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Summary

Before the work described in this thesis, no studies had been done to test the direct effects 

of increased sediment load on the biota of Lake Tanganyika. The aim of this research was 

to assess the effects of increased sediment load on the structure of benthic communities of 

.the littoral zone, where the effects of sediment input are most apparent, through the 

integration of field-based surveys, in-situ field experiments and ex-situ laboratory 

experiments. This combined approach was designed to allow the evaluation of the impact 

of sediment on benthic communities, and the identification of mechanisms of impact.

The field-based surveys investigated the association between spatio-temporal variation in 

the abiotic environment with that of benthic invertebrate community structure in littoral 

areas close to point sources of sediment input (from river mouths). Samples of both the 

biotic and abiotic environments were taken at monthly intervals between February 1999 

and March 2000 from two areas exposed to river mouths at the southern end of Lake 

Tanganyika. Within these areas, samples were taken from sites located at different 

distances from the mouths of the rivers, and also from ‘control’ sites, which were located 

in areas less exposed to river inputs. River mouths were also intensively spatially sampled 

during periods of ‘peak’ and low sediment inflow {i.e. during wet and dry seasons, 

respectively) in order to increase sample replication and spatial resolution at these times. 

This work found that increases in riverine sediment loads were associated with decreases 

in both abundance and diversity of littoral benthos. Multivariate analyses also revealed 

significant seasonality in the structure of benthic communities. Benthic communities also 

differed in seasonal patterns depending upon location in relation to the river mouth. These 

differing cycles may be related to a ‘zone of inhibition’ extending from river mouths, at the 

edge of which high benthic abundance and diversity occurs as the result of a trade-off 

between food supply and sediment tolerance. The structure of benthic communities 

exposed to the mouths of rivers were also found to have been more homogenous in space 

during wet seasons owing to increased riverine influence at these times. This suggests that 

inter-annual decreases in Values of Multivariate Dispersion, an index of between-sampie 

variability, may be used as an indicator of increased catchment erosion.

The second approach to the work comprised two in-situ field e x p e r im e n ts , which were 

done on a relatively pristine rocky shore at the southern end of the lake. In these



experiments, large quantities of sediments were spread uniformly on treatment quadrats, 

with control quadrats receiving no additional sediment. The first of these experiments was 

conducted using two model groups of organisms, gastropods and fish, and investigated, 

respectively, the effects of sediment on rates of recolonisation and community structure of 

these model groups. Although studied littoral fish communities were found to be resistant 

to increases in sediment loads, which did not affect community structure significantly, the 

structures of recolonising gastropod communities were affected significantly by sediment- 

impact. The size-structures of some species of littoral gastropods were also affected 

significantly by exposure to added sediments. Ex-situ experiments conducted in the 

laboratory, which comprised the third aspect to this study, implicated intra-specific 

differences in feeding efficiencies and competition as mechanisms resulting in the 

interaction between size-structure and sediment exposure. A second field experiment 

investigated the effects of sedimentation on the structure of whole rock-dwelling benthic 

invertebrate communities in-situ. In accordance with results from the field surveys, both 

abundance and diversity of littoral benthic communities decreased significantly owing to 

the impact of sediments. Benthic communities studied in this experiment also showed 

weak resistance to sediment-impact. The resilience of these communities after sediment 

addition was also low, and little recovery took place over the four month course of the 

experiment. Results of the second field experiment also showed that short-term pulses of 

sediment can have large and persistent deleterious effects on littoral benthic communities 

in Lake Tanganyika, a finding that also has important implications for the management of 

other large lakes.

Ex-situ laboratory experiments, using ostracods and gastropods as model organisms, 

showed conclusively that the addition of sediment has detrimental effects on survivorship. 

Survivorship was also related inversely to decreasing sediment particle size. It is 

hypothesised that primary mechanisms operating may be increased clogging of appendages 

and soft tissues with fine sediments, and increased energy requirements of locomotion 

owing to a constantly changing benthic sediment structure. Fine sediments were also 

shown to deleteriously affect feeding behaviour.

This research shows conclusively that large increases in sediment loads entering the Lake 

Tanganyika ecosystem are associated with significant and persistent deleterious effects on 

littoral biota, with potential effects on pelagic food-webs. Implications for management 

and future research are also discussed.
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Chapter 1

General Introduction



1.1 Soil Erosion and its Consequences for Aquatic 

Ecosystems

1.1.1 Soil erosion -  causes and consequences

The erosion of soil by water and wind is linked traditionally with agricultural activities, 

although other activities such as transport, forestry and recreation can also be important 

(Morgan, 1995). Soil erosion has only become an issue of global concern relatively 

recently, with recognition of its negative effects not only on soil productivity and 

sustainable agriculture, but also because of wider effects through sedimentation and 

pollution. Although most notable in tropical and semi-arid regions, soil erosion is also a 

problem outside these areas (Leopold, 1956; Milhman et a l ,  1987; Davidson, 1995; 

Pimentel et ah, 1995). Approximately 30% of presently cultivated areas in the world have 

been, and continue to be, affected substantially by soil erosion (Davidson, 1995; Pimentel 

et a l ,  1995). For example, sediment yields in central USA have increased between two 

and fifty times as a result of human activity (Leopold, 1956), while the volume of sediment 

transported by the Yellow River has increased by an order of magnitude since the 

commencement of intensive agriculture in the region around 200 BC (Milliman et al., 

1987). It has been estimated that the total annual volume of sediment discharged to the 

oceans of the world is about twenty billion tonnes, a figure that is about twice that of times 

preceding large-scale deforestation and agriculture, which began about 2000 -  2500 years 

ago (Milliman and Syvitski, 1992). Estimated current global rates of soil erosion are ten 

times higher than rates of soil formation (Pimentel et a l ,  1995).

The problem of soil erosion is particularly acute in the humid tropical and sub-tropical 

regions of the world, where deeply weathered soils are exposed to intense periods of 

rainfall. Einsele & Hinderer (1998) found that the greatest rates of mechanical and 

chemical denudation occur in tropical mountainous drainage areas. Factors such as 

vegetation type, the proportion of cleared land, rainfall, runoff, wind, slope, catchment 

size, and the composition of bedrock and soil can affect the rate of soil erosion (Wolman & 

Miller, 1960; Schumm and Hadley, 1961; Douglas, 1967; Rapp et a l,  1972; Rapp, 1977;
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Stocking, 1984; Church & Slaymaker, 1989; Church et aL, 1989; Bruijnzeel, 1990; 

Bizimana & Duchafour, 1991; Milliman & Syvitski, 1992; Douglas et ah, 1993; Snelder & 

Bryan, 1995; Murray Hicks et al,  1996). Most of these factors are identified as important 

in the calculation of the theoretical Universal Soil Loss Equation (Wischmeier & Smith, 

1978).

The erosion of soil by wind and water has both on-site and off-site effects. On-site effects 

are of particular importance on agricultural land, and result in a net loss of productivity, 

which can lead ultimately to the abandonment of agriculture (Pimentel et a t ,  1995). Off- 

site consequences of soil erosion result in sedimentation downstream or downwind, which 

can cause some or all of the following problems (Morgan, 1995):

• Reductions in river capacity and blockage of irrigation canals, resulting in increased 

risk of flooding.

• Shortening of the design Hfe of reservoirs.

• Pollution or eutrophication in aquatic ecosystems through the release of pollutants and 

nutrients, which are adsorbed onto colloidal soil particles, into the water column.

• Direct and indirect effects on aquatic organisms, affecting both food-web structure and 

community dynamics.

Enhanced soil erosion through human activity is caused mostly by changes in plant cover 

as a direct consequence of changes in land-use (Rapp, 1977; Stocking, 1984; Bruijnzeel, 

1990; Snelder & Bryan, 1995). Differing plant covers confer differing degrees of 

protection to the underlying soil (Rapp, 1977; Stocking, 1984), so that, by determining 

land use, rates of erosion can be controlled to some degree. Clearing of formerly forested 

lands for use as grazing land or in subsistence agriculture may lead to rapid headward 

erosion, stream incision and gully erosion. This phenomenon is recognised as a formidable 

problem throughout the tropics (Bruijnzeel, 1990). Snelder & Bryan (1995) investigated 

the importance of vegetation cover and its effect in decreasing soil loss. Their studies 

showed that greatest sensitivity to storm runoff was exhibited by areas with 25-55% plant 

cover, while sediment yields fell dramatically in areas where vegetation cover exceeded 

55%. The authors, therefore, recommended that percentage vegetation cover should 

exceed at least 50%. A large proportion of vegetation cover has also been shown to reduce 

water runoff in comparative studies carried out in Zimbabwe, Tanzania and Uganda 

(Temple, 1972). Studies carried out by Sandstrom (1995) in western Tanzania showed that



forested lands yielded 2% of the annual rainfall as runoff whereas cleared lands yielded 

10%. Similar estimates were calculated by Walling (1984), whereas other authors 

proposed figures of between 10 and 20% (Berry & Townshend, 1972; Rapp, 1977).

The volume and intensity of rainfall also affect the degree of soil erosion and consequent 

sediment loads of rivers (Wolman & Miller, 1960; Douglas, 1967; Douglas et a l,  1993; 

Murray Hicks et al., 1996). Studies by Langbein and Schumm (1958) indicated that soil 

erosion reaches a maximum in areas with an effective mean annual precipitation of 300 

mm. Effective precipitation is described by Morgan (1995) as ‘‘"that required to produce a 

known quantity o f runoff under specified temperature conditions". In natural areas with 

effective mean annual precipitation below 300 mm, erosion increases in an approximately 

linear manner with rainfall, but in areas with an effective mean annual precipitation greater 

than 300 mm, increasing plant cover counteracts the erosive effect of rainfall, decreasing 

rates of soil erosion (Langbein and Schumm, 1958). Douglas (1967) indicated that soil 

loss may increase directly with precipitation, as rainfall, and therefore runoff, reach still 

higher levels. Human induced changes in land cover and deforestation remove the 

buffering effect of natural plant cover at high levels of precipitation, with the potential to 

dramatically increase the rates of soil loss from catchments, especially in tropical areas 

with marked wet and dry seasons (Douglas, 1967).

Slope is another characteristic of catchments that is known to affect rates of sediment 

erosion, with slopes of greater than 30° being highly susceptible to severe soil losses and 

even landslides (Rapp et al., 1972). For example, studies by Bizimana & Duchafour 

(1991) estimated that approximately 2800 tkm'^a"' of soil was lost from slopes of 28%, 

while up to 10000 tkm‘̂ a"̂  of soil was lost on slopes of 49% under conditions of traditional 

manioc cultivation. These results are from a study that took place on the deforested, 

steeply sloping and heavily cultivated Nthangwa River basin in Northern Burundi. Almost 

all of this sediment is discharged directly into Lake Tanganyika. Aside from slope, basin 

area has also been shown to be an extremely important catchment characteristic 

influencing rates of sediment erosion (Schumm and Hadley, 1961; Church & Slaymaker, 

1989; Church et al., 1989; MilHman & Syvitski, 1992). Numerous studies have revealed 

that, although sediment load increases with increasing basin area, sediment yield (i.e. 

sediment loss per unit area) is generally inversely related to catchment area (Schum m  and 

Hadley, 1961; Milliman & Syvitski, 1992). The universality of this trend has, however, 

recently been called into question (Church & Slaymaker, 1989; Church et al., 1989). The
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explanation behind this phenomenon lies in the fact that larger catchments have greater 

potential for sediment storage, thereby limiting the transport of large volumes of sediment 

(Curtis et a l ,  1973; Holeman, 1981; Church et a l,  1989). This trend emphasises the 

importance of small rivers in the transport of sediments and the denudation of land 

(Milliman & Syvitski, 1992).

1.1.2 The effects of sedimentation on aquatic ecosystems

Sedimentation rates are defined as the thickness of solid, pore-free sediment deposited over 

a set period of time, and can be converted to rates of denudation (Einsele & Hinderer, 

1998). Studies on the effects of anthropogenically accelerated soil erosion have focussed 

mainly on terrestrial communities, while relatively little attention has been paid to the 

effects of increased sediment loads entering aquatic ecosystems (Castro & Reckendorf, 

1995). Periodic increases in sediment loads entering aquatic ecosystems can affect water- 

dwelling organisms in a variety of ways. Some of these effects include the following;

• Physical damage to organisms can occur owing to abrasion of their body surfaces 

by sediment particles (Harman, 1974; Bruton, 1985), possibly rendering affected 

animals more prone to infection (Herbert & Merkens, 1961; Alabaster, 1972; Abel, 

1996). Exposure to large volumes of fine sediments has also been observed to 

cause the clogging of appendages and exposed soft tissues such as gills in many 

aquatic organisms (Wallen, 1951; Herbert & Merkens, 1961; Herbert et a l ,  1961; 

Lockhead, 1968; Bruton, 1985).

• Suspended sediments decrease rates of photosynthesis owing both to a reduction in 

light penetration and a decrease in the depth of the euphotic zone (Ellis, 1936; 

Hynes, 1960; Bruton, 1985). Reduced light penetration has been shown to have 

significant effects on both zooplankton and zoobenthos (Cairns, 1968; Fuller, 1974; 

Berwick & Faeth, 1988).

• Sediments settling through the water column can blanket benthic algae in littoral 

zones, thereby affecting algal communities directly (Grobbelaar, 1985; 

Worthington & Lowe-McConnell, 1994). The foraging efficiency of herbivorous 

organisms may thereby be indirectly affected (Hynes, 1960; Alabaster, 1972; 

Bruton, 1985; Abel, 1996).
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• Sedimentation decreases habitat diversity by fiUing in crevices and overhangs on 

rocky substrates, which are typically occupied by speciahsed biota, and also by 

reducing total rock surface area (Hynes, 1960; 1970; Herbert et al., 1961; Chutter, 

1969; Boles, 1981; Hansen et al., 1983).

• Setthng sediments can also result in a constantly changing benthic sediment 

structure, which can decrease benthic invertebrate abundance and production 

(Fraser, 1935; Pennak & Van Gerpen, 1947; Estcourt, 1968; Hynes, 1970; Bruton, 

1985).

• Sediments have been shown to deleteriously affect juvenile recruitment in many 

aquatic species (Cordone & Kelley, 1961; Harrison & Farina, 1965; Rosenthal & 

Alderdice, 1976; Wilber, 1983; Bruton, 1985; Emerson & Grant, 1991; Roegner et 

a i,  1995; Commito et al., 1995).

• Settling sediment decreases the connectivity between benthic habitat patches 

thereby indirectly reducing the rates of gene flow between groups that comprise a 

larger metapopulation (Cohen, 1995), thus affecting the genetic structure of 

affected populadons (Depledge, 1994; Guttman, 1994).

• Excess sediment can reduce the nutritional value of detritus (Graham, 1990).

• Suspended sediment interferes with the feeding apparatus of filter feeding 

organisms (Abel, 1996).

• Sediments may act as both nutrient and contaminant sources and sinks, potentially 

affecting the nutrient dynamics of entire water bodies (Ellis, 1936; Golterman et 

al., 1977; Sly, 1986; De Groot & Golterman, 1990; Golterman, 1991).

• Excess sedimentation may interfere with oxygen availability both at the sediment- 

water interface and within the sediment itself (Cairns, 1968; Chutter, 1969; Bruton, 

1985; Martin et al, 1993a; 1993b; 1998).

Changes in the volume and nature of allochthonous organic matter entering lotic systems 

have been associated with large alterations in benthic community structure (Wallace et a l, 

1999), and may occur owing to a change in land-use from forest to pasture (Martinelli et 

al., 1999). Exposure to high concentrations of sediment (both suspended and after settling) 

has been shown to have detrimental effects on aquatic organisms in both laboratory 

experiments {e.g. Ellis, 1936; Loosanoff & Tommers, 1948; Wallen, 1951; Herbert<&; 

Merkens, 1961; Gardner, 1981; Sigler et a l ,  1984; Aldridge et a l,  1987; Hart, 1988; Kirk 

& Gilbert, 1990; Kirk, 1991a, 1991b; Roegner et a l, 1995) and field studies {e.g. Aruda et 

al., 1983; Bruton, 1985; Hart, 1988; Koenings et a l,  1990; Somer & Hassler, 1992). Shifts



in benthic community structure owing to increased sediment load may be associated with 

an increase in the number of r-selected species with increased carbon sedimentation rate 

and/or benthic instability (Martinet et ah, 1993). Dauer et al. (2000) found that benthic 

condition (indicated by a benthic index of biotic integrity) was correlated negatively with 

extent of urbanisation, and associated positively with catchment afforestation. A number 

of studies have shown that assorted indices of biotic integrity (e.g. EPT Scores (Lenat, 

1988)) and habitat quality tend to be significantly lower in streams draining agricultural 

landscapes than those draining catchments with a high proportion of forested land (e.g. 

Barton, 1996; Wang et al., 1997). Attempts can be made, however, to ameliorate the 

negative effects of agriculture on aquatic ecosystems, through the employment of tillage 

practices that reduce soil erosion and loss and hence the volume of sediments entering the 

streams. Significantly higher diversity and numbers of invertebrates have been found in 

streams draining fields in which these practices were employed (Barton & Farmer, 1997).
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1.2 Lake Tanganyika

1.2.1 Limnology

Lake Tanganyika is the second largest body of unfrozen freshwater in the world, after Lake 

Baikal (Hutchinson, 1957). It is the oldest, largest, and deepest lake in the African Rift 

Valley (Coulter, 1994), and has been in existence for between 9 and 20 million years 

(Tiercehn et a l,  1988; Tiercelin & Mondegeur, 1991; Cohen et a l,  1993b; Coulter, 1994). 

Table 1.1 shows some morphometric and hydrological characters of the lake. The lake 

ecosystem is - very complex, and it was believed to have very efficient energy transfer 

between trophic levels (Hecky, 1991). Recent studies by Sarvala et al. (1999), however, 

indicate that the pelagic carbon transfer efficiency may not be as high as was suggested 

previously. A lack of marked seasonality has resulted in permanent stratification of the 

lake waters, which are deoxygenated below depths of about 50-250 m (Coulter & Spigel, 

1991). This has important imphcations for the distribution of biota within the lake, which 

are limited to the strip of oxygenated water towards the top of the water column.

Lake Tanganyika, lying withm the western branch of the African Rift, is bounded on both 

sides by mountains and particularly to the west where altitude is generally of the order of 

2000 m above sea level, with some peaks rising to over 3000 m above sea level at the 

northern end of the lake (Edmond et al., 1993). Numerous rivers flow into the lake, of 

which the Malagarasi to the east and the Ruzizi to the north are the largest (Figure 1.1). 

Lake discharge is via the Lukuga River in the west, which flows into the Lualaba River, a 

tributary of the River Congo. Edmond et al. (1993) have calculated that the Lukuga River 

discharges an average 4.2 km ^a'\ which approximates to 9% of the total annual water input 

into the lake. The remainder is lost by evaporation. The discharge of the Lukuga is also 

highly variable over time. Gasse et al. (1989) estimated that precipitation onto the surface 

of Lake Tanganyika represented about 63% of the total water input to the lake, the rest 

entering the lake as surface runoff. This estimate has been supported by other studies (e.g. 

Edmond era/., 1993).
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Figure 1.1. Bathymetric map of the Lake Tanganyika Basin, showing the main influent 

rivers and the lake outflow, the Lukuga River. Inset shows the drainage pattern of the 

Lake Tanganyika Catchment. Modified from Tiercelin & Mondeguer (1991).
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Table 1.1. Selected morphometric and hydrological parameters of Lake Tanganyika. All 

data are from Hecky & Degens (1973) and Beadle (1974). Source: Coulter & Spigel 

(1991).

Length (max) 650 km

Width (mean) 50 km

Lake Area 32600 km"

Catchment Area 231000 km'

Mean Depth 572 m

Maximum Depth 1470 m

Volume 18940 km^

Shoreline Length 1900 km

Refill Time (runoff alone) 1000 yr

1.2.2 Biological characteristics

Coulter (1991c) provides the most comprehensive taxonomic tabulation of the flora and 

fauna of Lake Tanganyika, although it is already out of date owing to the description of 

new species and numerous taxonomic revisions (e.g. Wouters & Martens, 1992; 1994; 

1999; 2000; Ducasse & Carbonel, 1993; 1994; Michel, 2000). The list still illustrates the 

extraordinary diversity extant in the lake, including over 1400 species of animals, plants 

and protists, of which up to 600 are believed to be endemic (Cohen, 1991; Coulter, 1994). 

The species richness of selected taxic groups from Lake Tanganyika is shown in Table 1.2. 

Numerous species flocks occur in the lake, most notably among the cichlid fish, ostracods 

and molluscs. The majority of species dwell in the littoral regions, owing not least to the 

fact that this zone has numerous diverse habitat-types, which is made possible by both 

horizontal and vertical heterogeneity in the substratum (Groffman & Bohlen, 1999; Heine, 

2000), providing a template for distinct niches (Hutchinson, 1993). The euphotic zone of 

the lake is also relatively deep owing to the extreme clarity of the water column permitting 

growth of benthic algae and submerged plants to considerable depths, providing further 

habitats for invertebrates and fish. The littoral zone is also where the effects of increasing
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sediment load are likely to be most apparent, thereby increasing the vulnerability of these 

largely stenotypic organisms to high volumes of sediment entering the lake (Cohen et al,  

1993a; Section 1.2.3).

Table 1.2. Estimates of the number of families, genera, species and number of endemic 

species belonging to selected taxic groups described as present in Lake Tanganyika. 

Source: Coulter (1991c).

Numbet of Families Number of Genera

Number of 

Species 

(No. Endemic)

Nematoda 7 12 20(7)

Bivalvia 5 10 15(9)

Gastropoda 8 36 60(37)

Ostracoda 9 31 108(97)

Caridea 2 5 15(14)

Brachiura 1 1 10(8)

Hemiptera 2 3 4(4)

CichHdae 1 50 172(167)

One important omission from the tabulation provided in Coulter (1991c) involves the 

Family Chironomidae (Insecta: Diptera). To my knowledge, not one species found in 

Lake Tanganyika has been recorded in the literature. Despite this, chironomid larvae tend 

to be highly abundant, on both hard and soft littoral substrates, spanning at least two sub

families, including both carnivores and algal scrapers (Appendices 3 and 5). Another 

example of the relative paucity of taxonomic knowledge on the invertebrates of Lake 

Tanganyika is evident within the Sub-Class Ostracoda, where 108 species have currently 

been described, but as many as 120 more species await formal description (Cohen, 1994; 

Martens, 1994).
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1.2.2.1 T h e  o s t r a c o d s  o f  La k e  T a n g a n y ik a

Owing primarily to the fact that it was possible to identify all sampled ostracods 

(Arthropoda: Crustacea: Ostracoda) to species level, and also because the ostracods of 

Lake Tanganyika comprise a highly speciose taxic group, and are relatively abundant on 

both hard and soft substrates within the lake, this taxic group was used as a synecdoche, or 

model group, throughout this thesis. In addition, there is the benefit that previous studies 

investigating impact of sediment on the biota of Lake Tanganyika included ostracod 

assemblages, and covered both ecological (Cohen et a l,  1993a; Alin et al., 1999) and 

paleoUmnological approaches (Cohen, 1995; Wells et a l ,  1999; Cohen et al., 2000).

1.2.3 Sediment erosion and deforestation in the Lake 
Tanganyika basin and the potential consequences for 
lacustrine biota

Soil conservation research stations have been established in Africa since 1954 (Fournier, 

1967). The function of these stations included the measurement of runoff and soil loss, 

and research of both runoff and erosion, and the value of plants and cultivation techniques 

for soil conservation. Using data obtained from these stations to determine relationships 

between sediment yield, basin relief and precipitation, Fournier (1960) proposed that 

average rates of soil loss in Africa were between 600 and 2000 tkm"^a'\ Other studies into 

the sediment yields of African Rivers have yielded variable approximations. For example, 

El-Swaify et al. (1982) proposed that the average rate of soil loss in Africa was 

approximately 72 tkm'^a''; Strakhov (1967) suggested figures of 50-100 tkm'^a'* for 

catchments in central and eastern Africa, and Walling and Webb (1983) suggested that the 

mean annual yield of suspended sediment over the catchment of Lake Tanganyika was 

between 50 and 250 tkm'^. Walling (1984) modified this estimation to between 100 and 

1000 tkm '^a’.

Rates of denudation can be estimated using a number of methods, for example, using 

sediment-budgets; by the determination of chemical denudation rates from mass balances 

of soil profiles; and by the river-load method (Einsele & Hinderer, 1998). The latter, 

involving the measurement of river runoff, and the concentrations of suspended and
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dissolved matter, includes some inherent problems, including that insufficient account is 

taken of rare flood events, which transport large volumes of sediment as bed-load (Laronne 

& Reid, 1993), and that river loads may be increased by human activities such as 

deforestation and agriculture, or decreased, by reservoirs and dams (Milliman et a l ,  1987; 

Einsele, 1992).

Ephemeral rivers can be up to 400 times more efficient at transporting bedload than 

perennial rivers in semi-arid areas (Laronne & Reid, 1993), a finding that has important 

relevance to the management of the Lake Tanganyika watershed. Current total erosion 

rates of the Lake Tanganyika catchment have been estimated at around 4 mm per thousand 

years (Einsele & Hinderer, 1998). This figure is comparatively low, primarily owing to the 

dominance of crystalline rocks in the Tanganyika basin and a dense cover of vegetation 

over a large proportion of the catchment. This rate of denudation is estimated as having 

been three times lower than during the late Pleistocene (approximately >10000 years b.p.), 

owing to higher rainfall during the latter period, which also occurred during a period when 

the landscape was sparsely vegetated. Denudation rates decreased markedly in the early 

Holocene owing to the establishment of dense vegetation cover and the rise of the lake to 

present levels (Einsele & Hinderer, 1998).

Relatively small catchments underlain by erosion-resistant bedrock are present on the 

eastern side of Lake Tanganyika, towards both the north and south of Kigoma, Tanzania 

(Cohen et a l ,  1993a). In contrast, considerable portions of the littoral regions of Burundi 

and Zambia are fed by small drainage systems composed of easily erodable highly 

weathered oxisols, which increase the vulnerability of these areas to sediment pollution. 

Of these areas, the former has already been mostly deforested, while the latter is still 

extensively forested (Cohen et al., 1993a; Cohen, 1995), although is becoming ever more 

threatened owing to an increasing human population, which uses wood for up to 93% of its 

energy requirements (Zambian Central Statistics Office, 1990, cited in Sichingabula, 

1999). The severity of this threat is offset somewhat by the fact that the total area under 

protection in national parks and national forests within the Zambian portion of the Lake 

Tanganyika catchment is 0.36 million ha, which is about 20% of the total catchment area 

of 1.76 million ha (Chidumayo, 1997, cited in Sichingabula, 1999), although the degree to 

which these areas protect and maintain forested lands is questionable. According to remote 

sensing studies, almost total clearance of forest and woodland cover has resulted in areas 

toward the northern end of the lake, owing primarily to high local demand for fuel wood
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for making charcoal (Cohen, 1991; Cohen et al., 1993a). The subsequent conversion of 

these deforested areas to agricultural lands has resulted in the release of massive quantities 

of eroded soil into the lake (Drake et al., 1999). A causal link has been implied between 

the large-scale deforestation that is occurring in these areas, and the rapid growth of the 

Ruzizi River delta that has occurred in recent times (Caljon, 1987). The existence of three 

national reserves in the catchment of the lake in Burundi, of which one is situated on the 

lakeshore, play an important role in limiting the degree of sediment runoff and pollution 

entering the northern end of the lake (Trenchard, 1991) by limiting the human population 

within these areas and also through the maintenance of forested areas.

The biological impacts of high sediment loads entering lentic ecosystems are likely to be 

greatest in shallow inshore littoral zones (Cohen et al., 1993a). In these areas biological 

and habitat diversity tend to be highest, and most sediment entering lakes from rivers 

settles out of the water column at relatively short distances from the mouths of rivers. 

Aside from sediment pollution, the effects of chemical contamination from rivers flowing 

into Lake Tanganyika also appear to be highly localised to littoral and sub-littoral zones 

located close to the mouths of rivers, leaving the pelagic zone largely unaffected. For 

example, Vandelannoote et al. (1996) found that chemical contamination from the most 

polluted affluent of Lake Tanganyika, the Nthangwa River, was detectable only up to 100 

m from the river mouth. Direct effects from organic pollution of this river appeared to be 

negligible. Also, further studies by Vandelannoote et al. (1999) revealed that complete 

mixing of the second largest river entering Lake Tanganyika, the Ruzizi, which contributes 

approximately 30% of total riverine inflow to the lake (Hecky et a l ,  1991), appears to 

occur within ca. 800 m of the river mouth. Studies on the biological effects of sediment 

pollution in Lake Tanganyika add further evidence to the case that the profundal and 

pelagic zones of the lake may be relatively unaffected by catchment disturbance (Cohen et 

al., 1993a). The fact that numerous pelagic fish species inhabit inshore littoral zones as 

juveniles (Coulter, 1991b), however, implies that the biota of the pelagic zone could be 

affected indirectly by increased loads of sediment.

Some characteristics of species-rich ancient lakes make them especially vulnerable to 

pollution (Coulter & Jackson, 1981), and Lake Tanganyika is no exception (Fryer, 1972; 

Coulter, 1991a). Important factors include its long water residence time (Hecky & 

Bugenyi, 1992), and high degree of specialisation and niche differentiation among species 

(Coulter, 1991d; West et al., 1991; Hori et a l, 1993; West & Cohen, 1994; Rossiter, 1995;
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Verheyen et al., 1996; West & Cohen, 1996; Riiber et a i, 1999). Relatively little research 

has taken place on the effects of sediment pollution on the biota of Lake Tanganyika, 

although the studies that have been done appear to indicate that high levels of sediment 

pollution may result in decreased biodiversity in affected areas (Cohen et aL, 1993a; 

Cohen, 1995; Alin et a l, 1999).

Studies by Cohen et al. (1993a) revealed evidence of a ''striking’’’ inverse relationship 

between patterns of deforestation and ostracod species richness, while, more recently, Alin 

et al. (1999) found lower gastropod species richness and density in areas exposed to 

increased anthropogenic disturbance of the catchment at the northern end of the lake. 

Lower ostracod species richness was also associated with high levels of disturbance. In 

both studies, between-site differences in species richness may, however, have been a result 

of variability in habitat type and structure and not owing to catchment disturbance as was 

suggested. One way of addressing this problem would be to introduce a temporal aspect to 

studies, through contrasting the structure of biotic communities at the same sites during 

periods of high exposure to sediment loads (during wet seasons) with those of low 

exposure (during dry seasons). This approach has been followed in Chapter 3. Another 

potentially useful approach involves investigation of longer-term paleoecological and 

sedimentological patterns through the analysis of short sediment cores. Preliminary 

investigations into the paleoecology of Tanganyikan ostracods using these methods have 

indicated that, although species richness had decreased in zones that appeared to be heavily 

impacted by sediment input, an increased density of ostracods per gram of sediment was 

also apparent in these areas (Cohen, 1995, Wells et a l ,  1999).

The apparent association between high levels of disturbance in the Tanganyika catchment 

and decreased biological diversity in the lake that has been indicated by the few published 

studies that have taken place {i.e. Cohen et a l ,  1993a; Cohen, 1995; Alin et a l, 1999) 

provide evidence, if somewhat circumstantial, that the biological diversity within Lake 

Tanganyika has been degraded as a result of increasing deforestation and land-use change 

within the lake watershed. Decreased biological diversity within the lake could have 

knock-on effects on food-web stability (McCann, 2000), with consequences for human 

food supply, as fish is the main source of protein for riparian populations (Benem ariya et 

a l,  1991). The severity of these threats prompted Cohen et al. (1993) to remark that 

deforestation within the lake’s catchment and consequent increases in sediment load
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1.3 Outline of this Thesis

Previous work (Cohen et a l, 1993a; Cohen, 1995; Alin et ah, 1999) has provided largely 

circumstantial evidence that high levels of catchment deforestation have resulted in 

decreased biological diversity in the littoral zone of Lake Tanganyika. No direct 

measurements of sediment loads or impacts on littoral biodiversity were made before the 

establishment of the Lake Tanganyika Biodiversity Project (GEF/RAF/92/G32). The work 

presented here was done under the auspices of that project. Its aim was to assess the 

effects of increased sediment load on the structure of benthic communities of the lake, 

through the integration of field-based surveys, in-situ field experiments and ex-situ 

laboratory experiments. This combined approach was designed to determine the effect of 

increasing sediment load on littoral benthic community structure. The field surveys 

investigated the association between spatio-temporal variation in the abiotic environment 

with that of benthic invertebrate community structure in littoral areas close to point sources 

of sediment input (from river mouths). To fulfil this aim, samples were taken at monthly 

intervals over a fourteen-month period from two areas exposed to river mouths at the 

southern end of Lake Tanganyika. Within these areas, samples were taken from sites 

located at different distances from the mouths of the rivers, and also from control sites, 

which were located in areas less exposed to river inputs. Sampling from different sites 

located within areas exposed to river mouths allowed for the inclusion of a spatial 

dimension into the study. River mouths were also intensively spatially sampled during 

periods of ‘peak’ and low sediment inflow {i.e. during wet and dry seasons, respectively) 

in order to increase sample replication and spatial resolution at these times. The results of 

the field surveys are reported in Chapters 2 and 3 for, respectively, the abiotic and biotic 

components.

The second approach to the work comprised two in-situ field experiments. These were 

done on relatively pristine rocky littoral areas, and are the subject of Chapter 4. In these 

experiments, large quantities of sediments were spread on treatment quadrats, with control 

quadrats receiving no additional sediment. The first of these experiments was conducted 

using two model groups of organisms, gastropods and fish, and investigated, respectively, 

the effects of sediment on rates of recolonisation and community structure of these model 

groups. The second field experiment investigated the effects of sedimentation on the
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structure of whole rock-dwelling benthic invertebrate communities. These experiments, 

therefore, allowed for the direct assessment of the effects of exposure to large volumes of 

sediments on benthic communities while controlling for the confounding effects of abiotic 

variables such as organic matter and sediment particle size, which was not possible in the 

field surveys described in Chapters 2 and 3. These experiments allowed for the evaluation 

of the resistance of biological communities inhabiting pristine hard substrates to exposure 

to large volumes of settled sediments. Community resilience and rates of recovery after 

disturbance were also investigated.

The third main component of the thesis (Chapter 5) comprises four laboratory experiments. 

Results obtained from both surveys and in-situ experiments conducted in the field 

(Chapters 3 and 4, respectively) indicated that the particle size composition of lakebed 

sediments was significantly associated with benthic community structure, while increases 

in sediment load were implicated with changes in the size structure of benthic 

communities. These laboratory experiments were conducted to test the effects of sediment 

particle size and organism size on the survivorship of ostracods and gastropods, used as 

model organisms. Chapter 6 summarises the overall findings of the work and discusses 

how the work of the preceding four chapters have advanced our knowledge of the effects 

of increased sediment load on the biota of Lake Tanganyika.
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1.4 Introduction to Study Sites

All sampling was carried out at four study sites within the Zambian portion o f Lake 

Tanganyika. These were the mouths of the Kalambo, Lunzua and Lufubu Rivers, and 

close to the southwestern shores of Nkumbula Island (Figure 1.2). The base o f operations 

was located at the Department of Fisheries, Mpulungu Village (Grid reference: 8° 46’ S, 

3 r 0 7 ’ E).

JI*O f J I 'W '

RiHf-MoiiJlh

mm

Limiiia Rt^rmmmm

i-jr

#•45*

to IGkmcci)

Figure 1.2. Map highlighting the locations o f the four main study areas sampled over the 

course of this project.

1.4.1 The Kalambo, Lunzua and Lufubu River mouths

Full details of sampling locations and methodology are given in Chapters 2 and 3. In 

summary, the mouths o f the Kalambo and Lunzua Rivers were sampled monthly between 

February 1999 and March 2000. Sampling sites within these river mouths were located 

using depth and GPS, and were positioned at 5 m (Grid reference; 8° 36.1’ S., 31 11 E.),
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10 m (8° 36.3’ S., 31° 11’ E.), 15 m (8° 36.4’ S., 31“ 11.1’ E.) and 20 m (8° 36.4’ S., 31° 

11.r  E.) water depth and at 5 m (8°44.4’ S., 31° 10.2’ E.), 10 m (8°44.3’ S., 31° 10.3’ E.) 

and 20 m (8° 43.8’ S., 31° 10.4’ E.) water depth directly in front of the Kalambo and 

Lunzua River mouths, respectively (Figure 1.3). Towards the side of each of these river 

mouths, a ‘control’ site was positioned parallel to the shoreline. The Kalambo control site 

(8° 36.2’ S., 31° 11.4’ E.) was located on the eastern side of the bay into which the 

Kalambo River drains, at a distance of approximately 500 m from the mouth of the river, at 

a water depth of 10 m. The Lunzua control site (8° 44.1’ S., 31° 9.6’ E.) was located on the 

westem side of Chituta Bay, into which the Lunzua River drains, at a distance of 

approximately one kilometre from the mouth of the river, at 20 m water depth. It was 

hoped that the control sites would act as true controls, outside the influence of each river, 

but, unfortunately, this was not the case. At both river mouths, the sediment plume 

emanating from each river during the wet season passed over these sites. However, these 

sites still differed from the sampling sites located directly in front of the river mouths in 

that less, if any, bedload deposition is likely to have occurred at the control sites, and also 

the volumes of sediments settling out of the water column would have been considerably 

lower at these locations.
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Figure 1.3. Approximate locations of sampling sites at the mouths of the Kalambo (a) and 

Lunzua (b) Rivers.

Owing primarily to the large distance between Mpulungu Village and the Lufubu River 

mouth, sampling only took place at the latter location on two occasions (Chapter 3). The 

Lufubu River is the largest river entering Zambian waters of Lake Tanganyika, and it 

meanders for a considerable distance before it enters Kasololo bay. A map of the mouth of 

this river is shown in Figure 1.4.
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Figure 1.4. Map of the mouth of the Lufubu River,

1.4.2 Nkumbula Island

Nkumbula Island is a small island approximately 2.5 km^ in area, and is located less than a 

kilometre from Mpulungu village (Grid Reference: 8° 45.3’ S., 31° 5.1’ E., Figure 1.5). 

Owing to local beliefs, no people are allowed on the island. Hence, the majority of the 

island is covered with thick woodland, which generally grades into large rocks and 

boulders closer to the shoreline. Owing to the lack of human presence in the area, the 

island and its shoreline contain a collection of habitats in almost pristine condition. Study 

sites at this location were positioned in the rocky littoral zone close to the southwestern 

shores of the island (Chapter 4).
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Figure 1.5. Map showing the position of Nkumbula Island relative to Mpulungu Village. 

The locations of the study sites close to the island are indicated by a red outline.
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1.5 Statistical Methods

Owing to the complex nature of ecological data, where species distributions and 

abundances are influenced by a myriad of chemical, physical and biological factors, 

univariate statistical tests may not be adequate tools allowing for the detection of trends in 

or differences between datasets (Clarke & Warwick, 1994). Multivariate analyses may, 

however, detect such changes, utilising in a more complete way the information contained 

in a dataset. Multivariate techniques do not require summaries of particular aspects of 

datasets, as is generally the case with univariate tests {e.g. number of species, total 

abundance, ere.). Many multivariate analyses approximate high dimensional information 

into low dimensional ordinations. An ordination is simply a ‘map’ of samples, where 

samples are located on the ordination according to their relative similarity (or 

dissimilarity). Non-metric Multi-Dimensional Scaling (MDS) is a relatively recently 

developed multivariate method that is particularly suited to ecological data, although it was 

originally developed for application to problems in psychology (Shepard, 1962; Kruskal, 

1964; Kruskal and Wish, 1978). MDS is useful to the analysis of ecological data owing to 

the fact that it is based on the rank (dis)similarities between samples. MDS is a non- 

parametric multivariate analysis, and is extremely flexible in terms of the data that it may 

analyse (Clarke & Warwick, 1994). Stress is a measure of the relative success of an MDS 

ordination in summarising high dimensional information into a low dimensional plot. 

Stress, which is a dimensionless quantity, is a measure of goodness-of-fit of the non- 

parametric (monotonic) regression between high dimensional sample (dis)similarity and 

low dimensional distance in an ordination. Stress of greater than 0.3 indicates that samples 

were almost arbitrarily placed on the ordination plot, their locations being almost random, 

the ordination therefore being useless (Clarke & Warwick, 1994). All MDS ordinations in 

this thesis were obtained using Primer® Version 5, using Euclidian distance as the 

between-sample measure of sim ilarity

While the transformation of univariate data is used generally to validate statistical 

assumptions for parametric tests, multivariate techniques tend to use data tra n s fo rm a tio n  in 

order to weight the contributions of common and rare sp e c ie s  (Clarke & W arwick, 1994). 

Analyses using non-transformed data are based largely on the contributions of a few of the 

most common species, while, at the other extreme, presen ce/ab sen ce or binary
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transformation allocates equal importance to rare and common species. Manipulations of 

multivariate data used in this thesis include fourth-root, which is intermediate between 

non-transformation and presence/absence (Clarke & Warwick, 1994), and binary 

transformations.

A vahd statistical test of non-parametric multivariate data is based on a non-parametric 

permutation procedure that is applied to the rank similarity matrix that underlies an MDS 

ordination. This is called an analysis of similarities (ANOSEVI), and can be used in 

conjunction with Monte Carlo Randomization Tests (Hope, 1968) to generate significance 

levels (Clarke & Green, 1988). The output of an ANOSIM is called the J?-statistic, which 

is calculated as;

^  =  ( ^  B -  ^w)/(M/2) _

where,

M=n{n-\)I2

and  ̂w  is the average rank similarity among replicates within groups,  ̂b  is the average 

rank similarity among all pairs of replicates between groups, and n is the total .number of 

samples.

R occurs in the range -1 and 1. An of 1 means that the similarities between all the 

samples within a group are greater than any of those between groups. R is equal to zero if 

the null hypothesis is true {i.e. similarities within and between groups are the same on 

average). Analyses of similarity with both one and two independent variables {i.e. one- 

and two-way tests, respectively) are possible, and all such tests in this thesis were 

calculated with 999 permutations based on Euclidian distance matrices using Primer® 

Version 5.

Warwick and Clarke (1993) noted that between-sample variability tends to increase with 

increased levels of disturbance, and cited numerous studies to support this hypothesis {e.g. 

Gee et ah, 1985; Gray et al., 1990; Warwick et a l ,  1990; Dawson Shepard et al, 1992). 

This increased variability may be related to increased habitat heterogeneity in areas 

exposed to environmental disturbance (Caswell & Cohen, 1991). Warwick and Clarke
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(1993) calculated a comparative Index of Multivariate Dispersion (IMD), which contrasts 

the average rank of the similarities among impacted samples ( r j )  with those among the 

control samples ( r  o) as:

IMD = 2 ( r e -  7i)/(No+Ni)

where

iVc = ndric -  l)/2 and N[ = n\{rii -  l)/2

and He and n, are the number of samples in the control and impacted groups, respectively. 

The resulting IMD has a maximum value of +1, when all similarities among samples in 

one group are higher than any similarities among samples in the other, the converse giving 

a minimum of -1, and values near zero imply no differences between treatments.

For cases where there are more than two groups, Clarke and Warwick (1994) devised a 

method allowing the calculation of Relative Dispersion Values (furthermore referred to as 

Values of Multivariate Dispersion (VMD)). As with of IMD values, calculation of VMD 

is based on the average rank of the similarities among samples within a group ( r g), which 

is divided by a scaling factor k, where

k ^ { N +  l)/2

and N  is the total number of similarities involved in the ranking process. Unfortunately, no 

method has yet been devised to statistically test hypotheses of comparable variability 

between treatments (Warwick & Clarke, 1993; Clarke & Warwick, 1994). All indices and 

values of multivariate dispersion in this thesis were based on Euclidian distance matrices 

calculated using Primer® Version 5.

All ANOVA, linear regression and correlation analyses were performed using Data Desk® 

Version 6. Non-linear regression analyses were performed using SPSS® Version 10. 

Pearson Product-Moment and Spearman Rank correlations were used to test hypotheses of 

linear association between two variables. The Pearson Product-Moment correlation was 

used where both variables were parametric, and the Spearman Rank correlation where at
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least one variable was non-parametric. All correlation analyses were treated as two-tailed 

tests. Where appropriate, Two-Sample ?-Tests and Mann-Whitney t/-Tests were used to 

test hypotheses of differences between two groups of, respectively, parametric and non- 

parametric data. These analyses were performed using SPSS® Version 10. Analysis of 

variance was used to test for differences between more than two groups. a-Levels in all 

statistical analyses were set at 0.05. Data normality was investigated using a combination 

of histograms and normal-probability plots. Highly skewed or non-normal data were 

subsequently transformed, using either logarithmic (to the base 10) or square-root 

functions.
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Chapter 2

Abiotic Spatio-Temporal Variation at the 
Mouths of The Kalambo and Lunzua

Rivers



2.1 Introduction

2.1.1 The southern portion of the Tanganyika Basin

The geology of the Zambian portion of the catchment of Lake Tanganyika (Figure 2.1) is 

dominated by a small number of rock types, and primarily by Precambrian sandstones and 

quartzites (Sichingabula, 1999). The relative susceptibility of sandstone to erosion, 

coupled with high relief, steep gradients and periodically high rainfall means there is a 

high potential for sediment erosion within catchments, especially were high levels of 

deforestation to occur within them. Precambrian igneous rocks of volcanic and meta- 

volcanic origin with greater resistance to erosion underlie the middle and upper reaches of 

the catchment of the Kalambo River, while a small portion of the lower catchment is 

composed of sandstone. The Kalambo appears to have the greatest capacity of all the 

Zambian rivers for entraining large particles of bed load (Sichingabula, 1999). The 

catchment of the Lunzua River is underlain almost entirely by erosion susceptible 

sandstone. This catchment is also overlain by easily eroded leached sandveldt soils, which 

are light sandy loams or loamy sands, which are typical of the Zambian portion of the 

Tanganyika basin (Figure 2.2). The Lufubu, Kalambo and Izi Rivers also flow over 

hardened lateritic crusts that overlie rocks and rubble in the lower reaches of their 

catchments.
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Figure 2.1. Geology of the Zambian portion of the Lake Tanganyika catchment (with 

legend). Original source: A. Miller (Natural Resources Institute, University of Greenwich,
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Figure 2.2. Soil types of the Zambian portion of the Lake Tanganyika catchment (with 

legend). Original source; A, Miller (Natural Resources Institute, University of Grreenwich,



While large portions of the catchment of the Kalambo River contain relatively undisturbed 

tracts of deciduous broadleaved forests and grasslands, those of the Lunzua and Lufubu 

comprise large amounts of scrubland and savannah (Figure 2.3).. The main road 

connecting the two largest towns within the Zambian portion of the Tanganyika Basin, 

Mbala and Mpulungu, runs directly through the catchment of the Lunzua, and passes 

through numerous small villages that are continually increasing in size. The increasing 

human population, combined with the geology and soils of these catchments, suggests that 

the catchment of the Lunzua River is an area at high risk of anthropogenically-increased 

soil erosion.

The temporal dynamics of sediment input into Lake Tanganyika are driven primarily by 

seasonal rainfall. Towards the southern end of the lake, the wet season occurs between 

November and April, with peak rainfall usually around March (Capart, 1952). A dry 

season, with very low rainfall and high winds, occurs from May until October. The pattern 

of sediment input into the lake is likely to follow rainfall patterns quite closely, with 

increased runoff entraining greater volumes of eroded sediments, which are consequently 

washed into drainage systems. The mean annual precipitation rate for Lake Tanganyika 

has been calculated at 900 mm (Hecky & Degens, 1973), while figures of between 600 and 

1000 mma ' have been calculated for parts of the Tanzanian shoreline (LINESCO, 1978, 

cited in Patterson, 1996). Figures for the extreme northern end of the lake have been 

calculated at between 1000 and 1400 m m a'\ while precipitation for a large proportion of 

the Zambian shoreline has been estimated at over 1000 mm a’' (Coulter & Spigel, 1991).
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outlined in black. Original source: A. Miller (Natural Resources Institute, University of 

Greenwich, UK).
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Sichingabula (1999) estimated the suspended sediment yields of the five major rivers that 

drain into the Zambian waters of Lake Tanganyika (Table 2.1). The total volume of 

sediment that these rivers discharged into the lake between September 1998 and June 1999 

was estimated at almost 71000 t, of which the Lufubu River accounted for 76%. The 

higher sediment yield estimated for the Lunzua River compared with that for the Kalambo 

may be owing to the smaller size of the Lunzua catchment, the presence of softer, more 

erodible soils and bedrock in the Lunzua basin, and the greater proportion of land exposed 

as a consequence of deforestation.

Table 2.1. Drainage areas and percent contribution to total suspended sediment load for 

the main rivers in the Zambian catchment of Lake Tanganyika for a period of between 243 

and 258 days ending June 1999 (all data from Sichingabula, 1999).

River Drainage Area 

(km^)

Sediment Yield 

(tkm'")

% Contribution to Total Suspended  

Sedim ent Load

Lufubu 7047 7.6 76.1

Kalambo 2550 approx. 3.8 13.6

Lunzua 686 9.6 9.3

Lucheche 312 1.2 0.5

Izi 54.4 5.9 0.5

2.1.2 The transport dynamics of organic and inorganic 
sediments

Eroded sediments can be transported long distances by lotic systems, travelling either as 

suspended or dissolved sohds in the water column or as bedload. The long distance 

transport of fine particles suggests that the delivery of particulate matter from a catchment
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to a basin outlet is rapid once the particles have entered a river channel (Cushing et a l, 

1993; Bonniwell et a l, 1999). Although the load of sediment suspended in the water 

column of rivers generally increases as a function of discharge, care must be taken in its 

estimation using discharge measurements, owing to the fact that sediment load increases 

far more rapidly than discharge (Dury, 1969). Clastic sediment suspended in the water 

column contributes 90 -  95% of the total sediment load in most rivers, followed by bed 

load, which usually contributes less than 10%, and dissolved load, which usually makes up 

less than 5% (Jordan, 1965; Emmett, 1981; Burrows & Harrold, 1983). The inclusion of 

bed- and dissolved-loads do not tend to improve the accuracy of estimates of sediment 

discharge in most rivers owing to the fact that the quantities of these measurements are less 

than the range of probable error in estimates of suspended sediment load (Meade, 1996). 

Suspended sediment yields can vary over seasonal, annual, decadal and even longer time 

scales (Meade, 1996). The annual suspended sediment yield of rivers can vary by a factor 

of up to five from year to year (Douglas, 1967). Interannual differences in the sediment 

loads of larger rivers tend to be far smaller than interseasonal differences, while the former 

tend to be of greater magnitude in smaller rivers (Meade & Parker, 1985; Meade et al., 

1990). Reliable estimates of erosion rates therefore depend on long-term records.

The deposition of sediment is determined by current velocity and particle size (Postma, 

1967), with decreasing velocities resulting in the settlement of increasingly finer particles. 

At the mouths of rivers, where they discharge into the sea or a lake, large decreases in 

velocity result in the relatively rapid deposition of coarser particles, with the size of 

settling particles decreasing with increasing distance from the mouth, as the energy of 

transport decreases. This is an extension of the ‘Sternberg Effect’, where the mean particle 

size of riverine bedload sediments decreases downstream owing primarily to decreased 

transport energy (McLane, 1995). The majority of suspended sediment transported into a 

water body via an influent river may also be located in different layers in the water column 

near the mouth of the influent owing to density differences between water bodies (Gibbs, 

1977; Vandelannoote et al., 1999). For example, water from the Ruzizi River has been 

shown to flow at a depth of 53 m in Lake Tanganyika owing to such density differences 

(Capart, 1949).

Fine particles such as organic matter and unconsolidated silts and clays tend to be 

associated with each other in sediments and are more vulnerable to erosion and transport 

than coarse materials (Evans & Skinner, 1987). On deposition, fine particles tend to have
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less interstitial spaces, lower oxygen content and greater organic content than coarser 

sediments (McLusky, 1989), thereby affecting the nature of the biotic community (Gray, 

1974; Martin et al, 1993a; 1993b; 1998; Snelgrove & Butman, 1994; Junoy & Vieitez, 

1990). Particulate organic matter in aquatic systems is arbitrarily divided according to 

particle size into coarse and fine particulate organic matter (CPOM and FPOM, 

respectively). The amount of CPOM (particles >1 mm) decreases along the length of 

streams and rivers owing to physical, chemical and biological processing (Vannote et al., 

1980; Wallace et al., 1982, Wallace & Webster, 1996). The relative importance of these 

particles thereby decreases towards the mouths of rivers. FPOM consists of particles <1 

mm in diameter, and supports much of the community metabolism of aquatic ecosystems 

(Fisher, 1977; Pringle et al., 1999). Studies of FPOM transport using surrogates such as 

pollen (Miller & Georgian, 1992), and radiolabelling (Jones & Smock, 1991; Newbold et 

al., 1991; Cushing et al., 1993), indicate that the transport of FPOM takes place in a series 

of saltations where particles in the water column may be transported long distances before 

deposition. The distance a particle will travel is determined inter alia by stream size and 

velocity, particle size and density, and characteristics of the substratum (Webster et al., 

1999).

The effects of sediment pollution on the biota of Lake Tanganyika depend on the relative 

proportions of the size fractions of sediment particles, the proportion of organic materials 

and nutrients present within the sediment, and the spatial and temporal distribution patterns 

of the inflowing sediment. The spatial distribution of suspended and bedload sediments 

from the mouths of rivers does not occur in an even manner (Wu & Shen, 1999). Sediment 

distribution is affected primarily by the directions and magnitudes of long-term sediment 

transport from rivers, as well as sudden changes in river mouth or bay morphology caused 

by events such as storms, river floods and human activity (Wu & Shen, 1999). Within-lake 

circulation is also an important factor determining the transport and deposition of 

sediments entering Lake Tanganyika (Podsetchine et al., 1997). One way of elucidating 

the direction of sediment transport is by application of the ‘McLaren Model’ (McLaren, 

1981; McLaren & Bowles, 1985). Initially developed for marine beaches, this model is 

based on three characteristics of sediments, which are mean sediment size, the degree of 

sorting, and sediment skewness, which follow clearly defined trends from source to 

deposit. The nature of these trends depend on the nature of the source sediment and occur 

owing to a number of processes, namely winnowing and selective and total deposition of 

the grain size population in transport (McLaren, 1981). A constraint of the model is that
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the deposited sediment must be the product of a single source. Despite this, the model has 

been applied successfully to sediments on both marine and lacustrine shorelines as well as 

in river deltas and estuaries (McLaren & Bowles, 1985; Mohd-Lokman et al., 1998; Wu & 

Shen, 1999).
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2.2 Materials and Methods

2.2.1 Temporal patterns in rainfall, river discharge and 
suspended sediment load

2 .2 .1 .1  S u s p e n d e d  s e d im e n t  s a m p l in g

Suspended sediments were sampled once per month during the dry season (May -  

September) and bimonthly during the wet season (October -  April) in the period October 

1998 -  December 1999- A single sample was taken from the centre of the channel of each 

of the Kalambo and Lunzua Rivers, close to the locations of the gauge plates on the rivers 

(see below), from arm’s length below the water surface. River discharge ( 0  was also 

estimated on each sampling occasion (following e.g. Dingman, 1994; Gore, 1996; 

WanieHsta et al., 1997) as;

Q (m's-') = I  VA

where V is the velocity of the river section measured in ms"  ̂ and A is the cross-sectional 

area in m^. Flow velocity was measured using a Valeport® current meter at 0.5 m intervals 

across the length of the river, at 0.2 D  and 0.8 D, where D was the depth of water at the 

point of measurement. The average of these figures was used as an estimate of V. Where 

the river was less than 1 m deep, velocity was measured at 0.6 D, in accordance with e.g. 

Dingman (1994) and Wanielista et al. (1997). A was estimated by multiplying the 

horizontal distance between two successive measuring points by the depth of water at the 

first vertical. Water level or gauge height was measured three times daily between October 

1998 and December 1999 (at 06:00, 12:00 and 18:00 hours), using gauge plates located at 

the Kalambo and Simumbele Villages on the Kalambo and Lunzua Rivers, respectively 

(Figure 2.2).

Suspended sediment was also sampled on a finer temporal scale during a period of high 

flow in an attempt to increase the probability of sampling runoff from a high rainfall event, 

and hence increasing the accuracy of the estimation of suspended sediment load using
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water level measurements. Daily samples of suspended sediment were collected in the 

Lunzua River from 25/2/99 to 3/3/99 and from 26/2/99 to 4/3/99 in the Kalambo River. 

Three replicate 500 ml samples were taken three times per day in conjunction with the 

measurement of water level.

2.2.1.2 S u s p e n d e d  s e d im e n t  a n a l y s is  a n d  q u a n t if ic a t io n

90 mm Whatman® GF/C filter papers were washed with approximately 500 ml distilled 

water, in order to remove loose fibres. Filter papers were then dried in a Raven® scientific 

oven for 1 hour at 105°C, and were then weighed. A known volume of approximately 500 

ml of lake water was then vacuum filtered and the filter dried in the oven for 1 hour at 

105°C. Samples were then removed from the oven and placed in a desiccator for 15 

minutes, after which the filter papers Were reweighed. Concentration of suspended 

sediment (C) was estimated as:

c (mgr') = m\w2-wi)iv

where V is the volume (ml) of the water sample, and Wi and W2 are the weights (g) of the 

filter paper prior to and after filtration, respectively. Suspended sediment load (L) was 

estimated as;

L (td"') = 0.0864C<2 

where Q is the daily river discharge in m̂ s"'.

2.2.1.3 R a in f a l l

Rainfall was measured five days per week in the period November 1998 -  April 2000 at 

the Department of Fisheries, Mpulungu, a location outside, but close to, the catchments of 

both the Lunzua and Kalambo Rivers. As rainfall was not measured on weekends, and the 

values for the first day of each week comprised all rain collected for the preceding three 

days, total weekly rainfall was deemed to be a better indicator of trends in rainfall than 

estimates of average daily rainfall.

37



2.2.2 Water transparency and lakebed sediments

Secchi depth was used as an index of water transparency. Secchi depths were recorded at 

5, 10, and 20 m water depth directly in front of the mouths of both the Kalambo and 

' Lunzua Rivers, and at the ‘control’ sites close to each river m outh (Chapter 1). Secchi 

depth was also recorded at 15 m water depth in front of the Kalambo river mouth. W ater 

transparency at each site was measured monthly, between January 1999 and M arch 2000. 

Lakebed sediments were sampled with a Petit Ponar grab concurrent with Secchi depth 

measurements. Sampling area of the grab was 152 x 152 mm. Lakebed sediments were 

sampled at 5, 10, and 15 m depth in front of the Kalambo river mouth as well as at the 

Kalambo control site, and at 5 and 10 m depth in front of the Lunzua river mouth, and at 

the Lunzua control site. Sampling of lakebed sediments from the Lunzua control site was 

ceased in August 1999 owing to difficulty of obtaining samples from this location. 

Locations of all sampling sites were recorded using a Garmin® GPS 45.

On return to the laboratory, sediment samples were dried in a Raven® scientific oven for 2 

to 3 hours (depending on sediment type) at 105°C. Sediment was then exam ined using a 

xlO magnification hand-lens, and physical characteristics (sorting, colour and dominant 

mineral type) noted. The sediment was then disaggregated using a mortar and pestle and 

sieved through 2 mm and 63 |iim Endicott® sieves. Mass of sedim ent retained in each sieve 

was noted. Fractions were then recombined, and the proportion of organic matter in the 

sediment was calculated from loss on ignition. Approximating 20 g of sediment was 

placed in the oven at 550“C for 1 hour (Jones et a l ,  2000), and was then reweighed. 

Percentage organic m atter of the sediment was estimated as:

Organic M atter (%) = (W3 -  W4)/W3*100

where Wj and W4  refer to the mass (g) of sediment prior to and after ignition, respectively. 

Unfortunately, sampling and subsequent laboratory analyses of sediments did not take 

place on certain months during the sampling period for logistic reasons.
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2.2.3 Spatial variation in the abiotic environment close to river 
mouths

2.2.3.1 C h a n g e s  in  t h e  a b io t ic  e n v ir o n m e n t  w it h  in c r e a s in g  d is t a n c e s  f r o m  

RIVER m o u t h s

Further to the methods described in Section 2.2.2, changes in Secchi depth, lakebed 

sediment composition and suspended sediment concentrations with increasing distance 

from river mouths were investigated on a single occasion in March 2000 using straight-line 

transects. Transects were oriented perpendicular to the river mouths (i.e. approximately 

parallel to the direction of flow), beginning at the centre of the river mouth-lake boundary 

and ending at fifteen metres depth. Sampling points were determined by depth, and were 

at 2.5 m (within the river mouth in both rivers), 5 m, 7.5 m, 10 m, 12.5 m and 15 m water 

depth. At each sampling site, GPS and Secchi depths were recorded, a single sample of 

lakebed sediment was taken using a Petit Ponar Grab, and three replicate water samples 

were taken at arms length under the water surface for quantification of suspended sediment 

concentrations. Analyses of sediment composition were carried out as described in Section 

2.2.2, except that 212 }xm and 355 fxm sieves were also used for particle size analysis in 

conjunction with the 2 mm and 63 |im sieves. Suspended sediment concentration was 

analysed and calculated as described in Section 2.2.1.

2.2.3.2 D e t e r m in a t io n  o f  t h e  d ir e c t io n  o f  s e d im e n t  in f l o w  in t o  t h e  l a k e

In order to determine the direction of sediment inflow into the lake from both the Kalambo 

and Lunzua Rivers, lakebed and suspended sediment samples were taken at approximately 

equidistant points along a straight-line transect. The transects were oriented parallel to the 

river mouth {i.e. approximately parallel to the lake shore), at approximately 50 m from the 

mouth (Figure 2.4). Samples were taken from nineteen points along each transect; nine on 

either side of the river mouth and one perpendicular to its centre (Station 0). Sampling 

points were placed approximately 40 -  50 m apart and their location recorded using GPS. 

At each sampling point, one lakebed sediment sample was taken using a Petit Ponar grab, 

and three replicate samples were taken for quantification of suspended sediment from arms 

length under the water surface (as described in Section 2.2.1). Percentage organic matter 

in each lakebed sediment sample was estimated as before (Section 2.2.2).
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Figure 2.4. Approximate positions of the straight-line transects at the mouths of the 

Kalambo (a) and Lunzua (b) Rivers.

For this sampling programme, sediments were analysed using a Coulter® LS230 particle 

size analyser in the Department of Geography, University of Dundee, UK. Sediments were 

firstly oven dried at 40°C, and gently ground and then sieved through a 1 mm sieve. 

Between one and five grammes of sieved sediment {i.e. <1 mm fraction) from each sample 

was weighed and placed in a beaker to which 10 ml water and 10 ml hydrogen peroxide 

was added. After 2 - 3  hours, when frothing of the sample had ceased, an extra 10 ml 

hydrogen peroxide was added and the sample was left to stand overnight. Each beaker was 

then warmed to 100°C on a hotplate until a clear supernatant appeared. The supernatant 

was decanted, and the remaining portion of the sample transferred to a centrifuge bottle, 

and 10 ml industrial methylated spirits added. After centrifuging at 2500 rpm for 30 

minutes, 30 ml of sodium hexametaphosphate was added and the bottle placed in an 

ultrasonic bath for five minutes. Each sample was then stirred and 5 -  30 ml of each 

placed into the sample chamber of the particle analyser.
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Overall direction of bedload sediment transport from the Kalambo and Lunzua River 

mouths was determined using the ‘McLaren Model’ (McLaren, 1981; McLaren & Bowles, 

1985). Data input into the model are included in Appendix 1. Two trends in sedimentary 

deposits indicate the direction of sediment transport, which rely on the nature of the source 

sediment and the energy of the transport process. If sediments along a sampling transect 

are either finer, better sorted and more negatively skewed or coarser, better sorted and 

more positively skewed, the overall direction of sediment transport is likely to be in this 

direction (McLaren, 1981). McLaren and Bowles (1985) devised a method enabling the 

statistical testing of these trends, using the ‘Z-Score’ of Spiegel (1961), where Z  is 

calculated as:

x - N p

4̂

where x is the observed number of pairs of samples representing a particular case {i.e. 

finer, better sorted and negatively skewed or coarser, better sorted and positively skewed) 

in one of the two opposing directions, and N  is the number of possible unidirectional pairs 

(Â  = -  n)/2, where n is the number of samples in the sequence, in this case 10). p  is the

probability of getting one of the cases indicative of sediment transport out of a total 

number of eight possible combinations {i.e. 0.125) and q is the probability of this not 

occurring {i.e. 0.875). In the case of the McLaren Model, the Z-Score is used as a one

tailed test, and the alternative hypothesis, where transport is occurring in a certain 

direction, is accepted if Z >1.645 (at the 0.05 level of significance, or 2.33 at the 0.01 level 

of significance).

2.2.4 Statistical methods

Owing to a possible lack of independence between samples taken on consecutive months, 

and to increase group sample sizes, it was decided to group months into three distinct 

seasons. The first season (referred to as the ‘wet season’) comprised March to June, when 

the suspended sediment load of rivers was at a maximum, the second season (the ‘dry 

season’) comprised July to October, and the third season (referred to as the ‘pre-wet 

season’) comprised November to February, where there was some rainfall, but no
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appreciable increase in the estimated suspended sediment load of rivers (Section 2.3.1). 

Seasons were treated as being independent of each other, and these data were therefore 

analysed using classical analysis of variance (data were normalised by transformation, if 

required), using Data Desk® Version 6. Three-way ANOVA tests, with river, season and 

sampling site as the independent variables, were used to test for differences between river 

mouths. Sampling site was a fixed factor and was nested within river. Two-way ANOVA 

tests, with season and sampling site as the independent variables, were used to test for 

differences within river mouths. Where appropriate, M ann-W hitney U-tests and Two- 

Sample r-Tests were performed using SPSS® Version 10.
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2.3 Results

2.3.1 Temporal patterns in rainfall, river discharge and 
suspended sediment load

2.3.1.1 R a in f a l l  d a t a

The total volume of rainfall recorded at the Department of Fisheries, Mpulungu, in 1999 

was 854 mm, close to the average figure for the whole lake region of 900 mma'^ (Hecky & 

Degens, 1973). Highest daily rainfall recorded over the study period occurred on January 

14, 2000, when 117 mm of rain fell over a 24-hour period. The majority of rainfall 

recorded fell between the months of January and April in both 1999 and 2000, with smaller 

amounts falling during November and December (Figure 2.5). Extremely small quantities 

of rain fell during the dry season (i.e. May -  October 1999), with none falling at all 

between June and September of that year.
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Month

Figure 2.5. Total weekly rainfall recorded at the Department of Fisheries, Mpulungu, for 

the period November 1998 -  April 2000.
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2 .3 .1 .2  M o d e l l in g  r iv e r in e  s u s p e n d e d  se d im e n t  l o a d s

Kalambo River

Baseflow of the Kalambo River was relatively small over the sampling period, with the 

river subject to large increases in water level and discharge during the wet season (Figures 

2.6 and 2.7). While small fluctuations did occur, no large increases in water level took 

place during November and December following initial rainfall. This lack of runoff 

entering river channels at the beginning of the wet season, despite a lot of rainfall, is 

probably owing to the infiltration of rainfall into soils, decreasing the soil moisture deficit 

that had built up over the dry season.
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Figure 2.6. Water level of the Kalambo River measured at Kalambo Village for the period 

November 1998 -  December 1999.
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Figure 2,7. Discharge of the Kalambo River at Kalambo Village for the period November 

1998 -  December 1999.

Patterns of water level and discharge of the Kalambo over the sampling period were very 

similar. The quadratic regression line relating these variables was highly significant, and 

with very high predictive power {Fzao = 911.53, P  <0.001, = 0.99, Figure 2.8).
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Figure 2.8. Relationship between water level and discharge of the Kalambo River at 

Kalambo Village. Regression line: y = 3.28 -  22.38x + 35.22x^.
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Although there was a significant relationship between water level and suspended sediment 

load (Fi,84 = 36.09, P  <0.001, = 0.3), the regression of the reciprocal of water level to

log-transformed suspended sediment load had a higher predictive power (Fi,84 = 672.55, P 

<0.001, = 0.89, Figure 2.9).
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Figure 2.9, Relationship between reciprocal of water level and log suspended sediment 

load of the Kalambo River measured at Kalambo Village. Regression line; y = 3.48 -  

1.97X.

The equation of the regression used in Figure 2.9 was then used to estimate the suspended 

sediment load of the Kalambo River for each day in the period October 1998 -  December 

1999 from water level readings (Figure 2.10).
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Figure 2.10. Estimated suspended sediment load transported by the Kalambo River at 

Kalambo Village for the period October 1998 -  December 1999.

There was a significant association between total weekly suspended sediment load of the 

Kalambo River and total weekly rainfall recorded at Mpulungu Village for the period 

November 1998 -  December 1999 (Pearson Product-Moment Correlation, r = 0.39, P 

<0.05, d f = 32, both variables were log-transformed). The total load of suspended 

sediment transported by the Kalambo River mto Lake Tanganyika in 1999 was calculated 

as 12197 t, which translates into a sediment yield of approximately 4.8 tkm'^ from the 

whole catchment. This is comparable to the estimate of 3.8 tkm"^ by Sichingabula (1999), 

for 243 days from 1 October 1998 to 31 May 1999.

Lunzua River

The Lunzua River had greater short-term fluctuation in water level than the Kalambo, 

while the pattern of discharge was broadly similar between rivers (Figures 2.11 and 2.12). 

Maximum discharge occurred between March and May 1999 in the Lunzua.
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Figure 2.11. Water level of the Lunzua River measured at Sim um bele Village for the 

period October 1998 -  December 1999.
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Figure 2.12. Discharge o f the Lunzua River at Simumbele V illage for the period 

November 1998 -  Decem ber 1999.

The regression relating water level o f  the Lunzua River to discharge was highly significant 

with strong predictive power (F , ,22  =  467.27, P  <0.001, r  = 0 .96, Figure 2.13).
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Figure 2.13. Relationship between water level and discharge of the Lunzua River at 

Simumbele Village. Regression line: y = 32.34x - 18.2.

There was a very significant relationship between water level and suspended sediment 

load, although the predictive power of the regression line relating these variables was 

found not to be very strong (F^ss = 90.03, P  <0.001, -  0.51). Logarithmic

transformation of both variables was found to give an increased of 0.69 (F i,85 = 188.35, 

P <0.001, Figure 2.14).
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Figure 2.14. Relationship between log water level and log suspended sediment load of the 

Lunzua River. Regression line: y = 8.52x + 1.67.

The equation of the regression line in Figure 2.14 was used to estimate the suspended 

sediment load of the Lunzua River for the period October 1998 -  December 2000 from 

water level measurements (Figure 2.15).
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Figure 2.15. Estimated suspended sediment load transported by the Lunzua River into 

Lake Tanganyika in the period October 1998 -  December 1999.
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The flashiness o f suspended sediment load in the Lunzua River is striking (Figure 2.15). 

There were three major groups of peaks o f suspended sediment load occurring between 

February and May 1999. These peaks were concurrent with those o f the Kalambo (Figure 

2.10). As with the Kalambo, no large increases in suspended sediment load were apparent 

in the Lunzua until February 1999. The three main groups o f peaks in suspended 

sediment load that occurred between February and mid-April 1999 (Figures 2 .10 and 2.15) 

followed closely the three main peaks in rainfall that occurred between January and mid- 

April 1999 (Figure 2.5), and there was a significant correlation o f log-transformed data 

(Pearson Product-Moment Correlation, r  = 0.46, P  <0.01, d f  =  32) between total w eekly  

suspended sediment load of the Lunzua and total weekly rainfall for the period Novem ber 

1998 -  December 1999. Water level and discharge data indicate that the base flow  

component o f the Lunzua is of greater relative importance than that o f the Kalambo.

The total mass o f suspended sediment that was transported into Lake Tanganyika by the 

Lunzua River in 1999 was estimated to be 20014 t, a sediment yield o f 29.17 tkm'^. This is 

far in excess o f the 9.6 tkm"  ̂ calculated by Sichingabula (1999). Sichingabula’s sampling 

period was 254 days, from 20 September 1998 to 31 May 1999.

Comparison of Kalambo and Lunzua Rivers

Two-way analysis of variance showed that discharge o f both rivers varied significantly 

(F2,35 = 25.41, P  <0.001; dependent variable was square-root transformed) with season, 

and that, over the sampling period, the discharge of the Lunzua was significantly greater 

than that o f the Kalambo (F 1 3 5  = 5.26, P  =  0.028; dependent variable was square-root 

transformed), despite the fact that the Kalambo had a higher peak flow  during the wet 

season. There was a significant interaction between the independent variables (F2 3 5  = 

3.43, P  = 0.044). Scheffe post-hoc  tests showed that river discharge was significantly 

higher during the wet season than during both the dry and pre-wet seasons (P <0.001 in 

each case). There was no significant difference between dry and pre-wet seasons (Scheffe 

post-hoc  test, P  = 0 .179). Suspended sediment load also varied significantly {FiaiM = 

1572.9, P  <0.001; dependent variable was log-transformed) with season, and was 

significantly greater in the Lunzua River than the Kalambo (Fi,2 ?3 4  = 1086.3, P  <0.001, 

dependent variable was log-transformed). There was also a significant interaction between 

the independent variables (^ 2 ,2734  =  147.57, P  <0.001). All seasons were significantly 

different to each other (Scheffe post-hoc  tests, P  <0.001 in each case).
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2.3.2 Spatio-temporal patterns in water transparency and 
lakebed sediments

2.3.2.1 W a t e r  t r a n sp a r e n c y

Secchi-depth was significantly higher at the mouth of the Kalambo R iver than at the 

Lunzua (Three-way ANOVA, Fi,h6 = 6.72, P  = 0.011).

Kalambo River

Figure 2.16 illustrates that periods o f maximum turbidity occurred during March -  May 

1999 and December 1999 -  March 2000, coinciding with periods of high suspended 

sediment load. Both sampUng site and season had a significant effect on Secchi depth at 

the mouth o f the Kalambo River (Two-way ANOVA, F 4,eo = 16.57 and F 2,60 = 21.87, 

respectively, P  <0.001 in each case), with no significant interaction between the 

independent variables (Fg.eo = 0.38, P  =  0.929). Scheffe post-hoc  tests revealed that Secchi 

depths at 10, 15 and 20 m sites and at the control site were significantly greater than at the 

5 m site {P <0.001 in each case). Secchi depths recorded during the dry season were 

significantly greater than those recorded during both the w et and pre-wet seasons (Scheffe 

post-hoc  tests, P  <0.001 in each case), while there was no significant difference between 

the latter two seasons.
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Figure 2.16. Secchi depths recorded at 5m, 10 m, 15 m and 20 m water depths directly in 

front of the mouth of the Kalambo River, and also at the Kalambo control site in the period 

January 1999 -  March 2000.

There was a significant correlation between Secchi depth at 15 and 20 m water depth 

directly in front of the Kalambo River mouth with log-transformed estimated riverine 

suspended sediment load (Table 2.2).
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Table 2.2. Pearson Product-Moment Correlation coefficients (r) for the relationship 

between Secchi depth at 5, 10, 15 and 20 m water depths at the Kalambo river mouth, and 

at the Kalambo control site, and log-transformed estimated suspended sediment load (td'’), 

and their level of statistical significance (P) (df= 10 in each case).

Sampling Location r P

5 m -0.41 ns

10 m -0.56 ns

15 m -0.61 <0.05

20 m -0.71 <0.05

Control Site -0.56 ns

Lunzua River

Maximum turbidity off the Lunzua river mouth occurred during the months of May and 

December 1999, while water transparency was highest during the latter part of the dry 

season of 1999 (Figure 2.17). Both sampling site and season significantly affected Secchi 

depth (Two-way ANOVA, ^ 3,40 = 10.87 and F 2 ,4o = 9.03, respecdvely, P <0.001 in each 

case), with no significant interaction between the independent variables (F6,4o = 1-06, P = 

0.404). Scheffe post-hoc tests revealed that water transparency at both 10 and 20 m water 

depth was significantly greater than at 5 m depth (P = 0.012 and <0.001, respectively). 

Secchi depths recorded during the dry season at the mouth of the Lunzua River were 

significantly greater than those recorded during both the wet and pre-wet seasons (Scheffe 

post-hoc tests, P = 0.001 and 0.005, respectively). There was no significant difference 

between Secchi depths recorded during wet and pre-wet seasons (Scheffe post-hoc tests, P 

= 0.794). There were significant correlations between Secchi depth and log-transformed 

estimated riverine suspended sediment load at 1 0  and 2 0  m water depth directly in front of 

the river mouth (Table 2.3).
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Figure 2.17. Secchi depths recorded at 5m, 10 m, and 20 m water depths directly in front 

of the mouth of the Lunzua River, and also at the Lunzua control site in the period January 

1999 -  March 2000.

Table 2.3. Pearson Product-Moment Correlation coefficients (r) for the relationship 

between Secchi depth at 5, 10 and 20 m water depth at the Lunzua river mouth, and at the 

Lunzua control site, and log-transformed estimated suspended sediment load (td‘‘), and 

their level of statistical significance (P) {df=  10 in each case).

Sampling Location r P

5 m -0.184 ns

10 m -0.693 <0.05

20 m -0.681 <0.05

Control Site -0.561 ns
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2.3.2.2 L a k e b e d  s e d im e n t  p a r t ic l e  size  a n a l y s is

There was no significant difference in the proportion of sediments <63 jam at the mouths of 

the Kalambo and Lunzua Rivers (Three-way ANOVA, F ijs  = 2.03, P = 0.159; dependent 

variable was log-transformed). Lakebed sediments at the mouth of the Kalambo River had 

significantly (Three-way ANOVA) higher proportions of sediment in the 63 |am-2 mm 

size range {F\js = 8.33, P  = 0.005; dependent variable was log-transformed), and lower 

proportions of coarse sediment (>2 mm) (Fi_6g = 6.22, P = 0.015; dependent variable was 

log-transformed) than at the mouth of the Lunzua.

Kalambo River mouth

The proportions of the <63 [am, 63 |am-2 mm and >2 mm particle size fractions in lakebed 

sediments sampled from the mouth of the Kalambo River over the sampling period are 

shown in Appendix 2. Figure 2.18 shows the relative changes in sediment particle size 

composition at 5, 10 and 15 m water depth, and at the Kalambo control site, for January 

1999 -  March 2000. Two-way ANOVA showed that the proportions of each sediment size 

fraction was affected significantly by water depth, but not by season, and there were no 

significant interactions between the independent variables (Table 2.4). The proportions of 

both fine and coarse sediments {i.e. <63 |im and >2 mm) both increased with increasing 

depth, while the reverse was the case with the 63 |am-2 mm size fraction. Scheffe post- 

hoc tests revealed that the proportion of fine sediment increased significantly between 5 m 

and both 10 and 15 m (P = 0.02 and 0.016, respectively), while no significant differences 

were found between the 10 and 15 m sites. The proportion of sediment in the 63 |j.m-2 

mm size range was significantly lower at the 15 m water depth site than at 5 m depth 

(Scheffe post-hoc test, P = 0.044). Finally, it should be noted that the proportions of 

coarse sediment were affected strongly by the presence of large mollusc shells and shell 

fragments, especially those of the large gastropod Neothauma tanganyicense.
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Figure 2.18. Percentage changes in particle size ranges of sediment at 5 m (a); 10 m (b); 

and 15 m depth (c); and at the control site (d), at the Kalambo River Mouth, for the period 

January 1999-M arch  2000. Legend: —^  >2 mm, 63 |im -2 mm, ■ ■ <63 |am.



Table 2.4. F-ratio’s (F), degrees of freedom (df), and statistical significance (Two-way 

ANOVA) of effects of sampling site and season on the proportions of measured sediment 

size fractions at the mouth of the Kalambo River (dependent variables were log- 

transformed).

Sediment Fraction Independent Variable F d f P

<63 )j,m Season 0.3 2,38 0.744

Sampling Site 5.26 3,38 0.004

Interaction 1.35 6,38 0.262

63 f4Jn-2 rmn Season 1.45 2,38 0.248

Sampling Site 3.67 3,38 0.02

Interaction 1.21 6,38 0.324

>2 mm Season 0.75 2,35 0.479

Sampling Site 4.4 3,35 0.01

Interaction 0.53 6,35 0.779

Lunzua River mouth

Figure 2.19 illustrates the changes in sediment particle size at 5 and 10 m depth, and at the 

control site, for the period January 1999 -  March 2000 (January -  July 1999 for the control 

site) (Appendix 2). Two-way ANOVA showed that sampling site significantly affected the 

proportions of sediment found in both the 63 [im—2 mm and >2 mm size ranges, but not the 

<63 |im size range, while season had no significant effect on any of these size ranges 

(Table 2.5). There were no significant interactions between the independent variables. 

The proportions of coarse sediment (i.e. >2 mm) at 10 m depth in the Lunzua, although 

appearing to follow periodical patterns of increases and decreases, were affected strongly 

by the presence of large gastropod shells and shell fragments. Sediment particle size at the 

Lunzua control site varied little over the sampling period.
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Figure 2.19. Percentage changes in particle size ranges of sediment at 5 m (a) and 10 m 

depth (b) and the control site (c), at the Lunzua River Mouth, for the period January 1999 -

March 2000 (January -  July 1999 for the control site). Legend: ——̂ >2 mm, -------63

l-im-2 mm, • •  ̂ " <63 |am.
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T able 2 .5 . F-ratio’s (F), degrees of freedom (df) and statistical significance (Two-way 

ANOVA) of effects of sampling site and season on the proportions of measured sediment 

size fractions at the mouth of the Lunzua River (dependent variables were log- 

transformed).

Sediment Fraction Independent Variable F d f P

<63 |am Season 0.44 2,25 0.648

Sampling Site 1.49 2,25 0.255

Interaction 1.25 4,25 0.315

63 )l u t i - 2  mm Season 0.3 2,25 0.743

Sampling Site 7.16 2,25 0.004

Interaction 0.24 4,25 0.914

>2 mm Season 0.62 2,21 0.547

Sampling Site 4.3 2,21 0.027

Interaction 1.34 4,21 0.288

2.3.23 O r g a n ic  m a t t e r

Changes in the percentage of organic matter in lakebed sediments had a similar pattern at 

the mouths of both the Kalambo and Lunzua Rivers over the sampling period (Figure 

2.20). These data are included in Appendix 2. At both river mouths, the percentage of 

organic matter decreased from January to April 1999, and increased markedly from August 

to October of that year, only to decrease again by December. There was no significant 

difference in the percentage of organic matter in lakebed sediments at the mouths of the 

Kalambo and Lunzua Rivers (Three-way ANOVA, Fi 4̂% = 0.6L P = 0.439; dependent 

variable was log-transformed). Neither season nor sampling site significantly affected this 

vanable (Fa,4 8  = L99 and = L19, F = 0.147 and 0.326, respectively), and there was no 

significant interaction between these independent variables (Fio,4s = 0.62, P  = 0.789).
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Figure 2.20. Percentage o f organic matter in lakebed sediments at each sampling site at 

the mouths of the Kalambo (a) and Lunzua (b) Rivers for the period January 1999 -  March 

2000 (January -  July 1999 for the Lunzua Control site).
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2.3.3 Spatial variation in the abiotic environment close to river 
mouths

2.3.3.1 C h a n g e s  i n  t h e  a b io t ic  e n v ir o n m e n t  w it h  in c r e a s in g  d is t a n c e s  f r o m

RIVER MOUTHS 

Particle size

Broadly similar trends in the particle size composition of lakebed sediments occurred with 

increasing distance from the mouths of both the Kalambo and Lunzua Rivers (Figure 2.21). 

Spearman Rank Correlations investigating the relationships between sediment size 

composition and depth at both river mouths are shown in Table 2.6. These analyses
' ♦

showed that only the two finest sediment size fractions {i.e. <63 jam and 63-212 jam) at 

the mouth of the Kalambo River were associated significantly with depth. There were no 

other significant relationships between any sediment size ranges and depth at either of the 

river mouths examined.
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Figure 2.21. Percentage (by weight) of different sediment size fractions m lakebed- 

sediment taken with increasing distance (corresponding to units of depth) from the mouths 

of the Kalambo (a) and Lunzua (b) Rivers.
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Table 2.6. Spearman Rank Correlations (r^) and significance levels (P) for the 

relationships between different sediment size fractions and depth at the mouths of the 

Kalambo and Lunzua Rivers (« = 6 in all cases).

River Sediment Size Fraction J-s P

Kalambo <63 jjjn 0.94 <0.05

63 — 212 fxm 0.94 <0.05

212 — 355 -0.09 ns

355 fxm — 2 mm -0.43 ns

> 2 mm 0.09 ns

Lun2ua <63 0.6 ns

63 — 212 }j,m -0.09 ns

212 — 355 fom -0.6 ns

355 fo,m — 2 mm 0.37 ns

> 2 mm 0.77 ns

Organic matter

The percentage of organic matter in lakebed sediments at the mouth of the Kalambo River 

was associated significantly with water depth (Spearman Rank Correlation, = 0.94, P 

<0.05, n = 6, Figure 2.22), while no significant relationship was found between the 

percentage organic matter of lakebed sediments and depth at the mouth of the Lunzua 

River (Spearman Rank Correlation, = 0.66, ns, n = 6, Figure 2.22). Patterns in organic 

matter concentration were similar at both locations, however, indicating increasmg 

proportions of organic matter in sediments with increasing distances from the mouths of 

rivers.
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Figure 2.22. Changes in the percentage of organic matter of lakebed sediments with 

increasing distance (corresponding to units of depth) from the mouths of the Kalambo and 

Lunzua Rivers. Solid and dashed lines represent the Kalambo and Lunzua sites, 

respectively.

Secchi depth

There was a significant relationship between water depth and Secchi depth with increasing 

distances from the mouths of both the Kalambo and Lunzua Rivers (Pearson Product- 

Moment Correlation, r = 0.97 and 0.89, P <0.01 and P <0.05, respectively, df = Am  both 

cases, Figure 2.23). While the Secchi depth at the mouth of the Kalambo increased with 

increasing water depth, Secchi depth did not increase beyond 5 m water depth at the mouth 

of the Lunzua.
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Figure 2.23. Secchi depth of the water column with increasing distance (corresponding to 

units of depth) from the mouths of the Kalambo and Lunzua Rivers (represented by solid 

and dashed lines, respectively).

Suspended sediment

Although the expected pattern of decreasing suspended sediment concentration with 

increasing distance from the river mouth occurred at the mouth of the Kalambo, the 

relationship was not significant at the mouth of the Lunzua (Pearson Product-Moment 

Correlation, r = -0.98, P <0.01 and r = -0.34, ns, respectively, d f = 16, suspended sediment 

concentration was log-transformed. Figure 2.24).
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Figure 2.24. Mean suspended sediment concentration (± S.E., n = 3) in the water column 

with increasing distance (corresponding to units of depth) from the mouths of the Kalambo 

and Lunzua Rivers (represented by solid and dashed lines, respectively).

2.3.3.2 D e t e r m i n a t i o n  o f  t h e  d i r e c t i o n  o f  s e d i m e n t  i n e l o w  i n t o  t h e  l a k e  

Suspended sediment

Sediment entering the lake that was suspended towards the top of the water column flowed 

east after leaving both the Kalambo and Lunzua Rivers (Figure 2.25). The concentration 

of sediments suspended in the upper part of the water column is influenced strongly by 

both wind direction and strength, and these results do not necessarily signify the direction 

the respective river channels take upon entering into the lake.

67



(a)

90 n

80 H

40 H

30 4
■a

20 - I

<— West East0

(b)

160 n

140 4

120 4

100 4

-  60 J

40 4

20 4

East<- West 0

Figure 2.25. Mean suspended sediment concentration (± S.E., n = 3) for approximately 

equidistant sampling points on straight-line transects parallel to the mouths of the Kalambo 

(a) and Lunzua (b) Rivers. Site 0 is directly in front of each river mouth (see Figures 

2.4(a) and 2.4(b)).
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Granulometric samples

Application of the McLaren Model indicated that lakebed sediments are being deposited as 

bedload on both sides of the bay into which the Kalambo flows (Z = 6.03, P  <0.01 for 

transport towards the west; Z = 5.13, P  <0.01 for transport towards the east). The trend 

was for coarser, better sorted and more positively skewed sediments in the direction of 

transport on both sides of the river mouth. This is indicative of decreasing energy in the 

direction of transport (McLaren, 1981; McLaren & Bowles, 1985), and is consistent with a 

high velocity river entering a relatively quiescent basin. The distribution of fine sediment 

particles {i.e. silts and clays, following Wentworth classification {e.g. McLane, 1995)) 

across the transect correlated significantly with the distribution of organic matter 

(Spearman Rank Correlation, -  0.55, P <0.02, n = 19). Distribution of these fractions 

were similar on both sides of the river mouth (Figure 2.26), although sediments on the 

western side of the Kalambo River mouth had significantly higher mean particle size 

(252.03 }im ± 46.96 (± S.E., n = 9)) than those on the eastem side (132.89 |am ± 10.8 (± 

S.E., n = 9)) (Two-Sample t-test, t = 2.47, df=  8.84, P = 0.036). There were no significant 

differences (Mann-Whitney t/-Tests) among the proportions of different particle size 

fractions, sorting or skewness of sediments sampled from different sides of the Kalambo 

River mouth.
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Figure 2.26. Percentage of silt plus clay (dashed line) and percentage of organic matter 

(solid line) in lakebed sediment samples taken at approximately equidistant sampling 

points on a straight-line transect parallel to the direction of the mouth of the Kalambo 

River. Site 0 is directly in front of the river mouth (see Figure 2.4(a)).

Significant bedload sediment transport was found towards the western side (Z = 5.13, P 

<0.01) of the bay into which the Lunzua enters but not towards the eastern side (Z= 1.52, 

ns). The sedimentary trend was again indicative of decreasing energy in the direction of 

transport. The distribution of the finer sediment fractions {i.e. silt plus clay) across the 

transect correlated significantly with the percentage of organic matter (Spearman Rank 

Correlation, Vs = 0.9, P  <0.01, n -  19). Sediment fractions were not distributed 

symmetrically across the river mouth, however, as found at the Kalambo. The majority of 

fine sediments were located centrally and towards the east of the Lunzua river mouth 

(Figure 2.27). The proportions of sediment in the finer particle size fractions {i.e. clay, silt 

and silt plus clay) and organic matter in lakebed sediments were all significantly higher on 

the eastern side of the Lunzua River mouth (Mann-Whitney ?7-Tests, t /  = 7, 9, 9 and P -  

0.003, 0.005, 0.005, and 0.001, respectively, n = 18 in each case), while the proportion of 

sand was significantly higher on the western side (Mann-Whitney tZ-Test, U — P — 

0-004). Sediments towards the west side were also significantly coarser and better sorted 

than those to the east (Two-Sample ?-Test, t = 2.19, d f = 13.15, P = 0.047, and Mann- 

Whitney t/-Test, U = 3, P  = 0.001, n = IS respectively).
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Figure 2.27. Percentage of silt plus clay (dashed line) and percentage of organic matter 

(solid line) in lakebed sediment samples taken at approximately equidistant sampling 

points on a straight-line transect parallel to the direction of the mouth of the Lunzua River. 

Site 0 is directly in front of the river mouth (see Figure 2.4(b)).
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2.4 Discussion

The dynamics of suspended sediment input into Lake Tanganyika via the Kalambo and 

Lunzua Rivers were similar, and were correlated with patterns in rainfall. There were, 

however, many intemal differences between the rivers as well as differences in the effects 

of the rivers on the abiotic lacustrine environment. Riverine differences included the high 

suspended sediment load carried by the Lunzua, which far exceeded that of the Kalambo 

during the wet season, although the latter had a much higher peak discharge over this 

period. This higher suspended sediment load resulted in significantly lower lacustrine 

water transparency close to the mouth of the Lunzua River compared with the mouth of the 

Kalambo. Although the estimation of sediment yield of the Kalambo River of 4.8 tkm'^ 

was in approximate agreement with that of 3.8 tkm'^ suggested by Sichingabula (1999), the 

estimated sediment yield of the Lunzua River (29.17 tkm'^) was an order of magnitude 

greater than the 9.6 tkm"^ estimated by Sichingabula (1999). This is likely to be related to 

the inclusion of a flash flood encountered during the weeklong intensive sampling of this 

river, during which time very high concentrations of suspended sediment were recorded. 

The inclusion of data from a storm event into the regression model increased the range of 

both water level readings and suspended sediment concentrations, and therefore increased 

the predictive power of the model. Storms and consequent flash floods are extremely 

important factors determining the sediment loads of rivers, and have been shown to 

account for up to 90% of the total annual sediment loads in some basins (Wolman & 

Miller, 1960; Douglas et a i ,  1993). It is less likely that flash floods were encountered by 

Sichingabula (1999), whose sampling took place on a bi-weekly basis during the wet 

season, and on a monthly basis during the dry season. Furthermore, Sichingabula’s sample 

size was relatively small (n = 15), decreasing further the predictive power of his regression 

model. Our findings are in general agreement with those of Sichingabula (1999), however, 

in showing that the Lunzua River has a much higher sediment yield than the Kalambo. 

This is likely to be the result of three main differences between these catchments. First, 

although both catchments are of similar slope and elevation (Drake et a l ,  1999), the 

Lunzua basin is an order of magnitude smaller than the basin of the Kalambo 

(Sichingabula, 1999). Maximum catchment elevation and basin area are possibly the two 

most important factors in the determination of sediment yields of rivers (Milliman & 

Syvitski, 1992). The higher sediment yield of the Lunzua is, therefore, likely to be related



strongly to its smaller catchment size conferring lower capacity for sediment retention 

(Curtis et al., 1973; Holeman, 1981). Second, the catchment of the Lunzua is underlain 

almost entirely by erosion-susceptible sandstones, compared with that of the Kalambo, 

which is composed of more erosion-resistant igneous rocks of volcanic and meta-volcanic 

origin in its middle and upper reaches (Sichingabula, 1999). Third, higher population 

densities, and greater levels of catchment deforestation in the Lunzua basin (Figure 2.3), in 

combination with its physical characteristics, are likely to be the main reasons for the 

higher sediment yields from the Lunzua River relative to the Kalambo.

While measures of riverine sediment load varied significantly with both season and 

sampling site, only sampling site significantly affected the proportions of different particle 

size fractions in lakebed sediments. This indicates that the seasonal dynamics of river 

discharge and sediment input did not significantly affect lakebed sediment particle size 

composition. Lakebed sediments did show significant spatial variation in particle size 

composition, however, with sediments containing proportionally more coarse sediments 

and less medium sized sediments (i.e. >2 mm and 63 [im-2 mm, respectively) with 

increasing depth directly in front of both the Kalambo and Lunzua River mouths. Lakebed 

sediments at the Lunzua River mouth also contained significantly greater proportions of 

coarse sediments and lower proportions of medium sized sediments than those at the 

mouth of the Kalambo. Proportions of fine sediment (i.e. <63 p.m) were also shown to 

increase with depth directly in front of the mouth of the Kalambo River. Although the 

proportions of organic matter in bottom sediments were not affected significantly by 

season, peak concentrations of organic matter occurred at both the Kalambo and Lunzua 

River mouths in October, at the beginning of the wet season. This ‘pulse’ of organic 

matter into the lake was probably owing to the first rains of the pending wet season 

flushing large volumes of dry plant litter that had desiccated over the dry season into the 

lake. The composition and distribution of invertebrate communities within river mouths 

iire likely to have been influenced strongly by the large volumes of organic matter entering 

the lake ecosystem at this time (Chapter 3).

Results obtained from the spatial sampling protocol (Section 2.3.3.1) indicate that the 

abiotic environment at the mouth of the Lunzua changes less with increasing distance from 

the river mouth relative to the Kalambo. Secchi depth was the only variable that changed 

significantly with depth at the Lunzua, while suspended sediment concentration showed no 

significant changes. Secchi depth and the proportions of organic matter and fine
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sediments, however, all increased significantly with depth at the mouth of the Kalambo, 

while the concentration of sediment suspended in the water column had a significant 

inverse relationship with depth. These results have important implications for the 

explanation of trends and patterns in the structure of invertebrate communities at both river 

mouths (Chapter 3).

The Kalambo and Lunzua River mouths also differed in the direction of bedload sediment 

transport into the lake. Application of the ‘McLaren Model’ revealed that significant 

sediment deposition occurs on both sides of the Kalambo river mouth, but only on the 

western side of the mouth of the Lunzua. Despite this, the majority of sediment suspended 

in the water column of both rivers moved towards the east after entering the lake. This 

apparent contradiction may be resolved by noting that sediments suspended towards the 

top of the water column are influenced strongly by wind speed and direction, shown 

previously to be the case in Lake Tanganyika (Podsetchine et a i,  1997). The fact that 

suspended sediments entering the lake via both the Kalambo and Lunzua Rivers veered 

towards the east, in accordance with the direction of the prevailing winds in this area 

(Peltonen et a l,  1997), and that lakebed sediments were significantly finer on this side of 

both river mouths, provides strong evidence in support of the occurrence of this 

phenomenon at these locations.

While the silt plus clay and organic matter fractions were distributed approximately 

symmetrically across the mouth of the Kalambo River, these sediment fractions were 

distributed mainly at the centre and towards the eastern side of the mouth of the Lunzua 

(Figures 2.26 and 2.27, respectively), even though the dominant direction of bedload 

sediment transport at this river mouth was towards the west. These results, as well as 

numerous other differences in sediment particle size composition and sorting within the 

Lunzua River mouth, indicate differential patterns of sediment transport depending upon 

particle size and position in the water column at this location. Coarser sediments are 

transported by rolling along the river or lakebed as well as in saltation at the base of the 

water column (Dury, 1969). Sediments of this type appear to be transported towards the 

west of the Lunzua river mouth. Finer sediments are generally suspended in the water 

column, and the transport direction of these particles can be influenced strongly by wind 

(Podsetchine et al., 1997). If the latter sediments were transported predominantly towards 

the east of the river mouth, as a result of wind action, the application of the McLaren 

^odel’ to these sediments should have revealed significant sediment transport in this
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direction. Owing to the fine nature of these sediments, however, many processes could 

have affected their distribution after initial deposition, including turbulence caused by 

wave action and intra-lacustrine circulation, both of which could have induced particle 

resuspension, thereby confounding the effects of any initial sediment transport and 

deposition processes. The fact that the sorting of sediments on the eastern side of the 

Lunzua River mouth was significantly poorer than those on the western side of the mouth 
supports this hypothesis.



Chapter 3

The Effects of Sediment Load on the 
Benthic Communities o f Lake 

Tanganyika



3.1 Introduction

Benthic macroinvertebrates form a number of functional feeding groups such as shredders, 

scrapers, gatherers, filterers, suspension feeders and predators (Cummins & Klug, 1979). 

These groups impact significantly on nutrient cycles, primary productivity, decomposition, 

and translocation of materials (Wallace & Webster, 1996). Significant relationships exist 

between the composition of benthic macroinvertebrate communities and abiotic variables 

{e.g. Jenkins et a l ,  1984; McLachan, 1990; Warwick et a l, 1991; Thorpe & Lloyd, 1999; 

Heino, 2000; Peeters et al., 2000), and silt, sand and resultant turbidity are extremely 

important factors in the seasonal variation and distribution of aquatic organisms {e.g. Oliff, 

1960; Oliff•& King, 1964; Chutter, 1969; Bruton, 1985; Cohen et al., 1993a; Hombach et 

al., 1993; Alin et al., 1999; Thorpe & Lloyd, 1999). Long-term changes in sedimentation 

rates have been shown to have significant effects on macroinvertebrate community 

assemblages (Grzybkowska, 1989; Hombach et al., 1993), although there are some 

conflicting reports regarding shorter-term inputs. Some field studies have indicated that 

short-term inputs of sediment may not affect greatly the structure of benthic communities 

(Hombach et al., 1993), while others have shown that inputs of sediment can impact 

significantly on aquatic organisms over periods of weeks or even days (Campbell, 1954, 

cited in Alabaster, 1972; Alabaster, 1972).

Weak interactions and indirect effects among organisms are likely to have important 

influences on the structure of littoral benthic communities (Hori et al., 1993; Wootton, 

1994; Menge, 1995; Thrush et al., 1997b; McCann & Hastings, 1997; Huxel & McCann, 

1998; McCann, 2000). Unexpected changes in freshwater ecosystems can occur as a result 

of alterations in complex connections between benthic invertebrates and associated food- 

webs, or owing to anthropogenic disturbances (Ali et al., 1995; Goedkoop & Johnson, 

1996; Johnson et al., 1998; Stockley et al., 1998). The ability of a q u a tic  c o m m u n itie s  to 

recover from disturbance is a complex area currently receiving a lot of in v e s tig a tio n  (e .g . 

Depledge, 1999; O ’Neill, 1999; Power, 1999). Community recovery is generally divided 

into two aspects; resistance and resilience. The terms resistance and resilience as used here 

refer, respectively, to the ability of communities to remain in a relatively constant state 

over time and their ability to return to their original state after exposure to disturbance 

(H arriso n , 1979; Grossman, 1982; Connell & Sousa, 1983; Pimm, 1991; Power, 1999).
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The input of a pollutant from a point source represents a form of disturbance, the severity 

of which is generally inversely related to distance from the source. The ‘intermediate 

disturbance hypothesis’ (Connell, 1978), which has been supported by both field (Sousa, 

1979; Floder & Sommer, 1999) and laboratory studies (Gaedeke & Sommer, 1986; 

Weider, 1992; Buckling et al., 2000), proposes that maximum species diversity exists at 

areas exposed to intermediate frequencies of disturbance. This phenomenon is believed to 

be the result of a trade-off between competitive ability and disturbance tolerance (Petraitis 

et a l ,  1989). Until recently, it was thought that this higher diversity at intermediate 

frequencies of disturbance required a metapopulation structure, with disturbance only 

affecting a few patches at any one time (Levin & Paine, 1974; Slatkin, 1974). It has now 

been shown that this is not necessarily the case, and this hypothesis holds if all patches are 

affected simultaneously by disturbance, as long as the environment contains niches to 

which different species are adapted (Chesson & Huntly, 1997). Large increases in the 

frequency or extent of disturbances can, however, cause large changes in community 

structure and overwhelm the recovery mechanisms of an ecosystem (O’Neill, 1999). It can 

also result in chaotic behaviour, leading to the formation of different biotic community 

structures (Holling, 1973; O ’Neill, 1999). The occurrence of this phenomenon has been 

observed in a number of aquatic communities, including phytoplankton and fish {e.g. Jones 

& Walters, 1976; Duckstein et al., 1979; Van Nguyen & W ood, 1979).
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3.2 Materials and Methods

3.2.1 Continuous monitoring

Between February 1999 and March 2000, benthic invertebrates were sampled monthly 

from 5, 10 and 15 m water depth in front of the mouth of the Kalambo River, and the 

Kalambo control site (Figure 1.2(a)), and from 5 and 10 m water depth in front of the 

mouth of the Lunzua River, and the Lunzua control site (Figure 1.2(b)). Sampling for 

benthic invertebrates at the Lunzua control site was ceased in August 1999 owing to 

difficulty with obtaining samples from the deep and rocky substratum at this location. The 

co-ordinates of each sampling location were recorded using a Garmin® GPS 45. At each 

sampling location, lakebed sediments were sampled using a Petit Ponar grab. Sediment 

samples were placed into buckets, which were then two-thirds filled with lake water. Two 

replicate samples were taken from each site on each sampling trip. Upon return to the 

laboratory, samples were passed through Endicott® sieves of mesh size 212 (am, 355 )am, 

and 2 mm. Organisms that were retained in the 2 mm sieve were removed using a blunt 

pair of forceps and were placed in a small collection vial containing 90% ethanol’. If 

necessary, samples in the 355 \xm-2 mm size range were sub-sampled using a binary 

sample-splitter. Samples were passed through the sample-splitter up to a maximum of 3 

times. Final proportions of original sample counted therefore ranged from 12.5-100%. 

These samples were then preserved in 90% ethanol. Sample splitting may have resulted in 

the exclusion of some rare species from analysed sub-samples. Invertebrates were counted 

subsequently in a circular grooved counting chamber under a dissecting microscope. The 

volume of sample retained in the 212-355 jam size range was measured in a graduated 

cylinder and was made up to a known volume with water. The sample was then mixed and 

sub-sampled using a wide-bore pipette. Benthic invertebrates in this size range were then 

counted in a circular grooved counting chamber under a dissecting microscope. Sorting of 

invertebrates in the 212-355 |im size fraction took place within three days of sampling, 

owing to the fact that these organisms needed to be sorted live to enable their detection. 

Organisms in the 212-355 |am size fracdon were therefore not analysed during periods of

4% buffered formaldehyde was used for the months January to M arch 1999, and 90% ethanol thereafter.
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my absence from the lake. Organisms in the <212 jam size range were not included in the 

analysis owing to difficulty with their counting and subsequent identification, as a result 

of, respectively, the small size and lack of taxonomic work undertaken on these organisms. 

All sorted invertebrates were subsequently identified to as high a taxonomic level as 

possible. Analyses within the continuous monitoring period were conducted using 

organisms in the >355 jim size range only, unless otherwise stated, owing to the fact that 

organisms in the 212-355 jam size fraction were not counted over the whole sampling 

period. Taxic groups and species of Benthic invertebrates found over the sampling period 

are listed in Appendix 3.

3.2.2 Intensive sampling of selected zones of the Kalambo, 
Lunzua and Lufubu River mouths

In order to increase spatial coverage of sampling, periods of intensive sampling of the 

mouths of the Kalambo, and Lunzua Rivers took place during the ‘peaks’ of two wet 

seasons (March 1999 and 2000), and one dry season (September 1999), while the mouth of 

the Lufubu River was also sampled during one wet (February 1999) and one dry season 

(September 1999). A random stratified approach was taken to the sampling of these river 

mouths. Four zones of difference were identified within each o f the Lunzua (Figure 3.1) 

and Kalambo (Figure 3.2) River mouths, and, owing to the topography of Kasololo Bay, 

three within the mouth of the Lufubu River (Figure 3.3). Zones 1 and 2 were located 

perpendicular to the river mouths, but differed in depth. Zones 3 and 4 were present on 

either side (if topography permitted) of the river mouth at depths intermediate between 

those of Zones 1 and 2. Zone boundaries were defined using lines of longitude or latitude, 

depending on the orientation of the river mouth, and depth measurements, as described 

below. Sampling locations within each o f the zones were defined using random number 

tables, and located using a Garmin® GPS 45. Benthic invertebrates were sampled using a 

Petit Ponar grab, and samples were sub-sampled and invertebrates sorted and identified as 

described in Section 3.2.1. Only sedim ent that was retained by the 2 mm and 355 fxm 

sieves was analysed owing to the fact that it was not possible to sort all of the smaller 

organisms within three days.
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3.2.2.1 Ka la m b o  R iver  m outh

Intensive sampling of the Kalambo River mouth took place on 9 March 1999 (first wet 

season sampling), 29 September 1999 (dry season sampling) and 20 March 2000 (second 

wet season sampling). Boundaries defining sampling zones at the river mouth are listed in 

Table 3.1, and the approximate locations of these zones are shown in Figure 3.1.

Table 3.1. Boundaries used to define sampling zones for intensive sampling of the 

Kalambo River Mouth, and number of replicate samples taken within each zone.

Zone Longitudinal Boundaries (E.) Depth (m) Number of Replicates

1 31° 10.850’-31° 11.050’ 3 - 6 5

2 31° 10.850’-31° 11.050’ 8 -1 1 5

3 31° 11.150’-31° 11.350’ 5 - 8 5

4 31° 10.550’-31° 10.750’ 5 - 8 5

—— —

0 250 m 3OT m

Figure 3.1. Approximate locations of sampling zones at the Kalambo River mouth.
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3.2.2.2 Lunzua R iver MOUTH

Intensive sampling of the Lunzua River mouth took place on 1 March 1999 (first wet 

season sampling), 27 September 1999 (dry season sampling) and 17 March 2000 (second 

wet season sampling). Boundaries defining sampling zones at the river mouth are listed in 

Table 3.2, and the approximate locations of these zones are shown in Figure 3.2.

Table 3.2. Boundaries used to define sampling zones for intensive sampling of the Lunzua 

River Mouth, and number of replicate samples taken within each zone.

Zone Longitudinal Boundaries (E.) Depth (m) Number of Replicates

1 31° 10.100’-3 1 “ 10.300’ 3 - 6 5

2 31° 10.100’-31° 10.300’ 8 -1 1 5

3 31° 09.800’-31° 10.000’ 5 - 8 5

4 31° 10.400’ -31° 10.600’ 5 - 8 5

Zone 4

Zone I

250 m 500 m0

figure 3.2. Approximate locations of sampling zones at the Lunzua River mouth.
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3.2.2.3 L u fu b u  R iv e r  m o u t h

Owing to the topography of Kasololo Bay, into which the Lufubu River flows, random 

sampling of this river mouth took place within three zones instead of four (Figure 3.3). 

Boundaries of these zones are listed in Table 3.3. Intensive sampling took place on 23 

February 1999 (wet season sampling) and again on 28 September 1999 (dry season 

sampling).

Table 3.3. Boundaries used to define sampling zones for intensive sampling of the Lufubu 

River Mouth, and number of replicate samples taken within each zone.

Zone Latitudinal Boundaries (S.) Depth (m) Number of Replicates

1 8” 33.410’ -  8° 33.630’ 1 - 4 6*

2 8“ 33.410’ -8 °  33.630’ 4 - 8 6

3 8" 33.640’ -  8“ 33.740’ 3 - 6 6*

Only 5 replicate samples were taken in March 1999

Water depth increased only gradually with increasing distance from the mouth of the 

Lufubu River, and this was reflected in the shallow nature of the sampling zones, 

compared with those at the Kalambo and Lunzua River mouths.
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Figure 3.3. Approximate locations of sampling zones at the Lufubu River mouth.

3.2.3 Statistical methods

For reasons discussed in Chapter 1, separate analyses were conducted on the ostracod 

communities o f each of the sampled river mouths. Data from all ostracod species were, 

therefore, pooled in the analyses o f the whole invertebrate community. Previous studies of 

benthic communities have noted that very little information appears to be lost in the 

aggregation of species level data into family or even phylum level data. Such pooled data 

may reflect well-defined pollution gradients more closely than species level data (Gray et 

al., 1988; Clarke & Warwick, 1994).

For reasons discussed in Chapter 2, months were grouped into three distinct seasons in all 

statistical analyses in the continuous monitoring protocol. All between-river comparisons 

in Section 3.3.1,1 were conducted using three-way ANOVA with river, season and 

sampling site as the independent variables. Sampling site was a fixed factor and was 

nested within ‘river’. All multivariate analyses were based on fourth-root transformed 

species abundances using Euclidian distance as the between-sample measure of similarity 

(Section 1.5).



3.3 Results

3.3.1 Continuous monitoring

3.3.1.1 C o m p a r is o n  o f  t h e  K a l a m b o  a n d  L u n zu a  R iv e r  M o u t h s

Total abundance (number of organisms cm'^ sediment) of both whole invertebrate 

communities and ostracod communities were significantly higher at the mouth of the 

Kalambo River than at the Lunzua (Three-way ANOVA, Fi.is? = 76.43 and F 1J 4 2  = 

104.93, respectively, P  <0.001 in both cases; dependent variables were log'transformed). 

The number of taxic groups found at the mouth of the Kalambo was also higher than at the 

Lunzua, and this difference was bordering on significance (F 1J 57 = 3.84, P = 0.052; 

dependent variable was square-root transformed), while the number of ostracod species 

found at the mouth of the Kalambo River was significantly greater than at the Lunzua 

(Fi,i5 7  = 3L46, P  <0.001; dependent variable was square-root transformed).

3.3.1.2 K a la m b o  R iv e r  m o u th  

Whole invertebrate community

Changes in the numbers of taxic groups and abundance of benthic invertebrates sampled 

monthly from the mouth of the Kalambo River between February 1999 and March 2000 

are shown in Figures 3.4 and 3.5, respectively. Each of these metrics of invertebrate 

community structure followed similar patterns of peaks and troughs at each sampling site 

over the sampling period. At the 5 m depth site, both the number of taxic groups and total 

abundance increased from the wet season to the dry season, and then decreased again 

during the pre-wet season. Although these variables did not change as strongly at the 10 

and 15 m depth sites, the opposite appears to have occurred at these locations, with 

decreased numbers of taxic groups and abundance in the dry season compared with the wet 

and pre-wet seasons. The numbers of taxic groups sampled showed significant variation 

with sampling site, but not with season (Two-way ANOVA, Fs,9 i -  3.43 and -  2.53, P 

~ 0.02 and 0.086, respectively; dependent variable was log-transformed). There was also a
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significant interaction between season and sampling site (^ 6,91 = 3.06, P = 0.009). Scheffe 

post-hoc tests showed that the number of taxic groups sampled from 5  m water depth was 

significantly lower during the wet season than during the dry season (P = 0.027).

(a) (b)
20 n 20 n
15- 15 -

P h 10- 10 -

Us F-99 A-99 J-99 A-99 0-99 D-99 F-00 F-99 A-99 J-99 A-99 0-99 D-99 F-00

(c) (d)

2 0  -I

15 -

10 -

F-99 A-99 J-99 A-99 Q-99 D-99 F-00 F-99 A-99 J-99 A-99 0-99 D-99 F-00

Month

Season

Figure 3.4. The number of benthic invertebrate taxic groups (± S.E., n - 2 )  sampled from 

the mouth of the Kalambo River, February 1999 -  March 2000, from 5 (a), 10 (b) and 15 

m water depth (c), and from the Kalambo control site (d). Months were grouped into 

seasons (± S,E., n = 7-10) (e).

Total invertebrate abundance showed similar dynamics to the number o f taxic groups at 

Gach sampling site, except there was a high peak in abundance at both the 10 and 15 m 

depth sampling sites during the pre-wet season. Significant effects o f both season and
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sampling site on the (log-transformed) abundance of benthic invertebrates at the mouth of 

the Kalambo River were found (Two-way ANOVA, ^ 2,91 = 4 .34  and Fs,9 i = 10.97, P = 

0.016 and P  <0.001, respectively). A  significant interaction was found between the 

independent variables (Fs.qi = 5.52, and P  <0.001). Invertebrate abundance was 

significantly lower at 5 m than at both 10 and 15 m water depth, and also than at the 

Kalambo control site, during the wet season (Scheffe post-hoc  tests, P  = 0.009, 0.001 and 

0.008, respectively). Abundance was also significantly higher at 5 m water depth during 

the dry season than during the wet season (Scheffe post-hoc  test, P  = 0.018). Finally, 

invertebrate abundance was significantly higher at 10 and 15 m  water depth than at 5 m  

depth during the pre-wet season (Scheffe post-hoc  test, P  =  0.002 and P  <0.001, 

respectively).
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Figure 3.5. Total abundance of benthic invertebrates (± S.E., n = 2) sampled from the 

mouth of the Kaiambo River, February 1999 -  March 2000, from 5 (a), 10 (b) and 15 m 

water depth (c), and from the Kalambo control site (d). Months were grouped into seasons

(±5.£'.,n = 7-10) (e).

Invertebrate commumty structure at the mouth of the Kalambo River showed significant 

variation with both season and sampling site (Two-way ANOSIM, 7? = 0.19 and 0.22, 

respectively, P <0.001 in both cases). An MDS ordination of commumty structure at the 

Kalambo River mouth is shown in Figure 3.6, and indicates that samples taken from the 15 

m depth sampling site during the pre-wet season were very different to samples taken from

other sampling locations over the sampling period. Invertebrate community st
. axtoqta/T tpsts PrC"WCt \Vct. R — 

significantly different during each season (Pairwise A ’ p _ a nm'i
0-22, P <0.001; Pre-wet -  Dry; i? = 0.14, P = 0.002; Wet -  Dry.

• differences in invertebrate
Pairwise ANOSIM tests showed that there were signiticani u
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community structure between the 5 m depth site and each of the 10 and 15 m depth sites, 

and the Kalambo control site (R = 0.34, 0.39 and 0.36, respectively, P  <0.001 in all cases). 

There were also significant differences between the Kalambo control site and both the 10 

and 15 m water depth sampling sites (R = 0.08 and 0.19, P = 0.048 and 0.002, 

respectively). There was no significant difference in benthic community structure between 

the 10 m and 15 m water depth sites {R = 0.01, P = 0.388).

■ Wet Season 
O D iySeison 
o  Pre-Wfil Season

•  5 m  W itcr Depth 
10 m Water Depth 

□ 15m  Water Depth 
+ Control Site

Figure 3.6. Two-dimensional MDS ordination of benthic invertebrate community 

structure at the Kalambo River mouth, February 1999 -  March 2000. Two plots are 

shown; divided according to season and sampling location. Stress -  0.19.

Location

Season
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There was a significant correlation (Pearson Product-Moment Correlation) between total 

invertebrate abundance at the mouth of the Kalambo River and both Secchi-depth (r = 

0.34, P  <0.05, d f  = 54; invertebrate abundance was log-transformed) and suspended 

sediment load (r = -0.41, P <0.01, df=  42; both variables were log-transformed). There 

was also a significant correlation between total invertebrate abundance and the proportion 

of sediment <63 |am in lakebed sediments (Spearman Rank Correlation, = 0.29, P <0.05, 

n = 47). There were no significant correlations between any of the measured 

environmental variables (Chapter 2) and the number of invertebrate taxic groups at the 

mouth of the Kalambo River.

Two-way ANOVA was used to investigate the effects of season and sampling site on the 

abundance of each taxic group, and whether there was an interaction between these 

variables. The results of these analyses are shown in Table 3.4. Histograms showing 

abundance of selected taxic groups are shown in Figure 3.7. These graphs indicate that the 

abundance of the predatory larvae of both the chironomid Tanypodinae sp. 5 (Bryce & 

Hobart, 1972) and the trichopteran Oecetis sp. (Hickin, 1967) followed clearly opposite 

trends to most other taxic groups, being most abundant during both the wet and pre-wet 

seasons, and least abundant during the dry season.



Table 3.4. F-ratios (F), degrees o f freedom (df) and statistical significance (Two-way 

ANOVA) of effect of season and sampling site on the abundance of each taxic group 

sampled from the Kalambo River, February 1999 -  March 2000 (dependent variable was 

log-transformed). Only taxic groups that were significantly affected by an independent 

variable, or by an interaction between the independent variables, are shown.

Taxic Group Independent Variable F d f P

Acari Hydracarina Season 2.67 2,10 0.118

Sampling Site 6.31 3,10 0.011

Interaction 1.43 5,10 0.294

Chironomidae Chironornini sp. 2 Season 0.59 2,64 0.559

Sampling Site 5.14 3,64 0.003

Interaction 0.62 6,64 0.711

Chironomidae Tanytarsirii sp. 1 Season 2.61 2,58 0.082

Sampling Site 4.04 3,58 0.011

Interaction 2.97 6,58 0.014

Chironomidae Tanypodinae sp. 5 Season 2.87 2,4 0.529

SampHng Site 7.67 3,4 0.03

Interaction 5.11 4,4 0.072

Ephemeroptera Caenidae Season 3.5 2,9 0.075

Sampling Site 1.77 3,9 0.222

Interaction 6.35 3,9 0.013

Nematoda Season 0.1 2,55 0.791

Sampling Site 1.86 3,55 0.045

Interaction 0.35 6,55 0.949

Osttacoda Season 6.48 2,86 0,002

Sampling Site 13.45 3,86 <0.001

Interaction 4.36 6,86 <0.001

Trichoptera Oecetis sp. Season 0.74 2,5 0.522

SampHng Site 14.53 3,5 0.007

Interaction 3.61 3,5 0.101
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Figure 3.7. Total abundance of selected taxic groups (± S.E., n = 7-10) sampled from the 

mouth of the Kalambo River at 5 m (■ ), 10 m (®) and 15 m (□) water depth and at the 

Kalambo control site (s ) , February 1999 -  March 2000.
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Changes in the abundance of invertebrates in the 212-355 |jni, 355 |im -2 nun and >2 nim 

size ranges at the mouth of the Kalambo River over the sampling period are shown in 

Figure 3.8. Invertebrate abundance increased significantly with decreasing size range 

(Three-way ANOVA, F2J85 = 503.7, P  <0.001; dependent variable was log-transformed). 

There was a significant three-way interaction between sampling site, season and 

invertebrate size range (Fgjgs = 2.27, P  = 0.039), and a significant two-way interaction 

between sampling site and size range (Fi2,i85 = 1-97, P = 0.03).
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Figure 3.8. Total abundance of benthic invertebrates in the 212-355 |am, 355 |im -2 mm 

and >2 mm size ranges (± S.E., n = 7-10) sampled from the mouth of the Kalambo River at 

5 m (■ ), 10 m (®) and 15 m (□) water depth and at the Kalambo control site (s), 

February 1999 -  March 2000.

Ostracod community

Changes in ostracod species richness at each sampling location at the mouth of the 

Kalambo River over the sampling period are shown in Figure 3.9. Trends in ostracod
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species richness were very similar to those of the number of invertebrate taxic groups over 

the sampling period (Figure 3.4). The species richness of ostracods varied significantly 

(Two-way ANOVA) with both season and samphng site (Fa, 9 1  = 9.39 and ^ 3 , 9 1  = 12.39, P 

<0.001 in both cases). There was also a significant interaction between the independent 

variables (F 6 ,9 i = 3.27, P = 0.006).
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Figure 3.9. The number of ostracod species (± S.E., n = 2) sampled from the mouth of the 

Kalambo River, February 1999 -  March 2000, from 5 (a), 10 (b) and 15 m water depth (c), 

and from the Kalambo control site (d). Months were grouped into seasons (± S.E., n - 1  

1 0 ) (e).
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The abundance of ostracods at the mouth o f the Kalambo River also followed very similar 

patterns to total invertebrate abundance over the sampling period (Figure 3.5). Ostracod 

abundance was affected significantly (Two-way ANOVA) by both season and sampling 

site (^2,86 = 6.48 and = 13.45, P  = 0.002 and P <0.001, respectively; dependent 

variable was log-transformed). There was also a significant interaction between these 

variables (Fg.se = 4.36, P <0.001). Changes in the abundance of ostracods over the 

sampling period at the Kalambo River mouth are shown on Figure 3.10.
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Figure 3,10. Total ostracod abundance (± S.E., n = 2) sampled from the mouth of the 

Kalambo River, February 1999 -  March 2000 from 5 (a), 10 (b) and 15 m water depth (c), 

and from the Kalambo control site (d). Months were grouped into seasons (± S.E., n = l -  

10) (e).
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Both sampling site and season significantly affected ostracod community structure at the 

mouth of the Kalambo River (Two-way ANOSIM, R = 0.31 and 0.21, respectively, P 

<0.001 in both cases). Ostracod community stmcture was significantly different at every 

sampling site, except for at the 10 and 15 m water depth sites, which were not significantly 

different from each other (Table 3.5).

Table 3.5. i?-values (Pairwise ANOSIM) and statistical significance (P) of differences in 

ostracod community structure at different sampling sites at the mouth of the Kalambo 

River.

Sampling Sites R P

5 - 1 0 0.42 <0.001

5 - 1 5 0.45 <0.001

5 - C 0.42 <0.001

10- 15 0.04 0.155

10- C 0.27 <0.001

15- C 0.23 <0.001

Pairwise ANOSIM tests also showed that ostracod community structure was significantly 

different during every season (Wet — Dry: R = 0.19; Pre-wet — Wet: R  = 0.21; Pre-wet -  

Dry: R = 0.24; P <0.001 in each case). An MDS ordination of ostracod community 

structure at the mouth of the Kalambo River is shown in Figure 3.11.
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Figure 3.11. Two-dimensional MDS ordination of ostracod community structure at the 

Kalambo River mouth, February 1999 -  March 2000. Two plots are shown; divided 

according to season and sampling location. Stress = 0.18.

There was a significant correlation between the total abundance of ostracods sampled from 

the mouth of the Kalambo River and the proportion of very fine sediment {i.e. <63 pm) in 

lakebed sediments (Spearman Rank Correlation, Vs = 0.34, P <0.05, n = 47). There was 

also a significant correlation between ostracod species richness and both Secchi-depth 

(Pearson Product-Moment Correlation, r = 0.33, P <0.05, d f = 54) and log-transformed
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suspended sediment load of the Kalambo River (Pearson Product-Moment Correlation, r = 

-0.3, P <0.05, df=  42).

Two-way ANOVA was used to investigate the effects of season and sampling site on the 

abundance of each ostracod species at the mouth of the Kalambo River, and whether there 

was an interaction between these variables (Table 3.6). Histograms showing relative 

abundance of selected species over the sampling period are shown in Figure 3.12. These 

graphs show that the abundance of Tanganyikacythere burtonensis, Mesocyprideis irsicae 

and Mesocyprideis pila were highest in the pre-wet season, concurrent with high volumes 

of organic matter entering the lake via influent rivers (Chapter 2). Cypridopsis 

anteroacuta showed an opposite pattern, being least abundant during the pre-wet season.
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Table 3.6. F-ratios (F), degrees of freedom (df) and statistical significance (Two-way 

ANOVA) of effect of season and sampling site on the abundance o f each ostracod species 

sampled from the Kalambo River, February 1999 -  March 2000 (dependent variable was 

log-transformed). Only species that were significantly affected by an independent 

variable, or by an interaction between the independent variables, are shown.

Species Independent Variable F d f P

Candonopsis anteroacuta Season 0.13 2,13 0.882

Sampling Site 5.01 3,13 0.016

Interaction 1.6 4,13 0.232

Cjprideis spatula Season 0.52 2,69 0.599

Sampling Site 5.47 3,69 0.002

Interaction 1.8 6,69 0.112

Meso<yprideis irsicae Season 0.39 2,66 0.681

Sampling Site 23.33 3,66 <0.001

Interaction 1.92 6,66 0.09

Tanganjika(ythere burtonensis Season 14.68 2,75 <0.001

Sampling Site 10.9 3,75 <0.001

Interaction 4.43 6,75 <0.001

Gen. Aff. Tanganjikaypris spec. Season 2.4 2,13 0.13

Sampling Site 1.37 3,13 0.296

Interaction 3.9 4,13 0.027

Mesocyprideis pila Season 125.8 1,1 0.057

Sampling Site 24144 2,1 0.005

Interaction 0,1
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Figure 3.12. Total abundance of selected ostracod species (± S.E., n = 7-10) sampled 

from the mouth of the Kalambo River at 5 m (■), 10 m (®) and 15 m (□) water depth and 

at the Kalambo control site (s), February 1999 -  March 2000.

Summary o f  Statistical Analyses

Table 3.7 summarises the results of selected statistical analyses conducted on continuous 

monitoring data from the mouth of the Kalambo River, described in Section 3.3.1.2.
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Table 3.7. Summary of results of selected statistical analyses conducted on continuous 

biotic monitoring data from the Kalambo River mouth (a), and of correlations between 

biotic and abiotic variables (b). Legend: * P  <0.05; ** P <0.01; *** P  <0.001.

(a)

D ependent Variable Season Sampling Site Interaction

N um ber o f taxic groups * * *

Total abundance * * * * * * *

Invertebrate community structure

(ANOSIM)
*** * * *

N um ber o f ostracod species *** *** **

O stracod abundance ** *** ***

Ostracod community structure

(ANOSIM) *** ***

(b)

Secchi depth Suspended Sedim ent Load Sedim ent <63 jim

Num ber o f  taxic groups

Total abundance *

Number o f ostracod species *

Ostracod abundance *
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3.3.1.3 L u n z u a  R iv e r  MOUTH

Whole invertebrate community

Changes in the numbers of taxic groups and abundance of benthic invertebrates sampled 

monthly from the mouth of the Lunzua River between February 1999 and March 2000 are 

shown in Figures 3.13 and 3.14, respectively. Although the number of taxic groups at both 

the 5 and 10 m depth sampling sites increased from the wet to the dry season, and then 

decreased again during the pre-wet season (Figure 3.13(e)), patterns in total abundance 

appear to have been different at each sampling location. Total abundance at 5 m depth was 

highest during the dry season, while it was at its lowest at 10 m depth at this time (Figure 

3.14(e)). The number of invertebrate taxic groups sampled at the mouth of the Lunzua 

River varied significantly with sampling site, but not with season (Two-way ANOVA, F2M  

= 8.73 and F2M -  2 .06, P  <0.001 and P = 0.138, respectively). There was no significant 

interaction between the independent variables (^4 ,5 4  = 0.44, P -  0.777).
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Figure 3.13. The number of benthic invertebrate taxic groups (± S.E., n = 2) sampled 

from the mouth of the Lunzua River, February 1999 -  March 2000, from 5 (a) and 10 m 

water depth (b), and from the Lunzua control site (c). Months were grouped into seasons 

(± 5 .£ .,n  = 7-10) (d).

The abundance of benthic invertebrates sampled from the mouth of the Lunzua River also 

varied significantly with sampUng site, but not with season (Two-way ANOVA, ^ 2,54 = 

3.58 and 7 2̂,54 = 0.25, P  = 0.035 and 0.777; dependent variable was log-transformed). 

There was no significant interaction between the independent variables (^4,54 = 0.57, P = 

0.69).
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Figure 3.14. Total abundance of benthic invertebrates (± S.E., n = 2) sampled from the 

mouth of the Lunzua River, February 1999 -  March 2000, from 5 (a) and 10 m water depth 

■ (b), and from the Lunzua control site (c). Months were grouped into seasons (± S.E., n = 

7-10) (d).

Two-way ANOSIM revealed a significant effect of sampling site {R = 0.17, P <0.001), but 

not of season {R = 0.03, P  = 0.214), on the structure of the benthic invertebrate community 

at the mouth of the Lunzua River. Pairwise tests revealed that community structure at 5 m 

water depth was significantly different from that at both 10 m depth and at the Lunzua 

control site {R = 0.15 and 0.21, P = 0.003 and 0.045, respectively). There were no other 

significant differences among sampling sites. An MDS ordination of invertebrate 

community structure at the Lunzua River mouth is shown in Figure 3.15.

104



Season

O
<i> ■ • # • 0

o ^  o 
■ 0 0

O o ■
I ■  °

^  \  -#  ■ 1 <$►

■ Wet Season 
D iy Season 

o  Pre-Wet Season

Locarioti

+ + +

•  + +
+  *  + 

+
• •

•  5m  Water Depth 
A 10 in Water Depth 
+  Control Site

Figure 3.15. Two-dimensional MDS ordination of benthic invertebrate community 

structure at the Lunzua River mouth, February 1999 -  March 2000. Two plots are shown; 

divided according to season and sampling location. Stress = 0.18.

There was a significant inverse correlation between log-transformed suspended  sediment 

load of the Lunzua River and both log-transformed total invertebrate abundance and the 

number of taxic groups found at the river mouth (Pearson Product-Moment Correlation, r 

=-0.44 and -0.5, F <0.05 and P  <0.01, respectively, df=  26 in both cases). The numbers of 

taxic groups were also coirelated significantly with Secchi depth (Pearson Product- 

Moment Correlation, r = 0.38, P  <0.05, df=  32). Both the total abundance of mvertebrates

105



and the number o f taxic groups were correlated significantly with the proportions of both 

coarse (Spearman Rank Correlation, = 0.36 and 0.52, P  <0.05 and P  <0.01, respectively, 

n = 31 in each case) and intermediate (Spearman Rank Correlation, = -0.39 and -0.48, P 

<0.05 and P  <0.01, respectively, n = 31 in each case) sediment size fractions in lakebed 

sediments.

Sampling site at the Lunzua significantly affected the log-transformed abundance o f both 

Tanypodinae sp. 1 (Two-way ANOVA, F2,4 i = 3.41, P  = 0.043) and Chironomini sp. 2 

(F2,3?, = 4.85, P  = 0.013). The abundances of these taxic groups were not affected  

significantly by season, and there were no significant interactions between the independent 

variables. Histograms showing relative abundance of Tanypodinae sp. 1 and Chironomini 

sp. 2 are shown in Figure 3.16, and show that the abundance o f both groups increased at 

sampling sites closest to the river mouth at times of lowest sediment input.

Tanypodinae sp. 1 Chiroraomjjii sp. 2
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Figure 3.16. Total abundance o f selected taxic groups (± S.E., n = 7 -1 0 ) sampled from the 

mouth o f the Lunzua River at 5 m  ( ■ )  and 10 m (S ) water depth and at the Lunzua control 

site ( s ) ,  February 1999 -  March 2000.

Changes in the abundance o f invertebrates in the 2 12 -355  pm, 355 |jm -2  mm and >2 mm  

size ranges at the Lunzua River mouth over the sampling period are shown in Figure 3.17. 

There was a significant relationship between invertebrate abundance at the mouth o f the 

Lunzua River and invertebrate size range (^ 2,114 = 46.95, Z’ <0.001; dependent variable was 

log-transformed). There were no significant interactions between the mdependent 

variables {i.e. season, sampling site and invertebrate size range).
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Figure 3.17. Total abundance of benthic invertebrates (± S.E., n = 7-10) in the 212-355 

|im, 355 i-im-2 mm and >2 mm size ranges sampled from the mouth of the Lunzua River at 

5 m (■) and 10 m (■) water depth and at the Lunzua control site (H), February 1999 -

March 2000.

Ostracod community

. . I i_ li^rr at the mouth of the LunzuaChanges in ostracod species richness at each samphng 1
18 Trends in ostracod speciesRiver over the sampling penod are shown in Figure
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richness over the sampling period were similar to those of the number of taxic groups, 

except the number of ostracod species found at 5 m depth was highest during the pre-wet 

season (Figure 3.18(e)). Although ostracod species richness varied significantly with 

season, it did not with sampling site (Two-way ANOVA, ^ 2 ,5 4  = 3.18 and F2,sa = 1-72, P ~ 

0.05 and 0.188, respectively). There was no significant interaction between the 

independent variables (F4 ,s4  = 1.64, P = 0.177).
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Figure 3.18. The number of ostracod species (± S.E., n -  2) sampled from the mouth of 

the Lunzua River, February 1999 -  March 2000, from 5 (a) and 10 m water depth (b), and 

from the Lunzua control site (c). Months were grouped into seasons (± S.E., n = 7-10) (d).
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The abundance of ostracods at each sampHng site at the mouth of the Lunzua River over 

the sampling period is shown in Figure 3.19. The abundance of ostracods and total 

invertebrate abundance followed very similar patterns over the sampling period, although 

ostracod abundance at 10 m water depth was comparatively low during the wet season. 

Ostracod abundance at the mouth of the Lunzua River showed no significant variation with 

either season or sampling site (Two-way ANOVA, F2 ,s4  = 0.95 and F2M  = 0-88; dependent 

variable was log-transformed). There was no significant interaction between the

independent variables {¥^^$4 = 0.35, P  = 0.84).
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Figure 3.19. Total ostracod abundance (± S.F., n = 2) sampled from the mouth of the 

Lunzua River, February 1999 -  March 2000, from 5 (a) and 10 m water depth (b), and 

from the Lunzua control site (c). Months were grouped into seasons (± S.F., n = 7-10) (d).
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Although two-way ANOSIM revealed that season significantly {R = 0.08, P = 0.028) 

affected ostracod community structure at the mouth of the Lunzua River, no significant 

effect of sampling site was found (R = 0.06, P = 0.11). Pairwise ANOSIM tests indicated 

significant differences between the wet and dry seasons {R = 0.16, P  = 0.009). An MDS 

ordination of ostracod community structure at the mouth of the Lunzua River is shown in 

Figure 3.20. The MDS plot indicates that three samples, one taken from 5 m depth and 

two from 10 m depth during the pre-wet season, positioned on the left side of the 

ordination, had very different ostracod community structures to the majority of samples 

taken from the mouth of the Lunzua River over the sampling period.
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Figure 3.20. Two-dimensional MDS ordination of ostracod community structure at the 

Lunzua River mouth, February 1999 — March 2000. Two plots are shown; divided 

according to season and sampling location. Stress = 0.12.

There was a significant inverse correlation between suspended sediment load of the 

Lunzua River and both ostracod abundance and ostracod species richness (Pearson 

Product-Moment Correlation, r = -0.58 and -0.66, respectively, P <0.01 and df= 26 in both 

cases, suspended sediment load and ostracod abundance were log-transformed).
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Two-way ANOVA showed that there was a significant interaction between season and 

sampling site on the abundance of Cyprideis spatula at the Lunzua River (F330 = 3.471, P 

= 0.028; dependent variable was log-transformed). A histogram showing the relative 

abundance of this species is shown in Figure 3.21.

W et Dry Pre-uwet

3  Seasono
H

Figure 3.21. Total abundance of Cyprideis spatula (± S.E., n = 7-10) sampled from the 

mouth of the Lunzua River at 5 m (■) and 10 m (®) water depth and at the Lunzua control 

site (S), February 1999 -  March 2000.

Summary o f Statistical Analyses

Table 3.8 summarises the results of selected statistical analyses conducted on continuous 

monitoring data from the mouth of the Lunzua River, described in Section 3.3.1.3.
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Table 3.8. Summary of results of selected statistical tests conducted on continuous biotic 

monitoring data from the Lunzua River mouth (a), and of correlations between biotic and 

abiotic variables (b). Legend: * P <0.05; ** P <0.01; *=>=* p  <0.00L

(a)

D ependent Variable Season Sampling Site Interaction

N um ber o f taxic groups

Total abundance

Invertebrate community structure 

(ANOSIM)

N um ber of ostracod species *

Ostracod abundance 

O stracod community structure 

(ANOSIM) * -

(b)

Secchi

depth

Suspended  

Sedim ent Load

Sedim ent Sediment 

>2 m m  63 |im-2 mm

Num ber o f taxic groups *

Total abundance * *

Num ber o f ostracod species !(!*

Ostracod abundance * *
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3.3.1.4 V a l u e s  a n d  In d ic e s  of M u l t iv a r ia t e  D is p e r s io n

Multivariate dispersion values and indices of multivariate dispersion for both whole and 

ostracod communities at the mouths of the Kalambo and Lunzua Rivers, according to 

season, are shown in Table 3.9. Among the whole invertebrate community, between- 

sample variability was lowest during the dry season at both the Kalambo and Lunzua River 

mouths, while lowest variability was found during the wet season among the ostracod 

communities.



Table 3.9. Values of multivariate dispersion (global analysis) (a) and Index of 

Multivariate Dispersion values (pairwise analyses) (b) for samples taken from the mouths 

of the Kalambo and Lunzua Rivers during wet, dry and pre-wet seasons, February 1999 -  

March 2000.

(a)

Kalambo Lunzua

Season W hole Ostracod Whole Ostracod

Com m unity Community Community Community

Wet 1.00 0.93 1.08 0.69

Dry 0.78 1.06 0.89 1.25

Pre-wet 1.15 1.02 0.97 1.22

(b)

Kalambo Lunzua

Seasons Whole Ostracod W hole Ostracod

Compared Community Community Community Community

Wet -  Dry 0.24 -0.13 0.2 -0.59

Pre-Wet -  Dry 0.36 -0.04 0.06 0.03

Pre-wet -  Wet 0.15 0.09 -0.11 0.51

Samples taken from the control sites at both river mouths regularly had the lowest 

between-sample variability of all sampling locations, while values of multivariate 

dispersion for samples that were taken directly in front of each river mouth in general 

increased with increasing depth (Table 3.10).
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Table 3.10. Values of multivariate dispersion (global analysis) (a) and Index of 

Multivariate Dispersion values (pairwise analyses) (b) for samples taken from each 

sampling site at the mouths of the Kalambo and Lunzua Rivers, February 1999 -  March 

2000.

(a)

Site W hole

Community

Kalambo

Ostracod

Community

Whole

Community

Lunzua

Ostracod

Community

. Confxol 0.6 0.86 0.83 0.51

5 m 1.04 0.91 0.78 1.08

10 m 1.08 1.14 1.26 1.05

15 m 1.29 1.09 _ _

(b)

Kalambo Lunzua

Sites Compared W hole Ostracod W hole Ostracod

Com m unity Community Comm unity Community

3 1 o 3 -0.03 -0.22 -0.47 0.02

5 m — 15 m -0.27 -0.18 - -

5m  — Control 0.45 0.04 -0.1 0.61

10 m -  15 m -0.24 0.05 - -

10 m — Control 0.51 0.29 0.49 0.51

15m — Control 0.65 0.25
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3.3.2 Intensive sampling of selected zones of the Kalambo, 
Lunzua and Lufubu River mouths

3.3.2.1 K a la m b o  R iv e r  m o u th  

Whole invertebrate community

Changes in the number of taxic groups and total abundance o f invertebrates at each 

sampling zone at the mouth of the Kalambo River are shown in Figure 3.22. Each o f these 

metrics o f  benthic community structure increased from the wet to the dry season of 1999, 

and then decreased again during the wet season of 2000 in each sampling zone. The 

number o f taxic groups sampled from the mouth of the Kalambo River showed significant 

seasonality (Two-way ANOVA, ^ 2,43 = 18,63, P  <0.001), and also varied significantly 

with samphng zone (i^3,48 = 3.62, P = 0.02). There was no significant interaction between 

the independent variables (^ 6,48 = 1.17, P  = 0.339). The (log-transformed) total abundance 

of invertebrates also varied significantly with season (Two-way ANOVA, ^2,48 = 23.33, P  

<0.001), but not with sampling zone (^3,43 = 2.14, P  =  0.108). There was, however, a 

significant interaction between the independent variables (F6 ,4 s = 2.59, P  = 0.029). In both 

analyses, all seasons were significantly different from each other (Scheffe post-hoc  tests, P  

<0.05 in each case).
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Figure 3.22. Numbers of taxic groups (a) and total abundance (b) of benthic invertebrates 

(± S.K, n = 5) sampled from each sampling zone at the mouth of the Kalambo River 

during the wet seasons of 1999 and 2000, and the dry season of 1999. Legend: Zone 1®, 

Zone 2 ®, Zone 3 E3, Zone 4 Q.

Invertebrate community structure was affected significantly (Two-way ANOSIM) by both 

season (/? = 0.45, P  <0.001) and sampling zone (i? = 0.26, P <0.001) at the Kalambo River 

mouth. Pairwise ANOSIM tests showed that all sampling zones were significantly 

different from each other, except for Zones 2 and 4 (Table 3.11). All seasons were also 

significantly different (Pairwise ANOSIM) from each other (Wet 1999 -  Dry 1999: R = 

0.38, P <0.001; Wet 1999 -  Wet 2000: R = 0.31, P = 0.002; Dry 1999 -  Wet 2000; R = 

0.64, P <0.001). An MDS ordination of invertebrate community structure at the Kalambo 

River mouth is shown in Figure 3.23. Samples taken during the wet season of 2000 are 

located on the left side of the ordination, while samples taken from the dry season of 1999 

are located in the centre and towards the right side, with samples taken from the wet season 

of 1999 approximately intermediate between the two.
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Table 3.11. /^-values and statistical significance (Pairwise ANOSIM) of differences in 

invertebrate community structure at each sampling zone at the mouth of the Kalambo 

River.

Sampling Zones R P

1 - 2 0.22 0.002

1 - 3 0.4 <0.001

1 - 4 0.31 <0.001

2 - 3 0.28 0.002

2 - 4 0,1 0.081

3 - 4 0.24 <0.001
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Figure 3.23. Two-dimensional MDS ordination of benthic invertebrate community 

structure at the Kalambo River mouth for samples taken during the wet seasons of 1999 

and 2000, and the dry season of 1999. Two plots are shown; divided according to season 

and sampling zone. Stress = 0.17.

The effects of season and sampling zone on the abundance of each taxic group were 

investigated using two-way ANOVA, and the results of these analyses are shown on Table 

3.12. EQstograms showing relative abundance of selected taxic groups are shown in Figure 

3.24. These graphs indicate that patterns of abundance of larvae of the chironomid 

Tanypodinae sp. 5 contrasted with that of most other taxic groups over the sampling
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period, being present during the wet seasons of 1999 and 2000, and absent during the dry 

season of 1999.

Table 3.12. F-ratios (F), degrees of freedom (df) and statistical significance (Two-way 

ANOVA) of effect of season and sampling zone on the abundance of each taxic group 

sampled from the Kalambo River mouth over the wet seasons of 1999 and 2000, and the 

dry season of 1999 (dependent variable was log-transformed). Only taxic groups that were 

affected significantly by an independent variable, or by an interaction between the 

independent variables, are shown.

T ax ic  Gtoup Independent Variable F d f P

Acari Hydracarina Season 2007.4 2,1 0.016

Sampling Zone 5026.7 3,1 0.01

Interaction 740.71 3,1 0.027

Chiconomidae Chiionomini sp. 2 Season 19.66 2,30 <0.001

Sampling Zone 2.89 3,30 0.052

Interaction 3.05 6,30 0.019

Chironomidae Tanytarsini sp. 1 Season 4.96 2,31 0.014

Sampling Zone 4.97 3,31 0.006

Interaction 2.77 5,31 0.035

Chironomidae Tanypodinae sp. 5 Season 5032.4 1,1 0.009

Sampling Zone 286.11 1,1 0.038

Interaction — 0,1 -

Gastropoda Sjmolopsis lacustris Season 00 1,1 <0.001

Sampling Zone 00 1,1 <0.001

Interaction - 0,1 —

Nematoda Season 1.4 2,24 0.266

Sampling Zone 0.88 3,24 0.465

Interaction 2.65 6,24 0.041
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Table 3.12 continued.

Taxic Group Independent Variable F d f P

Annelida Oligochaeta Season 5.16 2,48 0.009

Sampling Zone 3.65 3,48 0.019

Interaction 0.79 6,48 0.586

Ostracoda Season 13.49 2,42 <0.001

Sampling Zone 4.5 3,42 0.008

Interaction 4.41 5,42 0.003

Trichoptera Oecetis sp. Season 11.3 1,2 0.078

Sampling Zone 25.47 2,2 0.038

Interaction 1.93 1,2 0.299

Platyhelminthes TurbeUaria Season 0.82 2,5 0.492

Sampling Zone 7.15 3,5 0.03

Interaction 0.42 2,5 0.676
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Figure 3.24. Total abundance of selected invertebrate taxic groups (± S.E., n = 5) sampled 

from each sampling zone at the mouth of the Kalambo River during the wet seasons of 

1999 and 2000, and the dry season of 1999. Legend: Zone 1 Zone 2 o , Zone 3 0 , Zone 

4 □
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A significant relationship was found between invertebrate size range and both the numbers 

of taxic groups and abundance at the Kalambo River mouth (Three-way ANOVA, F 1J 02 = 

198.21 and ^ 1,93 = 348.71, respectively, P <0.001 in both cases, invertebrate abundance 

was log-transformed). There were significant interactions between season and size range 

on both the number of taxic groups and total abundance (^2,102 = 8.26 and p 2,93 = 4.72, P 

<0.001 and P = 0.011, respectively). There was also a significant interaction between 

sampling zone and size range on total abundance (^3,93 = 3.56, P = 0.017). The changes in 

the number of taxic groups and abundance of size categories of invertebrates at the 

Kalambo River mouth are shown on Figure 3.25.

355}im -2 mm 355M^m -2 mm

W et 2000WetSOCO

W atlSQQ Dry 1999 W st2000  W et1999 Dry 1999 W et2000

Season

Figure 3.25. Number of taxic groups and total abundance of benthic invertebrates (± S.E., 

n = 5) in the 3 5 5  )jm - 2  mm and > 2  mm size ranges sampled from each sampling zone at 

the mouth of the Kalambo River during the wet seasons of 1999 and 2000, and the dry 

season of 1999. Legend: Zone 1 ■, Zone 2 0 , Zone 3 S, Zone 4 Q. ,

Ostracod community

Trends in species richness and abundance of the ostracod community at the mouth o f the 

Kalambo River over the sampling period were similar to those o f the whole invertebrate 

community, except for a slight decrease from the wet to the dry season of 1999 in Zone 2.
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Ostracod species richness at the mouth of the Kalambo River showed significant effects 

(Two-way ANOVA) of both season (F2,48 = 25,79, P <0.001) and sampling zone (^ 3,43 = 

2.85, P = 0.047), and there was a significant interaction between the independent variables 

(^6,48 = 3.71, P = 0.004). Scheffe post-hoc tests showed that all seasons were significantly 

different from each other {P <0.05 in each case). Ostracod abundance was also affected 

significantly by both season and sampling zone (Two-way ANOVA, ^ 2,42 = 13.49, and 

^3,42 = 4.5, P  <0.001 and P = 0.008, respectively; Dependent variable was log- 

transformed), and there was a significant interaction between the independent variables 

(^5,42 = 4.41, P = 0.002). Both the wet seasons of 1999 and 2000 were significantly 

different to the dry season of 1999 (Scheffe post-hoc tests, P <0.01 in each case), but there 

was no significant inter-annual difference between wet seasons. Histograms showing the 

changes in the species richness and total abundance of ostracods at each sampling zone at 

the mouth of the Kalambo River are shown in Figure 3.26.

(a)

Wet 1999 Dry 1999 Wet2000

Wet 1999 Dry 1999 Wet 2000

o Season
H

Figure 3.26. Numbers of species (a) and total abundance (b) of ostracods (± S.E., n -  5) 

sampled from each sampling zone at the mouth of the Kalambo River during the wet 

seasons of 1999 and 2000, and the dry season of 1999. Legend; Zone 1" , Zone 2 o , Zone 

3 0 , Zone 4 Q.
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Significant variation in ostracod community structure with both season and sampling zone 

was found at the mouth of the Kalambo River (Two-way ANOSIM, R  = 0.27 and 0.21, 

respectively, P <0.001 in each case). All seasons were significantly different (Pairwise 

ANOSIM) from each other (Wet 1999 -  Dry 1999; R = 0.24, P  <0.001; W et 1999 -  Wet 

2000; R = 0.22, P = 0.014; Dry 1999 -  Wet 2000: R = 0.37, P <0.001). Pairwise 

ANOSIM tests showed that ostracod community structure in Zone 1 was significantly 

different to that at both Zones 2 and 3 {R = 0.22 and 0.42, P = 0.005 and P  <0.001, 

respectively). Community structure in Zone 2 was also significantly different from Zones 

3 and 4 (/? = 0.14 and 0.19, P ~ 0.036 and 0.024, respectively). An MDS ordination of 

invertebrate community structure at the Kalambo River mouth is shown in Figure 3.27. 

Samples taken during the wet seasons of 1999 and 2000 are located towards the right side 

of the ordination, while samples taken during the dry season of 1999 were generally placed 

in the centre and towards the left side.
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Figure 3.27. Two-dimensional MDS ordination of ostracod community structure at the 

Kalambo River mouth for samples taken during the wet seasons of 1999 and 2000, and the 

dry season of 1999. Two plots are shown; divided according to season and sampling zone. 

Stress = 0.18.

Seasonal and spatial variation in the abundance of each ostracod species at the mouth of 

the Kalambo River were investigated using two-way ANOVA, and the results of these 

analyses are shown in Table 3.13. Histograms showing relative abundance of Cyprideis 

spatula, Mesocyprideis irsicae and Tanganyikacythere burtonensis over the sampling 

period are shown in Figure 3.28.

127



Table 3.13. F-ratios (F), degrees of freedom (df) and statistical significance (Two-way 

ANOVA) of effect of season and sampling zone on the abundance of each ostracod species 

sampled from the Kalambo River mouth over the wet seasons of 1999 and 2000, and the 

dry season of 1999 (dependent variable was log-transformed). Only species that were 

affected significantly by an independent variable, or by an interaction between the 

independent variables, are shown.

Species Independent Variable F d f P

Cyprideis spatula Season 2.7 2,25 0.087

Sampling Zone 6.7 3,25 0.002

Interaction 1.04 5,25 0.417

Meso(ypridds irsicae Season 6.27 2,30 0.005

SampUng Zone 7.33 3,30 <0.001

Interaction 3.55 5,30 0.012

Tanganjikaythere burtonensis Season 7.35 2,34 0.002

Sampling Zone 4.13 3,34 0.013

Interaction 1.88 5,34 0.124
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Figure 3.28. Total abundance of selected ostracod species (± S.E., n = 5) sampled from 

each sampling zone at the mouth of the Kalambo River during the wet seasons of 1999 and 

2000, and the dry season of 1999. Legend: Zone 1«, Zone 2 ■, Zone 3 0 , Zone 4 Q.

Summary o f  Statistical Analyses

Table 3.14 summarises the results of selected statistical analyses conducted on intensive 

sampling data from the Kalambo River mouth, described in Section 3.3.2.1.
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Table 3.14. Summary of results of selected statistical analyses conducted on intensive 

sampling data from the Kalambo River mouth. Legend: * P <0.05; ** P  <0.01; *** P 

<0.001.

D ependent Variable Season Sampling Zone Interaction

Number o f taxic groups *

Total abundance *

Invertebrate community structure
_

(ANOSIM)

Number o f ostracod species *

Ostracod abundance ** **

Ostracod community structure

(ANOSIM) ***

3.3.2.2 L u n z u a  R iv e r  m o u th  

Whole invertebrate community

The number of taxic groups sampled from the mouth of the Lunzua River showed 

significant variation (Two-way ANOVA) with both season and sampling zone (F2,4s= 7.87 

and F 3,48 = 6.89, P = 0.001 and P <0.001, respectively), with a significant interaction 

between the independent variables (Fe,48= 3.25, P = 0.009). SchQiie post-hoc tests showed 

that the number of taxic groups found during the wet season of 2000 was significantly 

lower than during both the wet and dry seasons of 1999 {P = 0.035 and 0.001, 

respectively), while there was no significant difference between the latter two seasons {P = 

0.497). The number of taxic groups sampled from Zone 4 was significantly higher than 

from Zones 2 and 3 (Scheffe post-hoc tests, P = 0.014 and P <0.001, respectively).

Total invertebrate abundance increased from the wet to the dry season of 1999 at all 

sampling zones except Zone 2, and decreased again at all zones during the wet season of
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2000. Total abundance showed significant effects of both season and sampling zone (Two- 

way ANOVA, ^2,48 = 24.13 and = 21.95, respectively, P  <0.001 in each case; 

dependent variable was log-transformed), and there was a significant interaction between 

the independent variables (^6,48 = 3.61, P = 0.005). All seasons were significantly 

different from each other (Scheffe post-hoc tests, P <0.05 in each case). Invertebrate 

abundance at Zone 1 was significantly lower than at Zones 3 and 4, and abundance at Zone 

2 was significantly lower than at Zone 4 (P <0.001 in each case). Histograms showing the 

changes in the number of taxic groups and total abundance of invertebrates at each 

sampling zone at the mouth of the Lunzua River are shown in Figure 3.29.

Wet 1999 Diy 1999 W at 2000

®  3 j5

S 2 5  -

0 5  -

W et 1999 Dry 19S0

Season
W et 2000

Figure 3.29. Numbers of taxic groups (a) and total abundance (b) of benthic invertebrates 

(± S.E., n = 5) sampled from each sampling zone at the mouth of the Lunzua River during 

the wet seasons of 1999 and 2000, and the dry season of 1999. Legend: Zone 1 ■, Zone 2 

®, Zone 3 E3, Zone 4 Q.

In verteb ra te  c o m m u n ity  stru ctu re s h o w e d  s ig n if ic a n t  varia tion  w ith  b o th  s e a so n  and  

sampling z o n e  at the m o u th  o f  the Lunzua River {R = 0.35 and 0.45, respectively, P <0.001
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in each case). Pairwise ANOSIM tests showed that all seasons were significantly different 

from each other (Wet 1999 -  Dry 1999: R = 0.41; Wet 1999 -  Wet 2000: R = 0.4; Dry 

1999 -  Wet 2000: R = 0.31, P <0.001 in each case), and also that all sampling zones were 

significantly different from each other (Table 3.15). An MDS ordination of invertebrate 

community structure at the Lunzua River mouth is shown in Figure 3.30. The majority of 

samples are located on the left side of the ordination, except for those taken from Zone 4 

during the dry season of 1999, which are located towards the right side of the MDS plot.

Table 3.15. /?-values and statistical significance (Pairwise ANOSIM) of differences in 

invertebrate community structure at each sampling zone at the mouth of the Lunzua River.

Sampling Zones R P

1 - 2 0.17 0.013

1 - 3 0.49 <0.001

1 - 4 0.58 <0.001

2 - 3 0.55 <0.001

2 - 4 0.55 <0.001

3 - 4 0.55 <0.001

Changes in the abundance of each taxic group found at the mouth of the Lunzua River over 

the sampling period were investigated, and the results of these analyses are shown in Table 

3.16. Histograms showing relative abundance of selected taxic groups are shown in Figure 

3.31. The majority of these taxic groups followed similar seasonal patterns over the 

sampling period, with high abundance during the dry season of 1999 and low abundance 

during the wet seasons of 1999 and 2000.
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Figure 3.30. Two-dimensional MDS ordination of benthic invertebrate community 

structure at the Lunzua River mouth for samples taken during the wet seasons of 1999 and 

2000, and the dry season of 1999. Two plots are shown; divided according to season and 

sampling zone. Stress = 0.17.
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Table 3.16. F-ratios (F), degrees of freedom (df) and statistical significance (Two-way 

ANOVA) of effect of season and sampling zone on the abundance of each taxic group 

sampled from the Lunzua River mouth over the wet seasons of 1999 and 2000, and the dry 

season of 1999 (dependent variable was log-transformed). Only species that were affected 

significantly by an independent variable, or by an interaction between the independent 

variables, are shown.

Taxic Group Independent Variable F d f P

Chironomidae Tanypodinae sp. 1 Season 4.81 2,32 0.015

Sampling Zone 2.27 3,32 0.099

Interaction 2.41 5,32 0.058

Chironomidae Tanvpodinae sp. 3 Season 6.9 1,5 0.047

Sampling Zone 3.14 3,5 0.125

Interaction 4.61 1,5 0.085

Chironomidae Chirononiini sp. 2 Season 6.39 2,24 0.006

Sampling Zone 3.5 3,24 0.031

Interaction 0.5 5,24 0.771

Chironomidae Tanytatsini sp. 1 Season 7.92 2,33 0.002

Sampling Zone 11.68 3,33 <0.001

Interaction 2.02 6,33 0.09

Hemiptera Micronecta sp. Season 26.95 1,4 0.007

Sampling Zone 13.49 1,4 0.021

Interaction — 0,4 —

Nematoda Season 3.04 2,25 0.066

Sampling Zone 3.4 3,25 0.033

Interaction 1.16 6,25 0.359

Annelida Oligochaeta Season 4.39 2,48 0.018

Sampling Zone 8.13 3,48 <0.001

Interaction 2.33 6,48 0.047

Ostracoda Season 11.06 2,44 <0.001

Sampling Zone 11.19 3,44 <0.001

Interaction 3.99 6,44 0.003
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Figure 3.31. Total abundance of selected invertebrate taxic groups (± S.K,  n = 5) sampled 

from each sampling zone at the mouth of the Lunzua River during the wet seasons of 1999 

and 2000, and the dry season of 1999. Legend: Zone 1 ■, Zone 2 ei, Zone 3 E3, Zone 4 Q.

There was a significant relationship (Three-way ANOVA) between invertebrate size range 

and both the numbers of taxic groups and abundance at the mouth of the Lunzua River 

(^ 1,102 = 253.82 and F i ,95 = 394.23, respectively, P <0.001 in both cases, invertebrate
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abundance was log-transformed). There was a significant three-way interaction between 

season, zone and invertebrate size range and also a significant two-way interaction 

between zone and size range in the analysis of the number of taxic groups = 2 . 9 9

and i'3,104 = 7,17, P  = 0.035 and P  <0.001, respectively). There w ere significant 

interactions between both season and sampling zone and invertebrate size range on both 

the number of taxic groups (Fa,1 0 2  = 4.52 and F 3 . 1 0 2  = 5.35, P  = 0.013 and 0.002, 

respectively) and total abundance (^ 2,95 =11.49  and ^ 3,95 = 6.64, respectively, P  <0.001 in 

each case). The changes in the number of taxic groups and abundance of invertebrates at 

the mouth of the Lunzua River with respect to size range are shown on Figure 3.32.
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Figure 3.32. N um ber of taxic groups and total abundance of benthic invertebrates (± S.E., 

« = 5) in the 355 p m -2  m and >2 mm size ranges sampled from each sampling zone at the 

mouth of the Lunzua River during the wet seasons of 1999 and 2000, and the dry season of 

1999. Legend: Zone 1 ■, Zone 2 Zone 3 E3, Zone 4 Q.

Ostracod community

Ostracod species richness showed significant effects of both season and sampling zone at 

the mouth of the Lunzua River (Two-way ANOVA, F 2.48 = 5.76 and ^ 3,43 -  5.28, P -  

0.006 and 0.003, respectively), with a significant interaction between the independent

136



variables (Fe,48 = 5.35, P  <0.001). Ostracod species richness was significantly lower 

during the wet season of 2000 than the dry season of 1999 (Scheffe post-h oc  test, P = 

0.006), although there was no significant difference between the wet and dry seasons of 

1999 {P  =  0.247). The number o f ostracod species found at Zone 1 was significantly lower 

than at Zone 4 (Scheffe post-hoc  test, P  = 0.027).

The abundance o f ostracods increased at every sampling zone except for Zone 2 from the 

wet to the dry season of 1999, and then decreased again during the wet season o f  2000. A 

significant effect o f season and sampling zone on ostracod abundance was found (Two- 

way AN O V A , F 2,44 = 11.06 and Fs^4 4  = 11.19, respectively, P  <0.001 in each case; 

dependent variable was log-transformed), and there was a significant interaction between 

the independent variables = 3.99, P  =  0.003). Scheffe post-hoc  tests showed that 

ostracod abundance during the wet season of 2000 was significantly lower than during the 

dry season o f 1999 (P <0.001). Abundance at Zones 3 and 4 were also significantly higher 

than at both Zones 1 (Scheffe post-hoc  tests, P  <0.001 in each case) and 2 {P -  0.021 and 

0.027, respectively). Histograms showing the changes in species richness and total 

abundance o f ostracods at each sampling zone at the mouth of the Lunzua River over the 

sampling period are shown in Figure 3.33.
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Figure 3.33. Numbers of species (a) and total abundance (b) of ostracods (± S.E., n = 5) 

sampled from each sampling zone at the mouth of the Lunzua River during the wet seasons 

of 1999 and 2000, and the dry season of 1999. Legend: Zone !■ , Zone 2 o , Zone 3 0, 

Zone 4 Q.

Ostracod community structure at the mouth of the Lunzua River varied significantly (Two- 

way ANOSIM) with both season {R = 0.27, P <0.001) and sampling zone {R = 0.4, P 

<0.001). Pairwise ANOSIM tests showed that ostracod community structure was 

significantly different during each season (Wet 1999 -  Dry 1999; R = 0.21, P = 0.009; 

Wet 1999 -  Wet 2000: R  = 0.45, P <0.001; Dry 1999 -  Wet 2000: R  = 0.24, P <0.001), 

and also that all sampling zones were significantly different from each other, except for 

Zones 1 and 2 (Table 3.17). An MDS ordination of ostracod community structure at the 

Lunzua River mouth is shown in Figure 3.34.
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Table 3.17. /^-values and statistical significance (Pairwise ANOSIM) of differences in 

ostracod community structure at each sampling zone at the mouth of the Lunzua River.

Sampling Zones R P

1 - 2 0.11 0.077

1 - 3 0.64 <0.001

1 - 4 0.39 0.003

2 - 3 0.57 <0.001

to 1 0.5 0.002

3 - 4 0.37 <0.001
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Figure 3.34. Two-dimensional MDS ordination of ostracod community structure at the 

Lunzua River mouth for samples taken during the wet seasons of 1999 and 2000, and the 

dry season of 1999. Two plots are shown; divided according to season and samphng zone. 

Stress = 0.15.

Summary results of the effects of season and sampling zone on the abundance of individual 

ostracod species are shown on Table 3.18. Histograms showing relative abundance of 

Cyprideis spatula, Tanganyikacythere burtonensis and Gomphocythere dowlingi over the 

sampling period are shown in Figure 3.35.
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Table 3.18. F-ratios (F), degrees of freedom (df) and statistical significance (Two-way 

ANOVA) of effect of season and sampling zone on the abundance of each ostracod species 

sampled from the Lunzua River mouth over the wet seasons of 1999 and 2000, and the dry 

season of 1999 (dependent variable was log-transformed). Only species that were affected 

significantly by an injiependent variable, or by an interaction between the independent 

variables, are shown.

Species Independent Variable F d f P

Cyprideis spatitla Season 3.51 2,26 0.045

Sampling Zone 8.91 3,26 <0.001

Interaction 3.12 5,26 0.025

Tanganjikaythere burtonensis Season 3.45 2,33 0.044

Sampling Zone 9.85 3,33 <0.001

Interaction 1.76 6,33 0.139

GomphoQithere dowlingi Season 21.21 1,2 0.044

Sampling Zone 1.35 1,2 0.366

Interaction 0,2
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Figure 3.35. Total abundance of selected ostracod species (± S.E., n = 5) sampled from 

each sampling zone at the mouth of the Lunzua River during the wet seasons of 1999 and 

2000, and the dry season of 1999. Legend: Zone 1" , Zone 2 a . Zone 3 0 , Zone 4 H.

Summary of Statistical Analyses

Summary results of selected statistical analyses conducted on intensive sampling data from 

the Lunzua River mouth, described in Section 3.3.2.2, are shown in Table 3.19.
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Table 3.19. Summary of results of selected statistical analyses conducted on intensive 

sampling data from the Lunzua River mouth. Legend: * P <0.05; ** P  <0.01; *** p  

< 0 .001.

Dependent Variable Season Sampling Zone Interaction

N um ber of taxic groups *** * *

Total abundance * * * * * * * *

Invertebrate community structure
_

(ANOSIM)

N um ber o f ostracod species * * ** ***

Ostracod abundance *** **

Ostracod community structure

(ANOSIM) ***

3.3.2.3 L u fu b u  R iv e r  m o u th

Whole invertebrate community

The heterogeneous lakebed in Kasololo Bay, into which the Lufubu River flows, resulted 

in the collection of very differing sediment types within sampling zones. The number of 

taxic groups sampled from the mouth of the Lufubu River did not vary significantly with 

either season or sampling zone (Two-way ANOVA, Fi_2s = 0.27 and F 2,28 = 0.1, P  = 0.61 

and 0.493, respectively), and there was no significant interaction between the independent 

variables (F2,2s = 0.73, P = 0.907). The total abundance of invertebrates increased at each 

sampling zone from the wet to the dry season. Total abundance showed no significant 

variation with either season or sampling zone (Two-way ANOVA, F i ,28 = 2.39 and -  

0.1, P  = 0.134 and 0.395, respectively; dependent variable was log-transform ed), with no 

significant interaction between the independent variables (/^2,28 -  P 0.932).

Histograms showing the changes in the number of taxic groups and total abundance of

143



invertebrates at each sampling zone at the mouth of the Lufubu River over the sampling 

period are shown in Figure 3.36.
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Figure 3.36. Numbers of taxic groups (a) and total abundance (b) of benthic invertebrates 

(± S.E., n = 5-6) sampled from each sampling zone at the mouth of the Lufubu River 

during the wet and dry seasons of 1999. Legend: Zone 1 ■, Zone 2 b , Zone 3 E3.

Significant seasonal differences in invertebrate community structure were found at the 

mouth of the Lufubu River, although sampling zone had no significant effect (Two-Way 

ANOSIM, R = 0.21 and -0.02, P = 0.002 and 0.582, respectively). An MDS ordination of 

invertebrate community structure at the Lufubu River mouth is shown in Figure 3.37. The 

ordination shows good separation between samples taken during wet and dry seasons. 

Samples taken during the wet season are located towards the upper-right side of the 

ordination, while samples taken during the dry season were placed on the left and lower- 

right sides.
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Figure 3.37. Two-dimensional MDS ordination o f benthic invertebrate community 

structure at the Lufubu River mouth for samples taken during the wet and dry seasons of 

1999. Two plots are shown; divided according to season and sampling zone. Stress = 

0.14.

Seasonal and spatial variation in the abundance of each taxic group at the mouth of the 

Lufubu River was investigated using two-way ANOVA. These analyses revealed 

significant effects of season on the abundance of the chironomid larvae of Chironomini sp. 

2 (Fi_2o = 15.84, P  = 0.001, dependent variable was log-transformed), but not of sampling
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zone (^ 2,20 -  0.49, P -  0.619). There was no significant interaction between the 

independent variables {F220  -  0.74, P = 0.49). A significant effect o f sampling zone was, 

however, found for the abundance of chironomid larvae of Tariypodinae sp. 5 {F\ 2 ~ 

157.33, P  = 0.006, dependent variable was log-transformed), but not of season. No 

significant interaction between the independent variables was found. Histogram s showing 

relative abundance of these taxic groups are shown in Figure 3.38.
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Figure 3.38. Total abundance of selected invertebrate taxic groups (± S.E., n = 5-6) 

sampled from each sampling zone at the mouth of the Lufubu River during the wet and dry 

seasons of 1999. Legend: Zone !■ , Zone 2 ■, Zone 3 0 .

There was a significant inverse relationship (Three-way ANOVA) between invertebrate 

size range and both the numbers of taxic groups (,Fi,56 = 59.12, P  <0.001) and invertebrate 

abundance (F i ,49 = 104.95, P <0.001; dependent variable was log-transformed) at the 

mouth of the Lufubu River. There was also a significant interaction between season and 

size range on total abundance (F i ,49 = 7.31, P  = 0.009). The changes in the number of 

taxic groups and abundance of invertebrates at the mouth of the Lufubu River with respect 

to size range are shown on Figure 3.39.
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Figure 3.39. Number of taxic groups and total abundance of benthic invertebrates (± S.E., 

n = 5-6) in the 355 \im -2  mm and >2 mm size ranges sampled from each sampling zone at 

the mouth of the Lufubu River over the wet and dry seasons of 1999. Legend: Zone 1 ■, 

Zone 2 0  ̂  Zone 3 0.

Ostracod community

Although ostracod abundance increased at each sampling zone from the wet to the dry 

season at the mouth of the Lufubu River, neither species richness nor the abundance of 

ostracods varied significantly with season or sampling zone (Two-way ANOVA, ostracod 

abundance was log-transformed). There were no significant interactions between the 

independent variables. Histograms showing the changes in the species richness and total 

abundance of ostracods at each sampling zone at the mouth of the Lufubu River during the 

wet and dry seasons of 1999 are shown in Figure 3.40.
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Figure 3.40, Numbers of species (a) and total abundance (b) of ostracods (± S.E., n = 5 -6) 

sampled from each sampling zone at the mouth of the Lufubu River during the wet and dry 

seasons of 1999. Legend: Zone !■ , Zone 2 h , Zone 3 E3.

No significant effect of season or sampling zone on ostracod community structure was 

found at the mouth of the Lufubu River (Two-way ANOSIM, R = -0.01 and 0.04, P = 0.52 

and 0.197, respectively). An MDS ordination of ostracod community structure at the 

mouth of the Lufubu River is shown in Figure 3.41.
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Figure 3.41. Two-dimensional MDS ordination of ostracod community structure at the 

Lufubu River mouth for samples taken during the wet and dry seasons of 1999. Two plots 

are shown; divided according to season and sampling zone. Stress = 0.12.

At the mouth of the Lufubu River, the abundance of Gen. Aff. T an gan yikacypris  spec, 

showed significant seasonality (Two-way ANOVA, Fi,a = 35.8, P = 0.009; dependent 

variable was log-transformed), but did not vary significantly with sampling zone (F2 3  = 

L5, P  = 0.354). There was no significant interaction between the independent variables 

(Figure 3.42).
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Figure 3.42. Total abundance of Gen. Aff. Tanganyikacypris spec. (± S.E., n = 5—6) 

sampled from each sampling zone at the mouth of the Lufubu River during the wet and dry 

seasons of 1999. Legend: Zone 1 ■, Zone 2 ia, Zone 3 S.

Summary o f  Statistical Analyses

One analysis showed a significant association at the mouth of the Lufubu River; ANOSIM 

showed that the structure of the whole invertebrate community varied significantly with 

season (P <0.01) at this location.

3.3.2.4 V a l u e s  a n d  In d ic e s  o f  M u l t iv a r ia t e  D is p e r s io n

Between-sample variability was highest during the dry season in all analyses at each of the 

studied river mouths (Table 3.20). Values of multivariate dispersion at the mouths of the 

Kalambo and Lunzua Rivers were also consistently lower during the wet season of 2000 

than during the wet season of 1999. Between-sample variability was generally highest at 

Zone 4 at both the Kalambo and Lunzua River mouths, and at Zone 1 at the mouth of the 

Lufubu River (Table 3.21). Values of multivariate dispersion were lowest at Zone 3 at the 

Kalambo; at Zone 1 at the Lunzua; and at Zone 2 at the mouth of the Lufubu River.
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T a b le  3.20. Values of multivariate dispersion (global analysis) (a) and Index of 

Multivariate Dispersion values (pairwise analyses) (b) for samples taken from the mouths 

of the Kalambo, Lunzua and Lufubu Rivers during the wet seasons of 1999 and 2000, and 

the dry season of 1999.

(a)

Kalambo Lunzua Lufubu

Season Whole Ostracod Whole Osttacod Whole Ostracod

Com m unity Community Community Community Com m unity Com m unity

Wet 1999 0.9 0.9 1.05 0.93 0.84 0.77

Dry 1999 1.3 1.41 1.35 1.39 1.12 1.18

Wet 2000 0.8 0.68 0.6 0.68 _ _

(b)

Seasons

Compared

Kalambo 

W hole Ostracod 

Com m unity Community

Lunzua 

Whole Ostracod 

Community Com m unity

Lufubu 

Whole Ostracod 

Com m unity Community

Wet 1999 - -0.43 -0.55 -0.37 -0.51 -0.28 -0.41

Dry 1999

Wet 1999 - 0.14 0.26 0.51 0.3 - -

Wet 2000

Dry 1999 - 0.48 0.7 0.69 0.67 - -

Wet 2000
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Table 3.21. Values of multivariate dispersion (global analysis) (a) and Index of 

Multivariate Dispersion values (pairwise analyses) (b) for samples taken from each 

sampling zone at the mouths of the Kalambo, Lunzua and Lufubu Rivers during the wet 

seasons of 1999 and 2000, and the dry season of 1999,

(a)

Kalambo Lunzua Lufubu

Zone Whole Ostracod Whole Ostracod Whole Ostracod

Com m unity Community Community Community Com m unity Com m unity

1 0.94 1.13 0.74 0.58 1.35 1.09

2 1.12 0.96 1.03 1.01 0.82 0.91

3 0.7 0.75 0.98 1.2 0.87 1.02

4 1.24 1.16 1.26 1.22 _ _

(b)

Kalambo Lunzua Lufubu

Zones Whole Ostracod Whole Ostracod Whole Ostracod

Compared Com m unity Community Community Com m unity Com m unity Community

1 - 2 -0.18 0.19 -0.31 -0.45 0.5 0.17

1 - 3 0.24 0.4 -0.3 -0.65 0.52 0.10

1 - 4 -0.3 -0.06 -0.45 -0.61 - -

2 - 3 0.42 0.23 0.07 -0.22 -0.07 -0.12

2 - 4 -0.13 -0.19 -0.28 -0.2 - -

3 - 4 -0.54 -0.38 -0.33 -0.01
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3.4 Discussion

3.4.1 Continuous monitoring

Univariate and multivariate analyses showed consistent trends in both seasonal and spatial 

patterns of the whole invertebrate and ostracod communities at the mouth of the Kalambo 

River. The abundance and diversity of benthic communities varied significantly with both 

season and sampling site. The importance of seasonal variation among the sampling 

locations was indicated by the significant interactions found between season and sampling 

site. Diversity and abundaace increased between the wet and the dry season and then 

decreased again in the pre-wet season {i.e. exhibited an ‘n’-shaped curve, Figure 3.43) at 

sampling sites close to the river mouth (5 m water depth), while the opposite tended to 

occur at sampling sites located at greater distances from the river mouth (10 and 15 m 

water depth, Figures 3.4(e), 3.5(e), 3.9(e) and 3.10(e)). These sites generally exhibited a 

‘u’-shaped curve, or else changed little between seasons. Taxic groups that exemplified 

these patterns spanned a number of functional feeding groups {sensu Cummins & Klug, 

1979), and included the omnivorous and generalist ostracods (Pennak, 1989), and the 

nematodes, which include deposit feeders, scavengers and predators (Pennak, 1989; Brusca 

& Brusca, 1990). Two taxic groups, the predaceous larvae of Tanypodinae sp. 5 and 

Oecetis sp., had seasonal patterns of abundance that contrasted with the general pattern 

described above, with high abundance during wet and pre-wet seasons, and very low 

abundance during the dry season period of low sediment input. It is possible that the 

reduction of these organisms during the dry season may reflect patterns of emergence 

unrelated to sediment input into the lake.

In contrast to the results from the Kalambo, those from the Lunzua showed some 

differences between the results from the whole invertebrate community and those from the 

ostracod community. Only sampling site was shown to have significantly affected the 

number of taxic groups, abundance and structure of the whole community. Number of 

ostracod species and ostracod corrmiunity structure, however, varied significantly only 

with season. There were no significant interactions between season and sampling site in 

the Lunzua analyses. Despite these apparent contradictions, however, trends in diversity

153



and abundance of both the whole invertebrate and ostracod communities at the Lunzua 

River mouth (Figures 3.13(e), 3.14(e), 3.18(e) and 3.19(e), respectively) were similar to 

those at the Kalambo. While these general patterns were observed at both river mouths 

(Figure 3.43), the pattern at the Lunzua conformed most strongly at 5 m depth. Sampling 

sites located at the greater distance from the Lunzua River mouth (10 m water depth) 

exhibited both ‘u ’- and ‘n’-shaped curves. Less clear differences between sampling sites at 

the mouth of the Lunzua River may be related to the fact that the abiotic environment 

changed less with increasing distance from the river mouth than equivalent locations at the 

mouth of the Kalambo River (Chapter 2).
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Figure 3.43. Generalised spatio-temporal pattern of invertebrate abundance and diversity 

(as indicated by the number of invertebrate taxic groups or ostracod species) at the mouths 

of both the Kalambo and Lunzua Rivers. Thick and thin lines represent sampling sites 

adjacent to and at greater distances from river mouths, respectively.

The fact that water turbidity, as indicated by Secchi depth, and riverine suspended 

sediment load, were related inversely to invertebrate abundance and diversity at the mouths 

of both the Kalambo and Lunzua Rivers, and related more consistently so than other 

abiotic variables, suggests a major effect of riverine suspended sediments on the structure 

of near-shore benthic invertebrate communities. Both total invertebrate abundance and the 

number of taxic groups were significantly lower at the mouth of the Lunzua River than at 

the Kalambo. That the Lunzua River also drained a more anthropogenically impacted 

catchment and transported a significantly higher suspended sediment load than the 

Kalambo (Chapter 2) supports the hypothesis that increased sediment loads cause a 

decreased abundance and diversity of benthic com m unities. Sediment particle size
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composition was also associated with abundance and measures of diversity at each of the 

river mouths. At the mouth of the Kalambo River, increased proportion of fine sediment 

(<63 }j.m) in lakebed sediments was associated with greater abundance of invertebrates. At 

the mouth of the Lunzua River, invertebrate abundance and number of invertebrate taxic 

groups were associated with increased proportion of coarse sediment (>2 mm), but 

negatively associated with the proportion of sediment in the 63 pm-2 mm sized sediment. 

It is unclear whether sediment size is important for benthic invertebrate community 

structure, or if it merely autocorrelates with other, more biologically relevant abiotic 

variables. This question is investigated further in Chapter 5.

Despite some apparently conflicting results, the metrics of multivariate dispersion were 

generally successful in helping to understand patterns in the data. First, the ‘control’ sites 

at the mouths of both the Kalambo and Lunzua Rivers generally had the lowest values of 

multivariate dispersion (VMD) suggesting that, at these sites, with lower sediment impact, 

benthic communities varied less compared with other sampling sites. This supports the 

idea that seasonal variation in the littoral is strongly dependent on sediment impact. The 

implication of this finding is that the higher the sediment load from a catchment, the 

greater effect on the ecology of the lake’s littoral. Changes in the seasonal variability of 

littoral invertebrate communities may therefore be a good indicator of catchment erosion. 

Second, there was also a general increase in VMD with increasing distances from river 

mouths among non-control sites. An explanation for this could be that, generally, habitat 

heterogeneity is low at sampling sites located close to river mouths, owing to strong 

riverine influence, while spatio-temporal variability is higher at greater distances from 

river mouths, because these areas are only influenced strongly by rivers for part of the 

year. Finally, seasonal VMD for ostracods appears to conflict with results for the whole 

invertebrate communities at the mouths of both the Kalambo and Lunzua Rivers. Lowest 

values were derived from whole invertebrate communities in the dry season, and from 

ostracod communities in the wet season. The differences between these values were, 

however, always small, except for in the analysis of the ostracod community at the mouth 

of the Lunzua River. There, the Index of Multivariate Dispersion analysis suggested that 

heterogeneity in benthic community structure was lowest during the wet season. This 

finding is in contrast with studies of Warwick and Clarke (1993), which suggested that 

between-sample variability tends to increase with increased environmental disturbance. 

The results described here could possibly be owing to large-scale riverine influence during 

the wet season, resulting in the large-scale blanketing of substrates with settling sediments,
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the formation of sediment plumes extending for considerable distances from river mouths, 

and reduced survival of organisms not tolerant to increased sediment loads over large 

areas. During the dry season, however, decreased river inputs of sediment may have 

allowed the establishment of organisms with low tolerance to sediment deposition and the 

formation of more typical’ soft-substrate littoral benthic communities at greater distances 

from river mouths. It is unfortunate, however, that no statistical framework exists for the 

statistical testing of either VMD or IMD values (Warwick and Clarke, 1993).

Results from the Kalambo River mouth indicate that the size structure of benthic 

communities may have been affected by both seasonality and location. Invertebrates >2 

mm at this river mouth appear to have had differing seasonal cycles to those in the smaller 

size ranges, having lowest abundance at 5 m depth and highest abundance at 15 m depth 

during the dry season. Although these results were not wholly supported with those from 

the Lunzua River mouth, patterns in invertebrate abundance in each of the measured size 

ranges over^the sampling period (Figures 3.8 and 3.17) were consistent with each other. 

The fact that sediment input into the lake changed significantly with season (Chapter 2) 

implies that sediment load may have some effect on the size structure of benthic 

invertebrate communities. This question is investigated further in Chapters 4 and 5.

3.4.2 Intensive sampling of selected zones of the Kalambo, 
Lunzua and Lufubu River mouths

Although invertebrate community structure at the mouths of the Kalambo and Lunzua 

Rivers showed significant temporal and spatial variation, a significant effect was only 

found for season at the mouth of the Lufubu River. High intra-zone habitat heterogeneity 

is likely to have obscured a zone effect. All seasons were significantly different from each 

other in these analyses. The fact that there were significant differences between the wet 

seasons of 1999 and 2000 in many analyses may be related to differences in rainfall or 

sediment input preceding sampling. Although sediment load was not measured in 2000, 

similar rainfall figures were recorded for two-months preceding each sampling. There 

was, however, a very large storm event recorded during the beginning of January 2000, 

preceding the wet season sampling for that year, where almost 400 mm of rain fell in one 

Week (Chapter 2). Storms are extremely important events that can account for up to 90%
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of the total annual sediment loads of some rivers (Wolman & Miller, 1960; Douglas et al., 

1993), and the large storm recorded in January 2000 appears to have had large and long- 

lasting effects on benthic communities at the mouths of the Kalambo and Lunzua Rivers. 

That values of multivariate dispersion were consistently lower during the wet season of 

2000 compared with the wet season of 1999 supports this.

Apart from comparisons between the wet and dry seasons of 1999 at the Lunzua, total 

benthic abundance and taxic richness were significantly higher at the mouths of both the 

Kalambo and Lunzua Rivers during dry compared with wet seasons. In accordance with 

results of the continuous monitoring (Section 3.3.1), significant interactions were found 

between season and sampling location in both abundance and diversity at the Kalambo and 

Lunzua River mouths. Values of multivariate dispersion were also in general agreement 

with those found during continuous monitoring, and showed consistendy that samples 

taken during the wet season had appreciably lower between-sample variability than 

samples taken during dry seasons, at all studied river mouths.

Multivariate analyses revealed significant differences between sampling zones located 

either side of both the Kalambo and Lunzua River mouths (i.e. Zones 3 and 4). While 

granulometric analyses revealed that significant bedload deposition occurred on both sides 

of the Kalambo River mouth, sediments entering the lake suspended in the upper water 

column tended to move east, passing directly over Zone 3. This was probably a result of 

prevailing wind direction (Chapter 2). Lakebed sediments from Zone 3, east of the 

Kalambo River mouth, were significantly finer than those from Zone 4 on the western side. 

Values of multivariate dispersion for Zone 3 at the mouth of the Kalambo River were 

always appreciably lower than those for Zone 4. This suggests a consistently higher 

suspended sediment concentration over Zone 3 than over Zone 4, thereby decreasing the 

relative temporal variability of Zone 3.

Values of multivariate dispersion of both the whole invertebrate and ostracod communities 

at the mouth of the Lunzua River were consistently lowest in Zone 1, and highest in Zone 4 

(Table 3.21). The fact that samples taken from Zone 1 showed relatively little between- 

sample variability is consistent with explanations given above regarding low spatio 

temporal variability close to the river mouths. That values of multivariate dispersion were 

highest at Zone 4 implies that there were relatively strong seasonal changes m the abiotic 

environment driving changes in benthic community structure. The majority of suspended
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sediments entering the lake via the Lunzua River mouth were likely to have passed over 

this zone (see Chapter 2). These results are in contrast with those from the Kalambo River 

mouth, where the zone most consistently exposed to high suspended sediment loads had 

the lowest values of multivariate dispersion. This difference between the two river mouths 

could be related to differences in lakebed sediment stmcture between Zones 3 and 4 at the 

Lunzua mouth, as described in Chapter 2, although the mechanisms that may be operating 

are unclear. High intra-zone heterogeneity probably contributed to the lack of a zone 

effect at the mouth of the Lufubu River.

Significant interactions between season and sampling zone, and invertebrate size range 

occurred at the mouths of each of the three sampled rivers. These results therefore concur 

with those from the continuous monitoring protocol, implying that both season and 

sampling zone influenced the size structure of benthic communities at the studied river 

mouths.

3.4.3 General discussion

The structure of benthic invertebrate communities varied significantly with both season 

and location at the mouths of the Kalambo and Lunzua Rivers. Significant associations of 

riverine suspended sediment load, and lake turbidity, with univariate metrics of benthic 

community structure suggest strongly that increases in sediment load cause decreases in 

both benthic abundance and measures of diversity, and that this effect is greatest at 

locations close to river mouths. That benthic abundance and diversity at the mouth of the 

Lunzua River was significantly lower than at the mouth of the Kalambo River, which had 

significantly lower sediment load, supports this hypothesis. The Kalambo also drained a 

less disturbed catchment than the Lunzua (Chapter 2). Significant interactions between 

season and sampling site imply that benthic communities exposed to point sources of 

sediment input respond differently to seasonal changes in sediment load depending on 

location within river mouths. The granulometry of lakebed sediments was also related 

significantly to benthic community structure, although the mechanisms driving these 

associations were unclear. The relationship between benthic invertebrates and sediment 

granulometry are investigated further in Chapter 5.
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Benthic communities located at greater distances from river mouths (i.e. at 10 and 15 m 

water depth) may undergo differing seasonal cycles to communities located adjacent to 

river mouths, as generalised in Figure 3.43. This effect was more apparent at the mouth of 

the Kalambo River than the Lunzua, possibly because only twp sampling sites were located 

directly in front of the Lunzua river mouth, and at a lower range of distances from the 

mouth. The abiotic environment at the mouth of the Lunzua River was also shown to vary 

less with increasing distance from the river mouth (Chapter 2). These differing seasonal 

cycles may be associated with the presence of a ‘zone of inhibition’ extending from the 

mouths of rivers, within which survival of organisms with relatively low tolerance of high 

sediment loads is inhibited. In addition to eroded sediments, rivers also export large 

volumes of autochthonous and allochthonous organic matter in saltations along the lakebed 

(Cushing et a l,  1993), supplying copious volumes of food to littoral benthic communities. 

There may, therefore, be a competitive drive for lacustrine organisms to get as close to that 

food source as possible, owing to the fact that, at greater distances from the source, the 

quantity and quality of organic matter may be decreased significantly as a result of 

invertebrate consumption (Wallace & Webster, 1996; Pringle et a l,  1999) and bacterial 

decomposition. Owing to large volumes of sediment also being exported from rivers, it is 

possible that a trade-off between food acquisition and sediment exposure could be 

operating. Such areas are liable to possess high diversity as a result of this trade-off 

between competitive ability and disturbance tolerance (Petraitis et a l ,  1989). These areas 

are likely to be located around the periphery of these ‘zones of inhibition’, in areas exposed 

to intermediate sediment disturbance. These zones of intermediate disturbance are likely 

to support high abundances of invertebrates, since food availability is of prime importance 

in the determination of population size (Keith, 1983; Krebs et al., 1992). The extent of the 

‘zones of inhibition’, and therefore the locations of the zones of intermediate disturbance 

are influenced strongly by seasonal factors such as river discharge, suspended sediment 

load and wind strength and direction. Areas supporting high benthic abundance and 

diversity are therefore likely to be located further from river mouths during periods of high 

sediment loads, and close to river mouths during periods of low sediment input. This 

spatio-temporal aspect to the location of the zone of intermediate disturbance may explain 

the generalised patterns of community abundance and diversity recorded from the mouths 

of the Kalambo and Lunzua Rivers (Figure 3.43). The presence of these patterns has 

important implications for monitoring programmes, both in Lake Tanganyika and in other 

large lake systems. These findings suggest strongly that studies of lacustrine biota in areas 

close to river mouths must incorporate both spatial and temporal components. Conclusions
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of studies lacking in one of these elements may, therefore, be based on data that does not 

accurately represent the natural environment, and hence, must be interpreted with some 

caution.

Organisms that showed significant changes related to season or sampling zone spanned a 

number of functional feeding groups {sensu Cummins & Klug, 1979). The size structure 

of benthic communities was also shown to have been affected significantly by season and 

location within river mouths. Occasionally, the benthic invertebrate communities that 

were investigated in this study showed considerable changes in community structure over 

short periods of time. These changes followed both long periods of relative stability, as 

well as periods of small-scale directional change {e.g. Figures 3.5 and 3.10). This suggests 

that these communities have low resistance to changes in the abiotic environment. The 

fact that both benthic abundance and measures of diversity increased significantly at the 

mouths of both the Kalambo and Lunzua Rivers from wet season to dry season implies that 

significant community recovery took place over the period of one to four months during 

the dry season. This suggests that these communities may be relatively resilient after 

exposure to large increases in sediment load. The recovery of these littoral benthic 

communities during dry seasons is likely to be the result of mechanisms such as increased 

survivorship of benthos (see Chapter 5); immigradon of species sensitive to high sediment 

loads from areas outside the influence of rivers; increased juvenile recruitment (Cordone & 

Kelley, 1961; Harrison & Farina, 1965; Rosenthal & Alderdice, 1976; Wilber, 1983; 

Bruton, 1985; Emerson & Grant, 1991; Roegner et ah, 1995; Commito et al., 1995) and 

increased rates of population growth (Kirk & Gilbert, 1990), as a direct result of decreased 

sediment loading. Large increases in suspended sediment loads entering the littoral zones 

of Lake Tanganyika during wet seasons have, however, the potential to overwhelm the 

recovery mechanisms of the ecosystem {sensu O ’Neill, 1999) and, thereby, to decrease the 

resilience of littoral communities. This has serious implications for the stability of biotic 

communities and maintenance of biodiversity within Lake Tanganyika. The extent and 

rates of recovery of littoral communities exposed experimentally to sediment polludon are 

investigated further in Chapter 4.
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3.5 Conclusions

The field studies of littoral regions exposed to point sources of sediment input, described in 

Chapter 2 and in this Chapter, revealed many significant associations between sediment 

load of rivers and community structure of littoral benthos. Conclusions from these studies 

are as follows:

• Variables related to sediment input were the only measured abiotic variables that 

changed significantly with season at both the Kalambo and Lunzua River mouths.

• Although sediment particle size composition showed no significant variation with 

season, sediment composition changed significantly in space. Proportions of coarse 

sediments (>2 mm) increased with increasing distance from both the Kalambo and 

Lunzua River mouths, while the opposite was the case with intermediate-sized 

sediments (63 |am-2 mm).

• The abiotic environment at the mouth of the Lunzua River changed less with 

increasing distance from the mouth compared with the Kalambo River mouth.

• Increased sediment load from rivers was associated with decreases in both benthic 

abundance and measures of diversity.

• Benthic communities at the mouths of rivers differed in seasonal patterns 

depending on their position in relation to the river mouth. These differing cycles 

may be related to a ‘zone of inhibition’ extending from river mouths, at the edge of 

which relatively high abundance and diversity of benthos occurs as the result of a 

trade-off between food supply and sediment tolerance {sensu Petraitis et a l,  1989).

• The catchment of the Lunzua was generally more disturbed than that of the 

Kalambo, and the Lunzua River also transported a significantly higher sediment 

load.

• Lacustrine benthic communities at the mouth of the Lunzua River had significantly 

lower abundance and measures of diversity than those at the Kalambo River mouth,

• Between-sample variability was consistently lowest during wet seasons and at 

sampling sites closest to the mouths of rivers. This suggests that inter annual 

decreases in between-sample variability during wet seasons may be an indicator of
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increased catcliment erosion owing to increased homogenising effects of rivers in 

areas close to river mouths.

• Organisms whose abundance varied significantly with season and/or location 

within river mouths spanned a number of functional groups (sensu Cummins & 

Klug, 1979), implying that increased sediment loads have a broad effect on benthic 

communities, affecting more than just a select number of groups.

• The size structure of benthic communities was significantly affected by interactions 

between effects of season and sampling location. This suggests that increases in 

sediment load affect community size structure. The effects of increased sediment 

load on the size-structure of benthic communities are investigated further in 

Chapters 4 and 5.

• Occasionally, benthic communities located close to river mouths showed rapid 

short-term changes in structure. These communities showed low resistance to 

environmental change. In addition, the fact that these communities increased in 

abundance and diversity over a three to four month period after exposure to high 

sediment loads suggests that soft substrate littoral benthic communities are 

relatively resilient to changes effected by increased sediment loads. The stability of 

benthic communities after exposure to increased loads of sediment, and their rates 

of recovery after such a disturbance are investigated further in Chapter 4.
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Chapter 4

In-Situ Field Experiments to Investigate 
the Effects of Increased Sediment Load 

on Littoral Communities



4.1 Introduction

Small-scale field experiments provide the potential to make strong inferences (Hairston, 

1989), and are useful for the prediction of larger-scale patterns and processes (Wiens et al., 

1993). The field experiments described in this chapter were conducted for three reasons. 

First, these experiments were designed to separate the confounding effects of variability in 

abiotic factors such as lakebed sediment particle size composition from those of increased 

sediment load, which was not possible in the field studies described in Chapter 3. Second, 

these experiments also allowed for the evaluation of rates of recovery after exposure to 

increased sediment load, and third, the effects of sediment pollution on benthic 

communities inhabiting relatively pristine rocky shores were investigated. The large-scale 

predictive value of in-situ field experiments can, however, be questioned (O’Neill & Rust, 

1979; Dayton & Tegner, 1984; Welsh et a l, 1988), owing to increased environmental 

heterogeneity resulting in increased variance at larger spatial scales, and the fact that 

processes operating at large-scales are not always the same as those operating at smaller 

scales (Legendre et al., 1997; Thrush et al., 1997b).

Field studies have shown severe decreases in benthic abundance after inundation under 

large quantities of sediments, although effects on conamunity structure may vary (Bartsch, 

1960, cited in Chutter, 1969; Herbert et al., 1961; Probert, 1975). Hamilton (1961) 

concluded that high turbidity produced by large volumes of fine-grained suspended 

sediments did not adversely affect the benthic invertebrate community and that it is only 

when substrates are smothered under sediments that benthic invertebrate community 

structure is altered. Studies by Ellis (1936), which showed that the inundation of suitable 

substrates under a layer of settling silt had lethal effects on freshwater bivalves, while the 

turbid water alone did not, add strength to this inference. These conclusions are, however, 

not ubiquitous. Many studies done both in the laboratory {e.g. EUis, 1936; Loosanoff & 

Tommers, 1948; Wallen, 1951; Herbert& Merkens, 1961; Gardner, 1981; et al.,

1984; Aldridge et al., 1987; Hart, 1988; Kirk & Gilbert, 1990; Kirk, 1991a, 1991b; 

Roegner et al., 1995) and in the field (e.g. Chutter, 1969; Gardiner, 1981, Wilber, 1983, 

Bruton, 1985) have shown that turbid water per se has deleterious, and sometimes lethal,

effects on aquatic organisms (see Chapter 5).
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4.1.1 Dispersal and colonisation in gastropods

Lack of knowledge concerning the dispersive ability of rare or endangered invertebrates is 

a major constraint for their effective management and conservation (Thomas & Morris, 

1994). The dispersal of organisms is influenced by many factors, including species 

mobility, habitat preference, and habitat characteristics (Macan, 1961; Hynes, 1970, Khalaf 

& Tachet, 1980; Chapman, 2000). Topographic complexity has been shown to influence 

strongly distribution and dispersion patterns, abundance and size-structure in gastropod 

communities (Emsen & Faller-Fritsch, 1976; Raffaelli & Hughes, 1978; Chapman, 1994), 

and, over time, has been shown to be a more important determinant of gastropod 

distribution than interspecific differences in mobility (Chapman, 2000). Underwood & 

Chapman (1989) found that gastropod communities on topographically ‘simple’ areas (i.e. 

with relatively few crevices, depressions and pits) were shown to have higher rates of 

immigration and emigration than those on topographically ‘complex’ areas, although no 

differences in gastropod densities were noted between these areas. Erman & Erman (1984) 

showed that areas with increased topographic complexity had higher rates of 

macroinvertebrate colonisation relative to topographically ‘simple’ areas. These authors 

also noted that the abundance of recolonising macroinvertebrates was affected significantly 

by mean sediment particle size. Movement has been shown to be entirely random and non- 

directional in many gastropod species (Underwood, 1977), although some directional 

movement has been noted in ‘homing’ species, and also in gastropod communities 

inhabiting topographically ‘simple’ areas (Underwood & Chapman, 1989).

In-situ field experiments have shown that the shell size of some gastropod species 

decreases with decreasing crevice size (Emsen & Faller-Fritsch, 1976; Raffaelli & Hughes, 

1978). It was hypothesised that this phenomenon could be a result of turbulence- or 

predator-avoidance behaviour, or both. Emsen & Faller-Fritsch (1976) also showed that 

gastropod abundance could be influenced strongly by crevice availability, noting greatly 

increased population densities in areas with experimentally increased numbers of crevices. 

Increased sedimentation rates on rocky shores could result in decreased topographic 

complexity and reduced availability of crevices (Hynes, 1960; 1970; Boles, 1981, Hansen 

et a i, 1983; Cohen et a l,  1993a) and could, therefore, affect the density and size-structure 

of gastropod populations. Both field and laboratory studies have shown that sediment has 

negative impacts on mollusc communities, affecting both adult populations (Loosanoff &
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Tommers, 1948; Herbert et al., 1961; Aldridge et al., 1987) and juvenile recruitment 

(Harrison & Farina, 1965; Emerson & Grant, 1991; Roegner et al., 1995; Commito et al, 
1995).

4.1.2 The littoral fish couimuiiity of Lake Tanganyika

Nearly all of the circa 180 described species of cichlid fish found in Lake Tanganyika are 

found in the littoral zone, of which almost 65% are restricted to rocky substrates (Hori et 

al., 1993; Rossiter, 1995). These species are noted as being strongly stenotypic, showing 

high site fidelity. The increased topographic complexities of rocky shores offer a variety 

of microhabitats to littoral fish which are used as feeding sites (Kohda & Yanagisawa, 

1992), breeding sites (Rossiter, 1994), spawning sites (Gashagaza, 1991), or retreats 

(Rossiter, 1995), Cichlids inhabiting rocky shores tend to be either mouthbrooders or 

substrate spawners, and tend to be either herbivorous, scraping algae from the surfaces of 

rocks, or predaceous. In contrast, cichlids inhabiting sandy areas tend to be dominated by 

mouthbrooders that feed on particulate matter sifted from the sand (Rossiter, 1995).

Recent research indicates that the community structure of littoral cichlids at a given site on 

a rocky shore in Lake Tanganyika is remarkably stable and persistent over time (Hori et 

al., 1993; Rossiter, 1995). It is hypothesised that both direct and indirect interactions 

among species are extremely important factors in the maintenance of this stability and the 

remarkable within-site a-diversity of these communities (Takamura, 1984; Kawanabe et 

al., 1985; Gashagaza, 1991; Hori, 1991; Hori et al., 1993; Rossiter, 1995; McCann, 2000).

Littoral cichlid fish may occupy the same territory for extended periods, and because of
1

their small size and stenotypicity, are most influenced by relatively localised spatial 

heterogeneity (Rossiter, 1994). Habitat heterogeneity may also affect composition of the 

whole fish community owing to the fact that many species live within rock interstices 

(Rossiter, 1995). Some species may also show a degree of size selectivity in choosing 

crevices for use as breeding holes (Gashagaza, 1991). The exposure of previously 

unimpacted rocky shores to increases in sediment load and resultant decreases in substrate 

heterogeneity, numbers of interstices and crevice size could, therefore, have large effects 

on littoral cichlid communities. As an indication of the possible importance of these
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4.2 Materials and Methods

4.2.1 Field Experiment 1

Field Experiment 1 was initiated in April 1999, to investigate the effects of sedimentation 

on the fish and gastropod communities of the rocky shore. The experiment took place on a 

pristine exposed rocky shore habitat close to the southwestern shores of Nkumbula Island 

(Grid Reference: 8° 45.3’ S., 31° 5.1’ E.), located close to Mpulungu, Zambia (Chapiter 1). 

Eight quadrats of 5 m x 5 m were placed randomly over the study site, of which four were 

designated randomly as control and four as sediment-impacted quadrats. Approximately 

two tonnes of sediment in bags was dropped onto each of the latter quadrats from a 

research vessel. The bags were then emptied onto the quadrats using SCUBA. The 

emptying of these bags resulted in large volumes of sediment becoming suspended in the 

water column around the whole experimental area, decreasing visibility to near zero. 

Aside from the turbidity it produced, this suspended sediment could also have affected 

control quadrats during settlement but to a lesser extent than the treatment plots. The 

target volume of sediment placed onto the sediment-impacted quadrats was the equivalent 

of 80 kgm'^, which was enough to uniformly cover the quadrats with a layer of sediment 2 

-  3 cm thick, although some larger rocks did stick up through the added sediment. 

Quadrats were located at between 2.8 and 4.1 m depth, on slopes ranging from flat to 

around 40°. The sandy sediment that was used in the experiments was taken from land 

close to the lakeshore not far from Mpulungu Village. Prior to the addition of sediment, all 

fish within quadrat boundaries were censused, using SCUBA, and all macrogastropods 

(defined as those that were visible to a SCUBA-diver) were removed from each quadrat. 

Gastropod removal was repeated seven days and again six months after initial removal. 

Upon return to the laboratory, sampled gastropods were both oven- and air-dried in order 

to remove soft tissues. The dried shells were subsequently identified, counted and 

weighed. Dry shell weight was used as an index of total gastropod weight. Some 

gastropods were also weighed prior to drying to allow for statistical analysis of the 

relationship between dry shell weight and fresh weight, and to enable the modelling of 

gastropod biomass using dry weights.
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Fish present on each quadrat were identified and counted prior to the addition of sediment, 

and 2, 4, 7, 14, 21 and 28 days after sediment addition. Fish monitoring took place on a 

monthly basis thereafter up to four months after sediment addition. Fish species censused 

during Field Experiment 1 are listed in Appendix 4. Although all four sediment-impacted 

quadrats were included in the fish-monitoring programme, only three of the control 

quadrats were included, owing to shortage of time for surveying. Fish monitoring was 

logistically difficult, and involved two divers surveying a quadrat at any one time. The 

results of these surveys depended to a great extent on the taxonomic knowledge and 

surveying abilities of the divers, and discrepancies in results from different surveyors were 

often found, both in abundance and diversity. In an attempt to overcome this problem, 

species lists from both divers were pooled together, and only presence/absence data were 

analysed.

Owing to differences in gradient and degree of wave-exposure across the experimental 

area, the clearance of added sediment from sediment-impacted quadrats occurred at 

different rates. Three of the four sediment-impacted quadrats had relatively large 

proportions of rock exposed after 3 months, while the fourth remained inundated under 

sediment for the duration of the experiment.

4.2.2 Field Experiment 2

A second field experiment to investigate the effects of sedimentation on the benthic 

invertebrate community of the rocky shore was initiated in October 1999. Eight quadrats 

of dimensions 2 x 2 m were placed on the new study site, located close to the study site 

used in Field Experiment 1. Approximately 80 kg sediment m  ̂ (taken from the same 

source as that used in Field Experiment 1) was spread onto four quadrats as described in 

Section 4.2.1, and four quadrats were used as controls. As with Field Experiment 1, 

extreme water turbidity and settling suspended sediment may have affected control 

quadrats. The quadrats were all situated in 5 -  6 m water depth, in an area that appeared to 

be far more homogenous with regard to habitat structure than the previous experiment, 

containing rocks of smaller size, located on only lightly sloping ground. Benthic 

invertebrates were sampled using SCUBA by picking randomly four rocks from each 

quadrat. These were placed into a plastic bag, which was then sealed. Upon return to the
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laboratory, rocks were scrubbed vigorously in a bucket of water. The contents of the 

bucket were then passed through a 212 |im Endicott® sieve, and the contents of the sieve 

preserved in 90% ethanol. Invertebrates in these samples were subsequently sorted and 

identified to as high a taxonomic level as possible. Taxic groups and species found during 

Field Experiment 2 are listed in Appendix 5. Sampling for benthic invertebrates took place 

prior to sediment addition, ten days after and again four months after sediment addition. In 

an attempt to allow comparisons of invertebrate abundance among quadrats and sampling 

days, an approximate measure of the surface area of each rock was calculated using a 

plastic ruler.

4.2.3 Statistical methods

The effects of treatment and time on various univariate variables (e.g. number of species, 

abundance, etc.), were tested using Repeated Measures ANOVA (RM-ANOVA) with Data 

Desk® Version 6. RM-ANOVA is an extension of the paired t-test, allowing for the 

analysis of the effects of many factors over time (or space). Three factors were considered. 

These were treatment and sampling day, while quadrat number provided for repeated 

measures on sampling day. Quadrat number was a random factor and was nested within 

treatment. Unless otherwise stated, only the results for the interaction term between 

treatment and day number are reported here owing to the fact that differences between 

mean treatment or day number levels were not pertinent to this investigation.
s

Unfortunately, the two-way analysis of similarity model precludes the calculation of an 

interaction term between the independent variables. For this reason, samples taken after 

experimental manipulation (i.e. 1 days and 6 months after sediment addition) were 

analysed separately from samples taken prior to sediment addition (i.e. on Day 0). If 

differences were found between treatments post- and not prior to sediment addition, this 

was taken to provide satisfactory evidence allowing the rejection of the null hypothesis, 

which states that there are no differences between experimental treatments.

Non-metric multidimensional scaling (MDS) ordinations, two-way ANOSIM and indices 

of multivariate dispersion (IMD) were all based on Euclidian distance similarity matrices. 

These were calculated using fourth-root transformed species abundances, except in the 

case of fish data, which did not require transformation owing to the fact that binary species
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presence/absence data were analysed. IMD values were calculated using data from all 

sampling occasions to allow for the comparison of overall between-sample variability 

between treatments. For a number of reasons that were discussed in Chapter 1, separate 

analyses were conducted on ostracod communities sampled in Field Experiment 2. For 

this reason, data from all ostracod species were aggregated together in the analyses of the 

whole invertebrate community.
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4.3 Results

4.3.1 Field Experiment 1

4.3.1.1 G a str o po d  com ponent

A total of six gastropod species were found during this experiment, of which three were 

members of the speciose genus Lavigeria (i.e. Lavigeria grandis, Lavigeria sp. P and 

Lavigeria sp. Q). Only three specimens of the species Spekia zonata were sampled over 

the course of the experiment. The two other species found were Reymondia horei and Nov. 

Gen. nsp. The number of species sampled from both sediment-impacted and control 

quadrats over the course of the experiment are shown on Figure 4.1. This graph shows 

that, while the number of species on control quadrats was relatively constant over the 

course of the experiment, the number of species found on sediment-impacted quadrats 

seven days after sediment addition had decreased relative to pre-sediment addition levels. 

There was, however, no significant interaction between treatment and day number on the 

number of gastropod species (RM-ANOVA, ^2,12 = 2.48, P = 0.126).
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0 7 6 Months

Sampling Day

Figure 4.1. Mean number of gastropod species (± S.E., n = 4) found on sediment- 

impacted (black bars) and control (white bars) quadrats on each sampling day of Field 

Experiment 1.

Changes in gastropod abundance on both sediment-impacted and control quadrats over the 

course of the experiment are shown on Figure 4.2. Although gastropod abundance 

changed on both control and sediment impacted quadrats over the sampling period, 

abundance on sediment-impacted quadrats was appreciably lower seven days after 

sediment addition compai'ed with control quadrats. No significant interaction between 

treatment and day number was found in the analysis of gastropod abundance (RM- 

ANOVA, F2,i2 = 0.9, P = 0.433; dependent variable was square-root transformed).
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Figure 4.2. Mean number of gastropods (m'^) sampled from both sediment-impacted 

(black bars) and control (whit6 bars) quadrats on each sampling day of Field Experiment 1 

(± S.E., n = 4).

There was a highly significant linear regression between the fresh weight of gastropods 

and the dry weight of their shells, with very high predictive power (Fi, 5 4  = 9682.77, P 

<0.001, /  = 0.99, Figure 4.3), indicating that dry shell weight was a reliable index of 

gastropod biomass. The total weight of shells (m‘̂ ) on both sediment-impacted and control 

quadrats over the course of the experiment are shown on Figure 4.4, and followed a similar 

pattern to gastropod abundance. No significant interaction was found between treatment 

and day number in the analysis of total shell weight (RM-ANOVA, ¥ 2,12 = 1-H, P = 0.362; 

dependent variable was square-root transformed).
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Figure 4.3. Relationship between fresh and dry weights of gastropods found during Field 

Experiment 1. Regression-line; y= 1.689x.
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Figure 4.4. Mean total weight of gastropod shells (m'^) sampled from both sediment- 

impacted (black bars) and control (white bars) quadrats on each sampling day of Field 

Experiment 1 (± S.K, n = 4).

Two-way ANOSIM showed that there was a significant difference in community structure 

among experimental treatments after experimental manipulation, while there was no 

significant difference among treatments prior to the addition of sediment {R -  0.33 and
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0.02, P -  0.047 and 0.429, respectively). No significant difference in gastropod 

community structure was found between quadrats surveyed 7 days and 6 months post 

sediment-addition {R ~ 0.16, P = 0.121). An MDS ordination of gastropod community 

structure is shown in Figure 4.5. The majority of sediment-impacted samples were placed 

towards the bottom half of the ordination, while control quadrats were generally placed 

towards the top. Calculation of the Index of Multivariate Dispersion found that the 

variability between sediment-impacted quadrats was greater than that between control 
quadrats (IMD = +0.2).
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Figure 4.5. Two-dimensional MDS ordination of gastropod community structure over the 

course of Field Experiment 1. Quadrat codes refer to experimental treatments (EX -  

sediment-impacted; C -  control) and sampling day (0, 7 and 6M refer to pre-sediment 

addition, and 7 days and 6 Months after sediment addition, respectively). Stress = 0.1. ,

To investigate the effects of sediment on individual gastropod species, the numbers, total 

shell weights and individual shell weights per quadrat of each species except Spekia zonata 

on the sampling quadrats were analysed separately with RM-ANOVA, using the same 

factors, interactions and nested factors that were used in the analyses of the whole 

gastropod community. The results of these tests are shown in Tables 4.1 and 4.2, and 

showed that only the total number of Lavigeria grandis was affected by an interaction 

between treatment and day. Histograms showing the number of individuals and the total
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shell weight of Lavigeria grandis are shown in Figure 4.6. The shell weights of 

individuals of Lavigeria grandis, Lavigeria sp. P and Reymondia horei were, however, 

affected significantly by an interaction between treatment and sampling day (Table 4.2). 

The changes in individual shell weights of these species over the course of Field 

Experiment 1 are shown in Figure 4.7. These graphs show that the mean shell weight of 

individuals of Lavigeria grandis and Reymondia horei decreased seven days after sediment 

addition on sediment-impacted quadrats relative to controls. In contrast, the mean shell 

weight of individuals of Lavigeria sp. P increased on sediment-impacted quadrats after 
sediment addition.

Table 4.1. F-ratios (F) and statistical significance (P) of the interaction between treatment 

and sampling day on the number of individuals and total weight of shells per quadrat for 

gastropod species other than Spekia zonata sampled during Field Experiment 1 (with 2 and 

12 degrees of freedom in each case), analysed with RM-ANOVA. All dependent variables 

were log-transformed.

Species Dependent Variable F P

havigeria grandis Total Number 4.78 0.03

Total Weight 2.95 0.091

Lavigeria sp. P Total Number 0.63 0.559

Total Weight 0.44 0.66

Lamgeria sp. Q Total Number 0.14 0.875

Total Weight 0.37 0.696

R^mofidia horei Total Number 2.46 0.147

Total Weight 2.52 0.142

Nov. Gen. nsp. Total Number 0.25 0.787

Total Weight 0.32 0.738
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Figure 4.6. Numbers (m' )̂ and total shell weights (gm' )̂ of Lavigeria grandis (± S.E., n = 

4) sampled from sediment-impacted (black bars) and control (white bars) quadrats over the 

course of Field Experiment 1.

Table 4.2. F-ratios {F), degrees of freedom {dj), and statistical significance (P) of the 

interaction between treatment and sampling day on individual shell weight for gastropod 

species other than Spekia zonata sampled during Field Experiment 1, analysed with RM- 

ANOVA.

Species F d f P

LMvigeria grandis 5.2 2,3446 0.006

l^vigeria sp. P 3.41 2,353 0.034

Lavigeria sp. Q 2.24 2,2197 0.106

Rejmondia horei 8.73 2,6262 0.0002

Nov. Gen. nsp. 0.22 2,297 0.804
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Figure 4.7. Mean individual shell weight (± S.E.) of Lavigeria grandis {n = 3459), 

Lavigeria. sp. P (n = 365), and Reymondia horei (n =621 A) on sediment-impacted (solid 

lines) and control (dashed lines) quadrats over the course of Field Experiment 1.

4.3.1.2 F is h  c o m p o n e n t

A total of 57 fish species belonging to 27 genera were identified over the monitoring 

period (Appendix 4). Fifty-four of these species belonged to the Family Cichlidae. The 

number of fish species surveyed on both sediment-impacted and control quadrats over the 

sampling period are shown on Figure 4.8. Both sampling day and quadrat number 

significantly affected the number of fish species recorded, and a significant interaction was 

found between treatment and sampling day (RM-ANOVA, F 9 ,42 = 9.48, Fs ,42 = 6.39 and 

^ 9^42 = 2.63, P <0.001, P <0.001 and P = 0.016, respectively). There was no significant 

difference in fish species richness between sediment-impacted and control treatments (RM- 

ANOVA, F9,42 = 0.91, P = 0.385).
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Figure 4.8. Mean number of fish species surveyed on both sediment-impacted (solid 

squares, « = 4) and control (open circles, n = 3) quadrats on all sampling days over the 

course of Field Experiment 1 (± S.K).

It was observed over the course of the experiment that sand dwelling species such as 

Lamprologus callipterus, Neolamprologus tetracanthus and Ophthalmotilapia ventralis 

had started to colonise not only sediment-impacted quadrats, but had also initiated nest- 

building using experimentally added sediments. Two-way ANOSIM, using 

presence/absence data from the whole fish community, with treatment and sampling day as 

the independent variables, revealed that treatment did not significantiy affect fish 

community structure post experimental manipulation, although sampling day did {R = 0.11 

and 0.12, P = 0.098 and 0.014, respectively). There was no significant difference in fish 

community structure between quadrats assigned to each treatment prior to sediment 

addition (One-way ANOSIM, R = 0.94, P = 0.1). An MDS plot of fish community 

structure is shown in Figure 4.9. The majority of sediment-impacted quadrats were placed 

towards the top half of this ordination, while control plots were positioned mainly towards 

the bottom half.
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Figure 4.9. Two-dimensional MDS ordination of fish community structure over the 

course of Field Experiment 1. Quadrat codes refer to experimental treatments (EX -  

sediment-impacted; C -  control) and sampling day (0, 2, 4, 7, 14, 21, 28, 2M, 3M, and 4M 

refer to pre-sediment addition, 2, 4, 7, 14, 21 and 28 days, and 2, 3, and 4 months after 

sediment addition, respectively). Insert highlights the positions of sediment-impacted 

(solid squares) and control (open circles) quadrats. Stress = 0.24.

Calculation of the Index of Multivariate Dispersion, contrasting the sample variability 

within treatments, showed that the variability between the sediment-impacted quadrats was 

greater than that between the control quadrats (IMD = +0.2).
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4.3.2 Field Experiment 2

4.3.2.1 W h o l e  b e n t h ic  in v e r t e b r a t e  c o m m u n it y

A total of 34 taxic groups were found over the course of Field Experiment 2 (Appendix 5). 

The number of invertebrate taxic groups sampled from both sediment-impacted and control 

treatments over the course of this experiment are shown in Figure 4.10. This graph 

indicates that the number of taxic groups on sediment-impacted quadrats decreased 

appreciably after sediment addition compared with control quadrats. There was a 

significant interaction between treatment and day number on the number of taxic groups 

(RM-ANOVA, F2 ,\2  = 6.81, P = 0.011). Scheffe post-hoc tests revealed that the number of 

taxic groups was significantly lower on sediment-impacted quadrats than on control 

quadrats 10 days after experimental manipulation (P = 0.019), while the difference 

between treatments 4 months after sediment addition was bordering on significance {P = 

0.053).

4 Months

Sampling Day

Figure 4.10. Mean number of taxic groups (± S.E., n = 4) sampled from both sediment- 

impacted (black bars) and control (white bars) quadrats over the course of Field 

Experiment 2.
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Changes in total invertebrate abundance over the course of Field Experiment 2 are shown 

on Figure 4.11. This graph indicates that abundance decreased appreciably on both 

sediment-impacted and control quadrats immediately after sediment addition. Abundance 

had increased on control quadrats four months after sediment addition, however, while 

remaining at very low levels on sediment-impacted quadrats. RM-ANOVA revealed a 

significant interaction between treatment and day number on total invertebrate abundance 

(^2,12 = 4.18, P  = 0.042; dependent variable was log-transformed). Scheffe post-hoc tests 

showed that there was no significant difference in total invertebrate abundance between 

treatments 7 days after sediment addition, although sediment-impacted quadrats had 

significantly lower invertebrate abundance than control quadrats four months after 

sediment addition (P = 0.163 and 0.011, respectively).

6 1

r, 5 ]

0 10 4 Months

Sampling Day

Figure 4.11. Mean number of invertebrates cm'^ rock surface (± S.E., n = A) sampled 

from both sediment-impacted (black bars) and control (white bars) quadrats on each 

sampling day of Field Experiment 2.

Both treatment and sampling day significantly affected the structure of benthic 

communities sampled post sediment-addition (Two-way ANOSIM, R = 0.88 and 0.51, P -  

0.003 and 0.007, respectively). There was, however, no significant difference between 

quadrats allocated to respective treatments prior to experimental manipulation (One way 

ANOSIM, 2? = 0.12, P = 0.286). An MDS plot of invertebrate community structure is
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shown in Figure 4.12. This plot separates clearly sediment-impacted quadrats from control 

quadrats after sediment addition, which are located, respectively, on the right side and in 

the centre of the ordination. In addition, while sediment-impacted quadrats sampled ten 

days and four months after sediment addition were intermingled, control quadrats at these 
times were separate.
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Figure 4.12. Two-dimensional MDS ordination of invertebrate community structure over 

the course of Field Experiment 2. Quadrat codes refer to experimental treatments (EX -  

sediment-impacted; C -  control) and sampling day (0, 10 and 4M refer to pre-sediment 

addition, and 10 days and 4 months after sediment addition, respectively). Stress = 0.09.

The between-sample variability for the sediment-impacted quadrats was very similar to 

that for the control quadrats (IMD = -0.01). The effects of experimental treatment and 

sampling day on the abundance of individual taxic groups are shown in Table 4.3. Bubble 

plots showing relative abundance of taxic groups that were affected significandy by an 

interaction between treatment and sampling day overlaying the MDS ordination of the 

whole invertebrate community are shown in Figure 4.13.
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Table 4.3. F-ratios (F), degrees of freedom (df) and statistical significance (P) of the 

interaction between treatment and sampling day on the abundance of taxic groups sampled 

during Field Experiment 2, analysed with RM-ANOVA. All dependent variables were 

log-transformed. Only taxic groups that were affected significantly by the interaction are 

shown.

Taxic Group F d f P

Acari Hydracarina 7.21 2,12 0.009

Copepoda Harpactdcoida 10.99 2,11 0.002

Nematoda 11.51 2,12 0.002

Trichoptera Oecetis sp. 28.03 1,4 0.006

Platyhelminthes TurbeUada 8.97 2,8 0.009
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Figure 4.13. Relative abundances of selected taxic groups overlaying the MDS ordination 

of the whole invertebrate community sampled during Field Experiment 2. Quadrat codes 

refer to experimental treatments (EX -  sediment-impacted; C -  control) and sampling day 

(0, 10 and 4M refer to pre-sediment addition, and 10 days and 4 months after sediment 

addition, respectively). Stress = 0.09.
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4.3.2.2 OSTRACOD COMMUNITY

A total of 20 ostracod species belonging to 9 genera were identified during Field 

Experiment 2 (Appendix 5). The number of ostracod species on sediment-impacted and 

control quadrats are shown in Figure 4.14. This graph indicates that the number of 

ostracod species was relatively unaffected by sediment addition. There was no significant 

interaction between treatment and sampling day on ostracod species richness (RM- 

ANOVA, F2,i2 = 0.32, P = 0.735).

16 -I

0 10 4 Months

Sampling Day

Figure 4.14. Mean ostracod species richness {± S. E., n = 4) on both sediment-impacted 

(black bars) and control (white bars) quadrats over the course of Field Experiment 2.

The abundance of ostracods on both sediment-impacted and control quadrats over the 

course of Field Experiment 2 is shown on Figure 4.15. This graph indicates that the 

experimental addition of sediments resulted in large decreases in abundance on quadrats of 

both treatments. Abundance increased appreciably on control quadrats four months after 

sediment addition, however, but increased little on sediment-impacted quadrats by this 

time. No significant interaction was found between treatment and sampling day on total 

ostracod abundance (RM-ANOVA, ^ 2.12= 2.21, P = 0.153; dependent variable was log- 

transformed).
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Figure 4.15. Mean number of ostracods cm'^ rock surface (± S.E., n = 4) sampled from 

both sediment-impacted (black bars) and control (white bars) quadrats over the course of 

Field Experiment 2.

Both treatment and sampling day significantly affected ostracod community structure post 

sediment addition (Two-way ANOSIM, R = 0.35 and 0.54, P = 0.012 and 0.002, 

respectively). There was, however, no significant difference between quadrats allocated to 

the respective treatments prior to experimental manipulation (R = 0.06, P = 0.343). An 

MDS plot of ostracod community structure is shown in Figure 4.16. Quadrats sampled 

before experimental manipulation were placed on the left side of the ordination, while 

quadrats sampled after sediment addition were placed on the right. Interestingly, control 

and sediment-impacted quadrats sampled ten days after sediment addition are intermingled 

on the bottom right comer of the ordination, while those sampled four months after 

experimental manipulation appear to have been separated.
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Figure 4.16. Two-dimensional MDS ordination of ostracod community structure qver the 

course of Field Experiment 2. Quadrat codes refer to experimental treatments (EX -  

sediment-impacted; C -  control) and sampling day (0, 10 and 4M refer to pre-sediment 

addition, and 10 days and 4 months after sediment addition, respectively). Stress = 0.08.

Between-sample variability for sediment-impacted quadrats was greater than that for 

control quadrats (IMD = +0.17). The effects of experimental treatment and sampling day 

on the abundance of individual ostracod species, analysed using RM-ANOVA, are shown 

in Table 4.4. Bubble plots showing relative abundance of ostracod species that were 

significantly affected by an interaction between treatment and sampling day overiaying the 

MDS ordination of ostracod community structure are shown in Figure 4.17.
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Table 4.4. F-ratios (F), degrees of freedom (df) and statistical significance (P) for the 

interaction between treatment and sampling day on the abundance of ostracod species 

sampled during Field Experiment 2, analysed with RM-ANOVA. All dependent variables 

were log-transformed. Only species that were affected significantly by an interaction 

between treatment and sampling day are shown.

Species F d f P

Cjpridopsis lacustris 6.13 2,11 0.016

M egcno^tia comidea 4.43 2,9 0.046

Meiynocypria opaca 11.1 2,7 0.007

Tanganyika(jpridopsis sp. 5.26 2,9 0.031

r
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Figure 4.17. Relative abundances of selected ostracod species overlaying the MDS 

ordination of ostracod community structure sampled during Field Experiment 2. Quadrat 

codes refer to experimental treatments (EX -  sediment-impacted; C -  control) and 

sampling day (0, 10 and 4M refer to pre-sediment addition, and 10 days and 4 months after 

sediment addition, respectively). Stress = 0.08.
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4.4 Discussion

4.4.1 Field Experiment 1

4.4.1.1 G a str o po d  com ponent

Although the application of numerous univariate statistical tests failed to detect any 

significant differences in gastropod community structure between treatments, the 

application of ANOSIM revealed that there was a significant difference in the structure of 

gastropod communities recolonising sediment-impacted quadrats, relative to those 

recolonising controls. Visual inspection of the changing patterns in these univariate 

variables {i.e. species richness, gastropod density and total shell weight) does, however, 

reveal some consistent patterns. All quadrats, irrespective of treatment, showed 

considerable decreases in gastropod density and biomass seven days after sediment 

addition, which increased again to near, and, in some cases, above, pre-sediment addition 

levels after six months. These global decreases are likely to have been a result of low rates 

of recolonisation onto the defaunated quadrats, although it is also possible that 

recolonisation was delayed by extremely high turbidity, which affected the whole 

experimental area for a number of days, caused by the emptying of sediment onto 

experimental quadrats. While gastropod populations on control quadrats did return to pre- 

experimental manipulation levels after six months, gastropod biomass on the sediment- 

impacted quadrats was still lower than pre-sediment-addition levels, and both abundance 

and biomass on these quadrats was approximately half that of the control quadrats at this 

time. This indicates the return of gastropod populations to pre-sediment addition levels to 

be a longer-term process on sediment-impacted quadrats, even after the majority of added 

sediment had been washed away owing to wave action and turbulence.

The MDS ordination shown in Figure 4.5 largely separated sediment-impacted and control 

quadrats, with sediment-impacted quadrats positioned predominantly towards the bottom 

of the ordination, and controls towards the top. Quadrats allocated to both treatments prior 

to sediment addition are spread all over the MDS plot, and ANOSIM revealed that there 

were no significant differences between these quadrats prior to experimental manipulation.
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Although calculation of the Index of Multivariate Dispersion revealed that the variability 

between sediment-impacted quadrats was greater than that between control quadrats, 

indicating that gastropod community structure on the former was possibly more disturbed 

than that on the control plots, the value of the index was relatively low (0.2), and may not 

have revealed any significant difference between treatments. The application of RM- 

ANOVA revealed that only one of the six gastropod species sampled was significantly 

affected by an interaction between treatment and sampling day (Table 4.1). This species, 

Lavigeria grandis, was the largest of the six species found.

An interesting aspect to gastropod populations that recolonised sediment-impacted 

quadrats is that the size-structure of three of the most common species found at the study 

site was affected significantly by an interaction between treatment and sampling day 

(Table 4.2, Figure 4.7). The mean individual shell weights of Lavigeria grandis and 

Reymondia horei were lower on the sediment-impacted quadrats relative to the controls 

seven days after sediment addition, only to return to pre-sediment addition levels after six 

months. Those of Lavigeria sp. P were, however, greater than those on control quadrats 

both seven days and six months after sediment addition. These results may be explained 

by noting that the addition of sediment caused widespread infilling of crevices within and 

between rocks, and also caused a dramatic decrease in exposed rock surface area. Previous 

studies have noted decreases in the mean size of gastropod populations with decreasing 

crevice size (Emsen & Faller-Fritsch, 1976; Raffaelli & Hughes, 1978). It was 

hypothesised that these findings were a result of turbulence- or predator-avoidance 

behaviour, or both of these processes acting simultaneously. There are, however, other 

explanations of the results found for Lavigeria grandis and Reymondia horei. It is possible 

that the competitive abilities of smaller individuals of these species are increased on 

topographically ‘simple’ environments, which have less exposed surface area (Hynes, 

1960), and therefore less food available to these benthic herbivores (Leloup, 1953); since 

most of the rock surface was covered by sediment (Grobbelaar, 1985; Worthington & 

Lowe-McConnell, 1994), compared with topographically ‘complex’ areas. These aspects 

of topographically ‘simple’ areas also provide a possible explanation for the significantly 

different structure of gastropod communities that were found on sediment-impacted 

quadrats. The trend towards decreased shell size on sediment-impacted quadrats did not, 

however, occur for all species; the opposite was found for Lavigeria sp. P. This result may 

be owing to interspecific differences in competitive ability, although neither the number 

nor total weight of shells of this species or Reymondia horei showed a significant
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interaction between treatment and sampling day (Table 4.1). These findings illustrate the 

potential difficulties involved with the generalisation of results across species as well as 

with the aggregation of species into higher taxonomic units (O’Neill & Rust, 1979; Welsh 
et al., 1988).

The above explanations are all based on indirect effects of sediment pollution, but direct 

effects, such as sediment toxicity, were also possible. It is highly unlikely that there were 

any toxic substances present within the added sediments owing to the fact that these 

sediments were taken from bushland located at quite a distance from human settlement, 

and also because the sediment was very sandy, containing very little clay, thereby 

minimising the ability of the sediments to chelate heavy metals or other toxic substances. 

It is possible, however, that the sediments themselves could have affected gastropod health 

or condition directly through, for example, physical abrasion (Harman, 1974), or through 

the clogging of appendages such as gills (Wallen, 1951; Herbert & Merkens, 1961; Herbert 

et al., 1961; Lockhead, 1968; Bruton, 1985). These potential explanations are investigated 

further in Chapter 5.

4.4.1.2 F is h  c o m p o n e n t

Repeated Measures ANOVA showed that the dynamics of communities inhabiting 

sediment-impacted quadrats were significantly different to those inhabiting control 

quadrats, although ANOSIM failed to detect any significant effect of treatment on 

community structure. The undulating patterns of changing species richness that were 

exhibited by studied populations (Figure 4.8) did not reveal any obvious differences 

between treatments, and suggest complex dynamics in the structuring of littoral fish 

communities. The fact that the application of both univariate and multivariate statistical 

methods revealed that the structures of surveyed fish communities were significantly 

affected by sampling day supports this. There may have been a slight trend towards 

decreasing species richness up to three months after the commencement of the experiment, 

however, irrespective of experimental treatment, which may reflect a seasonal influence on 

fish communities. These results indicate that the structure of littoral rock-dwelling fish 

communities of Lake Tanganyika may be more dynamic than has been suggested by 

relatively recent studies {s-S- Hori et al., 1993; Rossiter, 1995), which indicated that these 

communities are '\e ry  stable and in a state o f equilibrium" (quoted from Hori et al. 

(1993)). The fact that quadrat number also significantly affected fish species richness
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indicates that the surveyed fish communities were also patchily distributed in space, as 

found by Hori et al. (1993) and Rossiter (1995).

Calculation of the Index of Multivariate Dispersion showed that the variability between 

sediment-impacted quadrats was greater than that between controls, indicating that littoral 

fish populations were more disturbed on the sediment-impacted quadrats than on the latter 

(Warwick & Clarke, 1993). The value of the index (0.2) was again relatively low, 

however, and may not reveal the presence of any significant difference between treatments. 

The MDS ordination of Figure 4.9 was possibly more successful in detecting differences 

between treatments, placing sediment-impacted quadrats predominantly towards the top of 

the ordination, while control quadrats were placed towards the bottom. There also appears 

to have been a general trend for sites surveyed towards the end of the monitoring period to 

be located towards the bottom of the ordination, with sites surveyed at the beginning of the 

experiment located towards the top. Control and experimental quadrats prior to sediment 

addition do not appear to intermingle on the ordination, however, which indicates that fish 

community structure may have differed across treatments prior to experimental 

manipulation, despite the fact that quadrats were located randomly across the study site. 

The application of ANOSIM revealed, however, that these differences were not significant. 

The implications of results of these multivariate analyses are, therefore, that, although 

there may have been differences between sediment-impacted and control quadrats towards 

the beginning of the experiment owing to the addition of sediment onto experimental 

quadrats, the extent of these differences appear to have decreased over time, presumably as 

added sediments washed off the sediment-impacted quadrats. It has been shown 

previously that littoral cichlid communities in Lake Tanganyika are quick to recolonise 

suitable areas of substrate and that rapid recoveries of these communities after 

perturbations such as the experimental manipulations that took place in this experiment 

tend to occur (Hori, 1991; Hori et a l, 1993).

Results of this experiment indicate that the structures of littoral rock-dwelling fish 

communities in Lake Tanganyika may be more dynamic than had been indicated 

previously (e.g. Hori, 1991; Hori et al., 1993; Rossiter, 1995), and are subject to constant 

change, with continuous species immigration and emigration, at least over the spatial and 

temporal scales that were studied in this experiment. The manipulation of substrate type 

through the addition of sediment had significant effects on the dynamics of surveyed fish 

communities, although the mechanisms behind these dynamics are unclear. There were no

196



significant differences in fish species richness between sediment-impacted and control 

treatments. These results appear to be in contrast with those of Rossiter (1995) whose 

studies indicate that rocky and rubble habitats such as those that were surveyed in this 

experiment may have far higher fish species richness than sandy habitats in the same area. 

This discrepancy between the results of this experiment and the latter study may be owing 

to the fact that only a thin layer of sediment was added to the substrate of experimental 

quadrats, which was not enough to inundate the total rock surface area under sediment. 

The top layers of added sediments were also largely washed off many of the experimental 

quadrats within two weeks, resulting in a substrate with increased heterogeneity at a scale 

relevant to the availability of fish habitats, which could possibly therefore have 

accommodated increased numbers of species, of both petrophilic (rock-dwelling) and sand- 
dwelHng habit.

4.4.2 Field Experiment 2

4.4.2.1 W ho le  invertebrate  com m unity

The artificial inundation of rocky substrate under a layer of sandy sediment resulted in 

significant decreases in both invertebrate abundance and numbers of invertebrate taxic 

groups on sediment-impacted quadrats compared with control plots. This effect persisted 

over the course of the experiment. The emptying of sediment onto the sediment-impacted 

quadrats would also appear to have affected control quadrats by dramatically increasing 

turbidity for a period of about two days, and possibly also through the settling of finer 

sediments onto these quadrats. This indicates that short-term increases in sediment load 

can significantly affect the structure of benthic communities, as exemplified by severely 

decreased abundance on control quadrats ten days after sediment addition, although the 

number of taxic groups does not appear to have been affected. These findings are in 

contrast with studies by Hombach et al. (1993), who found that, although chironomid 

assemblages were affected significantly by long-term increases in sediment load in a 

backwater lake, short-term impacts of sediment did not affect these communities gready. 

Multivariate analyses showed clearly an effect of experimental treatment and sampling day 

on the metrics used to measure invertebrate community structure. The MDS ordination of 

invertebrate community structure (Figure 4.12) separated clearly unimpacted sites towards

197



the left and strongly impacted sites towards the right of the ordination. Aside from this 

facet of the ordination, two other aspects to Figure 4.12 are striking. First, sediment- 

impacted plots ten days and four months after sediment addition were situated closely on 

the plot. This indicates little recovery of the invertebrate community from impact of 

sediment. The fact that the control sites at these times were separated on the ordination 

indicates that changes in community structure, which may represent recovery, took place 

on these quadrats. The ‘direction’ of these changes is unknown, however, owing to the 

fact that control quadrats four months after sediment addition appear no closer to those pre

sediment addition than quadrats ten days after sediment impact. Second, the control sites 

ten days and four months post-sediment addition are all located in the central portion of the 

ordination, closest to the pre-experimentally manipulated quadrats. This indicates that 

changes in invertebrate community structure after the emptying of sediment were not as 

extreme on the control quadrats as on the sediment-impacted plots. The index of 

multivariate dispersion failed to show any appreciable differences between the variability 

of the sediment-impacted and control treatments.

The addition of sediment impacted significantly on five invertebrate taxic groups (Table 

4.3). These taxic groups varied in size from relatively large trichopteran larvae belonging 

to the genus Oecetis to small water mites, and in terms of modes of nutrition, from the 

generally detritivorous and algivorous harpactacoid copepods (Borutskii, 1964) to 

predacious Oecetis larvae (Hickin, 1967), although the majority of affected organisms 

were predaceous. Very little recovery of any of the above taxic groups appears to have 

taken place on sediment-impacted quadrats four months after sediment addition (Figure 

4.13), even though a large proportion of added sediment had been washed off these 

quadrats over this period. This would indicate that the inundation of rocky littoral zones 

under a relatively thin layer of sediment could have long-term deleterious effects on the 

structure of benthic invertebrate communities. These results agree in part with those of 

Herbert et al. (1961), who showed that invertebrate abundance in streams was decreased 

significantly owing to the inundation of natural substrata under sediment. In contrast to the 

results obtained from this study, Herbert et al. (1961) suggested that community structure 

was not affected significantly by sediment-impact. They did, however, note that 

gastropods were absent from sediment-impacted areas of substrate. The large-scale effects 

of a short;-term period of high turbidity exhibited by the control quadrats imply that littoral 

communities of benthic invertebrates on rocky shores in Lake Tanganyika have low 

resistance to environmental perturbations. The long-term deleterious effects of sediment
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exposure exhibited by invertebrate communities on treatment quadrats, which appeared to 

show no recovery over the four month duration of the experiment, suggests that the 

resilience of these communities after exposure to increased sediment load is also low.

4.4.2.2 OSTRACOD COMMUNITY

As was the case with the analysis of data from the gastropod component of Field 

Experiment 1, multivariate analyses detected differences in ostracod community structure 

between treatments where univariate methods did not. ANOSIM showed that both 

treatment and sampling day had significant effects on ostracod community structure, and 

these differences are apparent on the MDS ordination of Figure 4.16. On this ordination, 

all experimental and control quadrats prior to any experimental manipulation are located 

towards the left side of the ordination, while quadrats showing large effects of sediment 

impact are located on the right side. The positions of experimental and control quadrats 

ten days after sediment addition overlap on the right side of the ordination, implying that 

the emptying of sediment and the resultant turbidity and settling of suspended sediments 

affected quadrats of both treatments in a similar manner. Sediment-impacted and control 

quadrats four months after sediment addition showed some separation, however, with 

experimental quadrats located on the right side of the ordination, and the control quadrats 

located towards the centre, closest to the unimpacted quadrats. This would indicate that at 

least some recovery in terms of ostracod conmiunity structure took place on the control 

quadrats four months after sediment addition, but not on the sediment-impacted quadrats. 

The index of multivariate dispersion shows that the variability between the sediment- 

impacted quadrats was greater than that between the control quadrats, indicating that the 

former quadrats were exposed to greater levels of disturbance (Warwick & Clarke, 1993), 

although, again, the value of the index was relatively low (0.17), and may not represent a 

significant difference between experimental treatments.

Four species of ostracod belonging to three genera were affected significantly over the 

course of the experiment by the addition of sediment (Table 4.4). The response of each of 

these species to the emptying of sediment appears to have been largely independent of 

treatment type ten days post-sediment addition (except perhaps for Mecynocypria opaca, 

which does not appear to have been as deleteriously affected on the control quadrats as on 

the sediment-impacted quadrats (Figure 4.17)). The majority of these species appear to 

show at least some recovery after four months on the control quadrats, but there appears to
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have been little recovery of these species on sediment-impacted quadrats after this time. 

These results indicate that exposure to a short period of high turbidity and resulting 

settlement of suspended sediment can have large deleterious effects on ostracod 

community structure. The results are somewhat obscured, however, as the control sites 

were also affected by experimental manipulation.

4.4.3 General discussion

Although results from both field experiments indicate that the inundation of previously 

unimpacted substrates under sediment resulted in severely decreased abundance of 

invertebrates, these differences were only significant in the analyses of the whole 

invertebrate community and various invertebrate taxic groups sampled in Field Experiment 

2. These results are therefore in general agreement with results from previous studies on 

the subject (e.g. Bartsch, 1960, cited in Chutter, 1969; Herbert et a l,  1961; Probert, 1975). 

While the species richness of gastropods, fish and ostracods were not affected significantly 

by the addition of sediment, the number of invertebrate taxic groups decreased 

significantly on sediment-impacted quadrats relative to controls. Multivariate analyses 

revealed that the addition of sediment had significant effects on the community structure of 

all of the above groups except for fish. Studied fish'communities were notable in 

demonstrating strong resistance to sediment-impact and high resilience after experimental 

manipulation, as illustrated in Figures 4.8 and 4.9, in agreement with studies by Hori 

(1991) and Hori et al. (1993). These findings are in contrast with those from benthic 

invertebrate communities, which showed very weak resistance to sediment-impact, and 

showed almost no recovery over the experiment period (Figures 4.10-4.13). The 

differences between these communities are likely to be related to the high mobility and 

strong territoriality of studied fish communities (Hori et al., 1993; Rossiter, 1995), as well 

as to the scale at which the respective studies took place, which was measured in metres to 

tens of metres for fish and millimetres to centimetres for rock-dwelling invertebrates. 

Scale has been shown to be an extremely important issue in in-situ field experiments, with 

processes operating at larger-scales not always the same as those operating at smaller 

spatial scales (Legendre et al, 1991 \ Thrush et al., 1997b).
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Short-term extremely high turbidity caused by the emptying of sediments onto 

experimental quadrats caused severe long-term decreases in invertebrate abundance on 

control quadrats, although some recovery appears to have taken place over the 

experimental period. Measures of invertebrate diversity appear to have been unaffected. 

These findings are in contrast with those of Hombach et al. (1993), which suggested that 

short-term increases in sedimentation rates do not greatly influence benthic invertebrate 

assemblages. The fact that abundance decreased but measures of diversity did not 

indicates that decreased food availability may be the mechanism driving these changes in 

community structure, as a consequence of reduced primary production owing to decreased 

light penetration through the highly turbid waters (Ellis, 1936; Hynes, 1960; Herbert & 

Merkens, 1961; Bruton, 1985). Short-term sediment pulses occur in aquatic ecosystems as 

a result of many natural and anthropogenic processes {e.g. landslides, road-building, clear- 

felling, etc.). The findings of Field Experiment 2 have, therefore, wide implications for the 

conservation and management of littoral communities of benthic invertebrates. Results 

from Field Experiment 2 are also partly in contrast with studies by Hamilton (1961), who 

suggested that turbidity per se does not significantly affect invertebrate communities. 

Many studies done both in the laboratory (e.g. Ellis, 1936; Gardner, 1981; Sigler et al., 

1984; Aldridge et al., m i- .  Hart, 1988; Kirk & Gilbert, 1990; Kirk, 1991a, 1991b; 

Roegner et al., 1995) and in the field {e.g. Chutter, 1969; Gardiner, 1981; Wilber, 1983; 

Bruton, 1985) show that high turbidity can, in fact, deleteriously affect aquatic organisms. 

Hamilton (1961) did note, however, that the smothering of previously unimpacted 

substrata under sediments can significantly affect benthic invertebrate community 

structure, a finding confirmed by the experiments described in this Chapter.

The findings of both Field Experiments 1 and 2 are, however, somewhat ambiguous, owing 

to the fact that control quadrats were affected by the spreading of sediments onto 

experimental quadrats. Interactions between experimental manipulations and background 

conditions such as those that occurred here are unfortunate but common occurrences in in- 

situ field experiments (Thrush et al., 1997a). Finally, aside from community-level changes 

caused by sediment-impact, the addition of sediment also affected the size structure of 

several gastropod species significantly. It has been shown previously using in-situ field 

experiments that the size structure of intertidal gastropod populations can be affected 

significantly by topographic complexity (Emsen & Faller-Fritsch, 1976; Raffaelli & 

Hughes, 1978). These studies indicated that studied gastropod populations tend to have 

smaller mean shell sizes on topographically ‘simple’ areas. Although the results of Field
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Experiment 1 showed that the mean shell size of two gastropod species decreased on areas 

with decreased topographic complexity (i.e. on sediment-impacted quadrats), the mean 

shell size of one species, Lavigeria sp. P, increased significantly on these areas. These 

intraspecific responses to increased sediment load may be related to competitive abilities 

with regards to turbulence or predator-avoidance (Emsen & Faller-Fritsch, 1976; Raffaelli 

& Hughes, 1978), or food attainment. Studies of soft sediment benthic communities 

exposed to point sources of sediment input also indicated that the size-structure of these 

populations may be affected significantly by exposure to increased sediment load (Chapter 

3). The mechanisms underlying the interactions between the size structure of populations 

and increased sediment load are investigated further in Chapter 5.
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Chapter 5

Ex-Situ Laboratory Experiments 
Investigating the Impact of Sediment

Benthic Organisms



5.1 Introduction

Laboratory experiments have shown that exposure to high concentrations of sediments can 

have detrimental effects on aquatic organisms (Ellis, 1936; Loosanoff & Tommers, 1948; 

Wallen, 1951; Herbert & Merkens, 1961; Gardner, 1981; Sigler et a t, 1984; Aldridge et 

a i, 1987; Hart, 1988; Kirk & Gilbert, 1990; Kirk, 1991a; 1991b; Roegner et al., 1995). 

Most of these experiments focussed on the effects of suspended sediment, which has been 

shown to deleteriously affect feeding behaviour (Aldridge et a l,  1987), infaunal 

recruitment (Roegner et al., 1995), feeding rates (Ellis, 1936; Loosanoff & Tommers, 

1948; Gardner, 1981; Hart, 1988; Kirk, 1991a; 1991b), respiration (Ellis, 1936; Wallen, 

1951), rates of reproduction (Kirk & Gilbert, . 1990) and individual growth rates (Pratt & 

Campbell, 1956; Herbert & Richards, 1963; Bricelj et a l, 1984; Sigler et al., 1984). 

Laboratory experiments have also demonstrated lethal effects of suspended sediments on 

aquatic organisms, through, for example, suffocation owing to the clogging of gills, and 

also through increased susceptibility to disease (Wallen, 1951; Herbert & Merkens, 1961).

Many laboratory experiments investigating the effects of sediment-impact on aquatic 

organisms have used mono-modal or simplified mixtures of sediment, which do not 

accurately represent the natural environment (Snelgrove & Butman, 1994; Castro & 

Reckendorf, 1995). The results of such experiments may indicate the general response of 

aquatic organisms to different physical factors, but do not replicate the responses of whole 

natural communities (Minshall & Minshall, 1977; Khalaf & Tachet, 1980), and must, 

therefore, be interpreted with some caution (Erman & Erman, 1984). Even at the 

autecological level, an element of ‘individuality’ has been reported between the responses 

of individuals to turbidity (Loosanoff & Tommers, 1948; Bainbridge & Waterman, 1958), 

which further complicates the interpretation of experimental results.

Results from field studies described in Chapter 3 revealed some significant correlations 

between both invertebrate abundance and diversity and the proportions of various particle 

size fractions in lakebed sediments. Laboratory experiments were, therefore, conducted to 

investigate the effects of sediment particle size on the survivorship of ostracods and 

gastropods. These organisms were selected for study as model groups because of ease of 

identification of most species and amenability to simple experimental treatments. Erman
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& Erman (1984) investigated the effects of sediment particle size on aquatic communities 

in-situ, and showed that both numbers of taxa and abundance of aquatic invertebrates 

decreased significantly with decreasing median particle size. Ex-situ experiments have 

indicated that fine sediment particles can also detrimentally affect invertebrate growth rates 

(Hoss et a l, 1999), while field studies have revealed a direct association between sediment 

particle size and species diversity (Fraser, 1935; Estcourt, 1968; Warwick & Buchanan, 

1970; Probert, 1975). These studies showed that high mobility and low cohesion of fine

grained sediments resulted in unstable habitat, homogenous in structure, and not congenial 

to the maintenance of high species diversity.

Results from both Chapters 3 and 4 indicated that sediment can affect significantly the size 

structure of invertebrate populations, although the mechanisms of impact are unclear. 

Results from the in-situ field experiments described in Chapter 4 indicated that exposure to 

large volumes of settled sediments had differential effects on the size-structures of 

impacted gastropod populations. It was hypothesised that these results may be related to 

one or more of intraspecific differences in competitive abilities in attaining food, tolerance 

of sediment and predator or turbulence avoidance (Emsen & Faller-Fritsch, 1976; Raffaelli 

& Hughes, 1978). A laboratory experiment was conducted, therefore, to investigate further 

the relationship between sediment-impact and the size-structure of benthic populations, 

using the large gastropod Lavigeria grandis as a model organism.
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5.2 Materials and Methods

The experiments described in this Chapter were conducted in a lakeshore laboratory at the 

Department of Fisheries, Mpulungu, Zambia (Grid reference: 8° 46’ S., 31° 07’ E.). All 

lake water used in these experiments was pumped from the lake directly into the laboratory 

and filtered through a 63 |am Endicott® sieve. Light was provided by florescent lamps on a 

12 hour Hght/dark cycle.

5.2.1 Ostracod Experiment

This experiment was done in order to elucidate the effects of sediment particle size 

composition on ostracod survivorship. Ostracods were sampled from 5 and 10 m water 

depth close to the Kalambo control site (Grid reference: 8° 36.2’ S., 31° 11.4’ E.). 

Sediment was collected from the same location as those used in the field experiments 

described in Chapter 4. Standard quantities (0.4 cm ) of sieved sediment, in the size ranges 

<63 |im, 63-212 |im, 212-355 pm and 355 |im-2 mm were placed in small glass vials of 1 

cm diameter and 5 cm in height, and 2 ml lake water added. Control treatments contained 

sediment from which the ostracods were sampled. Laboratory analyses of particle size 

composition of control sediments taken from both 5 and 10 m water depth were carried out 

as described in Section 2.2.2. All sediments were dried in a Raven® scientific oven at 

550°C for one hour prior to use in an attempt to remove organic components (Jones et al,  

2000). Five ostracods were added randomly to each replicate vial, irrespective of species. 

A list of the ostracod species that were used in this experiment is included in Table 5.1. 

There were eight replicates per treatment. A drop approximating 0.04 ml of yeast mixture 

(1 cm^ dried yeast granules 25 ml'^ filtered water) was added to each vial. ViaJs were 

examined daily under a dissecting microscope, and the number of living ostracods in each 

vial counted. Ostracods were transferred, using a glass pipette, to new vials, contammg 

fresh water, sediment and yeast every three days.
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Table 5.1. Ostracod species taken from 5 and 10 m water depth at the Kalambo control 

site used in the Ostracod Laboratory Experiment.

D epth (m) Species Depth (m) Species

5 Archaeoiypris tuberculata 10 A.rchaeo(jpris tuberculata

5 Candonopsis anteroacuta 10 Candonopsis anteroacuta

5 Cjprideis spatula 10 Cjprideis spatula

5 Gompho t̂here alata 10 Gen. Aff. Tanganjikatjpris spec.

5 Gompho t̂here coheni 10 Gompho(jthere alata

5 Gompho(ythere sp. 1 10 Gompho(jthere coheni

5 Meijnoijpria declems 10 Gompho(jthere sp. 1

5 M egno^ria lata 10 Megnocypria declevis

5 Me(yno(jpria opaca 10 Meijno(jpria lata

5 Meso(yprideis irsicae 10 Metjnoijpria opaca

5 MesoQprideis pila 10 Meso(jprideis irsicae

5 Rome^therida ampla 10 Meso(jprideis pila

5 Tanganyikaiythere burtonensis 10 Rome^therida ampla

10 Tanganjikaijthere burtonensis

5.2.2 Gastropod Experiments

5.2.2.1 G a st r o p o d  E x pe r im e n t  1

Survivorship of the rock-dwelling gastropod Reymondia horei was measured during 

exposure to a range of sediment size fractions. A l l  glass jar (9.5 x 9.5 x 13 cm) was 

filled with filtered lake water, into which two to three small rocks were placed. Three 

sediment size treatments were used in this experiment; 63-212 ^m, 355 ^m -2 mm and a 

mixed sediment containing equal proportions of each of these fractions. No sediment was
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added to control replicates. Each experimental treatment received an addition of 100 cm^ 

of sediment, which was generally enough to cover the majority of rock surface area. There 

were six replicates per treatment. Eight individuals of Reymondia horei were placed in 

each jar. Sediments used in this experiment were taken from the same location as for the 

ostracod experiments. Efforts were made to use rocks of approximately equal size and 

shape and to maintain an approximately equal rock surface area across all replicates. All 

treatments and controls were aerated, using a diaphragm pump and air stones, and both 

water and rocks were replaced every second day. The number of live individuals in each 

replicate was recorded daily, and any pertinent observations regarding the behaviour of 

experimental organisms recorded.

5.2.2.2 G a str o po d  E xperim ent  2

The second gastropod experiment was conducted in order to investigate the time taken for 

individuals of Reymondia horei to free themselves after inundation under sediment of 

different size fractions. A single individual was placed into a plastic container (7 cm 

diameter across the top, 4 cm at base, 4 cm in height) containing 60 cm^ lake water. 

Twenty cm^ sediment of either 63-212 |im or 355 |im-2 mm size range was poured over 

the snail, which was then completely covered by sediment. There were ten replicates in 

each treatment. The times taken, first for snails to reach the surface of the sediment, and 

second, for snails to completely extract themselves from the sediment and begin to ascend 

the surface of the vial (if this occurred at all) were recorded.

5.2.2.3 G a str o po d  Ex per im ent  3

This experiment was done in an attempt to clarify whether exposure to sediment 

differentially affects gastropods according to individual size, as was suggested in Chapter 

4. Two experimental treatments were used, one comprising small individuals of Lavigeria 

grandis <1.5 g fresh weight, the other comprising larger individuals >2.5 g fresh weight. 

There were six replicates per treatment. Each replicate contained eight individuals in a 1 1 

glass jar (9.5 x 9.5 x 13 cm) filled with filtered lake water, and containing two to three
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small rocks. Each replicate contained an approximately equal area of rock surface. Into 

each jar was poured 100 cm  ̂ of 355 |am-2 mm sediment. Two control treatments were 

used in this experiment; one containing small, and the other containing larger individuals 

of the same size ranges as the experimental treatments. The control treatments differed 

from the experimental treatments only in that no sediment was added. All replicates were 

aerated. Both water and rocks were replaced every second day. The number of live 
individuals in each replicate was recorded daily.

5.2.3 Statistical methods

Most of the data described in Sections 5.3.1, 5.3.2.1 and 5.3.2.3 are longitudinal in nature. 

Longitudinal data are a special case of repeated measures, combining elements of 

multivariate and time-series data (Crowder & Hand, 1990; Diggle et a l, 1994). A 

difficulty arises in the analysis of longitudinal data owing to a total lack of independence 

between samples taken on consecutive days, where, in the case of data* in this chapter, the 

numbers of either ostracods or gastropods that were alive on one day were not independent 

of the numbers alive the previous day. In addition, the number of live organisms on one 

day affected further all subsequent counts in that the number could either decrease or stay 

the same, but could not increase. These facets of some of the data presented in this chapter 

preclude direct analysis using conventional ANOVA. The derivation of a single parameter 

that plausibly models these data can, however, be analysed using conventional ANOVA 

(Diggle et al., 1994). A plausible model of the longitudinal data presented in this chapter 

is one of linear decay towards extinction (or zero survivorship). The slope of this line 

summarises the data into a single variable, which may be interpreted as the death rate, or, 

conversely, as the survival rate. These derived variables may then be analysed using 

conventional ANOVA. Slopes that were derived from results of the Ostracod Experiment 

and Gastropod Experiments 1 and 3 are included in Appendix 6.
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5.3 Results

5.3.1 Ostracod Experiment

The survivorship of ostracods taken from 5 m and 10 m depth in each treatment over the 

course of this experiment is shown on Figure 5.1. These graphs show that ostracod 

survivorship was consistently lowest in the finer sediment treatments, and highest in the 

control and coarser treatments. Sediment particle size composition significantly affected 

ostracod survival rates (Two-way ANOVA, ^ 4,70 = 10.12, P  <0.001). Depth from which 

the ostracods were sampled did not significantly affect survivorship {F\jq -  1.65, P  = 0.2), 

and there was no significant interaction between sediment composition and depth (F4J0 = 

1.23, P = 0.3). Scheffe post-hoc tests showed that ostracod survivorship in the finest 

sediment treatment {i.e. <63 |am) was significantly lower than in all other treatments {P 

<0.05 in each case), which showed no significant differences among themselves.
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Figure 5.1. Mean number (± S.E., n = 8) of live ostracods taken from 5 m (a) and 10 m 

(b) water depth for each treatment over the course of the ostracod experiment.
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A one-way ANOSIM calculated using a Euclidian distance matrix based on species 

presence/absence data showed no significant differences in species present in replicate 

vials containing ostracods taken from 5 m depth from those taken from 10 m depth (R = 

0.002, P  = 0.39). Particle size analyses of control sediments (Table 5.2) indicated that, 

overall, sediments taken from 10 m depth were coarser and slightly better sorted than those 

taken from 5 m depth, although no replicate samples were taken.

Table 5.2. Percentage (by weight) of different sediment size fractions in the control 

sediments used in the Ostracod Experiment.

Depth >2 mm 355 |um-2 mm 212-355 ^m 63—212 ju,m <63 nm

5 m 1.22 72.02 0.19 26.26 0.3

10 m 4.49 79.56 0.62 14.76 0.56

5.3.2 Gastropod experiments 

5.3.2.1 G a s t r o p o d  E x p e r im e n t  1

Data from this experiment were approximately linearised through square-root 

transformation prior to analysis (Figure 5.2). One-way ANOVA, calculated using slopes 

based on the linearised data (Section 5.2.3), showed that sediment treatment significantly 

affected survival rates of Reymondia horei (F3,2o = 118.33, P  <0.001). Gastropod 

survivorship was lowest in the finest sediment treatment and highest in the control 

treatment, and increased with increasing particle size. Scheffe post-hoc tests showed that 

survival rates in all treatments were significantly different from each other {P <0.005 in 

each case).
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Figure 5.2. Mean number of live gastropods recorded in each treatment over the course of 

Gastropod Experiment 1 (a), and square-root transformed data (b) (± S.E., n = 6).
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It was observed that individuals began feeding almost immediately in the control jars, 

whereas a large number of individuals attached themselves to the sides of the jars in the 

sediment-impacted treatments (Figure 5.3). Both treatment and day number significantly 

affected the prevalence of this phenomenon (Two-way ANOVA, = 6.65 and Fi4 ,i37 = 

2.16, P <0.001 and P = 0.013, respectively), and there was a significant interaction 

between the independent variables (Fi6 ,i3 7  = 2.24, P = 0.007). Scheffe post-hoc tests 

showed that the proportion of gastropods on the glass surface was significantly greater in 

the mixed sediment treatment than in both the control and 355 |im—2 mm treatments {P 

<0.001 and P = 0.007, respectively).
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—  Mixed
—  .355-2 mm
— - Control

uoa.ou
Eu

0 -k
0 11 13 148 9 10 12 153 6 74 521

Day Number

Figure 5.3. Mean proportion of gastropods (± 5.E., n = 6 ) recorded on the surface of the 

glass jars used in Gastropod Experiment 1 on each day for each treatment.

S.3.2.2 G a st r o p o d  E x per im ent  2

There was a significant difference between treatments in the time taken for gastropods to 

reach the sediment surface (Two Sample r-Test, t = 6.28, P  <0.001, d f  = 16.2, both 

variables were log-transformed). The mean time taken for gastropods covered by fine 

sediments to reach the sediment surface was 24.1 ± 3.1 minutes (± S.E., n = 10), which 

was almost five times the mean time taken for individuals covered by coarse sediments
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(4.9 ± 0.9 minutes (± S.E., n = 10)). One day after the commencement of the experiment, 

all individuals exposed to the coarser sediment treatment had totally extracted themselves 

from the sediment, while all gastropods in the finer sediment treatment died without having 

totally extracted themselves from the sediment. The time taken for individuals to extract 

themselves from the coarser sediment ranged from 18 minutes to over 4  hours.

5.3 .2 ,3  Ga str o po d  E x per im ent  3

Two-way ANOVA showed that gastropod survivorship varied significantly with both 

sediment treatment (F 1 3  = 320.19, P <0.001) and gastropod size (Fi,2o = 85.86, P  <0.001), 

with a significant interaction between these variables (Fi,2o = 5.19, P = 0.034, Figure 5.4). 

Scheffe post-hoc tests for differences between treatments indicated significantly different 

effects of each treatment on gastropod survivorship (P <0.001 in each case). It was 

observed that individuals in all treatments spent the vast majority of time on the surfaces of 

rocks, and very rarely moved onto the sides of the glass jars.

8

7

6

2

1

0
10 118 9752 4 61 30

Day Number

Figure 5.4. Mean number of live gastropods recorded in each treatment each day for the 

duration of Gastropod Experiment 3 (± S.E., n = 6 ). Sediment-impacted and control 

treatments are represented by solid and dashed lines, ‘big’ and ‘small’ gastropods are 

represented by solid squares and open circles, respectively.
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5.4 Discussion

5.4.1 Ostracod Experiment

Results from the Ostracod Experiment are in agreement with previous studies that have 

indicated that fine sediments detrimentally affect invertebrate community structure {e.g. 

Fraser, 1935; Estcourt, 1968; Warwick & Buchanan, 1970; Probert, 1975; Erman & 

Erman, 1984). It was observed that the movement of ostracods in the finest sediment 

treatment was more vigorous than in 'the other treatments, possibly owing to the lack of 

stability of these types of sediments (Fraser, 1935; Estcourt, 1968; Probert, 1975). Many 

of the ostracods in the fine sediment treatment also appeared to have appendages clogged 

with fine particles. This observation was also made by Lockhead (1968) who noted that 

setae on the vibratory plates of ostracods exposed to dense volumes of suspended 

sediments became clogged, and, because no structures exist for combing these setae, they 

remained clogged even 24 hours after being placed in clear water. Low ostracod 

survivorship in the finest sediment treatment may thus be related to increased energy 

requirements for movement through unstable fine sediments, or to the clogging of 

appendages and exposed soft tissues such as gills (Wallen, 1951; Herbert & Merkens, 

1961; Herbert et a l ,  1961; Lockhead, 1968; Bruton, 1985), or to an interaction between 

each these phenomena.

It is not surprising that the depth from which ostracods used in this experiment were 

sampled was found to have no significant association with survivorship, as there were no 

significant differences in species composition at the different depths, although sediments 

from 10 m water depth appeared coarser and better sorted than those taken from 5 m depth 

(Table 5.2).
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5.4.2 Gastropod experiments

Results from the gastropod experiments showed clearly that the addition of sediment 

significantly reduced gastropod survivorship, while those from Gastropod Experiments 1 

and 2 showed that fine sediment fractions had a greater impact than coarse sediments. 

Aside from reducing survival rates, results from Gastropod Experiment 1 also indicated 

that snails exposed to sediments behaved differently depending on the range of particle 

sizes to which they were exposed. Laboratory experiments have shown previously that 

fine suspended sediments can deleteriously affect the feeding behaviour of molluscs 

(Aldridge et a i ,  1987). In my experiments, gastropods exposed to very fine sediments 

adhered to the glass jars in which they were kept, made no attempt to feed and produced 

copious amounts of mucus, while those exposed to coarser sediments produced far less 

mucusi and did not behave in a significantly different manner than gastropods in the control 

treatment, with apparently unhindered grazing on the rocks. Results from Gastropod 

Experiment 2 indicate that this stationary behaviour may be related to increased difficulty 

of locomotion through finer sediments, and may ultimately result in death. Although snails 

exposed to coarse sediments showed no observable difference in behaviour from snails in 

the control treatment, survivorship in the coarse sediment treatment was still significantly 

lower than that in the control. While snails in the coarse sediment treatment attempted to 

feed, lower food availability owing to the inundation of a large proportion of rock surface 

area under sediment may have resulted in lower gastropod survivorship in this treatment 

compared with the controls. Decreased feeding rates in aquatic organisms have been 

associated with sediment-impact (Ellis, 1936; Loosanoff & Tommers, 1948; Gardner, 

1981; Hart, 1988; Kirk, 1991a; 1991b). Decreased rates of feeding with decreasing 

sediment particle size could also be an effect of increased impact of fine sediments, 

through the clogging of gills (Wallen, 1951; Bruton, 1985) or physical abrasion (Harman, 

1974). It is, however, unlikely that the latter would have lethal effects in the short time of 

my experiment. At the end of the experiment, sediments had blanketed large portions of 

exposed soft tissues in individuals exposed to' the finest sediment treatment. Although 

gastropods exposed to the coarse sediment treatment also had sediment particles adhered to 

soft tissues, the extent of this was much less than animals exposed to the fine sediment 

treatment.
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Results from Gastropod Experiment 3 indicated that gastropod survivorship was also 

affected significantly by the size of individuals, with larger individuals of Lavigeria 

grandis having significantly lower survivorship than smaller individuals, in both sediment- 

impacted and control treatments. This is likely to be related to greater energy requirements 

of the larger snails, which may have resulted in increased starvation in both sediment- 

impacted and control treatments. The fact that there was a significant interaction between 

treatment and snail size, however, indicates that the addition of sediment affected big 

Lavigeria grandis more deleteriously than small ones (Figure 5.4). These results therefore 

concur with significant interactions found in the ANOVA between sediment-impact and 

the size structure of populations of Lavigeria grandis noted in Chapter 4. These 

interactions may be a result of decreased food availability in sediment-impacted treatments 

as a consequence of sediment inundation of rock surface, with disproportionately increased 

starvation of larger snails. Factors such as predator or turbulence avoidance evoked by 

previous studies (Emsen & Faller-Fritsch, 1976; Raffaelli & Hughes, 1978) to explain the 

decrease in mean gastropod size associated with decreased topographic complexity, as 

occurs after inundation with sediment, do not, therefore, appear to be the primary 

mechanisms affecting the size structure of studied gastropod populations from Lake 

Tanganyika. Although only Lavigeria grandis was used in Gastropod Experiment 3, the 

results suggest that similar mechanisms may operate to explain the significant interaction 

of the ANOVA found between sediment treatment and the size structure of populations of 

Reymondia horei and Lavigeria sp. P in the in-situ field experiments (Chapter 4). These 

mechanisms are likely to involve both inter- and intra-specific differences in feeding 

efficiencies and other forms of competition.

5.4.3 General discussion

Because the mono-modal sediment-size fractions used in these experiments represent, but 

do not replicate, the natural environment (Snelgrove & Butman, 1994; Castro & 

Reckendorf, 1995), the relevance of these laboratory experiments to in-situ conditions 

requires careful interpretation. Results from experiments described in this Chapter indicate 

strongly, however, that exposure to large volumes of fine sediment particles are likely to 

have more deleterious effects on invertebrate communities in the field than coarser ones. 

These results are in agreement with field studies, which noted that species diversity of
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benthic invertebrates was associated negatively with decreasing sediment particle size 

(Warwick & Buchanan, 1970; Probert, 1975). These findings suggest that sub-catchments 

composed largely of easily eroded fine-grained soils and bedrock cause disproportionately 

detrimental effects on littoral benthic communities. It is hypothesised here that primary 

mechanisms operating may be increased clogging of appendages and soft tissues with fine 

sediments (Wallen, 1951; Lockhead, 1968; Bruton, 1985), and increased energy 

requirements of locomotion owing to a constantly changing benthic sediment structure 

(Fraser, 1935; Estcourt, 1968; Pennak & Van Gerpen, 1947; Hynes, 1970; Bruton, 1985). 

Potentially decreased availability of oxygen in fine sediments (Cairns, 1968; Chatter, 

1969; Bruton, 1985; Martin et ah, 1993a; 1993b; 1998) may further exacerbate the 

problem. Fine sediments may also be particularly deleterious by affecting feeding 

behaviour, as indicated by results from the first gastropod experiment. These results 

suggest that positive associations found between the proportion of fine particles (<63 jam) 

in lakebed sediments and benthic abundance at the mouth of the Kalambo River (Chapter 

3) were owing to autocorrelations between fine sediments and some other factor, such as 

the proportions of organic matter and/or coarse sediments (>2 mm). In conjunction with 

fine sediments, both of these factors were also associated positively with water depth at the 

mouth of the Kalambo River (Chapter 2).

The fact that the proportion of finer sediments in runoff is related inversely to rainfall 

intensity (Dumford & King, 1993), suggests that even low intensity rainfall events could 

impact significantly on the community structure of Tanganyikan benthos. That pattems of 

invertebrate abundance and diversity at river mouths (Chapter 3), generalised in Figure 

3.43, were similar during the wet and pre-wet seasons over the sampling period, despite the 

fact that riverine sediment loads and rainfall intensities were substantially higher during the 

wet season (Chapter 2), supports this hypothesis. The erosion and transport of fine 

sediment fractions is also supply-limited, and tends to occur in pulses, decreasing over the 

duration of a rainfall event (Dumford & King, 1993). This implies that pulse rainfall 

events are also likely to be extremely important factors affecting the transport of fine 

sediments, and hence, indirectly affecting the structure of lacustrine biotic communities. 

These conclusions agree with field studies (Chapter 3), which showed large and long- 

lasting effects of large storm events.

The implications of alterations to the size structures of benthic populations may also be of 

great importance, potentially affecting both inter- and intra-specific interactions and.
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therefore, food-web stability (McCann, 2000). Results from the in-situ experiments 

described in Chapter 4 indicated that increases in sediment load can affect the mean size of 

individuals of some species significantly. Results from the third gastropod experiment, 

described in this Chapter, implicated disproportionally increased risk of starvation of larger 

individuals of Lavigeria grandis with sediment-impact. Mechanisms resulting in increased 

mean size of individuals with increased sediment loads, as occurred in Lavigeria sp. P 

(Chapter 4), are unknown, but it is hypothesised here that they involve intra-specific 

differences in feeding efficiencies and competition. Further research is, therefore, needed 

to evaluate the mechanisms behind the interactions between sediment-impact and 

community size-structure, and to quantify the implications of such effects for lake 

productivity, stability, and conservation.
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Chapter 6

Conclusions



Before the work described in this thesis, no studies had been done to test the direct effects 

of sediment on the biota of Lake Tanganyika. This study has documented that the 

exposure of benthic organisms to large volumes of sediments has deleterious effects on 

survivorship, and impacts on community structure. These conclusions are in agreement 

with studies elsewhere on the effects of sediment on aquatic biota and communities from 

both field (e.g. Bartsch, 1960, cited in Chatter, 1969; Herbert et al., 1961; Chutter, 1969; 

Probert, 1975; Gardiner, 1981; Wilber, 1983; Bruton, 1985) and laboratory (e.g. Ellis, 

1936; Wallen, 1951; Herbert & Merkens, 1961; Gardner, 1981; Sigler et a l,  1984; 

Aldridge et a l,  1987; Hart, 1988; Kirk & Gilbert, 1990; Kirk, 1991a, 1991b; Roegner et 

al., 1995) work. Increased sediment loads in Lake Tanganyika were associated with 

decreases in both benthic abundance and diversity, as well as with alterations to the size 

structure of littoral benthic communities. Periods of high sediment input to the lake were 

also associated with decreased variability in biotic community structure between samples 

taken close to the mouths of rivers. This indicates that theoretical predictions by Caswell 

& Cohen (1991), of increased heterogeneity with increased disturbance, may not apply in 

these areas, owing to the homogenising effects of sedimentation. In Lake Tanganyika, 

inter-annual decreases in Values of Multivariate Dispersion during wet seasons may be a 

good indicator of increased catchment erosion. Trends toward increased variability with 

increased stress, proposed by Warwick «fe Clarke (1993), and supported by a number of 

field studies (e.g. Gee et al., 1985; Grey et a l, 1990; Warwick et al., 1990; Dawson 

Shepard et al., 1992; Warwick et a l, 1997), are, therefore, not applicable universally.

There is some inconsistency in the literature regarding the effects of short-term pulses of 

sediment entering aquatic ecosystems (Campbell, 1954, cited in Alabaster, 1972; 

Alabaster, 1972; Hombach et al., 1993). Results of an in-situ field experiment described in 

Chapter 4 indicated that short-term inputs of sediment significantly affected abundance of
I

benthos but not diversity. It has been hypothesised that sediment-impact decreases 

primary production (Ellis, 1936; Hynes, 1960; Herbert & Merkens, 1961; Bruton, 1985), 

and thus the amount of energy available to higher trophic levels. The effects of short-term 

pulses of sediment on littoral benthos at the Lake Tanganyika study sites were also 

relatively long lasting, evident even four months after initial impact. These effects were 

not as severe, nor as persistent, however, as those exhibited by communities inundated 

under sediment. These findings have important implications for the littoral regions of 

other large lakes, indicating that pulses of sediment caused by, for example, road-building, 

landslides and clear-felling, may have significant and persistent deleterious effects on
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benthic community structure. Field studies described in Chapter 3 showed that sediment 

pulses arising from large storm events can also cause large and long-lasting detrimental 

effects on benthic communities. Such pulses can account for up to 90% of the total annual 

sediment yield of some river systems (Wolman & Miller, 1960; Douglas et a l ,  1993)

Results from ex-situ laboratory experiments showed that fine sediments reduced 

survivorship of ‘model’ benthic organisms more significantly than coarse sediments. 

These results are in agreement with other field studies, which found an association between 

fine sediments and decreased diversity of benthic invertebrate communities (Warwick & 

Buchanan, 1970; Probert, 1975). These findings suggest that low-intensity rainfall, which 

tends to entrain high proportions of fine sediments in runoff (Dumford & King, 1993), may 

disproportionately affect benthic communities. These implications were supported by 

results of the field surveys described in Chapter 3, where, despite far higher sediment loads 

and rainfall intensities recorded during wet seasons, resultant patterns of benthic 

abundance and diversity appeared to be similarly low during both wet and pre-wet seasons, 

as generalised in Figure 3.43. These results imply that rivers draining catchments 

composed of easily eroded fine-grained soils and bedrock have a greater effect on littoral 

benthic communities in Lake Tanganyika than those draining catchments composed largely 

of coarse sediments. Further research is needed, however, to evaluate further the link 

between catchment geology, types of erosion and effects on lacustrine biota.

Results from both field surveys and in-situ field experiments indicated that the resistance 

of benthic invertebrate communities to disturbance in the form of increased sediment loads 

was low. There were, however, differences in the resilience of benthic communities 

inhabiting hard and soft substrates. Communities of benthic invertebrates inhabiting rocky 

substrates showed very weak resilience after exposure to high sediment loads, with low 

recovery four months after a controlled sediment impact (Chapter 4). Conmiunities 

inhabiting soft substrates, however, showed strong resilience after changes effected by 

high sediment loads, and increased significantly in both abundance and diversity over one 

to four month periods during dry seasons (Chapter 3). In contrast to benthic invertebrate 

communities, littoral fish communities showed strong resistance after exposure to 

increased sediment loads, which did not affect community structure significantly (Chapter 

4). The strong resistant abilities of these communities were suggested by Hori et al. (1993) 

to be the result of a complex ‘web’ of intra-specific interactions. Although there was a 

significant interaction in the ANOVA between treatment and day number on the number of
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fish species observed on experimental quadrats (Chapter 4), no evidence for any 

detrimental impacts of sediment on littoral fish communities were found. Decreased 

abundance and diversity of lower trophic levels owing to sediment-impact would, 

however, be likely to have significant ‘bottom-up’ effects on littoral fish communities 

through reductions in food availability. That such indirect impacts were not evident from 

the in-situ experiment described in Chapter 4 may be owing to the spatial scales at which 

the experiment took place; the highly mobile fish could easily have moved from their 

territories to feed in adjacent areas. Larger scale effects of increased sediment loads 

entering the Tanganyika ecosystem may, however, make large areas of previously rocky 

substrates uninhabitable for petrophilic fish communities.

Both laboratory and field experiments implicated food availability, and other mechanisms 

such as the clogging of gills and other appendages, as important in affecting communities 

impacted by sediment. Laboratory experiments indicated that, among other factors, 

decreased food availability may have resulted in alterations to the size-structure of 

gastropod communities, while results of field experiments implicated decreased food 

availability owing to sediment-impact as a factor that may be associated with decreased 

abundance of benthic communities. O’Reilly (1998) investigated the effects of catchment 

deforestation on benthic primary productivity in Lake Tanganyika and found no 

differences between net primary productivity or light penetration in littoral zones located 

close to forested and deforested catchments. Although algal biomass was significantly 

greater at the site located close to the impacted catchment, biomass-specific net 

productivity was significantly lower at this location, indicating that algal productivity was 

less efficient owing indirectly to anthropogenic disturbance. This may, however, also 

reflect the operation of a density-dependent factor. As was the case with previous studies 

investigating the effects of sediment-impact on the biota of Lake Tanganyika (Cohen et a l, 

1993a; Cohen, 1995; Alin et al., 1999), however, differences found by O’Reilly (1998) 

between sampling locations may be owing to physical differences between habitats and 

unrelated to sediment input or catchment deforestation. O’Reilly’s study also included a 

temporal component, and provides some evidence that decreases in biomass-specific net 

productivity occurred during periods of high sediment input to the lake. Unfortunately, no 

direct measurements of sediment loads were taken to test the significance of this 

association. It is, therefore, recommended strongly that future studies investigating the 

impact of increasing sediment loads in Lake Tanganyika employ a more holistic approach, 

and integrate closely studies of primary production with those of both animal communities
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and the abiotic environment. Such studies should involve both spatial and temporal 

components, with samples of the abiotic environment taken concurrently with samples of 

both plant and animal communities. This would allow for both the identification and 

evaluation of mechanisms of sediment-impact on biotic communities, and of the 

interactions between different trophic levels.

The potential long-term implications of large increases in sediment load entering the Lake 

Tanganyika ecosystem are summarised in Figure 6.1. Increased sediment loads could have 

significant consequences for food-web stability (McCann, 2000), the structure of benthic 

metapopulations (Cohen, 1995), and mechanisms of ecosystem recovery (O’Neill, 1999). 

Each of these potential outcomes could result in decreased stability of the Tanganyika 

ecosystem, within which a unique biotic assemblage has been evolving for at least nine 

million years (Tiercelin et a l, 1988; Tiercelin & Mondegeur, 1991; Cohen et a l, 1993b), 

and which is noted as being highly vulnerable to disturbance (Fryer, 1972; Coulter 1991a; 

Kaufman, 1992). Increased sediment loads could also deleteriously affect fisheries stocks 

both directly by, for example, affecting foraging efficiency (Hynes, 1960; Alabaster, 1972; 

Bruton, 1985; Abel, 1996), and indirectly, by rendering affected animals more prone to 

infection (Herbert & Merkens, 1961; Alabaster, 1972; Abel, 1996), decreasing carbon 

transfer between trophic levels, and decreasing food-web stability. The fact that numerous 

commercial pelagic fish species inhabit littoral zones as juveniles (Coulter, 1991b), 

suggests that both pelagic and inshore fisheries stocks could be affected by increases in 

sediment loads entering the Tanganyika ecosystem. Consequent effects on human food 

supply (Benemariya et al., 1991) may be significant. Although studies by Einsele & 

Hinderer (1998) suggest that rates of denudation of the Tanganyika catchment may have 

been higher in the past, the destabilising effects of increasing sediment loads as a result of 

widespread catchment deforestation, concurrent with those owing to many other 

anthropogenic stresses, such as over-fishing, chemical contamination and rising lake 

temperatures as a result of global warming (Cohen, 1995), may combine to result in a 

"‘virtually irreversible catastrophe" (quoted from Fryer, 1972), with significant loss of both 

biological diversity and fisheries.
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Figure 6.1. Schematic of potential long-term implications of large increases in sediment 

load entering the Lake Tanganyika ecosystem.
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Appendix 1



Appendix 1.1. The percentage of different sediment size fractions, mean particle size, 

sediment sorting (standard deviation (S.D.) of mean particle size) and skewness and the 

percentage of organic matter in lakebed sediment samples taken at approximately 

equidistant sampling points on a straight-line transect parallel to the direction of the mouth 

of the Kalambo River (Figure 2.4(a)). Site 0 was located directly in front of the river 

mouth, sites numbered 1-9 were located on the eastern side and sites numbered 10-18 were 

located on the western side of the river mouth.

Site Mean Particle Size (|im) Clay (%) Silt (%) Sand (%) Skewness S.D. Organic Matter (%)

0 149.60 1.50 7.86 90.65 -0.93 2.93 10.52
■1 143.20 1.27 8.27 90.46 -0.66 2.80 4.78
2 116.70 1.38 18.04 80.58 -0.43 2.95 8.55
3 124.60 1.22 16.46 82.32 -0.58 2.87 10.33
4 131.40 1.06 11.84 87.11 -0.67 2.65 9.57
5 179.80 0.49 7.40 92.11 -0.22 2.71 16.12
6 324.30 0.31 2.52 97.17 -0.58 2.79 5.69

7 444.60 0.00 0.93 99.07 -0.58 2.18 1.41

8 453.90 0.00 0.84 99.16 -0.38 2.19 1.16

9 349.80 0.15 2.16 97.69 -0.81 2.45 6.96

10 180.00 1.01 3.45 92.55 -1.03 2.62 3.07

11 148.20 1.44 8.53 90.03 -1.15 2.80 5.68

12 121.20 1.97 14.34 83.69 -0.77 3.23 12.00

13 93.33 2.27 18.18 79.55 -1.78 2.74 8.43

14 86.08 3.86 18.88 77.26 -2.20 2.49 6.48

15 106.50 1.48 18.44 83.09 -1.72 2.50 7.75

16 148.00 0.80 8.67 90.54 -0.23 2.63 2.21

17 159.60 0.40 5.40 94.20 0.08 2.31 2.36

18 153.10 0.31 5.40 94.29 0.89 2.32 1.46
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Appendix 1.2. The percentage of different sediment size fractions, mean particle size, 

sediment sorting (standard deviation (S.D.) of mean particle size) and skewness and the 

percentage of organic matter in lakebed sediment samples taken at approximately 

equidistant sampling points on a straight-line transect parallel to the direction of the mouth 

of the Lunzua River (Figure 2.4(b)). Site 0 was located directly in front of the river mouth, 

sites numbered 1-9 were located on the western side and sites numbered 10-18 were 

located on the eastern side of the river mouth.

Site M ean Particle Size (^m) Clay (%) Silt (%) Sand (%) Skewness S.D. Organic M atter (%)

0 79.49 2.66 33.73 63.62 -0.53 3.28 7.99

1 141.90 1.48 16.27 83.74 -1.19 2.98 4.65

2 288.30 0.19 0.67 99.13 -2.76 1.67 0.82

3 337.50 0.19 0.94 98.87 -2.75 1.76 0.89

4 318.00 0.00 0.18 99.82 0.43 1.67 0.86

5 405.90 0.07 0.24 99.69 -2.22 1.58 0.64

6 429.20 0.00 0.00 100.00 -0.59 1.38 0.52

7 319.40 0.00 0.06 99.94 -0.12 1.46 0.62

8 389.20 0.00 0.00 100.00 -0.56 1.40 0.81

9 330.50 0.04 0.37 99.59 -0.05 1.82 0.84

10 45.59 5.72 53.48 40.80 -0.32 4.06 24.84

11 58.99 4.14 50.73 45.14 -0.41 3.78 14.83

12 126.70 1.71 15.74 82.55 -0.48 3.34 6.64

13 151.50 1.76 11.82 84.52 -0.61 3.66 8.83

14 166.10 0.49 5.58 93.93 ■0.11 2.52 3.91

15 217.70 0.24 2.73 97.03 -0.44 2.18 4.62

16 337.00 0.12 0.65 99.24 -0.83 1.87 5.98

17 328.60 0.40 4.65 94.95 -0.56 3.26 2.73

18 460.30 0.40 5.50 94.10 -1.25 3.30 6.98
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Appendix 2. Percentage (by weight) of the <63 |im, 63 |am -  2 mm and >2 mm sediment 

size fractions, and percent organic matter measured from lakebed sediments sampled from 

all sampling sites at the mouths of the Kalambo (a) and Lunzua (b) Rivers in the period 

January 1999 -  March 2000\

(a)

Date Site >2 mm 63 nm -  2 mm <63 urn Organic Matter

January-99 5

February-99 5 0.39 98.94 0.67 0.08

March-99 5 0.11 94.44 5.44 0.17

April-99 5 13.68 85.86 0.46 0.17

May-99 5 0.14 97.01 2.86

June-99 5 0.54 97.14 2.32 0.86

July-99 5 3.50 94.14 2.36 1.14

August-99 5 1.16 98.45 0.39 0.23

September-99 5 0.60 98.27 1.13 2.23

October-99 5 1.74 84.27 13.99 3.78

November-99 5

December-99 5 11.75 88.01 0.23 0.41

January-00 5 0.00 96.03 3.31 0.66

February-00 5 0.43 98.26 1.30 1.64

March-00 5 1.97 95.22 2.81

January-99 10 2.22 87.71 10.07 3.53

February-99 10 0.34 78.99 20.67 1.23

March-99 10 3.40 90.27 6.34 0.62

April-99 10 6.76 90.74 2.50 1.45

May-99 10 0.13 98.19 1.68

1 Sampling of iakebed sediments at the Lunzua control site was ceased in August 1999 owing to difficulty of 
obtaining samples from this location.
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Appendix 2(a) continued.

Date Site >2 mm 63 jim -  2 mm <63 Organic Matter

June-99 10 7.34 89.86 2.80 0.82
July-99 10 1.52 96.33 2.14 0.51

August-99 10 0.85 86.68 12.47 0.42

September-99 10

October-99 10 0.79 93.04 6.17 2.53

November-99 10

December-99 10 4.20 92.91 2.90 0.30

January-00 10 0.83 92.50 6.67 0.39

February-00 10 0.95 91.43 7.62

March-00 10 2.85 92.09 5.06

January-99 15 0.20 86.24 13.55 5.11

February-99 15 6.46 74.18 19.37 7.55

March-99 15 4.75 92.58 2.67 4.45

April-99 15 0.90

May-99 15 3.18 95.49 1.33

June-99 15 3.24 91.49 5.27 0.86

July-99 15 2.91 89.95 7.13 0.69

August-99 15 8.60 84.25 7.15 0.56

September-99 15 14.95 80.41 4.64 3.64

October-99 15 9.34 86.68 3.98 6.16

November-99 15

December-99 15 5.17 89.87 4.96 0.42

January-00 15 0.00 96.15 3.85 1.10

February-00 15 6.36 78.18 15.45 2.50

March-00 15 1.85 94.37 3.78

January-99 Control 0.10 95.72 4.18 3.62

February-99 Control 0.23 94.27 5.50 0.00

March-99 Control 0.41 92.25 7.25 0.05
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Appendix 2(a) continued.

Date Site >2 mm 63 nm -  2 mm <63 jxm Organic Matter

April-99 Control 0.08 88.36 11.56 0.18

May-99 Control 0.06 98.13 1.81

June-99 Control 0.15 97.57 2.28 0.82

July-99 Control

August-99 Control 0.17 99.23 0.61 0.39

September-99 Control

October-99 Control 7.08 82.74 10.18 17.70

November-99 Control

December-99 Control 1.37 97.19 1.44 0.45

January-00 Control

February-00 Control 0.00 98.88 1.12 1.90

March-00 Control 1.69 96.95 1.36

(b)

Date Site >2 mm 63 ^m -  2 mm <63 nm Organic Matter

January-99 5 0.00 94.28 5.72 2.88

February-99 5 11.12 82.85 6.03 2.93

March-99 5 5.02 89.22 5.76 0.39

April-99 5 0.09 96.54 4.66

May-99 5 0.69 91.94 7.37

June-99 5 4.10 92.85 3.05 3.06
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Appendix 2(b) continued.

Date Site >2 rnm 63 ]iim — 2 mm <63 nm Organic Matter

July-99 5 9.19 82.31 8.49 1.05
August-99 5 0.70 93.60 5.70 0.69

September-99 5 4.85 91.98 3.17 1.61
October-99 5 8.30 76.86 14.85 17.90

November-99 5

December-99 5 1.65 94.24 4.11 0.71

January-00 5 0.00 95.35 4.65 5.36

February-00 5 0.00 94.67 4.00 0.77

March-00 5 7.40 86.24 6.35

January-99 10 11.99 81.05 6.96 5.65

Febmary-99 10 30.59 59.25 10.16 2.26

March-99 10 1.91 76.84 21.25 2.60

April-99 10 20.16 63.58 16.26

May-99 10 2.39 89.87 7.74

June-99 10 50.71 47.14 2.14 0.72

July-99 10 0.59 99.00 0.41 0.47

August-99 10 23.29 63.04 13.66 0.61

September-99 10

October-99 10 26.05 63.03 10.92 15.13

November-99 10

December-99 10 7.96 88.63 3.42 0.10

January-00 10 0.00 96.43 5.36 2.21

February-00 10 13.33 70.00 16.67 0.73

March-00 10 14.38 79.65 5.97

January-99 Control 0.03 95.03 4.71 2.81

February-99 Control 0.73 94.90 4.37

March-99 Control 7.36 89.69 2.86 0.14

April-99 Control 0.31 98.24 1.45 1.95



Appendix 2(b) continued.

Date Site >2 mm 63 -  2 m m  <63 jitn Organic Matter

May-99 Control 2.41 96.90 1.72

June-99 Control 0.50 98.64 0.86 0.30

July-99 Control 4.86 90.95 4.19 0.34
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Appendix 3. Taxic groups and species that were found at the mouths of the Kalambo, 

Lunzua and Lufubu Rivers in the period February 1999 -  March 2000.

Taxic Group/Species

Cnidam Umnocnida tanganyicae G unther

Turbellaria Tiirbellaria

Nematoda Nematoda

Oligochaeta Oligochaeta

Gastropoda A.nceya giraudi Bourguignat

Gastropoda Bathenalia sp.

Gastropoda Ferrissia tanganyikensis (Smith)

Gastropoda Spekia i^nata (Woodward)

Gastropoda iMvigeria sp.

Gastropoda Sjmolopsis sp. 1

Gastropoda Sjmolopsis lacustris Smith

Bivalvia Bivalvia

Acari Hydracarina

Acati Orbatei

Araneae Araneae

Cladocera lliocryptus spinifer Herrick

Cladocera Lejdigia sp.

Harpacticoida Harpacticoida

Ostracoda A-lloijpria clavifomtes (Sars) Rome

Ostracoda Allo(jpria flexmsa (Sars)

Ostracoda Allo^pria humilis (Sars)

Ostracoda Archaeo(jpris tuberculata Ducasse & Carbonel

Ostracoda Candompsis anteroacuta Rome

Ostracoda Cjprideis loricata W outers & Martens

Ostracoda Cjprideis spatula Wouters & Martens

Ostracoda Cjpridopsis serrata Sars

Ostracoda Cjpridopsis sinuata Sars

Osttacoda Darwinula stevensoni Kiss
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Appendix 3 continued.

Taxic Gtoup/Species

Ostracoda Gen. Aff. Tanganyika^ris spec. Wouters, Martens & De Deckker
Osttacoda Gomphof̂ there data Rome

Ostracoda Gompho^lhere coheni Park & Martens

Ostracoda GomphoQithen dowlingi Park & Martens

Ostracoda Gompho^there sp. 1

Ostracoda Kavalagthereis brachonensis Wouters

Ostracoda Megno(^ria complanata (Sars)

Ostracoda Mecyno(^ria conoidea (Sars)

Ostracoda M egno^ria declevis (Sars)

Ostracoda Me(yno<jpria deflexa (Sars) Rome

Ostracoda Me^noiypria lata Rome

Ostracoda Me^no(^ria obtusa (Sars) Rome

Ostracoda Me(yno(ypria opaca (Sars) Rome

Ostracoda Mesocyprideis irsicae (Kiss) Martens

Ostracoda Meso^rideis pila Wouters & Martens

Ostracoda Romeiythenda tenuisculpta Wouters

Ostracoda Tanganjika^ris spec. Wouters, Martens & De Deckker

Ostracoda Tanganjikaiypris stappersi Wouters, Martens & De Deckker

Ostracoda Tanganjikagthere burtonensis Ducasse & Carbonel

Parabathynellidae Cteimbathjnella sp.

Caridea Umnocaridina spinipes Caiman

Caridea Ummcaridina retarius Caiman

Caridea Umnocaridina parvula Caiman

Caridea Umnocaridina tanganyikae Caiman

Brachiura Potamonautes armata Milne-Edwards

Ceratopogonidae Ceratopogonidae

Chironomidae Tanypodinae sp. 1

Chironomidae Tanypodinae sp. 3

Chironomidae Tanypodinae sp. 4
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Appendix 3 continued.

Taxic Group/Species

Chitonomidae Tan3rpodinae sp.5

Chironomidae Chironomini sp.l

Chironomidae Chironomini sp.2

Chironomidae Chironomini nov. gen.

Chironomidae Tanytarsini sp. 1

Chironomidae Tanytatsini sp. 2

Chironomidae Glyptotendipes sp.

Chironomidae 'Polypedilum sp.

Ephemeroptera Caenis sp.

Hemiptera Micromcta sp.

Hemiptera Mesovelia sp.

Hemiptera Gerris sp.

Odonata Cordulidae

Odonata Gomphus sp.

Trichoptera 'Bcnomus sp.

Trichoptera Holocentropus sp.

Trichoptera Oecetis sp.

Trichoptera Orthotrichia sp.
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Appendix 4. Fish species that were censused over the course of Field Experiment 1.

Species Species

A-ltolamprologus calvus (PoU) Neolamprologus mondahu (Boulinger)
Altolamprologus compressiceps (Boulinger) Neolamprologus moori (Boulinger)
Callochromis macrops (Boiolinger) Neolamprologus mustax (PoU)
Callochromis melanostigma (Boiilinger) Neolamprologus niger (PoU)

Ctenochromis horei (Giinther) Neolamprologus seyfasciatus (Trewavas & PoU)

Cjathophaiynxfurcifer (Boialinger) Neolamprologus tetracanthus (Boulinger)

Ectodus descampsi Boulinger Neolamprologus tretocephalus (Boulinger)

'Eretmodus ganostktus Boulinger Ophthalmotilapia nasuta (PoU & Matthes)

Gnathochromis pfefferi (Boulinger) Ophthalmotilapia ventralis (Boulinger)

Haplotaxodon microkpis BouUnger Plecodus straeleni (PoU)

Julidochromis omatus Boulinger Plecodus sp.

Julidochromis regani PoU Perissodus microlepis Boulinger

luimprologus calliptems (BouUnger) Perissodus straeleni (PoU)

hamprologus lemairi (Boulinger) Petrocromis orthnognathus Matthes

LMtes mariae Steindachner Petrocromis paradoxus (Boulinger)

l̂ pidiolamprologus attenuatus (Steindachner) Pstrocromis polyodon Bo\aUnger

'Lepidiolamprologus elongatus (Boulinger) Simochromis babauti PeUegrin

Umnothrissa miodon (BouUnger) Simochromis diagramma (Gunther)

Umnotilapia dardenii (BouUnger) Simochromis sp.

Lj)bochilotes labiatus (Boulinger) Sjnodontis multipunctatus Boulinger

Mastacembelidae Tanganjicodus irsicae PoU

'Neolamprologus caudopmctatus (PoU) Telmatochromis bifrenatus Myers

Neolamprologus taoe (PoU) Telmatochromis dhonti (Boulinger)

Neolamprologusfasciatus (Boulinger) Telmatochromis temporalis Boulinger

'Neolamprologus leleupi (PoU) Telmatochromis vittatus Boulinger
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Appendix 4 continued.

Species

Tropheus moorii Boxilinger

Xemtilapia boukngeri (PoH)

Xenotilapia flavipinnis PoU

Xenotilapia longipinnis PoU

Xenotilapia sima Boulinger

Xenotilapia spilopterus Poll & Stewart

Xenotilapia vittatus Boulinger
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Appendix 5. Taxic groups and species that were sampled over the course of Field 
Experiment 2.

Taxic Group/Species

Txirbellaria Turbellaria

Nematoda Nematoda

Oligochaeta Oligochaeta

Hirudinea Hirudinea

Gastropoda hxivtgeria sp.

Gastropoda ^ymondia horei (Smith)

Gastropoda Spekia ^nata (Woodward)

Gastropoda Martelia tanganjikensis Dautzenberg

Bivalvia Bivalvia

Acari Hydracartna

Acari Orbatei

Araneae Araneae

Chydoridae A.lona sp.

Copepoda Calanoidae

Copepoda Cyclopoidae

Copepoda Harpacticoida

Ostracoda Allo(jpria claviformes (Sars) Rome

Ostracoda Allotypria flexuosa (Sars)

Ostracoda Allogpria reniformes (Sars)

Ostracoda Candonopsis anteroacuta Rome

Ostracoda Cjpridopsis cakerata Rome

Ostracoda Cjpridopsis hidentata Sars

Ostracoda Cjpridopsis colourata Rome

Ostracoda Cjpridopsis lacustris Rome

Ostcacoda Gomphotythere alata Rome

Ostracoda Gomphoythere coheni Park & Martens

Ostracoda Gomphoythere curta Rome
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Appendix 5 continued.

Taxic Group/Species

Ostracoda Meginoepria conoidea (Sars)

Ostracoda Me^nogpria declevts (Sars)

Ostracoda Megnocypria deflexa (Sars) Rome

Ostracoda Megnogpria opaca (Sars) Rome

Ostracoda Mesogprideis irsicae (Kiss) Martens

Ostracoda Mesogprideis pila W outers & Martens

Ostracoda KomeoQitheridea ampla Wouters

Ostracoda Tanganjikagpris spec. Wouters, Martens & De Deckker

Ostracoda Tanganjikagthere burtonensis Ducasse & Carbonel

Caridea Umnocaridina latipes Caiman

Ceratopogonidae Ceratopogonidae

Chironomidae Tanytarsini sp. 1

Chironomidae Chironimini sp. 1

Chironomidae Chitonimini sp. 2

Chironomidae Tanypodinae sp. 1

Chironomidae Tanypodinae sp. 3

Chironomidae Tanypodinae sp. 5

Coleoptera Elminthidae

Ephemeroptera Baetis sp.

Ephemeroptera Caenis sp.

Ephemeroptera Leptophliibidae

Hemiptera Idiocoris lithophilus Esaki & China

Trichoptera Ecnomus sp.

Trichoptera Oecetis sp.

Trichoptera Holocentropus sp.

Trichoptera Orthotrichia sp.
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Appendix 6.1. Survivorship slopes derived from the results of the Ostracod Laboratory 

Experiment for each replicate in each experimental treatment for ostracods taken from 5 m (a) 

and 10 m (b) water depth.

(a)

Treatment Replicate Slope

63 - 212 jam 1 -0.42

63 - 212 jom 2 -0.27

63 - 212 jam 3 -0.23

63 - 212 (om 4 -0.26

63 - 212 jam 5 -0.19

63 - 212 fxm 6 -0.19

63 - 212 fjxn 7 -0.53

63 - 212 jam 8 -0.36

212 - 355 1 -0.20

212 - 355 jom 2 -0.29

212 - 355 |om 3 -0.36

212-355|om 4 -0.27

212 - 355 fom 5 -0.26

212 - 355 jam 6 -0.26

212 - 355 lam 7 -0.30

212 - 355 jam 8 -0.22

355 jam - 2 mm 1 -0.49

355 jam - 2 mm 2 -0.28

355 ĵm - 2 mm 3 -0.15

355 jam - 2 mm 4 -0.53

355 [om - 2 mm 5 -0.36

355 jam - 2 mm 6 -0.61

•>
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Appendix 6.1(a) continued.

Treatment Replicate Slope

355 jom - 2 mm 7 -0.34

355 fxm - 2 mm 8 -0.29

<63 |jin 1 -0.65

<63 2 -0.68

<63 3 -0.38

<63 (j,m 4 -0.30

<63 fjxn 5 -0.22

<63 |Ltm 6 -0.44

<63 )im 7 -0.68

<63 )jm 8 -0.44

Control 1 -0.29

Control 2 -0.51

Control 3 -0,19

Control 4 -0.26

Control 5 -0.32

Control 6 -0.34

Control 7 -0.22

Control 8 -0.52
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(b)

Treatment Replicate Slope

63 - 212 pm 

63 - 212 |im 

63 - 212 fom 

63 - 212 |om 

63 - 212 |jm 

63 - 212 }Jin 

63 - 212 |oin 

63-212 jam 

212 - 355 jam 

212 - 355 jam 

212 - 355 jam 

212 - 355 jam 

212 - 355 jam 

212 - 355 jam 

212 - 355 jom 

212-355 jam 

355 jxm - 2 mm 

355 jam - 2 mm 

355 jam - 2 mm 

355 jjm - 2 mm 

355 jam - 2 mm 

355 jam - 2 mm 

355 jam - 2 mm 

355 jam - 2 mm 

<63 jam 

<63 jam

1 -0.27

2 -0.42

3 -0.33

4 -0.34

5 -0.57

6 -0.28

7 -0.33

8 -0.26

1 -0.07

2 -0.15

3 -0.16

4 -0.17

5 -0.05

6 -0.15

7 -0.24

8 -0.30

1 -0.42

2 -0.61

3 -0.17

4 -0.37

5 -0.19

6 -0.18

7 -0.17

8 -0.27

1 -0.48

2 -0.41
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Appendix 6.1(b) continued.

Treatment Replicate Slope

<63 |jjn 3 -0.35

<63 |Lim 4 -0.52

<63 |Lim 5 -0.42

<63 )jjtn 6 -0.58

<63 )o,m 7 -0.54

<63 jjxn 8 -0.71

Control 1 -0.28

Control 2 -0.19

Control 3 -0.32

Control 4 -0.36

Control 5 -0.47

Control 6 -0.19

Control 7 -0.24

Control 8 -0.14
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Appendix 6.2. Survivorship slopes derived from the results of Gastropod Experiment 1 for 

each replicate in each experimental treatment.

Treatment RepKcate Slope

63 - 212 )am 1 -8

63 - 212 )om 2 -4

63 - 212 jjtn 3 -8

63 - 212 |jxn 4 -8

63 - 212 |om 5 -8

63 - 212 pm 6 -8

Mixed 1 -1.23

Mixed 2 -1.14

Mixed 3 -2.5

Mixed 4 -4

Mixed 5 -2.6

Mixed 6 -1.7

355 |o,m - 2 mm 1 -0.94

355 - 2 mm 2 -0.48

355 |jm - 2 mm 3 -0.45

355 |jm - 2 mm 4 -0.75

355 p,m - 2 mm 5 -0.5

355 pm - 2 mm 6 -0.35

Control 1 0

Control 2 0

Control 3 0

Control 4 -0.06

Control 5 0

Control 6 0
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Appendix 6.3. Survivorship slopes derived from the results of Gastropod Experiment 3 for 

each replicate in each experimental treatment.

Size Treatment Replicate Slope

Small 355 )jm — 2 mm 1 -0.79

Small 355 jam — 2 mm 2 -0.65

Small 355 jjin -  2 mm 3 -0.81

Small 355 |jm -  2 mm 4 -0.57

Small 355 fjjn — 2 mm 5 -0.75

Small 355 )jin — 2 mm 6 -0.95

Small Control 1 0.00

Small Control 2 -0.07

Small Control 3 0.00

Small Control 4 -0.11

SmaU Control 5 0.00

Small Control 6 0.00

Big 355 ^m — 2 mm 1 -1.25

Big 355 ijjn — 2 mm 2 -1.43

Big 355 jjJTi — 2 mm 3 -1.21

Big 355 jjm — 2 mm 4 -1.06

Big 355 |xm — 2 mm 5 -1.43

Big 355 jam — 2 mm 6 -1.34

Big Control 1 -0.45

Big Control 2 -0.47

Big Control 3 -0.29

Big Control 4 -0.42

Big Control 5 -0.26

Big Control 6 -0.23
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