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Scientific environment

This thesis contributes knowledge in the management of floodplain fisheries in the
developing world, through using the Okavango Delta (in Botswana) as a case study.
The PhD work is registered in the faculty of Mathematics and Natural Sciences. It
was fully funded by the University of Botswana, through the Okavango Research

Institute (ORI), where I am employed as a fulltime academic staff member.
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Introduction

This thesis is the result of 20 years of work in the Okavango Delta, Botswana. I was
employed as a Fisheries Research Officer in the Ministry of Agriculture the first 6
years of my professional career from 1996 to 2002. During that period I participated
in several benchmark achievements, which included: (i) the first ever Frame Survey
in the Okavango Delta; (ii) the first ever Catch Assessment Survey in the Okavango
Delta; (iii) the initiation of the first long term monitoring of the Delta’s fish stocks;
and (iv) the first ever creel survey to assess the impact of traditional fishing gear on
the Delta’s fish stocks. Since mid-2002, I have been involved in fisheries research in
the Okavango Delta as an academic staff member of the Okavango Research Institute
(ORI), under the University of Botswana. Hence, this study is a culmination of over a
decade of fisheries research in the Okavango Delta, alone or in collaboration with
colleagues and students. It encompasses a broad range of topics from limnology to
fisheries management of floodplain systems, using the Okavango Delta as a case
study. During the past 16 years at ORI, I have supervised/ co-supervised six graduate
students (three PhD and six MSc) and 13 undergraduate students. I have also
contributed to a PhD work on the limnology and juvenile fish of the Okavango Delta;
am currently co-supervising a PhD student on the fisheries dynamics of Cahorra
Bassa Reservoir in Mozambique; and another PhD student on the aquatic fauna of a
non-perennial river system in Zimbabwe. I have also written or co-authored 75
publications (32 peer reviewed journal articles, 31 peer reviewed book chapters and
books, 6 papers in refereed conference proceedings, and 6 published technical
reports) in various aspects of fisheries biology and management. I have also
presented/ co-presented 55 papers in international conferences, symposia and
workshops as part of my professional experience. This thesis however, contains eight

selected published, peer-reviewed journal articles and one submitted manuscript.

The thesis covers the research that I have done on the Delta’s fish stocks and its
fishery, highlighting floodplain ecosystem dynamics and their role on fish production,
and the management questions facing floodplain fisheries. The thesis is arranged

thematically into four sections; (i) juvenile fish, (ii) adult fish, (iii) floodplain



dynamics and lastly (iv) an overall synthesis chapter. Table 1 summarizes the data
that I have collected, or contributed in its collection, and used in this PhD work. The
actual data collection protocols and materials are fully described in the respective
publications. Some of the data were collected with other researchers and published
with me as a co-author: (i) Papers I — III were other PhD studies done in the Delta
where I was a key collaborator. More specifically papers I - II are from PhD work
based at the Okavango Research Institute (ORI) where I was one of the supervisors.
Paper 111 is also a PhD work based at ORI, but registered at the University of Oslo
where [ was a key research collaborator. Paper VI is an MSc work based at ORI, but
with the student registered at Rhodes University where I was one of the supervisors.
The lead author for paper VIII was a PhD student registered at the University of
Florida based on data that I collected at ORI. The data for papers I — II are not
summarized in Table 1 even though I participated in their collection. The data
sampling protocols for these papers are described in the publications. The reason for
including all nine papers in the present thesis is because they provide the most
comprehensive available picture of the drivers and dynamics that determines the fish

dyamics of the Okavango Delta.
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6
All the data collected from the Okavango Delta (Figure 1) and used in this study are

summarized in Table 1. Two main types of data were used in this study: (i) Fishery

independent and (ii) fishery dependent data.

Fishery independent data: These are research data collected by the Fisheries
Division staff based at Ngarange, Mohembo, Seronga and Guma in the panhandle of
the Delta (Figure 1). Research data from Nxaraga, Lake Ngami, Chanoga and
Xakanaxa (Figure 1) were collected by technical staff from ORI. As shown in Table
1, several kinds of gear were used to collect these data. These included Lundgren,
Namibian and Botswana nets, which cumulatively amounted to just over 104 000
individual fish records. Lundgren nets are nylon, monofilament multi-meshed, 12, 3-
m long multi-panel nets made up of meshes of sizes ranging from 13 to 110 mm
stretched meshes arranged geometrically (Mosepele, 2000). Both Botswana and
Namibian nets are multi-filament multi-meshed nets. Botswana nets are made up of
five mesh panels, each 5 meters long, of sizes 50 to 125 mm stretched mesh arranged
geometrically (Mosepele, 2000) making them 25 m long. Namibia nets are longer as
they are made up of 9 m long panels, made up of different meshes ranging from 12 to
150 mm stretched mesh (Mmopelwa et al 2009; Mosepele et al 2011), making them
90 m long.

The fish sampling protocol was similar in all the study sites. Soaking time for the
research nets was 12 hours overnight, and nets were removed at 6 am the following
day. After removal from the water, nets were placed in buckets, and then fish from
each panel were placed in separate containers and processed separately. Each
individual fish specimen was identified to species according to Skelton (2001) and
total length (TL, cm) measurements taken. For selected species, maturity stage was
determined according to Nikolsy (1969). Data were then captured in Pasgear 2
(Kolding and Skélevik, 2010), which is a customized database package for large
fisheries datasets. Data were scrutinized and cleaned according to Mosepele (2000)

before analysis.

Fishery dependent data: These data were collected by three major approaches; (i)

fisher records, (ii) creel surveys, (iii) population surveys.
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Total yield data were collected from Catch Assessment Surveys (CAS) conducted by

the Fisheries Division. These surveys were conducted similar to van Zwieten et al.
(2003) in fishing villages around the Okavango Delta by fisheries officers. In each
village around the Delta, a fisheries officer will spend 2-3 days and measure the
average catch per selected fishers once a quarter. This catch was then multiplied by
the total number of fishers in each extension area to estimate the total catch by village
(Fisheries Officer periodically conducted mini frame surveys in their extension areas
so that they could have an estimate of the total number of fishers in their areas).
Fisheries officers were encouraged to collect these CAS data across a broad spectrum
of fisher types (i.e. active and not so active fishers). This estimated catch by village
was then added for all the fishing villages in the Delta to generate total yield

estimates for the Delta.

Fisher records: Catch and effort data (Table 1) were collected from fisher records by
the Fisheries Division officers from fishing villages around the Okavango Delta
between 1995 and 2005. However, due to errors in data collection, data from 1995 —
1998 were not used in the analysis and were discarded. Just over 100000 daily catch
and effort records between 1999 and 2005 were collected and used in this study. The
fishing villages are located in both the Delta panhandle and other parts of the Delta
(Paper IX). Data collection protocol followed a procedure where the Fisheries officers
distribute data record forms to fishers in their duty station. This was an efficient data
collection system from the fishery because Fisheries officers knew the fishers in their
area very well. Fishers were required to record their daily catches according to five
fish groups (i.e. Breams, Catfish, Silver catfish, Tiger-fish and an Others group) and
effort used. Fisheries officers would periodically visit fishers in their extension area
during the course of the month to monitor their daily records, teach those who were
failing to record, and offer other extension activities. Data forms were then collected
at the end of the month and new forms distributed. The Fisheries Officers then sent
the daily catch and effort record forms to the District headquarters in Maun at the end
of every quarter. These data were then captured into Pasgear 2 (Kolding and

Skélevik, 2010) where they were also cleaned before analysis.



Recreational hook and line data were daily fish data recorded by commercial tour
operators in the Delta’s panhandle from their clients. These data, while not extensive
(just over 1200 records over 38 years), were important in giving an over-view of the
effort and catches of recreational fishing in the Delta. Data records included
identification of each individual species caught, TL measurements, type of lure used,
and the relative fishing effort (12 hours soaking time). Other data that were
instrumental towards a full understanding of the overall fishing pattern (Paper 1X)
were commercial and subsistence fisher nets. Both these data sets were recorded by
commercial and subsistence fishers in a procedure similar to what Ticheler et al
(1998) implemented in Bangweulu, Zambia. For the Okavango, they are described in

detail by Mosepele (2000).

Creel surveys: Creel surveys were conducted by Fisheries Division officers around
the Delta (Mosepele, 2001). Officers’ recorded individual species caught, TL, fisher
sex and age, and relative effort (12 hours soaking time) from randomly selected
fishers in fishing villages. Data also covered catches from traditional fishing gear that
were used in the Delta (Mmopelwa et al 2009). These data, used in conjunction with
frame survey data, were instrumental in contributing to the fish stock assessment

paper (Paper IX). Just over 1800 records were collected from creel surveys.

Population surveys: These data were collected from around the Okavango Delta from
two frame surveys conducted in 1998 and 2005. 3200 individual fishers records were
collected in 1998 (Mosepele, 2001) while just over 2700 records were collected in
2005 (Bokhutlo et al. 2007). The basic data collection procedure involved a group of
Fisheries officers conducting a population survey in each village around the
Okavango Delta. Officers would visit every household in a village to determine and

assess the profile of fishers in the household.
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Abstract

Inland fisheries provide vital proteins, jobs and income, for some of the most
marginalized communities of the world. The role of inland fisheries in household
food security is particularly important in Africa, where most of the world’ poorest are
found. Therefore, there is a compelling need to enhance our understanding of the
dynamics of floodplain fisheries because of their intrinsic value to riparian
communities. Understanding their impotance will lead to their sustainable utilisation,
which will contribute to the attainment of some of the 2030 Sustainable Development
Goals. Therefore, this thesis examines the relationship between fish dynamics and
environmental variability in flood-pulsed systems, by using the Okavango Delta as a
case study. Establishing this relationship is important towards identifying the key
drivers of change, restoration and persistence in floodplain fish communities. The
thesis also highlights the dynamic interactions between seasonal hydrology and
nutrient dynamics in floodplain systems. These dynamic processes, coupled with a
heterogeneous system, sustain a diverse fish community that is a key source of
livelihoods for the delta’s riparian community. Dynamic processes within the fish
community, such as distribution, feeding and growth are driven by the seasonal flood
pulse. Currently, the Okavango Delta fishery is managed through a series of classical
management approaches which are incompatible with the dynamic nature of flood-
pulsed systems. The best management approach is through balanced harvesting,

which has been inadvertently implemented by traditional exploitation practices.

Management interventions in floodplain fisheries should be adaptive, practical,
realistic and implementable, which in particular means acceptable to the stakeholders.
Most developing countries have limited resources, and these should be spent on
achievable and practical activities. Informed management also necessitates
continuous long-term monitoring of exploited fisheries to follow changes and to
gradually improve our understanding fishing patterns and their impact on the fish
communities. This involves the collection of fisheries related data across a broad
spectrum of activities (e.g. fish consumption, employment creation, various kinds of
biological data on species exploited, gear use and efficiencies, etc.) and associated

factors/ variables (e.g. environmental factors, various land-use activities, etc.). Once
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these have been documented and understood, they can be integrated into a flexible

management system, which will allow for more adaptive management of these
resources. Such integration is currently lacking in the Okavango Delta and also in

floodplain fisheries in general.
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1. Chapter 1

Tropical inland fisheries, while producing at least 15-20% of the global fish
production, are based on the tiny fraction (= 0.04 %) that tropical aquatic freshwater
systems contribute to the world’s freshwater resources (Kolding and Zwieten, 2006).
Most importantly, inland fisheries provide vital proteins, jobs and income for some of
the most marginalized communities of the world (Allan et al. 2005; Welcomme,
2011; HLPE 2014; Bene et al, 2015), but a growing global population, with a
consequent increase in food demand, will place increased pressure on the global

water resources (e.g. http://www.waterforfood.org/). According to Molden and de

Fraiture (2004), this situation is of particular concern in Africa, where pressure on
water resources is expected to increase rapidly within the next two decades. In
addition climate change will increase water stress in southern Africa (Boko et al.,
2007) because of reduced rainfall (Clark, 2006), which will likely decrease fish
productivity (Magadza, 2011) and increase food insecurity. An increased pressure on
resources has raised concerns of overexploitation exacerbated by lack of knowledge
on ecosystem response to changes in species, size, and trophic composition of fish
assemblages (Allan et al., 2005). There is a compelling need to understand the
dynamics of floodplain fisheries better because of their prevalence, high productivity

and intrinsic value to riparian communities in Africa.

Floodplain fisheries are generally considered among the most productive in the
tropics (Junk, et al 1989; Welcomme, 2009), with an average potential fish
production rate 2.5-4x that of tropical lakes and reservoirs on a water surface area
basis ( Bayley, 1991). The Okavango Delta (Fig. 1) is one of the largest inland river
deltas in the world (Allanson, et al 1990) with a fishery which is predominantly
artisanal, combined with a small-scale commercial gill net fishery (Mosepele, et al
2003). Common with most African inland fisheries, the fishery is characterized by a
multi-species, multi-gear fishery harvesting the fish community across different
trophic levels (Paper X). Approximately 65 % of the 25,000 people (based on 1995
population estimates) who live within the periphery of the Delta depend on the
fishery as a source of livelihood (Mosepele, 2001). Due to competing interests in the

Delta’s fish resources, particularly between the flourishing tourist industry and the
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local people, there has been a long history of stakeholder conflicts and repeated

allegations of over-exploitation of the fish resource and deterioration of the
environment. However, apart from a preliminary analysis (Mosepele, 2000) there
have been no informed assessment studies on the Okavango delta fishery. The under-
lying objective for this study was to provide an improved understanding of the
dynamics of the fish productivity and its relationship with environmental and
fisheries factors, in order to provide informed knowledge to aid in solving the
recurrent conflicts and management questions. Because of the complex and dynamic
nature of the fishery (approximately 71 species and high seasonal variability, Paper
X), a conventional fish stock assessment, based on steady state assumptions, is
considered only partly adequate for a comprehensive and accommodating evaluation
of the fishery. The Okavango Delta is subject to seasonal flooding which, like
elsewhere, seem to play a key role in determining the nature of its fishery (Paper VII).
However, a comprehensive understanding of the relationship between the
hydrological regime and the dynamics of the fishery, the productivity, and the trophic

interrelationships has never been established.

The aim of this study was to examine the relationship between fish dynamics and
environmental variability. Establishing this relationship is important towards
identifying the key drivers of change and resilience in floodplain fish communities.
Understanding this relationship will aid in floodplain fisheries and water
management, as a step beyond prevailing management regimes based on steady state
conditions (Mosepele, 2014). Tropical and sub-tropical floodplains are dynamic
pulsating systems, which are constantly changing at various spatio-temporal scales,
but where the fluctuations are also essential for regeneration and maintenance of the
ecosystem. Proper understanding of floodplains is key towards their conservation
under socio-economic development of riparian communities. The fundamental
philosophy underpinning this thesis is that floodplains are dynamic, interconnected
aquatic-terrestrial systems driven by seasonal flooding and drying that is mediated by
a flood pulse at intra- and inter-annual scales and that management needs to be

equally dynamic and adaptive.

1.3 Description of the study area
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Figure 1 Map of the Okavango River basin in southern Africa, with the three
countries sharing the drainage basin. The insert shows the Okavango Delta inside

Botswana, which is the focus of this study. (Source: The ORI GIS Laboratory)

The Okavango river basin (Fig 1) is one of the driest and most sparsely populated
basins in southern Africa. It is an endorheic (no outlet) system that spans three
countries (Angola, Namibia and Botswana) (Ashton and Neal, 2003; McCarthy et al
2003).

The catchment of the Okavango River Basin is estimated to range in size from 429
000 km? (Ashton and Neal, 2003) to 530 000km? (Andersson et al., 2003). Due to the
close direct connection between the Delta, situated in a dryland, and the upstream
catchment area, where most of the water originates, development projects altering the
Okavango River’s flow are highly likely to impact the delta’s ecological functioning
and fisheries productivity. The basin is located in a water scarce area, and future
planned water abstractions are projected to amount to about 3% of the mean annual
runoff of the Okavango River when entering Botswana at Mohembo at the distant end

of the so-called panhandle (Fig 1). However, there is not enough knowledge to
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accurately predict the scale, significance and resilience of ecosystem responses within

the Delta to the anticipated decreased flows (Ashton and Neal, 2003).

Currently, the Delta is still relatively pristine (Milzow et al 2009; Black et al., 2011),
which however, does not discount threats to its ecological integrity. Threats to the
Delta do not only come from within the country driven by local population
development pressures (Porter and Muzila, 1989), but there are also transboundary
threats which have increased with the advent of peace in Angola (Andersson et al.,
2003; Milzow, et al 2009; 2010). After a prolonged civil war, a repopulation of the
headwaters of the Okavango has begun (Mendelsohn et al., 2010), where
approximately one million people are expected to settle within the river basin
(Andersson et al., 2003). Concomitant human activities like agriculture (including
irrigation), water abstraction and hydropower development in both Angola and
Namibia are expected to place an increased demand on the water resources of the
basin (Andersson et al., 2003; Junk et al., 2006; Milzow et al., 2009). Being the
endpoint of a large river in a dessert, the Okavango Delta may undergo the same
environmental threats from dams and irrigation schemes that are now observed in

Lake Turkana of Northern Kenya (Gownaris et al. 2016).
1.3.1 Flooding dynamics in the Delta

The Okavango Delta is a mosaic of various habitats consisting of swamps, islands and
river channels whose aquatic, semi-aquatic and terrestrial phases change constantly at
different temporal scales, driven by the flood regime (McCarthy et al., 2003;
Ramberg and Wolski, 2008). It is located in a dry sub-tropical area with a mean
annual rainfall of 475 mm and experiences large annual variations in temperature
where October is the hottest month while July is the coldest (Milzow et al., 2009).
Rain normally falls in the period November — March while annual flooding from the
Angolan highlands occurs in the period April - September (Ramberg and Wolski,
2008). Annual precipitation, which is out of phase with seasonal flooding (Porter and
Muzila, 1989; Ramberg et al 2006a), contributes approximately between 5%
(Andersson et al., 2003) and 42% ( Ramberg and Wolski, 2008) of the total water

input into the Delta, while the rest comes as discharge from the Angolan highlands
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(Ramberg and Wolski, 2008). Total water storage in the Delta is about 10 000 million

m? (about a year’s inflow of water) which supports diverse vegetation (Porter and
Muzila, 1989) aquatic and wildlife species (Ramberg, et al., 2006b). The Delta’s
hydrology is constantly shifting (i.e. changes in flow patterns from one part of the
Delta to the other), and is driven by various factors such as seismic activity,
vegetation dynamics, animal activity and human intervention ( Wilson, 1973; Porter
and Muzila, 1989; Wolski and Murray-Hudson, 2006; Milzow et al 2009). This
suggests that flow in the anastomosis of channels can change at any given time due to

variations in these factors.

Peak discharge in the Delta’s panhandle occurs in March/ April (Wolski, et al 2005)
and the flood pulse continues progressively down the Delta, taking a maximum of 6
months (Andersson et al., 2003) to reach the distal ends of the system. This sinusoidal
flooding cycle in the Delta results in a period of minimum inundation (November -
March) to a period of maximum inundation (May - September) (Andersson et al
2003; McCarthy et al 2003; Wolski et al 2005). There is a time lag between inflow
and flood extent in the Delta. According to Ramberg et al (2006b), water depth
variations in the permanently flooded areas are usually very small, while these are

normally in the order of 1-2 m in the seasonally inundated parts of the Delta.

Annual average, minimum and maximum flow years in the Delta have a cyclical
behaviour with a 17.5 year periodicity in the annual average and maximum flows
(Mazvimavi and Wolski, 2006). However, there is high inter-annual variability in
flooding patterns where good flood years may be followed by poor flood years
(Milzow et al 2009; Mendelsohn et al 2010). The extent of flooding in the previous
year and local rainfall also determine the extent of flooding in any one year
(Mendelsohn et al., 2010; Milzow et al., 2009). While inter-annual variations in
rainfall cause variability (lows and highs) in its flooding regime (Wolski and Murray-
Hudson, 2006), earth movements with shifts in the flows also cause different parts of
the Delta to periodically undergo drying episodes (Milzow et al., 2009). Flooding
dynamics in the Delta are critical towards a comprehensive understanding of

ecological processes in the Delta.



21
1.4 Floodplain ecology: Primary and secondary production dynamics

Seasonal flooding liberates nutrients from the inundated soils as new floodwaters
enter the floodplains (Welcomme, 1988; Paper III). The Delta has a heterogeneous
mosaic of micro-habitats (Siziba et al., 2011a) characterized by low nutrient ( Krah et
al 2006) and oligotrophic waters (Cronberg et al 1995; McKay et al 2011). Despite
the oligotrophic nutrient status, the Delta is a productive system (Hoberg et al 2002)
as evidenced by relatively high fish production/biomass in some lower Delta lagoons
(Fox, 1976; Mosepele et al, 2011) and fast vegetation growth (Ramberg et al., 2006a).
Several key processes contribute to nutrient dynamics in the Delta; (i) surface waters
( Cronberg et al 1995; Garstang et al 1998; McKay et al 2011) (ii) soil nutrients
(Krah et al 2006), (iii) dung from mammals in the seasonal floodplains (Paper VII),
(iv) mineralization (from senescent plant material and peat) (Ramberg et al., 2006a),
and (v) windblown dust/ atmospheric deposition ( Krah et al 2006), the latter which is

a major nutrient source at receding water levels in the seasonal floodplains.

When the new floods arrive, they carry with them allotropic nutrients from upstream
runoff, which facilitate the primary production processes in the Delta. The new floods
also dissolve embedded soil nutrients from the terrestrial dry phase, which increase
nutrient concentration and availability. This is also coupled with an increase in
Dissolved Organic Carbon (DOC) in the seasonal floodplains (Mladenov, et al 2005),
due to high organic matter loading (Mladenov, et al 2007). Additionally, dung from
the herds of large herbivores (elephants, buffaloes, antelopes) also contributes to the
organic matter loading in the seasonal floodplains (Paper IV). Hippos also play a
major role in nutrient cycling of aquatic ecosystems by converting terrestrial biomass
(ingested grass) into aquatic nutrients into the Delta’s waters where they defecate
(Garstang et al., 1998). Ultimately nutrient loading switches to atmospheric
deposition when the floods have reached their maximum extent in the seasonal
floodplains (Krah et al 2006). The alternating wetting and drying processes in the
Delta facilitate optimum conditions for enhanced primary production in the system
(Ramberg et al., 2006b). This is consistent with studies from elsewhere (Junk et al,
1989; Ward and Stanford, 1995) which observed that regular flooding and drying in

floodplains is an essential nutrient pump for biological production.
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Biomass of large mammals in the Delta is approximately 12 t km™, and is among the

highest in wetlands around the world (Junk et al., 2006). The density of mammals in
the Okavango Delta is 4-8x higher than expected from it standing nutrient status,
primarily because of its high efficiency in primary productivity from recycling
nutrients (Ramberg et al 2006b). This positive feedback loop in fertilization makes
the Delta highly efficient in transforming plant carbon into higher food-web levels

through terrestrial mammals (Junk et al., 2006).

Regular flooding and drying episodes in the Delta increase plant diversity
(Tsheboeng et al 2014), in accordance with Huston’s (1979) “intermediate
disturbance hypothesis”. Other factors in this habitat “disturbance” include erosion
and sediment deposition, and actions by biological engineers like elephants,
hippopotamus and termites (Paper VII). Frequent disturbances in the Delta create
small-scale habitat patches, which facilitate the co-existence of different successional
stages of plant communities. Flood pulsed systems provide diverse food items to food
webs, and also act as dry season refuges for migrating mammals. Flooding dynamics
in the Delta, coupled with the “out-of-phase” rainfall season, ensure that fresh
primary vegetation is available much longer in the Delta for herbivore mammals,
which increases the land’s carrying capacity (Junk et al 2006). All these interrelated
dynamics enhance ecosystem productivity, and contribute to the high productivity in

the Delta, despite its oligotrophic water.

In addition to a high average biological basis production, the aquatic processes in
subtropical and tropical floodplains systems undergo “boom and bust” conditions
driven by seasonal flooding (Junk et al 1989; Lowe-McConnel, 1987; Bunn et al
2006; Schongart and Junk, 2007). The seasonal flooding in the Okavango Delta
initiates a “boom” in the aquatic primary production when the new annual floods
inundate the peripheral floodplains (Hoberg et al 2002). As the floodwaters submerge
the floodplains, microbial decomposition begins to degrade the accumulated detritus,
dung and other organic matter. There is an initial build-up in nitrogen and
phosphorous concentrations at the start of the flooding season, but these are gradually
depleted over time through photolytic degradation and burning in the dry floodplains.
There are spatio-temporal variations in dissolved oxygen (DO) (Hoberg et al 2002),
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conductivity and phosphorous concentrations (Paper I). DO levels are initially low at

the onset of the floods and increase gradually, before reducing again at decreasing
flood levels (Hoberg et al 2002). There is also diurnal variability in DO levels where
anoxic conditions are observed at sunrise while peak DO saturation levels occur at

sunset ( Hoberg et al 2002).

The initial flooding in the delta results in a “boom” in chlorophyll @ and primary
production processes, followed by a “bust” towards the end of the flooding cycle.
During the first week of flooding, chlorophyll @ concentration increases from 2.6 to
23.5 ug L' before receding to 10 ug L™ by the end of the flooding season (Hoberg et
al 2002). Similarly, primary production increases from 63 ug C L! day ! at the onset
to 264 ug C L' day ! within a week of flooding, before settling to 82 ug C L' day !
by the end of the first month of flooding. However, there is spatial variability in
chlorophyll a concentration across the Delta’s microhabitats (Siziba et al., 2011a).
The seasonally inundated floodplains in the Delta have higher concentrations of
DOC, K, SiO2, Mg, HCO3, Na and NO; than permanently flooded areas (Mackay et
al., 2011). Like the mosaic pattern of the delta itself, there are spatial and temporal
variations in water chemistry. This complex system is further exacerbated by a
surging time lag where new floods arrive at Mohembo (northern Delta), while the
previous year’s flood are still receding at Maun (southern Delta) (Mackay et al.,

2011).

The sharp increase in zooplankton biomass “boom” at the onset of the floods is
inoculated from egg banks in the seasonal floodplains (Hoberg et al 2002; Siziba et al
2012). Regular flooding is important in maintaining micro-crustacean propagules and
the diversity of these micro-fauna in the Delta’s floodplains (Siziba et al., 2012).
Cladocerans, copepods and ostracods are the three major groups whose emergence
from floodplain sediments is driven by inundation. These micro-crustacea, which are
key fish food (Paper II), then inoculate new flood waters in the seasonal floodplains
(Siziba et al., 2012). Riding on the wave of seasonal flooding are strong fluctuations
in zooplankton biomass over the flooding season in the seasonal floodplains (Hoberg
e al 2002). Zooplankton biomass peaks at about 10 mg DW L-! during the first month
of flooding, which gradually declines to 1 mg DW L' towards the end of the flooding
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season. Hoberg et al (2002) also observed a species succession in zooplankton species

during the flooding season. Moina micrura is the dominant species during the onset
of the flood, whose populations then decrease to the end of the first month of
flooding. Zooplankton populations are then dominated by Daphnia laevis during the
second month of flooding, while Chydorus spp. dominates the zooplankton

community at the end of the flooding season.
1.5 The flood pulse and fish community dynamics
1.5.1 Juvenile and small fish species dynamics

Newly inundated floodplains are an important nursery habitats for fish recruitment
(King et al 2003). In the Okavango delta the inundated areas are dominated by
juvenile cichlids (e.g. Oreochromis andersonii, Tilapia sparrmanii and Coptodon
rendalli), catfish (Clarias gariepinus), and cyprinids (e.g. Barbus bifrenatus and B.
barnardi) during the first month of flooding. Fish fry and juveniles were observed at
increasing frequency starting from the second month of flooding (Hoberg et al 2002).
The boom of primary producers and zooplankton initiated by the seasonal flooding
(Siziba et al., 2012), serves as abundant food sources for the juvenile fish and small
fishes (Paper II) and also some adult fish (Paper IV). The subsequent decrease in
zooplankton biomass corresponding with an increased frequency of juvenile fish over
the flooding season is due to predation ( Hoberg et al 2002, Paper II). This suggests
that failed or poor floods cause a bottle neck in fish production due to failed

zooplankton production (Siziba et al., 2012).

Juvenile fish growth on the inundated floodplains is rapid within the first year of life
(Dudley, 1974). Rapid growth ensures that juvenile fish are large enough to (i) avoid
being stranded in the floodplains at receding floods, and (ii) avoid heavy predation
when migrating into the permanent channels at draw-down (Booth and Merron,
1996). Foraging by juvenile fish in the inundated areas is an adaptation for taking
advantage of high zooplankton biomass that is triggered by the flood pulse (Paper
III). Less frequently flooded areas (those only flooded occasionally at very high
flows) show exceptional “booms” in zooplankton biomass and juvenile fish (Paper I),

especially after a low flood year (Paper II). During poor flood years, the zooplankton
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biomass are less exposed to fish grazing, while predation appears to be a strong

regulator of zooplankton biomass during good flood years (Paper III). Large flood
years result in extensive flooded areas which appear to particularly facilitate fish
breeding, growth and survival and ultimately increased fish production (Lowe-
McConnell, 1987; de Graaf, 2003). The flood volume in the Okavango Delta is a
major driver of fish production, where relative fish biomass during a high flood year

can be double that of a low flood year (Paper III).

Alternating wetting and drying processes are necessary in floodplains to increase
nutrient turnover, maintain primary production dynamics (Junk et al., 1989) and
hence fish production. However, the pattern of rise and fall of the hydrograph is
influencing floodplain fish production. According to King et al (2003), a “relatively
slow rate of rise and fall” of the seasonal hydrograph creates optimum conditions for
fish species to utilize the floodplain for recruitment. Conversely, a rapid rise and fall
in the hydrograph may offset the balanced time lag between primary production and
fish production (Tockner et al 2000), which may result in less successful fish
production. However, short lived hardy species in floodplain systems can adjust

quickly to extreme hydrological events (Junk et al 1989; Junk, 2002).
1.5.2 Adult fish

Community structure and distribution: Floodplain fish communities are structured
along a hydrology-water chemistry gradient (Zeug and Winemiller, 2007; Zeug et al
2005; Paper V). However, due to inter-annual differences in flooding regimes, fish
communities among years are stochastically different driven by the seasonal dilution

and expansion dynamics (Paper V; Paper VII) of the hydrological cycle.

Studies from other areas have shown that poor flood years are dominated by
opportunistic fish species Lae, 1995; Petry et al 2003), which have fast growth rates
and high fecundities. Other studies show that good flood years are dominated by
iliophagous (mud-eaters) species, which are preceded by piscivores in poor flood
years (Agostinho et al 2001). Similar kinds of species dynamics driven by flooding at
an annual scale have also been observed in the Okavango Delta. The Delta’s fish

community, as judged by experimental catch rates, is dominated by C. gariepinus at
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maximum flooded area, while tiger fish (H. vittatus) dominates the fish community at

minimum flooded area (Paper V). Furthermore, poor flood years are dominated by
hardy, multiple spawning species (i.e. C gariepinus) while good/ high flood years are
dominated by opportunistic, highly fecund, total spawning species (i.e. Schilbe
intermedius) (Paper V). Mosepele et al (2011) observed spatial differences in fish
community structure among several lagoons in the Delta. Generally, upper Delta
lagoons have higher fish species richness than lower Delta lagoons. It is possible that
one factor contributing to these community differences is relative hydrological

stability in the upper Delta vs. increased hydrological variability in the lower Delta.

Reproduction: While spawning for some floodplain fish species is cued by rising
water levels (Dudley, 1974; van der Waal, 1985; Welcomme, 1985; Godinho et al
2010; Montcho et al 2011), others spawn at low water levels (Humphries et al 1999;
Vasquez et al 2009). In the Okavango Delta, peak spawning for some fish species
occurs at low flood levels in the main channel at high water temperatures, while other
species spawn during high water levels in the floodplains at low water temperatures
(Merron et al 1990; Paper V). Van der Waal (1985) observed that spawning for some
cichlids was apparently not associated with hydrology, while other studies (Dudley,
1974; Paper V), found that spawning for the majority of cichlids is associated with a
hydrological gradient, However, for some cichlids (e.g. Serranochromis
macrocephalus and C. rendalli) spawning was mostly associated with water

temperature, which agrees with van der Waal’s (1985) observations.

Growth and Feeding: Floodplain fish growth is fastest during increasing water levels
(Power, 1984; Bayley, 1988; Paper VI) and peaks at maximum flooded area to take
advantage of the available abundant food in the floodplains (Booth and Merron, 1996;
Paper VI). During the low flood season, intra-specific competition for food (Paper
IV) decreases growth rates (Dudley, 1974; Martin et al 2011). At inter-annual scale,
growth of floodplain fish in Kafue, Zambia, differed significantly among years
according to flooding and temperature (Dudley, 1974). In the Okavango, studies
have shown that there are significant differences in maximum size between upper and
lower delta Clarias gariepinus populations (Mosepele et al, 2011). Other research

suggests that upper Delta populations follow K life histories while lower Delta
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populations are more 7 selected (Merron and Bruton, 1988; Paper VI). Similarly,

some cichlid species also appear to follow K selected life history strategies in the
upper delta and are more 7 selected in the lower Delta (Mosepele and Mosepele,

2005).

Like most other features, the diet and feeding ecology of floodplain fish species is
flood-pulse driven (Lowe-McConnell, 1987; Paper IV). After the feeding and growth
of the juveniles on the floodplains during high water, a dominant feature is increased
piscivory at receding water levels by fish predators when all the young fish are forced
back into the main channels (Bayley, 1988; Paper IV). This “concentration effect” at
receding water levels facilitates predation by piscivorous fish, as well as fishers.
Thus, while prolonged inundation or years of good flooding might enhance fish
growth and production (Bayley, 1988; de Graaf, 2003), this may have an adverse
impact on large, resident channel living piscivorous fish (Hoeinghaus et al 2003).
These dynamic processes illustrate the variability of floodplain fish dynamics and the

need for adaptive approaches in both exploitation and regulations.
1.5.3 Floodplain fisheries management

Nature of the fisheries: The preceding overview has highlighted the dynamic
interactions and processes between floodplain fish communities and the highly
dynamic environment. Floodplains are unstable, seasonally fluctuating ecosystems
characterized by strong intra and inter annual variability, where the flood pulse is a
key driver of practically all processes (Junk et al 1989; Schongart and Junk, 2007).
Inland fisheries in Africa are generally small scale and labor intensive (Welcomme,
2011). They are characterized by multi-species assemblages, of different sizes
exploited by diverse fishing gears and methods (van Zwieten et al 2003; Welcomme,
2011; Kolding and van Zwieten 2014; Paper IX). In the Okavango Delta, the
hydrological regime is a major driver of change in the biology and ecology of the fish
community (Paper 111, IV, V, VI, VII, and VIII). Like other floodplains, the fisheries
are dynamic, and constantly changing due to the environmental driver, and are never

in constant equilibrium. This makes conventional management approaches based on
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steady state equilibrium assumptions inconsistent and difficult ( Staples et al 2004;

Mosepele, 2008, 2014; Welcomme et al 2010).

Except for a few highly commercialized fisheries in freshwater systems like the
Amazon and Mekong (Welcomme et al 2014), most floodplain fisheries are a major
source of localized food and nutrition and mostly serving as subsistence for riparian
households (Junk, 2002; Mosepele et al 2006; Welcomme, 2011). Their primary
value to local communities is their contribution towards household income and food
security (Mosepele et al., 2006), though some African inland fisheries are slowly
morphing towards commercial or recreational fishing as well (Kolding and van
Zwieten, 2014). Fishers in floodplain fisheries systems use various traditional
techniques ( Cerdeira et al 2000; Kolding et al 2003; van Zwieten et al 2003) to adapt
and optimize utilization of the ever changing fish assemblages, and the same is
observed in the Okavango Delta (Mosepele et al 2007; Mmopelwa et al 2009; Paper
IX). Floodplain fisheries are thus also a major source of traditional ecological
knowledge (Mosepele, 2008) and cultural heritage (Junk, 2002) and any floodplain
fisheries management regime should incorporate these characteristics into its

management objectives.

Effort regulation: Gear restrictions and mesh regulations are fixed attributes and
remain some of the easiest and cheapest regulations to implement in fisheries
management regimes (Misund et al, 2002), and these have been widely implemented
in floodplain fisheries. The fundamental questions in fisheries management is how to
regulate the fishing mortality, which is a combination of how to catch the fish (this is
based on gear and mesh restrictions) and how much fish to catch (which is based on
effort regulation). The key approach to regulate the ‘how’ question is to control gear
selectivity, while effort on the other hand is sometimes regulated to maintain the
aggregate fishing effort in order to obtain a “maximum economic yield” (MEY). An
efficient economic exploitation of the fishery is assumed to save fish stocks from
over-exploitation/ collapse ( Bene et al 2010; Kolding and van Zwieten, 2014).
Arguments such as these are attractive to policy makers and introduce policies aimed
at effort reduction. The classical argument is that fishers are the main factor

influencing fish stock dynamics, which is otherwise assumed in ‘steady state’. Since
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catch is a function of effort, it needs to be managed. The alternative assumption

would be that effort is controlled by the current production (Kolding and van Zwieten

2011, 2014), and therefore largely self-regulated,

The Okavango delta, like other floodplains, is environmentally driven and primarily
forced by the seasonal flood pulse. Poor floods result in reduced fish production while
good floods facilitate high productivity. Accordingly, fishing effort is also relatively
driven by the seasonal flood pulse, where fishers regulate their effort and fishing
methods based on seasonal flooding (Paper IX). In addition, the structural
heterogeneity of the Delta also has a major regulating impact on fishing pressure in
the Delta (Paper [X). According to Mendelsohn et al (2010), there are places in the
Delta which are inaccessible to fishers, and most fishing activities is conducted in

areas close to human settlements, such as the panhandle (Figure 1).

Mesh or gear regulation: A key theoretical argument for regulating the gear
selectivity is to protect the young fish and target the big fish in order to prevent so-
called growth overfishing (Kolding and van Zwieten, 2011). Most fishing gears are
selective regarding species, sizes and habitats fished (Kolding and van Zwieten,
2014) but regulating selectivity on certain sizes will invariably unbalance the fishing
mortality on the various components in the ecosystem (Garcia et al. 2012). For
example, males of O. andersonii, O. macrochir and C. rendalli (which are important
commercial species in the Okavango Delta), grow larger than females (Dudley,
1974). Hence, selective harvesting with large mesh sizes would tend to select the
males from the populations of these three species resulting in unbalanced sex ratios.
Such scenario can alter the breeding sex ratio of an exploited population and
ultimately reduce its reproductive potential (Fenberg and Roy 2008). Focusing
exploitation exclusively on the mature part of the population will also alter the
demographic composition. It therefore makes ecological sense to also target younger
age classes than only old big fish, which are the engines of population growth. Big
Old Fat Fecund Females (BOFFFs) are more fecund than smaller/ younger fish
(Trippel, 1995; Walsh et al 2006; Kolding et al 2015). Smaller/ younger fish are also
more productive than bigger/ older fish (Law et al. 2012). In order to maintain the

natural structure and composition of fish communities it has been suggested to exploit
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populations in proportion to their natural productivity, of the so-called ‘Balanced

harvest’ concept (Garcia et al., 2012; Law et al., 2012).

Similar species from different habitats in the Delta have different life history
strategies (Merron and Bruton, 1988; Mosepele, 2000; Mosepele and Mosepele
2005; Paper VI) where lower Delta species are generally smaller and 7 selected while
upper Delta species are generally larger and more K selected (Merron and Bruton,
1988, Mosepele et al, 2011). While O. andersonii from the lower Delta has slower
growth than those from upper Delta, O. macrochir and C. rendalli from the lower
Delta grow faster than their upper Delta conspecifics (Mosepele, 2000). Moreover,
lower Delta populations of these three cichlids were found to mature earlier than
those from the upper Delta (Mosepele and Mosepele 2005). A similar observation
was made for C. gariepinus (Paper VI).

From a multispecies point of view, the smallest fish species (Total Length) in the
Delta is approximately 32 mm while the largest species is over 1 m with a graduation
of sizes in between them (Paper IX). Implementing mesh (or gear) regulations will
certainly skew fishing mortality towards one side of the community size spectrum,
causing a structural and demographic change of the fish community, and possibly
also effecting functional changes. According to the Conventional on Biological
Diversity (CBD), a major component of the Ecosystem Approach to Fisheries (EAF)
is to maintain the structure and function of the natural communities as close as

possible to the natural stages.

Selective fishing, on the contrary, can cause evolutionary change in exploited
populations (Rochet, 1998; Law, 2000) which occurs through a three stage process;
(a) fishery managers set the parameters of selection, (b) fishers apply the mortality
and, (c) the exploited fish stocks are then exposed to the selective mortality (Law,
2000). As a consequence, exploited stocks undergo changes in growth and maturation
(Rochet, 1998; Law, 2000), and selective fishing essentially causes ecosystem

imbalances (Schindler et al, 1998; Law, 2000; Kolding and van Zwieten, 2011).

A new paradigm: Classical single-species assessment models are incompatible with

multi-species, multi-gear fisheries (Mosepele, 2008; Welcomme, et al 2010;
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Welcomme, 2011). A more balanced exploitation pattern harvesting species of all

sizes and all trophic levels is likely the best management approach for floodplain
fisheries in terms of both yield and maintaining the fish community structure
(Kolding et al 2003, Mosepele 2014; Paper IX). There are nine different fishing
gears/ methods observed in the Okavango delta, which collectively harvest the fish
community across different age classes and trophic levels (Fig 2) and species
(Mosepele et al 2003; Mmopelwa et al 2009), thus an approximate “balanced
harvesting” (BH) regime by the diversified gear assemblage; Fig 2) is actually applied
by fisher communities in the Okavango Delta and is a common attribute of floodplain
fisheries (Kolding and van Zwieten, 2014). The so far only fish stock assessment of
the Delta (Paper IX), showed that 1) the fish stocks were generally under-exploited
and ii) that the fish community was being rationally exploited by using several
different fishing gears and methods to harvest the Delta’s diverse species assemblage

(Paper IX, Fig 2).
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Fig 2 Effect of various fishing gears and methods on the Okavango Delta’s fish
community where the red scale on the x-axis represents the mean trophic level of

each species calculated from Paper IV, while the black scale represents the mean age

of each fish species calculated from Froese and Binohlan (2000) (Source: Paper 1X)
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Currently, some of these gears (e.g. mosquito nets) and fishing methods (e.g. drive

fishing) are prohibited in the Delta (Botswana Government, 2008; Mosepele, 2008,
2014). However, there is no empirical evidence to justify these regulations. About
70% of the species exploited by mosquito nets are generally very small species (e.g.
Barbus radiatus, Aplocheilichthys johnstoni, etc.), which are not caught by other
methods (Mosepele et al 2003; Paper 1X). Restricting this gear will result in
decreased catches of these small sized underutilized species, which are primarily
harvested by women for household consumption. Drive fishing is a traditional and
efficient method for exploiting cichlids ( Mosepele et al 2007). Thus, prohibiting
drive fishing will skew gill net fishing mortality towards O. andersonii, while
Coptodon rendalli, well known for escaping stationary gillnets (Kolding et al., 2003),
will remain relatively unexploited.. In addition, prohibiting drive fishing will result in
reduced revenue for the Delta’s commercial fishers which are primarily targeting
cichlids. Blankly prohibiting some fishing methods and gears, without informed
justification may not only cause ecosystem imbalances, but may also reduce the food
security aspect and socio-economic value of the fishery to riparian communities. The
principle of Balanced Harvest (BH) has been strongly criticized by Froese et al
(2015), because they argue it does not conform to ‘basic population dynamics’ as
developed by Beverton and Holt. However, BH is a concrete proposal for
implementing the Ecosystem Approach to Fisheries (EAF) (Kolding et al 2016),
which does not only make ecological and biological sense in floodplain fisheries
(Mosepele, 2014), but it is also sensitive to the cultural value of floodplain fisheries

(Mosepele, 2008).

Diversified fishing techniques, as it is traditionally practiced in the Okavango Delta
and many other African inland fisheries, ensure that most species across various sizes
and habitats- in the fish community are exploited. It also allows impoverished
households (especially those headed by women), to have access to high quality
protein, which again ensures that young children from these fishing households have
a relatively good nutritional status (Nnyepi et al 2007). BH was intended to reduce
adverse ecological impacts of fishing while also supporting sustainable fisheries

(Garcia et al., 2012). Fisheries management should also preserve cultural and heritage
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practices of fishing communities when these are not proven destructive, because,

“culture is a fundamental human right” (Junk, 2002).
1.6 Conclusion

The seasonal flood pulse in the Delta, driving the dry and wet floodplain phases, is
the main contributor towards enhanced ecosystem production in an otherwise
oligotrophic environment. Seasonal flooding not only changes the physical landscape
of the Delta, by re-connecting isolated lagoons and creating a multitude of diverse
micro-habitats, it also enhances nutrient dynamics in both the terrestrial and aquatic
system. These alternating micro-habitats ensure continuous succession in plant
communities and enhanced plant biomass production (much of which is grazed by
large herbivores), thereby contributing to nutrient recycling in the system. This
shifting terrestrial and aquatic based food webs is eventually transformed into fish

biomass.

Management interventions in floodplain fisheries should be adaptive, practical,
realistic and implementable, which in particular means acceptable to the stakeholders.
Most developing countries have limited resources, and these should be spent on
achievable and practical activities. Informed management also necessitates
continuous long-term monitoring of exploited fisheries to follow changes and to
gradually improve our understanding fishing patterns and their impact on the fish
communities. This involves the collection of fisheries related data across a broad
spectrum of activities (e.g. fish consumption, employment creation, various kinds of
biological data on species exploited, gear use and efficiencies, etc.) and associated
factors/ variables (e.g. environmental factors, various land-use activities, etc.). Once
these have been documented and understood, they can be integrated into a flexible
management system, which will allow for more adaptive management of these

resources. Such integration is currently lacking in floodplain fisheries.
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11CS OF THE FEEDING ECOLOGY OF SELECTED FISH SPECIES
FROM THE OKAVANGO RIVER DELTA, BOTSWANA

Ketlhatlogile MOSEPELE '*, Belda MOSEPELE !, Piotr WOLSKI !, and Jeppe KOLDING 2

! Okavango Research Institute (University of Botswana), Maun, Botswana

e Department of Biology, University of Bergen, Bergen, Norway

Mosepele K., Mosepele B., Wolski P., Kolding J. 2012. Dynamics of the feeding ecology of selected fish
species from the Okavango River delta, Botswana. Acta Ichthyol. Piscat. 42 (4): 271-289.

Background. This study contributes to the understanding of the potential impact of changes in flooding patterns
and (potential) fish production as a consequence of upstream developments in floodplain systems. Therefore,
stomachs of eight fish species from the Okavango Delta were analysed to evaluate the feeding ecology of flood-
plain fish (and the effect of seasonal flooding), using the delta as a case study.
Materials and methods. In total, 2101 fish stomachs of eight species, representing six families, were collected
(in all seasons) from the delta using experimental fishing nets, from 2004 to 2009. Frequency of occurrence,
Levin’s diet breadth index, Pianka’s overlap index, trophic levels, and Bray-Curtis similarities were used to eval-
uate feeding preferences. Detrended correspondence analysis was used to study temporal variations in diet.
Multiple linear regressions were used to determine the influence of flooding on diet. ANOVA and MANOVA
were used to determine the level of significance among variables, while LSD post hoc analysis revealed the
source of significance.
Results. Cluster analysis and Pianka’s index highlighted inter- and intra-specific competition for food among dif-
ferent species and age classes, ANOVA highlighted dynamic changes in inter- and intra-specific trophic level
partitioning, while detrended analysis showed that the terrestrial environment is subsidizing the aquatic environ-
ment. Regression analysis showed that Schilbe intermedius diet was driven by discharge (F = 7.03; P = 0.045;
2 = 0.58) while that of Marcusenius macrolepidotus was driven by water depth (F = 25.88; P=0.04; R>= 0.93).
Conclusion. The terrestrial-aquatic ecotone is important in fish growth of seasonal floodplains. Energy uptake is
optimised through cannibalism to ensure species survival. Furthermore, species inter-relations are dynamic due
to variations in food availability driven by seasonal flooding, which shortens and lengthens the food chain peri-
odically. This dynamic relation is pronounced at low floods when predation and competition increases within the
fish community. The evidence from this study has shown that predation, cannibalism, inter- and intra-specific
competition are regulating factors in floodplain fish cor ities, driven by | flooding.

Keywords: trophic level, resource partitioning, flood pulse, seasons, cannibalism

INTRODUCTION (Claessen et al. 2004). Dynamic species interactions also
Floodplain fisheries are considered to be some of the result in cannibalism which Claessen et al. (2004) describe

most productive ecosystems in the tropics (Welcomme 1979,
Junk et al. 1989) and appear to take advantage of most of
the biological principles for high productivity. They are
fluvial, shallow and unstable, continuously oscillating,
generally but not always with a high predictability
between a terrestrial and an aquatic phase, and with a high
external nutrient loading. Combined with high insolation
and temperatures, the basis for primary- and higher order
productivity in these arcas is optimal (Kolding and van
Zwieten 2005). Tropho-dynamic relations such as energy
flow, predation, intra- and inter-specific competition deter-
mine community structure (Begon and Mortimer 1986,
Ricklefs 1990) in conjunction with abiotic factors

as a “short-circuited predator-prey system” where individ-
uals ensure their survival by opportunistically preying on
juveniles, Therefore, studying these factors is essential
towards assessing the stability of fish food web structure
(Ney 1993) in (fluctuating) floodplain systems.

Most floodplain fish species undergo horizontal and
vertical migrations due to seasonal flooding (Lowe-
McConnell 1987). These migrations are an integral stage in
the life history of floodplain fish and facilitate the transport
of nutrients from nutrient rich floodplains into the more
oligotrophic riverine system (Hoeinghaus et al. 2006). This
dynamic nutrient flow, characterised by a pulsing system
(Odum 1994) is based on the flood-pulse concept (Junk et

* Correspondence: Dr. Ketlhatlogile Mosepele, University of Botswana, Okavango Research Institute (ORI), Private Bag 285. Maun, Botswana, phone (direct):
+(267) 681 7228, phone (switchboard): -+(267) 686 1833, fax: +(267) 636 1835, e-mail: kmosepele@ori.ub. bw.
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al. 1989), which suggests that periodic flooding in flood-
plain systems is a natural event to which biological popula-
tions are adapted (Odum and Barret 2005). This periodic
flooding produces “boom and bust™ (Bunn et al. 2006)
conditions which provide key ingredients for floodplain
fish production (de Graaf 2003). Therefore, many flood-
plain fish species migrate as a response to seasonal flood-
ing and resource availability (Lowe-McConnell 1987,
Roach et al. 2009). Ultimately, the resultant terrestri-
al-aquatic ecotone in pulsing floodplain systems facilitates
high fish biomass production (Eberle and Stanford 2010).

This study used several techniques to establish
dynamics in the feeding ecology of several Delta species
in relation to the flood pulse and to also highlight trophic
inter-relations among different species. Merron and
Bruton (1988) conducted the most comprehensive diet
studies in the Delta using the volumetric method.
However, Hyslop (1980) argues that this univariate
approach can underestimate the relative importance of
small food items. Also, Merron and Bruton (1988) give
a detailed qualitative analysis of the feeding ecology of
selected species in relation to the flood pulse but without
quantitative analyses to establish the “flood-pulse vs.
feeding™ relation that has been done in other floodplain
systems. Quantification of diet is important, because it
helps to identify the roles of predators in ecosystems
(Baremore et al. 2010). Therefore, using several tech-
niques (to study fish diet) agrees with Marshall and Elliot
(1997) who argued that a variety of techniques should be
used to assess fish feeding behaviour due to various weak-
nesses inherent in all the different methods. Additionally,
each approach provides different insights into feeding
habits (Baldoa and Drake 2002). Testing this approach in
the Okavango Delta will contribute to the knowledge on
floodplain fish feeding ecology and factors structuring
these populations in dynamic systems. Furthermore, this
study also investigates the intrinsic importance of the
aquatic—terrestrial system interface (the so called ecotone)
dynamics for fish productivity in flood-pulsed flood-
plains. It subsequently increases the understanding of why
shallow fluctuating tropical wetlands are among the most
productive ecosystems (Junk 1996, Zalewski et al. 2001).

The main aim of this study was to establish the effect
of the flood pulse on floodplain fish feeding ecology. such
as spatio-temporal variations, (potential) inter- and intra-
specific competition. Establishing this relation would then
highlight the role of Junk’s et al. (1989) flood pulse con-
cept on floodplain fish ecology.

MATERIALS AND METHODS

Study area. Fish samples for diet analysis were col-
lected from the Upper Delta, Lower Delta, sump lakes
(Lake Ngami), and outlet rivers (Boteti; see Fig. 1). The
habitats sampled within each area were riverine habitats;
seasonally inundated floodplains and lagoon habitats,
except for Lake Ngami which is a shallow sump lake on
the edge of the Delta (see Table 1). The Okavango Delta
is a flood-driven, pulsing system fed with water annually

from the Angolan highlands (Ramberg et al. 2006) whose
surface area changes annually depending on the magni-
tude of hydrological inputs (Wolski et al. 2006). The
flood waters arrive in the Panhandle portion of the Delta,
peaking in this region between April and May (Wolski
and Murray-Hudson 2005, Wolski et al. 2006) and may
take several months to traverse the Delta’s breadth peak-
ing as late as August in Maun, i.e., may result in a time lag
between the floods” arrival at the panhandle and their
arrival at different parts of the Delta (Wolski and Murray-
Hudson 2005).

Sampling. Two kinds of experimental fishing nets
were used to collect fish specimens for diet studies in sev-
eral areas around the Delta, three days per month from
2005 until 2008. Nets were set every evening at approxi-
mately 1800 h and removed in the morning at approxi-
mately 0600 h (12 h soaking time). The net mesh size
used ranged from 8 mm to 150 mm stretched mesh. After
removal from the nets, each fish specimen was identified
to species level and total length (TL) measured of each
fish specimen selected for diet analysis. Fish were then
divided into 5-cm length classes. Fish lengths were then
transformed into age using the von Bertalanffy growth
function (VBGF) similar to Froese and Binohlan (2000).
The VBGF parameters used in this study were derived by
Mosepele and Nengu (2004) in their analysis of selected
species from the Okavango Delta.

Similar to Watanabe et al. (2003), after removal, fish
guts were preserved in 70% alcohol before laboratory
analyses. Prey items were separated into major groups
where aquatic macro-invertebrate taxa were identified to
order only due to high degree of digestion. Where possi-
ble, fish were identified to species level or otherwise clas-
sified as “fish” (when they were too digested to identify
them), plant material was identified to general groups like
“seeds, tree bark, grass, etc.”, while terrestrial insects
were generally classified as one group (apart from ants,
Arachnidae and arthropods). The vacuity index (percent-
age of empty stomachs) was also calculated. Trophic lev-
els were estimated using TrophLab (Pauly et al. 2000)
based on the percentage contribution (by weight) of each
prey item to the diet. Similar to Stergiou and Karpouzi
(2002), we used the “Diet composition” routine in the
model to estimate the trophic levels. Fish were then clas-
sified according to Stergiou and Karpouzi’s (2002) frac-
tional trophic levels as:

« Pure herbivores (TROPH = 2.0-2.1);

« Omnivores with preference for plants (2.1 < TROPH <2.9);
+ Omnivores with preference foranimals (2.9<TROPH <3.7);
and

« Camnivores with preference for fish (3.7 < TROPH < 4.5).

Univariate analyses. Frequency of occurrence (FO),
which is the simplest approach to conducting diet analy-
sis (Hyslop 1980) and has consequently been used exten-
sively (Vaz et al. 1999, Agostinho et al. 2003, Watanabe
et al. 2003, Navia et al. 2007) was the main index used in
this study. Feeding strategy was determined through
Levin’s diet breadth index (B;) in a manner similar to
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Fig. 1. Sampling areas in the Okavango River delta where fish specimens were sampled for fish diet analysis

Rosas-Alayalo et al. (2002), where low values (1 < B; < 2)
indicated predators with specialised diet, medium values
(2.1 < Bi < 3) indicated predators with less specialised
diet, while high values (B; > 3) indicated generalist pred-
ators. This index has been widely used to study shifts in
diet of many fish species (Feinsinger et al. 1981, Vazquez
et al. 2008, Baremore et al. 2010).

Multivariate analyses. Pianka’s Overlap Index
(POI), implemented in Ecosim 7 routine (Gotelli and
Entsminger 2007) was used to determine the level of spa-
tial and temporal variations in diet for selected species
(Rosas-Alayola et al. 2002, Agostinho et al. 2003, Navia

et al. 2007) where values exceeding 0.6 were considered
to be biologically significant (Navia et al. 2007). Ecosim
7 was then used to test the significance of the overlap
using randomisation procedures. Multivariate analyses
were performed using Primer (Clarke and Gorley 2001).
Prey items were grouped by order (or class, depending on
the case at which the digested items could be identified)
and then root transformed similar to Baldoa and Drake
(2002). Subsequently, Bray—Curtis coefficients were cal-
culated providing a measure of dietary overlap as
observed by Marshall and Elliot (1997). Thereafter, clus-
ter analysis was employed using the group-average link-
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ing approach based on Bray—Curtis similarities to explore
potential intra- and inter-specific competition for food
among several selected species, across different age class-
es. The importance of different food items to different
feeding groups was assessed using SIMPER analysis (Sa
et al. 2006) where data were standardised, then square-
root transformed and cut-off for low contributions set at
90% (based on Bray—Curtis mean similarity).

Temporal variations in diet were determined through
a detrended correspondence analysis (DCA-DECORANA)
in PC-ORD (McCune and Mefford 1999). Only the scores
of the axis with eigenvalues higher than 0.2 were retained
for analysis, similar to Corréa et al. (2009), while the rest
were discarded. A multiple linear regression was then con-
ducted between the diet scores from axis 1 (which repre-
sents frequency of occurrence of food items) and water
depth (and discharge) to explore the influence of hydrolog-
ical conditions on feeding behaviour of Schilbe intermedius

Riippell, 1832 (Schilbeidae) and Marcusenius macrolepi-
dotus (Peters, 1852) (Mormyridae). According to Mosepele
etal. (2011) these two species are the most dominant in the
Delta’s fish community. They were also the most abundant
in the samples collected during this study which therefore
allowed for detailed analysis. Due to data paucity for
Clarias gariepinus (Burchell, 1822) (Clariidae) and Tilapia
rendalli (Boulenger, 1897) (Cichlidae), Principal
Component Analysis (PCA in PC-ORD) was used instead
of the DCA-DECORANA routine.

Other statistical analyses. Significance levels for all
statistical tests were set at 95% confidence level. Multiple
linear regressions were conducted to determine the rela-
tion between feeding indices and flooding parameters
(e.g., water depth and discharge). Analysis of Variance
(ANOVA) and Multivariate Analysis of Variance
(MANOVA) (using STATISTICA®software) were used
to determine and test the level of significance between

Table 1

Brief description and location of the various study sites at the Okavango River delta, Botswana

SA  Site

Coordinates

Description

1 18°16'27.8"'S

21°48'05.6"E

Backwater channel dominated by papyrus (Cyperus papyrus)
and common reed (Phragmites australis)

o . . . .
z nQ ()" 110 anp  Main river channel dominated by papyrus, hippo grass
% 2 18°20'29.0”S 21°50'102"E (Echinochloa stagnina) and common reed
5 3 18°25'59.7""S 21°58"184"E  Side channel from main river. Hippo grass on littoral area

4 18°26'22.8"'S 21°54'41 6" Lagoon connected to the main channel. The common reed

’ ’ on littoral area
"9 o e 7oz Next to inflow channel into lagoon dominated by common

1 18°57'42.0"'S 22°2308.7"E  ood and papyrus
" ) 18°57'42.0''S 2292308 7"E Centre of lagoon next to a bed of water caltrop (7Trapa natans)
£ ’ : and papyrus
G} 49 o 112 ooz Centre of lagoon next to a bed of Pycreus mundii, papyrus

3 18°57'42.9""S 223132"E 4 Ceratophyllum sp. beds

4 18°58'01.1"'S 2202240 5" Next to the outflow channel from the lagoon dominated by

$ ! papyrus

g 1 19°10'07.0"'S 23°23'38.9"E  Centre of the lagoon next to a Trapa natans mat
_g 2 19°10'07.7"'S 23°23'38.9”"E  On the littoral region of the lagoon next to common reed
> 3 19°0922.4"'S 23°16'12.2"E  River channel flowing into the lagoon next to common reed
- 1 19°32'57.0""S 23°10"38.8”"E  On the fringe of the river channel next to papyrus
5 2 19°32’'57.0"'S 23°10'38.8"E  Floodplain habitat, dominated mostly by hippo grass
e 021744 A 01 1veT 1 Floodplain river channel dominated mostly by hippo grass
g 3 1931%44.2"S 2105T1"E g sedges (plants from family Cyperaceae)

4 20°12'99.89"S  23°15'15.93"E Various sites in the lagoon. Open water and littoral habitats

LN 1  20°27'43.25"S  22°47'55.08"E Various sites in the lake. Open water and littoral habitats

1 20°09'10.16"S  23°39"26.76"E Open water and littoral habitats dominated by common reed
o and papyrus
E 2 20°78'0.54"S 23927'40.14"E Open water and littoral habitats dominated by common reed
z ’ ‘ and papyrus

3 20°13'19.70"S

24°08'16.76"E

Open water and littoral habitats dominated by common reed
and papyrus

SA = study area, LN = Lake Ngami.
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variables, while Fischer's Least Significance Difference
(LSD) post hoc analysis was conducted to determine the
source of the significance among the variables.

RESULTS

General diet description. In total, 2101 fish stomachs
of eight species, representing six fish families, sampled
from 2004 to 2009, were collected and analysed for diet.
The largest fish specimen collected was Clarias gariepi-
nus (464 mm) while the smallest was Brycinus lateralis
(Boulenger, 1900) (Alestidae) (111 mm; see Table 2).
B. lateralis had the highest vacuity index (40%) while
none was observed for Oreochromis andersonii
(Castelnau, 1861) (Cichlidae) (Table 2). The highest rich-
ness of prey groups was observed for Schilbe intermedius
while the lowest was observed for cichlids (Oreochromis
andersonii and Tilapia rendalli) and Hepsetus odoe
(Bloch, 1794) (Hepsetidae). Clarias ngamensis
Castelnau, 1861 (Clariidae) had the highest diet breadth
index, suggesting a more general feeding strategy than the
other species, while H. odoe had the most specialised
feeding strategy (see Table 2). Algae is a key diet food
(based on weight) for three fish species (C. gariepinus,
M. macrolepidotus, and T. rendalli), while detritus is key
diet item for two fish species (C. ngamensis and O. ander-
sonii). Fish is a key food item for S. intermedius and
H. odoe while seeds dominate B. lateralis diet (see Table 3).
Fish and algae are the most frequently eaten food items
(by three fish species each as shown in Table 3), while
detritus and Odonata are the most frequently eaten food
item by one fish species each. Cannibalism was observed
in S. intermedius, C. gariepinus, and C. ng SIS,

Competition (intra- and inter-specific). Classification
based on dietary overlap using Bray-Curtis similarities

revealed two major feeding guilds (Fig. 2) at the 34% sim-
ilarity level. Guild 1 (piscivores) is composed of two age
classes of H. odoe (1+ and 2+), 1+ C. ngamensis and
T. rendalli, and 3+ S. intermedius. All the other species
across their different age groups are grouped together into
Guild 2 (algavores). Dietary separation between these two
guilds was highly significant (ANOSIM: r = 0.616,
P =0.001). Furthermore, three sub-guilds are discernable
within Guild 2 at between the 50%—60% similarity levels.
Sub-guild 2A (omnivorous on fish, detritus and vegetation)
is composed of 1+ and 2+ S, intermedius (at approximate-
ly 65% similarity) and 2+ and 3+ C. ngamensis (at approx-
imately 70% similarity) and 2+ and 3+ C. gariepinus
(at approximately 80% similarity). Sub-guild 2B (omnivo-
rous on algae, Diptera, and vegetation) is composed of all
the age classes of M. macrolepidotus (e.g., 1+-3+) and 0+
B. lateralis. Finally, sub-guild 2C (omnivorous on algae,
vegetation and fish) is composed of 0+ and 1+ O. ander-
sonii, and 0+, 1+ T. rendalli.

The most “potentially” intense intra-specific competi-
tion for food was found between the H. odoe age groups
(POI = 0.99) while the least intense intra-specific compe-
tition was observed between 1+ and 3+ §. intermedius
(POI = 0.61). Similarly, the most intense inter-specific
competition for food was observed between 1+ T. rendal-
li and C. ngamensis (POl = 0.96), while the least inter-
specific competition (but still biologically significant)
was observed between 2+ C. ngamensis and 3+
C. gariepinus (POI = 0.62). There was virtually no com-
petition for food between 1+ H. odoe and 2+
M. macrolepidotus (POl = 0.02), and in fact H. odoe preys
on M. macrolepidotus (Table 3).

Despite the dietary classification of the different
species into two major feeding guilds, there was a signif-

Table 2

Summary statistics illustrating the mean size, diet breadth and key food items for fish species sampled
from the Okavango River delta, Botswana

Species TL [mm] V n B TrL PGN KPG FP  Key diet taxon Key fish species
Schilbe . B.
Titermadiie 192£58 27 792 5.78 3.69%0.59 30 Fish OPA  Barbus spp. thonalikamensts
Marcusenius g5 .56 24 460 5.62 2914034 21 Diptera OPA Chironomidae “IPlocheilichthys
macrolepidotus Spp-
g'-Vf'”{“ 111£25 40 195 744 292£045 18 Odonata OPA Libellulidae -

teralis
Clarias 4 2 Tilapia
gariepinus 464+142 24 148 529 3.5+061 23  Detritus OPA Detritus sparrmanii
C. ngamensis 396106 14 185 1095 240+0.29 22 Vegetation OPP Grass Clarias spp.
Oreochromis
o5 20561 0 104 318 210015 7  Algae OPP Algac Barbus spp.
Tilapia rendalli 163 £63 24 65 262 218021 7 Algae OPP  Algae -

Hepsetus odoe  275+64 37 152 127 444+0.79

16 Fish  CPF Barbusspp. 5

nsis

Values of total length (TL) and trophic level are mean + standard deviation; /= vacuity index; » = total number of stomach
sampled; B = Levin’s diet breadth index; TrL = fractional trophic level; PGN = number of prey groups: KPG = key prey
groups based on frequency of occurrence; FP = food preference; OPA = omnivores with preference for animals; OPP =
omnivores with preference for plants; CPF = camivores with preference for fish.
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Pianka’s Overlap Index (Key Results)

o2+ vs. 1+ H. 0doe=0.99: 1+ vs. 3+ S. intermedius=0.61: 1+ T. rendalli vs. 1+ C. ngamensis=0.96
+2+ C. ngamensis. vs. 3+ C. gariepinus=0.62: 1+ H. odoe vs. 2+ M. macrolepidotus=0.02
Toph level analysis (Key Results)
«1+ M. macrolepidotus vs. 1+, 2+, 3+ S. intermedius=p<0.05
« 14, 2+ H. odoe vs. all the other species (i.e. 3+C. ngamensis, 2+C. gariepii 2+8. intermedius,
1+ S. intermedius, etc)=p<0.05: 1+, 2+H. odoe vs. 3+S. intermedius=p>0.05
+1+M. macrolepidotus vs. 1+, 3+S. intermedius=p<0.05: 1+, 2+ & 3+8S. intermedius vs. 1+, 0+
0. andersonii & 0+, 1+T. rendalli=p<0.05: 1+, 2+, 3+S. intermedius vs. 3+C. gariepii p<0.05
o 14, 2+, 3+C. ngamensis vs. 2+, 3+S. intermedius: 2+ vs. 3+C. gariepinus=p<0.05: 1+ vs. 2+, 3+
S. intermedius=p<0.05
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Fig. 2. Dendrogram using group-average linking on Bray—Curtis similarities of fish species sampled at the Okavango
River delta across several size classes based on diet occurrence data; Information in text boxes refers to results from
SIMPER analysis highlighting the % contribution of the respective food item to the diet of the particular feeding guild
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icant trophic partitioning among the different species and
size classes (see Fig. 3), ie., between H. odoe and all
the other species in this study (ANOVA: P < 0.05), with
the exception of 3+ S. intermedius. Various permutations
between the different size classes showed (inter-specific)
trophic partitioning among the different species (e.g., 1+
M. macrolepidotus vs. 1+, 2+, and 3+ S. intermedius; all
age classes of S. intermedius vs. all age classes of
Q. andersonii and T. rendalli; all age classes of S. inter-
medius vs. 3+ C. gariepinus; all age classes of C. ngamen-
sis vs. 2+ and 3+ S. intermedius, etc.). Furthermore, the
only (intra-specific) trophic separation observed in this
study occurred between 2+ vs. 3+ C. gariepinus, and
between 1+ §. intermedius vs. 2+ and 3+ S. intermedius
(Fig. 2). These suggest ontogenetic feeding behaviour.
Spatial variations in food resource partitioning
Schilbe intermedius. Pseudo-habitat partitioning
based on diet differences was observed in 1+ S. inter-
medius which were clustered into two feeding guilds at
the 40% similarity level (Fig. 3), i.e., generalist predators
from Boteti, Boro River and Xakanaxa, and specialist
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Fig. 3. Dendrogram illustrating pseudo-habitat partition-
ing (based on diet differences) of 1+ and 2+ Schilbe
intermedius from five different areas of the Okavango
River delta, based on diet analysis. 1+ refers to one-
year-old fish while 2+ refers to two-year-old

predators from Shakawe (Table 4). No significant trophic
differences were found between 1+ (ANOVA: P = 0.22,
DF = 4) and 2+ (ANOVA: P = 0.16, DF = 4) §. inter-
medius among the sites.

2+ 8. intermedius were clustered into two major feed-
ing guilds around the 45% similarity level. Guild 1 is
composed of fish from Boteti, Shakawe, and Xakanaxa
while Guild 2 includes fish from Boro River and Guma
(Fig. 3) even though the diet differences were not signifi-
cant (ANOSIM: r = 0.75, P=0.1; see Table 4). Odonata,
Hemiptera, and Diptera, respectively, contributed (cumu-
latively) 39% of the two guilds’ dissimilarity with 2+
S. intermedius from Boro River being specialist predators
while those from the other areas were relatively general-
ist in their diet.

Marcusenius macrolepidotus. 1+ M. macrolepidotus
were clustered into two feeding guilds around the 50%
similarity level using Bray-Curtis similarities (Fig. 4).
Guild 1 was composed of fish from Boro (generalist pred-
ators: Table 4), Guma (specialist predators: Table 4), and
Xakanaxa while Guild 2 consisted of fish from Boteti
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Fig. 4. Bray—Curtis similarity dendrogram, illustrating
habitat partitioning on feeding behaviour of one-year-
old Marcusenius macrolepidotus among several habi-
tats in the Okavango River delta

Table 4
Diet breadth index illustrating feeding behaviour of two age classes of Schilbe intermedius
and Marcusenius macrolepidotus among different areas
i Study area
Species and age class = -
Boteti Shakawe Boro River Guma Xakanaxa

M. macrolepidotus 1+ 29 — 7.00 241 4.35
M. macrolepidotus 2+ 3.55 — 4.18 — —
S. intermedius 1+ 5.41 227 6.54 — 6.69
S. intermedius 2+ 3.47 3.75 2.62 3.84 6.38
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River (specialist predators: Table 4) only. No significant
trophic partitioning (ANOVA: P = 0.61, DF = 3) of 1+
M. macrolepidotus was found among the four different areas.
2+ M .macrolepidotus from Boro were generalist
predators while those from Boteti were specialist preda-
tors (Table 4). No significant trophic partitioning between
the two areas was found (ANOVA: P = 0.999, DF = 3).

Diet variations with flood stage

DCA-DECORANA (and PCA for Tilapia rendalli
and Clarias gariepinus) was used to evaluate changes in
feeding behaviour of several floodplain fish species over
various age groups in Boro River (Fig. 5). At floods”
onset in the area, 1+ Schilbe intermedius fed on detritus
and ants but switched to a diet consisting of algae, bees,

Bees °"°"°°::° - [1+s.intermedius ]|  180] pecapoda  mice [2+s.intermedius |
120 ] /'//"-cwew- N P ctonsin
_ Ephemeroptera 120 -"ﬁ'
: 80| Aigae o Gastropoda o
3 Aquatic o Hemiptera = 80/ vegetation
g ® Oligochaeta N
40|@ Vesetation * - Algae . Fish Hemiptera
“ Soers [
< Odonata iptera
ol o P Detrituse o Nants 0 ® Aquatic inverts Coleoptera
0 50 100 150 200 0 50 100 160 200
Axis 1 Axis 1
160 Dot 1+M.macrole, tus 160 2+M.macrolepidotus
us
v - ot ® Grass
m > Ephemeroptera
120 1 120
~ ° Fnh. Silesla oipters /ougochaeu ~
L] " Odonata
g 80 . ot /ouo:n é 80 * Diptera
Aquatic inverts  © |::§: I»"“ hropod.
40 40 élgu
® Algae . %ooplankton
“[Decreasing] ~ Seeds
/o]
0 Gra Se © Zooplankton 0 leop
(1] 40 80 120 160 0 40 80 120 160
Axis 1 Axis 1
|10T. rendalli I |2¢ C. gariepinus |
s Fitiom 15 Datritu
7
g 0.5 SFish ; 0.5
x
" <
D:Inlu Algae
-0.6 "?:‘;‘,';““\ -0.5 ’ ol
G :
Grass Aquatic inverts
-1.6 -1.5
-1.5 -0.5 0.5 1.6 -2.0 -1.0 0.0 1.0 2.0
Axis 1 Axis 1

Fig. 5. DCA-DECORANA analysis (and PCA analysis for Tilapia rendalli and Clarias gariepinus) illustrating flood
pulse induced diet shifts of selected fish species (different ages) in the Boro River seasonal floodplain (Note:
the length of the arrows does not indicate the strength of the influence)
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Ephemeroptera, Coleoptera, Decapoda, and Orthoptera as
the flood progressed. This diet then changed to fish and
Odonata at decreasing water levels. Other diet items such
as Diptera and Oligochaeta did not show any major sea-
sonality. Similar diet shifts were observed for 2+ S. inter-
medius where algae and (unidentified) aquatic inverte-
brates were key food items at increasing water levels. This
diet then switched to mice, Decapoda, and Odonata at
peak floods and then changed to Hemiptera, fish, and
Coleoptera at decreasing water levels.

Several diet shifts were also observed for 1+ and 2+
Marcusenius macrolepidotus in Boro (Fig. 5). The key items
preyed by 1+ fish at increasing water levels were detritus,
Ephemeroptera, and fish, which then changed to Diptera,
Odonata, Arthropoda, Oligochaeta and seeds at high water
levels. Their diet then shifted to algae, zooplankton, and
grass at decreasing water levels. Similarly, grass was the key
food item at peak floods for 2+ fish and they subsequently
switched to Coleoptera at decreasing water levels. 1+ Tilapia
rendalli fed more on algae at increasing water levels and
switched to a diet dominated by detritus and vegetation
(grass and tree roots) at peak floods. 2+ Clarias gariepi-
nus fed more on detritus at increasing water levels and
switched to a diet dominated by fish at peak floods.

Bray—Curtis similarities were used to determine the
resultant species interactions during different flood stages
and feeding behaviour (Fig. 6) while SIMPER analysis
was used to determine the key prey items in each guild.
Two major feeding guilds (Bray—Curtis similarity) com-
posed of piscivores and detritivores (SIMPER analysis)
were identified in all the flood stages, except for the
decreasing water level period where “piscivores” and
“algivores” were the major feeding guilds. Based on SIM-

PER analysis, the relative contribution of fish to the “pis-
civorous™ guild was lowest at peak floods (43%), and
highest at decreasing water levels (84%). Similarly, while
detritus contributed 100% to the diet of the “detritivo-
rous” guild at peak floods, it only contributed 47% to this
guild at increasing water levels. These changes were
caused by variations in species interactions within these
flooding seasons. While both 1+ and 2+ Hepsetus odoe
belonged to the “piscivorous” guild throughout the differ-
ent flooding stages, species such as 0+ Oreochromis
andersonii moved in and out of this guild. Both age class-
es of O. andersonii were the only members of the “detri-
tivorous” guild at peak floods. Moreover, fish were eaten
by most species (and age classes) at peak floods than in
the other two flood stages.

Trophic level and diet overlap dynamics were observed
among and within the different species (Tables 5-6).
Essentially, these observations suggest that generally,
intra-specific competition for food was highest at decreas-
ing water levels, while inter-specific competition was
highest at increasing water levels.

Ecosim 7 analysis (using Pianka’s niche overlap)
revealed some significant (e.g., POI > 0.6) diet overlaps
between and within feeding guilds on account of diet sim-
ilarities at different flooding stages (Tables 5-6). While
juvenile (0-year-old) O. andersonii, 1+ T. rendalli and
H. odoe were piscivores at increasing water levels and
peak floods for 7. rendalli (Fig. 6), the cichlids occupied
significantly different (ANOVA: P < 0.05) trophic levels
compared to H. odoe. There was no overlap in their diet
with H. odoe (Pianka’s index < 0.6) (Table 5).

Similarly, while significant diet overlaps (POI> 0.6) were
observed between Clarias ngamensis and C. gariepinus,

Table 5
ANOV A indicating food partitioning among different species (and different ages)
at increasing water levels in the Boro River

N-1 N-2 N-3 M-1 G-2 G-3 A-0 0O-1 0-2 R-1 I-2
N-1
N-2 0.1
N-3 0.1 0.8
M-1 0 0.6 0.5
G-2 0.2 0.6 05 08
G-3 0 0.6 0.6 0.7 1
A-0 0 0.1 0 05 0.2 0
0-1 0 03 0 0.2 0.2 0.1 0
0-2 0 0.3 0 0.2 0.2 0.1 0 1
R-1 0 02 0 05 0.2 0 0.8 0.5 0.5
I-2 03 03 0.1 04 0.3 0.1 0.3 0.9 0.9 0.7
I-1 0 0.8 0.6 0.7 0.8 0.8 0 0.4 0.4 0.3 0.5

Interactions showing significant differences in mean trophic level are marked in bold. The values are Pianka’s overlap val-
ues derived from the Ecosim7 routine. NOTE: N-1 = 1+ Clarias ngamensis, N-2 = 2+ C. ngamensis, N-3 = 3+ C. ngamen-
sis; M-1 = 1+ Marcusenius macrolepidotus; G-2 = 2+ Clarias gariepinus, G-3 = 3+ C. gariepinus; A-0 = 0+ Oreochromis
andersonii; O-1 = 1+ Hepsetus odoe, O-2 = 2+ H. odoe; R-1 = 1+ Tilapia rendalli; 1-2 = 2+ Schilbe intermedius, I-1 = 1+

S. intermedius.
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Fig. 6. Dendrogram using group-average linking on Bray—Curtis similarities illustrating species interactions (changes
in diet guilds) over three flooding stages (increasing, peak floods and decreasing water levels) in the Boro River
floodplains based on occurrence data; Note: 0+ A = 0+ Oreochromis andersonii; 1+ A = 1+ O. andersonii;
2+ G = 2+ Clarias gariepinus; 3+ G = 3+ C. gariepinus; 1+ 1 = 1+ Schilbe intermedius; 2+ 1 = 2+ S. intermedius;
3+ 1 =3+ 8. intermedius; 0+ L = 0+ Brycinus lateralis; 1+ M = 1+ Marcusenius macrolepidotus; 2+ M = 2+ M.
macrolepidotus; 1+ N = 1+ Clarias ngamensis; 2+ N = 2+ C. ngamensis; 3+ N = 3+ C. ngamensis;
1+ O = 1+ Hepsetus odoe; 2+ O = 2+ H. odoe; 1+ R = 1+ Tilapia rendalli
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these species occupied significantly different trophic lev-
els. Some significant diet overlaps were observed between
Marcusenius macrolepidotus and C. gariepinus, and they
occupied similar trophic levels (ANOVA: P > 0.05).

At peak floods, not only was there a significant diet
overlap (POI > 0.6) between 0 and 1+ O. andersonii, they
also occupied the same trophic level (Table 6) in the
“detritivorous” guild. However, there was perfect
resource partitioning between H. odoe and other species
in the “piscivorous” guild, where Pianka’s diet overlap
was 0 and there were significant differences (ANOVA:
P <0.05) in mean trophic level.

Water levels vs. feeding. There was no significant
relation between Levin's index and mean trophic level
(P > 0.05) with either mean water depth or discharge at
Boro (Table 7) for Marcusenius macrolepidotus. However,
there was a significant relation (F = 25.88; P < 0.05)
between feeding rate and mean water depth, where 93%
of the variations in feeding rates can be explained by
changes in mean water depth. While the relations were not
significant, diet scores from axis | of the DCA analysis
responded more to discharge (F= 12.91; P =0.07) than to
mean water depth (F=0.01; 7= 0.93).

There were no significant relations (P > 0.05) between
either discharge or mean water depth with either feeding
rate (g per fish) or mean trophic level for Schilbe inter-
medius. However, there was a significant relation (F = 7.03;
P <0.05) between the feeding strategy of 1+ S. intermedius

and water discharge, where 58% of the variations in the
Levin’s index was explained by discharge. There was a sig-
nificant relation between diet scores of 1+ S. intermedius
from axis 1 of DCA analysis and mean discharge (F=7.12;
P <0.05) while none was observed between diet scores and
mean water depth (F=5.75; P=0.06).

DISCUSSION

Plasticity in diet is common in floodplain fish where
most species feed on aquatic invertebrates and fish
(Lowe-McConnell 1987). Our study agrees with this
observation where fish species feed on a wide range of
food items, with fish, algae and aquatic invertebrates as
key prey, agreeing with previous studies from the Delta
(Merron and Bruton 1988, Merron unpublished'), Earlier
studies (Merron and Bruton 1988, Winemiller and Kelso-
Winemiller 2003) indicate that Tilapia rendalli is a herbi-
vore grazing mostly on aquatic macrophytes (and algae),
however, this study showed that it occasionally feeds on
fish (apart from grass, seeds, algae and detritus) corrobo-
rating Skelton (200 1). O. andersonii, which was previous-
ly described as a detritivore (Merron and Bruton 1988,
Skelton 2001, Winemiller and Kelso-Winemiller 2003),
preyed actively on Barbus spp. in a newly inundated Lake
Ngami, which had been dry for 20 years. This feeding
strategy suggests that most floodplain fish species (e.g.,
O. andersonii) are opportunistic and take advantage of
available food resources for their survival.

Table 6
ANOV A indicating food partitioning among different species (and different ages)
at peak floods and decreasing floods in the Boro River

N-1 N-2 N-3 M-1 M-2 G-2 L-0 A-0 A-1 O-1 0-2 R-1 -2 13
N-1
N-2
N-3 0.5¢
M-1 0.4° 08 0.3
M-2 0¢ 06° 03¢ 0.8°0.7¢
G-2 037 0.2 0.2°
L-0 0.1° 0.2¢ 0.1 0.2°
A0 0° 04* 0.3* 047,0.8° 0.17,0.7* 04» 0.1°
A1 0¢ 030 03¢ 0.37,06° 0°,04¢ 03° 0 0.9°0.8¢
O-1 0.1 o» 0* o0°0.1¢ 0°,0° 09 02° 0°,0° 0, 0¢

02 03 o0 0 0n 00 00,00 09" 0.2°
R-1 0.2° 0.2° 02r 05 0.3

0,0 o, 0! 18,510
0.3° 0.2° 0.4¢ 0.4¢

203" 04° 02° 0.4,02° 0.4, 02° 0.8 0.6° 0.2°,0.1¢ 0.1%,0* 0.77, 0.9 0.7%,0.9¢ 0.4°

-3 0.2° 0.3° 02r 09" 0.3
-1 0.1° 040 0.1¢ 0.4°,0.1° 04°,0° 08 0.6

0.3° 0.3° 0.9° 0.9° 05 09
0.2, 0¢ 0.1°, 0.1 0.7% 0.9¢ 0.7°,0.9° 0.4*,0.9° 0.8* 0.8

Interactions showing significant differences in mean trophic level are marked in bold. Superscripts p and d denote peak- and
decreasing flood, respectively. The values are Pianka’s overlap values derived from the Ecosim7 routine. NOTE:

N-1 = 1+ Clarias ngamensis, N-2 = 2+ C. ngamensis, N-3

= 3+ C. ngamensis; M-1 = 1+ Marcusenius macrolepidotus,

M-2 =2+ M. macrolepidotus; G-2 = 2+ Clarias gariepinus, L-0= 0+ Brycinus lateralis; A-0 = 0+ Oreochromis andersonii,
A-1=1+ 0. andersonii; O-1 = 1+ Hepsetus odoe, O-2 =2+ H. odoe; R-1 = 1+ Tilapia rendalli; 1-2 = 2+ Schilbe intermedius,

1-3 = 3+ S. intermedius, 1-1 = 1+ S. intermedius.
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Table 7

Summary of linear regression analyses to establish the relation between various feeding indices
of Schilbe intermedius and Marcusenius macrolepidotus against water depth and discharge

Test

S. intermedius M. macrolepidotus

Discharge vs. Levin’s index

Depth vs. Levin’s index

Depth vs. feeding rate [g per fish]
Discharge vs. feeding rate [g per fish]
Depth vs. trophic level

Discharge vs. trophic level
Discharge vs. Eigenvalues

Depth vs. Eigenvalues

0.045 (R* = 0.58)* 0.17 (R*= 68)
0.11 (R = 0.43) 0.17 (R* = 68)
0.89 (R* = 0.00) 0.04 (R* = 0.93)*
0.93 (R*= 0.00) 0.75 (R2= 0.06)

0.53 (R*=0.10)
0.88 (R*=0.01)
0.04 (R*=0.59)*
0.06 (R*=0.53)

0.35 (R* = 0.42)
0.26 (R* = 0.55)
0.07 (R*=0.87)
0.93 (R* = 0.00)

Values with an * indicate a significant relation; g per fish = grams of food eaten per fish.

Inter- and intra-specific interactions. Fish partition
food between and within species (Labropoulou et al. 1999,
de Merona and Rankin-de-Merona 2004), like floodplain
fish in the Amazon where partitioning was more evident
among specialized than generalized predators (de Merona
and Rankin-de-Merona 2004). This study revealed that
there was higher (significant: P < 0.05) trophic segrega-
tion among species than within species, suggesting that
inter-specific interactions might be the main driver struc-
turing floodplain fish communities.

Significant inter-specific diet overlaps were observed
in this study (e.g.. Tilapia rendalli vs. Clarias ngamensis,
Hepsetus odoe vs. Schilbe intermedius, etc.) which may
suggest competition for food. However, H. odoe prefers
quiet, deep (Skelton 2001), and slow flowing waters
(Merron and Bruton 1988) in well vegetated backwaters
(Winemiller and Kelso-Winemiller 1994, Merron unpub-
lished*) while S. intermedius is a pelagic species (Merron
and Bruton 1988) usually found among emergent or sub-
merged vegetation (Skelton 2001). Furthermore, S. inter-
medius feeds nocturnally (Skelton 2001) relying on its
sensory barbels and large eyes to actively seek its prey
(Merron unpublished*) while H. odoe is a visual predator
relying on light to find its prey (Skelton 2001). S. inter-
medius is also an aggressive predator with high habitat
flexibility (Merron unpublished*) while H. odoe is an
ambush predator that hides among vegetation waiting for
its prey (Skelton 2001). Therefore, this observation sug-
gests the possible existence of food partitioning based on
feeding time. A similar observation was made in the
Amazon (de Almeida et al. 1997) where niche diff i

and has a wide habitat preference (Skelton 2001), there is
also trophic differentiation among these species which
minimises contact and hence direct competition. That
aside, piscivorous species prey on different fish species,
of different ages, which is a clear case of resource parti-
tioning that is otherwise not revealed through standard
ecological indices. Lindholm and Hessen (2007) made
a similar observation in the Delta’s seasonal floodplain
when they observed a potential diet overlap between lar-
val Tilapia rendalli and Anisops sardea (aquatic insect in
the order Hemiptera).

The trophic flexibility of some species and ontogenet-
ic feeding of Clarias gariepinus minimises intra specific
competition (for food) and optimise energy intake result-
ing in an efficient utilization of available food resources.
While C. gariepinus was classified as an omnivore
(Merron unpublished*), this study has revealed that two-
year-old fish were omnivores with a preference for ani-
mals (TROPH = 3.3 + 0.47) while three-year-old fish
were omnivores with a preference for plants (TROPH =
2.7 + 0.43). The trophic partitioning between these age
classes ensures co-existence through low (minimal) intra-
specific competition. Merron’s (Merron unpublished*)
observation that larger (older) C. gariepinus (SL > 300
mm) were piscivores compared to younger fish could
have been biased by sampling “pack-hunting” catfish,
which prey disproportionately on Marcusenius
macrolepidotus during draw-down (Bell-Cross 1974,
Merron 1993, Hanika and Kramer 2000) due to their elec-
tro-receptivity to electric discharges emitted by

among competitive species occurred through differences
in feeding times, in habitat utilization, and by the ability
of species like Rhaphiodon vulpinus Spix et Agassiz,
1829 (Characiformes) to have a greater “feeding flexibili-
ty”. Diet similarity does not necessarily suggest direct com-
petition for food, but rather that similar food resources are
being used (Mathews et al. 1992) which might of course
result in direct competition when food becomes limited.
That notwithstanding, except for Schilbe intermedius
which is ubiquitous in the Delta (Merron unpublished*)

M. macrolepid (Hanika and Kramer 2000). While
“pack-hunting” C. gariepinus were not sampled in this
study, this seasonal feeding behaviour highlights the troph-
ic flexibility of this species, driven by the flood pulse. This
flood driven high trophic flexibility was also observed by
Sé et al. (2006) in the Guadiana River estuary (in Portugal).
While Merron (unpublished*) classified Schilbe inter-
medius as an insectivore and piscivorous predator, this
study revealed that older fish (especially 3+’s) are pisci-
vores while younger fish are omnivores. This suggests an
ontogenetic feeding strategy by S. intermedius.

* Merron G.S. 1991, The ecology and management of the fishes. of the Okavango Delta, Botswans, with pasticular reference % the role of the sessosl lood. PRD Thesis, Rhodes Uriversity, Grahamstown, Republic of Souh Africa.
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The majority of fish species from other (floodplain)
systems have an ontogenctic feeding strategy (Garcia-
Berthou 1999, Garcia-Berthou and Moreno-Amich 2000,
Rossi 2001) which facilitates food resource partitioning
(Garrison and Link 2000). However, overlap indices and
trophic level analysis revealed minimal evidence of onto-
genetic feeding among the species studied in the Delta.
Apart from S. intermedius and C. gariepinus, no resource
partitioning was observed within the other species, and
there were significant overlaps in diet between older and
younger fish in most of them. Winemiller and Kelso-
‘Winemiller (2003) also observed significant dietary over-
laps between both juvenile and adult Oreochromis ander-
sonii and Tilapia rendalli in the Zambezi River. That
notwithstanding, Stergiou and Karpouzi’s (2002) frac-
tional trophic levels revealed the existence of ontogenetic
diet shifts within several species in this study. What is
particularly important to note is that the system (i.c., the
Okavango Delta) is not static, but is dynamically driven
by seasonal (and inter-annual) flooding patterns.
Therefore, while potential for inter- and intra-specific
competition might exist in floodplain fish communities,
this is mediated by the flood pulse, which disperses fish
into new habitats opened by new floods. According to
Amarasekare (2003), fish dispersal (caused by floods’
arrival) into new habitats reduces competition in the fish
community. This strong seasonality suggests that compe-
tition within floodplain fish communities is in constant
flux in tandem with the seasonal rhythms of the flooding
patterns. Generally, inter- and intra-specific competition
for food increase at low water levels when fish become
more concentrated in the water body and food resources
become more limited (Lowe-McConnell 1987).
Conversely, high water levels improve habitat connectiv-
ity, which improves habitat partitioning by species and
age class, and subsequently food partitioning (and avail-
ability), which would then decrease competition for food.

Generally, while mean TROPH values per species
increased with increasing size, similar to other studies
(Stergiou and Karpouzi 2002, Simon et al. 2009), some
species such as C. gariepinus and O. andersonii showed
an opposite trend where younger fish occupied higher
trophic levels than older fish. Furthermore, Brycinus lat-
eralis, (the smallest species studied) occupied higher
trophic levels than some large sized species. Layman et al.
(2005) explains that some predators are able to exploit
prey at energetically optimal sizes by occupying low
trophic positions due to variations in prey body size, mor-
phology and habitat affinity. This feeding strategy then
results in non-linearity between body size and trophic
level position. Barbus spp. (especially Barbus paludi-
nosus Peters, 1852) are pioneer species and would have
therefore been the most available prey (food) item for
younger (smaller-sized) O. andersonii (these are able to
colonise recently inundated habitats better) than older
(larger-sized) fish in Lake Ngami (which was newly inun-
dated). In this scenario, which epitomises a classical
opportunistic feeding strategy, younger fish occupy high-

er trophic levels than older fish within the same species.
This observation accentuates the highly dynamic oppor-
tunistic feeding behaviour of floodplain fish species,
where dynamism is the main constant for survival in
a highly fluctuating system.

Cannibalism has been reported for Hydrocynus vitta-
tus Castelnau, 1861 (Alestidac) and Hepsetus odoe (see
Merron and Bruton 1988, Winemiller and Kelso-
Winemiller 1994, Skelton 2001), and this was also
observed for S. intermedius in this study. Winemiller and
Kelso-Winemiller (1994) observed that H. odoe cannibal-
ism in the Zambezi River occurs at decreased water levels
while this study showed that older S. intermedius exhibit-
ed cannibalism (around July) at relatively high water lev-
els (in Boro). Possibly, most hetero-specific species (e.g.,
cyprinids, mormyrids, etc.) migrate to shallow flood-
plains, hence reducing their availability to larger (older)
S. intermedius. In this scenario, where there is low abun-
dance of hetero-specific prey, Rudolf (2008) argues that
cannibalism increases, which would explain cannibalism
within the S. intermedius community during this time.
However, this cannibalism might also be caused by what
Claessen et al. (2004) define as size dependent interac-
tions. In Winemiller and Kelso-Winemiller’s (1994) case,
the H. odoe cannibalism might be caused by intra-specif-
ic competition (Claessen et al. 2004), which is normally
high at low water levels due to decreased food supply.
Cannibalism in S. intermedius and Clarias ngamensis
(observed in the Delta), suggests that this behaviour might
be more widespread than observed before in floodplain
fish communities. Dynamic changes in the fish communi-
ty structure, caused by seasonal flooding may facilitate
this behaviour. Cannibalism in predators might cause
non-linearity in predator-prey interactions in fish commu-
nities (Rudolf 2008) and therefore its impact across troph-
ic levels needs to be understood before it can be integrat-
ed into food web theory. Generally, if cannibalism, is
stronger than predation, this may alter trophic cascades in
the fish community where prey survival increase because
predation effects are dampened by cannibalism. It is par-
ticularly striking that cannibalism appears to be higher in
ubiquitous and abundant species in the Okavango Delta
(e.g., S. intermedius, C. gariepinus, and C. ngamensis).
This suggests that this “short-circuited predator-system™
may be the main strategy used by catfishes to enhance
their survival in seasonal floodplains and increase their
comparative advantage over other species.

Spatio-temporal variations in feeding behaviour.
Spatio-temporal variations in food items (observed in this
study) highlight fluxes in food availability at spatial and
temporal scales (Sa et al. 2006) caused by seasonal flood-
ing. Generally, terrestrial food sources (e.g., ants,
grasshoppers, mice, etc.) were eaten more either at
increasing or peak water levels, while aquatic food
sources (e.g., fish, algae, etc.) were consumed more at
decreasing water levels by Schilbe intermedius. This feed-
ing strategy, which is strongly regulated by the seasonal
flood pulse, affirms the impact of the flood pulse on the
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feeding ecology of fish species in flood-pulsed environ-
ments. These seasonal variations in feeding ecology are
caused by migrations (horizontal and vertical) observed
by Merron (unpublished*) due to the seasonal flood
regime. That notwithstanding, this diet flexibility ensures
that optimum net energy intake is maintained throughout
the year. Subsequently, this opportunistic feeding strategy
ensures less spatio-temporal variations in mean trophic
levels, which was observed for Marcusenius macrolepi-
dotus and S. intermedius. These species are effectively
utilizing available food resources in different habitats to
maintain their energy requirements.

The dynamic aquatic—terrestrial ecotone allows for
seasonal changes in the feeding strategy of S. intermedius
in relation to variations in water depth. At high water lev-
els, S. intermedius is a generalist predator eating a wide
variety of food items but switches to specialised preda-
tion, preying predominantly on fish at receding water lev-
els. This increased piscivory at reduced water levels was
also observed for 1+ and 3+ Clarias ngamensis and 1+
and 2+ Hepsetus odoe. The increased preference for fish
at this time suggests that piscivory is enhanced by “con-
centration” effects in fish availability observed by
Welcomme (1985) in floodplain fisheries. This dynamic
change in feeding strategy by floodplain fish is observed
by de Merona and Rankin-de-Merona (2004) in the
Amazon, where Triportheus spp. (Characiformes) nar-
rowed their diet in the low water season. Vaz et al. (1999)
also observed similar changes in the feeding strategy of
some detritivorous fish species in the Parana River system
(Brazil) which had broad feeding niches at high floods
that narrowed considerably at low floods. Temporal
changes in feeding strategy were also discussed by
Merron (unpublished*) who observed a higher presence
of terrestrial food sources (e.g., mice, termites, Orthoptera,
etc.) at increasing flood levels, than at receding floods.
Being an active predator, it is anticipated that S. inter-
medius’ diet responds more to changes in water discharge
than depth. The basic assumption being that its prey items
are flushed out into the water column by rapidly advancing
water (e.g., drowning mice, ants) in the inundated flood-
plains. Similarly, fish prey (especially some cyprinids)
might respond more to changes in water flow rates (e.g.,
Hladik and Kubetka 2003) at decreasing water levels
which would make them more vulnerable to predation.
This increased piscivory at reduced water levels results in a
lengthening of the food chain, which in turn results to a less
efficient energy transfer. It follows then, that (some) fish
may generally lose body condition during this time, until
the next flooding season,

Similarly, Marcusenius macrolepidotus feeding strat-
egy changes from a generalist predator at high water lev-
els to a more specialist feeder grazing (almost exclusive-
ly) on algae at low water levels. Merron and Bruton
(1988) observe that M. macrolepidotus back-migrate to
the main channel from drying up floodplains, and this
might explain the switch in feeding strategy. This depend-
ence on algae is similar to Finlay et al. (2002) observa-

* See foomote  page 284,

tions who observed that trout growth was highly depend-
ent on algal production during low water levels in sum-
mer. The presence of seeds in the diet of M. macrolepido-
tus agrees with the observation of Chick et al (2003) that
floodplain fish take advantage of resources in the aquat-
ic—terrestrial ecotone, and may indeed be agents of seeds
dispersal. While it has never been known to prey on fish
(even algae) in the Delta (Merron and Bruton 1988,
Skelton 2001), the presence of fish in M. macrolepidotus
diet at decreased water levels suggested that it also takes
advantage of the “concentration” effect of fish at low
water levels. The observation that M. macrolepidotus
feeding rate responded more to water depth suggests that
it takes advantage of the inundated floodplains to feed
heavily (on abundant food items) before back migrating to
the channel and lagoon habitats at receding (low) water
levels, where food is less abundant. This observation is
consistent with Lowe-McConnell (1987) who observed
that high water is the main feeding (and growing) time for
most floodplain fish.

There is evidence that the terrestrial environment is
actively subsidizing the aquatic system (i.c., fish species
feed on terrestrial food sources) as a consequence of the
flood pulse. Possibly because of habitat switching
between the different life history stages, and perhaps due
to flooding variability, the Delta’s fish species are oppor-
tunistic feeders actively channelling terrestrial carbon into
fish biomass. This is illustrated by Clarias gariepinus
feeding on Diplopoda (millipedes) and mice; Schilbe
intermedius feeding on mice, ants, and grasshoppers; and
C. ngamensis feeding on ants, grasshoppers, and other ter-
restrial insects. Moreover, the presence of bird remains in
the diet of one-year-old S. intermedius and Brycinus lat-
eralis also attests to this opportunistic feeding strategy.
These broad (and opportunistic) feeding strategies are
possibly an adoptive strategy against an unpredictable
system. Specialised feeding strategies would undoubtedly
make the different fish species more vulnerable to
changes in the environment, which might affect their sur-
vivability. This adoptive strategy agrees with Moss
(1980) who observes that several Lake Chilwa fish
species have “very” broad diets and unspecialized habitat
requirements which allow them to cope with the lake’s
irregular drying out phases. This study has validated
Lowe-McConnell’s (1987) observations that riverine fish
species have an opportunistic feeding behaviour because
of the ephemeral nature of habitats and food resources.
Furthermore, opportunistic feeding ensures less cost in
searching for food, and optimisation of energy intake dur-
ing periods of scarcity (Corréa et al. 2009). Ultimately,
floodplain fish species are major conduits of energy flow
from the terrestrial to the aquatic environment. This study
has validated the effect of the flood pulse on the feeding
ecology of floodplain fish. Subject to further investiga-
tions, this study has shown that inter- and intra-specific
competition for food is a dynamic process driven by the
flood pulse.
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CONCLUSIONS

This study has shown that the terrestrial-aquatic eco-
tone, driven by the seasonal flood pulse, is important
towards fish growth in seasonal floodplains where food of
terrestrial origin is channelled into fish diet. This affirms
Lowe-McConnel’s (1987) observations that a large pro-
portion of floodplain fish species rely on floodplain eco-
tone resources. Therefore, any future upstream manage-
ment plans need to ensure that this ecotone is maintained
for the sustainable production of fish biomass. Another
key observation made from this study is that energy
uptake is optimised through cannibalism to ensure species
survival into successive generations. Furthermore, the
feeding behaviour of different fish species is constantly
morphing to take advantage of environmental variations
which affect food availability. Generally, food chains are
short at the start of the flood cycle and lengthen at reduced
water levels. This dynamic relation occurs more at
decreased water levels when predation and competition
(inter- and intra-) increase in the fish community. While the
competition theory based on Lotka-Volterra’s model pre-
dicts species extinction in uniform, stable environments
(Begon et al. 1986), Tilman’s mechanistic model suggests
that a species’ competitive ability is regulated by its ability
to utilise a limiting resource (Lampert and Sommer 2007).
However, these key ecological models are negated by the
flood pulse driven feeding behaviour of floodplain fish
species, where the system is in constant flux.

This study highlights Lowe-McConnell’s (1987) dis-
cussions on the maintenance and evolution of tropical fish
assemblages. Are floodplain assemblages driven by deter-
ministic processes where food partitioning facilitated by
competition (including predation and cannibalism) is the
major force structuring tropical fish communities?
Evidence from this study has shown that predation, canni-
balism and (inter-specific) competition are major attributes
of floodplain fish communities. This study has contributed
to floodplain fish feeding ecology theory, and also high-
lights the dynamic processes involved in floodplain fish
feeding ecology, and the need for intensive and long term
studies which will ultimately aid in management of this
key resource. In conclusion, this study has also affirmed
Marshall and Eliot’s (1997) argument that several tech-
niques should be used to evaluate fish feeding ecology.
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ARTICLE INFO ABSTRACT

Article history: Tropical floodplain fish populations fluctuate at temporal scales and understanding the
Received 6 November 2016 variability in these systems will contribute to comprehensive management of these
Accepted 31 January 2017 resources. Therefore, the aim of this study was to assess the dynamics of a floodplain fish

Available online xx assemblage. Data were collected using standard methods between 1999 and 2009 from

the delta’s panhandle. Various analytical tools (e.g. CCA, SIMPER, ANOVA, etc.) were used

ﬁgﬂ:ﬁ;&l variabilit to assess fish assemblage dynamics at seasonal and annual scales. ANOVA and cluster
Seaso'nal variability Y analyses showed that the fish assemblage underwent significant changes along the
Flood pulse seasonal hydrograph, while index of relative aboundance (%IRI) revealed that the fish
Floodplain fish ecology A§semhlage was dominated by Clqn'ax _gariep_inus‘ Sch_ilbe intcrmed_ius and Hydmcyn_us
Okavango Delta vittatus respectively. These species, including Clarias ngamensis and Marcusenius

altisambesi, contributed more than 50% to variations in fish assemblage structure along
the seasonal hydrograph (based on SIMPER analysis). Furthermore, canonical correspon-
dence analysis (CCA) revealed a significant (p=0.004) association between environmental
factors and fish assemblage structure. CCA analysis also showed that spawning for
different species is associated with various environmental factors. Annually, results
showed that C. gariepinus dominated the fish assemblage during low flood years, while S.
intermedius dominated during high flood years. Detrended corres pondence analysis (DCA)
showed that the hydrological gradient had a significant effect on fish assemblage structure
at an annual scale, while SIMPER analysis established significant variations in fish
assemblage structure among years characterized by different hydrological features. One
major conclusion we made was that fish assemblages are stochastically different at an
annual scale. This study contributes knowledge to floodplain fish ecology and thus
enhances fisheries management.
© 2017 European Regional Centre for Ecohydrology of the Polish Academy of Sciences.
Published by Elsevier Sp. z 0.0. All rights reserved.

1. Introduction et al.,, 2006). The underlying dynamic relationships are
encapsulated in the flood pulse concept (Junket al., 1989)

In tropical floodplains fish biomass is directly related to which integrates the interactions between hydrological
seasonal flooding (Lowe-McConnell, 1987; Welcomme and ecological processes (Tockner et al., 2000). The flood

pulse enhances biological productivity and maintains

species diversity (Bayley, 1995) and seasonal fish migra-
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breeding are directly related to the flood strength (Halls
et al,, 1999; de Graaf, 2003). Despite this highly dynamic
relationship between climate driven hydrology and
biological productivity, most fisheries management in
floodplain systems is based on managing internal drivers
(e.g. fishing effort) only (Welcomme, 2007) which is
largely based on steady state assumptions. Therefore, there
is a strong need to understand the effects of environmental
variability on floodplain fish assemblages to inform
fisheries management.

A suite of factors is responsible for spatio-temporal
fluctuations in the floodplain fish assemblage structure.
The seasonally inundated floodplain, lagoons and riparian
zones are the most important habitats that regulate fish
productivity, community structure, and diversity (Ward
and Tockner, 2001). Fish species diversity within flood-
plain communities is typically highest at high floods and is
lowest at low flood levels when there is low connectivity
(Ward and Tockner, 2001). The aim of this study was to
explore Junk et al's. (1989) flood pulse concept in the
Okavango Delta by exploring the presence of the flood
pulse in the delta’s fish assemblage.

2. Materials and methods
2.1. Study area

The Okavango Delta (Fig. 1) is one of the world's largest
inland deltas (Ramberg et al., 2006a). While local rainfall
has a localized impact (Wolski et al., 2005), the delta’s
hydrology is driven by annual flooding from Angola
(Wolski and Savenije, 2006) with a strong inter-annual
variability (Fig. 1). Discharge into the delta’s northern
panhandle peaks in April (Fig. 1) and is generally out of
phase with the rainy season in the delta (Wolski and
Savenije, 2006). The peak flood pulses through the entire
system and usually takes 1-2 months from Mohembo to
Seronga and another 2-3 months to reach the distal end of
the delta in Maun (Wolski et al., 2005). There are 71 fish
species in the delta (Ramberg et al., 2006b) distributed
heterogeneously throughout the system (Mosepele et al.,
2009).

22. Data collection

Fish data: Experimental fish data were collected
between 1999 and 2009 (there was no sampling in
2003) at Ngarange and Seronga (Fig. 1) sampling stations.
Two types of experimental nets were used: (i) multifila-
ment, multi-mesh, nets made up of 9, 10 m long panels of
mesh sizes 22-150mm stretched; (ii) multifilament,
multi-mesh nets made up of 5.5m long panels of mesh
sizes 50-125 mm stretched mesh. Sampling was done at
each station 2-3 days monthly. Nets were set for
approximately 12h overnight and 10h during the day
(to account for diurnal variations in fish movements). Nets
were set along the margins of the main channel and in a
lagoon in each sampling station. The main channel has a
sandy bed, fringed by papyrus (Cyperus papyrus) and reeds
(Phragmites australis) rooted in mud rich peat, with water
flow velocity ranging between 0.4 and 0.8 ms ™' (McCarthy

et al., 1998; Wolski et al., 2006). Lagoons are seasonally
connected to the min channel by narrow channels
(Gondwe and Masamba, 2013) and fringed by papyrus,
reeds and typha beds (Smith, 1976) with relatively
sluggish water velocity (Mendelsohn et al, 2010). Catches
from each panel were separated and recorded separately.
The sampling regime and data treatment are described in
Mosepele (2000). Maturity stages were based on Nikols-
ky's (1969) six stage key where stage 5 is ripe running
(spawning). The data from the two nets were harmonised
by using only data from mesh sizes 49-125 mm. This
amounted to 57,222 fish records that were used in this
study.

2.3. Data analysis

General statistics: Multiple linear step-wise regression
in STATISITCA (Version 6.0, StatSoft) was used to deter-
mine the strength and significance of relationships
between variables (with a significance level of 0.05, except
a few cases of 0.1). The relative strength of independent
variables was determined by the magnitude of the p value
(Zeug and Winemiller, 2007 ). ANOVA was used to test for
the level of differences among variables along temporal
scales.

Univariate analysis: Fish indices (in either numbers/set
or grams/set), spawning, index of relative abundance
(%IRl), and mean length were calculated in Pasgear
(Kolding and Skalevik, 2010). Spawning season was
defined as a period when a minimum of 5% of the adult
population was spawning. The %IRI is considered a good
measure of abundance, as it combines numbers, weight
and frequency of occurrence (Hart et al, 2002). Fish
abundance data were clustered into four seasonal dis-
charge stages (increasing, peak, decreasingand minimum).
The assemblage stability was assessed using the coefficient
of variation (CV) (Grossman et al., 1990; Oberdoff and
Porcher, 1992). Scaling population variation by the mean
permits comparison of populations with different mean
abundances which makes it less ambiguous than other
metrics (Grossman et al., 1990).CV percentage values were
classified into equal quartiles as stable, moderately stable,
moderately fluctuating and fluctuating (Freeman et al.,
1988).

Multivariate analysis: Cluster analysis in PRIMER 6
(Clarke and Gorley, 2001) was used to establish assem-
blage patterns (Minns, 1989). All data for analysis in Primer
were standardized, and then square-root transformed
before using Bray-Curtis similarity analysis. Spatio-tem-
poral differences in fish assemblage structure were
assessed using SIMPER analysis (Rayner et al., 2015).
SIMPER scores were then plotted to explore patterns over
temporal scales and hydrological variables. Environmen-
tal effects on the delta’s fish species assemblage and
spawning behavior were assessed by direct gradient
analysis using canonical correspondence analysis (CCA)
(ter Braak, 1986) implemented in PcORD v6 (McCune and
Mefford, 2006). Data were log transformed (log(x + 1)) to
minimize the range and skew of distributions (Cantu and
Winemiller, 1997). The Euclidean distance was used asthe
dissimilarity measure while p was estimated by a Monte
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(A). This figure also illustrates environmental variability in the delta through inter-annual
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flooded area (D), temperature, pH, total dissolved solids (G), and dissolved oxygen (H). (Note: Graphs D-H present mean values over the study period ).

Carlo test using 999 permutations (McCune and Mefford,
1999). We also used detrended correspondence analysis
(DCA/DECORANA) to search for patterns in assemblage
shifts (Ibarra and Stewart, 1989) using Shannon’s diversi-
ty index. Regression analysis was used to explore the
strength and nature of relationship between diversity and
hydrological variables. Only axis scores from DCA analysis
that had significant relationships were included in the
analysis.

3. Results

3.1. General observations

Clarias gariepinus, Schilbe intermedius and Hydrocynus
vittatus (all predators) dominated the fish assemblage at
both seasonal and annual scales (Fig. 2). As summarized in
Table 1, C. gariepinus was the most abundant species by
relative weight (443 g/set) and S. intermedius by relative
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numbers (0.970 fish/set) over the study period. The top
three largest species (mean length, ML) in the composition
were C. gariepinus (52.72 cm), C. ngamensis (44.85 cm) and
H. vittatus (40.14cm) respectively. Conversely, Petroce-
phalus okavangensis (8.53 cm), Barbus poechii (9.09 cm) and
Brycinus lateralis (10.12cm) were the smallest sized

go Delta within the study period where the black lines show (A) intra-annual and (B)

species. The feeding guilds with the largest frequencies
in the assemblage were insectivores (approximately 28%),
omnivores (approximately 23%) and predators/carnivores
(approximately 16%) respectfully.

As summarized in Table 1, populations of the top three
species had different stability dynamics (based on CV
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Species composition and relative abundance from the study area based on data collected between 1999 and 2009. Lettersin () indicate the feeding guild of
each species where superscript Mis Mosepeleetal.(2012), MBs Merron and Bruton (1988). Fecundity estimates are also derived from various sources where
superscript M is Mosepele et al. (2012), M® is Merron and Bruton (1988) W is van der Waal (1985), * is Skelton (2001) and MM is Merron and Mann (1995).

Family Species Species IRl No/set g/set Mean  Fecundity Mean cv o
code (density) (relative length weight  (seasonal) (annual)
abundance) (cm) (g)
Bagridae Parauchenoglanis ngamensis{ 0)™* 30 0002 0.004 0338 19694 1000" 78954 91 177
Zaireichthys cf conspicuus(1® 40 0 0 0.052 36000 16° 390.000 346 283
Characidae  Hydrocynus vittatus(C)™® 3 10617 0.244 166.891 40144 150000 685169 87 44
Brycinus lateralis{OPA)™ 31 0.002  0.008 0.076 10.120  10000™® 9454 175 267
Cichlidae Serranochromis macrocephalus(P/CYM® 9 0.451 0.056 17.713 26527 225M8 314381 86 81
Serranochromis angusticeps(P/C)M® 10 0432 0.058 17.144 26653  5000M° 297207 93 121
Oreochromis andersoniil OPPY™ 14 0.187  0.031 15.729 29177 2000M® 502267 117 90
Coptodon rendalli(OPP)™ 15 0178  0.037 11262 23909 7000MF 300526 118 55
Tilapia sparrmanii( O)™® 17 0142 0.052 4439 14972 800M® 86.143 144 148
Serranochromis altus(P) 18 0074 0.017 10.824 33398 - 652242 95 102
Serranochromis robustus{ P|C)M® 19 0061 0015 8.904 31733 1500MF 583591 105 72
Sargochromis carlottae(O® 20 0057 0.022 3.479 19489 500" 157.526 81 120
Oreochromis macrochir(D)* 22 0037 0014 5.061 25001 572% 356771 136 101
Sargochromis codringtoniil MYM® 23 0037 0.018 3.185 20817 700M® 178920 75 88
Serranochromis thumbergi(P/C)M® 24 0025 0.014 2,193 21125 300M% 157.578 76 180
Sargochromis giardi (O)** 25 0019 0.010 4227 25869 1200M" 421083 96 180
Sargochromis greemwoodii(M)™® 28 0002  0.004 0875 23007 - 218006 183 165
Pharyngochromis acuticeps(P/C)™® 35 0 0.001 0.097 18867 - 120.833 233 278
Tilapia ruweti{ D)™® 36 0 0.001 0114 19775 400M® 212750 280 283
Hemichromis elongatus(O)® 37 0 0 0.022 15567  500M* 54667 205 283
pseudocrenilabrus philander{ P/C)™® 38 0 0 0.012 11933 30.000 195 271
Serranchromis longimanus(P[C)M® 39 0 0 0.037 20250 400M® 137.500 287 283
Clariidae Clarias gariepinus(OPA)™ 1 39111 0.376 443.903 52717 200000™% 1180372 44 35
Clarias ngamensis(OPP)™ 4 8568 0228 163383 44850 200000 715592 100 44
Clarias theodorae(0)*® 27 0004  0.005 2048 37383 - 425.083 203 159
Catfishes - 0 0.001 0.719 34000 - 488073 346 -
Cyprinidae  Labeo lunatus(D)® 32 0001 0.003 0.833 31225 - 311100 133 106
Barbus poechii(lM® 34 0 0.005 0.032 9.085 - 7002 229 276
Hepsetidae  Hepsetus cuvieri (CPF)™ 7 2429 0.166 47.59 30733 8000MP  287.230 84 93
is nigr oy? 5 5995  0.427 31672 20101 31333% 74116 67 31
Synodontis thamalakanensis 8 0538  0.093 5.835 18069 62824 124 42
Synodontis vanderwaali 11 0420 0.088 6.416 18953 72742 72 94
Synodontis leopardinus(0)**® 13 0196  0.054 4.089 19687 40334% 76009 82 109
Synodontis woosnami(0)M® 16 0163 0.052 4049 18023 40338 77379 135 48
Synodontis macrostigma 21 0.048 0.027 1.557 16024 45000% 57322 123 143
Squeakers (Synodontis sp.) 26 0008  0.016 0.787 15631 - 50250 136 110
Synodontis macrostoma 29 0002  0.005 0314 16222 - 57293 287 157
Mormyridae ~ Marcusenius altisambesi OPA™ 6 5537 0.534 36672 18926 5000M" 68641 90 86
Mormyrus lacerda{)™® 12 0365  0.052 18.420 33361 7000° 355636 108 110
Petrocephalus okavangensis(1)™® 33 0.001 0.005 0.026 8.531 - 5494 224 282
Schilbeidae  Schilbe intermedius{ OPAY™ 2 24293 0970 106137 23303 27000M™ 109432 56 52

Note: 1 net set =1 net set for 12 h overnight: IRI=index of relative importance: O =Omnivore; I =Insectivore; D =Detritivore: M =Molluscivore; P/
C = Predator/Carnivore; OPA = Omnivore with preference for animals; OPP = Omnivore with preference for plants; CPF = Carnivore with preference for fish.

values) at intra and inter annual scales. Intra-annually, C.
gariepinus population was moderately stable (44); S.
intermedius moderately fluctuating (56), while H. vittatus
was highly fluctuating (87). Inter-annually, C. gariepinus
(35) and H. vittatus (44) populations were moderately
stable, while S. intermedius (52) were moderately fluctuat-
ing. Populations of the three smallest species were
fluctuating at both seasonal and annual scales. Generally,
90% of the populations were fluctuating at the seasonal
scale compared to 78% at the annual scale. In general, more
species were moderately stable (15%) at the annual than at
the seasonal scale (2%).

3.2. Intra-annual variability

The fish assemblage showed strong seasonal variability
while regression analysis (Fig. 3) revealed that flooded area
had a stronger effect on assemblage dynamics than
discharge. Generally, changes in discharge explained 41%
of the observed variability in fish assemblage patterns
while flooded area explained 54% of the variability (Fig. 3).
SIMPER analysis (Fig. 4) showed varying similarity among
the fish assemblages at a seasonal scale and also along the
two hydrological gradients (i.e. discharge and flooded
area). Similarity was highest between September and

Please cite this article in press as: Mosepele, K., et al., Fish community dynamics in an inland floodplain system of the
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Fig. 3. (i) Results of seasonal DCA analysis (diversity) scores against (A) inundated area (ANOVA: DF=11; F= 11.67; p=0.01; R?>=0.54; Beta = 0.73), (B)
discharge (Regression: DF = 11; F=7.01; p =0.02; R?=0.41; Beta = -0.64), and annual DCA analysis (diversity) scores against (C) discharge (Regression:
DF = 7; F=4.91; p= 0.07; R* = 0.45; Beta = —0.67) and (D) flooded area (Regression: DF = 7; F= 4.98; p =0.07; R* = 0.45; Beta = 0.67) from the study area. Also
illustrated is (E) inter-annual variability in relative abundance and discharge (Regression: DF = 7; F= 10.43; p=0.02; R? =0.63; Beta=0.80).

October, which coincides with maximum inundated area
(see Fig. 1D), and lowest between April and August
(increasing water volume). Conversely, similarity in the
fish assemblage was lowest between peak vs decreasing
discharge stage and highest at peak discharge stage
(Fig. 4E). Moreover, ANOVA analysis (Table 2) revealed
that assemblage stability (CV) changed significantly during
the season. Cluster analysis (Fig. 5A) confirmed the strong
intra annual variability into four hydrological groups
(increasing, decreasing, minimum and peak discharge).
H. vittatus, S. intermedius, C. gariepinus, C. ngamensis and
Marcusenius altisambesi were the key species which
contributed at least 50% to fish assemblage shifts (SIMPER
analysis) within each hydrological cluster. ANOVA

(Table 2) showed that these species underwent significant
seasonal changes in relative abundance. Regression
analysis (Table 3) also revealed a significant relationship
between hydrological variables (discharge and inundated
area) and selected variables of these key fish species.
Furthermore, C. gariepinus dominated the fish assemblage
at peak inundation, while H. vittatus dominated the fish
assemblage at peak discharge (Fig. 5A).

CCA analysis (Table 4) revealed a strong (Pearson
correlation: Axis 1 =0.993) and significant (Monte Carlo
randomization: p=0.004) correlation between fish species
distribution in the study area. Overall, pH had a minimal
effect on species distribution while temperature and
discharge had a major effect (Fig. 6A). According to

Please cite this article in press as: Mosepele, K., et al., Fish community dynamics in an inland floodplain system of the
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the relationship between the species assemblages.

Table 2

Summary of ANOVA analysis illustrating changes in relative abundance of selected fish species and assemblage stability (CV) along the seasonal (discharge)
hydrograph (M = minimum; D = decreasing; | =increasing; P= peak). Significant values (at 95% confidence level) are in bold.

Index Test H. vittatus { oA P S.i di c M. altisamb:
Relative abundance (gfset) Mvs. D 0018 0.064 0.665 0.023 0.488
Mvs. | 0.023 0 0.009 0 0.049
Muvs. P 0.085 0.004 0.034 0.004 0.105
Dvs. 1 0 0.043 0.004 0.135 0.087
Dvs. P 0.001 0.095 0.022 0077 0.101
Pvs. 1 0770 0.006 0.135 0.021 0329
Assemblage stability (CV) Mvs. D 0.078
Muvs. I 0.186
Myvs P 0.018
Dvs. 1 0014
Dvs. P 0253
Pvs. 1 0.006

Please cite this article in press as: Mosepele, K., et al., Fish community dynamics in an inland floodplain system of the
Okavango Delta, Botswana. Ecohydrol. Hydrobiol. (2017), http://dx.doi.org/10.1016/j.ecohyd.2017.01.005

105



G Model
ECOHYD-132; No. of Pages 14

106

8 K. Mosepele et al./Ecohydrology & Hydrobiology xxx (2016) xxx-xxx

Axis 2

Peak discharge

Axis 2

Fig. 5. CCA biplot illustrating the environmental effects on fish
assemblage (A) distribution and (B) spawning behavior in the study area.

Table 4, discharge and DOC were associated with Axis 1,
temperature with Axis 2, while area and DO were
associated with Axis 3. Fig. 6A shows that H. vittatus
was associated with a Discharge: DOC gradient during the
peak discharge season. Several cichlid species and some
Synodontis species were linked with a Temperature: DO
gradient. Oreochromis macrochir was associated with an
increasing discharge period, while Synodontis leopardinus,
Synodontis woosnami and C. rendalli were associated with a
decreasing area period. Serranochromis angusticeps and
Hepsetus cuvieri were associated with a pH: Area gradient.
All three axes in the ordination cumulatively explained
approximately 78% of the total variation in the fish
assemblage.

Spawning: CCA (Fig. 6B) revealed a strong (Pearson
correlation: Axis 1=0.99) and significant (Monte Carlo

randomization; p = 0.00) association between spawning
of selected fish species and the environment (Table 4).
Cumulatively, the three axes explained approximately
69% of the observed variance in spawning behavior.
Spawning by different fish species was associated with
different environmental gradients (Fig. 6B, Table 4).
Spawning for some species like H. vittatus and some
cichlids (e.g. Serranochromis altus, O. macrochir, etc.)
was associated with Axis 1, Axis 2 for some cichlids (e.g.
Sargochromis giardi, Serranochromis macrocephalus, etc.)
while spawning for species like C. gariepinus and S.
intermedius was associated with Axis 3 (Table 4).
Regression analysis (Table 5) revealed that discharge
and temperature (each) had significant relationship
with 24% of the species, mean flooded area with 36% of
the species, and DO with 8% of the species. Most of the
species had extended, but different, spawning seasons
(Table 5). Approximately 38% of the cichlids in the study
start spawning between June and August, about 67% of
Synodontis spp. start in October; approximately 67% of
Silurids start in November, while about 67% of
Mormyrids start in December. Approximately 52% of
the species were spawning by September. Spawning
season for 32% of the species ended in January (three
months before peak discharge), and season for 36% of
the species ended in March (a month before peak
discharge). Peak spawning period for B. poechii and B.
lateralis coincided with maximum flooded area (see
Table 5).

3.3. Inter-annual variability

The fish assemblage structure underwent inter-annual
variability (Fig. 2), while DCA analysis revealed that
variability in the fish assemblage structure was driven
by the inter-play of discharge and flooded area (Fig. 3C and
D). Generally, DCA/DECORANA analysis showed that
hydrology accounted for inter-annual variability in fish
species distribution (Fig. 7). SIMPER analysis revealed that
similarity in fish assemblage shifted along a hydrological
gradient (Fig. 4C and D) and along a time scale (Fig. 4F).
Similarity was highest during low discharge (Fig. 4C) and
inundated area (Fig. 4D) years and least during high
discharge and inundated area years. C. gariepinus and S.
intermedius were the two main species that contributed
most to these assemblage dynamics. Generally, the highest
similarity in fish assemblages was observed between
2001 vs. 2002 while the lowest similarity was observed
between 2007 vs. 2009 (Fig. 4F). Regression analysis
(Table 6) revealed that hydrology was a driver of change
among the key fish species dynamics. Cluster analysis
(Fig. 6B) grouped the fish assemblage into five groups
along a hydrological scale. SIMPER showed that the top
three species contributing to these assemblage shifts were
C. gariepinus, H. vittatus and S. intermedius. Furthermore, C.
gariepinus dominated the fish assemblage during years of
low flooded area while S. intermedius dominated during
high discharge years (Table 7). In fact, %IRI variability for C.
gariepinus was significantly (p=0.03) related to flooded
area while that of S. intermedius was significantly (p=0.01)
related to discharge (Table 6).

Okavango Delta, B
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Results of regression analysis between two hydrological variables and several fish indices of selected fish species from the delta, where only the significant

relationships (at 95% confidence level) are shown. ML - mean length.

Hydrological variable Fish index Species DF F P R? Beta
Discharge No/set C. gariepinus 11 1227 0.006 0.55 ~0.74
S .intermedius 11 9.58 0.011 0.49 -07
C. ngamensis 11 9.84 0.011 05 -07
M. altisambesi 11 1041 0.009 0.51 -0.71
All species 11 16.2 0.002 0.62 -0.79
g/set C. gariepinus 11 16.66 0.002 0.62 0.79
S. intermedius 11 9.89 0.01 05 ~0.71
C ngamensis 11 13.02 0.005 057 -0.75
All Species 11 2172 0.001 0.68 -0.83
ML H. vittatus 11 6.43 0.03 0.39 063
S. intermedius 11 6.46 0.029 0.39 063
M. altisambesi 11 743 0.021 043 0.65
All Species 11 17.09 0.002 0.63 079
FIRI H. vittatus 11 1345 0.004 0.57 076
C. ngamensis 11 9.65 0.011 0.49 -0.7
M. altisambesi 11 1134 0.007 0.53 -0.73
Flooded area No/set C. gariepinus 11 11.82 0.006 0.54 074
H. vittatus 11 1181 0.006 0.54 0.74
S. intermedius 11 2219 0.008 0.69 083
C. ngamensis 11 6.75 0.027 04 0.64
All Species 11 6.34 0.031 039 0.62
glset C gariepinus 11 141 0.004 0.59 077
H. vittatus 11 14.62 0.003 0.59 -0.77
S. intermedius 11 1732 0.002 0.63 08
C. ngamensis 11 74 0.024 0.42 0.64
All Species 11 6.22 0.032 0.38 062
ML S .intermedius 11 34.01 o 0.77 0.88
%IRI C. gariepinus 11 2257 0.001 0.69 0383
H. vittatus 11 9.54 0.011 0.49 -0.7
C. ngamensis 11 5.44 0.042 035 059
Table 4

Summary of direct gradient analysis (CCA) results to establish fish distribution pattern and spawning behavior of selected fish species along an
environmental gradient in the delta’s panhandle. Correlation values in bold indicate the key environmental variable in that particular ordination axis. The
top four key species are placed in order of importance, starting with those having the highest scores under each axis.

Spawning dynamics

Seasonal variability

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3
Eigenvalue 0.105 0.067 0.038 Eigenvalue 0.102 0.051 0.023
% variance explained 34.700 22.100 12.500 % variance explained 45.100 22500 10.100
Pearson correlation  0.993 0.896 0.962 Pearson correlation  0.993 0981 0.988
Species - environment correlations Species - environment correlations
Discharge 0.736 0323 0.497 Discharge 0.750 0.455 0.307
Area -0.835 -0274 -0.099 Area ~0.639 -0.377 ~0.636
Temperature 0.698 0421 0.429 Temp 0.634 0.758 0.094
DOC 0.876 0.139 o111 DOC 0.728 0207 0576
pH -0.476 0.163 0.623 pH -0.481 -0.142 =012
DO 0.008 0.419 0.063 Do 0274 0.434 0.495
Monte Carlo 0.002 - - Monte Carlo 0.004
randomization randomization
test (p value) test (p value)
of eigenvalues of eigenvalues
Key species 0. macrochir  S. giardi C rendalli Key Species H. vittatus 0. macrochir 5. robustus
S. altus S. macrocephalus  H. cuvieri S. nigromaculatus  C. rendalli 0. andersonii
H. vittatus S. thumbergi S. intermedius C. gariepinus S. woosnami  S. angusticeps
S. codringtonii  S. carlottae C. gariepinus S. leopardinus  H .cuvieri

4. Discussion

Our results show that seasonal changes in the fish
assemblage of the Okavango Delta are highly correlated to
hydrological variables. Discharge (flood pulse) was the
strongest driver of seasonal change, while mean flooded
area (contraction and expansion) had a lesser effect. These

results are in accordance to the flood pulse concept by Junk
et al. (1989) and consistent with observations from other
floodplain systems (Lowe-McConnell, 1987; Arrington
et al., 2005).

The observed fish assemblage dynamics are driven by C.
gariepinus, which dominates the experimental catches at
minimum discharge (coinciding with maximum flooded

Please cite this article in press as: Mosepele, K., et al., Fish community dynamics in an inland floodplain system of the
Okavango Delta, Botswana. Ecohydrol. Hydrobiol. (2017), http://dx.doi.org/10.1016/j.ecohyd.2017.01.005

107



G Model
ECOHYD-132: No. of Pages 14

10 K Mosepele et al./Ecohydrology & Hydrobiology xxx (2016) xxx-xxx

I: Increasing Discharge 86)

1I: Decreasing Discharge [89)

1li: Minimum Discharge [90]

IV: Peak Discharge [89]

|
!

80 8 %0
sSimilarity

:e:g'rag e

{moan s'c;f:rﬁg

fe Befow the 1ong torm

KR SRS RELRE Woge

£ gasopinia 22
S intmocias 13
s 12
I: Mean discharge and mean flooded area below
the long term average
11I: Discharge is abovi long term average, but
mm area isi)e"ﬁw long term dvérage
: Mean discharge and flooded area above the S meda 38
long term avera?e Hvitha 23
C garmpins 14

90
%Similarity

o5 100

Fig. 6. Cluster analysis illustrating (A) seasonal and (B) annual fish assemblage patterns along a hydrological gradient.

area) and H. vittatus, which dominates during peak
discharge (coinciding with small flooded area). The low
discharge period interfaces with decreasing water levels
where fish that were dispersed on the inundated flood-
plains back-migrate to the main channel and oxbow
lagoons. The contraction period (decreasing inundation)
results in increased piscivory (Mosepele et al, 2009),
where small prey species like M. altisambesi become
vulnerable to predation from C. gariepinus (Merron, 1993).
The dominance of the fish assemblage by C. gariepinus
during the contraction period is perhaps an effect of what
Merron (1993) calls the catfish run. Increased activity by
Clarias during this period (Merron, 1993) is reflected in a
higher dominating catch rate in the experimental nets.
Conversely, H. vittatus is an open water predator which is
found predominantly in perennial water habitats (Wine-
miller and Kelso-Winemiller, 1994). High seasonal fluctua-
tions in the fish assemblage structure (Table 2) are possibly
caused by longitudinal migrations (@kland et al., 2005)
during increasing and decreasing water levels. There were
no significant changes in the density and relative
abundance of H. vittatus between peak and minimum
discharge periods (Fig. 4). Our observations confirm
previous findings (Winemiller and Kelso-Winemiller,

1994; Merron and Bruton, 1995) that the local distribution
of H. vittatus is regulated by the flood regime. H. vittatus is
primarily aresidentchannel species (Merron, 1991), where
it dominates the fish assemblage at peak discharge.
Floodplains are characterized by shifting mosaics
(Ward and Tockner, 2001), driven by dilution (discharge),
expansion (flooded area) and contractions (drawdown)
which is reflected in the fish assemblage dynamics
observed in this study. During maximum inundation
(July-September) the habitat is more homogeneous where
channels, lagoon and oxbows are connected to create one
continuous landscape mosaic, reflected in strong seasonal
similarity (Fig. 4). This period also corresponds to high
species (a) diversity in the delta (Fig. 3). The low fish
assemblage similarity observed between April and August
is probably caused by different dispersion and breeding
behavior during increasing water levels and subsequent
inundation. The flood pulse starting from Mohemboresults
initially in water level increases within the main channel
only (hence no marked changes in habitat or « diversity)
and only longitudinal fish movements. When the river
channel is full, water spills over onto the peripheral
floodplains and facilitates lateral fish migrations (feeding
and breeding) which would then cause variations in o
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Table 5

Summary of spawning seasons of selected species from the Okavango Delta with results of regression analysis where values in the table are partial p values
for each independent environmental factor. P values in bold indicate the environmental factor with the strongest effect while p values withan *indicate a

significant relationship at the 95% confidence level.

Species Spawning season Peak month Discharge Area Temp pH DO R?

S. carlottae Aug-Nov, Jan-Feb August 0.00° - - - - 0.67
S. codringtonii Aug-Nov, Jan-Feb February 0.05 = 0.06 0.14 0.30 0.79
S. macrocephalus August-January September, October 0.04* 011 001" = 0.20 091
C. ngamensis August-March January - - - 0.09 0.01° 0.63
P. i De ~March February - 0.01° - - 0.04* 0.76
M. altisambesi December-April January 024 0.01° - - 0.33 0.85
H. cuvieri July-March January, November 0.00° 0.00" - - 0.03* 0.94
T. sparrmanii Jun, Aug, Oct-Dec October 0.04° - - 0.27 0.16 0.53
S. angusticeps June-January January 0.00° 0.03* 0.15 - - 0.73
P. acuticeps June, August-October June - - 0.08 - - 030
B. lateralis May-November August - (0.01)° - - 0.23 0.62
M. lacerda Nov- March, August August 0.44 053 0.83 0.48 0.75 0.20
C. gariepinus November-June January 0.02* 0.00° - - - 0.85
P. i . January January 0.01° 0.03* - - 0.28 0.73
0. andersonii Oct-Nov, Jan-Apr, Jun January - 0.047° = " = 037
S. intermedius October-February January 0.00° 0.00° - - - 0.83
S. nigromaculatus October-March February - - 0.07 0.30 0.05 0.73
S. vanderwaali October-March February - - 0.01° - 0.09 0.69
S. thamalakanensis October-March January, October - - 0.04° - 0.14 0.55
S. woosnami October, Jan-February January - - 0.19 0.33 0.02° 0.72
B. poechii Sep-Dec, August, May September 0.99 0.00° 0.00° = 0.13 0.90
S. macrostigma Sep-Oct, Jan-February January, October 0.24 - 0.11 - 0.26 0.54
C. rendalli Sep-Jan, March, May October - 0.03* 0.01° - - 057
S. leopardi September-March January - - 0.00° N 0.01* 0.82
H. vittatus September-April January 0.01* ~(0.00)* - - - 0.80

diversity. Flood pulse dynamics in the delta are character-
ized by a 3-4 month time lag between peak flooding at
Mohembo and maximum flooded area expansion (Wolski
et al,, 2005; Fig. 1) and reflected in the associations with
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Fig. 7. Results of DCA/DECORANA analysis illustrating inter-annual
patterns in fish assemblage shifts in the study area.

the two hydrological variables as illustrated in Figs. 4 and
5.

Generally, there is high dissolved oxygen (DO) defi-
ciency in floodplain systems at drawdown periods when
decomposition processes outstrip production (Bayley,
1995) but localized hypoxia in the delta also occurs when
anoxic water is flushed out from beneath papyrus beds by
new floods (Sethebe, 2011). These two processes explain
the two low DO periods observed in the delta during April
and October/November (Fig. 1). Our results show that DO
had a stronger association with species distribution during
the latter period (Fig. 5). Two species, S. macrostoma (a
mochokid) and Oreochromis andersonii (a cichlid) were
highly associated with the DO gradient (i.e. DO) and have
tolerance for hypoxic conditions (Chapman et al, 1994).
This confirmed van der Waal’s (1998) observation that
silurids are not structured along oxygen gradients (see
Fig. 5) due to vestigial lungs which allows them to breathe
atmospheric oxygen (Lowe-McConnell, 1987). Spawning
season for most of the species in this study was also
correlated to the hydrological mediated environmental
gradient. The high water season in tropical (floodplain)
systems creates new micro-habitats, greatly expands the
living space, enhances food availability for juvenile fish,
and decreases inter specific competition for food and other
resources (Lowe-McConnell, 1987; Chapman and Frank,
2000). Accordingly, this is the period when most floodplain
fish species migrate into the marshes for feeding and
reproduction (Chapman and Chapman, 2003). Results from
our study are consistent with this pattern.

CCA revealed that while the onset of spawning of
individual species is lagged, and possibly cued by different
environmental factors (Fig. 5), the majority is tied to mean
flooded area (Table 5). When water levels rise, terrestrial
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Table 6

Summary of regression analysis between the two hydrological variables and some indices of selected fish species from the delta based on an annual scale.

Significant values (at 95% level) are in bold.

logy &

XXX (2016) xxx=xxx

Hydrological Factor Species Index DF F P R Beta
Area C gariepinus IRl 7 7.88 003 057 075
Area S. intermedius nojset 7 491 0.07 045 0.67
Area M. altisambesi ZIRI g 457 0.08 0.43 0.66
Area M. altisambesi gfset 7 394 0.09 040 0.63
Area M. altisambesi nojset 7 6.77 0.04 053 073
Discharge S. intermedius ZIRI 7 116 0.01 0.66 0.81
Discharge S. intermedius glfset 7 3937 0.00 0.87 093
Discharge S. intermedius nojset 7 1761 0.01 075 086
Discharge C. ngamensis gfset 7 452 0.08 043 0.66
Discharge H. vittatus nojset 7 7.50 0.03 0.56 0.75
Discharge M. altisambesi gfset 7 4382 0.07 045 0.67
Table 7

Summary of assemblage stability values (CV) observed during the study period in the delta of the top four species in the assemblage. Dominant species

column refers to the most dominant species in the assemblage based on %IRI with values shown in [].

Year v Description Dominant species
2001 8 Fluctuating C. gariepinus [32]
2002 77 Fluctuating C. gariepinus [31]
2004 87 Fluctuating S. intermedius [40]
2005 73 Moderately fluctuating S. intermedius [37)
2006 2 Fluctuating C. gariepinus [30]
2007 101 Fluctuating S. intermedius [35]
2008 73 Moderately fluctuating S. intermedius [33]
2009 70 Moderately fluctuating S. intermedius [43]

vegetation is submerged and nutrients leaching from
decomposing organic matter (dung, terrestrial grass,
shrubs and trees), and directly from inflowing water,
resultin increased plankton production (McLachlan, 1970;
Kolding, 1993), which will cascade into fish production.
Similar to Chapman and Chapman'’s (2003 ) observations,
this study also shows that some fish species have discrete
breeding seasons that correspond to seasonal flooding (e.g.
P. okavangensis); other species are multiple spawners that
spawn at the onset of the floods until peak flooding (e.g. M.
altisambesi); while other species spawn throughout the
year, with strong seasonal peaks (e.g O. andersonii, a
mouth-brooder). Mouth-brooders enhance survivor-ship
as the fry is protected from predation and ventilated to
supply sufficient oxygen, which allows them to spawn
throughout the year (Corrie et al., 2008). Earlier studies
from elsewhere have aggregated fish spawning behavior
into a single event driven by either flooding (Duque et al.,
1998), oxygen (Chapman and Frank, 2000), temperature
(Humphries et al., 1999), or inundated area (Halls et al.,
1999). But there are also species that spawnduring the low
flow period (and high temperatures) like S. macrocephalus,
Synodontis thamalakanensis and Synodontis vanderwaali
(Table 5). We can conclude that, for the delta, different
species spawn at different times and different time spans,
cued by different factors which all are likely driven by the
hydrological regime. Possibly, these diverse spawning
patterns as caused by niche differentiation that reduces
inter-specific competition.

According to Kramer (1978), diversity in spawning
patterns of tropical freshwater fish can be explained by five
hypotheses; spawning is controlled by (i) adult and or

juvenile food availability, (ii) inter-specific competition for
food among juveniles, (iii) competition for spawning sites,
(iv) a mechanism for reproductive isolation, and (v) is
unrelated to local conditions but is a reflection of
phylogenic specialization under particular conditions.
While we did not specifically test these hypotheses, our
study revealed diverse reproductive strategies that appear
consistent with Kramer’s hypotheses. As rising water
levels successively connects the habitats from channels,
through lagoons and oxbows to the floodplains, we can
tentatively suggest three kinds of reproductive strategies
that describe fish spawning in the delta; (I) channel + la-
goon spawners whose spawning season peaks between
January and March; (1I) floodplain spawners whose
spawning season peaks between June and October; and
(1) channel +lagoon and floodplain spawners, whose
spawning season peaks between (I) and (II) above.
Generally, Silurids and Mochokids were strategy (1)
species, Tilapia spp. were strategy (II) species, while
Hepsetus cuvieri was a strategy (lII) species.

4.1. Annual dynamics

S. intermedius and C. gariepinus dominated the delta’s
fish assemblage between 2001 and 2009. S. intermedius is a
highly fecund, total spawner (Welcomme, 1985) while C.
gariepinus is a multiple spawning, fast growing species
(van der Waal, 1985). Multiple spawning requires higher
annual reproductive effort than single spawning events
(Burt et al.,, 1988), and enhances reproductive success
(Cambray and Bruton, 1985). Lowe-McConnell (1987)
observed that poor flood years normally resulted in
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recruitment failure of total spawners. This suggests that
multiple spawning fish (such as C. gariepinus) are better
competitors during poor flood years than total spawners
(such as S. intermedius). Agostinho et al. (2000) observed
that piscivorous fish species dominate floodplain assem-
blages during low/poor flood years, which suggest higher
survival rates for predators when the fish assemblage is
concentrated in the main channels. We argue that since C.
gariepinus is a large sized predator that sometimes preys
on the smaller S. intermedius (Winemiller and Winemiller,
1996; Mosepele et al.,, 2012), its relative survival increases
significantly during low/poor flood years. Moreover, C.
gariepinus has vestigial breathing apparatus which allows
it to tolerate adverse environmental conditions (van der
Waal, 1998). S. intermedius is an opportunistic species with
small egg size and high fecundity that takes advantage of
optimum conditions (Montcho et al., 2011). In conclusion,
we observed that C gariepinus dominated the fish
assemblage during low flood year years, while S inter-
medius dominated the fish assemblage during high flood
years. This is in agreement to van der Waal's (1998)
observations that C. gariepinus usually dominate fish
communities at low water levels, while high flood years
appears more dominated by S. intermedius.

High flood years are normally associated with fast fish
growth rates (Dudley, 1974) where fish populations are
normally comprised of survivors of the previous year and
young-of-year fish (de Graaf, 2003). Therefore, high flood
years normally result in a “boom” in fish production,
followed by a “bust” during years of low floods (Arthington
and Balcombe, 2011; Rayner et al., 2015). We see S.
intermedius as a typical representative of this phenome-
non, being highly fecund (Merron and Mann, 1995;
Table 1) and fast growing (Mosepele and Nengu, 2003).
The high flood years (2004, 2007-2009) therefore created
optimum conditions for “booms™ in S. intermedius popula-
tions, while low flood years (2001, 2002) resulted in a
“bust”. The residual effect of the high flood years was
observed in 2005 where S intermedius still dominated the
fish assemblage, though this was a low flood year. This
observation is consistent with Welcomme (1985) who
highlighted the variable effect of flooding dynamics on fish
growth and yield in the Senegal, Niger and Logone rivers.

5. Conclusion

Our study has shown that the fish dynamics in the
Okavango Delta is strongly influenced by the hydrological
regime, which is in accordance with Junk et al.'s (1989)
flood pulse concept. However, different fish species in the
delta responded differently to variations in discharge,
flooded area and water chemistry. Seasonal dynamics
appeared more pronounced than inter-annual fluctua-
tions, but overall higher flooding resulted in higher fish
production.

One major conclusion from this study is that any future
hydrological developments, such as abstraction or regula-
tion in the delta should take into account the effects on the
fish assemblages. Consistent low flow regimes resulting
from flow releases from upstream developments (e.g.
dams in Angola and Namibia) will result in lower fish

production and a fish assemblage dominated by large
resilient species such C gariepinus. Conversely, high flood
regimes above average will result in higher fish production
and a fish assemblage dominated by smaller opportunistic
species such as S. intermedius. Similar changes will be
observed if the flooding regime s altered by future climate
change scenarios with either higher or lower precipitation
and ensuing flood levels.
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The Okavango Delta is a large, remote, and ecologically significant wetland located in Botswana that
receives a strong annual flood pulse. Although the hydrology in flood pulsed systems is often theorized
to drive fish population dynamics, in the Okavango Delta there are no monitoring or modeling studies
that quantify this complex ecological relationship. The objective of this work was to produce and analyze
a mechanistic fish population model of the Okavango Delta that is driven by the annual flood pulse in
order to corroborate the theory that Delta fish populations are driven by the flood signal. The model
tracked age cohorts over time with density dependant recruitment, mortality, and vulnerability compo-
nents. Global sensitivity analysis identified the parameters that were the most important in determining
the model outcome. Monte Carlo filtering truncated prior parameter probability density functions and
refined model uncertainty. One of the unique outcomes of this research was the identification of pol-
ishing parameters, i.e. model parameters that are essential in obtaining optimal model performance by
matching output variability, though they are not important in changing the magnitude of model results.
The flood coefficient (a scaling factor that describes how recruitment changes with the magnitude of
the flood) was shown to be a polishing parameter, providing quantitative evidence that floods are a
driver of fish population dynamics in the Delta. This linkage between the flood pulse and fish population
dynamics provides quantitative information that is necessary for making informed decisions regarding
the management of hydrologic and ecological resources in the Okavango Delta.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

regularly inundated (Junk et al., 1989). This theory was originally
intended for tropical regions but has been applied to temperate

The flood pulse concept (Junk et al., 1989) (FPC) is a well known
hypothesis that describes an ecological response to flood pulsed
hydrology (Fig. 1). In the FPC nutrient availability is linked to the
inundation of the floodplain. On an incoming flood, as the water
inundates the floodplain, the transition zone where the aquatic
environment meets the terrestrial environment has high inputs of
nutrients from terrestrial sources such as vegetation and detritus.
This leads to high primary productivity in this transition zone. The
inputs of nutrients and resulting high primary productivity in the
transitional zone iterate with each flood and it is hypothesized that
fauna can adapt to take advantage of the increased food availabil-
ity (Junk et al., 1989). The effect of the FPC is often cited as being
a major driver for fish population dynamics in systems that are

Abbreviations: MC, Monte Carlo; GSA/UA, global sensitivity and uncertainty
analysis: FPC, flood pulse concept; ceff, coefficient of efficiency; CPUE, catch per
unit effort; ORI, Okavango Research Institute; DW, dry weight.

* Corresponding author. Tel.: +1 352 392 1864x287; fax: +1 352 392 4092.

E-mail address: carpena@ufl.edu (R. Mufioz-Carpena).

10304-3800/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecolmodel.2011.12.022

areas as well (Tockner et al., 2000). In general, there are relatively
few field studies that quantify this relationship (Bailly et al., 2008;
Zeug and Winemiller, 2008) and even fewer modeling attempts to
simulate the response (Deangelis et al., 1997; Gaff et al., 2004; King
et al., 2003; Merona and Gascuel, 1993).

This study tested the FPC in the Okavango Delta, a large inland
delta located in an arid climate that experiences an annual flood
pulse from its upstream watershed (Fig. 2). No quantitative studies
have been conducted to specifically show how fish respond to the
flood pulse in the Okavango Delta. However, there have been stud-
ies in the Okavango that show that the annual flood pulse produces
aresponse in other ecological aspects (Hoberg et al., 2002; Merron,
1991). Hoberg et al. (2002) provided a food web conceptual model
for ecological responses to the annual flood pulse in the Delta.
They measured a ‘first flush’ effect at the onset of the flood which
results in a release of nutrients into the water column. During the
rising flood there was a burst in nutrients, primary production,
and phytoplankton. Concentrations of nitrogen rose from 1.5 to
35mgL~" and phosphorus rose from 125 to 450 pgL~"'. Primary
production reached its peak at 300pugCL™'d~! and maximum
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Fig. 1. A diagram of the flood pulse concept, the conceptual model driving this
research.

chlorophyll a values were 24 g chlorophyll aL-! (Hoberg et al.,
2002). The authors went on to state that resting zooplankton eggs
hatched when they were submerged by the floodwater and fed
on the abundant phytoplankton and other food sources provided
by the burst in primary production. Peak concentrations of zoo-
plankton went from 0.1 to 10mg dry weight per liter (DWL-')
during the rise of the flood and reached up to 90 mgDWL-! at
the extreme near-shore edges. In the same study a qualitative
analysis of the fishes’ response to the flood was also conducted
(Hoberg et al., 2002). The tilapiine species Oreochromis andersonii,

&% Shakawe

50 25 O 50 Kilometers

3 Fish Sampling Location

Fig. 2. Site location. The Okavango Delta, with fish sampling sites marked.

Tilapia rendalli, and T. sparrmanii were observed following the
rising flood into the study area. Juveniles of the same species were
also seen with an increasing frequency just after the peak of the
flood. Gut analysis of the fishes showed that smaller fish fed on
more zooplankton indicating the importance of the ‘first flush’
effect for the juveniles. At the end of the flood season very few fry
were observed with the conclusion that they migrated out of the
area before the connection with the main river system was lost.

In another study, Merron (1991) conceptually related spawning
period to the flood pulse in the Okavango Delta. He proposed that
the higher the magnitude of the annual flood, the longer the water
is retained on the floodplain, leading to a longer spawning period
and greater overall production of fish. Additionally, Mosepele et al.
(2009) proposed that survivability for smaller fishes is increased in
dense floodplain vegetation types because the vegetation provides
protection from predators.

Research investigating the influence of the flood pulse on fish
populations throughout the world has been conducted with a vari-
ety of results (Deangelis et al., 1997; Gaff et al., 2004; King et al.,
2003; Merona and Gascuel, 1993). Much of this research showed
that these relationships are complex and difficult to quantify. King
et al. (2003) investigated floodplain usage by fish in the Mur-
ray Darling Basin, Australia where there is annual inundation via
snow melt and flood pulse has been theorized to be a major driver
for fish populations. Through sampling, these authors noted that
floodplain utilization by fish was not as pronounced as expected.
They proposed a more complex system and suggested a model
based on optimum conditions for floodplain utilization including:
temperature, flood pulse predictability, the rate of change in the
hydrograph, and inundation duration and area. However, the flood
pulse in the Murray Darling Basin may be less predictable than in
the Okavango Delta implying that the fish in the Murray Darling
may be more opportunistic and less consistent in their behavior.

Merona and Gascuel (1993) showed a statistical relationship
between commercial fish catch and the annual flood in the Amazo-
nian floodplain. Among their results they found three relationships
of interest to this study. (1) There was a positive correlation
between catch and the flood peak three years prior, which they
speculated to be associated with recruitment. (2) There was an
association between catch and the water level during its rise 2 years
prior that was possibly associated with competition. (3) There was
an association between catch and severe low water stage 2 years
prior that likely due to increased mortality. They were able to pro-
duce a statistical model with three variables that explained more
than 83% of the variability in the annual fish abundance. Similar to
the Okavango, this system experiences a regular and predictable
flood pulse.

Deangelis et al. (1997) constructed a mechanistic model, Across
Trophic Level System Simulation Landscape Fish model (ALFISH),
that spatially predicts fish abundance based on the flood pulse
in the Everglades. This fish model was built on top of a spatially
explicit hydrologic model that simulates the annual flood pulse.
The model simulates seasonal dynamics in production due to the
flooding as well as trophic interactions. As the flood rises, modeled
fish move into the floodplain in response to increased food avail-
ability. Then, as the flood recedes, modeled fish move to find refugia
and mortality increases as a result of crowding and predation. Four
types of mortality were simulated: background mortality, density
dependent mortality, predation by the large fish, and failure to
find refugia. Gaff et al. (2004) critiqued ALFISH and concluded that
inundation area is not the only driver for fish populations and
that other parameters may be just as important. They stated that
the best model fit that ALFISH was able achieve is a coefficient of
determination (R2) of 0.88 for water depth and 0.35 for fish density
with an inverse relationship between water depth and fish density.
However, an R? of 0.35 between fish density and water depth
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reflected empirical data showing that the hydrology only accounts
for 20-40% of the variability in the sampled fish population density.

Environmental Flows are criteria that describe the degree to
which a natural hydrologic regime must be maintained in order
to preserve valuable features of an ecosystem (King et al., 1999;
Tharme and King, 1998; Tharme, 2003). Environmental Flows are
being developed for the Okavango Delta and a special report
‘was published specifically addressing flows for fish communities
(Mosepele, 2009). A major recommendation in the report was for
the development of a quantitative relationship between the flood
pulse and fish population dynamics in the Delta so that managers
canunderstand feedbacks between hydrology and fish populations.
Fish population models are often used to track populations and pre-
dict responses to management decisions in other locations (Rogers
etal., 2010; Walters and Martell, 2004; Walters et al., 2008). A fish
population model has yet to be developed for the Okavango Delta.

Thus, there is a stated management desire for a model that links
the flood pulse to fish population dynamics (Mosepele, 2009), quan-
titative data shows that various aspects of the ecology of the Delta
other than fish are driven by the flood pulse (Hoberg et al., 2002;
Merron, 1991), and there are qualitative indications that fish pop-
ulation dynamics are affected by the flood pulse (Merron, 1991;
Mosepele et al., 2009). Additionally, our summary of the literature
demonstrated that there are only a few studies that investigated
fish recruitment responses to flood pulsed wetlands and even fewer
studies that use models to simulate this relationship. These stud-
ies include field research (Bailly et al., 2008; Zeug and Winemiller,
2008; King et al., 2003), statistical models (Merona and Gascuel,
1993), and food web based mechanistic models (Deangelis et al.,
1997; Gaff et al., 2004). A benefit of mechanistic models over sta-
tistical models is that they can be used to investigate functional
relationships. However, over-parameterization, especially in data
poor areas, is an important consideration in constructing mecha-
nistic models. In the case of the Okavango, there was not sufficient
data to simulate a food web based fish recruitment response to the
flood pulse as was done with Deangelis et al. (1997). The objec-
tive of this work was to produce a novel simplified mechanistic
fish population model of the Okavango Delta that is driven by the
annual flood pulse. In addition to this we conducted a global sensi-
tivity and uncertainty analysis to identify the most important parts
of the system, simplify the model, and quantify the reliability of
the model. We then applied Monte Carlo (MC) filtering to truncate
prior parameter probability density functions (PDF), a tool that was
especially useful in this data poor area where setting these PDF's
can be problematic. The model simulates fish population response
to the size of the maximum annual flood. Because of their commer-
cial importance, tilapia and in particular 0. andersonii, T. rendalli,
and Oreochromis macrochir were used as indicator species.

‘We used state-of-the-art global sensitivity and uncertainty anal-
ysis (GSA/UA) in the development and assessment of the model.
GSA was used to identify unimportant parameters that could be
set to constants without drastically affecting the outputs, thus sim-
plifying the model (Chu-Agor et al., 2011; Fox et al., 2010; Jawitz
et al., 2008; Mufioz-Carpena et al., 2007, 2010). One of the largest
critiques of GSA/UA is the rather arbitrary methods for setting the
prior probability densities (PDF's). Therefore, secondly, we used
Monte Carlo (MC) filtering (Saltelli et al., 2008) to objectively rede-
fine the prior PDF's within their predefined defined physical bounds
based on realistic model results and thereby refined model uncer-
tainty.

The model was inverse calibrated to objectively investigate
the range of best fit model parameter sets. Traditionally, the
goal of inverse optimization techniques is to find the optimal
set of parameters for a given model to match some measured
data (Mertens et al., 2006). Beven and Binley (1992) and Beven
(1993) commented on the limitations of the concept of an optimal

parameter set in complex environmental systems. Beven and Freer
(2001) coined the term ‘equifinality’ to refer to the fact that there
may be “many different parameter sets within a chosen model
structure that may be behavioral or acceptable in reproducing the
observed behavior of that system.” As a result, there may be no
way to distinguish between these equally acceptable parameter
sets. Because of this issue of equifinality in complex ecological
models we did not seek an optimal parameter set, but instead
looked for evidence of the flood as a driver for fish population
dynamics despite signs of equifinality.

2. Methods
2.1. Fishdata

Daily commercial catch data were available from January 1996
to December 2005, All available data were used in this analysis.
Fish were caught in gillnets and the daily catch per unit effort
(CPUE) was recorded. The CPUE was calculated as the number of
fish caught per gillnet per day. Because a relatively standard gear
‘was used throughout the time series, we felt that CPUE could be
used as an indicator of fish density using the assumption that a
constant fraction of the stock density was captured per gillnet day
(q) (Fielder, 1992; Hansson and Rudstam, 1995; Hodgkiss and Man,
1977; Borgstrom, 1992). In the model CPUE was calculated only for
the lowest flows to protect against changes in g across seasons.

‘We produced an annual time step model. The fish data that
were available only include fish counts. Since age, weight, and
length data, which are necessary for simulating monthly spawn-
ing dynamics, were not collected an annual model was deemed to
be the most appropriate. This annual time step is also appropriate
because we did not seek to simulate seasonal dynamics. Instead we
sought to understand if fish populations are influenced by the size of
the annual flood. We standardized fish abundance in the model on
a per area basis for comparison to the fisheries data from the Oka-
vango Delta. And so, for the purposes of this model, the objective
function was the coefficient of efficiency (Nash and Sutcliffe, 1970)
between the modeled maximum annual density and the measured
maximum annual CPUE.

The coefficient of efficiency (ceff) is a dimensionless index fre-
quently used to assess the goodness of fit of hydrologic models (Eq.
(1)) (Nash and Sutcliffe, 1970) where O; is measured or observed
data, P; is modeled or predicted data, and 0 is the mean of the
observed data. It represents one minus the mean square error
divided by the variance in the observed data. The ceff provides dif-
ferent information from the coefficient of determination (R%). An R?
specifies the percent of the variance in the observed data that the
modeled data represents. The ceff specifies one minus the percent
of the variance in the observed data that is represented in the mean
square error (Ritter et al., submitted for publication).
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The fish that were caught in commercial catches were not
recorded to the level of species. Instead, tilapias (of the family
Chiclidae) were lumped as a family. According to Mosepele et al.
(2003), Cichlidae is the principal family of fish in both subsistence
and commercial gillnet fisheries. The three species with the high-
estindices of relative importance for the commercial gillnet fishery
are all tilapia and include in order of importance: (1) O. ander-
sonii, (2) T. rendalli, and (3) 0. macrochir (Mosepele et al., 2003).
For the purposes of this work, these three fish species were used
as a representative species to base parameters such as maximum
age and growth functions, with particular importance placed on 0.
andersonii.
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2.2. Model structure

We developed an age-structured, fish population model driven
by the flood pulse in the Okavango Delta. The model structure used
the Beverton and Holt (1957) stock-recruitment relationship (Eq.
(2)) to estimate recruitment, where R; [Fishyr-'] is the number
of recruits per year, « and § are Beverton and Holt parameters
(1957), N¢n [Fish] is the number of fish per age class, and e is the
number of eggs produced per year per fish. /g describes the max-
imum recruitment at a high stock and « describes the maximum
recruitment/stock at a low stock size.
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Three constants were required to parameterize the Beverton
and Holt equation: one point along the Beverton and Holt curve
where recruitment is constant (N, ), survival from natural mortal-
ity (S) [yr~'], and the Goodyear compensation ratio (CR) (Goodyear,
1977 ).The steady state condition of the Beverton and Holt equation
is given as Eq.(3):

S N = 3 (NS +Re ®

Thus, R; (constant recruitment, used for calibration of the num-
ber of fish in the population) can easily be found by Eq. (4):

R=(1-53"""  (Nea) @
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The CRrepresents the maximum compensatory increase in juve-
nile survival as the stock size is decreased from unfished to very
low levels. Parameters « and B can be derived from CR from the
steady state equation (Eq. 5) at low spawner abundance. The juve-
nile survival ratio (Rt/zﬁ':"‘(N,,l_,,)) is represented by « (Walters
and Martell, 2004) (Eq. (5)) such that:

o =(CR) (5)

R
> e (Ne_1,2)
and B is the density dependent parameter which can be derived
from (Walters and Martell, 2004) (Eq. (6)):
CR-1

b= TN %

The fish population response to the flood was simulated through
recruitment, as floods would be expected to increase both the
availability of refuge habitat and food resources (Junk et al., 1989;
Bayley, 1991; Tockner et al., 2000; Agostinho et al., 2004; Zeug and
Winemiller, 2008). In order to relate recruitment to the flood, a
modification was made to the Beverton and Holt density depen-
dant recruitment relationship which assumed that the number of
recruits was positively proportional to the annual maximum inflow
(Eq. (7). In this equation, Fq is the maximum inflow in a given
year [Mm?yr—'], F is the average of the annual maximum inflows
[Mm?yr'], and c is a scaling flood coefficient. This alteration did
not change the actual fish population, but did change the asymptote
and the steepness of the stock recruit equation (maximum recruit-
ment possible). The result was a change in the carrying capacity
of recruits and rate of recovery between high and low flood years
(Fig. 3).
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In each time step, after recruitment is calculated, mortality was
calculated. Each age experiences mortality according to:
Nen = N n_gexp 240 (8)

where Z represents instantaneous total mortality [yr—'] (Beverton
and Holt, 1957). The estimate of the total number of fishers in the
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Fig. 3. A demonstration of the response in recruitment as a result of the change
in annual maximum flood. The rate of recovery and the carrying capacity increases
during smaller floods. Flood, > Flood; > Floods.

Okavango Delta in the 1990s was approximately 5000 with 300 of
those being gillnet fishers, and about 40 total full-time commercial
fishers (Kgathi et al., 2005; Mosepele, 2001). Because of the small
scale of commercial and subsistence fishing in the Okavango Delta
and the low efficiency of the gear, fishing pressure in the Delta is
fairly light (Mosepele and Kolding, 2003; Kgathi et al., 2005). Thus,
for the purposes of this research mortality from fishing was consid-
ered negligible. The exponential function results in an exponential
decrease in abundance with age.

Various studies point to an allometric relationship between
body weight and mortality (Lorenzen, 1996; Mcgurk, 1986;
Peterson and Wroblewski, 1984). de Graaf et al. (2005) showed
Lorenzen's (1996) allometric weight/mortality relationship can
also be related to body length through the von Bertalanffy (1957)
length/weight relationship where My, is the mortality at unit length,
Lis body length in cm, and a and b are coefficients (Eq. (9)).

M:Muafo.:i’_o.n 9)

Length at a given age was calculated according to the von Berta-
lanffy equation, where Ly is the length at age n and k is the growth
coefficient (yr—'), and Ly is the asymptotic length (Eq. (10)).

Ln =Lao(1 — exp~Xn-n0)) (10)

Not all fish are equally vulnerable to catch because of the size
selective fishing gear. The vulnerability to catch of each age class
was computed using adome shaped double logistic function (Allen
et al., 2009) (Fig. 4):

1 1
1+exp(—TL — Liow)/SDiow ~ 1+exp(—TL — Lign)/SDhign

where V;, is the vulnerability (unitless) at age n, TL is the average
length (cm) at age n, Ly, is the lower length (cm) at 50% vulner-
ability, SDy,y is the standard deviation of the distribution for Ljsy,
Lpign is the upper length (cm) at 50% vulnerability, and SDpg;, is the
standard deviation of the distribution for Ly;g.

The measured maximum annual CPUE generally occurred at the
annual low flood when the fish were most concentrated in a smaller
area. In order to get a similar measure of density, the vulnerable
fish were divided by the minimum area of inundation in the Pan-
handle, where the fish were caught. This measure was considered
the modeled annual maximum CPUE. For each year, the modeled
annual maximum CPUE was compared to the measured annual
maximum CPUE using the ceff (Nash and Sutcliffe, 1970) which
was the objective function of the model.

In order to compute CPUE from the modeled data, the fish abun-
dance had to be expressed as density (fishkm~2) and the area of
inundation must be known. This was done using in the Okavango

Vo=

(11)
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Fig. 4. An example of the dome shaped double logistic curve (Allen et al., 2009)
for catch vulnerability. Ligw = 2, SDjow =2, Ligh = 45, SDpign = 10. Histogram data from
Mosepele (2009). (a) Shows the dome shaped curve and (b) shows the curve
approaching a logistic shape. Both shapes are possible within the bounds of the
defined PDF's.

Research Institute (ORI) hydrologic model of the Delta (Wolskiet al.,
2006). The ORI model is a linked reservoir model that simulates
flooding extents in the Delta. One of the areas in the model explic-
itly represents the Panhandle, where the fish data were collected
(Fig. 2). The Panhandle is not the area that was the focus for model
calibration. This area is also more confined and permanently inun-
dated than the lower Delta which experiences greater dynamics in
inundation area. Because of these reasons, in each year the total
modeled vulnerable fish population was divided by the average
across years of the minimum flooding extents simulated in the Pan-
handle. This produced an overall better model fit than dividing by
the annual minimum flooding extents.

2.3. Model optimization

Any parameter into the model has an amount of uncertainty
associated with it. To describe that uncertainty PDF's were devel-
oped for each parameter based on literature values and data when
available. The model was run iteratively sampling parameters from
the PDF's using the extended Fourier amplitude sensitivity test
(FAST) sampling routine (Cukier et al., 1978; Koda et al,, 1979;
Saltelli et al., 1999) with SimLab software (SimLab, 2011). This sam-
pling routine is an unbiased method that samples throughout the
parametric space and is able to highlight the variety of parameter
sets that result in good fit model simulations. Sensitive parameters
were identified and uncertainty was measured. Monte Carlo (MC)
filtering (Saltelli et al., 2008) was used to filter out unacceptable
model simulations as defined by the ceff and prior distributions
were refined based on the parameters that generated the accept-
able simulations. Insensitive parameters were set to constants. The
GSA was rerun with the new posterior distributions and varying
only the important parameters.

2.3.1. Global sensitivity and uncertainty analysis

Global sensitivity and uncertainty analysis (GSA/UA) was used
to apportion the variation of model outputs onto the model param-
eters based on input PDF's. The extended FAST GSA/UA method
(Cukier et al., 1978; Koda et al., 1979) uses Fourier analysis to
decompose the variance of a set of model outputs into first order
variances for each parameter. For this method, the model is exe-
cuted C~Nk times, where k is the number of parameters and N
is a number that ranges between 100s and 1000s (Saltelli et al.,
1999). The extended FAST technique (Saltelli et al., 1999) allows
for the additional computation of higher levels of variance which
describe the interactions between the parameters (Eq. (12)). Here,

V(Y) describes the total variance of a single parameter including
first and higher levels of variance.

VO =3 Vit Vy+ Y Vipteo+Vizg i (12)
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FAST also defines S; as an index of global sensitivity. S; is the ratio
of the variance that is ascribed to a single parameter divided by the
total model variance. In a model where there are no interactions,
the sum of the S;’s across all of the parameters is equal to one. In
models where there are interactions this sum is greater than one.
Note that parameters used in this method must be independent
and are assumed so for this work.

2.3.2. Monte Carlo filtering

Sampling throughout the parametric space, as the FAST method
does, produced many unrealistic and nonsensical outputs. Using
the results of the FAST GSA/UA, MC filtering (Saltelli et al., 2008)
was used to filter out those unrealistic outputs or non-behavioral
results and redefine the prior parameter distributions based on the
realistic outputs. MC filtering divided the outputs into ‘behavioral’
(B) and ‘non-behavioral’ (B) based on a threshold that is defined by
the user. The B or B status was mapped back to the parameters and
two subsets of each model parameter, X;, were defined as X¢|B or
X¢|B based on their behavioral/non-behavioral status. The behav-
ioral subset contained n elements and the non-behavioral subset
contained nn elements such that n+f =N, where N is the num-
ber of model simulations. The PDF's f(X;|B) and f(X;|B) were then
assigned. The two-sided Smirnov test was performed to check the
significance of the difference between the two distributions f{X¢|B)
and f(X;|B). In the Smirnov test the test statistic d,, ; is defined by
Eq.(13):

dp 7(X;) = sup |IFa(X{IB) — Fa(X¢B)I| (13)

The null hypothesis for this test is f (X¢|B) = f(X¢|B). That is, the
null hypothesis tests if the distribution of the parameters that cre-
ated behavioral outputs was the same as the distribution of the
parameters that created non-behavioral outputs. The null hypoth-
esis was rejected at a significance level, «. A small « for a particular
parameter indicated a high importance of that parameter for driv-
ing the behavior of the model (Saltelli et al., 2008). If the null
hypothesis was rejected, the prior distribution was reassigned
based on fiX:|B).

2.3.3. Probability density functions

Inherent to these methods is the importance of the selection of
the input PDF's. Model parameters and their PDF's are shown in
Table 1. When the data for the parameters shows no apparent dis-
tribution such as normal or triangular, the PDF can be set to uniform
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Location

Reference

32

Table 2

Natural mortality (M) and growth coefficients (k) for selected tilapiine species.
Species M k
Oreochromis andersonii 1.39 10
0. andersonii 0.67 025
Oreochromis macrochir 15 1.0
Oreochromis macrochir 0.95 042
T.rendalli 1.22 078
Serranochromis angusticeps 146 1.0
Serranochromis robustus 121 0383
Oreochromis niloticus 0.254
Haplochromis anaphyrmus 145 0671
Haplochromis molto 0.92 055
Lethrinops longipinnus 1.69 0571
Lethrinops parvidens 1.20 0.487
Tilapia esculenta 1.75 028

Okavango Delta, Botswana
Okavango Delta, Botswana
Okavango Delta, Botswana
Okavango Delta, Botswana
Okavango Delta, Botswana
Okavango Delta, Botswana
Okavango Delta, Botswana
Lake Victoria, Kenya

Lake Malawi, Mozambique
Lake Malawi, Mozambique
Lake Malawi, Mozambique
Lake Malawi, Mozambique
Lake Victoria, Kenya

Mosepele and Nengu (2003)
Booth et al. (1995)
Mosepele and Nengu (2003)
Booth and Merron (1996)
Mosepele and Nengu (2003)
Mosepele and Nengu (2003)
Mosepele and Nengu (2003)
Getabu (1992)

Tweddle and Turner (1977)
Tweddle and Turner (1977)
Tweddle and Turner (1977)
Tweddle and Turner (1977)
Garrod (1963)

(Mufioz-Carpena et al., 2007). The uniform distribution allows for
equal probability of selection across the defined range.

The prior distribution for mortality (M) was defined based on
literature values (Table 2). Values of M for tilapiine species were
compiled from a number of studies including the three indicator
species in the Okavango Delta. These values range between 0.67
and 1.39 for the indicator fishes in the Okavango Delta. Based on
these data, the PDF for Z was set to Uniform (0.67, 1.39).

The allometric relationship between mortality and fish body
length (de Graaf et al., 2005) calculates a decreasing rate of mortal-
ity with increasing body length. The four parameters required for
calculating mortality according to the allometric relationship are
the mortality at unit length (My) the von Bertalanffy parameters «
and B parameters, and asymptotic length (cm), Loc. My should be
estimated for each species (de Graaf et al., 2005; Lorenzen, 2001).
de Graaf et al. (2005) used values of M, ranging between 1 and 4.5
for species with survival rates between 50 and 80%. Based on the
values of Z chosen for the PDF, survivability for these fishes ranges
between 25% and 50%. The PDF for M, was set so that ranges similar
to the values that were defined for Z through the literature could be
achieved. Based on this analysis the PDF for M,, was set to Uniform
(3.8)

Mosepele and Nengu (2003) provide values for the weight [g]
length [cm] parameters « and 8 for the three indicator species spe-
cific to the Okavango Delta. For 0. andersonii « is given as 0.004
and B is 3.424, for 0. macrochir « is 0.014 and g is 3.106, and for T.
rendalli « is 0.026 and § is 2.911. Based on Mosepele and Nengu's
(2003) ranges for the von Bertalanffy parameters, PDF's for« and
were established: « Uniform (0.004, 0.026) and g Uniform (2.911,
3.424).

Mosepele and Nengu (2003)also calculated L, for the three indi-
cator species in the Okavango Delta. L., for 0. andersonii was found
to be 53 cm, for T. rendalli it was 47 ¢cm, and for 0. macrochir it was
40 cm. From these values, the PDF for L., was set to Uniform (40,
53).

A number of studies in southern Africa and the Okavango Delta
investigate the growth coefficient (k) for various tilapiine species
including the three indicator species used in this study (Table 2).In
these studies, k varies from 0.25 to 1.0 from. Based on these data,
the PDF for k was set to Uniform (0.25, 1.0).

The Goodyear compensation ratio (Goodyear, 1977) describes
the rate at which juvenile survival changes following a depletion
in stock. High values of CR allow juvenile survival to increase
substantially as the stock declines due to fishing, resulting in
high compensation. According to Walters et al. (2008), when
recruitment compensation is not especially strong the CR is less
than 20. Walters et al. (2007) state that long lived benthic species
likely have CR’s in the range of 10-50. In Myers et al.’s (1999) meta-
analysis of a variety of fish (mostly pelagic species) values for CR

ranged from 1.4 to 123.5 with an average of 18.6. A meta-analysis
of stock-recruitment data by Goodwin et al. (2006) showed CRis in
the range of 5-100. And Goodwin et al.’s (2006) analysis showed
that values for CR in perciformes varied between 3 and 50. Based
on these analyses, the PDF for CR was set to Uniform (3, 30).

The vulnerability catch curve (Eq. (11)) was parameterized from
inspection of a smaller dataset of commercial catch from the Oka-
vango Delta where fish length was available (Mosepele, 2009). A
histogram of caught fish per length was produced and a corre-
sponding vulnerability relationship was developed with PDF's for
each of the parameters. The PDF's for the lengths and standard devi-
ation at the upper end of the curve were set to include a wider and
higherdistribution to account for the mortality that is occurring and
also to test for a logistic vulnerability shape versus a dome shape.
Based on inspection, the PDF's were set as follows: Ly, is Uniform
(23, 25), SDjoy is Uniform (1, 3), Lpign is Uniform (28, 60), and SDhigh
is Uniform (10, 30).

The model calculates recruitment per time step based on the
number of mature fish in that year. Several studies have investi-
gated the age at which cichlids become mature in southern Africa.
Dudley (1974) measured the total length and sexual maturity of O.
andersonii in the Kafue floodplains. He found that that during the
years of his study, no fish under 26 cm were mature, three out of
64 fish from 26 to 29 cm were mature, and more than 30% of larger
males and 40% of larger females were immature. Dudley (1974)
also aged the fish with annual ring formations. He concluded that
0. andersonii usually spawn after the age of four and very rarely
under the age of three. Similarly, Van der Waal (1976) found that
in the Zambezi River the minimum size for sexual maturity in O.
andersonii was 25-27 cm. Hay et al. (2000) also measured the min-
imum size of for sexual maturity in O. andersonii in the Okavango
River Namibia which they found to be 13 cm for males and 26 cm
for females. Based on these literature values, with emphasis on the
ring formation as better measure of age than length, and a PDF for
age a sexual maturity was set to Normal (4.25, 0.5).

Fecundity refers to the number of eggs hatched per brood.
According to Mortimer (1960) O. andersonii, between 17 and 25 cm
in length, laid 349-567 eggs in ponds. Additionally, Chandrasoma
and Desilva (1981) found intraovarian egg counts in T. rendalli
ranged between 760 and 6160 in a lake in Sri Lanka. And Marshall
(1979) found that 0. macrochir can produce 1000-5000 eggs within
their ovaries and may mouthbrood up to 800 eggs in Lake Mcil-
waine, Zimbabwe. Several sources state that these indicator species
may lay more than one brood per season. Skelton (1993) stated
that T. rendalli and O. andersonii both raised several broods each
summer. Naesje et al. (2004) described that T. rendalli may lay sev-
eral broods each season in the Kwando River, Namibia. Mortimer
(1960) examined O. andersonii for physiological indications of hav-
ing multiple broods per season. This study did not find physiological
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Fig. 5. The best fit model simulation for the initial inverse optimization. Coefficient
of efficiency equals 0.64.

indications of multiple broods. However, the same study also
observed two instances in ponds where one breeding pair spawned
twice in one season. According to these data the PDF for the number
of eggs per fish per year (e) was set to Uniform (350, 1600).

The flood coefficient (c) is a scaling factor that describes how
recruitment changes with the magnitude of the flood (Eq. (7)).
There were no literature to support values for this coefficient and
this research was the firstinvestigation into the quantitative effects
of the flood on fish populations in the Okavango Delta. A trial and
error investigation into the appropriate ranges for this coefficient
was conducted prior to the GSA to get a sense of the values that
would drive the model into a behavioral fit. Values for this coeffi-
cient ranging between 5 and 25 created acceptable model outputs.
Therefore, the PDF for ¢ was set to Uniform (5, 25). Later MC filtering
isused to redefine and truncate this prior distribution. This is shown
to be a particularly valuable tool when physical data regarding the
parameter is lacking.

3. Results

With 14 parameters, the model was run 13,902 times for the
GSA/UA using the FAST Monte Carlo style sampling. From these
meodel runs, the model achieved a maximum ceff of 0.64 (Fig. 5)
when comparing annual measured and modeled CPUE. However,
achieving the best model fit was not the primary goal of this exer-
cise. We sought also to analyze the results and the functional
importance of the flood pulse to corroborate existing conceptual
theories that the flood pulse drives fish population dynamics. This
was done through GSA/UA and MC filtering.

3.1. Global sensitivity analysis

According to the FAST GSA results (Fig. 6), the most important
factors in this model in order of importance, were: the growth coef-
ficient (k), mortality at unit weight (M,), and the upper length at
50% vulnerability (l,,ig,, ). These were also highly interactive param-
eters (Fig. 7). Parameters that contributed less than 1% of the total
model sensitivity included: maturity, e, and SDy,,,, (Fig. 7). These
three unimportant parameters were set to constants in the next
round of MC filtering.

The flood coefficient (¢), which determines the relationship that
flow has on recruitment, was not one of the most sensitive param-
eters. However, a scatter plot that compares ¢ to the objective
function (ceff) shows that the best model fit converged at a c of
approximately 14 (Fig. 8a). At a ¢ of 14, the number of recruits

60%

Fig. 6. First order sensitivity for the coefficient of efficiency of the modeled fish
density compared to the measured catch per unit effort (CPUE) from the first inverse
optimization.

per year varied between 6100 and 10,800, almost doubling their
numbers between low and high flood years (Fig. 9) and adding
significant variability in the inter-annual population. This was not
the case for the other parameters (except for k), where there was
generally a high degree of equifinality and the model was able to
achieve a good fit using parameter values ranging throughout their
defined PDF's (Fig. 8c-f). All of the parameters besides c are related
to the baseline size and/or biomass of the population. The flood
coefficient (c) is the one parameter that is responsible for introduc-
ing inter-annual variability in the population dynamics. Without c,
the fish population density would not be dynamic and the model
would only be able to simulate a static population between all years
divided by the annual flood size.

3.2. Meonte Carlo filtering

Through MC filtering, all of the outputs were mapped to their
corresponding parameters so that the parameters that created the
best fit outputs could be better understood. A threshold of a ceff
of 0.50 was set and any model output greater than or equal to
0.50 was defined as behavioral while any output less than 0.50 was
defined as non-behavioral. Using this threshold, of the 13,902 runs,
133 were shown to be behavioral. The value of 0.50 was strategi-
cally chosen to optimize the solutions that fell into the behavioral
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Fig. 7. First and higher order sensitivities for coefficient of efficiency of modeled
fish density compared to measured CPUE from first inverse optimization.
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in the highest values for the coefficient of efficiency (best fit model runs). Only simulations with a ceff> 0 are shown.

category while at the same time ensured that there were enough
values in the behavioral range to employ the two sided Smirnov
test. The two sided Smirnov test showed that of the 11 important
parameters, 5 had distributions where the behavioral parameters
were significantly different from the non-behavioral parameters:
Lhigh, Mu, k, Lo, and c. When the behavioral parameter distributions
were shown to be significantly different from the non-behavioral
parameter distributions, new PDF's were assigned to the parame-
ters that matched the behavioral distributions. The behavioral and
non-behavioral distributions for five parameters were show to be
significantly different. The five significantly different distributions
were all skewed and so triangular distributions were chosen to rep-
resent these PDF's (Fig. 10). This process truncated the prior PDF's.
The GUA was then rerun to understand how this truncation affected
the model's uncertainty.
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Fig. 9. The effect of the flood coefficient on recruitment (flood coef=14).

2005

40
38
36
34
32
30
28
26
24
22
20

Max Flood (MCM}

141



A.C. Linhoss et al. / Ecological Modelling 228 (2012) 27-38 35
Lhigh “ m, Ling
35
30 25 [\
?25 T 9>“ 20 N
a 20 @
S S 15 ~ﬂ N
g £ 10 W
I£ 10 i
0 o St bt bt et 11
R ECFEF SR E3r3888
o o o o [}
Input Value Input Value
k Flood Coef
45 35
40
5% | 30
<30 »25
s Q
g2 520
20 S
215 g18 /

10 I 10 \

- — 11 5 \
©oooooo0o0 = 0 N
58598388 SRS T

Input Value Input Value

Fig. 10. Important parameters whose behavioral distributions are significantly different from the non-behavioral distributions. These graphs show histograms of the

behavioral distributions and their newly defined triangular posterior distributions.

3.3. Global uncertainty analysis

After the behavioral distributions were defined, the model was
rerun through the FAST GSA/UA with the unimportant parameters
set to constants and the posterior triangular PDF's assigned to the
parameters: Lyjgn, Mu, k, Lx, and c. The model results showed simi-
lar optimization from before the MC filtering with a maximum ceff
of 0.64 and a maximum R? of 0.64. Through MC filtering parame-
terfoutput model uncertainty was reduced from an average ceff in
the original uncertainty analysis of —26.6 to —7.0 in the MC fil-
tered uncertainty analysis. The minimum ceff was also reduced
from —154.5 to —91.3. The 95% confidence interval was reduced
from (—0.01, —65.8) in the original analysis to (0.54, —27.1) in the
MC filtered analysis (Figs. 11b and 12).

4. Discussion

Given the ecosystem complexity and lack of data, we did not
seek a single optimal solution in the model, but sought the range
of parameters that produced the best model fit. The model param-
eters that produced the best model fit were analyzed in the light
of uncertainty and equifinality. There was one parameter in the
model, the flood coefficient (c), which initiated the inter-annual
variability in fish population based on the flood pulse. The flood
coefficient’s sensitivity was low and could initially be regarded as a
relatively unimportant parameter. The most important parameters
in the model that were identified through the sensitivity analy-
sis were related to the baseline population size. Depending on the
values used for the important parameters the baseline population
varied widely between 0 and 80 CPUE. Additionally, all of these
important parameters (besides k) exhibited major issues of equi-
finality (Fig. 8 b-f) as they were able to vary throughout their PDF

ranges while still achieving best fit results. Thus, the average pop-
ulation size fluctuated greatly and could also be modeled using a
variety of parameters values while still producing good results. For
amodel to simulate the average population (ceff=0), only the base-
line or average population must be correct and it is not necessary
to simulate the inter-annual variation; but to get the best model fit,
and reach a ceff above 0, both the baseline population and the inter-
annual variability must be modeled. The flood coefficient (c) was
the only parameter responsible for initiating the this inter-annual
dynamics in the model. If c was set to 0, the population in the model
‘would be constant across years. The value for ¢ actually converged
toward a single solution in the best fit model simulations (Fig. 8a).
The fact that the model was able to simulate a ceff of 0.64 only
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Fig. 11. All GUA results. (a) unfiltered (b) Monte Carlo (MC) filtered. Fig. 12 shows
a blowup of results with coefficient of efficiencies greater than 0.
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through the proper value of ¢ provides evidence that the flood is an
important driver in the system despite the fact that there is equifi-
nality in other portions of the model. This finding also illuminates
a gap in existing sensitivity analysis techniques where importance
is defined solely on the magnitude of the change in output and
does not address how unimportant parameters can be essential for
achieving specific objectives such as model optimization (Saltelli
et al., 1999; Cukier et al., 1978; Koda et al., 1979).

MC filtering was applied to refine parameter/output uncer-
tainty. The important prior distributions were re-set to triangular
distributions where the behavioral parameters were found to be
significantly different from the non-behavioral parameters based
on the two sided Smirnov test. Lpigh, Mu, k, Ly, and ¢ were all
found to have significantly different behavioral parameters and
were assigned triangular distributions. This method reduced model
parameter/output uncertainty by reducing the 95% confidence
interval of the coefficient of efficiently between the modeled den-
sity and the measured CPUE from a width of 65.8-27.3. This is useful
and allows the modeler in a data poor environment to focus on
likely values within the ranges of physically acceptable PDFs. The
modeler can then work in tandem with the biologist to ensure that
the new PDF's makes sense in a real biological setting providing
converging lines of evidence for a more accurate depiction of the
system and its interactions.

Thus the results here that achieved a ceff of 0.64 and an R?
of 0.64 were relatively promising compared to Gaff et al.'s (2004)
model of fish populations in the Everglades which achieved an R?
of 0.35 where fish density was modeled in response to water depth.
However, the Okavango fish model is non-spatial and runs on an
annual time step whereas Gaff et al.’s study is a spatially explicit
model that ran on a monthly time step. Therefore, there were fewer
data points simulated in the Okavango model making it perhaps a
simpler solution.

Managers must make decisions regarding the use of natural
resources in the Okavango Delta. To help ensure the continuation
of a healthy system these decisions should be based on an under-
standing of functional mechanisms and relationships. For example,
if spawning is influenced by the flood pulse then ensuring a natural
flood regime is an important characteristic to maintain. When
monitoring data that informs these decisions is lacking, models
can be used to corroborate existing theories on how a system
functions. This was the intention of this work. We did not seek an
optimal parameter set for calibration or to predict fish responses
to changes in hydrology. Instead we sought to provide evidence
that fish population dynamics is driven by the flood pulse using a
quantitative mechanistic model.

tuates between 26 and 39. In heavily fished areas, fish populations
are often much more dynamic, lending to more variability to model.

Overall, this modeling effort was conducted in an area where
data scarcity severely limited model development. Preferably, a
model should be based on monitoring data that directly describes
the relationship between fish population dynamics and the flood
pulse as well as key factors that influence that relationship. In an
absence of thisdata this model was designed to corroborate existing
ecological theories but not to replace or negate the need for mon-
itoring data. Therefore, future work in this area should focus on
collecting monitoring data that describes the relationship between
the flood pulse and fish population dynamics. For example, experi-
mental fish data that included age or size in addition to daily counts
would improve our understanding of the system and could be
used to assess the performance of the model and inform additional
model development.

This model was able to corroborate the existing conceptual the-
ory that the flood pulse drives fish population dynamics in three
ways. First, the model was able to simulate fish population dynam-
ics (ceff of 0.64). Second, the model parameter that embodied the
flood pulse concept, the flood coefficient, was shown to be impor-
tant for obtaining the optimal model results, And third, the flood
coefficient was shown to converge to an optimal value in the best
fit model simulations. Thus, this mechanistic model corroborated
conceptual models (Merron, 1991; Mosepele et al., 2009) and qual-
itative observations (Hoberg et al., 2002) that fish recruitment is
positively influenced by the magnitude of the flood pulse in the
Okavango Delta. This quantitative linkage between the flood pulse
and fish population dynamics is particularly important in this area
that lacks monitoring data. This linkage also provides information
that is necessary for making informed decisions regarding the man-
agement of hydrologic and ecological resources in the Okavango
Delta. Managers now have quantitative data that shows a linkage
between the hydrology of the Okavango Delta and the ecology of
the fisheries resource.

There are few existing mechanistic models that explore flood
pulse effects on fish recruitment and none of these models have
been developed for the Okavango Delta. This work fills this gap in
research by producing a quantitative mechanistic flood pulsed fish
population model for the Okavango Delta. Additionally, unexpected
outcomes from this work showed that the flood coefficient, and
unimportant parameter, drove optimal model solutions. Because
of the data gaps, the a priori range for the flood coefficient was
unknown. MC filtering was used to revise this range based on
behavioral model outputs. This methodology for refining unknown
parameter distributions is helpful in any data poor area where there
is a lack of information available for defining parameter ranges.
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