. The entire scientific career of Henri
Dumont unfolded at the University of Ghent. This may
sound strange to Anglo-Saxon scientists, but it was,
and to a degree still is, quite normal and common at
Belgian Universities. He became Assistant Professor
at the University of Ghent in 1968, Senior Assistant
Professor in 1969, Associate Professor in 1975 and
Senior Associate Professor in 1980. Since 1987, he
has been Professor of Ecology in Ghent and held the
position of Director of the Laboratory of Animal Eco-
logy, Biogeography and Conservation between 1987
and 1994, when the function was abolished. Henri
owes much to the University of Ghent, and Ghent
owes a lot to Henri. Nevertheless, the relationship
between both has at times been strained, as is often the
case when a strong and independent mind is forced to
follow rules imposed by administrators.

The first one and a half decades of Henri’s career
were spent nearly exclusively on research, especially
organizing extensive expeditions, to the Middle East,
Mount Everest and various places in Africa, but most
of all to his beloved Sahara and Sahel. During each and
every one of these trips, about 50 in total, he studied
dragonflies, the file rouge through his entire career, but
meanwhile he had also picked up research on various
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zooplankton groups: Cladocera, Copepoda, Rotifera
and later also Anostraca. In addition, he also con-
tributed to the taxonomy, ecology and zoogeography
of a great many other invertebrate groups, such as
limnomedusae, Bathynellacea, etc. etc, as well as on
some vertebrate groups, such as fish, turtles and even
crocodiles.

Because of his wide interest, Henri Dumont attrac-
ted many students in different fields; about twenty of
them successfully completed a PhD. Some of these
now have their own research groups, and some of them
have managed to publish their results in the top journ-
als Nature and Science. Henri himself has given an
example to all of us, his ex-students, by publishing
hundreds of papers, including several in Nature, and a
good dozen books (see bibliography of Henri Dumont
after this introduction). For fun, one of his associates
summarized his track record from the Web of Science
a few years ago: in total, he had than amassed more
than 2000 citations (about 40-80 per year since 1975
and over 100 per year since 1995). Not at all bad.

In 1980, his life changed. Professor Vaas, then
Editor-in-chief of Hydrobiologia, died unexpectedly
and Wil Peters, at that stage with Dr W. Junk Pub-
lishers (now with Backhuys Publ.) invited Henri to
become chief editor of this journal. It so happened that
Henri was (once again) on an expedition in the Sahara
and he only heard the news of the offer a few days
later. In his inaugural foreword in Hydrobiologia he re-
called that he was lying on the roof of his Land Rover,
watching the dark North African sky exploding with
stars, and was pondering whether or not he should ac-
cept this task. On the one hand, what a challenge! On
the other hand, his 3-month expeditions through dry
sand and rock, chasing small patches of isolated water
bodies (springs, small lakes called ‘gueltas’, tempor-
ary pools and groundwater aquifers), would come to
an end. So what should he do? Fun or duty? Duty or
fun?

The rest is history. Henri became Editor-in-chief of
Hydrobiologia, and changed it into a refereed journal,
eventually with impact factor, and with international
standing. From the initial 6 or so volumes a year,
Hydrobiologia became a twenty-five volume journal,
publishing between 5000 and 6000 pages annually.
Hydrobiologia now is the main channel for publica-
tion of the proceedings of a variety of bi- or tri-annual
meetings in limnology and oceanography. The pro-
ceedings of Rotifera, Copepoda and Cladocera meet-
ings have (nearly) all been published in this journal.
Other groups, such as the ostracodologists, have star-

ted to follow the example. Marine scientists have also
discovered Hydrobiologia, and volumes from the sea-
weed symposia and on jellyfish have meanwhile found
their way into the journal’s issues. All of this came to
be under the leadership of Henri Dumont. His editing
skills equal his abilities as a scientist in general, and
in various places on the globe people have told the tale
of their amazement at how much Henri can improve a
paper in less than 30 minutes. In this, T dare say, he is
equalled by few, one exception being the late Bill Wil-
liams, a life-long friend of Henri. The record is there:
more than 350 volumes appeared under his editorship,
that is close to 7000 papers or about 100 000 printed
pages that he accepted and edited for publication in
the journal. As the rejection rate of manuscripts sub-
mitted to Hydrobiologia ranges between 40 and 50%,
he had to read about twice that amount. Impressive,
to say the least. It must be said, nevertheless, that it
would have been even more difficult for him to keep
things together, if it hadn’t been for the continuous
help of his wife, Simonne Wellekens, now a famous
wine expert in Belgium. She assisted him in handling
the continuous stream of manuscripts from the begin-
ning, and for most of his term as Editor-in-chief, she
was his editorial secretary.

Henri’s scientific career continued to rise at the
same time. He was a guest professor at the uni-
versities of Bujumbura (Burundi, 1983) and Algiers
(Algeria, 1989-1991); organized 7 international meet-
ings, and near-annual training courses for students
from developing countries, first on zooplankton, later,
in the framework of the United Nations University on
all aspects of Biodiversity. His many and extensive
duties for Hydrobiologia did not prevent him from
accepting several other editorial responsibilities: he
is also Editor-in-chief of the International Journal of
Odonatology (Pantala), which he created himself in
1998, and is on the editorial board of a dozen other
journals. He is editor of the book series Develop-
ments in Hydrobiology, in which close to 170 volumes
have been published at this stage, of Monographiae
Biologicae, in which 25 volumes were published un-
der his editorship, and of the series Guides to the
Identification of the Microinvertebrates of the Contin-
ental Waters of the World, of which the 20® volume
appeared just few months ago.

Henri Dumont’s hard work has been recognized by
his peers, both at a national and at an international
level. He received the Biannual Prize from the Bel-
gian Government in 1981 for one of his books (on
the Sahara and Sahel of course). Recently, he re-



ceived the Ordem Nacional do Merito Cientifico, a
prestigious award from the Brazilian Government. The
present volume, no. 500 of Hydrobiologia and no.
171 of Developments in Hydrobiology, is a celebrat-
ory issue and is offered in the same spirit to Henri
Dumont by some of his friends and colleagues, fel-
low chief editors, members of the editorial board, old
students and others, at the occasion of his retirement
as Editor-in-chief.

Because now, after twenty-three years, the circle is
complete. Henri Dumont has decided to step back, to
pass on the burden of the editorship. As of volume 501,

X1

Henri will no longer be Editor-in-chief of Hydrobiolo-
gia, but it will take years before the hydrobiological
research community has fully realised this. After all,
Henri WAS Hydrobiologia and vice versa. But 23
years of duty is very long. It is time again for some
fun. Henri plans to go back to his starry starry nights
in the Sahara. Certainly, he will find that the place has
changed. Certainly, he will discover that he himself
has also changed. A new challenge thus awaits him.
Henri, from all of us, very sincerely: bon voyage!

KOEN MARTENS
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Abstract

To release humans from river blindness, the Onchocerciasis Control Programme in West Africa (OCP) was im-
plemented in 1974 and ended in 2002. It has emphasized preservation of biodiversity and inclusion of long-term
freshwater biomonitoring since its inception, a position that is unique among the other international development
programmes. The biodiversity of the disease system of river blindness includes the black fly vector complex and the
worm parasite. Several species of black fly vectors differ in their behaviour, which causes differences in the disease
transmission processes. Likewise, different strains of the worm parasite have different pathogenic potentials and
are differently transmitted by the same vector species. This complexity of the onchocerciasis disease system was
not expected at the beginning of the control programme. It has been progressively discovered, partly as a result of
the improvement of molecular biology techniques during the period of OCP. The biological basis for the control of
the disease includes the diversity of invertebrate predators of aquatic stages of the vector as well as the sensitivity of
these non-target predators to the diversity of insecticides used during OCP. Both the interspecific and intraspecific
(i.e. instar) biodiversity, as well as the diversity of insecticides applied during OCP, produced a diversity of effects
on the non-target invertebrates, as well as on the potential predation pressure on the vector from the predators
among these non-target invertebrates. Finally two biological products, a microfilaricide drug (ivermectin) enabling
chemotherapy of humans, and a biological larvicide (Bt H-14) that became available during OCP, contributed
considerably to the success of OCP and provide more examples about the role of greater biodiversity in the more
effective control of onchocerciasis. The biomonitoring approach designed to evaluate the environmental effects
of OCP activities was also the first, longest, and largest scale biomonitoring programme ever implemented in the
tropics. We discuss the criteria used to implement the long-term biomonitoring, as well as problems encountered
in operational larviciding and how these were solved. Over the long term, biomonitoring faced various unexpected
factors or events that made the interpretation of the results more difficult than thought at the beginning. Some of
these factors could have been identified at the beginning of OCP but were underestimated, whereas others could
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not have been predicted. Additional research (beyond the monitoring itself) has resulted in a better understanding
of the dynamics and structure of the freshwater fauna in treated as well as untreated rivers. Thus, OCP provided an
opportunity to improve knowledge about the temporal dynamics and the zonation of riverine fish and invertebrate
communities in West Africa. After almost 30 years of monitoring the effects of larviciding in West African rivers
it can be concluded that the effect of insecticides on the aquatic fauna was usually low for fish, whereas results for
invertebrates indicate changes of taxa composition and community structure even at the family level. However, this
impact should not have affected the general functioning of the aquatic system.

Introduction

‘Biodiversity’, ‘long-term variability’, and ‘conserva-
tion” became key concepts in ecology during the past
decade. They are widely used and are considered to
be especially important elements in elucidating the
dynamics of ecosystems disturbed by human activ-
ities. However, the acquisition of long-term data in
the tropics, as part of biodiversity-based programs,
is still rare except for topics with extensive media
coverage such as the loss of rainforests, or for charis-
matic animals such as large predators. In this context,
the Onchocerciasis Control Programme in West Africa
(OCP) is an exception. This programme was designed
to release humans from river blindness (or onchocer-
ciasis), but it also emphasized concern for biodiversity
and implementation of long-term freshwater biomon-
itoring since it’s inception in 1973, a position that
is unique among the other international development
programmes.

OCP ended in 2002 (WHO, 2002). The initial
goals, the success, and the environmental issues con-
cerning the program were all related to biodiversity.
First, the biodiversity of the worm parasite and of its
black fly vectors became an important issue during
OCP. An understanding of the taxonomy and system-
atic of these biota was essential in to trying to combat
onchocerciasis. Second, the biodiversity of the poten-
tial predators of the aquatic stages of the vector as
well as the sensitivities of these non-target predators to
the diversity of insecticides used played a major role
during OCP. Third, two biological products, a filari-
cide drug (ivermectin) enabling the chemotherapy of
humans, and a biological larvicide (B.t. H-14) that be-
came available during OCP, contributed considerably
to the success of OCP and provide more examples
about the role of biodiversity in the control of On-
chocerciasis. The biomonitoring approach designed to
evaluate the environmental effects of OCP activities
was also the first, longest, and largest scale bio-
monitoring programme ever conducted in the tropics.
Throughout the programme, the selection of insect-

icides that were efficient against the vector but not too
toxic for the non-target fauna was a permanent concern
of OCP-biologists.

In this review article, we describe the role biod-
iversity has played in OCP, and how our understanding
of the ecology of West African freshwaters (mainly
rivers) was improved through research conducted dur-
ing OCP. In addition we discuss the criteria used to
implement the long-term biomonitoring as well as
problems encountered in operational larviciding.

Onchocerciasis: biological traits of the disease
system and implications for its control

Onchocerciasis is a dermal filariasis causing blindness
and debilitating skin lesions. It occurs in 37 countries
of which 30 are in Africa, six in America, and one
in the Arabian Peninsula. Africa is, by far, the most
affected continent both for the extent of the distribu-
tion and the severity of the clinical manifestations of
the disease that is also called ‘river blindness’ (Davies,
1994).

Onchocerciasis is caused by a parasite, Oncho-
cerca volvulus Leuckart. The adult female parasite
(macrofilaria) is sexually active for 9-14 years, and
mainly concentrates in nodules in the human skin
and subcutaneous tissues (Schulz-Key, 1990; Davies,
1994). During its life span it produces millions of
very small microfilariae (250330 microns). In Africa,
these microfilariae are carried from one person to
another by black flies (Diptera) belonging to the Sim-
ulium damnosum complex. Only females of Simulium
damnosum Théobald bite humans, and sometimes an-
imals, because they need blood for the maturation of
each batch of eggs laid (Philippon, 1977). Once the
blood arrives in the black fly stomach, most of the mi-
crofilariae are digested, but a few of them pass through
the intestinal wall and reach the abdominal cavity and
the thoracic muscles where they transform; these mi-
crofilariae then become infective larvae (measuring
650 microns), which find their way into the mouth



parts of the black fly and may thus be transmitted to
humans during subsequent blood meals of the females.
The maturation cycle of the larvae in the black fly
takes about seven days at 27-30°C (Plaisier et al.,
1991). The number of infective larvae in a black fly
is generally less than 10 and, in most cases, from one
to three. When infected black flies bite humans, they
deposit the infective larvae in the human skin. The
larvae penetrate the skin, and nodules containing the
adult worms appear between 7 and 12 months, and
sometimes up to 3 years, later.

The objective of the Simulium control strategy was
to reduce the black fly populations to a level where
transmission of O. volvulus microfilariae is stopped,
and to maintain that level until the macrofilariae in
humans die out. According to results obtained in the
OCP area, the mean lifespan of the adult worm ini-
tially estimated to 20 years is 14 years, so the vector
control was reduced from 20 to 14 years (Le Berre et
al., 1990; Hougard et al., 2001).

The vector control operations consisted of using
insecticides to treat the breeding sites of rivers where
larval stages of the S. damnosum complex develop.
The great advantage of larviciding was that it attacked
the vector at a stage where it is concentrated in a very
small area (fast flowing parts of rapids in large rivers).
In comparison, the adult black fly population cannot
be controlled because of their dispersal and the wide
variety of their resting places. The development of the
aquatic stage from egg to pupae is around one week;
hence, insecticides were applied weekly. In addition
to this high treatment frequency, the large number of
breeding sites along rivers that were difficult to access
by ground was why an aerial spraying strategy has
been retained since the beginning of the programme.
At the maximum of OCP activities, up to 50000 km
of river stretches were treated during the rainy season
(Hougard et al., 1997).

Onchocerciasis control as a model for the
importance of biodiversity

When OCP started, taxonomical knowledge of spe-
cies that were related to Onchocerciasis was limited
to the vector and the parasite. As it turned out later,
however, the improved understanding of the taxonomy
and systematics of the vector, the parasite and many
other biota that were involved in the control of On-
chocerciasis contributed considerably to the success of
OCP.
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The biological disease system

Humans, and other mammals, are the host of many
parasites that need one or two other hosts during their
biological cycle. In the case of Onchocerciasis, hu-
mans are the final host, whereas black flies are the
intermediate host. Understanding the epidemiology
of such a disease requires a good knowledge of the
biological diversity of both the vector and the para-
site, as well as of the diversity of interactions among
host, vector, and parasite. This understanding is fun-
damental to assess the transmission potential of the
vector and the pathogenic potential of the infesting
strains of the parasite (Toé et al., 1997). Such in-
teraction illustrates how a complex biological system
functions. While this aspect of biodiversity received
little attention by biologists working mainly on eco-
logical systems, it is certainly a biodiversity issue
(Lévéque & Mounolou, 2001). However, the question
in OCP was not to protect this biodiversity, but to man-
age it in a way to control the human disease. That was
the main difference with the traditional biodiversity
approach developed by conservationists and that used
during OCP.

The black fly complex
The black fly vector was first described as a single spe-
cies, Simulium damnosum Theobald. Further studies
demonstrated that the species had biological differ-
ences in various biogeographic areas, and cytogen-
etic studies supported the evidence that S. damnosum
sensu lato is not a single taxonomic entity. Instead,
it represents a complex of sibling species, all very
close morphologically, but with different chromosome
structures and ecological characteristics (Le Berre,
1966; Quillévéré, 1979; Post, 1986). At first, spe-
cies differentiation was based on the examination of
the chromosomes of the larval salivary gland (Vajimé,
1989). DNA probes for the identification of members
of the Simulium damnosum complex have also been
used (Post & Flook, 1992). Since 1995, a technique
based on mitochondrial encoded gene sequences has
been developed that makes it possible to identify most
species of the complex (Tang et al., 1995). Finally, mi-
crosatellite markers have been recently identified for S.
damnosum s.1. within the OCP area, which confirmed
a variable genetic structuration at the intra-specific
level (Dumas et al., 1998).

Overall, nine species occur in the OCP area
(Meredith et al., 1983; Boakye, 1993; Wilson et al.,
1993). S. damnosum s.s., S. sirbanum and S. dieguer-
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Figure 1. The life cycle of Onchocerca volvulus.

ense are found in the savannah zone and disappear
at the northern limit of the endemic area for oncho-
cerciasis (Fig. 2). S. soubrense, S. sanctipauli, S.
konkourense and S. leonense are dense forest-dwelling
species, but are also found in the zone of less dense,
western forests; in some places, they even occur in
savannah zones (Vajimé & Quillévéré, 1978; Garms,
1987; Garms et al., 1989). S. yahense is limited to
small, forested watercourses, whereas S. squamosum
is widespread in both forest and savannah zones
(Quillévéré et al., 1981). These different species have
different potentials for transmission of parasites; the
forest vector species are more active than the savannah
ones in the transmission of O. volvulus (Quillévéré et
al., 1978).

The parasites

The complexity of the biological disease system is
further increased through the existence of animal para-
sites as well as of several genetic strains of the human

parasite. S. damnosum s.1. may be the host of animal
microfilaria, which are morphologically very close
to O. volvulus. In the infective stage, O. ochengi
Bwangamoi, the main animal parasite for which S.
damnosum s.1. is also a vector, could not be morpho-
logically differentiated from O. volvulus, the human
parasite. As a result, the measure of the transmis-
sion found by dissections of female black flies initially
was overestimated because it took into account all
the worm larval stages (Philippon, 1977). Further-
more, the clinical manifestations of the disease and the
different importance of blindness it caused in forest
and savannah zones suggested the existence of dif-
ferent strains of O. volvulus (Toé et al., 1997). This
would have explained the differences in the pathogenic
potential of the parasite observed in the forest and sa-
vannah zone. For reliable epidemiological controls, it
was thus important to differentiate the different strains
of the human parasite as well as the human microfilaria
from those occurring in animals. DNA probes have
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The Simulium damnosum complex: repartition within the OCP area

1 savannah area (100% savannah flies all along the year)

2 forest area (100% forest flies all along the year)

3 transition area (savannah and forest flies - eg: niamotou village)

- habitats favourable to the development of all
species, from the savanna dwelling vectors to the
main forest-dwelling ones

Figure 2. The Simulium damnosum complex: partitioning of savannah and forest species within the OCP area. (1) Savannah area (100%
savannah flies all along the year: S. damnosum, S. sirbanum and S. dieguerense (2) Forest area (100% forest flies all along the year: S.
soubrense, S. sanctipauli, S. konkourense and S. leonense. (3) Transition area where abundance of savannah and forest flies is a function of the

season.

been developed (Perler & Karam, 1986; Meredith et
al., 1989; Erttmann et al., 1990; Zimmerman et al.,
1993; Katholi et al., 1995), and have been used by
OCEP since 1992. More recently, a microsatellite locus
has been identified for O. volvulus, confirming the ex-
istence of different profiles in the allele distribution
according to their geographical origin in West Africa
(Dumas, 2001).

Synthesis

The above descriptions illustrate the elevated com-
plexity caused by the biodiversity prevailing in a biolo-
gical disease system over a large geographic area: (1)
different vector species with different behaviour are
involved, resulting in different disease transmission
processes; (2) different strains of the human parasite
have different pathogenic potential; and (3) human
and animal parasites are transmitted by the same vec-

tor. The complexity of the biological disease system,
which is similar to that of malaria or schistosomi-
asis for example, was not expected at the beginning
of OCP. The complexity has been discovered pro-
gressively, partly as a result of the improvement of
molecular techniques.

The biological ‘control’ system of the disease

The diversity of invertebrate predators of the larval
vector and the sensibility of these predators to
various insecticides

Using serological techniques, Service & Elouard
(1980) identified more than 20 taxa of benthic inver-
tebrates as predators of the black fly complex of S.
damnosum. Among these, several species of caddis-
flies and a dragonfly genus (Zygonyx) were particular
important predators of the vector (Table 1). Other taxa
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Tuble 1. Predation of Simulium damnosum by various benthic invertebrates (% of animals examined con-
taining S. damnosum remains in the gut or as determined by serological test) and drift loss from the benthic
population as percentage of the benthic population that drifted after the insecticide application evaluated
after operational and experimental treatments (at operational insecticide concentrations) with two organo-
phosphorous insecticides (after Statzner, 1979; Service & Elouard, 1980; Elouard, 1983; Dejoux, 1988;

Schorscher, 1992)

Taxon Predation Gut contents®  Driftloss!”  Chlorphoxim

Serological Temephos

tests2)

Mayflies
Centroptiloides spp. na¥ 31 na na
Centroptilum spp. 4 na 24-100 na
Pseudopannota bertrandi (Demoulin) 3 na 3-100 na
Tricorythus spp. 11 na 82 73
Caddisflies
Aethaloptera dispar Brauer 19 na 50 50
Amphipsyche spp. 16 18 71 na
Cheumatopsyche digitata (Mosely) 29 9 64 28-54
Cheumatopsyche falcifera (Ulmer) 33 10 2-76 2548
Chimarra spp. 36 na 24-73 31-57
Macrostemum spp. 20 0 38 39
Orthotrichia spp. 0 na 35 48
Others
Chironomidae 1 na 2-79 7-44
Elmidae 17 na 5 3
Pyralidae 0 na 1 46
Zygonyx spp. 38 25 na na

D Evaluated with gutters, including benthic communities from various river reaches in the OCP-area (note
that ranges are indicated if more than one value was available).

2 As proportion of positive reactions of individuals to an antiserum of S. damnosum.

3) As proportion of Simulium (predominantly S. damnosum) of all preyed invertebrate individuals.

4) Not available.

rarely preyed on the larval vector (Table 1). Using
a convential method (i.e. analysis of gut contents),
Schorscher (1992) confirmed the relative importance
of Amphipsyche spp. as a predator of the vector, but
not the other two species of Cheumatopsyche and
the species of Macrostemum spp. (Table 1). Specific
differences in predatory behaviour in the genus Ma-
costemum (e.g. M. distinctum [Ulmer] vs. M. capense
[Walker]) explain the low predator impact of the spe-
cies in this genus (Schorscher, 1992). The larval
instars of a given species of Cheumatopsyche, differ
considerably in their consumption of the larval vector
(Table 2), i.e. the intraspecific diversity of the in-
star structure within a predator population at a given
moment (which changes over time, Statzner, 1982;
Schorscher, 1992) should determine the efficiency of
predation on the larval vector.

Based on gut contents and gut clearance times
of the most important predators, Schorscher (1991,
1992) estimated their maximum consumption rate at

about 2500 larval Simulium m2 d~!. Thereby, in
October—December, they consumed up to 80-90% of
the benthic Simulium population. Likewise, De Moor
(1991, 1992) demonstrated that predators may effect-
ively control black fly larvae in South Africa. As a
consequence, the effect of the insecticide treatments
on these predators was a particular concern during
OCP.

The various chemical insecticides used by OCP
differed in their chemical structure and their ef-
fects on non-target invertebrates (Yaméogo et al.,
1992; Yaméogo, 1994). Two chemically closely re-
lated organophosphorous insecticides (temephos and
chlorphoxim), produced similar or different effects on
non-target invertebrates (including important predat-
ors of the vector [Table 1]). For example, Aethaloptera
dispar, Macrostemum spp., or Elmidae had similar
drift losses from the benthic population after treat-
ments with temephos and chlorphoxim, Pyralidae had
higher drift losses if treated with chlorphoxim, and
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Tuble 2. Predation on Simulium (predominantly S. damnosum) by the larval instars
of two hydropsychid (Cheumatopsyche) caddisfly species, expressed as mean num-
ber of larval Simulium consumed by 100 specimens of each instar, and drift loss from
the benthic population (%) of these instars after experimental treatments with two
organophosphorous insecticides (after Statzner, 1979; Elouard, 1983; Schorscher,

1992). See Table 1 for further details

Larvicide Predation Drift loss Drift loss Drift loss
Taxon Temephos  Temephos  Chlorphoxim
0.025 ppm/ 0.2 ppm/ 0.025 ppm/
10 min 10 min 10 min
C. digitata (Mosely)
instar 1 0 na na 96
instar 2 0 na na 89
instar 3 ~0 na na 26
instar 4 19 na na 11
instar 5 26 na na 5
C. falcifera (Ulmer)
instar 1 0 6 29 97
instar 2 0 7 60 71
instar 3 ~0 6 49 21
instar 4 14 7 32 10
instar 5 20 5 8 4

some taxa (e.g. Pseudopannota bertrandi, Cheumat-
opsyche digitata, C. falcifera, Chironomomidae) had
a wide range of drift losses if treated with temephos
and/or chlorphoxim (Table 1). Among other reasons,
biodiversity provided the key to understand these re-
sponse patterns. Closely related species could differ
considerably in their sensitivity to one or another in-
secticide (Statzner, 1979; Elouard, 1983; Wauillot,
1991), i.e. taxa aggregates above the species level
should respond according to the (unknown) species
included in the evaluation. In addition, different instars
of a species could have similar, or rather different, re-
sponses to the treatment with a given insecticide type
and concentration (Table 2) which explains that ag-
gregates not separated at the instar level could respond
according to the responses of the unknown instars
included in the evaluation.

Thus, both the interspecific and intraspecific (i.e.
instar) diversity, as well as the diversity of insecticides
applied during OCP, produced a diversity of effects on
the non-target invertebrates, as well as on the potential
predation pressure on the vector black fly species.

Two biological products that contributed to
Onchocerciasis control

Onchocerciasis could be controlled by chemotherapy.
At the beginning of OCP, it was expected that a mac-
rofilaricide would be available by the end of the pro-

gramme to kill the adult O. volvulus. Unfortunately,
even today, such a macrofilaricide is not still yet
available. However, the microfilaricide ivermectin has
proven to be effective against O. volvulus, and to be
well tolerated, accepted, and without side effects for
humans (Remme et al., 1990). Ivermectin is effective
ata single dose and is, today, the only molecule used to
control onchocerciasis morbidity (Abiose et al., 2000).
It was originally a veterinary product and is still used
as such. The human drug (trade name Mectizan) has
been used for treatment in OCP since the 1980s and is
the basis for Onchocerciasis elimination in the current
African Programme for Onchocerciasis Control. It is
another example of the role knowledge of biodiversity
plays in the control of this disease in that strain of
the actinomycete Streptomyces avermitilis was isol-
ated from a soil sample taken from a golf course in
Japan, and this resulted in the discovery of avermect-
ins, a class of highly active antiparasitic agents from
which the ivermectin drug was later derived (Lasota &
Dybas, 1991).

The other biological agent, which will be discussed
in detail later in this article, is Bacillus thuringiensis
var. israelensis H-14 (B.t. H-14), a biologically based
larvicide that has been used in many other disease or
pest control programmes. Discovered in 1977, this
bacterium produces protein crystals that are toxic for
Simulium larvae and several other Diptera. Commer-
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cial formulations were used by OCP at a large scale
since 1982 (Guillet et al., 1982; Hougard & Back,
1992). The toxin of B.r. H-14 is indeed extremely
selective for black fly larvae, and operational spray-
ing has practically no effect on fish and relatively low
effects on the non-target invertebrates. Its mode of
action is unique and complex, with four polyteptides
being involved that differ in mode of action that are
encoded by different genes. Therefore, crossed res-
istances with chemical insecticides have never been
recorded for B.t. H- 14. In fact, several rivers in
the OCP area have been treated with B.r. H-14 for
nearly 20 years without any decrease in Simulium
susceptibility from these treatments (Hougard et al.,
1997).

Synthesis

The above descriptions illustrate that biodiversity
played also a major role in the biological control sys-
tem. Different instars of the predator species of the
vector differed in their sensitivity to the various insect-
icides used in OCP and consumed different quantities
of Simulium larvae, which interfered with the preda-
tion pressure on the aquatic stages of the vector. In ad-
dition, an actinomycete and a bacterium provided the
products that enabled the control of Onchocerciasis
through treatments of the parasite and the vector.

The mandate of OCP for environmental
monitoring

The starting point of OCP in West Africa was a meet-
ing held in 1968 in Tunis (Le Berre et al. 1990) to
discuss how this disease may be controlled, where,
for how long, and how much it would cost? In re-
viewing the original documents arising from that 1968
meeting, it is apparent that the environment was not
considered as a major issue, if an issue at all. As for
centuries of applied studies, the major goal of such
a disease control was to enhance the socioeconomic
development. River blindness forced the rural human
populations to abandon the fertile river valleys and
to occupy marginally productive land away from the
rivers. While these lands offered some respite from
further infection, poor soils and little water hindered
farming efforts. These practices led to overfarmed land
and resulted in environmental degradation (Benton et
al., 2002). Thus, through the control of river blindness,
it was expected to have access to fertile riverside areas

and to increase the agricultural productivity (Benton
& Skinner, 1990).

This lack of environmental consideration at the
Tunis conference was typical of the views that pre-
vailed at that time of the 20th century (the 1950s and
the 1960s) in various pest control programmes, which
focused exclusively on the target organisms. In other
words, the system approach was far from being a ma-
jor concern to assess environmental consequences of
vector control.

However, between the Tunis meeting and the be-
ginning of OCP, environmental awareness, especially
concerning the use of pesticides to control insects,
increased greatly and culminated in the celebration
of the first ‘Earth Day’ in 1970. The public and de-
cision makers were informed through popular books
such as the ‘Silent Spring’ from Rachel Carson (1964)
about the consequences of large-scale use of DDT
and other insecticides. The so-called DDT "syndrom"
(Provost, 1972) had positive consequences for biod-
iversity: it limited the use of pesticides and stimulated
impact and environmental hazard assessments. It also
re-inforced the regulation about the use of pesticides.
In the case of OCP, the fear of a large-scale damage
in using pesticides for vector control on the long-term
forced the programme to include potential environ-
mental impacts of larviciding as a priority in opera-
tional decisions (Resh et al., in press). Actually, soon
after the inception of OCP, criticism emerged around
the likelihood of environmental damage (e.g. Good-
land, 1974; Asibey, 1975, 1977) and concerns about
environmental damage have periodically been raised
throughout the life of the program (e.g. Petersen et al.,
1987).

In 1974, the OCP, a 20-years onchocerciasis con-
trol campaign, was initiated at the request of seven
West African countries. It was sponsored by four
multilateral agencies (WHO, FAO, UNDP and World
Bank) and 22 donors provided financing. Its overrid-
ing objective was to reduce the impact of onchocer-
ciasis as an obstacle to socio-economic development
(Le Berre et al., 1990; WHO, 2002). Eventually, the
program area was expanded to include all or parts
of 11 West African countries (Fig. 3) and also to
maintain and adjust control activities to stabilize the
disease at a tolerable level. It must be fully understood
that the strategy was one of control, not eradication
of the Simulium vector, as the latter an almost im-
possible task that was never achieved for any pest or
disease vector during human history. Because of the
awareness that prolonged and regular use of insect-
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Figure 3. The Onchocerciasis Control Programme area.

icides presents a risk to the aquatic environment, an
independent ecological committee, now referred to as
the ‘Ecological Group’, was created (Calamari et al.,
1998). The mandate of the Ecological Group included:
(1) organization of a long-term monitoring program to
evaluate changes in the aquatic fauna in relation to lar-
viciding; (2) identification of criteria for the selection
of operational insecticides, and the conditions under
which they can be used in relation to seasonal and
environmental factors in the different areas covered
by OCP; and (3) identification of the environmental
and human ecological implications of the agricultural
development being undertaken in the areas previously
abandoned, but now free of onchocerciasis (Calamari
et al., 1998).

The short-term risk assessment of new larvicides

A risk assessment was performed for every new lar-
vicide considered for use in OCP. After the first trials
conducted to evaluate the efficacy on black flies, a lit-
erature review was performed together with laboratory

tests with fish and simple gutter tests with non-target
invertebrates (Calamari et al., 1998). Acute toxic-
ological tests have been performed on African fish
species according to standard protocols (Yaméogo et
al., 1991a) to obtain original data on fish toxicology.
To test the immediate toxicity of insecticides on
the invertebrate fauna, an original methodology was
developed. At the beginning of OCP, the use of in
situ throughs was introduced and later improved to
the multi-gutters method (Troubat, 1981). These tests
provided relatively accurate measures of the mortal-
ity of invertebrates after insecticide treatments and
enabled comparisons of different compounds or for-
mulations in similar, seminatural situations, because
experiments could be conducted in the river itself or
on its bank. Although the method provided less stand-
ardized conditions than laboratory methods, it had
the advantage to be much closer to natural situations
and to experiment with the autochtonous river fauna.
This method was used to study the short-term impact
on non-target invertebrates of different concentrations
of many insecticides (Yaméogo et al., 1993). From
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these tests, larvicides were classified according to their
general toxicity and a typology of the susceptibility
of the most common non-target taxa was established
(Yaméogo et al., 1991a).

Much information has also been collected from
field trials of insecticides such as B.z. H- 14 (Dejoux,
1983; Dejoux et al., 1985), temephos (Dejoux & El-
ouard, 1977; Elouard & Jestin, 1983), chlorphoxim
(Statzner, 1979), pyraclofos (Yaméogo, 1994), per-
methrin (Yaméogo et al., 1993), and etofenprox
(Yaméogo et al., 2001a).

Comparing the different operational larvicides, B.t.
H-14 proved to caused least environmental damage,
followed by temephos, chlorphoxim, pyraclofos,
etofenprox, permethrin and carbosulfan, in increas-
ing order of toxicity (Yaméogo et al., 1991b, 1992,
2001b). Among the invertebrate taxa, the Baetidae
(Ephemeroptera) were the most susceptible to the
chemical larvicides, whereas the Chironomidae (Dip-
tera) were the least susceptible to most of the insect-
icides.

The Ecological Group continuously reviewed these
results. When a candidate larvicide had reasonable im-
pact on the non target fauna, the EG recommended
small-scale pilot studies in the field. For the most toxic
insecticides that still had many advantages to their pos-
sible use (such as low cost, wide range of application
in relation to discharges, and long ‘carry’ distance),
large-scale studies at the operational dose were re-
commended. This allowed a complete risk assessment
scheme to be obtained before the insecticide would be
used as an operational larvicide. Chlorphoxim and per-
methrin, for example, were tested this way (Statzner,
1982; Yaméogo et al., 1993; Calamari et al., 1998).

The need for a long-term environmental monitoring
programme

Because prolonged and intensive use of insecticides
could present environmental risks, it was necessary to
evaluate the possible long-term effects of such applic-
ations on the aquatic flora and fauna. In 1974, just
before the beginning of operational activities, OCP set
up an aquatic monitoring programme of rivers planned
to be regularly treated with insecticides (Lévéque et
al., 1979). It was implemented to satisfy three major
concerns: (1) to provide early warning to those carry-
ing out treatments, should toxic effects be noted at a
moment, and to ensure that the insecticide release did
not excessively disturb the functioning of the treated
ecosystems on a long-term basis (i.e. the expected

duration of OCP); (2) to avoid the widespread use of
chemicals that may have adverse effects on human
populations near the river systems and/or that might
accumulate in the food chain, as did DDT; and (3) to
prevent the irreversible loss of aquatic biodiversity in
West Africa because freshwater fish are both a major
source of food as well as of economic activity for West
African humans. Ultimately these concerns met the
objective of the Convention on Biodiversity that stipu-
lates that countries are responsible for the conservation
of their own biodiversity.

The monitoring programme was primarily con-
cerned with two major categories of organisms: (1)
benthic invertebrates that live in the watercourses and
that are directly threatened by the insecticide in the
same way as S. damnosum larvae; and (2) fish and
shrimps that represent a natural resource of major in-
terest for the people living along the river. Insecticides
could affect the food chain by killing fish prey. How-
ever, repeated long-term treatments could also affect
the reproduction cycle of fishes, either by direct effect
on eggs and juveniles, or by indirect impact on the
reproductive physiology of adults.

Special considerations had to be kept in mind
when designing such a long-term monitoring pro-
gramme (Lévéque et al., 1979). First, the periodicity
of sampling, the sites selected for monitoring, and the
field methods had to combine reliability of sampling
techniques with reliability of access in both wet and
dry season, over a large and, perhaps, ecologically
diverse area. Second, the monitoring technique had to
be standardized for use by different national teams and
under various environmental conditions. Such stand-
ardisation would enable comparisons among sites.
Third, when OCP was launched, the knowledge about
invertebrate taxonomy as well as about the biology and
ecology of animal species was limited, and the func-
tioning of West Africa river ecosystems as a whole was
poorly understood.

The criteria used by the Ecological Group for
the evaluation of the long-term impact of insecticides
on the aquatic environment were that (1) the vector
control activities should not reduce the number of
invertebrate species, or cause a marked shift in the rel-
ative abundance of species; (2) the insecticides applied
should have neither a direct impact on fish, nor the
life cycle of fish species; (3) bioaccumulation and bio-
magnification through food webs should be avoided;
(4) human activities in the control area should not be
impaired; and (5) temporary and seasonal variations in



non-target invertebrate populations that are the results
of insecticide use are acceptable.

The environmental impact of human resettlements

In terms of the environmental impact of resettlement,
the success of OCP could be jeopardised by the un-
sustainable use of the onchocerciasis-freed land. For
example, a pilot study in the Léraba area showed that
75% of the original wooded savannah was cleared for
agricultural development and the settlement of vil-
lages (Baldry et al., 1995). The riverine forests of
many small rivers were destroyed and, on some of
the banks, soil started to erode. In other words, the
resettlements in the onchocerciasis-freed areas res-
ulted in environmental degradation from extensive
forest clearing and agricultural-pesticide applications
(Baldry et al., 1995). This issue of how land reset-
tlement may threaten these onchocerciasis-freed river
valleys and hamper ecological sustainability (Cala-
mari et al., 1998) remains unsolved because the reset-
tlement has occurred with little concern for resulting
soil erosion or deforestation (McMillan et al., 1998).

Problems encountered in operational larviciding
and how they were solved

The first ‘ideal’ larvicide: temephos

The insecticide selected for a large-scale campaign
originally planned to last for about 20 years should
have properties that are often contradictory, such as
to have effective impact against the larvae of S. dam-
nosum s.l., ease of application, low costs, few residues
but a far reaching downstream effect, be harmless
for humans and mammals, and the lowest possible
toxicity for the rest of the aquatic environment (the
non-target fauna). Temephos (Abate®), an organo-
phosphate, more or less met the above properties, but
it turned out that it could not be used during the entire
OCP period.

The need to overcome the organophosphate resistance

Temephos was the only larvicide used in OCP from
1974 to 1979. After 6 years of larviciding, temephos
resistance developed in some cytospecies of the S.
damnosum complex in breeding sites of the Lower
Bandama River, from where it spread rapidly to the
southern forest zone and to parts of the humid savanna
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zone (Guillet et al., 1980; Kurtak, 1986). The resist-
ant species in the Lower Bandama was identified as S.
sanctipauli. Resistance to temephos has since been re-
corded in all river basins of the OCP area and in almost
all the known black fly cytotypes, probably by genetic
introgression of genetic resistance alleles among these
cytotypes (Boakye & Meredith, 1993).

The appearance of a focus of resistance in the
Lower Bandama led OCP to abandon the ‘all-
temephos’ larviciding strategy. It was replaced by an
alternate use of several insecticides in order to break
the temephos resistance of the black flies. This new
strategy resulted in large-scale applications of B.r. H-
14 during the dry season in the areas of temephos
resistance and applications of chlorphoxim during the
wet season. But very soon, a resistance to chlorphoxim
(an organophosphate, like temephos) was also dis-
covered (July 1981) in the forest species that were
already resistant to temephos (Kurtak et al., 1982).

From 1980 to 1997, OCP invested heavily in op-
erational research on insecticides. First of all, it was
necessary to select compounds that were cost-effective
and not toxic for humans and the non-target aquatic
fauna. In addition, it was necessary to optimize their
use in relation to the eventual emergence of resist-
ance, while preserving the aquatic environment and
maintaining reasonable application costs (Calamari et
al., 1998). Therefore, several hundreds of compounds
and/or formulations have been evaluated by OCP in
an intensive screening programme leading to the se-
lection of seven operational insecticides, six chemical
and one biological (B.t. H-14) compounds.

Among these alternative insecticides, carbosulfan
(introduced in 1985) and permethrin appeared to be
promising, provided they would be used only during
the rainy season, and for a limited number of applica-
tions, in rivers where black fly resistance to temephos
occured. By 1991, chlorphoxim was no more com-
mercially available, so it was replaced by two other
organophosphates: phoxim and pyraclophos. Later,
OCP selected etofenprox, a ‘pseudopyrethroid’ that
was clearly less toxic to fish when compared to per-
methrin, which was then used as rarely as possible.
So, by 1994, seven operational larvicides were avail-
able for rotational applications in OCP to control S.
damnosum s.1. larval populations. Temephos was still
widely used in over 80% of the OCP area during the
wet season, together with B.t. H-14 during the dry
season. Because of resistance of the black fly vector,
various amounts of these insecticides have been used
since the origin of OCP (Table 3), which required an
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adaptation of the operational control strategy (cf. see
below).

The monitoring of the organophosphate resistance

In order to monitor the susceptibility of S. damnosum
s.l. larvae to insecticides, OCP rapidly developed
simple and reliable methods. These tests, whose guid-
ing principles were described by Mouchetet al. (1977)
for chemical insecticides and Guillet et al. (1985) for
B.t. H-14, were easily achievable in the field. They
helped to determine, for each insecticide, the dia-
gnostic doses that could detect even minor decreases
in the susceptibility of the black flies to a given insect-
icide. These techniques demonstrated considerable
improvement concerning the resistance to temephos in
the last years of OCP, because the resistance persisted
only in the Lower Bandama and Lower-Como€ River
in the Cdte d’Ivoire, and this on a relatively low level.
Similarly, resistance to phoxim (which had replaced
chlorphoxim) was not important in the last years of
OCP. With regard to pyraclofos, only one case of res-
istance was reported in the Marahoué River after 16
consecutive weekly applications that were carried out
for experimental reasons. This resistance, fortunately,
quickly proved reversible in the absence of the se-
lection pressure through this insecticide. To date, no
resistance has been detected for the other insecticide
families (i.e. the non-organophosphates).

An adaptive operational control strategy

Alongside the programme to screen Simulium larvi-
cides, OCP developed a strategy of using these com-
pounds that allowed a break in the resistance of black
flies to temephos, chlorphoxim, and to phoxim, as well
as to avoid the development of black fly population
resistance to other insecticides. Among the possible
management strategies of resistance, one consisted in
alternating, in time, the insecticides belonging to dif-
ferent families. This rotation enabled the reduction
of the insecticide-specific pressure on a given Sim-
ulium population and, thus, decreased the chances of
selection of genes providing resistance in this popu-
lation. It would have been relatively simple to im-
plement this strategy if all the rotated products had
the same characteristics (except the resistance factor)
as temephos. Insecticides would then have been lim-
ited, and chosen only in terms of the management
of resistance, because all other factors such as effi-
ciency, costs, physical properties and toxicity would
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have no relevance. Unfortunately, these other factors
were relevant, which made the implementation of the
rotational strategy even more complex (Guillet et al.,
1991).

Due to its characteristics, B.t. H-14 was the best
insecticide to counter resistance to organophosphates.
However, its operational dose was relatively high,
which limited its use to period with relatively low river
discharges. Since 1985, however, the improvement in
the commercial formulations made it possible to treat
rivers at more elevated discharges of 75-100 m3/s.

Because different insecticides potentially affect
different groups or species of nontarget invertebrates
(confirmed later by Yaméogo et al.,, 1991b, 1992;
Yaméogo, 1994; Crosa et al., 2001), their successive
use could result in a sequential insecticide pressure
(and perhaps eradication) on some non-target organ-
isms. Therefore, to reduce environmental impact,
strict rules of use were applied for each insecticide.
These rules considered in particular the toxicity of
the chemical insecticides for the non-target fauna, and
limited their use to a maximum number of annual
applications and/or discharge levels. For example, per-
methrin could only be used if the river discharge
exceeded 70 m3/s and at maximum 6 times per year
on the same river stretch (Hougard et al., 1993).

Difficulties encountered in the implementation of a
long-term biomonitoring

Over the long-term, biomonitoring faced various un-
expected factors or events that made the interpretation
of the results more difficult than was thought at the
beginning of OCP. Some of these factors may have
been identified at the beginning of the programme but
were underestimated. Others, however, could not be
predicted. Here, we focus on eight of these factors that
interfered considerably with the long-term monitoring
in OCP.

(1) The conceptual framework to implement the
long-term monitoring used the paradigms in ecology
that prevailed in the 1970s, at the inception of OCP
(Resh et al., in press). In the 1970s, when the In-
ternpational Biological Programme had already been
underway for several years, the ecosystem approach
focused on productivity and food webs. At that time,
the debate about non-equilibrium versus equilibrium
systems was still dominated by the equilibrium pro-
ponents (Statzner et al., 2001). Schematically, the
view was that ecosystems fluctuate around a mean
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Table 4. Main drivers of environmental changes and perceptions that were expected to occur in
any long-term biomonitoring programme such as OCP

External large scale drivers
Climatic changes and river discharges

Development of human demography and related pressure on water and rivers resources

Local or regional socio-economic drivers

increased land use and land cover change: siltation, nutrient inputs, etc.

landscape changes and disappearance of gallery forest

increased fisheries pressure

irregular fisheries techniques using pesticides

dam construction and flow regulation
bridge and road constructions

increased industrial pollution from agro-industry and industrialised agriculture

species introduction (e.g. water hyacinth)

likely resistance of non-target fauna to larvicides and other pesticides

OCP constraints

availability of non-harmful larvicides for the non-target fauna

rotational use of insecticides

ecological group recommendations

money restrictions (number of monitoring stations, frequency of sampling)
resistance of the vector to organophospate and use of other insecticides

operational technology of appropriate insecticide dosage

(accurate discharge estimates, application of insectide quantities)

Change in scientific knowledge

poor ecological knowledge of the fauna and rivers systems at the start of OCP,

improved through research in the programme area
paradigms of steady state replaced by system dynamics approaches
development of bio-molecular techniques and their use for vector-parasite epidemiology

improved storage and analysis of data

improved knowledge of taxonomy and biology of non target organisms

state, and that any disturbance would be regulated by
the system supposed ability to be resilient (Holling,
1973). As a consequence, the monitoring programme
was designed to assess how far from the expected
steady state the system would be ‘pushed’ if insect-
icides had significant impacts. In some way this was
an ‘impact’ approach: what is the deviation compared
to the reference situation supposed to prevail at the
beginning of OCP? In this context, the idea that the
ecosystem would recover after disturbance (i.e. after
the period of spraying insecticides) was a clear reduc-
tionist approach that did not take into account many
of the other possible drivers of ecosystem changes.
Thus, it was not really a system approach. In fact,
the interpretation of the biomonitoring data had to face
the influence of many other changes (see Table 4) that

were not assumed to be important at the beginning
of OCP. In other words, the monitoring (1) started
with a short-term view for a long-term programme
and (2) did not appropriately consider the parameters
that changed slowly on the short term but became very
significant on the long-term (cf. the question of the ‘in-
visible present’ brought up by Magnuson et al., 1990).
These difficulties relate to time lags, which may occur
between cause and effect, i.e. the time required before
ecological responses to a disturbance permeate natural
systems to the level at which they can be recorded in
terms of a significant change.

(2) The situation appeared more complex a few
years later, when concepts in general ecology had
evolved greatly. While homeostasis and equilibrium
states were considered to be the norm in the 1970s,



the ecological thinking afterwards was dominated by
concepts of natural disturbance and patch dynamics
(Pickett & White, 1985). The idea that short- and
long-term variability were key elements in understand-
ing the functioning of ecosystems was conceptually
attractive, but was difficult to manage in research pro-
grammes at a time when tools like computers were
not yet operational. In the OCP area, the existence of
large climatic fluctuations had immediate or delayed
effects on the aquatic fauna. But how could the dy-
namics of communities living under such fluctuating
constrains be assessed? The assessment of the respect-
ive role of external climatic drivers in relation to the
possible impact of larvicides thus became a difficult
task of the biomonitoring. For example, there was a
debate about the interpretation of fish monitoring data
illustrating the dramatic disappearance of the fish spe-
cies Schilbe mystus at several monitoring stations in
the 1970s. Was it the result of larviciding or the result
of long-term trends in the population dynamics? Later,
the reappearance of that species at most monitoring
stations confirmed that population fluctuations were
primarily linked to hydrological inter-annual changes
and not to larvicide treatments.

(3) Human impacts on the monitored rivers led to
other unexpected situations such as bridge construc-
tion that altered the monitoring stations. Dams were
also built during the OCP on several of the monitored
rivers, including the Sassandra, the Bandama, and the
Volta. The consequences of these human impacts on
habitats, water quality, and riverine fauna have not
been accurately recorded but seemed to be so obvious
at some monitoring stations that they were abandoned
or moved to other river sections.

(4) During the period of OCP, the fishing pressure
on the rivers considerably increased because migrant
fishermen moved quickly to other places when the fish
stocks were depleted in a river stretch. It was also re-
ported that insecticides had been used as fish poisons
at many occasions in various places of the OCP area.

(5) Another unexpected consequence of the suc-
cess of OCP in controlling Simulium has been the
human recolonisation of onchocerciasis-freed valleys.
The resettlements along the rivers led to changes in
land cover and land uses, which changed the riparian
habitats (cf. above), and the leaching of pesticides and
nutrients used in agriculture led to some eutrophica-
tion of the rivers

(6) In different places of OCP area, agro-industrial
complex developed since the beginning of OCP. In
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some cases, heavy organic pollution of rivers resulting
from agriculture wastes have been reported.

(7) Insecticide resistance of non-target inverteb-
rates likely occurred, similarly to the vector resistance
described above. However, this issue has never been
investigated in the OCP area, and probably not in
other aquatic monitoring programmes. It was probably
a source of bias for long-term monitoring given that
the responses of animals as bio-indicators of environ-
mental changes (or insecticides in the case of OCP)
were modified over time.

(8) More recently, parts of the monitored rivers
have been invaded by the pest plant Echhiornia cras-
sipes (water hyacinth) which likely changed the envir-
onmental conditions of the aquatic non-target fauna.

Obviously, all the above factors had consequences
on the functioning of the river systems and modified
the populations dynamics of the non target fauna. To
what extent did this occur? That is quite difficult to
assess.

The need for research to understand the impact of
long-term larviciding

At the beginning of OCP, apart from systematic invent-
ories, the knowledge of West African invertebrates
was almost non-existent and that of fish was very
poor (Resh et al., in press). The few biological fish
studies available at that time (e.g. Daget, 1957) in-
dicated that many species spawn only once during the
flood season, and exhibit both dry season movements
within the main channel, and upstream migrations just
before flooding to reach floodplain spawning areas.
Some information was also available on the impact
of large dams on the riverine fauna (Lelek & El Za-
rka, 1973; Petr, 1986). However the most important
research programme on West African freshwater eco-
systems at that time had been conducted in the Lake
Chad basin, where the fish and the invertebrate fauna
were studied for many years (Carmouze et al., 1983).
Of particular importance were the studies of changes
in the community structure in relation to inter-annnual
climatic variability. These results from the lake Chad
basin helped to explain the monitoring data over the
long-term of OCP.

Temporal dynamics of invertebrates

The knowledge of the turnover time of the species is a
critical topic to understand the dynamics of communit-
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Table 5. Approximate duration (in weeks) of the aquatic phase
(which varies among seasons) of the life cycle of benthic insects in
various river reaches in the OCP-area (after Statzner, 1982; Wuillot,
1991; Schorscher, 1992)

Taxon Duration (weeks)
Baetid mayflies

Afrobaetodes sp. 1 2-5
Afroptilum sp. 1 5-15
Afroptilum sp. 3 1-5
Afroptilum sp. 4 1-2
Afroptilum sp. 5 2-3
Afroptilum sp. 6 6-9
Baetis sp. 1 14
Centroptiloides spp. 4-8
Ophelmatostoma camerounense (Ulmer) 14
Pseudopannota bertrandi (Demoulin) 1-5
Pseudopannota muganinani Elouard & Gillies 2-7
Hydropsychid caddisflies

Aethaloptera dispar Brauer >8
Amphipsyche senegalensis (Brauer) g-12!
Cheumatopsyche copiosa Kimmins 4-8!
Cheumatopsyche digitata (Mosely) 6-12!
Cheumatopsyche falcifera (Ulmer) 4-8 !
Macrostemum distinctum (Ulmer) 9

Libellulid dragonflies
Zygonyx spp. >8

U Few larvae in populations of these species would have survived
the dry season (i.e. a period of flow cessation) in the hyporheos or in
stagnant pools, and thus should have a longer aquatic life.

ies submitted to weekly treatments. However, very
little information on invertebrate life cycles existed for
the tropics when OCP began, and it was only assumed
that some lotic insect species need several months to
grow to full size (Hynes, 1970). Therefore, in the
OCP-area, some species would perhaps be exposed to
many of the weekly insecticide treatments during their
life span.

After OCP began, all quantitative studies of West
African lotic macroinvertebrates that covered an en-
tire hydrological cycle demonstrated clear effects of
the hydrological dynamics on the benthic densities of
instars of species, species, genera, or families; this was
the case in temporary and permanent river sections
as well as in natural or treated river sections (Hynes,
1975; Statzner, 1982; Elouard, 1983; Schorscher,
1992). After flow resumed in temporary rivers, re-
colonization by insects was usually by oviposition of
aerial females (Hynes, 1975; Schorscher, 1992). Only
within the hydropsychids, older larvae or pupae of

some species reappeared on rapids shortly after the
flow resumption. Thus, some larvae survived several
months of flow cessation, either deep within the sub-
strate (i.e. the hyporheos) of rapids or in the remaining
stagnant pools (Statzner, 1982; Schorscher, 1992).
After flow resumed, taxa with aerial re-colonization
subsequently appeared, and it took 2-3 months un-
til a diverse benthic fauna was established (Hynes,
1975; Schorscher, 1992). In permanently flowing,
untreated river sections, only few species (e.g. Tri-
corythus sp., Simulium unicornutum) were missing for
longer periods (7-9 months), whereas most species oc-
curred throughout the year (Elouard, 1983). However,
these latter species had peak densities during either
one (flood, ebbing of flood, low flow, rising flood) or
two hydrological periods (Elouvard, 1983).

After flow resumption, the re-colonization of a
temporary stream by insects suggested that insect life
cycles had a duration of approximately 2 1/2 months
(Hynes 1975). Subsequent field analyses of the in-
star composition at natural sites or at sites previously
treated with insecticides provided information about
the generation time of several species of insects, which
varied from 1 to 15 weeks (Table 5).

During the OCP, it had been confirmed or dis-
covered that many of the taxa having detailed inform-
ation on their life cycles were predators of the vector
(Service & Elouard, 1980; De Moor, 1991, 1992;
Schorscher, 1991, 1992; our Tables 1 and 2). Par-
ticularly the hydropsychids, a very abundant group
in the OCP-area (Petr, 1970; Hynes, 1975; Statzner,
1982; Elouard, 1983; Schorscher, 1992) had species
that predated considerable numbers of the vector’s lar-
vae (De Moor, 1991; Schorscher, 1992) and, at the
same time, had considerably longer generation times
than the vector. Therefore, hydropsychid species were
potentially exposed to 4-12 of the weekly insecticide
treatments during their aquatic life.

Longitudinal zonation of rivers

The basic idea of river zonation is that the aquatic
fauna respond to large-scale gradients such as the uni-
directional flow and increasing discharge of water,
but also the increasing habitat heterogeneity from the
source to the mouth of a river. This basic pattern of
river systems may be modified by local, geological, or
geomorphological features.

Among the many attempts to propose a model
of biological zonation in rivers, Ilies & Botosaneanu
(1963) used faunistic criteria to divide the river course



into headwater (or creon), middle reach (or rhitron),
and lowland (or potamon) zones. In contrasts, the
River Continuum Concept (RCC) (Vannote et al.,
1980) provided a conceptual, functional framework
of river zonation, by focusing on changes in trophic
resources with increasing river size. Briefly, the RCC
suggests that the relative abundances of various food
types vary predictably with stream size, and that the
relative abundances of consumer guilds are correlated
with those of their major food resources.

The longitudinal zonation of insects in the OCP-
area was totally different from patterns found else-
where in the world (Gibon & Statzner, 1985). In
general, no clear species replacement occurred along
West African rivers. Instead, species richness stead-
ily increased downstream because of the occurrence
of additional species. This distribution pattern was re-
lated to the increase in the length of the period without
flow from the temporary headwaters to the perman-
ently flowing lower-river sections, the consequent lack
of well-defined spring sources, and the gentle slope of
the channels. Thereby, many rivers in West Africa lack
distinct downstream changes in the hydraulic condi-
tions, which produce the typical zonation patterns of
invertebrates elsewhere in the world (Statzner & Hi-
gler, 1986). As a result, nontarget insect species of
the treated rivers generally occurred also in sporad-
ically or never treated smaller tributaries within the
OCP-area, as well as in untreated river sections outside
the OCP-area (Gibon & Statzner, 1985). In addi-
tion, abundant species of the insect communities in
treated rivers are usually distributed across large areas
(Durand & Lévéque, 1980, 1981).

The distribution of fish along a longitudinal gradi-
ent has been studied in the Bandama basin (Mérona,
1981; Lévéque et al., 1983), the Mono (Paugy &
Bénech, 1989), and the Upper Niger (Hugueny, 1990).
In the Bandama basin, three main zones were distin-
guished (Lévéque et al., 1983): (1) headwaters and
small tributaries, which are temporary streams running
for part of the year, but dry out or eventually remain
as pools during the dry season; (2) a long, relatively
uniform middle reach, which however had several suc-
cessive alternations between slow flowing and rapid
reaches; and (3) a relatively short estuarine zone where
saline waters may penetrate a few tens of kilometres
upstream. The low headwater streams in the Bandama
basin were usually inhabited by a small number of fish
species that had a small adult size and short life-span
(small Barbus, Cyprinodontidae, small Characidae)
(Mérona, 1981). In the long middle reach, large spe-
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cies such as Alestes baremoze (de Joannis), Brycinus
nurse (Riippel), B. macrolepidotus Valenciennes, Hy-
drocynus forskalii (Cuvier), and Schilbe mandibularis
(Giinther) were characteristic of the calm and deep
reaches. Fish assemblages in the riffles were mostly
comprised of small species adapted to live in a tur-
bulent environment (e.g. Amphilius, Phractura) or
juveniles of larger species (Labeo parvus Boulenger,
Synodontis bastiani Daget), as well as species in-
habiting rocky habitats where they find shelter in
crevices (Afromastacembelus, small mormyrids). The
existence of a long mid-course with little large-scale
physical change was also observed in the Ogun River
in Nigeria (Sydenham, 1977). A peculiar zonation pat-
tern was observed for a few species of fish (Brycinus
longipinnis (Giinther) and Hepsetus odoe (Bloch)),
which occurred in the upper reaches, disappeared in
the mid-course zone where they were replaced by
other species (Brycinus nurse, B. imberi (Peters), Hy-
drocynus forskalii), and reappeared in the estuarine
zone.

In the context of the RCC, Lowe-McConnell
(1987) suggested some general trends for fish, such
as a higher abundance of surface-eating insectivores
and omnivores that consume riparian allochtonous ma-
terial in the upper course of rivers, or the presence
of herbivores and benthic detritivores in the lower
course. Such a distribution was found in the Niandan
River (Hugueny, 1990) and the Mono River (Paugy &
Bénech, 1989), but it has not been demonstrated that
it was clearly related to changes in food availability.

Response of fish communities to inter-annual changes
in flow regimes

The OCP area encompassed a large number of river
systems. Details of hydrological and chemical charac-
teristics of many rivers are available in Iltis & Lévéque
(1982) and Mahé (1993). Most of rivers are situ-
ated in the savanna and have a tropical hydrological
regime, characterised by a flood period from June—
July to December, with a peak in November. During
floods, the rivers overspill from their main channel,
inundating the fringing plains. Rivers discharge is
very low during the dry season and the upper course
is sometimes intermittant and reduced to a series of
pools.

The volume and length of flood is directly related
to the distribution and abundance of rainfall and, as
a result, of climatic fluctuations; therefore the wa-
ter discharge exhibits large year-to-year changes. The
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occurrence of wet and dry years however is not ran-
domly distributed in time; the drought that affected
West Africa since 1968 has resulted in a series of be-
low average floods during the last two decades. The
reduction of flooding as a result of natural climatic
changes, such as the severe Sahelian drought of 1970-
1977, had important consequences for fish biology and
floodplain fisheries. For example, the population of
Alestes baremoze decreased dramatically in the Chari
River and southern Lake Chad (Bénech et al., 1983) as
a result of the strongly reduced flooding of the North
Cameroon Yaéré floodplains, where the young of that
species normally spend their juvenile phase.

The relationship between flood intensity and dur-
ation, and fisheries production, is well known (Wel-
comme, 1979). In a study of the Logone floodplain
(North Cameroon), Bénech & Quensiere (1983) found
a positive correlation between fisheries production and
flood volume during the severe Sahelian drought of
1970-1977. For different fish species, they also ob-
served a significant correlation between growth of
juveniles and flood intensity. Dansoko et al. (1976)
also found that juvenile growth in two species of Hy-
drocynus was poor during two years of low floods in
the inner delta of the Niger.

In a more recent study on the effects of hydrology
on the evolution of the fisheries of the inner delta of
the Niger River from 1966 to 1989, Lae (1992, 1994)
found a high correlation between the annual catch
and the flood intensity for the same year. It appears
that competition for food resources is not a serious
factor in determining the composition and abundance
of African riverine fish communities in the main chan-
nel of large rivers, i.e. the potamon (Welcomme, 1989;
Lae, 1995). Rather, it seems that limitations in the
extent of breeding areas caused by a lack of floods
during the drought period play a greater role in determ-
ining the relative abundance of species. For example,
in the inner delta of the Niger, fish catches for the
period 1969-1991 were characterised by a depletion
of species such as Gymnarchus niloticus Cuvier and
Polypterus senegalus Cuvier, whose reproduction is
linked to the floodplains. In contrast, families such
as the Cichlidae and Clariidae increased to constitute
30% and 20%, respectively, of total annual catches of
fish during the drought period (Lae, 1995).

The way in which a fish community reflects the
‘hydrological memory’ of a system also depends on its
age structure. When most of the community is com-
posed of long lived species, many year classes are
present and this type of age structure tends to average

out the hydrological regimes of several years and to
reflect only long-term trends. Conversely, when the
fish community consists of few age classes, it will
be highly correlated with flood intensity in previous
years (Welcomme, 1986). Actually, most of the fish
species in African rivers fit this latter pattern because
they have a relatively short life that does not last more
than a few years.

Thus, West African riverine fish respond clearly
to the dynamics of flow regimes. It is obvious that
these natural dynamic interfered with the long-term
biomonitoring of fish, as the monitored rivers had
considerable discharge variations during the period of
OCP (Fig. 4).

The results of 30 years aquatic biomonitoring:
temporal dynamics of fish and invertebrates

The major concern of OCP in terms of the aquatic
environments exposed to insecticides to control pop-
ulations of Simulium has been to avoid long-term or
lasting changes in aquatic biodiversity. The major
groups of organisms that have been monitored dur-
ing almost 30 years of OCP operations are fishes and
non-target invertebrates (cf above).

Fish monitoring

Potential impacts of larviciding on fish have been eval-
uated by regular assessments of changes in species
richness per catch, catch per unit effort (CPUE) of
fishing, and the coefficient of condition of selected,
abundant fish species (Lévéque et al., 1988; Paugy
et al.,, 1999). Bioaccumulation of insecticides was
also studied but only sporadically (e.g. Matthiessen &
Johnson, 1978).

Species richness of experimental catches (the num-
ber of species caught in a standard set of experimental
gill nets during two nights), showed different long-
term trends observed in three major areas of the Pro-
gramme (i.e. rivers in Cote d’Ivoire, Volta basin rivers
in Ghana, and Niger basin rivers in Guinea) (Fig. 5).
After a period of species richness decline, especially in
rivers of Céte d’Ivoire and Volta basin, recovery and
improvements in species richness has been observed
since 1994 and 1996 in all rivers. Thus, after many
years of larviciding with several insecticides, there is
no evidence that a reduction of fish species diversity
in treated rivers occurred. A similar observation was
made after the initial 10 years of monitoring during
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Figure 4. Long-term changes in the annual discharge for some of the monitored rivers. Low discharges were characteristic of the early 80s and

the early 90s in many rivers of the OCP area.

which only three larvicides had been used. Compar-
ison of species richness changes with hydrological
trends suggest that the observed trends in species rich-
ness might be attributed to climatic factors and the
long period of drought that occurred for many years
in West Africa.

Overall trends of catch per unit effort (CPUE) in
relation to larviciding during 20 years of fish monit-
oring also indicate different scenarios in the different

major basins of the OCP area, and sometimes among
rivers of the same basin despite a generally similar lar-
viciding regime (Fig. 6). For example, catches were
reduced in Cote d’Ivoire rivers between 1989 and
1993, but increases were observed in all rivers since
1995, even though larviciding was stopped on differ-
ent rivers at different times. In the Niger basin, no
decreases in CPUE catch have been observed since
monitoring began, while increases beyond the initial
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Figure 5. Long-term changes in fish species richness per sample in some monitored rivers.

CPUEs have been observed in the three rivers mon-
itored in the basin since 1994. In the Volta basin,
different trends in CPUE have been observed over
the years. However, a common seasonal pattern of
high CPUE at low water periods (December/January
till April/May) and low CPUE at high water periods
(July/August till October/November) was observed for
all basins and rivers, illustrating again the dominant
role of the discharge regime.

The coefficient of condition (a ratio between
weight and length) expresses the ‘well being’ of fish,

so it to assessed direct effects of larvicides on fish
(acute toxicity) and/or indirect effects through larvi-
cide impacts on their food sources, which are in many
cases aquatic invertebrates. Over the years, various as-
sessments of trends in this coefficient of several fish
species in the OCP area indicated only fluctuations
around expected means, but no significant changes in
values. This led to the conclusion that larviciding had
not directly affected fish, suggesting that if fish food
items had been affected, other types of food were used
instead.
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Figure 6. Long-term changes in fish catch per unit effort (CPUE) per sample in some monitored rivers.

Bioaccumulation of pesticides in fish was a major
concern in OCP as a result of the widespread con-
cern about DDT. Actually, the effects of organophos-
pates in laboratory experiments showed that fish were
able to accumulate temephos (Matthiessen & Johnson,
1978) but that this accumulation seemed to be limited

and did not increase to a point observed for DDT. Field
data from the OCP area showed that temephos did not
accumulate in fish (Quélennec et al., 1977). Moreover,
in the field conditions, the acetylcholinesterase activ-
ity in fish brain tissue was not significantly different
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between rivers treated with temephos and untreated
rivers (Antwi, 1985).

Invertebrates monitoring

The specific concern of OCP about larviciding effects
on non-target invertebrates had been to prevent loss of
faunal diversity and to maintain the quality of biomass
available for use by higher trophic levels of the aquatic
ecosystem food web (cf above).

Field impact assessment of larvicides evaluated
two types of data ( Surber samples and day and night
drift collections) (Crosa et al., 1998). In analyzing
invertebrate data that were collected using various
sampling strategies between 1977 and 1996 (Yaméogo
et al., 2001b) evaluated long-term changes of inverteb-
rate abundances (cf. Fig. 7) (usually grouped together
at the family level) considering taxonomic compos-
ition as well as trophic structures. Because Surber
samples provide a qualitative and quantitative assess-
ment of the invertebrate community at the sampling
location, they provide a clear way to examine the com-
munity changes in terms of taxonomic and functional
structure. Generally, the results indicated that different
larvicides had different impacts in different rivers and
on various groups of invertebrates. The greatest reduc-
tion in the diversity and abundance of the inverteb-
rate assemblages occurred during phoxim, permethrin,
carbosulfan, and pyraclofos treatments (Yaméogo et
al., 1992). Temephos and Br H-14 were the least
stressful larvicides. The taxonomic units that exhibited
clear changes in their abundance were Tricorythidae,
Leptoceridae, Chironomidae, and Baetidae.

Concerning their functional structure, all inver-
tebrates communities were dominated by gathering
collectors and, to a lesser extent, by filtering collect-
ors. The abundance of these functional feeding-groups
provided evidence about the abundant availability of
fine particulate organic matter that characterised the
food resources within the studied rivers. The abund-
ance of these two trophic groups tended to increase
during the application of all insecticides but Bt H-14
(Yaméogo et al., 2001b).

Synthesis

From the previous two sections, it can be concluded
that the effect of insecticides on the nontarget aquatic
fauna was usually low for fish, whereas results for
invertebrates indicated changes in the taxa composi-
tion and community structure even at the family level.

However, Yaméogo et al. (2001b) concluded that these
changes were ecologically acceptable as the analysis
of invertebrate feeding groups indicated that the gen-
eral functioning of the aquatic systems was not clearly
affected. To be sure that there were not irreversible
loss of taxa, the question of recovery of the aquatic
fauna was raised by the Ecological Group. Did the
aquatic community return to a structure and taxa com-
position at the end of the treatment period that is more
or less similar to that of the pre-treatment period? Re-
cent field data indicated that recolonisation by taxa
that were affected during the treatment period (for
example, the stonefly Neoperla sp. and the shrimp
Caridina sp.) were observed at a majority of stations
after larviciding stopped. The ability of the aquatic in-
vertebrate fauna to recover in previously treated rivers
has therefore been demonstrated. In addition, Resh
et al. (in press) reviewed additional research studies
that indicated that the recovery potential of non-target
insects in the OCP-area was high.

Conclusions

From an epidemiological aspect, the goal of OCP has
been achieved: onchocerciasis has been virtually elim-
inated from the OCP-area as a disease of public health
importance, and as an obstacle to socio-economic de-
velopment (WHO, 2002). The question now is how to
maintain an efficient surveillance and control of the
parasite in the onchocerciasis-freed areas in order to
avoid a return of the disease.

From the environmental perspective, this pro-
gramme greatly contributed to improvements about
our knowledge of the biodiversity and ecology of West
African rivers. Actually, among public health pro-
grammes, OCP had a unique position for its long-term
consideration of the protection of the environment.
Thanks to OCP we have now: (1) a better knowledge
of the fauna and ecology of West African rivers, par-
ticularly for insects and fish (Lévéque et al., 1990,
1992; Paugy, 2002); (2) a better knowledge of the
long-term dynamics of aquatic populations in relation
to climatic changes and human influences; (3) abund-
ant information about the sensitivity of the African
aquatic fauna to diverse chemical products; and (4) an
exceptional data-base compiled of all the results recor-
ded during the environmental monitoring programme,
which is managed and available at the OCP headquar-
ters. Obviously, all this knowledge will be useful for
other activities in relation to socio-economic develop-
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Figure 7. Long-term changes in the density of invertebrates on the rocks, as estimated using Surber samplers, in selected monitoring stations.

ments, and for the conservation of the West African
environment.

However, at the end of OCP in December 2002,
some major questions concerning the consequences
for the environment of the control of river blindness in
West Africa remain, even if their nature has changed
over the past 30 years. For example, what will be
the environmental effects of the large resettlements
that continue to occur in the once abandoned and
now onchocerciasis-freed valleys? It would be tragic
if the efforts made in protecting the aquatic environ-
ment and its freshwater biodiversity during OCP be
of little use, given the massive land changes that are
likely to occur with unplanned, unsustainable reset-
tlement policies? Agricultural pesticides are also an
environmental problem when they are use for fishing.
Although such techniques are not allowed and may
create risks for human health, recently it has been
reported to occur repeatedly in the OCP area. It is

difficult to quantify the impact of such practices but
probably, in synergy with other threats, they may de-
plete fish populations that are already heavily fished,
as well as invertebrate populations present.

Another potential threat to aquatic biodiversity is
the recovery of S. damnosum populations, which is
another biodiversity issue (e.g. recovery after selec-
tion pressure ceases). After being controlled for many
years, the black flies have reappeared, when larvicid-
ing ceased, in the areas where the disease was under
control. In the early 1990s, the black fly bite rate
reached again high levels in some areas of OCP (Hou-
gard et al., 1998). The return of black flies, while no
longer transmitting onchocerciasis, was perceived by
the human population as a major nuisance. To ameli-
orate this public concern, OCP encouraged individual
actions against black flies, through low-cost control
techniques such as ground application of insecticides
to local breeding sites. Two insecticides (Br H-14
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and temephos) have been recommended and OCP has
provided these products for use by local human com-
munities. However, larvicide applications performed
by non-specialists for an indeterminate period could
create an enormous risk of environmental pollution.
Another risk is that local human communities will
use the insecticides that are locally available with the
danger of causing resistance among the black flies and
contaminating the environment.

These topics illustrate the other side of the biod-
iversity issue: the conservation of aquatic biodiversity
must deal with human welfare. In no way, can we
accept that human populations must live in an envir-
onment that is unhealthy. Moreover, the vector control
of the major water-borne and riparian nuisances, for
instance black flies, tse-tse flies, tabanids, and mos-
quitoes, has equal priority in Africa and in temperate
countries. In other words, we must develop a realistic
approach for situations where human welfare does
not enable the full protection of aquatic biodiversity.
Conservationists should keep in mind that many wet-
lands in the world, including those in Europe, have
been artificially dried up to prevent malaria. Thus,
it is clearly unacceptable to expose human popula-
tions to the stress of diseases and nuisances for the
sake of conservation. On the other hand, it is not ac-
ceptable to destroy the biodiversity, both for ethical
and economic considerations, because biodiversity is
a major source of goods and services for human soci-
eties. Even today, the scientific community has con-
flicting attitudes about what is ‘ecologically accept-
able’, whereas the stakeholders — those most affected
— are usually neither concerned nor informed about
the consequences of a biodiversity loss. Obviously,
the dialogue among the different socio-economic per-
spectives has to be continued, which is probably the
most difficult issue to tackle. In the case of OCP,
the reductionist approach (one goal, one programme)
(McMillan & Meltzer, 1996) was adopted instead
of a system approach. The Committee of Sponsor-
ing Agencies (WHO, FAO, UNDP, World Bank), in
charge of ensuring coordination between the cospon-
sors of OCP, today faces difficulties in coordinating
the various currently developing programmes in the
former OCP area. If this co-ordination fails, an integ-
rated ecosystem management that is likely to achieve
sustainable development is still far from becoming a
reality in West Africa.
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Abstract

One of the most surprising outcomes of recent molecular studies on cichlid fishes of the three Great East African
Lakes Victoria, Malawi and Tanganyika, was the stunning rapidity of speciation and cladogenesis at early stages
of adaptive radiation. Despite their rapid pace, speciation events were so far intuitively assumed to proceed in a
bifurcating and tree-like fashion, even if they could not be resolved by gene phylogenies due to a lack of resolution.
On the basis of phylogenetic analyses of the Tropheini, a lineage of endemic rock-dwelling cichlid fishes from
Lake Tanganyika, we suggest a pathway of explosive speciation that accounts for a non-bifurcating manner of
cladogenesis. This pattern is likely to be the result of the contemporaneous origin of a multitude of founder popu-
lations in geographically isolated rock habitats among which gene flow was interrupted simultaneously by a major
change of the lake habitat in the form of a rapid rise of the lake level. As a consequence, all new species arising
from that vicariance event must exhibit almost equal genetic distances to each other, within the scope of genetic
diversity of the founder population(s), even if the actual processes of subsequent speciation and eco-morphological
diversification followed independent routes. Our phylogeny also suggests a high frequency of parallel evolution of
equivalent trophic specialization in the Tropheini. This phenomenon seems to be an inherent feature of this pathway
of speciation, due to the action of similar selective forces on the same set of species colonizing isolated habitats
of the same type. Explosive speciation via synchronization of genetic divergence triggered by rapid environmental
changes seems to be particularly likely to occur at advanced stages of adaptive radiation, when species are already
adapted to particular habitats and have a reduced ability for dispersal.

Introduction lid species flocks appeared (Boulenger, 1898), many

scientists have entered this area of research and sub-

The cichlid fishes of the Great Lakes in the East
African rift valley represent a prime model system
for the study of adaptive radiation (Fryer & Iles,
1972; Mayr, 1984; Greenwood, 1984; Coulter et al.,
1986; Rossiter, 1995; Sturmbauer, 1998; Kornfield &
Smith, 2000). Since the first reports on African cich-

stantial knowledge has accumulated in the fields of
geology, climatology, limnology, as well as ecology,
comparative morphology, behavioral sciences and tax-
onomy. Important insights concerning key innovations
(Fryer & lles, 1972; Liem, 1973), alternative modes
of speciation (Rensch, 1933; Kosswig, 1947; Brooks,
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1950; Schliewen et al., 1994; Turner, 1994; Danley
& Kocher, 2001; Salzburger et al., 2002a), the role of
sexual selection in speciation (Seehausen et al., 1997;
Galis & Metz, 1998), and the occurrence of convergent
evolution have been gained from these model systems
(Kocher et al., 1993; Riiber et al., 1999).

Adaptive radiation is thought to be driven by two
types of modulators: intrinsic factors in anatomy,
ecology or behavior supplying the potential, and ex-
ternal events providing the opportunity, for radiation.
An outstanding feature of the African Great Lakes —
viewed as an important external mainspring to pro-
mote cichlid radiations (Coulter, 1994; Sturmbauer,
1998; Kornfield & Smith, 2000; Sturmbauer et al.,
2001) — are water level changes, caused by variations
in rainfall, temperature and evaporation, and for some
lakes tectonic activity (Scholz & Rosendahl, 1988;
Tiercelin & Modeguer, 1991; Cohen et al., 1993; John-
son et al., 1996; Lezzar et al., 1996; Cohen et al.,
1997). For example, the 1997 El Niiio event resulted
in a marked increase of rainfall in East Africa caus-
ing Lake Tanganyika to rise by 2 m within 6 months.
Any rise of the lake level may promote population
subdivision and the colonization of new habitats by
shifting the shoreline according to the basin structure
of the lake. The degree of habitat change enforced by
such water level fluctuations ranges from small-scale
effects to major events that affect species communit-
ies throughout a lake simultaneously. In this way,
lake level fluctuations may induce cycles of concer-
ted allopatric speciation. Wherever the distance among
suitable habitats exceeds the dispersal ability of a
species, gene flow is interrupted, genetic differences
will accumulate independently and lineage sorting will
proceed to ultimately lead to the formation of new
species.

The cichlid faunas of African lakes are subdivided
into communities specialized to particular habitat
types (Fryer & lles, 1972; Coulter, 1994). Coex-
istence of a great number of species is possible by
sometimes small differences in trophic specialization
promoting effective resource partitioning (Hori, 1991;
Sturmbauer et al., 1992; Genner et al., 1999), at
least during critical periods of time when resources
are scarce (McKaye & Marsh, 1983). Furthermore,
eco-morphological and behavioral specialization to
particular types of habitats such as rocky shores and
sand bays affects the dispersal ability. More special-
ized species become isolated to a higher degree than
less stenotopic and thus more mobile species. With 24
currently described species the endemic Tanganyikan

tribe Tropheini represents such a highly diverse as-
semblage of coastal fishes (Poll, 1986). The tribe’s
actual species number is probably much higher since
almost all circumlacustrine taxa represent arrays of
sister species (Sturmbauer & Meyer, 1992; Snoeks
et al.,, 1994; Riiber et al., 1999; Baric et al., 2003).
Most species of the Tropheini are epilithic algae feed-
ers, specialized to feed on filamentous or unicellular
algae, as well as on detritus. They have evolved spec-
tacular ways to deal with food uptake, and marked
differences in the pharyngeal anatomy and dentition
served as basis for their subdivision at the generic
level (Boulenger, 1898; Yamaoka, 1983; Poll, 1986).
For example, all species assigned to the genus Pet-
rochromis have elongated tricuspid teeth as adapta-
tion to comb unicellular algae and detritus from the
rock surface. Likewise, all members of the genus
Tropheus possess an outer row of bicuspid teeth with
a continuous cutting edge and curved conical teeth
on the sides of the premaxillary bone (Poll, 1986).
Due to their strict specialization to particular niches
on rocky habitats most species have a limited ability
for dispersal over ecological barriers (Brichard, 1978;
Sturmbauer & Dallinger, 1995). This is reflected in the
presence of numerous distinctly colored populations
and/or sister species. Sister group of the Tropheini
are haplochromine cichlids of the genus Astatotilapia
(Sturmbauer & Meyer, 1993; Salzburger et al., 2002b),
which live in swampy zones of Lake Tanganyika, as
well as in surrounding rivers and lakes (Poll, 1986).
Comparisons of average genetic distances to other lin-
eages of cichlid fishes in Lake Tanganyika suggest that
the Tropheini have evolved at a later stage of the ra-
diation than many other tribes (Sturmbauer & Meyer,
1992, 1993; Sturmbauer et al., 1994, 1997). Their
age, however, exceeds that of all mbuna- and utaka-
species of Lake Malawi (Sturmbauer & Meyer, 1992;
Sturmbauer et al., 2001), and the occurrence of incom-
plete lineage sorting at the species level has not been
observed in all the Lake Tanganyika cichlid species
analyzed so far. However, the phenomenon of ancient
incomplete lineage sorting, as recently described by
Takahashi et al. (2001), might have taken place at the
onset of the radiation of the Tropheini.

We used a molecular approach to study the path-
way of diversification of this lineage of cichlid fishes
within a complex species flock at an advanced stage of
radiation. We tested for the strength of the phylogen-
etic signal in all ancestral branchings of the Tropheini
radiation and analyzed the possibility of contempor-
aneous cladogenesis. We also addressed the phe-



nomenon of parallel evolution of species having equiv-
alent trophic specialization (see e.g. Kocher et al,,
1993; Verheyen et al., 1996; Riiber et al., 1998, 1999;
Baric & Sturmbauer, 1999; Hanel & Sturmbauer,
2000).

Materials and methods

We analyzed DNA sequences of two mitochondrial
gene segments (402 bp of cytochrome b; and 385
bp of the control region) of a total of 38 specimens
of nine genera of the Tropheini. Astatotilapia bur-
toni, which was identified as the sister group of the
Tropheini (Sturmbauer & Meyer, 1993; Salzburger et
al., 2002b), and Haplochromis obesus were used as
outgroup (Table 1). We also included two specimens
of the haplochromine cichlid Ctenochromis horei in
our analyses, since it was tentatively placed within the
Tropheini in earlier studies (see also Nishida, 1997),
and further two specimens of the limnochromine cich-
lid Gnathochromis pfefferi, which was already shown
to branch within the Tropheini (Kocher et al., 1995;
Salzburger et al., 2002b). Voucher specimens are de-
posited at the Royal Museum for Central Africa in
Tervuren, Belgium, under the numbers listed in Table
1, or are available from the authors. DNA-extraction,
PCR-amplification, and automatic DNA-sequencing
were performed according to standard methods (see
Salzburger et al., 2002b) using published primers for
both gene segments (Kocher et al., 1989; Salzburger et
al., 2002b). DNA sequences were aligned by Clustal
W (Thompson et al., 1994) and alignments were fur-
ther increased by eye in the case of the control region.
Phylogenetic analyses were performed in three steps.
First, the strength of the phylogenetic signal was eval-
uated for the whole data set. Then phylogenetic trees
were constructed using three alternative algorithms,
and finally the resulting topologies were statistically
evaluated. The different topologies were compared
by the nonparametric two-tailed Wilcoxon signed
rank teste implemented in PAUP* 4.062a (Swofford,
2000), maximum-likelihood scores of the topologies
were evaluated by the non-parametric Shimodaira-
Hasegawa test (Shimodaira & Hasegawa, 1999) as
implemented in PAUP* (Swofford, 2000). Finally, to
test whether or not our data support monophyly of the
genera in the Tropheini, we performed the topology-
dependent permutation tail probability (T-PTP) test
available in PAUP* (Swofford, 2000), using a con-
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strained topology in which we forced monophyly of
the genera, and 100 replications.

In the first step of the analysis the presence of a
phylogenetic signal in the entire data set was tested by
means of a likelihood mapping analysis using the com-
puter program Puzzle 4.0 (Strimmer & von Haeseler,
1996). Likelihood mapping is a permutation method
evaluating the likelihood support for the three altern-
ative topologies of multiple sets of four taxa (quartets)
to assess the overall phylogenetic signal in the data set.
The likelihoods of the three alternative topologies of
all evaluated taxon quartets are mapped on a triangle
representing a barycentric coordinate system. The tri-
angle is partitioned into seven distinct regions: the
central region representing completely unresolved to-
pologies, the three corners representing fully resolved
topologies, and three intermediate regions between
the corners representing partially resolved topologies.
This analysis was carried out twice, with and without
the outgroup taxa. Next, the relative rates of base
substitutions were evaluated for all 42 ingroup taxa.
We also carried out this test with a more inclusive
data set representing all twelve Tanganyikan lineages.
These tests were necessary to justify the use of genetic
distances for estimating relative ages of the lineages
of the Tropheini, as well as for the determination of
relative ages with respect to other Tanganyikan lin-
eages. To this end, we performed the branch length
test, which is implemented in the computer program
LINTRE (Takezaki et al., 1995).

For phylogenetic reconstruction we performed
maximum parsimony, neighbor-joining and maximum
likelihood analyses in parallel using the computer-
program PAUP* 4.0b2a (Swofford, 2000). All base
substitutions and indels were weighted equally in
maximum parsimony, Kimura-2-Parameter (Kimura,
1980) and Jukes-Cantor distances (Jukes & Cantor,
1969) were used for neighbor-joining. The appropriate
model of molecular evolution for the maximum likel-
hood analysis was evaluated by a likelihood ratio test
implemented in the computer program Modeltest 3.0
(Posada & Crandall, 1998). This test justified the use
of the HKYY model of molecular evolution (Hasegawa
et al., 1985) including invariable sites and a gamma
correction. We applied the proportion of invariable
sites (0.497), the gamma shape parameter (0.607), the
base frequencies (A: 0.295; C: 0.259; G: 0.130; T:
0.316), and the transition/transversion ratio (4.407) es-
timated during the search. We assessed the robustness
of the resulting topologies by applying standard meas-
ures of confidence (bootstrap and quartet-puzzling
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Table 1. Characterization of the studied species

Tribe! Taxon GenBank Accession Number Voucher
Cytochrome b Control region Specimen number? Habitat Diet
Haplochromini  Astatotilapia burtoni 7217733 72157513 swamps Invertebrates
Haplochromis obesus Meyer et al., 19903 U125523 L. Victoria
Ctenochromis horei AY301926 AY301952 1145-T1992 ubiquitous  Invertebrates
Ctenochromis horei AY301927 AY301953 1146-T1992 ubiquitous  Invertebrates
Limnochromini  Gnathochromis pfefferi AY301928 AY301954 893-T1992 rock/cobble Invertebrates
Gnathochromis pfefferi AY301929 AY301955 1089-T1992 rock/cobble Invertebrates
Tropheini Limnotilapia dardennii AY301930 AY301956 244-T1992 rock/cobble Invertebrates
Limnotilapia dardennii AY301931 AY301957 1158-T1992 rock/cobble Invertebrates
Lobochilotes labiatus AY301932 AY301958 1376-T1992 rock Invertebrates
Lobochilotes labiatus AF4281703 AF400733% rock Invertebrates
Petrochromis ephippium AY301933 AY301959 1084-T1992 rock Aufwuchs
Petrochromis famula AY301934 AY301960 450-T1992 rock Aufwuchs
Petrochromis famula AY301935 AY301961 579-T1992 rock Aufwuchs
Petrochromis famula AY301936 AY301962 995-T1992 rock Aufwuchs
Petrochromis famula AY301937 AY301963 1019-T1992 rock Aufwuchs
Petrochromis orthognathus AY301938 AY301964 rock Aufwuchs
Petrochromis orthognathus AY301939 AY301965 rock Aufwuchs
Petrochromis orthognathus AY301940 AY301966 1242-T1992 rock Aufwuchs
Petrochromis polyodon “elongate” AY301941 AY301967 391-T1992 rock Aufwuchs
Petrochromis polyodon “elongate” AY301942 AY301968 603-T1992 rock Aufwuchs
Petrochromis polyodon “blue-fin”  AY301943 AY301969 692-T1992 rock Aufwuchs
Petrochromis polyodon “blue-fin”  AY301944 AY301970 693-T1992 rock Aufwuchs
Petrochromis sp. UBWARI AY301945 AY301971 rock Aufwuchs
Petrochromis trewavasae AY301946 AY301972 331-T1992 rock Aufwuchs
Pseudosimochromis curvifrons AY301947 AY301973 1345-T1992 rock/sand  Aufwuchs
Pseudosimochromis curvifrons AY301948 AY301974 1346-T1992 rock/sand  Aufwuchs
Simochromis babaulti 712045° AF400736° rock Aufwuchs
Simochromis babaulti AY301949 AY301975 724-T1992 rock Aufwuchs
Simochromis babaulti AY301950 AY301976 726-T1992 rock Aufwuchs
Simochromis diagramma AY301951 AY301977 793-T1992 rock Aufwuchs
Tropheus brichardi NYANZA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus dubolisi Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus duboisi Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii BULU Sturmbauer & Meyer, 1992%  Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii CHAITIKA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii IKOLA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii KALA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii KAVALLA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii KIRIZA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii LUPOTA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii RUTUNGA Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii WAPEMBE Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus moorii ZONGWE Sturmbauer & Meyer, 19923 Sturmbauer & Meyer, 19923 rock Aufwuchs
Tropheus polli BULU Sturmbauer & Meyer, 19923  Sturmbauer & Meyer, 19923 rock Aufwuchs

1 According to Poll (1986)
2Deposited at the Royal Museum for Central Africa, Tervuren, Belgium
3Sequences published elsewhere

frequencies) with 1000 pseudo-replicates (bootstrap)
and the evaluation of 10 000 random quartets (quartet-
puzzling), and in the case of maximum likelihood
under the fast stepwise addition option in PAUPx
4.0b2a (Swofford, 2000).

To evaluate the supports for distinct internal
branches critical for the interpretation of the evolu-

tionary pathways, a series of four-cluster likelihood
analyses (Strimmer & von Haeseler, 1997) were per-
formed. In this method four clusters of taxa are pre-
defined to calculate the relative frequencies of each of
the three possible topologies interrelating the members
of the four taxon clusters. Likelihoods of all evaluated
quartet trees for each subset of four taxa are mapped



on a triangle. The triangle is now partitioned in three
regions, each defining the likelihood frequencies of
one of the three alternative topologies. This method
also allows to delineating the onset of major diversi-
fication events, which are indicated by clusters of very
short internal branches. For this analysis we used a
reduced data-set of 17 taxa (plus one outgroup taxon)
with a similar rate of base substitution according to the
branch length test implemented in LINTRE (Takezaki
et al., 1995). In the second data-set with a reduced
number of taxa, each species or closely related as-
semblage, that was consistently identified by the first
phylogenetic analyses, was represented by a single
sequence only. From each cluster we selected the se-
quence with a root-to-tip distance that was closest to
the average root-to-tip distance of 0.067 identified in
the branch length test in LINTRE. For the second data-
set, we again performed parsimony, neighbor-joining
(Saitou & Nei, 1987) and maximum likelihood ana-
lyses and declaring Astatotilapia burtoni as outgroup.
Modeltest 3.0 (Posada & Crandall, 1998) identified
the HKY model (Hasegawa et al., 1985) with invari-
able sites and a gamma correction as optimal model of
molecular evolution. We used the proportion of invari-
able sites (0.529), the gamma shape parameter (0.598),
the base frequencies (A: 0.283; C: 0.264; G: 0.144;
T: 0.309), and the transition/transversion ratio (4.566)
estimated during the search.

In the first three four-cluster analyses of the second
data set the outgroup was defined as the first cluster
and the five lineages identified were grouped into
the remaining three clusters according to the differ-
ent topologies found by the three tree-building meth-
ods. Then the outgroup was omitted and four new
clusters were defined, depending on which discrete in-
ternal branch was under evaluation. The five lineages
(defined according to the phylogenetic analyses) were
clustered into the ten possible sets of quartets, and
all 30 possible quartet topologies were tested for their
relative supports.

As a complementary approach to estimate the re-
lative age of the Tropheini and the time frame of
lineage formation, we calculated the average genetic
distances among all five lineages of the Tropheini
by including all possible pairwise groupings of taxa.
We then compared minimum, maximum and average
Kimura distances of the Tropheini with those pub-
lished for the Lamprologini and the genus Tropheus
(Sturmbauer & Meyer, 1993; Sturmbauer et al., 1994;
see also Baric et al., 2003). This comparison was based
on sequences of the control region only.
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Results

Phylogenetic analyses suggested the formation of five
distinct lineages at the very base of the radiation of
the Tropheini (named lineage I — V in Figs 1 and
2), which were consistently recovered in all analyses.
Lineage 1 consisted of Lobochilotes labiatus, Simo-
chromis diagramma, Tropheus duboisi, and a clade
including Petrochromis trewavasae, P. sp. UBWARI,
P. polyodon ‘elongate’, P. polyodon ‘blue-fin’, and
P. ephippium. Petrochromis polyodon ‘elongate’ con-
sistently clustered with P. trewavasae, while P. poly-
odon ‘blue-fin” was resolved in a second clade in
neighbor-joining and maximum-likelihood, together
with P sp. UBWARI and P. ephippium. Lineage
II contained the four representatives of Petrochromis
famula. Lineage III combined the different local
forms of Tropheus moori, as well as T. polli and T.
brichardi. Lineage IV comprised three specimens of
Petrochromis orthognathus. Finally, lineage V con-
sisted of Grathochromis pfefferi, Pseudosimochromis
curvifrons, Simochromis babaulti, and a clade formed
by Limnotilapia dardennii and Ctenochromis horei.
The monophyly of four lineages (II, III, IV and
V in Fig. 1) was supported by high numbers of syn-
apomorphs, as well as by adequate bootstrap- and
likelihood values in all analyses. The fifth lineage
(lineage I) was consistently found by all three phylo-
genetic methods, but was defined by relatively few
synapomorphs. The most striking observation was that
— despite the excellent overall phylogenetic signal in
the data set (Fig. 1d,e) — there was substantial conflict
in the branching order that defined the emergence of
the major lineages at the base of the radiation. Max-
imum parsimony yielded 32 most parsimonious trees
of a tree length of 570 evolutionary steps (consistency
index excluding uninformative sites, 0.41; retention
index, 0.67; the strict consensus topology is depicted
in Fig. 1a). Lineage V occupied the most ancestral
branch in all 32 most parsimonious trees, sister group
to a clade comprised by lineages II and IV, and a clade
formed by lineages I and III. In neighbor-joining, lin-
eage III occupied the most ancestral position, sister
group to a clade containing lineage II, lineage V, lin-
eage 1V, and lineage I (Fig. 1b). In the maximum
likelihood tree lineage III formed the most ancestral
branch, followed by a clade comprising lineages II, I,
IV and V (Fig. 1c). Neither in the Wilcoxon signed
rank test (P < 0.05) nor in the Shimodaira-Hasegawa
test (P < 0.05) a particular topology was favored.



56

(a)

51 Petrochromis famula

(b)

&2

Petrochromis farmuls

Petrochromis famula
Petrochromis famula

famuia
Tropheus moorii KAVAL|
Tropheus moork KALA

Tropheus moorii
Tropheus mooril VAPE WaE

moarii BULU
Tropheus poll BLILL

mooril LUPOTA

H. obesus

T 139vaNN

I 3OV3INN

1

]

[ el

A JOVINN

A39VANN

[ ]

139VaNN

| e |
n

I 39V3NN

31.9% 1.4% NA%

(e)

31.3% 1.2%

1 39V3INN

AT

A JOVINN

|

1 39¥3INN




57

A B C
sof Lobo es labiatus |
"_{ E 1 [33.5%) (34.3%),
——— Simochromis diagramma C B ' d y
- — boi o - | $/ & 5/ \&
e = 1%\ 12\
Petrochromis polyodon mi | i — | I "~
99 g o B e 2% o WV 8% [
Fetrochromis trewavasae i
|
i D
c
a <
™
?

96.0%

o

L Astatotilapia burtoni
0.01 changes

Figure 2. One example for a four-cluster likelihood analysis (Strimmer & Von Haeseler, 1997) evaluating the support for distinct internal
branches. For this analysis a reduced data-set inlcuding 17 taxa (plus the outgroup Astatotilapia burtoni) was used. (a) Neighbor-joining tree
based upon Kimura-2-parameter distances of a 402 bp segment of the cytochrome & and a 385 bp segment of the control region. (b). (c)
Likelihood mapping analysis demonstrating the presence of a strong overall phylogenetic signal in the data set including (b) and excluding
(c) the outgroup. (d) Four-cluster likelihood mapping analysis testing the relative likelihoods of the three alternative topologies of the four
taxon-clusters (A, B, C and D in (a)) derived from the neighbor joining phylogeny. None of the three possible topologies is clearly favored
pointing to a lack of phylogenetic signal in these basal branches. This suggests a contemporaneous origin of the lineages. Using this method
we tested all alternative topologies that were obtained in our phylogenetic analyses using alternative tree building algorithms. (e) Example of a
quartet topology excluding the outgroup with a different grouping of lineages in comparison to (d). See text and Figure 3 for further details.

The topology dependent T-PTP test, however, rejected resolved as sister group to the remaining four lineages

monophyly of the genera (P = 0.01).

The maximum parsimony analysis of the second
data set with a reduced number of taxa yielded three
most parsimonious trees of a length of 305 steps (con-
sistency index excluding uninformative sites, 0.48;
retention index, 0.54, tree not shown). Lineage II was

in all three most parsimonious trees. In the neighbor-
joining tree, lineage V was resolved as sister group
to the remaining four lineages, sister group to a clade
containing lineage 1V, lineage 111, lineage 11, and lin-
eage | (Fig. 2a). In the maximum likelihood tree,

lineage III formed the most ancestral branch, sister

Figure 1. Phylogenetic analyses of the endemic Tanganyikan tribe Tropheini based upon 402 bp of the mitochondrial cytochrome » gene and
385 bp of the mitochondrial control region. Astatotilapia burtoni and Haplochromis obesus were used as outgroups. Boostrap values larger than
60% are depicted above the corresponding branches, except for the branches defining the five major lineages (I, I1, III, IV, V), for which the
values were also depicted when they were smaller than 60%. The generally short internal branches at the basis highlight the rapidity of lineage
formation in this group of cichlid fishes. (a) Strict consensus tree obtained from the 32 most parsimonious trees (tree length, 570; consistency
index excluding uninformative sites, 0.41). (b) Neighbor-joining topology based upon Kimura-2-parameter distances. (c) Maximum likelihood
tree applying the HKY+I+T" model for molecular evolution. Further details are given in the material and method section. (d), () Likelihood
mapping analysis (Strimmer & von Haeseler, 1997) demonstrating the presence of a strong overall phylogenetic signal in the data set including
(d) and excluding (e) the outgroup.
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Figure 3. Four-cluster likelihood mapping analyses of 30 possible alternative topologies of the five lineages identified in the Tropheini (I-V).
The lineages are defined in Figures 1 and 2. Each box contains the results of one four-cluster likelihood mapping analysis of 10 possible four
cluster-groupings of the five lineages. The relative percentage fractions were inconsistent with respect to the tested topologies and highlight the

lack of a clear phylogenetic signal.

group to lineage 1V and a clade comprising lineages
1V, V and I (not shown).

In the four-cluster likelihood mapping analyses, in
which all alternative topologies from the three tree
building algorithms of the reduced data-set were sys-
tematically evaluated, the absence of phylogenetic

signal at the base of the radiation became further
evident. None of the four-cluster likelihood mapping
analyses clearly favored one particular topology. This
is depicted for the neighbor-joining tree in Figure 2d,
in which two out of the three possible cluster topolo-
gies were found to be equally favored (45.6%; 54.4%;



Figure 4. Minimum, average and maximum Kimura distances
among lineages of the Tanganyikan tribes Lamprologini (seven lin-
eages, Sturmbauer et al., 1994) and Tropheini (five lineages), com-
pared to those found within the genus Tropheus alone (Sturmbauer
& Meyer, 1992; Sturmbauer et al., 1997; Baric et al., 2003),
based upon 383 bp of the control region. The comparison high-
lights the younger evolutionary age of the Tropheini as compared
to the Lamprologini. The Lamprologini must have undergone ra-
diation during an earlier phase in the lake history. The almost
identical ranges of genetic distances observed in the Tropheini and
the genus Tropheus alone indicates an immediate subdivision of the
Tropheus-lineage (Lineage I1I in Fig. 1a) after its formation.

0.0%). The same was found in the four-cluster likeli-
hood analyses of the maximum likelihood tree (46.7%:
50.0%; 3.3%), and of the three most parsimonious
trees (59.0%; 34.7%; 6.3%). The lack of support for
one particular branching order of the five lineages
was further signaled by the fact that the most highly
supported topologies differed in all three algorithms.
The four-cluster likelihood mapping analyses of all
30 possible groupings of the five lineages also gave
conflicting results and did not favor one particular
branching order (Fig. 3).

The comparison of genetic distances corroborates
the almost contemporaneous origin of the five lin-
eages. The average genetic distances among the five
lineages of the Tropheini amounted to 7.01% (stand-
ard deviation = 0.018; minimum = 2.57%; maximum
= 13.28%; number of pairwise comparisons = 665).
Moreover, the average genetic distance within the
genus Tropheus alone (lineage III) was only slightly
smaller than that observed among the five lineages
of the Tropheini (average = 6.14%; minimum = 4.6;
maximum 7.9%; see Baric et al., 2003). This ob-
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servation suggests that Tropheus diversified further
immediately after its emergence (Fig. 4). The smal-
ler average genetic distances among the five lineages
of the Tropheini in relation to those observed among
lineages of the Lamprologini (Sturmbauer et al., 1994)
indicate that the Tropheini must thus have undergone
radiation at a much later stage than the Lamprologini.
According to a tentative calibration of the control re-
gion of East African cichlid fishes a Kimura-distance
of 7.01% would translate into an age between 807 ka
and 1092 ka (Sturmbauer et al., 2001).

Discussion

A stunningly rapid pace of speciation and cladogen-
esis, particularly at early stages of adaptive radiation,
has been repeatedly demonstrated for African cich-
lid fishes (Meyer et al., 1990; Sturmbauer & Meyer,
1992, 1993; Sturmbauer et al., 1994; Verheyen et
al., 1996, 2003; Riiber et al., 1998, 1999; Nagl et
al., 1998, 2000; Salzburger et al., 2002b). Despite
their rapid pace, speciation events in cichlid fishes
were assumed to proceed in a bifurcating and tree-
like fashion (Coulter, 1994; Ribbink, 1994; Turner,
1994). Bush phylogenies may be either interpreted
as ‘soft polytomy’ — an analytical artefact, e. g., due
to a lack of resolution of the gene segment analyzed
and the phylogenetic method used -, or a ‘hard poly-
tomy’ — generated by a truly simultaneous branching
(Maddison, 1989, see Jackman et al., 1999 for dis-
cussion). Our phylogenetic analysis suggests a truly
bush-like manner of cladogenesis in the Tropheini.
The contemporaneous formation of five major lin-
eages is independently supported by three findings.
First, the internal branches interrelating these lineages
were extremely short leading to a substantial degree
of conflict in the resulting tree topologies, despite the
excellent overall phylogenetic signal in the data set.
Second, these alternative topologies turned out to be
equally supported in the four-cluster lieklihood map-
ping analyses, the Wilcoxon signed rank test and the
Shimodaira-Hasegawa test. Third, the relative phylo-
genetic distances among the lineages were strikingly
similar. Given the strength of the overall phylogenetic
signal in the data set, such a lack of phylogenetic sig-
nal in the ancestral branches can only be interpreted as
the consequence of a rapid cladogenesis event.

This leads us to suggest that the observed pattern
of evolution is the consequence of a contemporaneous
origin of several lineages of the Tropheini, and not an
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Figure 5. Phylogenetic hypothesis for the radiation of the Tropheini based upon a strict consensus tree of parsimony, neighbor-joining and
maximum likelihood, indicating that five distinct lineages arose contemporaneously, triggered by an environmental change. The depicted
species (names are in black) and mouth morphologies underline the extreme degree of eco-morphological diversity within and among the five
lineages. The paraphyletic placement of members of the genera Tropheus. Simochromis and Petrochromis further points to a high probability of
recurrent evolution of corresponding morphologies under this mode of speciation, due to the action of similar selective forces in geographically

isolated habitats of the same type.

artifact resulting from the limited power of resolution
of the phylogenetic analyses. Concerted cladogenesis
can only be induced by a synchronized vicariance
event, triggered by external influences enforcing dra-
matic habitat changes. According to various models
of allopatric speciation temporary spatial isolation of

populations is caused by the discontinuous distribu-
tion of suitable habitats in an ecosystem, and the
influence of external events changing habitats and/or
their distribution (Sturmbauer, 1998). In the case of
African cichlid fishes, lake level fluctuations were
shown to be powerful modulators of habitat distribu-



tion (Sturmbauer, 1998; Sturmbauer et al., 2001). Tak-
ing into account that Lake Malawi rose by about 100
m within the last 200 years (Owen et al., 1990), one
of the most striking characteristics of lake level fluctu-
ations is their rapidity. The onset of spatial and hence
genetic isolation is thus effectively synchronized by
a rapid rise of the lake level, enforcing an almost
concurrent split of lowstand populations into several
units. Two recent studies showed that such synchron-
ous population subdivisions are clearly mirrored in
the observed patterns of genetic relatedness of cichlid
populations in Lakes Victoria, Malawi and Tanganyika
(Sturmbauer et al., 2001; Baric et al., 2003). Popu-
lations arising from the same vicariance event show
equal genetic distances to each other. In relation to the
pace of molecular evolution of mitochondrial genes, a
bush-phylogeny interrelating all lineages arising from
such a synchronized dispersal incident is the inevitable
consequence (Fig. 5). It may also be noted here that
the degree of genetic variation of all lineages arising
from the same vicariance event depends on the genetic
diversity of the founder population at the time of sub-
division. This diversity defined the starting point of
lineage sorting during the process of coalescence.

An equal age of lineages does not imply that sub-
sequent speciation events in each of the founder pop-
ulations occurred concurrently. Speciation events may
happen at different times in any of those populations,
since they depend on local selective forces. Extant
species belonging to different lineages that were once
formed contemporaneously are almost equidistant in
terms of genetic distances to each other, while species
originating in the same lineage may show smaller and
different genetic distances to each other. When several
populations are formed at the same time — e.g. by a
major rise of the lake level —, several lineages may
subsequently undergo speciation. Explosive speciation
via synchronization of genetic divergence seems to
be more likely at advanced stages of adaptive radi-
ation, since the involved species must have particular
biological characteristics providing the potential to un-
dergo further diversification. Their ability for active
dispersal over ecological barriers must be limited, so
that major dispersal events can only be induced extern-
ally by habitat shifts such as lake level fluctuations.
It should be noted that in some cases populations
may also be split by a decrease of the lake level, for
example when islands become exposed.

A series of molecular phylogenetic analyses sug-
gested Astatotilapia burtoni as the closest relative of
the Tropheini. This species is widely distributed in
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swampy areas and rivers in and around Lake Tanga-
nyika and does not seem to have a reduced ability
for dispersal at all. Our phylogeny suggests that the
evolution of a reduced ability for active dispersal due
to specialization to patchy niches may represent a key
innovation allowing to undergoing speciation via syn-
chronization of genetic divergence. This feature must
have evolved at the very beginning of the radiation in
the common ancestor of the Tropheini. The ancestral
species has most likely gone extinct due to compet-
ition of better adapted descendants (see Sturmbauer,
1998 p. 23).

Our phylogenetic analyses further confirmed
Gnathochromis pfefferi as a member of the Tropheini
(Kocher et al., 1995, Salzburger et al., 2002b) and
also suggested the placement of the haplochromine
cichlid Ctenochromis horei in this tribe (see also
Nishida, 1997). Another striking observation from
our phylogeny — corroborating previous results based
on allozyme data (Nishida, 1997) — is its frequent
conflict with the present taxonomic assignments sug-
gesting that several genera may be paraphyletic, so
that corresponding trophic specializations may have
evolved repeatedly within a single lake. This was ob-
served for the genus Tropheus in which T. duboisi
was consistently placed outside the lineage comprising
its congeneric allies, as well as for the genera Petro-
chromis and Simochromis (Fig. 5). All these genera
were defined primarily on the basis of their particu-
lar trophic morphology (Boulenger, 1898; Yamaoka,
1983; Poll, 1986). Such a high frequency of recurrent
evolution of convergent morphologies can best be ex-
plained as an inherent feature of the proposed mode
of speciation, since geographically isolated habitats of
the same type should create similar selective forces
on their species communities. Moreover, natural se-
lection acted on the same set of colonizing species,
so that the initial conditions were likely to be similar
in all founder populations. Particular ecological and
morphological adaptations, which provide effective
resource partitioning, may have been independently
favored by natural selection in isolated communit-
ies. Under these particular environmental conditions,
Stephen J. Gould’s mind experiment of ‘replaying
life’s tape’ (Gould, 1990) has been performed by
nature to indeed produce similar evolutionary out-
comes. As a consequence, morphology-based taxo-
nomic analyses interpreting similar pharyngeal mor-
phologies as synapomorphs, justifying the placement
of eco-morphologically equivalent taxa in a single
genus, may often be mislead.
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Ancient incomplete lineage sorting was recently
suggested as explanation for the para- or polyphyletic
placement of inserted retroposons (SINE) among lin-
eages of cichlid fishes in Lake Tanganyika (Takahashi
et al., 2001). Incongruence of genetic characters can
have two causes: homoplasy and ancestral polymorph-
ism. O’hUigin et al. (2002) argued in a model study
on anthropoid primates that homoplasy is a more
likely contributor to incongruence in more ancient
cladogenesis events, while the persistence of ancestral
polymorphism is more likely in younger evolutionary
splits. When ancestral polymorphisms undergo lin-
eage sorting, a gene phylogeny that is incongruent
to the species phylogeny might be the result. After
the divergence of each lineage, alternative nuclear al-
leles or mitochondrial haplotypes might become fixed
stochastically. It is important to note that it is the rel-
ative number of incongruent character state changes,
which might mislead phylogenetic analyses. Mito-
chondrial genes tend to evolve more rapidly than
nuclear genes and lineage sorting occurs faster due
to maternal inheritance, so that the time window of
phylogenetic resolution is shorter than for nuclear loci.
Our analysis of the Tropheini points to a great degree
of conflict. This conflict, however, is mainly due to the
lack of phylogenetically informative characters in the
ancestral branches. Ancient incomplete lineage sort-
ing, however, might also contribute to the observed
conflicts in the phylogenetic analysis of the Tropheini,
and it should thus be seen as another indicator for
extremely rapid cladogenesis.

All morphologically distinguishable taxa were also
genetically distinct in our mitochondrial phylogeny.
This observation is in clear contrast to analyses on
Lake Malawi and Victoria cichlids (Moran & Korn-
field, 1993; Parker & Kornfield, 1997; Nagl et al.,
1998). However, this is congruent to the age estimate
for the genus Tropheus, which may be five token times
the age of the entire Lake Victoria cichlid species flock
and about the same age as the Lake Malawi cichlid
flock (Sturmbauer & Meyer, 1992; Verheyen et al.,
2003).

The scenario of speciation proposed here does
not rule out the occurrence of sympatric speciation
within any geographically isolated population. Species
arising from sympatric or micro-allopatric speciation
events are more closely related to each other, but they
exhibit the same genetic distances to any species of a
different population that arose from the primary vicari-
ance event. Previous works on sticklebacks reported a
similar evolutionary scenario, in which species gradu-

ally colonized newly emerging lakes during glacial
retreat and repeatedly evolved eco-morphologically
equivalent pairs of sympatric species (Schluter &
McPhail, 1992; Taylor & McPhail, 2000). The cru-
cial difference to the scenario proposed here is the
relatively slow succession of repeated colonization
events and their origin from more than one refugee
population. In the Tropheini, recurrent evolution of
equivalent species pairs is not connected to repeated
colonization events.

Our data suggest that speciation via synchroniza-
tion of genetic divergence is likely to be an important
promoter of species multiplication in flocks of African
cichlid fishes. We are convinced that this pattern
of speciation will also be found in other organisms,
whenever the ancestral species are already adapted
to discontinuous habitats, which rapidly shift due to
externally induced events.
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Abstract

The potential of using synthetic aperture radar (SAR) imagery to study seasonal variations in floodplain inunda-
tion and accompanying changes in herbaceous plant communities was assessed for aquatic environments in the
Kakadu region of northern Australia. Dual wavelength (C- and L-band), co- and cross-polarized (HH and HV)
SAR imagery of the floodplain of Magela Creek, a tributary of the East Alligator River, was acquired in April
and October 1994 during the Spaceborne Imaging Radar-C (SIR-C) missions of the Space Shuttle. The results
indicate the effectiveness of multifrequency, polarimetric SAR as follows: woody and herbaceous vegetation in
flooded and nonflooded states can be mapped. Aquatic, herbaceous macrophyte communities, such as Nelumbo
nucifera, Pseudoraphis grassland and Hymenachne-Eleocharis swamp, can be distinguished. Phenologic changes
in macrophyte communities between April and October are apparent. The similarity of the Magela floodplain to
the extensive floodplains in northern Australia suggests that these results can be extended regionally.

Introduction

The Kakadu region of Australia’s Northern Territory
supports extensive wetlands including mangroves,
seasonally inundated freshwater floodplains, salt flats,
and small permanent lakes. Kakadu National Park,
constituting about 70% of the region, has been list-
ed under both the Ramsar Convention on Wetlands
of International Importance and the UNESCO World
Heritage Convention, in recognition of the outstand-
ing diversity of its wetland habitats and its importance
to large numbers of waterfowl. Seasonally inundated
floodplains, which annually experience extremes of
flood and drought, cover about 195000 ha along the
lower reaches of the region’s major rivers (West Al-
ligator, South Alligator, and East Alligator) and creeks
(Magela and Cooper) (Finlayson & Woodroffe, 1996).

Duration of the inundation period is a major de-
terminant of the species composition, areal extent, and
phenology of floodplain plant communities (Finlayson
etal., 1989). The mixture of shallow open water, emer-
gent aquatic vegetation, and fringing grasslands that
occurs during the dry-down period provides a critical

habitat that attracts waterbirds from areas well be-
yond the region (Morton et al., 1993). Knowledge of
flooding extent and duration is therefore an essential
element in management of the Kakadu wetlands and
of large areas of similar subcoastal wetlands of the
Northern Territory. Such monitoring is feasible only
using remote sensing.

Synthetic aperture radar (SAR), with its unique
ability to detect flooding beneath vegetation canop-
ies and to penetrate cloud cover, is well suited to the
study of tropical wetlands. The wavelengths used by
SAR sensors are sensitive to the size, density, and
orientation of canopy elements such as leaves and
small branches at C-band, and larger branches and tree
trunks at L-band; SAR sensors have successfully been
used in a variety of ecological applications involving
vegetation structure (Kasischke et al., 1997). While
flooding beneath a closed forest canopy cannot be
detected with optical sensors such as Landsat Them-
atic Mapper, L-band SARs can penetrate even dense
tree canopies. Double-bounce scattering between wa-
ter surfaces and tree trunks or branches increases the
strength of the signal backscattered to the sensor, mak-
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ing it possible to reliably detect inundation (Richards
et al., 1987; Smith, 1997).

The floodplain and surrounding lowland vegeta-
tion of the Kakadu region differ in significant respects
from those found in other tropical and subtropical sites
where use of SAR has been demonstrated for wetland
applications (Hess et al., 1995; Pope et al., 1997,
Townsend, 2001). Richards et al. (1987) described
enhanced LHH returns from seasonally inundated Eu-
calyptus camaldulensis forests in New South Wales
and Victoria, and Imhoff et al. (1997) related multi-
frequency backscattering from Melaleuca woodland
sites near the South Alligator River to a variety of
stand structural measures; however, SAR-based stud-
ies of Australian macrophyte communities have not
been previously been reported.

The dominant vegetation of the lowlands bordering
the Kakadu region’s subcoastal floodplains is eucalypt
open forest, woodland, and open-woodland with tall
grass understory (Wilson et al., 1996). The Melaleuca
open forest and woodland of the floodplains range
widely in stand density. Some of Kakadu’s perennial
macrophyte communities are dominated by unusually
large herbaceous species such as Nelumbo nucifera,
which has leaves 40-50 cm wide on stalks up to
2 m tall (Sainty & Jacobs, 1994). The co-occurrence
of low-biomass woodlands and macrophytes with
large stalks suggests that flooded macrophyte, flooded
woodland, and nonflooded woodland could be difficult
to distinguish on SAR imagery. Dual-wavelength, co-
and cross-polarized SAR imagery of Magela Creek,
a tributary of the East Alligator River, was acquired
from the Space Shuttle in April and October 1994
during the Spaceborne Imaging Radar-C (SIR-C) mis-
sions (Stofan et al., 1995). The study described here
used the SIR-C datasets to test the potential of SAR
to map freshwater wetland communities in subcoastal
Northern Territory, and to monitor seasonal changes in
floodplain inundation and in the extent and structure of
herbaceous plant communities.

Study area

Magela Creek has a catchment of about 605 km?.
The creek descends from the dissected sandstone es-
carpment of the Arnhem Land Plateau to an erosional
plain, flowing in braided sand channels until the flood-
plain widens in the Mudginberri Corridor (Fig. 1) and
the watercourse becomes a series of billabongs and
connecting channels. It then extends onto a season-

ally inundated black-clay floodplain with permanent
billabongs before discharging into the East Alligator
River (Finlayson et al., 1989). The climate is classi-
fied as summer rainfall-tropical. Ninety-two percent of
the mean annual rainfall of 1460 mm falls in intense
storms during the hot and humid wet season, from
November to March; warm, dry conditions prevail in
the April-October dry season (McQuade et al., 1996).
Floodplain inundation begins around January, result-
ing mainly from creek and overland flow rather than
from direct precipitation. Water depths on the flood-
plain reach up to several meters during peak high water
in March, then slowly decline with the end of the wet
season. By the end of the dry season, standing water on
the floodplain is restricted to isolated billabongs and
swamps.

Magela Creek and its floodplain have been much
studied, due to the presence of a uranium mine in the
creek’s catchment and the resulting need to understand
the fate of potential pollutants in the event of a waste
water release from the mine. Finlayson et al. (1989)
mapped 10 major floodplain plant communities using
aerial photographs, categorized macrophyte species
occurring on the floodplain by growth strategy, growth
form, and broad habitat, and measured the spatial and
temporal variability of macrophyte communities along
a transect at four stages from the late-wet to late-dry
seasons. Forty percent of the floodplain was mapped as
open forest, woodland, or open woodland dominated
by one or more species of Melaleuca, and the remain-
ing area as grassland, sedgeland, herbland, or mixtures
thereof. Dominant herbaceous species include Oryza
meriodionalis, Hymenachne acutigluma, Eleocharis
spp., Pseudoraphis spinescens, Nelumbo nucifera, and
Nymphoides indica. The pattern of vegetation vari-
ation is a function of both the flooding and drying
phases, and duration of the inundation period is a ma-
jor determinant of floodplain vegetation composition.
Plant growth strategy is related to inundation period
also: about 60% of species occurring in seasonally in-
undated areas are annuals, while permanently flooded
areas have less than 40% annual species.

Because the timing of the two SIR-C data ac-
quisitions corresponded to the late-wet and late-dry
seasons, it is possible to compare the floodplain in
a condition where it was completely inundated, with
macrophytes near peak biomass, to one where flood-
waters had receded and macrophytes were largely
senescent. Lowland conditions also can be expected
to vary between the two dates: surface soils dry well
below wilting point during the dry season, and the
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Figure 1. Location maps showing (a) SIR-C track, Alligator River scene, and Kakadu region; (b) rivers and creeks of Kakadu region; (c)
major topographic divisions of Magela floodplain, following Hart & McGregor (1982): (1) Mudginberri corridor; (2) upper basin, (3) central
topographic high, (4) Magela Plain, (5) back-plain swamps, (6) lower basin, (7) East Alligator floodplain. Letters with arrows indicate Jabiluka
(1), Leichhardt (L), and Nankeen (N) billabongs.
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grassy understory of the eucalypt woodlands senesces.
Fire is a frequent, often annual occurrence during the
late dry season, burning dry floodplain areas as well
(Andersen, 1996).

Methods

Field verification and ancillary information

In order to verify ground conditions during the two
SIR-C acquisitions, helicopter-based, oblique video
surveys were carried out on 20 April 1994 and 18
October 1994. Both surveys followed the same flight
plan, a series of 18 GPS-guided segments flown at an
altitude of about 600 m, traversing areas of interest
on the floodplain. Devonport et al. (1994) and Wag-
gitt et al. (1995) provide detailed descriptions of the
surveys, including waypoints and flight logs noting
features such as vegetation type, presence or absence
of flooding, and fire scars. Additional commentary on
the videotapes was provided by C. M. Finlayson.

The Finlayson et al. (1989) vegetation map of the
Magela floodplain was used to guide image interpret-
ation. Due to the dynamic nature of the herbaceous
plant cover on the floodplain, plant communities must
be defined temporally as well as spatially; the mapping
done by Finlayson et al. (1989) was specific to the
high-water, maximum biomass period, approximately
March to May, and was based on aerial photos and
field transects acquired between 1983 and 1986. Be-
cause the April SIR-C acquisition coincided with the
high-water, high-biomass period, the map was used
to guide analysis of the SAR data. However, caveats
given by Finlayson et al. (1989) limit the extent to
which the map can be used to interpret imagery ob-
tained a decade after the map was prepared. Yearly
variations in rainfall and flooding affect the short-term
composition of floodplain plant communities. Sig-
nificant shifts in species dominance occur between
years, and the spatial distribution of communities
changes along environmental gradients, particularly
water depth. A decline since the mid-1980s in the
populations of feral water buffalo, which previously
impacted vegetation both directly and through affect-
ing surface hydrology, may have further altered plant
communities. Because of this variability, the map was
not suitable for training or testing image classification
algorithms; however, it was used to create a digital
mask of the floodplain boundary, to compare the
mapped distribution of relatively static communities

such as Melaleuca forest/woodland with SAR results,
and to note herbaceous communities having spatial
distributions that corresponded with definable patches
in the SIR-C data.

Image analysis

The Alligator River segments of SIR-C data swaths
117.6 (April 1994) and 117.52 (October 1994) were
used in the analysis (Fig. 2). The data are similar
in terms of incident angle and imaging mode (SIR-
C mode 11, HH and HV polarizations at C- and
L-bands). However, because the April scene was ac-
quired in lower resolution mode, its pixel dimensions
are twice as large (Table 1). Image analysis emphas-
ized the Magela Creek floodplain. A 27.5 x 38.75 km
subscene centered on Magela floodplain was extrac-
ted from the Alligator River segment of the data. The
April Magela subscene was super-sampled by a factor
of two to the same pixel size as the October scene to
facilitate coregistration. The April and October sub-
scenes were then coregistered by a simple coordinate
translation. The vegetation map was scanned and core-
gistered to the Magela subscenes using a second-order
polynomial warp.

After pulses transmitted by a SAR sensor are re-
flected, scattered, and/or absorbed at the earth’s sur-
face, the intensity and timing of the energy scattered
back toward the sensor (backscattering) are received
and recorded. The brightness of an object in a SAR
image corresponds to its radar backscattering coef-
ficient 0°. Because of the large dynamic range of
SAR systems, the unitless ¢ ° is normally expressed in
decibels (0°qg= 10 log 0 °linear). Backscattering sig-
natures consisting of ¢° at CHH, CHV, LHH, and
LHV were extracted for rectangular polygons from
Magela floodplain, using the video record as a basis
for polygon location. For the April scene, the entire
floodplain was inundated except for a few small is-
lands. Floodplain polygons were initially grouped into
flooded Melaleuca forest/woodland, aquatic macro-
phyte, and open water classes. For the Melaleuca and
macrophyte classes, appearance of the polygons on
CHH/LHH/CHV and CHH/LHH/LHV color compos-
ites, scatterplots of polygon medians for combinations
of CHH, CHV, LHH, and LHYV, and probability dens-
ity functions of individual and grouped polygons were
used to distinguish subclasses, which were cross-
referenced with mapped plant communities and with
notes on community types from the video survey. In
comparing April and October signatures, a mission-



Figure 2. Color composites of Alligator River segment of SIR-C swath imaged during wet season, April 1994 (left) and dry season, October
1994 (right). CHH displayed as red, LHH as green, LHV as blue.

to-mission uncertainty of 2.2 dB for C-band and 1.3
dB for L-band was assumed, and differences lower
than that were not considered significant. These val-
ues were based on estimates by Freeman et al. (1995)
of pass-to-pass calibration uncertainties for the two
missions, using the maximum value for both bands.
Using classes and subclasses as response variables
and ¢° values at the four SIR-C band and polariz-
ation combinations as predictor variables, classifica-
tion rules were generated by a decision-tree model
(Clark & Pregibon, 1992), and a rules-based classi-
fication was performed for the floodplain area. Be-
cause of the heterogeneity of the macrophyte and
Melaleuca classes and the relatively large pixel size
of the April SIR-C data, independent test and train-
ing polygons could not be identified for some sub-
classes. Each polygon was therefore divided by ran-
dom sampling into separate training and test pixel
sets; training pixels were used to generate decision
rules, and test pixels were used in tree pruning (de-

scribed below) and to evaluate classification accuracy.
Training and test pixels were selected in a similar
fashion for the October scene, with the addition of un-
flooded forest/woodland, unflooded macrophyte, and
bare ground to the initial floodplain classes.

A pruning strategy was used to determine final tree
size. A tree with a large number of terminal nodes N
was derived from the training dataset, then nodes were
successively pruned back to produce a set of trees with
number of nodes n equal to 1, 2, 3, ... N . The test
dataset was then classified using each of these trees,
and the residual deviance (a measure of node hetero-
geneity) was plotted as a function of n; pure nodes,
containing a single response variable, have deviance
equal to zero. The deviance vs. number of nodes curve
is typically reverse J-shaped, as deviance drops rap-
idly with the first several nodes, then more gradually,
finally reaching a minimum and then increasing again
as more nodes are added. The smallest n correspond-
ing to the minimum deviance value was selected as



Table 1. SIR-C data parameters

Space Radar Lab I
Shuttle Mission STS-59

Space Radar Lab I
Shuttle Mission STS-68

Swath number

117.6

117.52

Date 14 April 1994 6 October 1994

Wavelengths 5.7 cm (C-band), 5.7 em (C-band),
24.0 cm (L-band) 24.0 cm (L-band)

Polarizations™ HH, HV HH, HV

Center latitude, longitude  12.58° S, 132.84° W 12.56° S, 132.84° W

Incident angle range 36.7°-47.1° 35.5°41.8°

Nominal resolution 50 m 25m

*HH: horizontal send/receive; HV: horizontal send, vertical receive.

the optimal tree size from which to derive classific-
ation rules. Larger trees than this are overfit to the
training data, as indicated by the rise in deviance at
larger n, and result in higher misclassification rates
when applied to test data.

A comprehensive characterization of backscatter-
ing response was not attempted for areas of the Magela
subscene other than Magela floodplain, such as sur-
rounding lowlands, escarpment, and portions of the
East Alligator floodplain, because these areas were
not surveyed at the time of the SIR-C acquisitions.
For the same reason, the non-floodplain portions of
the subscene were not classified. In order to estimate
how well floodplain cover types could be discrimin-
ated from lowland, lowland eucalypt woodland and
open areas overflown in the course of surveying the
floodplain were located. Backscattering returns were
evaluated as for the floodplain polygons, and the train-
ing pixels were input to the decision-tree model along
with the floodplain samples. In addition, points of
interest noted on color composites are discussed for
the non-floodplain Magela subscene, and for the full
Alligator River scene.

Results

Backscattering signatures: April

Flooded Melaleuca woodland and forest patches iden-
tifiable on the April video were in nearly all cases
easily recognizable on the April SIR-C image. The
exceptions were single trees, clumps of 2-3 trees, and
larger clumps when mixed with Nelumbo. Because
Nelumbo has a high L-band return, it was difficult to
precisely locate tree clumps amongst Nelumbo on the

SAR image. The flooded Melaleuca polygons were
grouped into four types based on viewing color com-
posites and scatterplots of polygon medians for com-
binations of CHH, CHV, LHH, and LHV. Variations
in response between the types were most obvious on
the CHV/LHH/LHYV color composite. Figure 3 gives
probability density functions for each Melaleuca type.
The types are distinguishable by differences in CHV
and LHV scattering, with little differentiation at LHH
and none at CHH. There is a clear break between the
high-LHYV types (1 and 3) and low-LHV types (2 and
4) at 0°7 gy of about —17 dB. The differences in me-
dian 0° gy are large, with a maximum difference of
7.2 dB between types 3 and 4, and a minimum of 5.6
dB between types 2 and 3 (Table 2). The difference
stated is in terms of decibels, equivalent to the ratio in
linear scale. The groups split differently at CHV: CHV
returns are higher than —12.5 dB for types 1 and 2, and
lower for types 3 and 4.

Type 1 tended to occur in large, relatively uniform
patches (Fig. 4a). Canopy cover (visually estimated
from the video) ranged from about 50 to 100%, with
cover greater than 70% for most stands. Defoliation
was minimal in these stands. The more open type
1 stands tend to have lower LHH returns. Finlayson
et al. (1989) give a canopy cover range of 10-70%
for Melaleuca open forest and woodland, on Magela
floodplain. The visual estimate in this study of 100%
canopy cover for the most dense stands may have been
biased by the oblique viewpoint of the video.

Type 3 occurred mostly in conjunction with type
1, but in small patches. No large, uniform areas of
this type were captured on the video. It differs from
type 1 only in having lower CHV returns, but it could
not be determined whether this was related to a spe-
cies difference, to structural variation within a species
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Figure 3. Probability density functions for sub-types of Melaleuca forest and woodland (upper), and flooded aquatic macrophyte (lower) at
four SAR band-polarization combinations, April image.
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Table 2. Median o° (dB) for vegetation classes

Class CHH CHV LHH LHV Description

April
Water —-27.8 —234 —-29.0 —36.2 Open water (East Alligator River)
Bare —11.0 —179 —182 —27.7 Non-flooded lowland, bare or with sparse or senescent grass
Macro-1 —17.8 —227 —25.5 —34.0 Equal mix open water and flooded short/sparse macrophyte (low CHH)
Macro-2 —10.7 =179 =209 —29.5 Flooded short/sparse macrophyte with some open water (medium CHH)
Macro-3 —5.1 —16.8 —224 303 Flooded short/sparse macrophyte (high CHH)
Macro-4 -9.8 —~10.6 —16.7 —22.4 Flooded medium to high biomass macrophyte (medium CHH, high CHV)

(Fig. 4d)

Macro-5 —4.2 —103 —145 —22.7 Flooded medium to high biomass macrophyte (high CHH & CHV)
Macro-6 -3.0 —-112 —88 —14.5  Flooded Nelumbo nucifera (high CHH, CHV, LHH, & LHV) (Fig. 4c)
‘Woodland, -9.2 —140 —11.0 —18.1 Non-flooded lowland Eucalypt woodland (Fig. 4d, top and bottom)
non-flooded
Flooded —5.5 —-106 55 —14.6  Flooded Melaleuca forest and woodland (high CHV, high LHV)
Melaleuca-1 (Fig. 4a)
Flooded —4.7 -9.38 —8.2 —20.2  Flooded Melaleuca open and very open woodland (high CHV, low LHV)
Melaleuca-2 (Fig. 4b)
Flooded =51 —-142 —-49 —13.8  Flooded Melaleuca forest and woodland (low CHYV, hi LHV)
Melaleuca-3
Flooded —6.4 -157 =72 —21.0  Flooded Melaleuca open and very open woodland (low CHV, low LHV)
Melaleuca-4

October
Water —-289 —23.7 305 —35.6 Open water: billabongs and East Alligator River
Bare —13.4 —195 —20.3 —31.8  Non-flooded lowland & floodplain, bare or with sparse or senescent grass
Macro-4 —-123  -98 —14.1 —18.0  Flooded medium to high biomass macrophyte, incl. senescent (high CHV)
Macro-5 =5.1 —12.0 —159 -25.0 Flooded medium to high biomass macrophyte (high CHH, medium CHV)
Macro-6 —4.4 —123 —10.0 —-20.1 Flooded Nelumbo nucifera (high CHH & LHH)
Woodland, -9.7 —134 —12.1 —184 Non-flooded lowland Eucalypt woodland & floodplain Melaleuca
Non-flooded forest/woodland
Flooded —5.8 —-11.3 54 —15.2  Flooded Melaleuca forest, woodland, and very open woodland
Melaleuca

due to different environmental conditions or age, or to
random canopy variability. Types 2 and 4 (the low-
LHYV types) also tended to occur in small patches
or scattered pixels, making it difficult to relate the
groups to stand characteristics seen in the video. How-
ever, in almost all cases these types corresponded to
shorter, more widely spaced trees with smaller crowns
(Fig. 4b) than types 1 or 3. The lower canopy cover
is consistent with the low LHV returns for these two
types, since volume scattering from branches is the
source of LHV scattering. Stands at the low end of the
10-70% range cited by Finlayson et al. (1989) would
be included in these types. Of the two types, type
4 has the lower density, often corresponding to very
widely spaced trees; there is little canopy interception,

and double-bounce HH returns from trunks dominate
the signal. The most extensive areas of Type 4 were
in back-plain swamps, where trees are defoliated and
many are dead (Devonport 1993). The open stands in
the deeper parts of the back-plain swamps have low
CHV and LHV (type 4), while the denser stands at
the border have high LHV and variable CHV (types
1 and 3). Defoliation does not appear to significantly
alter the signature of these stands compared with fully
foliated stands.

The correspondence between relatively homogen-
eous patches visible on the survey video and patterns
on the SAR image was less consistent for aquatic mac-
rophytes than for Melaleuca woodland. Some image
patterns clearly corresponded with the video while
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others did not. The spatial patterns of the numerous
macrophyte communities are complex, and vary at
scales on the order of a few to a few hundred meters.
The 50 m resolution of the April scene is too coarse to
capture all of this variation, and patterns on the SAR in
some cases correspond to average returns from two or
more patches that are visually distinctive on the video.
In addition, some of the macrophyte communities had
low biomass at the time of the April acquisition, and
appeared similar to open water on the SAR image.
Probability density functions for six macrophyte
types are given in Figure 3. The range in median o ° for
the six types is 12 dB or more at all four combinations.
The types fall into well-separated groups having low
biomass (types 1, 2, and 3) and high biomass (types 4
and 5), at both CHV (low biomass returns are < —14
dB) and LHV (low biomass returns are < —26 dB).
No biomass measurements were taken at the time of
the flight, and the term is used here to qualitatively
describe differences that were apparent on the video,
related to a combination of percent canopy cover and
canopy height, and that normally are correlated with
biomass. The low-biomass types are three segments
of a continuum of a mixture of short and/or sparse
macrophyte cover with open water: type 1 is a mosaic
of patches of water and sparse/short macrophyte, and

: d - i & P '. oy -
Figure 4. Video images obtained during April 1994 aerial survey of Magela floodplain: (a) high-density flooded Melaleuca forest and wood-

land, lower basin; (b) lower-density Melaleuca woodland, Mudginberri corridor; (c) Nelumbo nucifera, Magela Plain; (d) macrophyte type 4,
back-plain swamp.
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appears black on the CHH/LHH/CHYV color compos-
ite; type 3 is a mostly continuous cover of sparse/short
macrophyte appearing bright red on the color com-
posite, and type 2 is intermediate. The three types
are most clearly separable at CHH, the band most
sensitive to herbaceous stem density and height for
low-biomass stands: median CHH returns for types 1,
2, and 3 were —17.8 dB, —10.5 dB, and —5.1 dB.
Type 6, consisting of homogeneous areas of Ne-
lumbo nucifera, was easily recognizable on the video
by its distinctive bluish-green cast (Fig. 4c). It is
clearly distinguishable from the other macrophyte
types by its LHV scattering (median —14.2 dB), quite
high for non-woody vegetation. Median LHV returns
for the other high-biomass types are —22.5 dB. LHH
returns are also higher than for the other macrophyte
types, with a 5.7 dB difference in median c°; gy
between macrophyte types 5 and 6. The high L-band
returns can be explained by Nelumbo’s unusual struc-
ture. The large round leaves (up to 50 cm in diameter)
can be somewhat cup-shaped, and may be oriented
horizontally or at an angle, with petioles up to 2 m
tall; these are the likely source of the strong LHV
scattering. LHH returns are probably primarily from
vertically oriented pedicels, which can exceed petioles
in length (Cook, 1996). The high water content of
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both stalks and leaves further enhances returns. The
probability density functions for macrophyte type 6
are derived from Nelumbo sites that can be seen on
the video to be free of trees, but in other parts of the
floodplain Nelumbo occurs as understory with widely
spaced Melaleuca.

The other two high-biomass macrophyte groups,
types 4 and 5, appear blue and magenta, respectively,
on the CHH/LHH/CHYV image (Fig. 2). The two types
are nearly identical at CHV and LHV (Fig. 3), but me-
dian ¢ for type 4 is 5.6 dB lower at CHH, and 2.2 dB
lower at LHH. It is not clear from the video what is
causing the differences between types 4 and 5 in HH
(but not HV) returns.

All macrophyte types were largely green in April,
and senescence was limited mostly to thin borders
at the perimeters of patches, not large enough to be
treated separately in the analysis. A few larger senes-
cent areas were noted. In Figure 4c, the brownish band
between the Nelumbo patch and the lowland, which
resembles bare ground, can be seen on the continuous
video to be flooded, with apparently senescent vegeta-
tion. The backscattering signatures for these few small
areas are nearly identical to that for type 3.

Areas of open water on the East Alligator River
were used to represent the open water class. Backscat-
tering response for the Alligator River differed from
that for billabongs, especially at CHH and LHV. The
billabongs are seen in the video to be largely clear of
plant cover, and the few macrophyte patches on bil-
labongs were avoided in polygon selection. The high
returns from most pixels in the billabongs (similar
to low-biomass macrophyte, but with higher 6°;y g
and 0°pyy returns) is probably due to mixed pixel
effects caused by the low resolution of the SAR re-
lative to the width of the billabongs, most of which
are oriented nearly perpendicular to the SIR-C look
direction. Strong returns from double-bounce interac-
tions between open water and vegetation at the edge
of the billabongs, when averaged with low open water
returns, result in edge pixels of intermediate values.

Backscattering characteristics of lowland eucalypt
woodland polygons and bare ground polygons were
examined to detect possible sub-classes. Variability in
the eucalypt woodland, mainly related to stem dens-
ity differences, was apparent on the color composites
(Fig. 2). Probability density functions of potential
sub-classes overlapped at all band/polarization com-
binations, however, so all polygons were combined
into a single nonflooded woodland class. Bare ground
polygons included unflooded areas with sparse or sen-

escent grass as well as bare soil areas. No open areas
off the floodplain appeared in the video to have sub-
stantial green grass cover, although some green areas
could be seen in woodland gaps. All lowland euca-
lypt woodland areas viewed in the video had low stand
densities, and none were flooded.

Probability density functions for the bare ground
and lowland woodland classes are plotted with those
of the floodplain classes in Figure 5. The spread
in the functions shows the degree of within-class
heterogeneity. The floodplain subtypes plotted sep-
arately in Figure 3 are combined here, resulting in
polymodal curves in several cases. Woodland and
flooded Melaleuca both have narrow, unimodal re-
sponses at CHH and LHH, but show greater variability
at CHV and LHV; they overlap almost completely
at HV, and are differentiable only at HH. The curve
for flooded macrophytes is polymodal with a large
range at every band. The low-biomass macrophytes
overlap the bare ground class, while the macrophytes
with higher biomass overlap the woodland and flooded
Melaleuca classes. LHH is the only band at which
macrophytes and flooded Melaleuca can be separated
(except for Nelumbo, which has a similar distribution
to Melaleuca). At CHH, all classes other than water
overlap to a significant extent. Median o ° is higher for
flooded than nonflooded woodland for all four types
of flooded woodland at CHH and LHH, but flooded
woodland types 2, 3, and 4 have lower o°cpy or
oLy than nonflooded woodland. The differences in
median o ° between flooded and nonflooded woodland
for types 1-4 range from 2.8 to 4.5 dB at CHH, and
2.8t0 6.1 dB at LHH.

Backscattering signatures: October

Nonflooded areas of the floodplain were difficult to
distinguish from flooded areas on the October video
except for sites where water was obvious in open-
ings in the macrophyte or tree cover. Sun glint was
much less apparent than on the April video, owing to
hazy conditions or unfavorable sun angle. Some of the
smaller open water areas had a high sediment content,
closely resembling bare soil or senescent macrophyte
in appearance on the video. Since few Melaleuca
stands other than those at the floodplain/lowland in-
terface could definitely be identified as nonflooded,
training data for nonflooded forest and woodland were
taken both from Melaleuca stands at floodplain bor-
ders, where the area to the floodplain side of the stand
could be seen to be dry, and from adjacent lowland eu-
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Figure 5. Probability density functions for categories used in cover-state classification, April image.

calypt stands. The nonflooded woodland class is thus
a mixture of lowland and floodplain woodlands.

The maximum decrease from April to October in
median o°yy for an individual stand was 5.8 dB at
CHH and 6.4 dB at LHH; cross-polarized differences
were smaller (2.3 and 2.8 dB decreases at CHV and
LHYV). For other stands, October median o °cyy was
2.3 dB lower than in April, and differences at the
other band and polarization combinations were within
the mission-to-mission calibration uncertainties. Some
Melaleuca stands that remained flooded in October
had higher returns in October than April. For stands
near the centerline of back-plain swamps, o°cyu was
unchanged, but ¢° increased by 2.5, 1.6, and 3.7 dB
at CHV, LHH, and LHYV, respectively. This change
is consistent with a decrease in water level, exposing
more of the tree trunk and/or lower crown. Increased
returns from flooded Melaleuca could be seen in other
parts of the floodplain as well, mainly in backswamps.

Green macrophyte areas were largely limited in
October to creek channels, billabong fringes, and
backplain swamps. Some senescent macrophyte areas
remained flooded; these were included in the flooded
macrophyte class. Non-flooded senescent macro-
phytes were included in the bare class, along with
lowland open ground. The April flooded macrophyte

types with the lowest biomass (types 1 and 2) were
senescent in October and no longer flooded. Besides
these areas, which correspond mostly to Pseudoraphis
grassland, other floodplain areas included in the bare
class included burn scars. These were often at flood-
plain margins, extending from lowland woodland or
open areas to the edge of areas that remained flooded.

Macrophyte areas with signatures similar to the
April types 4, 5, and 6 remained in October, as
did small groups of pixels similar to type 3. These
small groups were combined into the October type
5 class, resulting in three flooded macrophyte types
for October. All three macrophyte types occurred in
smaller-sized patches than in April. Median o ° values
for type 5 in October are very close to the average for
type 3 and 5 in April (Table 2). There are signific-
ant differences between April and October for types
4 and 6, however. For type 6 (Nelumbo nucifera),
median ¢° gy dropped by 5.6 dB in October, while
differences in returns at the other bands/polarizations
are within the calibration uncertainty. The decrease
in 0°,uy, but not in ¢°Lyn, suggests that vertical
elements of the N. nucifera canopy, such as pedicels,
were present in both April and October, whereas ele-
ments oriented at an angle (leaf blades and petioles)
were present in April but not October.
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The trend in o °Luy for type 4 was opposite to that
of type 6: median LHYV returns increased by 4.4 dB
between April and October (Table 2), and individual
stands had much larger increases. A patch near the
center of the same type 4 area shown in Figure 4c had
an increase in median ¢°p gy of 8.2 dB, to —16.4 dB.
This high o °Lyv is remarkable since the macrophyte
cover appears on the video to be nearly uniformly
senescent. One explanation for the high LHV returns
would be that senescent leaves (seen on the video)
formed a mat over green grass or sedge culms. Hymen-
achne acutigluma and Eleocharis dulcis, components
of the Hymenachne-Eleocharis community associated
with type 4, both have culms 1 m or more in length;
H. acutigluma culms are described by Cook (1996)
as floating, creeping, or ascending, and often softly
spongy (aerenchyma-filled) rather than hollow, which
would increase SAR reflectivity.

For the woodland class, differences between April
and October were well within the calibration uncer-
tainty at both bands and polarizations. The same is true
for water, except that o°; gy decreased in October by
1.5 dB, slightly more than the L-band calibration un-
certainty. For the bare class, however, o° decreased at
all four combinations; the largest difference was —4.1
dB at LHV.

Image classification

The overall misclassification rates for test pixels were
9.4% in April and 6.2% in October; Table 3 shows
errors by class. The principal sources of error for
the wet-season classification were (1) the similarity in
backscattering between bare ground and low-biomass
macrophyte, causing 9.5% of bare ground pixels to be
labeled as macrophyte; (2) misclassification of 7.3%
of bare ground as non-flooded woodland, resulting
from several pixels with anomalously high LHV re-
turns in the test pixel set; (3) misclassification of
13.9% of nonflooded woodland as macrophyte — these
appeared to correspond to more open areas within
the woodland, with lower woody biomass; and (4)
misclassification of flooded woodland as macrophyte
(7.7%), owing to similarity of backscattering response
between Nelumbo and flooded Melaleuca.
Misclassification of bare pixels as macrophyte or
woodland was lower in October. The absence of short
or sparse macrophyte stands improved the separab-
ility of the bare and macrophyte classes; lower soil
moisture and increased grass senescence improved the
separability of the bare and woodland classes. The

number of macrophyte pixels misclassified as non-
flooded woodland increased by about 7% in October.
This error can be attributed mostly to increased o °LHH
and o° gy for macrophyte type 4, which decreased
its separability from woodland; also, type 4 accounted
for a larger percentage of the overall macrophyte class
since the low-biomass macrophyte types did not occur
in October. The number of flooded Melaleuca pixels
misclassified as macrophyte decreased from 7.7% in
April to 0% in October. This improvement occurred
because o° yu and o°Lpy decreased in October for
Nelumbo, increasing its separability from Melaleuca.

The classified, masked floodplain images for April
and October are shown in Figure 6 with the vegeta-
tion map for comparison. On the April image, flooded
Melaleuca areas (white on the classified scene) cor-
respond well to the mapped areas of Melaleuca open
forest and woodland. Most areas mapped as Melaleuca
open woodland, including cross-hatched areas on the
map, appear on the classified image as a speckled
mixture of Melaleuca and macrophyte, as opposed to
the more solid patches of pixels corresponding to the
Melaleuca open forest and woodland areas. The only
mapped Melaleuca polygons not well matched in the
classification are an open forest and woodland area
opposite Leichhardt Billabong and an open woodland
area at the mouth of a back-plain swamp north of Nan-
keen Billabong; both of these were classified as mac-
rophyte, with few or no Melaleuca pixels interspersed.
These discrepancies may result from the SIR-C resol-
ution being too coarse for very widely spaced trees to
dominate backscattering from the pixels in which they
are situated. The other discrepancy between classified
and mapped Melaleuca is that many pixels classified
as macrophyte type 6 (Nelumbo) occur in mapped
Melaleuca locations. These pixels are not apparent
in Figure 6 since they occur in small patches. The
error is to be expected, based on the similarity in
backscattering between the two classes.

In the case of Melaleuca, vegetation community
(the mapped feature) translates directly to vegetation
structure (the feature that was sensed by the SAR
and then classified), because Melaleuca is the only
major woody community present on the floodplain.
Furthermore, barring unusual events the location of
the Melaleuca stands is stable over a time scale of
decades. For macrophytes, however, community dif-
ferences may or may not translate to structural dif-
ferences: the relationship between structure and com-
munity changes, depending on phenologic stage, as
does the spatial extent of some communities. Never-
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Table 3. Contingency tables for classified images (percent)

Water Bare  Macrophyte ~ Woodland, Woodland
non-flooded  flooded
April
Water 98.0 0 2.0 0 0
Bare 0 83.2 9.5 73 0
Macrophyte 0.4 0 96.7 0 29
Woodland, non-fl. 0 0.1 13.9 833 2.7
Woodland, fl. 0 0 7.7 4.8 87.5
October
Water 95.4 4.6 0 0 0
Bare 2.0 93.7 4.3 0 0
Macrophyte 0 1.3 877 73 3.6
Woodland, non-fl. 0 0 14.7 83.0 2.3
Woodland, fl. 0 0 0 2.0 98.0

theless, macrophyte types classified in the April scene
do appear in many cases to be coincident with mapped
communities.

In general, the low-biomass types (1, 2, and
3) corresponded to areas mapped as Pseudoraphis
grassland, and the non- Nelumbo high-biomass types
(4 and 5) corresponded to the other grassland and
sedgeland types. Macrophyte type 1 occurred almost
exclusively in Pseudoraphis map units on the west-
ern side of the upper basin. Macrophyte type 2 oc-
curred throughout the Pseudoraphis areas of the upper
basin, and also in back-plain swamp areas mapped as
Hymenachne grassland and Nelumbo swamp. There
are no distinct patches of macrophyte type 3, only
small groups of pixels scattered throughout macro-
phyte areas. Although macrophyte type 3 does not
seem to be a distinct class on the Magela flood-
plain, it occurs in large homogeneous patches on the
East Alligator floodplain. Uniform patches of macro-
phyte type 4 pixels on the classified image correspond
closely to areas mapped as Hymenachne-Eleocharis
swamp, and macrophyte type 6 patches occurred in
areas mapped as Nelumbo, mostly on the Magela
Plain. However, a few areas mapped as Hymenachne-
Eleocharis swamp, and many of the areas mapped
as Nelumbo, were classified as a mixture of macro-
phyte types 4 and 5. The other grassland and sedgeland
communities mapped (Oryza grassland, Hymenachne
grassland, mixed grassland/sedgeland, and Eleocharis
sedgeland) also were classified mainly as macrophyte
types 4 or 5.

Thirty-seven percent of masked floodplain was
classified in April as flooded Melaleuca; this com-
pares with the figure of 40% given by Finlayson et al.
(1989). Only 0.02% of the floodplain was classified as
water. This is partly because of the problem of mixed
pixels along the borders of billabongs, but even with
these pixels included, the open water area would be
less than 1%. All mapped macrophyte communities
were represented in more than one macrophyte type
in the classification, so areas covered by individual
macrophyte communities could not be compared with
classified macrophyte types.

In October, flooded Melaleuca is restricted mainly
to backswamps, the lower basin, and the Mudgin-
berri Corridor (Fig. 6). Melaleuca stands along the
floodplain border are mostly dry. Most of the flooded
macrophyte areas are in backswamps, particularly
the Magela Plain and the backswamps to the north
of it. Most of these areas are mapped as Nelumbo
swamp, Hymenachne-Eleocharis swamp, or Hymen-
achne grassland on the vegetation map. Areas mapped
as Pseudoraphis are largely dry, and Oryza and mixed
grassland/sedgeland areas are a mixture of flooded
and dry. The area of open water on the floodplain
increased, as the emergent macrophytes that covered
some of the more permanently flooded channels and
backswamps in April had senesced and were no longer
emergent in October. The proportion of Melaleuca
woodland that was flooded decreased from 100% in
April to 20% in October.

The low misclassification rates for test data and the
correspondence of vegetation patterns on the classi-
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W Melaleuca open forest and woodland
Melaleuca open woodland

M Nelumbo swamp
Oryza grassland

M Hymenachne grassland
Pseudoraphis grassland
Hymenachne-Eleocharis swamp
Mixed grassland-sedgeland

B Eleocharis sedgeland

W Open water
B Flooded high-biomass macrophyte
Flooded low-biomass macrophyte
O Flooded Melaleuca open forest and woodland
B Nonflooded Melaleuca open forest and woodland
M Dry soil, bare or with senescent grass
B Nonwetland

Figure 6. Left to right: vegetation map of Magela floodplain (Finlayson et al., 1989); classified SIR-C image, wet season, April 1994: classified

SIR-C image, dry season, October 1994.

fied images and vegetation map indicate the suitability
of multi-frequency SAR data for detecting flooding,
phenologic state, and in some cases plant community
for Magela floodplain. The similarity of Magela flood-
plain to the other imaged portions of the East and
South Alligator systems suggests that these results can
be extended to other floodplain sites in the Kakadu
region as well.

Multitemporal color composite

An alternative way of extracting information on the
dynamics of vegetation and flooding is to treat the

two dates as a combined dataset rather than classi-
fying them separately. This approach was not taken
because of uncertainty introduced by the difference in
resolution between the two dates. However, the strik-
ing patterns evident on a two-date color composite
of the Magela scene (Fig. 7) indicate that multitem-
poral SAR data provides a wealth of information for
both floodplain and lowlands. In this color composite,
0 °CHV,Oct — 0 °CHV. Apr is displayed as red, 0 °LHH,Oct
— 0°LHH,Apr as green, and 0°LHV,0ct — O°LHV.Apr
as blue. Pseudoraphis grassland, which was in an
early emergent state in April, is conspicuous as bright



white areas in the Magela upper basin. Blue and
bluish-white areas, which had higher returns in Oc-
tober, particularly at LHV, correspond very well to
Hymenachne-Eleocharis swamp, Hymenachne grass-
land, and Eleocharis swamp, and to some areas of
mixed grassland/sedgeland. Areas similar to this can
be seen in backswamps of the East Alligator River
at the upper right. Oryza areas in the lower basin
and backswamps appear dark green, indicating higher
o°Lyn in October. Nelumbo-dominated areas on the
Magela Plain appear reddish green. The channel of
Magela Creek is more conspicuous on this image than
at either of the single dates: the wider parts of the
channel in the lower basin are dark (open water in
October), and the channel banks are bordered with
grassland/sedgeland. A band of dark red traces the
floodplain borders, corresponding to woodland areas
that changed from flooded to nonflooded status. The
same signature extends into the lowlands, clearly de-
lineating lowland drainageways that feed onto the
floodplain. For some backswamps, inundated wood-
land extended well beyond the floodplain boundary in
April. The signature of the extensive dark regions on
the East Alligator floodplain is not found on Magela
floodplain. Some of these areas are bright on the April
scene, with a signature resembling non-flooded wood-
land, but the dark appearance in October makes it
likely that this vegetation is herbaceous rather than
woody.

Conclusions

This study assessed the usefulness of multifrequency
SAR for monitoring flooding and vegetation on sea-
sonally inundated floodplains in Australia. Because
oblique aerial surveys rather than ground sampling or
vertical aerial photography were used for field verifi-
cation, quantitative relationships between stand struc-
tural parameters and radar backscattering could not be
evaluated. However, general vegetation structure and
flooding state were documented for a large area with
a wide variety of vegetation types, making it possible
to describe the range in 0° to be expected for both
woody and herbaceous vegetation, in dense or open
stands, and in flooded or nonflooded states. Although
many questions remain, these results strongly indicate
the usefulness of multifrequency SAR in the follow-
ing areas: (1) Mapping of woody and herbaceous
vegetation in flooded and nonflooded states. For the
October scene, where all five vegetative/hydrologic
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classes were present on the floodplain, classification
accuracies were greater than 83% for all classes. Cor-
respondence between areas classified as Melaleuca
with mapped areas of Melaleuca on the vegetation
map support the accuracy of the woody/herbaceous
classification. Flooded herbaceous and woody veget-
ation were well separated at LHH: with the exception
of Nelumbo nucifera, median o °ryy for macrophytes
was at least 6 dB lower than for Melaleuca on both
dates. The difference in median o °; gy between non-
flooded woodland and the various flooded Melaleuca
classes ranged from 2.8 to 6.7 dB, and the difference
for all Melaleuca classes considered together was 4.6
dB in April and 6.7 dB in October. These large dif-
ferences, consistent under both late wet and late dry
season conditions, indicate that mapping of vegeta-
tive/hydrologic classes can be accomplished with high
accuracy using multifrequency SAR. (2) Discriminat-
ing among aquatic macrophyte communities. While
further study is required to quantify the relationship
between macrophytes subtypes and structural or flor-
istic measures of interest, in several cases there is
a strong correspondence of macrophyte types with
mapped communities: type 6 with Nelumbo nuci-
fera, types 1-3 with Pseudoraphis grassland, and type
4 with Hymenachne-Eleocharis swamp. The corres-
pondence between classified and mapped communi-
ties results from differences in canopy structure related
both to phenologic state and to species morphology.
Pseudoraphis grasslands are distinctive because they
are in an early emergent state in April, with a shorter
and sparser canopy relative to the other communities.
Nelumbo is distinctive because of its large stalks and
leaves (lower accuracy rates for Nelumbo result from
confusion with Melaleuca, not with other macrophyte
types). For Hymenachne-Eleocharis swamp, o°chy is
higher relative to o °cyy compared with other macro-
phyte types, in both April and October; this difference
is probably related to stem orientation. (3) Monitor-
ing phenologic change in macrophyte communities.
Several communities exhibited marked differences in
SAR response between April and October. Median
backscattering from Pseudoraphis grasslands south of
Leichhardt Billabong increased by 7.4, 9.2, 11.1, and
7.3 dB at CHH, CHV, LHH and LHYV; for a typical
Hymenachne-Eleocharis swamp, CHH returns were
unchanged between April and October, while CHV
returns decreased by 2.6 dB, and LHH and LHV re-
turns increased by 8.1 and 7.7 dB; and for an area
of Oryza grassland near the East Alligator floodplain,
o° decreased by 5.7, 7.2, and 3.7 dB at CHH, CHYV,
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Figure 7. Dual-season color composite, Alligator River SIR-C scene. CHV g — CHV Apr displayed as red, LHHp, — LHH Apr displayed as
green, LHV e — LHV pp; displayed as blue.



and LHV but increased by 2.1 dB at LHH. In general,
multi-temporal variability between macrophyte com-
munities was higher at C-band than at L-band. The
exception was Nelumbo, for which median o °Lgv was
5.6 dB lower in October. The change for Pseudoraphis
results from increased height and canopy cover. Based
on the appearance of the other communities on the
video, the changes seem to be related mainly to sen-
escence, which causes differences in stem and stalk
angles, and affects the balance of canopy attenuation
by leaves and reflections from stems and stalks.

From the above results for mapping wetland com-
munities, inundation state, and phenology at Magela
Creek, we conclude that SAR remote sensing may
be used for a variety of ecological and hydrologic
applications in subcoastal floodplain environments of
northern Australia. Because of the variability in stand
structure, phenology, and inundation state in these
wetland plant communities, best results would be ob-
tained by using a configuration similar to SIR-C mode
11, i.e. C- and L-band, dual-polarization. Currently,
dual-polarized C-band data can be obtained with the
Envisat ASAR, but there are no L-band SAR satellites.
After the planned launch of NASDA’s ALOS satel-
lite in 2004, dual-frequency, dual-polarization data
sets should be obtainable by combining ASAR with
dual-polarization data from the ALOS PALSAR. The
seasonal variation in backscattering for the Magela
floodplain communities suggests that using multitem-
poral data, it will be possible to discriminate among
communities that cannot reliably be distinguished us-
ing a single date.
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Abstract

Fish predation was tested as a factor mediating the coexistence of Daphnia taxa in the shallow, hypertrophic Lake
Blankaart. Naturally co-occurring populations of D. galeata and the hybrid D. galeata x cucullata were subjected
to different levels of fish predation in in situ enclosures. In control enclosures without fish, the largest taxon D.
galeata rapidly became dominant over the intermediate sized D. galeata x cucullata, mainly as a result of higher
birth rates. In enclosures with fish, population densities of D. galeata dropped relative to D. galeata x cucullata,
due to higher mortality rates. These results are in concordance with the ‘temporal hybrid superiority hypothesis’,
and can be explained by a higher vulnerability of the large and more conspicuous D. galeata to the size selective
predation exerted by visually hunting planktivorous fishes. After approximately one month, however, population
growth rates of D. galeata and D. galeata x cucullata in the enclosures with fish converged, due to a relative
reduction in the mortality rate of D. galeata. This suggests that, in the presence of fish, D. galeata may co-exist
with hybrids due to a decrease in its relative vulnerability to visual predation with time. Indeed, both D. galeata and
the hybrid showed strong reductions in adult body size in the enclosures with fish, but this size reduction tended to
be stronger in D. galeata than in D. galeata x cucullata. In addition, turbidity increased in the enclosures with fish
and may additionally have reduced the relative advantage of D. galeata x cucullata with regard to mortality caused
by visual predation.

Introduction plained by an interaction between selection conditions

and taxon specific characteristics (‘bounded hybrid

Hybrid zones can be defined as regions in which ge-
netically distinct populations meet, mate and produce
hybrids (Barton & Hewitt, 1985). Hybrid zones are
most often envisaged as ‘tension zones’, where hybrid
zones are maintained by a balance between dispersion
and recurrent hybridisation on one hand and endogen-
ous selection against the less fit hybrids on the other
hand (Barton & Hewitt, 1985, 1989; Bierne et al.,
2002). In some species complexes and under certain
conditions, however, fitness of hybrids is believed to
be equal to or higher than in the parental species. In
such cases, the occurrence of hybrid zones is best ex-

superiority’; Moore & Koenig, 1986; Good et al.,
2000). It may be expected that hybrid superiority is
more easily accomplished in cyclic parthenogenetic-
ally reproducing organisms, because they can estab-
lish clonal lineages which enable them to circumvent
problems associated with sexual reproduction (hybrid
breakdown).

In the cyclic parthenogenetically reproducing
genus Daphnia, hybrids are known to coexist with par-
ental species in many populations (Taylor & Hebert,
1992, 1993; Schwenk & Spaak, 1995). A survey by
Schwenk & Spaak (1995) has indicated that in the D.



84

galeata x cucullata species complex, at least 40% of
the populations contain hybrids, while this proportion
amounted to almost 80% in the D. galeata mend-
otae x rosea complex (Schwenk, 1997). There are
field data as well as laboratory experimental evidence
supporting the idea of hybrid superiority as an explan-
ation for hybrid maintenance in Daphnia populations.
Several Daphnia populations are temporally domin-
ated by hybrid taxa (Spaak & Hoekstra, 1995, 1997),
and some populations are even known to be almost
exclusively composed of hybrids (Taylor & Hebert,
1992, Spaak & Hoekstra, 1995). The temporal superi-
ority of hybrid clones suggests niche differentiation
between hybrids and parental species. Indeed, several
studies indicate ecological differences between hybrid
and parental taxa. Spatial segregation of hybrids and
parental taxa has been reported for several natural
populations (Miiller & Seitz, 1993; Taylor & Hebert,
1993). Hybrid taxa have also been shown to differ in
life history strategy from their parental species, with
most but not all life history traits being intermediate to
those of the parental species (Weider, 1993; Boersma
& Vijverberg, 1994a, Spaak & Hoekstra, 1995). Bo-
ersma & Vijverberg (1994a) compared life histories
of the taxa D. galeata, D. galeata x cucullata and D.
cucullata raised at different food levels. Their results
suggested a competitive inferiority of hybrids to D.
galeata under food limiting conditions, while the re-
lative performance of hybrids was highest at high food
levels.

Despite clear-cut differences for ecologically rel-
evant traits between parental species and hybrids of
Daphnia species complexes, it has proven difficult
to relate the relative success of hybrids in field pop-
ulations to environmental factors. In a field study
(Boersma & Vijverberg, 1994b), values of Standard
Carbon Content (SCC), a measure of animal con-
dition, were highly correlated between hybrid and
parental taxa. Boersma (1995) found negative cor-
relations between the fecundity of parental and hy-
brid taxa, suggesting the existence of ‘hemispecific
competition’ (i.e. competition of hybrids with their
parental species), but such competition seemed to
have only a limited effect on population dynamics.
A multivariate analysis of an extensive dataset on 31
lakes sampled during two different seasons yielded
associations between environmental variables and the
relative abundance of parental and hybrid taxa in the
D. galeata x cucullata complex (Schwenk, 1997), but
no causal relationships were apparent. The most con-
vincing mechanistic explanation for the superiority of

hybrids in natural populations was proposed by Spaak
& Hoekstra (1995, 1997). In a laboratory life table
experiment, Spaak & Hoekstra (1995) showed that the
hybrid D. galeata x cucullata may combine the high
reproductive output of the largest parental species, D.
galeata, with the small body size of D. cucullata. They
argued that such a life history strategy might be ad-
aptive under strong size selective fish predation. Fish
predation is positively size selective and shows large
seasonal fluctuations, and as such may explain the
temporal superiority of hybrids in a lake.

Spaak & Hoekstra (1995) obtained their results
under standardised laboratory conditions. Under nat-
ural field conditions, however, several factors such
as the presence of infochemicals, low food quality,
toxic algae or pesticides may have a differential im-
pact on the success of Daphnia taxa. Moreover, in the
life table experiments of Spaak & Hoekstra (1995),
Daphnia populations were not directly exposed to fish
predation, but their relative ability to cope with fish
predation was inferred from data on body size and re-
production. Yet, the hypothesis that fish predation may
determine the relative success of taxa within a Daph-
nia species complex was corroborated by the results
of a descriptive field study (Spaak & Hoekstra, 1997),
in which year-to-year variation in fish predation was
associated with changes in the relative abundance of
hybrids and their parental species.

In Lake Blankaart, the hybrid D. galeata x cuc-
ullata coexists with its larger parental taxon D.
galeata. The small D. cucullata is rarely observed in
the lake. In this study, we set out to investigate the
impact of fish predation on the coexistence of Daphnia
taxa in Lake Blankaart. More specifically, we wanted
to test the hypothesis that size selective fish preda-
tion is a major factor explaining temporal superiority
of Daphnia hybrids under natural conditions. In ad-
dition, we aimed to investigate to what extent, and
by which mechanisms, the parental taxon D. galeata
may coexist with hybrids under conditions that fa-
vour hybrids. With this in mind, we carried out an
enclosure experiment in which a natural zooplankton
community, containing D. galeata and the hybrid D.
galeata x cucullata, was exposed to three levels of fish
predation.



Materials and methods

Enclosure experiment

In the shallow, hypertrophic Lake Blankaart (Wou-
men, Belgium), six cylindrical enclosures, as de-
scribed by Van der Werf et al. (1987), were filled with
approximately 3 m> of unfiltered lake water during
early spring (28th of April, 1996, Day 0). On Day
9, Leuciscus idus with standard body length ranging
between 5.3 and 7.5 cm were randomly assigned to
four of the six enclosures. Two enclosures (‘MF1’ and
‘MF2’) were inoculated with two fishes each, while
two other enclosures (‘HF1’ and ‘HF2’) were inocu-
lated with six fishes each. The remaining enclosures
were kept fishless (‘NF1’ and ‘NF2’). Leuciscus idus
is a zooplanktivore that is not native to Lake Blankaart.
We chose to use this species because a previous at-
tempt to stock enclosures with fish from the lake had
failed due to high mortality. Rather than to test for
predation by a specific fish species, we assumed that
planktivory exerted by L. idus may serve as a general
model for size selective fish predation.

Starting on the second day, the zooplankton of
each enclosure was sampled using a Schindler-Patalas
plankton trap (volume: 12 1; mesh size: 65 um;
samples were taken in the central zone of each enclos-
ure). Two samples were taken at each of two depths
(0.4 m and 1 m), pooled and fixed with a 5% sucrose
formalin solution. Total chlorophyll-a was spectro-
photometrically determined. Water transparency was
measured by a Secchi-disk. During the first month, the
enclosures were sampled every four days. Sampling
was then reduced to once a week for one more month.

Dominant zooplankton groups (Daphnia, Bos-
mina, Chydorus and cyclopoid copepods) were coun-
ted in all samples. The size distribution of daphnids
was determined by measuring at least 30 individuals
from each sample. The calculation of zooplankton bio-
mass was based on individual body weights that were
estimated using published body length-dry weight re-
lationships (Botrell et al., 1976). In addition, samples
were screened for egg-bearing Daphnia. Egg-bearing
Daphnia individuals were identified to species, with
the taxa of the D. galeata x cucullata species complex
separated by the morphological criteria of Flossner &
Kraus (1986). As taxon discrimination of hybridising
taxa may be problematic, we first evaluated whether
the morphological criteria given by Flossner & Kraus
(1986) were applicable to the D. galeata x cucullata
population of Lake Blankaart. Sixteen clones from
Lake Blankaart were determined as D. galeata, hy-
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brids and D. cucullata, using morphological criteria.
The clones were subsequently analysed by allozyme
electrophoresis, using sAAT as a diagnostic locus
(Wolf & Mort, 1986). All of the individuals had been
allocated to the right taxon, showing that morpholo-
gical assessment is reliable for taxon discrimination
in this species complex. The body length of the egg-
bearing females was measured and the number of
eggs per individual was counted. Brood pouches were
checked on the occurrence of dead eggs following
Boersma & Vijverberg (1995). When possible, a min-
imum of at least 30 individuals per species was thus
analysed in each enclosure and sampling day.

For each Daphnia taxon in each enclosure at each
sampling day, the exponential population growth g
since the introduction of fish was calculated as:

g =In (Ny) —In (No),

with N; and N the total population size at sampling
time ¢ and at the day before the introduction of fish
(Day 8), respectively. As juveniles of hybrids could
not be discerned from juveniles of parental species on
a routine basis, estimates of total population density
of each Daphnia taxon were obtained by extrapolating
the relative abundance of the Daphnia taxa in the egg-
bearing adult subpopulation to the whole population.
For each time interval between sampling dates,
the instantaneous rate of population increase (r) was
calculated for each Daphnia taxon in each enclosure:

In N> — InN;
ry = —
h—1

with N1 and N, the total population size at sampling
times ¢/ and £2.

The birth rate b during each time interval was
estimated by the Edmondson-Paloheimo equation (Pa-
loheimo, 1974):

b In(E+1)
= D ,

with D the egg development time in days and E the
average number of eggs per animal in the population,
corrected for degenerated eggs. The egg development
time (D) was determined at 15°C for each Daphnia
taxon in life table experiments using water of Lake
Blankaart (S. Declerck, unpublished). D-values ob-
tained were 3.74, 3.70 and 2.33 days for D. galeata, D.
galeata x cucullata and D. parvula, respectively (no D.
cucullata were observed). As the enclosure bags were
solid, there was no contact between lake water and wa-
ter from the enclosures. In the absence of migration, r
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Figure 1. Changes in zooplankton biomass (mg 1= and relative contribution of main zooplankton taxa in the enclosures with time. NF1 and
NF2: enclosures without fishes (No Fish); MF1 and MF2: enclosures with two fishes (Medium Fish); HF1 and HF2: enclosures with six fishes
(High Fish). Fishes were introduced in MF- and HF-enclosures at Day 9. The vertical line indicates the moment of the fish introduction in these

enclosures.

= b — d, with d the death rate in the population. Death
rate (d) during a time interval was thus estimated as
the difference between b and r.

Statistical analysis

For the time interval before the introduction of fish,
six replicate values for r, b and d were obtained for
each taxon, and comparisons between each pair of
taxa were made with dependent T-tests. For the period
following the introduction of fish, two-way Repeated
Measures ANOVA’s were carried out on population
growth g, mean adult body length and mean fecundity.
In these analyses, we tested for the effect of the factors
‘Fish’, “Taxon’ (D. galeata and D. galeata x cucullata)
and ‘Time’ (Day 8 to Day 52). Days 57 and 65 were
not included in the analyses because of the disappear-
ance of D. galeata and hybrids in enclosure NF2 at
the end of the experiment. Chlorophyll-a was analysed
with a one-way Repeated Measures ANOVA, testing
for the effect of ‘Fish’ and ‘Time’. ANOVA-results
were further explored by post hoc Tukey HSD-tests.
The patterns behind the population dynamic para-
meters of D. galeata and the hybrids showed large
differences between the first period after the introduc-
tion of the fish (until Day 24) and the period following
Day 24. Two separate analyses for each of both peri-
ods were therefore performed for the birth rate b and
death rate d of D. galeata and the hybrids. For the
sake of simplicity in the presentation of the results,
the effect of the factor “Time’ on b and d in each of the

periods will not be considered and the results of two-
way MANOVA’s (Multivariate Analysis of Variance),
testing for the effect of ‘Taxon’ and ‘Fish‘ on b and
d, will be presented here as an alternative to Repeated
Measures ANOVA.

Results

Zooplankton composition and biomass

At the start of the experiment (Day 2), the zo-
oplankton community biomass was dominated by cyc-
lopoid copepods (Acanthocyclops robustus) (Fig. 1).
Between Day 2 and Day 8, the time interval preced-
ing the introduction of fish, a strong increase in the
biomass of Daphnids was observed. From Day 16 on-
wards, a steady decrease in total zooplankton biomass
was observed in all enclosures. The share of cyclop-
oid copepods decreased, while Bosmina became more
important. A reduction in biomass was also observed
for Daphnia. The taxon composition of the Daphnia
community differed, however, among treatments. In
addition to shifts in the relative abundance of taxa of
the D. galeata x cucullata species complex (see fur-
ther), D. magna appeared in the control enclosures
during the second half of the experiment.
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Figure 2. Changes in total chlorophyll-a concentration (ug 1~1)
with time in the enclosure experiment. Data are averaged over
treatments. Error bars equal twice the standard error of the mean.
The vertical line indicates the introduction of fish in the MF- and
HF-enclosures.

Phytoplankton biomass and water transparency

Phytoplankton biomass (Fig. 2) substantially de-
creased in all enclosures shortly after the start of the
experiment (Time effect: F: 6.90; p < 0.01). After 28
days, the mean concentration of chlorophyll-a had de-
creased to less than 10% of the initial levels measured
on Day 2 in all enclosures (from approximately 230
to 19 g 171). Chlorophyll-a levels remained low in
the control enclosures until the end of the experiment.
In the enclosures with fish, however, chlorophyll-a
levels raised again from Day 40 onwards to consider-
ably higher levels than in the control enclosures (Time
x Treatment effect: F: 4.83; p < 0.01). The reduc-
tion in phytoplankton biomass was associated with a
strong increase in Secchi-depth. After Day 28, the bot-
tom of all enclosures was visible. Secchi-depth was,
however, substantially reduced in the enclosures with
six fishes after Day 40 (average value: 0.65m; range:
0.44-0.83m).

Daphnia taxon composition and population dynamics
before the introduction of fish

At the start of the experiment (Day 2), D. parvula was
the most abundant Daphnia taxon (Fig. 3). Within the
D. galeata x cucullata species complex, hybrids ten-
ded to be most dominant. Initial relative frequencies of
D. galeata compared to D. galeata x cucullata hybrids
ranged between 15 and 55% (Fig. 5). D. cucullata was
not found in any of the samples. During the period
preceding the introduction of fish, a positive popula-
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tion growth could be observed for all Daphnia taxa
(Fig. 3). The instantaneous rate of population increase
r of D. galeata was higher than of D. galeata x cuc-
ullata (p = 0.014). The relative increase of D. galeata
densities compared to D. galeata x cucullata was due
to higher birth rates (p < 0.001) rather than to lower
death rates (p > 0.05).
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Figure 3. Changes in estimated total population densities (individu-

als171) of D. galeata, D. galeata x cucullata and D. parvula in the
enclosures during the experiment. For legend, see Figure 1.
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Figure 4. Exponential population growth g of D. galeata and D.
galeata x cucullata in the enclosures, averaged for the period
between Day 8 and Day 52. Symbols represent the average per
treatment. Error bars equal twice the standard error of the mean.

Daphnia taxon composition and population dynamics
after the introduction of fish

Despite its high initial population densities, D. parvula
disappeared from all enclosures after Day 24 (Fig. 3).
In the control enclosures without fish, D. parvula
reached its peak density on Day 12 and then rapidly
declined to reach low densities at Day 24. In the en-
closures with fish, D. parvula tended to reach higher
peak densities and remained dominant longer than in
the control enclosures, but also decreased to undetect-
able levels by Day 38. This population decrease of
D. parvula in the enclosures coincided with about a
fourfold reduction of this taxon in the lake (data not
shown). D. galeata and D. galeata x cucullata coexis-
ted in the lake and most of the enclosures throughout
the experiment, except in enclosure ‘NF2’, where both
taxa disappeared towards the end of the experiment
(Fig. 3). A significant taxon x treatment interaction
was found for the g-values of D. galeata and D.
galeata x cucullata (Table 1; Fig. 4). In the enclosures
without fish, mean population growth was positive for
D. galeata and negative for D. galeata x cucullata.
In the enclosures with two fishes, mean population
growth of D. galeata approximated zero, while a
positive growth could be observed for D. galeata x
cucullata. In the enclosures with six fishes, D. galeata
showed a strongly negative population growth, while
the abundance of D. galeata x cucullata remained un-
changed (Fig. 4). As a result, the enclosures without
fish became dominated by D. galeata during the first
24 days of the experiment, while hybrids became
the most abundant taxon in the enclosures inoculated
with fish (Fig. 5). Enclosure MF1 formed an excep-
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Figure 5. Relative abundance (%) of egg bearing adults of the
parental species D. galeata in the D. galeata/cucullata species
complex. For legend, see Figure 1.

tion to this pattern: although enclosure MF1 had been
dominated by hybrids for almost one month after the
introduction of fish, D. galeata progressively became
dominant towards the end of the experiment. This was
due to a reduction in hybrid abundance rather than to
an increase in the abundance of D. galeata.

During the period preceding Day 24, birth and
death rates were different between D. galeata and hy-
brids (Table 2). The birth rates of D. galeata were
higher than the birth rates of hybrids in all enclosures
(Fig. 6). A significant taxon x treatment interaction
was found for death rates: in the enclosures with fish,
d-values of D. galeata were higher than d-values of
the hybrids, while in the control enclosures, d-values
of D. galeata were lower than of the hybrids (Fig. 6;
Table 2). As a result, in the control enclosures, the r-
values of D. galeata were higher than the r-values of
the hybrids, both due to higher birth rates and lower
death rates. In contrast, r-values of D. galeata were
lower than r-values of hybrids in the enclosures with
fish due to higher death rates, despite higher birth
rates. In the period succeeding Day 24, differences
in birth and death rates between taxa disappeared and
differences in mean r-values between the taxa were
non-existent or became in favour of D. galeata (Fig. 6;
Table 2).

The initial mean adult body length of D. galeata
was larger than that of the hybrids (Fig. 7). Mean
adult body length of both taxa decreased with time
and was significantly affected by the presence of fish:
adult body length was more reduced in the enclosures
with fish than in the enclosures without fish and the ef-
fect of the fish treatment increased with time (Table 3;
Fig. 7). In addition, a marginally significant taxon by
treatment effect was found (Table 3). As high among
enclosure variability for mean adult body length po-
tentially masked systematic differences between D.
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Figure 6. Mean difference in birth rate (b), death rate (d) and in-
stantaneous rate of population increase (r) between D. galeata and
D. galeata x cucullata during the first part (blank bars; Day 8 to Day
24) and during the second part (hatched bars; Day 24 to Day 65) of
the experiment. For legend to abbreviations, see Figure 1. Death
rates were not calculated for enclosure NF2 during the second part
of the experiment, because densities of both taxa dropped below
detectable levels.

galeata and hybrids at the within-enclosure level,
additional Wilcoxon Matched Pairs Tests were per-
formed for each enclosure separately on paired body
length data of consecutive sampling dates (Table 4).
For the control enclosures, no significant differences
between the taxa were found. In all four enclosures
with fish, body length reduction in D. galeata was
more pronounced than in the hybrid and these differ-
ences between the taxa were significant (p < 0.05) in
three of the four enclosures.
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The mean fecundities of D. galeata and D. galeata
x cucullata were dramatically reduced with time and
a significant taxon by time interaction was found for
D. galeata and the hybrid: the fecundity of D. galeata
was initially higher than the fecundity of the hybrids,
but this difference was strongly reduced during the
course of the experiment (Fig. 8; Table 3). A sig-
nificant taxon x treatment effect indicates that the
fecundities of the taxa were differentially affected
by treatment: compared to the fecundity of the hy-
brids, the fecundity of D. galeata tended to be higher
in the enclosures with six fishes than in the control
enclosures or in the enclosures with two fishes.

Discussion

Qur results provide strong support for the hypothesis
that fish predation is important in determining taxon
composition in the D. galeata/cucullata hybrid com-
plex. The fishless enclosures became soon dominated
by D. galeata, whereas the enclosures with two or six
fishes became dominated by the hybrid D. galeata x
cucullata, shortly after the introduction of fish. Al-
though the pattern of changes in taxon composition
within the D. galeata x cucullata complex was more
erratic in one of the enclosures with only two fish, our
results suggest that the relative fitness of D. galeata
and D. galeata x cucullata hybrids is associated with
fish predation. In the enclosures with fish, the reduc-
tion in the relative density of D. galeata compared
to that of the hybrid was due to higher death rates
in D. galeata. These observations are in agreement
with the temporal hybrid superiority hypothesis of
Spaak & Hoekstra (1995, 1997) and can be explained
a higher vulnerability of the large and more conspicu-
ous D. galeata to visual, size selective predation by
planktivorous fishes.

Boersma & Vijverberg (1994a) suggested that the
relative success of hybrids and parental species might
partly be determined by the abundance of food. In
life table experiments, these authors compared the
performance of hybrids and parental taxa at different
food levels. At high food levels (2.5 mg C 171), hy-
brids showed a lower development time and a higher
intrinsic rate of population increase r than the par-
ental species. At low food levels, however, hybrids
had a lower development rate, a higher mortality and
a lower intrinsic rate of population increase than D.
galeata. Moreover, threshold values for reproduction
were higher in hybrids than in D. galeata (Boersma
& Vijverberg, 1994a). From these results, Boersma &
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Table 1. Results of a two-way Repeated Measures ANOVA, testing for the effects of taxon (“Taxon’), fish number (‘Fish’) and time (‘Time’)
on the exponential population growth g of D. galeata and D. galeata x cucullata

8

Df df MS MS
Source Effect Error Effect Error F
Taxon 1 6 3.659 0.247 14.84 o
Fish 2 6 13.816 0.247 56.04 Rk
Time 6 36 7.169 1.165 6.15 rorx
Taxon x Fish 2 6 27.736 0.247 112.50 ok
Taxon x Time 6 36 1.252 1.165 1.07
Fish x Time 12 36 1.123 1.165 0.96
Taxon x Fish x Time 12 36 2.827 1.165 2.43 *

*:p < 0.05;*: p < 0.01; **: p < 0.001

Table 2. Results of two-way Multivariate ANOVA's, testing for the effect of taxon (‘Taxon’) and fish number (‘Fish’) on the birth rates b and
death rates d of D. galeata and D. galeata x cucullata in the time period between Day 8 and Day 24 and in the time period between Day 24 and
Day 59

b d
Source df 1 df 2 Wilkinsons’ A Rao’s R Wilkinsons™ A Rao’s R
Day 8 to Day 24
Taxon 4 3 0.02 39.07 * 0.02 44.56 o
Fish 8 6 0.01 7.17 * 0.00 10.52 o
Taxon x Fish 8 6 0.68 0.16 0.02 4.41 *
Day 24 to Day 59
Taxon 4 1 0.01 33.56 0.19 1.06
Fish 8 2 0.00 26.17 * 0.02 1.54
Taxon x Fish 8 2 0.00 4.24 0.01 2.49

*: p < 0.05; **: p < 0.01; ***: p < 0.001

Table 3. Results of two-way Repeated Measures ANOVA's, testing for the effects of taxon (“Taxon’), fish number (‘Treatment’) and time
(“Time’) on the mean adult body length and the mean fecundity of the enclosure populations of D. galeata and D. galeata x cucullata

Mean adult body length Mean fecundity

df df MS MS MS MS
Source Effect Error Effect Error r Effect Error F
Taxon 1 4 0.7 0.005 151.21 *** 61.46 0.17 363.45 ***
Fish 2 4 0.325 0.005 70.28 *** 091 0.17 5.39 (%)
Time 7 28 0.403 0.004 101.6 *** 181.23 1.08 168.24 ***
Taxon X Fish 2 4 0.022 0.005 4.78 (*) 1.27 0.17 7.52*
Taxon x Time 7 28 0.003 0.004 0.76 4.43 1.08 4,11 **
Fish x Time 14 28 0.032 0.004 8.19 *** 0.46 1.08 0.43
Taxon x Fish x Time 14 28 0.002 0.004 0.54 0.47 1.08 0.44

(*): p < 0.1;*: p < 0.05; **: p < 0.01; **: p < 0.001
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Figure 7. Adult body length of D. galeata and D. galeata x cucullata. (A) Mean adult body length at different sampling dates averaged over
treatments per taxon. Error bars equal twice the standard error of the mean. The vertical line indicates the introduction of fish in the MF- and
HF-enclosures; (B) Mean adult body length at different sampling dates as measured for each taxon in each enclosure separately.

Vijverberg (1994a) concluded that hybrids may have
a higher performance than D. galeata under high food
levels, while D. galeata may be more successful than
hybrids under food limiting conditions. The results of
our experiment, however, do not support the idea of
hybrid superiority at high food levels in the absence
of fish. During the period preceding the introduction
of fish, we observed an increased abundance of D.
galeata relative to D. galeata x cucullata in all en-
closures. Although chlorophyll-a concentrations had
dropped from approximately 230 ug 1=! at the start
of our experiment to levels of about 130 pg 17! at
Day 9, phytoplankton biomass and food availability
for Daphnia remained very high during the entire time
interval. Assuming a chlorophyll-a to carbon con-
version factor of 25 (Weisse et al., 1990), estimated
carbon content of the phytoplankton community in the
enclosures ranged between 3.25 and 5.75 mg C1™.

It could also be argumented that population losses
due to cyclopoid predation may have been higher for
the hybrids than for D. galeata in our experiment.
Indeed, the large cyclopoid copepod A. robustus was
very abundant during the first time interval of our
experiment. Large individuals of cyclopoid copepods
can feed on Daphnia, and small Daphnia individu-
als are more vulnerable to copepod predation than
larger ones (Gliwicz & Umana, 1994). However, dur-
ing the first time interval of our experiment, mortality
rate estimates were not higher for hybrids than for D.
galeata. Birth rates, on the other hand, were higher in
D. galeata, and the increase of D. galeata relative to
D. galeata x cucullata was thus due to differences in
population growth capacity between the taxa, rather
than to differential mortality caused by invertebrate
predation.
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Figure 8. Clutch size of D. galeata and D. galeata x cucullata. (A)

Mean fecundities at different sampling dates averaged over treatments per

taxon. Error bars equal twice the standard error of the mean. The vertical line indicates the introduction of fish in the MF- and HF-enclosures;
(B) Mean fecundities at different sampling dates as measured for each taxon in each enclosure separately.

Table 4. Results of Wilcoxon Matched Pairs Tests, testing for dif-
ferences in adult body size reduction between the populations of D.
galeata and D. galeata x cucullata. NF1 and NF2: enclosures with
no fish; MF1 and MF2: enclosures with two fishes; HF and HF:
enclosures with six fishes.

Enclosure T z

NF1 11 1.36
NF2 9 1.60
MF1 0 2.67 **
MF2 1 2.55*
HF1 14 1.01
HF2 0 2.67 **

*: p < 0.05; **: p < 0.01; ***: p < 0.001

Although fish predation was found to strongly
act to suppress D. galeata relative to D. galeata x
cucullata, our results also show that D. galeata pop-
ulations may continue to coexist with hybrids under
moderately high levels of fish predation at least for the
time period our experiment lasted (approximately ten
weeks). The relative decrease in the abundance of D.
galeata was strongest shortly after the introduction of
fish, and the rates of population growth of both taxa
converged during the second part of the experiment.
This was due to a reduction in the difference between
the death rates of the two taxa. This suggests that
D. galeata may be relatively more efficient than the
hybrid in reducing its (initially higher) vulnerability
to fish predation. Several mechanisms might account
for such a reduction in vulnerability. First, phenotypic
responses of behavioural, morphological or life his-



tory traits to the presence of fish kairomone (Boersma
et al., 1998; Tollrian & Harvell, 1999; Declerck &
Weber, 2002) might, for instance, be more effective
in D. galeata than in the hybrids. We have no data on
behavioural or morphological traits, but we observed
strong reductions in adult body size of both D. galeata
and hybrids after the introduction of fish. In absolute
terms, the body size reduction tended to be stronger in
D. galeata than in the hybrid and this may have lead
to a relatively stronger decrease in the vulnerability
of this taxon to fish predation. The observation of a
stronger reduction of body length in the larger par-
ental taxon D. galeata is well in agreement with the
findings of Spaak et al. (2000), who investigated the
phenotypic responses to fish kairomones of parental
and hybrid taxa belonging to the D. galeata species
complex. Second, along with changes in chlorophyll
a-levels, water turbidity was strongly reduced in all en-
closures during the first three weeks of our experiment.
The increased water transparency undoubtedly intens-
ified visual predation pressure on Daphnia in the fish
enclosures. In contrast to the control enclosures, how-
ever, a strong decrease in Secchi-depth was observed
in the fish enclosures approximately one month after
the start of the experiment. This increased turbidity
coincided with an increased phytoplankton biomass,
probably resulting from an enhanced resuspension of
sedimented algae and from stimulated phytoplankton
growth associated with the effect of fish on the nutri-
ent dynamics (Vanni & Layne, 1997). The increased
turbidity may have been especially advantageous for
the relatively large and conspicuous D. galeata, and
may have been an additional factor favouring the per-
sistence of D. galeata during the second part of the
experiment. Furthermore, D. galeata seemed to be
better able to exploit the increased amount of phyto-
plankton in the fish enclosures than the hybrids (e.g.
taxon x treatment interaction observed for fecundity).

Although no indications were found for a superior-
ity of hybrids to D. galeata at high food levels, the
predominance of D. galeata to hybrids in the con-
trol enclosures supports the conclusions of Boersma
& Vijverberg (1994a) that the competitive strength
of D. galeata is higher than that of D. galeata x
cucullata under food limiting conditions. In the con-
trol enclosures, chlorophyll a-levels were strongly
reduced during the first weeks of the experiment and
subsequently remained low until the end of the ex-
periment. A strong decrease in mean fecundity was
observed for D. galeata and the hybrids, suggesting
severe food limitation. The relative increase of D.
galeata compared to hybrids was most pronounced
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between Day 20 and Day 24, the time interval during
which chlorophyll-a minima were reached.

Given the size selectivity of the fish predation,
one would expect that the smallest Daphnia taxon D.
parvula should profit most from the introduction of
fish. Although there was an initial tendency towards
a stronger population growth of the taxon in the en-
closures with fish than in fishless enclosures (e.g. Day
12 to Day 24), this was soon followed by a drastic
population reduction. This reduction coincided with
about a fourfold reduction in the D. parvula lake dens-
ities. The reductions of D. parvula may have been
caused by an unknown environmental factor that af-
fected both the lake and enclosure populations. In
contrast to the lake, however, the D. parvula popu-
lations in the enclosures decreased below detectable
levels, and an enclosure effect, such a reduced food
levels, cannot be excluded as a potential cause for the
seemingly complete disappearance of this taxon in the
enclosures.

Acknowledgements

We thank Sandra De Loore for practical help in ana-
lysing samples during this study. We thank Piet Spaak,
Maarten Boersma, Klaus Schwenk and Henri Dumont
for constructive comments on earlier versions of the
manuscript. Both authors especially wish to thank
Henri Dumont for his contribution to their education
and their scientific ontogeny as their PhD supervisor.
He taught them to think independently and focus in-
ternationally. This research was supported by a schol-
arship by the Flemish Institute for the stimulation of
Scientific and Technological Research in the Industry
(LW.T.), by project N°01103595 of the University of
Gent and by EU project BIOMAN (EVK2-CT-1999-
00046). We also thank Natuurpunt V.Z.W. for allowing
us access to the Nature Reserve ‘De Blankaart’, the
Institute for Nature Conservation (LN.) for logistic
support and the Centre of Limnology (CL, NIOO, The
Netherlands) for borrowing us the enclosure frames.

References

Barton, N. H. & G. M. Hewitt, 1985. Analysis of hybrid zones. Ann.
Rev. Ecol. Syst. 16: 113-148.

Barton, N. H. & G. M. Hewitt, 1989. Adaptation, speciation and
hybrid zones. Nature 341: 497-503.

Bierne, N., P. David, P. Boudry & F. Bonhomme, 2002. Assortative
fertilization and selection at larval stage in the mussels Mytilus
edulis and M. galloprovincialis. Evolution 56: 292-298.



94

Boersma, M. & J. Vijverberg, 1994a. Resource depression in Daph-
nia galeata, Daphnia cucullata and their interspecific hybrid: life
history consequences. J. Plankton Res. 16: 1741-1758.

Boersma, M. & J. Vijverberg, 1994b. Seasonal variations in the
condition of two Daphnia species and their hybrid in a eu-
trophic lake: evidence for food limitation. J. Plankton Res. 16:
1793-1809.

Boersma, M. & J. Vijverberg, 1995. The significance of nonviable
eggs for Daphnia population dynamics. Limnol. Oceanogr. 40:
1215-1224.

Boersma, M., 1995. Competition in natural populations of Daphnia.
Oecologia 103: 309-318.

Boersma, M., P. Spaak & L. De Meester, 1998. Predator-mediated
plasticity in morphology, life history, and behavior of Daphnia:
the uncoupling of responses. Am. Nat. 152: 237-248.

Botrell, H. H., A. Duncan, Z. M. Gliwicz, E. Grygierek, A.
Herzig, A. Hillbricht-Ilkowska, H. Kurasawa, P. Larsson & T.
Weglenska, 1976. A review of some problems in zooplankton
production studies. Norwegian J. Zool. 24: 419-456.

Declerck, S. & A. Weber, 2003. Genetic differentiation in life
history between D. galeata populations: an adaptation to local
predation regimes? J. Plankton Res. 25: 93-102.

Flossner, D. & K. Kraus, 1986. On the taxonomy of the Daphnia
hyalina-galeata complex (Crustacea: Cladocera). Hydrobiologia
137: 97-115.

Gliwicz, Z. M. & G. Umana, 1994. Cladoceran body size and vul-
nerability to copepod predation. Limnol. Oceanogr. 39: 419-424.

Good, T. P, J. C. Ellis, C. A. Annett & R. Pierotti, 2000. Bounded
hybrid superiority in an avian hybrid zone: effects of mate, diet,
and habitat choice. Evolation 54: 1774-1783.

Miiller, J. & A. Seitz, 1993. Habitat partitioning and differential
vertical migration of some Daphnia genotypes in a lake. Archiv
fiir Hydrobiol. Beih. Ergebnisse der Limnol. 39: 167-174.

Moore, W. S. & W. D. Koenig, 1986. Comparative reproductive
success of yellow-shafted, red-shafted, and hybrid flickers across
a hybrid zone. The Auk 103: 42-51.

Paloheimo, J. E., 1974. Calculation of instantaneous birth rate.
Limnol. Oceanogr. 19: 692-694.

Schwenk, K. & P. Spaak, 1995. Evolutionary and ecological con-
sequences of interspecific hybridization in cladocerans. Experi-
entia 51: 465-481.

Schwenk, K., 1997. Evolutionary genetics of Daphnia species
complexes — Hybridism in syntopy. PhD-thesis.

Spaak, P. & J. R. Hoekstra, 1995. Life history variation and the co-
existence of a Daphnia hybrid with its parental species. Ecology
76: 553-564.

Spaak, P. & J. R. Hoekstra, 1997. Fish predation on a Daphnia
hybrid species complex: a factor explaining species coexistence?
Limnol. Oceanogr. 42: 753-762.

Spaak, P, J. Vanoverbeke & M. Boersma, 2000. Predator-induced
life-history changes and the coexistence of five taxa in a Daphnia
species complex. Oikos 89: 164-174.

Taylor, D. J. & P. D. N. Hebert, 1992. Daphnia galeata mendotae
as a cryptic species complex with interspecific hybrids. Limnol.
Oceanogr. 37: 658-665.

Taylor, D. J. & P. D. N. Hebert, 1993. A reappraisal of phenotypic
variation in Daphnia galeata mendotae: the role of interspecific
hybridization. Can. J. Fish. aquat. Sci. 50: 2137-2146.

Tollrian, R. & C. D. Harvell (eds), 1999. Ecology and Evolution of
Inducible Defences. Princeton University Press, Princeton, New
Jersey.

Vanni, M. J. & C. D. Layne, 1997. Nutrient recycling and herbivory
as mechanisms in the ‘top-down’ effect of fish on algae in lakes.
Ecology 78: 21-40.

Van der Werf, B., J. Schrotenboer, A. F. Richter, J. R. Moed, H.
L. Hoogveld & H. De Haan, 1987. A durable and transportable
limnetic enclosure system suitable for wind-exposed lakes. Can.
J. Fish. aquat. Sci. 44: 1649-1652.

Weider, L. J., 1993. Niche breadth and life history variation in a
hybrid Daphnia complex. Ecology 74: 935-943.

Weisse, T., H. Miiller, M. Pinto-Coelho, A. Schweizer, D. Spring-
mann & G. Baldinger, 1990. Response of the microbial loop
to the phytoplankton spring bloom in a large pre-alpine lake.
Limnol. Oceanogr. 35: 781-794.

Wolf, H. G. & M. A. Mort, 1986. Interspecific hybridisation un-
derlies phenotypic variability in Daphnia populations. Oecologia
68: 507-511.



Hydrobiologia 500: 95-101, 2003. 95
% K. Martens (ed.), Aquatic Biodiversiry.
© 2003 Kluwer Academic Publishers. Printed in the Netherlands.

Exploitation of a deep-water algal maximum by Daphnia:
a stable-isotope tracer study

Winfried Lampert & Jonathan Grey
Max Planck Institute of Limnology, Postfach 165, D-24302 Plin, Germany
E-mail: lampert@mpil-ploen.mpg.de

Received 20 February 2003; in revised form 14 April 2003; accepted 14 April 2003

Key words: deep-water chlorophyll maximum, habitat selection, Daphnia, vertical distribution, stable isotopes,
feeding

Abstract

The exploitation of a deep algal maximum by Daphnia in the absence of fish predation was studied in large
indoor mesocosms. Facing the dilemma of low food but high temperature in the epilimnion vs. high food but
low temperature in the hypolimnion, Daphnia distribute above and below the thermocline in order to optimise
their fitness. Labelling hypolimnetic algae with >N revealed that the vertical distribution of Daphnia is dynamic,
i.e., all individuals traverse the thermocline and allocate a certain proportion of their time to feeding in the cold
water. The overall energy gain from the deep-water algal maximum is lower than from the same algal concentration
in the epilimnion due to the low temperature and the limited time an individual spends in the hypolimnion. The
results provide mechanistic support for the hypothesis that Daphnia chose their habitat according to an Ideal Free

Distribution with Costs model.

Introduction

Recent years have seen increasing interest in deep
chlorophyll layers (DCL) in oligotrophic and meso-
trophic lakes, and many of theses systems have been
described (e.g., Fee, 1976; Padisak et al., 1997; Bar-
biero & Tuchman, 2001). Deep chlorophyll layers
are not only important because of their contribu-
tion to primary production (Moll & Stoermer, 1982),
they may also be an important food source for zo-
oplankton (Williamson et al., 1996; Adrian et al.,
2001). Increased algal densities below the thermocline
have been related to nutrient availability (Fee et al.,
1977; Fasham et al., 1985) as well as ’pruning’ of
the upper part of the vertical phytoplankton profile
by zooplankton grazing (Richerson et al., 1978) and
grazing-related increased vertical particle flux (Sar-
nelle, 1999). The role of zooplankton is twofold: they
may enhance hypolimnetic algal growth by grazing in
the epilimnion, which increases light penetration, but
they may also feed on the hypolimnetic algal layer and
reduce the biomass (Christensen et al., 1995).

Using stable isotopes as tracers in an elegant en-
closure study, Pilati & Wurtsbaugh (2003) came to
the conclusion that zooplankton grazing is important
for the persistence of the DCL. One reason for the
persistence of a DCL in the face of high zooplankton
densities may be the low temperature, which slows
down the grazing rate compared to that in the warm
epilimnion. Even more important, however, may be an
indirect effect of zooplankton behaviour. If the food
concentration is very low in the warm epilimnion but
high in the cold hypolimnion, zooplankton is faced
with a trade-off. Staying in the epilimnion they will
have little energy to produce eggs, but they can de-
velop fast. If they stay in the hypolimnion they can
produce many eggs, but development will be slow.
They would, therefore, have to find a compromise.
In lakes with fish predation, zooplankton migrate into
the hypolimnion during daylight to avoid the predator
threat (Lampert, 1993). With a DCL but without the
temperature effect, it would be profitable for them
to stay in the safe hypolimnion during both day and
night, but that is not what they do. Williamson et al.
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(1996) reported that zooplankton migrated upwards at
night despite having much better food conditions in
the DCL.

Under low fish predation, zooplankton should no
longer migrate in a light-synchronised rhythm, but
they should nevertheless spend part of their time in
the hypolimnion and the remainder in the epilim-
nion, which would result in a distribution across the
thermocline. Lampert et al. (2003) suggested that
filter-feeding Daphnia in that case will distribute ac-
cording to an Ideal Free Distribution with Costs model
(Tyler & Gilliam, 1995) in order to optimise their
fitness in response to the food and temperature con-
ditions. They found that the proportion of daphniids
residing in the hypolimnion to exploit the deep algal
layer depended on the temperature gradient accord-
ing to predictions. The proportion increased when the
temperature difference decreased.

The IFD with Costs model assumes that individu-
als allocate the time spent in the different habitats to
optimise their overall fitness. This implies mechan-
istic hypotheses that can be tested: (1) The observed
vertical distribution of daphniids across the thermo-
cline is dynamic. Individuals do not stay where they
are observed at a given moment, but move randomly
between habitats. The population distribution reflects
the average time each individual spends in a partic-
ular depth. (2) Daphnia gain their food in the cold
hypolimnion, but due to the low temperature and the
limited time spent there, the energy gain is lower than
if the same food concentration would be available in
the epilimnion. We tested these hypotheses with a
tracer experiment in the same mesocosm system that
has been used to by Lampert et al. (2003) to test the
distribution model.

Methods

Experimental design and preparations

The experiments were performed in the Plon Plankton
Towers, a large indoor mesocosm system consisting of
two stainless steel columns, 11.5 m high and approx-
imately 1 m wide. The system has been described in
detail by Lampert & Loose (1992). The key features
are: (1) complete control over the vertical temperature
stratification at 50 cm resolution and the possibility to
individually manipulate different portions of the water
column, (2) sampling ports with about 50 cm vertical
distance to collect profiles of water, seston and zo-
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Figure 1. Temperature profile in the mesocosms (solid line) and
typical vertical distribution of Daphnia (line and symbols) across
the thermocline for a hypolimnetic algal maximum (dotted line,
relative values) as found by Lampert et al. (2003).

oplankton, (3) near-sunlight light sources above the
water column creating an irradiance of 450 pmoles
quanta m~2s7!, (4) observation windows at different
depths. Each tower holds about 6 m® of water.

Each experiment started with filling the dry
columns with filtered (5-10 pm) water from a nearby
mesotrophic lake (Schohsee). A major thermocline
was established at 2.5 m depth with 20°C above the
thermocline (epilimnion) and 10°C below (hypolim-
nion). A second, minor thermocline of only 2 °C was
established at 5 m depth to isolate the 2.5-5.0 m layer
and prevent algae from being mixed downwards (Fig.
1). The light cycle was set to 16 h day and 8 h night.
The two towers were treated identically.

Green algae (Scenedesmus obliquus) known to be
good food for Daphnia were mass cultured in 10-1
jars in dilute (1:4) Z4 medium (Zehnder & Gorham,
1960). They were added to the columns to make up a
final seston concentration of 0.5 mg carbon 17!, Prior
to the experiment, mass cultures of a clone of Daph-
nia hyalina x galeata were established in two 100-1
containers with Scenedesmus as food. When dense
populations had been established they were used to
inoculate the towers with equal amounts. The daph-
niids were then allowed to multiply in the towers with
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Figure 2. Seston concentration above and below the thermocline in
phase 1 (filled circles) and phase 2 (open circles) of the experiment.
Means + 1SE of all dates in two experimental series with two towers
each (n = 16).

care taken to replenish the grazed food algae. After
about 1 week, they had built up dense populations
in the towers and consequently the algal populations
were grazed down over night. At this point, algae were
only added to the layer below the thermocline through
a tube. Thus, seston in the epilimnion was quickly
reduced to low levels, resulting in a hypolimnetic
algal maximum (Fig. 2). Seston concentrations were
monitored by withdrawing small water samples from
various depths, measuring the total particle volume in
a CASY (Schirfe GmbH, Germany) particle counter,
and using a calibration curve (volume vs. Scenedes-
mus carbon) to estimate the concentration of partic-
ulate carbon. Immediately prior to each experiment,
algae were added to the hypolimnion to a level of
about 1.5 mg C 171, which was high enough to prevent
algal losses through grazing during successive days
without algal replacement.

Feeding experiment

The first experimental series started on 26 November
2001. After the establishment of a deep-water algal
maximum, the hypolimnion (2.5-5.0 m) was enriched
with 1>N-labelled Scenedesmus and the distribution of
15N was monitored in seston and daphniids. Before
the addition of labelled algae to the hypolimnion (day
0), seston and Daphnia were sampled as controls, and
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then the algal suspension was added through a tube.
These algae had been grown in a 2-1 culture of Scene-
desmus in medium with 15% of the inorganic nitrogen
replaced by 15N in the form of YN-(NH4)NO3. The
addition of labelled algae had a negligible effect on
the total particulate carbon concentration, but enriched
the hypolimnetic algae with I5N considerably. Daph-
niids and seston were collected from the towers daily
for the following four days, beginning 24 h after the
addition of labelled algae (phase 1). After sampling
on day 4, ISN-Scenedesmus was also added to the
epilimnion, so that algac were now labelled in both
layers. Sampling was continued for another four days
(phase 2). The towers were then drained, flushed and
refilled and the experiment was repeated with the same
conditions on 14 December 2001. The two towers and
two experimental series resulted in four independent
replicates.

Sampling and isotope measurements

Seston and daphniids were sampled through ports at
various depths above and below the thermocline and
the stable isotope ratios (8!N) determined. Seston
samples were taken from port 4 (at 1.6 m depth)
to represent the epilimnion and from port 8 (at 3.5
m depth) to represent the hypolimnion. Volumes of
1.5-2.0 litres of the dilute suspensions and 0.7-1.0 1
of the higher concentrations were filtered onto GF/F
glass-fibre filters. Daphnia were sampled at 5 depths
from ports 4 to 8 (1.6, 2.1, 2.5, 3.0, 3.5 m) symmet-
ric to the thermocline. Approximately 50 1 of water
from each depth per sample were screened through
glass traps and returned to the system (cf. Lampert
& Loose, 1992). The daphniids were collected on
pieces of plankton mesh. Seston and Daphnia samples
were oven dried at 60°C over night and stored in a
dessicator.

Prior to stable isotope analyses by continuous flow
isotope ratio mass spectrometry, Daphnia samples
were ground to a homogenous powder using an agate
pestle and mortar and weighed (0.8-1.0 mg) into tin
cups. Small sections were cut from seston filters to
determine nitrogen elemental composition. Propor-
tionate sections of the remainder of the filter providing
adequate weight of nitrogen for a second round of ana-
lyses were then placed into tin cups. Analysis for SN
was carried out using a Carlo Erba NA1500 elemental
analyser coupled to a Micromass Isoprime mass spec-
trometer. Isotope ratios are expressed conventionally
using the § notation in per mil (%o0) relative to atmo-
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spheric nitrogen. Fish white muscle was used as an in-
ternal reference inserted after every five experimental
samples. Precision determined from the standard devi-
ation of replicates of the internal reference was +0.3%0
for 815N,

Statistics

After testing for assumptions, distributions were com-
pared by repeated measures ANOVA, ¢-test or a non-
parametric Kruskal-Wallis one-way ANOVA on ranks.
All computations were run with the NCSS statistical
package.

Results

The experimental design mimicked a deep-water algal
maximum well in all experimental runs (Fig. 2). Se-
ston levels in the epilimnion remained very low and
there was no trend to higher seston concentrations
during the first four days of the experiment (phase
1). Algae growing in the epilimnion were evidently
controlled by Daphnia grazing, and seston concen-
tration did not exceed 0.16 mg C 17!, Note that the
standard errors plotted in Figure 2 cover both the ini-
tial differences between experimental series and the
changes over time within a series. Mean seston con-
centrations in the hypolimnion were lower during the
second phase, reflecting algal losses with time. How-
ever, seston concentrations still exceeded the incipient
limiting concentration for Daphnia (approximately 0.4
mg C 171, Lampert, 1987). A sharp algal minimum
occurred at the thermocline after algae had been added
to the epilimnion in phase two. This was the result of
incomplete mixing in the steep temperature gradient.
Although it was impossible to enrich the hypolim-
nion with >N with exactly the same amount in all four
replicates, the differences were not large (Fig. 3). A
repeated measures ANOVA over the last seven dates
detected a significant difference between the means (+
SD) for the two experimental series (1443 =+ 130 and
1610 &+ 154) (Fy,14 = 13.82, p = 0.002), but there
was no significant difference between the towers. 1IN-
enrichment in the epilimnion increased during phase
1, but reached no more than one third of the hypolim-
netic value. After the addition of 1’N-labelled algae
to the epilimnion (phase 2), the epilimnetic values ap-
proached the hypolimnetic values and remained stable.
Since there were differences in hypolimnetic 13N sig-
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Figure 3. Isotopic enrichment of seston in the epilimnion (full
circles) and in the hypolimnion (open circles). Means + 1SD of
two experimental series with two towers each (n = 4).

nals, all other 1N measurements were related to the
respective 81°N of hypolimnetic seston.

Daphnia became I5N-enriched over time, but
measurements of daphniids sampled at various depths
above and below the thermocline showed no differ-
ence (Fig. 4). Although there is a slight trend to higher
83N in Daphnia sampled at the thermocline, Kruskal-
Wallis one-way ANOVASs on ranks for the individual
days found no significant effect of depth. There was
no significant difference between towers and exper-
imental series (two-sample z-test). Therefore, the
five vertical samples of each date and replicate were
pooled for further analysis.

Daphniids were significantly enriched in >N over
time (Fig. 5). A repeated measures ANOVA showed
a significant effect of time both for the first phase
(F183 = 64.30, p < 0.001) and the second phase
(F18 = 12.12, p < 0.002). During the first phase,
the 8!°N of Daphnia was always higher than that of
the epilimnetic seston (Fig. 5),” thus the daphniids
must have obtained part of their nitrogen from the
hypolimnion. After the addition of >N to the epilim-
nion in phase 2, Daphnia §'5N increased further and
approached the value of the surrounding seston.

The dynamics of '’N-enrichment in Daphnia re-
semble two saturation curves approaching different
maximum levels in the two phases. Plotting the enrich-
ment data on a logarithmic time scale results in two
regression lines (Fig. 6). The regression for the first
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Figure 4. Tsotopic enrichment of Daphnia sampled at different days
at different depths during phase 1 of the experiment. Means & 1SD
of two experimental series with two towers each (n = 4). The
thermocline is at 2.5 m depth.
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Figure 5. Relative isotopic enrichment of Daphnia (filled circles)
and epilimnetic seston (solid line) during the two phases of the
experiment. Daphnia: means + 1SD (n = 4) of pooled vertical
samples (cf. Fig. 4). Seston: means for experimental series and
towers (n = 4). Error bars not shown for clarity (cf. Fig. 3).
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Figure 6. Regressions of relative isotopic enrichment of Daphnia
on log time for the two experimental phases.
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phaseisE=22.4 + 46.6 logT(r2 =0.978), where E is
the relative 8'°N as% of the hypolimnetic seston and
T is the time in days. The respective regression for the
second phase is E = —40 + 131.3 log7 (r? = 0.994).

Discussion

Despite the difficulties of creating identical biological
conditions in two towers and two successive experi-
mental series, the replicates developed rather consist-
ently. One major problem is the inability to control the
population growth of Daphnia in the towers. Despite
attempts of equal inoculation, the absolute numbers of
Daphnia developing differed and this created different
grazing pressures. Stable isotope analyses were only
possible at the end of the experiments, which resul-
ted in slight differences in 1N additions and seston
enrichment between experimental series. Scaling the
data to the hypolimnetic 815N reduced the errors, but
the results were not much different from when the ana-
lysis was performed with the absolute numbers. We
conclude that the results were rather robust.

Although water exchange through the thermocline
was strongly inhibited (cf. the minimum in Fig. 2),
epilimnetic seston accumulated >N during the first
experimental phase. This enrichment is not simply
a consequence of particle transport through the ther-
mocline via eddy diffusion, as the particle density in
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the epilimnion did not increase. The particle dens-
ity is a function of algal growth, grazing and vertical
transport. Grazing was strong enough to control the
particle density in the epilimnion. If algae were trans-
ported upward through the thermocline (e.g., during
zooplankton sampling) they were removed by grazing
immediately. The '°N contained in the algae would
then be incorporated by the Daphnia and in part be
defecated or excreted. Although this pathway cannot
be ruled out, the enrichment (one third of the 81N in
the hypolimnion) is too high to originate from algae
entering the epilimnion. Tt is more likely that daph-
niids, frequently traversing the thermocline, became
15N-enriched over time, and defecated algal material
which they had consumed in the hypolimnion into the
epilimnion and in addition excreted 1>N-labelled am-
monia that could be taken up by the algae. This effect
was not so obvious in the enclosure study of Pilati &
Waurtsbaugh (2003), but these authors introduced in-
organic '°N rather than labelled algae, and only into
the metalimnion while the DCL extended much deeper
into the hypolimnion.

Epilimnetic enrichment is a first indicator of Daph-
nia movements across the thermocline, but stronger
evidence is provided by the uniform enrichment of
Daphnia sampled at different depths. Had individu-
als stayed at a preferred depth, those collected below
the thermocline would have shown much higher en-
richment than those collected above the thermocline.
Equal labelling of all groups indicates that on aver-
age, they all gathered the same amount of food in
the hypolimnion. This is an interesting observation as
monitoring of a population per se does not provide
insight into the behaviour of the individuals (Pearre,
1979). 1t strongly supports the first hypothesis that the
vertical distribution of Daphnia is dynamic.

Strong evidence for the second hypothesis is
provided by the fact that daphniids exhibited higher
I5N-enrichment than epilimnetic seston in phase 1 of
the experiment. This is only possible if they gain at
least part of their nitrogen in the hypolimnion. Un-
fortunately, it is not possible to derive quantitative
estimates of the share of nitrogen gathered in the DCL.
The duration of phase 1 was not sufficient to estimate
the 81°N at equilibrium, and the situation was further
complicated by the continuing enrichment of epilim-
netic seston. If the "N-enriched epilimnetic particles
were mostly comprised of faecal material, then the
food quality was probably lower than the quality of the
hypolimnetic particles, which would result in reduced
assimilation of >N and confound the uptake kinetics.

However, the faster enrichment of daphniids in
phase 2 of the experiment (revealed by the greater
slope of the regression in Fig. 6), shows that DCL
conditions limit the energy uptake of Daphnia. As
predicted in the second hypothesis, daphniids accu-
mulate PN at a faster rate if food is provided in the
epilimnion. This is consistent wit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>