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                                        ABSTRACT 

_____________________________________________________________________ 
 
 
 
     Temporarily open/closed estuaries (TOCE’s) are the numerically dominant type of 

estuary accounting for ≈ 70 % of all estuaries along the South African coastline. 

Despite their numerical dominance, aspects of the biology of organisms within these 

systems, particularly macrocrustacea remain poorly understood. This study firstly 

assessed the abundance and biomass of the most common isopod, Exosphaeroma 

hylocoetes, in three Eastern Cape TOCE’s, (the West Kleinemonde, East Kleinemonde 

and Kasouga Estuaries), and their response to  mouth breaching events. This study was 

followed by aspects of the biology of the isopod including their utilisation of 

submerged macrophytes as a refuge from predation and/or possible food source, as well 

as the growth rates of the isopods in the laboratory under different environmental 

conditions. 

 

    Mean isopod abundances and biomasses ranged between 0 and 4 791 ind. m-2 and  0 

and 9.65 mg dwt. m-2 in the West Kleinemonde Estuary and between 0 and 108 ind. m-2 

and  0 and 0.318 mg dwt. m-2 in the nearby East Kleinemonde Estuary. In the Kasouga 

Estuary, the values ranged between 0 and 3 650 ind. m-2 and 0 and 5.105 mg dwt. m-2. 

Temporal and spatial changes in the abundance and biomass of E. hylocoetes within the 

three systems was primarily linked to mouth phase, with populations declining when 

the mouth was open and to a lesser extent, seasonality. In all three estuaries maximum 

isopod abundances and biomasses were recorded in their middle and upper reaches, 

which could be ascribed to the presence of submerged macrophytes particularly Ruppia 

maritima, in two of the estuaries. Males (5.71 ± 0.41 mm) were significantly larger than 
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females (3.99 ± 0.26 mm), but the sex ratios were skewed in favour of females, (a 

common feature in many isopod populations). Females were found carrying brood 

throughout the study, releasing offspring directly into the water column, to allow 

recruitment to the populations. The larger the female, the larger the brood carried (up to 

a maximum of 72 embryo/mancas). 

 

    Results of laboratory experiments indicate that the close association of 

Exosphaeroma hylocoetes with submerged macrophytes is a result of the plant stands 

providing a refuge against predation by selected ichthyofauna. However stable carbon 

isotope and fatty acid analyses indicate that E. hylocoetes made use of ephiphytic algae 

and detritus on the stems of R. maritima, rather than the submerged macrophyte itself. 

 

    There were no significant differences in the growth rates of male and female isopods 

at combinations of temperature (15 and 25 °C) and salinity (15 and 35 ‰). Laboratory 

growth studies revealed that males lived longer than females (25.77 ± 3.40 weeks vs 

21.52 ± 3.00 weeks), and therefore achieved larger overall size. Females, however, 

reached sexual maturity (at 2.5 mm) at a faster rate (two to four weeks) than males (5.5 

mm after 6.5 to 11 weeks), dependent on temperature.  

 

     Exosphaeroma hylocoetes with its association with submerged macrophytes, early 

maturity, its growth rates and longevity, female-biased sex ratios and year-round 

breeding, all contribute to its success in temporary open/closed estuaries. 
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                                                         Chapter 1     

                       General Introduction and Rationale for Study     

 

1.1 General Features and Habitats of Isopods 

    

     The objective of this thesis is the autecological study of an isopod inhabiting 

South African temporary open/closed estuaries. I therefore offer a brief taxonomic 

summary of the isopods and an overview of South African estuaries before 

outlining the structure of the thesis. 

    

    Isopods are small arthropods that range in size from about 0.5 to 500 mm in 

length (Brusca and Wilson, 1991). The order Isopoda Latreille, 1817 belongs to the 

class Malacostraca Latreille, 1802 of the sub-phylum Crustacea Brünnich, 1772 

(Martin and Davis, 2001). As a group, the isopods date from the Carboniferous 

period of the Paleozoic, i.e. about 300 million years ago (Brusca and Wilson, 

1991). The thin nature of the isopod exoskeleton, however, tends to make them 

poor candidates for fossilisation and it is therefore possible that they have a longer 

ancestry.  

 

      The isopod body, which is chitinous, is divided into a head (or cephalon), a 

thorax (or pereon), and an abdomen (or pleon). The pleon ends in a telson, and as 

the terminal segments are usually fused, they are jointly known as a pleotelson 

(Fig. 1.1).  
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   Figure 1.1. Lateral view of the flabelliferan isopod, Exosphaeroma hylocoetes,   
                     showing different body parts/regions. (Spelling taken from Kensley,  
                     1978). (Scale bar = 1 mm). 
                  
 

    Isopods can be found in practically all aquatic environments, including shallow 

and deep-water marine habitats, estuaries and the intertidal zone, where they are 

most diverse and abundant; e.g. the sandy beach isopod, Cirolana harfordi, was 

found in densities of up to 12 600 ind. m-2 in mussel beds in Monterey Bay, 

California, (Hewatt, 1937); along the coast of Portugal densities of  Tylos  ponticus 

and T. europaeus were found in average densities of 3 790 ind. m-2 in coastal salt 

marshes, (Dias and Sprung, 2003); and ≈ 50 ind. m-2, (Gonçalves et al., 2005) 

respectively (Table 1.1). Some have invaded freshwater habitats (possibly from the 

estuaries), and can even be found in thermal springs and caves (Brusca and Wilson, 

1991). The isopods are perhaps the most successful of the terrestrial crustaceans 

and can even be found in deserts (Warburg, 1968; Shachak et al., 1976; Shackak et 

al., 1979). It is not surprising that isopods, because of their diverse nature, have a 

variety of feeding habits, including herbivory, carnivory (including cannibalism), 

omnivory  and  detritivory  (Johnson, 1976a, b;  Perry and Brusca, 1989; Briones- 
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   Table 1.1 Isopod densities in selected studies conducted in the northern- and  
                   southern hemispheres. 
                
 
Location                        Isopod species          Density (ind. m-2)           Source 
 
 
A. Northern hemisphere 
 
Kentucky USA 
Freshwater stream          Lirceus fontinalis         6615               Holomuzki and Short, 1988. 
 
California USA 
Salt marsh                   Sphaeroma quoyanum     8000                 Tulley et al., 2001. 
 
N. Florida USA 
Marsh                         Cyathura polita              58 – 75                Kruczynski and    
                                                                                                       Subrahmanyam, 1978. 
 
Portugal 
Modego Estuary          Cyathura carinata      1851 – 5518           Ferreira et al., 2004. 
 
Japan  
Hamanaka Bay            Tecticeps glaber             2060                    Tooru et al., 2004. 
 
 
B. Southern hemisphere 
 
Chile 
North beaches        Excirolana hirsuticauda     48 000 – 50 000 *        Contreras and  
                                                                                                                Jaramillo, 2003. 
Chile 
South beaches        Excirolana hirsuticauda       ≤ 13 000 *                            Contreras and  
                                                                                                                Jaramillo, 2003. 
 
West Cape, RSA 
Kelp debris                  Ligia dilatata                     ≈ 4300 *                Koop and Field, 1980 
 
West Cape, RSA 
Bot River (TOCE)    Exosphaeroma hylocoetes     20 – 1980               Koop et al., 1983. 
                                  Cyanthura carinata               80 – 280 
 
Bot River (TOCE)       E. hylocoetes                       211 – 738                De Decker and  
RSA                             Cyanthura estuaria             105 – 486                Bally, 1985. 
 
East Cape, RSA 
Gamtoos Estuary (open)      Xenanthura sp.              17581                   Schlacher and  
                                            Cyanthura  estuaria         278                      Wooldridge, 1996                                                                                                   
                                            Cirolana fluviatilis           335 
 
                                          Cirolana fluviatilis          4149 CPUE           Newman et al.,2007 
 

* data presented as ind. m-1;   TOCE = Temporary Open/Closed Estuary 
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Fourzán and Lozano-Alverez, 1991; Leonardson, 1992; Shuster and Guthrie, 1999; 

Barradas-Ortiz et al., 2003; Newman et al., 2007). Some are parasitic on fish 

(known as “fish lice” and “tongue biters”, from the habit of some Cymothoa spp. 

nibbling off fishes’ tongues, whilst attached to the floor of the host fish’s mouth) as 

well as on other crustaceans (Kensley, 1978; Briones-Fourzán and Lozano-

Alverez, 1991; Wetzer and Brusca, 1997; Thatcher et al., 2003). 

 

1.2 Isopod Taxonomy and Systematics 

 

     Published isopod literature is vast and spans roughly 200 years, beginning in 

Scandinavia when G.O. Sars released his Crustacea of Norway series (Sars, 1897 

a, b, 1898, 1899 a, b). Much research followed, mainly in the northern hemisphere, 

carried out by researchers such as Dana (1853a, b, 1854), Lockington (1876, 1877), 

Benedict (1897, 1898a, b), Boone (1918, 1923) and  Wetzer et al. (1997).       

Kussakin (1990) established the existence of two distinct isopod groups: the 

shallow water and deep sea isopods. Wilson (1998) later demonstrated that most of 

the deep sea isopods are of the sub-order Asellotta in the northern hemisphere and 

of the sub-order Flabellifera in the southern hemisphere (Wilson, 1998).  

 

         The southern hemisphere supports approximately 1000 species of isopods, 

and most recent research on them has been carried out mainly in Australia, where 

studies on the sub-order Phreatoicidea have led to a greater understanding of 

isopod evolution (Wilson and Ho, 1996; Wilson and Fenwick, 1999; Wilson and 

Johnson, 1999; Wilson and Keable 1999, 2001, 2002), and to a lesser extent New 
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Zealand, where numerically, to date, isopod species numbers are low. Bruce (2003) 

has recently identified new genera and species of sphaeromatid isopods from 

Australian coastal waters, and has suggested that the described species of 

Exosphaeroma by Barnard (from southern Africa) and Baker (from southern 

Australia) during the first part of the 20th century be re-examined and re-described.  

 

     Taxonomic work on southern African marine isopods began in earnest in the 

latter half of the 19th century, with various expedition ships visiting the southern 

African coastline (Kensley, 1978). W. Stimpson collected in False Bay whilst his 

U.S. North Pacific Exploring Expedition’s ship rode at anchor in Simon’s Bay in 

1853. The Challenger, German South Pole and German Deep-Sea Expeditions 

(Vanhöffen, 1914) also collected material in southern African waters. The Cape 

Government’s research vessel, the Pieter Faure did much work (from 1897 to 

1907) to lay the foundation of most of the marine taxonomic work in South Africa.  

 

       Kensley (1978) reported that the Rev. T.R.R. Stebbing, working from 1900 to 

1910, listed 41 species of marine isopods, this total being increased to nearly 200 

species by the work of Dr. K.H. Barnard (Barnard 1914, 1940). Barnard continued 

to collect various isopod species in the 1950s and 1960s. An increase in the number 

of species collected was aided by the staff of the University of Cape Town’s 

Zoology Department, with the assistance of the R/V J.D. Gilchrist and later the R/V 

Thomas B. Davie. Collections were conducted on the Continental Shelf and in 

estuaries (Kensley, 1978). 
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       The inter-tidal and shallow water marine isopods of South Africa are well 

documented, particularly in those regions located in the proximity of coastal cities/ 

towns, e.g. Lüderitz (southern Namibia), and the bays around Cape Town, e.g. 

Lambert’s Bay, Saldanha Bay, Table Bay, False Bay and Still Bay (Kensley, 

1978). However, beyond the 200 m water depth relatively few species were known, 

probably due to a lack of collecting. Work of the S.A. Museum on board the R/V 

Meiring Naude in 1975 and 1976 in the deep water of Natal (southern African east 

coast) demonstrated a rich and varied fauna, which needed further investigation. 

 

      Kensley (1980) recorded seven species (including two new species) from the 

Vema and Tripp seamounts and the Lüderitz area of the western coastline of 

southern Africa. These isopods showed strong zoogeographical affinities with the 

South African isopod fauna (Kensley, 1980). Kensley (1984) followed up on the 

east coast fauna by recording 51 species (excluding the Anthuridea), as well as 

identifying a large endemic fauna on the continental shelf and/or slope of the east 

coast of South Africa.   

    

       There are about 10 000 described species of isopods, but the actual number of 

sub-orders of the Isopoda is presently unresolved, the number ranging from eight 

(Roman and Dalens, 1999) to ten (Brusca and Wilson, 1991), with Martin and 

Davis (2001), most recently proposing nine. I shall follow this latest classification 

in this thesis.  As a whole, the isopods appear to be monophyletic (descending from 

a single ancestor), except for the suborder Flabellifera. The varied and scattered 

habitats and locations of the families within this suborder would indicate that they 

are paraphyletic (Martin and Davis, 2001). 
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     The suborder Flabellifera Sars, 1882, is the most species rich suborder 

(Kensley, 1978; Martin and Davies, 2001) with ≈ 73 species found in southern 

African waters. Although most are small, the biggest isopod, the 500 mm long 

Bathynomus giganteus that lives in the cold (4 °C) deep waters of the Atlantic and 

Pacific Oceans (Briones-Fourzán and Lozano-Alverez, 1991) belongs to this group. 

Flabelliferans are free-living or parasitic on fish and have a body which is normally 

symmetrical, with lateral uropods. The suborder is subdivided into three groups, 

(based on the structure of pleopods 4 and 5), the Eubranchiatae, the 

Platybranchiatae and Hemibranchiatae (Kensley, 1978). The Hemibranchiatae are 

of relevance here, as Exosphaeroma hylocoetes, the focus of this thesis, belongs to 

this group. The distinguishing feature of this group is the pleated nature of the 

inner ramus of pleopods 4 and 5, coupled with a membranous outer ramus (Fig. 

1.2). The Hemibranchiatae range in size from 5 to 22 mm (Kensley, 1978).  

 

 

    

 

 

 
Pleated inner                                                                              Membranous outer                              
  ramus                                                                                                ramus 

                                                                                                  

 

        Figure 1.2. Pleopod of the Hemibranchiatae isopods to show the nature of   
                           the inner and outer rami. (Adapted from Kensley, 1978). 
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      In southern Africa, there are nine families of Flabellifera (Kensley, 1978), 

which include the Sphaeromatidae Latreille, 1825 of the group Hemibranchiatae to 

which E. hylocoetes belongs. The Sphaeromatidae are characterised by a body 

which is usually oval, 3.3 mm to 21 mm in length and often capable of rolling into 

a ball, known as conglobation (Brusca et al., 2001). The five anterior pleonites are 

fused and the sixth pleonite is fused with the telson to form a pleotelson. The 

cephalon is free from pereonite I. The uropodal basis is fused with the endopod, 

and the exopod can articulate freely (Kensley, 1978). The sphaeromatids are 

mainly intertidal, but several can be found at greater water depths e.g. 600 m 

(Cymodoce spp.), (Kensley, 1978). 

                                                                                        

      The genus Exosphaeroma Stebbing consisits of 11 southern African species 

that range in size from 4 mm total length (E. estuarium) to 15 mm (E. planum). 

The genus is mostly estuarine and inter-tidal, but some species have been found to 

a depth of ≈ 100 m (Kensley 1978). Exosphaeroma hylocoetes is primarily 

estuarine. 

 

 1.3 Isopod Life Histories 

 

      Female isopods use a brood pouch to house the eggs, developing embryos and 

fully formed offspring, known as manca, before releasing them directly into the 

water column (Klapow, 1970), i.e. an ovoviviparous system (Fig. 1.3). In many 

isopods the brood pouch, or marsupium, is external and formed by between three 

and five pairs of oostegites attached ventrally to the pereonites (Brusca and Wilson, 

1991). The external brood pouch may even protrude into the body cavity as found 
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in Dynamene bidentata (Harrison, 1984a). However, some species, e.g. certain 

Excirolana species show evidence of internal brood pouches (Klapow, 1970; Fig. 

1.3). This feature, i.e. whether the brood pouch is external or internal, has been 

used as a diagnostic tool to differentiate Cirolana from Excirolana species 

(Klapow, 1970). Harrison (1984a, b) has also used this characteristic as a useful 

generic character in Sphaeromatidae, after investigating 78 genera of this family. 

 

 

 

 

 

 

 

 

 

 

 

  Figure 1.3. Generalised brooding isopod female illustrating possible brood pouch  
                    compartments. (Adapted from Harrison, 1984a). 
 
  

      The number of manca released per female is related to female body size 

(Hatchett, 1947; Jones and Naylor, 1971), and ranges between one and 250 (Ellis, 

1961; Carefoot, 1973). Generally, the larger the female, the more manca are 

released. In boreal species breeding is usually confined to spring and summer, with 

peaks during summer (Carefoot, 1973). Some species however, e.g. Jaera albifrons 

Internal pouch Marsupium

Opening of internal pouch

Pleopod
OostegiteLarge posterior pocket

Internal pouch Marsupium

Opening of internal pouch

Pleopod
OostegiteLarge posterior pocket
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produce offspring all year round (Jones and Naylor, 1971). Many isopods produce 

one to two brood per season with females producing brood from between two 

months and 11 months of age, depending on length of life (Carefoot, 1973). 

Isopods may live for up to one year in marine and freshwater environments, except 

Dynamene bidentata, an intertidal sphaeromatid, which has males living for two 

years and females for one year (Carefoot, 1973). Semi-terrestrial (e.g. Ligia 

pallasii) and terrestrial isopods live for between 1.5 and four years, respectively 

(Carefoot, 1973).  

 

       Most marine isopods are sexually dimorphic and have a sex ratio that is biased 

towards females (Shafir and Field, 1980b). Generally isopod males are larger than 

females and dominate the older age classes. It is assumed that one male can 

fertilise several females, resulting in a reduced need for males (Wong and Moore, 

1996).  

 

1.4 South African Estuaries 

     

       As the focus of this study is an estuarine species of isopod, a brief overview of 

features and the ecology of South African estuaries, especially temporarily 

open/closed estuaries is appropriate. 

       

     The definition of an estuary varies, depending on whether one is a geologist, 

oceanographer  or biologist  (Whitfield, 1992a).  Day (1980) defined  an estuary as  

“..a partially enclosed coastal body of water which is either permanently or 

periodically open to the sea and within which there is a measurable variation of 
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salinity due to the mixture of sea water with fresh water derived from land 

drainage.” This definition, however, does not adequately describe the variety of 

estuaries along the South African coastline. Additionally, there is some confusion 

regarding the terminology. In the past, temporarily closed estuaries have been 

described as “lagoons” (Begg, 1978; Bird, 1984), “blind estuaries” (Day, 1981a), 

while Bennett (1989b) referred to them as “seasonally open” and “normally 

closed”, and Perissinotto et al. (2000) as  “semi-permanently closed” estuaries. 

This confusion in terminology led Whitfield (1992a) to refine the terms with regard 

to estuarine systems in order to create uniformity in understanding and description. 

Currently, five types of estuaries are recognised along the southern African 

coastline: river mouths, estuarine bays, estuarine lakes, permanently open estuaries 

and temporarily open/closed estuaries (Whitfield, 1992a). Salinity has been 

expressed in terms of the Practical Salinity Scale throughout this thesis and no 

dimensions or units are thus given. 

 

         All South African estuaries share the following common features, (Reddering 

and Rust, 1990):- 

 

(a) the majority have a small tidal prism  ≤ 106 m3, 

(b) they mostly occupy drowned river valleys, while only a few developed on 

coastal plains, 

(c) the tidal inlets are often constricted or blocked by sand bars, and 

(d) the flood-tidal plains are usually well developed, while ebb-tidal deltas are 

poorly developed. 
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      The maximum tidal range of the South African coast is ≈ 2 m between 

successive high and low spring tides, leading to the estuaries often being described 

as microtidal systems (Allanson, 1992). The coastal waves are, however, known to 

control the opening and closing of the temporarily open/closed estuaries (hereafter 

referred to as TOCEs). Reddering (1988) has found that estuaries situated on open, 

wave-exposed coastlines tend to close more often than those estuaries on sheltered 

coasts. 

 

      Of the 289 river outlets along the South African coastline only 37 (or 12.8 %) 

maintain permanent tidal inlets with the sea and can therefore be regarded as 

permanently open systems (Reddering and Rust, 1990). The overwhelming 

majority (73 %) of estuaries fall into the TOCE category, making them the 

dominant type along the South African coastline (Whitfield, 2000; Whitfield and 

Bate, 2007).  

 

1.4.1 Temporarily open/closed estuaries (TOCEs) 

 

1.4.1.1 Hydrodynamics 

 

       TOCEs are characterised by a sandbar at the mouth of the system that 

separates the estuary from the marine environment. Catchments within these 

systems are generally small (< 500 km2), and river flow is frequently very low or 

absent. They generally have a small tidal prism (< 1 x 106 m3), when the mouth is 

open, but can appear as river mouths when in flood (Whitfield, 1992a). TOCEs 

breach when water levels exceed the height of the sandbar (Fig. 1.4); often caused 
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by flood events, resulting in riverine conditions occurring throughout the system 

(Bennett and Branch, 1990; Wooldridge and McGwynne, 1996; Perissinotto et al., 

2000; Walker et al., 2001; Froneman, 2002b; Vorwerk et al., 2008). 

  

         The mouth phase is strongly linked to the amount of run-off feeding the 

catchment area. Mesohaline (salinity of 5 to 18) conditions tend to dominate these 

systems when the mouth is closed,  but salinities can reach levels of more than 50 

during drought-assisted evaporation (Whitfield and Bruton, 1989). Seepage from 

the estuary through the sandbar can further increase the salinity of the estuary (Fig. 

1.4) during the closed phase (Begg, 1984a; Cooper, 1989; Wooldridge and 

McGwynne, 1996; Perissinotto et al., 2000). Overtopping of seawater into the 

estuary during periods of storms leads to a mixing of sea and estuarine waters, 

particularly in the lower reaches (Fig. 1.4). 

 

       Wind drives the mixing of water during the closed phases, while the tides tend 

to cause mixing during mouth open phases (Harrison et al., 2000). Estuarine water 

temperatures are influenced by the tides during these open phases, but are 

independent of sea temperatures during the closed phases. There is often seepage 

of estuarine water through the sandbar into the sea, leading to increased salinity of 

the estuarine water (Begg, 1984b). Marine and estuarine biota tend to dominate 

these estuaries, but freshwater organisms can be encountered during oligohaline 

closed mouth periods (Begg, 1984a).     
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  Figure 1.4. Diagram of cross-sections of non-perched and normally closed estuary 

(TOCE). During balanced conditions (A) stream-flow is balanced by 
losses through evapo-transpiration and seepage through the berm. 
During times of high wave energy over-washing (B) brings marine 
water into the system. Mouth breaching can result following enhanced 
inputs from over-washing (B) or increased stream-flow (C). Incision 
depth is low owing to estuarine water levels being so close to the sea 
level. (Adapted from Harrison et al., 2000). 

 

 

       Overtopping and breaching events influence the structure of invertebrate and 

vertebrate communities of the TOCEs (Vorwerk et al., 2003; Froneman, 2004b, c; 

Kemp and Froneman, 2004; Perissinotto et al., 2004). TOCEs are also 
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characterised by an absence of horizontal gradients in salinity and therefore the 

seasonal pattern in biota is linked to the availability of habitat, i.e. submerged 

macrophytes, rather than  a temperature and salinity gradient (Perissinotto et al., 

2000, 2002; Froneman, 2000, 2002a, 2004b).  

 

       During the closed period, once the riverine input reduces the salinity, the 

physical conditions within the estuary develop into those of a coastal lagoon 

(Allanson, 1981). Low diversity of species is typical of closed estuaries, resulting 

from limited recruitment of new species from the sea (Day, 1964). However, 

repeated and unpredictable mouth breachings interrupt this lagoonal development 

with catastrophic disturbances producing an unstable system (Fishelson, 1977; 

Huston, 1979).  

 

      The effect of climate change on wave activity is contentious, as it has been 

postulated that estuaries may become smaller were wave activity to increase, or 

conversely the tidal scour could increase were tidal activity to become reduced in 

conjunction with a rise in sea level (Reddering and Rust, 1990). This could lead to 

presently-classified temporarily open estuaries becoming permanently open, with a 

stronger marine influence. These systems are therefore extremely dynamic. 

 

       South African coastal features have been affected by various changes over 

time, as the sea level 600 years ago was about 2.5 m above the present mean sea 

level (Whitfield et al., 1983). This has lead to a variety of changes in the river 

mouth size as the sea level dropped to present level, leading, in turn, to altered 

water flow patterns, salinity concentrations and sand movements at the mouth. 
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Geologists regard the lifetime of estuaries as relatively short and describe them as 

“ephemeral features” of a coastline (Schubel and Hirschberg, 1978). Estuaries have 

undergone vast transformations in their developments from youthful drowned river 

valleys proceeding on to mature systems in which sediments fill the valley of the 

slow moving river (Reddering and Rust, 1990), thus reinforcing the picture of the 

ongoing dynamic nature of estuaries. The equilibrium of this mature stage can 

continue to be disrupted by (a) global forces, such as climate changes and 

associated sea-level fluctuations, and (b) direct human interference, e.g. increased 

freshwater abstraction as a result of dam building and increased agricultural water 

usage (Reddering and Rust, 1990). Such human interference generally leads to less 

water inflow into the river systems leading to sediment deposition within the 

estuaries (Reddering and Esterhuysen, 1984). Such accumulation of sediment, and 

reduction of fresh water inflow (from increasing human usage) has led to smaller 

estuarine channels. These factors, together with increased evaporation during our 

periodic droughts have a direct effect on the salinity of South African estuaries, e.g. 

during the drought of 1989 in the Eastern Cape the permanently open Kariega 

Estuary rose to 42 (Whitfield and Bruton, 1989). Mean salinities of South African 

estuaries range from 1 to 35 (Whitfield, 1992a). 

          

      There is great pressure on the waters of South African estuaries and rivers as 

there is increasing demand for its usage in the expanding industries, for agriculture 

and as potable water for the growing population (Reddering and Rust, 1990; 

Cooper et al., 1999; ETU, 2002). South Africa is regarded as a water-poor region 

having a mean annual runoff of only ≈ 450 mm yr-1, and experiencing high 

evaporation rates (DWAF, 2004). The average world runoff is 860 mm yr-1. This 
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has led to the consideration, by water managers, of the construction of more water 

impoundments along major river systems in South Africa (DWAF, 2004). Before 

these impoundments can be constructed, however, according to the National Water 

Act of 1998 (Act 36) the requirements of all river systems must be considered in 

terms of two Water Reserves, viz. a basic human needs reserve and an ecological 

reserve. This act states that the “ecological reserve” refers to “the water required to 

protect the aquatic ecosystems of the water reserve”, thus encompassing river 

systems, estuaries and the marine environment. Water running into estuaries prior 

to the National Water Act of 1998 was considered as “wasted” (Morant and Quinn, 

1999).  The South African estuaries also have an increasing economic importance 

with regard to fisheries. Lamberth and Turpie (2003) estimated that estuarine based 

fisheries produced catches valued at approximately R433 million per year. 

Estuarine and offshore based penaeid prawn fishery catches have been estimated at 

R10 million per year (De Villiers et al., 1999). Estuaries are, therefore, of great 

importance to surrounding communities: providing sources of employment, as well 

as providing a food source by way of recreational fishing (Breen et al., 2004). The 

trend of building holiday/retirement homes at river mouths and along estuaries has 

created a social conundrum. Flooding threatens those homes built on the flood 

plain, which in turn has led to the solution of artificial breaching of the river 

mouths (Begg, 1984b), altering sediment-moving abilities of the affected rivers and 

fluctuating salinities during the new open phases, often with devastating affect on 

the biota of the estuaries. 
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1.5 Ecology of South African Isopods 

  

       A number of studies have focused on the primary production, biology and 

ecology of invertebrates and vertebrates in TOCEs. Results of these studies 

indicate that mouth phase plays an important role in structuring the plankton and 

ichthyofauna within these systems: abundance and biomass of the estuarine fauna 

decline following a breaching of the estuary mouth, which is ascribed to the 

estuarine organisms being washed out to sea (Froneman, 2004b). During the open-

mouth phase there is recruitment of marine-breeding organisms into the estuary, 

resulting in dramatic changes within the species diversity and community structure 

(Bell et al., 2001; Cowley et al., 2001; Vivier and Cyrus, 2001; Froneman, 2004a, 

b; Kemp and Froneman, 2004). The dominant species within an estuary represent a 

group of resilient “estuarine” species, able to survive a wide range of changing 

environmental conditions. The eliminated species possibly represent part of an 

emerging “lagoonal” fauna having a narrower tolerance of fluctuating conditions 

(Zajac and Whitlatch, 1982). This finding was based on a study of a small estuary 

in southern Connecticut, where re-colonisation after a disturbance was dependent 

on the nature of the changes in the environment, patterns of resource utilisation and 

the life histories of the colonising species. There has been a strong bias towards the 

study of the estuarine ichthyofauna, with little work having been carried out on 

other members of the estuarine food chain. Eastern Cape examples of TOCEs will 

be discussed in more detail in the next chapter. 

 

        Isopods have been recorded in various estuaries and particularly in the 

intertidal zone along the South African coastline: e.g. MacNae (1957); McLachlan 
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and Grindley (1974); Johnson (1976 a, b); Christie and Moldan (1977); Marsh and 

Branch (1979);  Koop and Field (1981); Shafir and Field (1980a, b); Day 

(1981b, c); Blaber et al. (1983); Dye (1983); Koop et al. (1983); Branch and Day 

(1984); Wallace et al. (1984); De Decker and Bally (1985); Byren and Davies 

(1986); Hodgson (1987); Hanekom et al. (1988); Bennett (1989a); Whitfield 

(1989); De Ruyck et al. (1991a, b, 1992); McLachlan and Sieben (1991); Forbes 

and Cyrus (1992); Schlacher and Wooldridge (1996); Froneman (2000); 

Wooldridge and Callahan (2000); Bursey and Wooldridge (2003). Results of these 

studies have demonstrated that isopods are a conspicuous component of estuarine 

macro-crustacean communities (Simpson et al., 1985; Heck et al., 1995; Hass and 

Knott, 1998). Densities of up to 17 581 ind. m-² have been recorded in southern 

African estuaries (Schlacher and Wooldridge, 1996) (Table 1.1). Despite the fact 

that some species can occur in high densities in estuaries, only a single study has 

examined the role of these organisms in southern African estuaries. Newman et al. 

(2007) studied the cirolanid isopod, Cirolana fluviatilis, in a permanently open 

estuary where up to 4149 were caught per hour in baited traps. There have been no 

autecological studies of isopods in TOCEs to date.  

 

      The high abundances of estuarine isopods suggest that they play a key 

ecological role within the nutrient dynamic and energy flow of these systems 

(Koop and Field, 1980, 1981). Additionally, a number of studies have 

demonstrated that isopods compose a significant component in the diet of several 

South African estuarine fish (Blaber 1974, 1976, 1979, 1984; Mason and Marais, 

1975; Whitfield and Blaber, 1978; Whitfield, 1980a, b; Coetzee, 1981, 1982a, b; 

Cyrus and Blaber, 1983; Marais, 1984; Wallace et al., 1984; Coetzee and Pool, 
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1985; Bennett, 1989a; Bennett and Branch, 1990).  Maximum abundances of 

isopods within estuaries are typically associated with submerged macrophytes, 

which could either act as an abundant food source, or perhaps provide a refuge for 

invertebrates against predation (Holomuzki and Short, 1988; Kanouse et al., 2006).  

 

1.6 Structure of Thesis 

 

        There have been many studies on estuaries along the southern African 

coastline, but the vast majority have focused on spatial/temporal patterns in the 

community structure of fish (e.g. Blaber 1974, 1976, 1984; Mason and Marais 

1975; Whitfield and Blaber 1978; Whitfield 1980a, b; Coetzee 1981, 1982a, b; 

Cyrus and Blaber 1983; Wallace et al., 1984; Bennett 1989b; Bennett and Branch, 

1990), and to a lesser extent crustacean zooplankton (Jerling and Wooldridge, 

1995; Wooldridge, 1999; Froneman 2002a, b, 2004a, b). The focus of this thesis is 

a study of the population dynamics (including the reproductive state and sex ratios) 

of Exosphaeroma hylocoetes in three temporarily open/closed estuaries along the 

southeast coastline of the Eastern Cape Province of South Africa. To date no 

autecological studies of purely estuarine isopods, (i.e. those within temporarily 

open/closed temperate estuaries), have been carried in out in estuaries in South 

Africa.  

    

        The study sites are described in Chapter 2, together with major climate details 

and hydrography affecting the south-east coast of Southern Africa.  

       The population demographics, i.e. a study of the spatial-temporal patterns (the 

species composition, abundance, rate of reproduction, biomass, size distribution 
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and sex ratios) of the isopod community within the three estuaries are presented in 

Chapter 3.  

 

        Exosphaeroma hylocoetes was found in greatest profusion amongst 

submerged marginal vegetation. The role of these submerged macrophytes, 

particularly Ruppia maritima, was therefore investigated to determine its role as 

either a food source (for the isopods, using stable isotopes and lipids) or as a refuge 

from fish predation. Results of this study are presented in Chapter 4.  

  

       Physico-chemical conditions are known to affect the growth rate of 

invertebrates. Chapter 5 focuses on the growth of male and female E. hylocoetes at 

two different temperatures and salinity combinations that replicate field conditions.    

  

        Finally, Chapter 6 draws together general conclusions of the study on E. 

hylocoetes and suggests future research needed to understand more fully the role of 

these isopods in temporarily open/closed South African estuaries. 

 

 

 

 

 

 

 



                                                                                                                                      Chapter 2                                                                                                                 

 22 

                                                Chapter 2  

                                     The Study Sites 

 
2.1 Introduction 
 
 

      The fieldwork for this study was conducted in three temporarily open/closed 

estuaries (TOCEs), Kasouga, West and East Kleinemonde Estuaries, situated along 

the south-eastern Eastern Cape Province, between the coastal cities of Port Elizabeth 

and East London (Fig. 2.1). The three estuaries are approximately 60 km apart and 

categorised as warm-temperate systems (Harrison, 2004). However, they differ with 

regard to surface area and length, with the East Kleinemonde Estuary, being the 

shortest, and the neighbouring West Kleinemonde Estuary the longest (see sections 

2.2.1 and 2.2.2). Even though the estuaries are in relatively close proximity to one 

another they have different characteristics, with different mouth opening phases. 

 

      The East and West Kleinemonde Estuaries have been classified as being in good 

ecological condition, with moderate human impact, while the Kasouga Estuary is 

regarded as being in excellent condition, indicating minimal anthropogenic impact 

(Whitfield, 2000). Housing developments are located in the lower reaches of the three 

systems (Whitfield, 2000), and game, cattle and pineapple farming are the main land 

use practices in their catchment areas. In order to elucidate the physical and chemical 

conditions of the estuaries studied, it is necessary to understand some of the climatic 

and hydrographic influences of the south-eastern South African coastline. 
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      Figure 2.1. Location of three temporarily open/closed estuaries along the south-    
                      eastern coast of the Eastern Cape Province of South Africa. 

 

2.1.1 Coastal and climatic influences 

 

    The dominant factor influencing the climate of South Africa’s south-east coastline 

is the warm Agulhas Current (Stone et al., 1998). This warm strong surface current 

contributes to the south-east coastline having a subtropical climate (according to the 

Koppen system of climate identification). Air temperature ranges from 10 to 22 °C, 

with an annual rainfall of least 600 mm (Lubke, 1998).  The coastal town Port Alfred, 

for which there is considerable climatic data, is close to the estuaries and gives a good 

indication of temperature and rainfall for the coastal region, experiencing mean 

temperatures of between 10 °C (in July, austral winter) and 26 °C (in February, 

austral summer, Fig. 2.2). Maximum and minimum air temperatures recorded at Port 
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Alfred between 1996 and 2005 (measured at 08:00, South African Weather Bureau 

records, in litt .) were 38.5 °C (March 2003) and 1.9 °C (July 2002), respectively, 

although these can be regarded as extreme (Stone et al., 1998). 
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       Figure 2.2. Mean maximum and minimum daily air temperature (°C), averaged  
                         per month measured at Port Alfred between 1996 and 2005 (South  
                        African Weather Bureau records, in litt). 
 

       Port Alfred recorded a mean annual rainfall, between 1996 and 2005, of 604 mm 

(Fig. 2.3). A minimum of 396 mm (1999) and a maximum of 731 mm were recorded 

in 1998 (South African Weather Bureau records, in litt .).  

 

        The rainfall in the coastal region demonstrates an autumn-spring bimodal pattern 

(Fig. 2.3) with a maximum rainfall peak occurring during spring (Kopke, 1988). Wet 

and dry cycles of between 12 and 20 years in duration have been recorded for the 

south-eastern Cape coastline (Grange et al., 2000). 
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   Figure 2.3. Mean monthly rainfall (mm) between 1996 and 2005 recorded at Port  
                     Alfred (South African Weather Bureau records, in litt). 
 

     The coastal area is also influenced by the southern hemisphere sub-tropical high 

pressure belt and the circum-polar belt of westerly winds (Stone et al., 1998). The 

high pressure cells move further south in austral summer, to block the westerly winds, 

and as the high pressure cells move north during austral winter, so the westerly winds 

can penetrate further northward, blowing onshore. This results in easterly winds 

occurring in summer, and westerly winds blowing onshore during winter.  

 

      The Agulhas Current is narrow ( ≈ 100 km wide) and averages a flow rate of 1 m 

sec-1  frequently reaching 2 m sec-1 at its core, on the surface, and is thus considered  

fast flowing (Ross, 1988; Lutjeharms, 1998). Its surface temperature varies seasonally 

between 22 °C and 27 °C (Ross, 1988). The current is closest to the South African 

coastline at East London (≈ 125 km north east of the East Kleinemonde Estuary), and 

veers off the coast near Port Elizabeth (≈ 180 km south west of the Kasouga Estuary), 

after which its flow is less concentrated and slower (Stone, 1988). A counter current 
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then develops offshore, owing to retroflection, and the water circulates in an eastward 

direction once more. The presence of such retroflective currents from the Agulhas 

Current can cause rapid changes in sea temperature. In winter a temperature 

difference of as much as 10 °C can occur between inshore water and the warm 

Agulhas Current waters further offshore (Stone, 1988).  

 

       The Port Alfred upwelling cell, whereby cold deep water from the South Indian 

Central Water is lifted onto the continental shelf, moves parallel to the Agulhas 

Current and causes further rapid changes of the sea temperature (Lutjeharms, 1998). 

The wind affects the surface layers of water, which may be warm, when a thin surface 

layer of Agulhas Current water covers the cold upwelled water, when blowing from 

the south-west, and when the wind swings to north-east, the layer of sun-warmed 

water is displaced to expose the cold upwelled water (Lutjeharms, 1998).   

 

    The atmospheric circulation and Agulhas Current, with associated upwellings, and 

eddies influence the periods of rainfall and storm waves which batter the south-

eastern Cape’s coastline, and may result in greater than average rainfalls (> 100 mm) 

and mouth breaching events (Wooldridge and McGwynne, 1996; Perissinotto et al., 

2000; Froneman, 2004a). These breaching events cause the rapid outflow of estuarine 

water (Fig. 2.4), and the removal of submerged vegetation, both of which affect the 

populations of estuarine fauna (Vorwerk et al., 2008). The effect of these mouth 

breaching events will be illustrated and discussed in Chapter 3. 
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   Figure 2.4. Photographs A + B, 15 days apart, illustrating the effect of mouth                        
                     breaching (C) on water levels in a temporarily open/closed estuary (the  
                     Kasouga Estuary), during August 2006. 
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2.2 The Study Estuaries 

 

2.2.1 Kasouga Estuary   

    

       The Kasouga Estuary (33°39’11”S; 26°44’01”E) is a small to medium sized 

temporarily open/closed system (Fig. 2.5), situated about 15 km west of Kenton-on-

Sea, and approximately 20 km west of Port Alfred, along the coastal road (R72). 

When at its highest level, it is navigable by small boat for ≈ 4 km. It is narrow (30 to 

40 m wide), in the upper reaches but can widen to ≈ 200 m in the lower reaches. For 

most of the year, however, it is generally 100 to 120 m wide in this lower region. The 

estuary is shallow in the lower and middle reaches never achieving a depth of > 1.8 m 

at its highest level, and is between 1.5 and 2 m deep (max. depth = 2.1 m) in the main 

channel in the upper reaches. The estuary is closed for the most part, but will breach 

following heavy rainfall (> 100 mm in a month), combined with high seas. The sand 

bar at the mouth is usually very extensive so that overtopping events rarely occur, 

generally < 4 x per year (Froneman, 2002b, 2004a). 

 

     Ruppia maritima (L.) is the dominant submerged macrophyte within the estuary, 

particularly in the middle and upper reaches, where it conceivably acts as a refuge for 

a variety of invertebrates and vertebrates (Holomuzki and Short, 1988; Kanouse et al., 

2006). The reed, Phragmites australis (Cav.) Trin. ex Steud., grows along both banks  

in the upper reaches, but sparsely in the middle reaches. Preliminary studies indicated 

that isopods were not found beyond station one, due to the absence of R. maritima, 

and therefore sampling did not occur beyond this point. The catchment area is 

approximately 45 km2 in extent, and there is relatively little agricultural development. 
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The average estuarine water quality index (eWQI) value of the Kasouga Estuary was 

≈ 8.4, which indicates good quality (Harrison et al., 2000). 

  

       The streams and valleys of the catchment are considered undisturbed and pristine 

(Froneman, 2002b, 2004a). The land within the immediate vicinity of the estuary on 

the eastern bank is used for the grazing of cattle and holiday housing development of 

about 100 houses, the Kasouga village. The west bank consists of mainly undeveloped 

land used primarily for game farming at present, although property developers would 

like this area for holiday-home development. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 2.5. Kasouga Estuary with six collection sites indicated. Two sites were  
                     located in each of the three reaches of the estuary. The stippled areas  
                     represent salt marsh areas adjacent to the estuary. 
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 2.2.2 West and East Kleinemonde Estuaries 
 
 
       The West and East Kleinemonde systems (Fig. 2.6) lie about 20 km east of Port 

Alfred and occur in narrow valleys. The West Kleinemonde Estuary (33°26’26” S; 

27°02’41”E) is the larger of the two and is classified as a large temporarily 

open/closed system. It is navigable by small motorboat for ≈ 6 km (Bernard and 

Froneman, 2005) and is relatively wide (up to 200 m) in the lower reaches, but 

narrower (20 and 30 m) in the upper reaches. This is a shallow system (< 2 m depth at 

its highest level), particularly in the lower and middle reaches. The mouth is closed 

for long periods of time, but the sandbar can be breached during periods of heavy rain 

(> 100 mm in a month). High seas can result in overtopping of seawater resulting in 

high salinities in the lower reaches, once the mouth has reclosed (Perissinotto, et al., 

2000; Cowley and Whitfield, 2001; Harrison, 2004). Over-spilling events comprised 

of wind-driven estuarine water flowing into the sea were observed during periods 

when the estuary was at its highest level, (e.g. during March, 2007; Henninger, 

unpublished data).  

 

        The vegetation in the littoral zone of the West Kleinemonde Estuary is 

dominated by Ruppia maritima, in the middle and upper reaches. Phragmites 

australis stands grow along the entire estuary length. The catchment area is long and 

narrow (about 25 km2), and most of the land on the west bank is undeveloped cattle 

grazing area. The narrow range of hills dividing the West and East Kleinemonde has 

pineapple plantations in the upper reaches of the catchment area, particularly that of 

the East Kleinemonde. In its lower reaches the estuary is flanked by holiday homes. 

The average eWQI value for the West Kleinemonde Estuary was ≈ 7.2, indicating 

moderate quality (Harrison et al., 2000). 
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  Figure 2.6. West and East Kleinemonde Estuaries showing locations of collection  
                     sites. Two sites were located in each of the three reaches (upper, middle  
                     and lower) of the estuaries. Stippled areas indicate salt marshes.  
 

 

       The East Kleinemonde Estuary (33°32’18 S; 27° 02’50” E) is classified as a 
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depth of  1 to 1.5 m in the middle and upper reaches when at its highest level, making 

it difficult to negotiate by motorboat, particularly during low water spells, when  

depth may dwindle to 50 cm. The estuary is approximately 100 to 150 m wide in the 

lower reaches, and about 50 to 100 m wide in the middle and upper reaches. Holiday 

homes are located on both banks, with the most extensive development (Sea Vale) on 

the east bank. The catchment area is ≈ 45 km2 with pineapple plantations dominating 

the far upper reaches. There is very little agricultural activity in the immediate vicinity 

of the estuary. The eWQI value was considered moderate at ≈ 7.6 (Harrison et al., 

2000). Vegetation immediately along the banks is dominated by Sarcocornia perennis 

(Mill.) A.J. Scott, Juncus kraussii Hochst. and Sporobolus virginicus (L.) Kunth., 

which become inundated when the estuary water levels rise. Small stands of 

Phragmites australis occur in the lower and middle reaches. The mouth is more 

susceptible to breaching, than either the neighbouring West Kleinemonde, or the 

Kasouga, with more frequent over-spilling events (Riddin and Adams, 2008; 

Whitfield et al., in press). These events have been recorded over the period 1993 – 

1998, and indicate that the mouth was open during every month, except March and 

July, during this period (Cowley and Whitfield, 2001). In 2006, due to increased river 

flooding, the estuary was open for 33 % of the days, which is significantly higher than 

the mean for open mouth conditions (Van Niekerk et al., 2008). 
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Chapter 3.  
 

Population Dynamics of the Estuarine Isopod, Exosphaeroma 
hylocoetes, (Barnard, 1940)  

_______________________________________________________________ 
 
 
3.1 Introduction 

  

     Temporarily open/closed estuaries (TOCEs) are the dominant estuary type 

(comprising ≈ 73 % of the 289 estuaries) along the South African coastline (Whitfield, 

1992a). These estuaries are characteristically shallow (< 2.5 m deep), and generally have 

low turbidity, except during the open phase (Froneman, 2002a, b). Mouth breaching 

events following periods of increased rainfall have been shown to have a profound effect 

on estuarine inhabitants (Vorwerk et al., 2008). These events lead to river conditions 

dominating these systems (Wooldridge and McGwynne, 1996; Perissinotto et al., 2000; 

Froneman, 2002a, b) resulting in a decrease in estuarine fauna, possibly due to the 

removal of submerged vegetation that acts as a refuge area, and/or outflow of biomass-

rich estuarine water into the marine environment. Following mouth closure by a sandbar, 

overtopping events occur, allowing seawater with possible subsequent recruitment of 

estuarine fauna into the estuary (Wooldridge and McGwynne, 1996; Perissinotto et al., 

2000; Froneman 2002a, b; Kemp and Froneman, 2004). Overtopping events occur more 

frequently than mouth breaching events in Eastern Cape TOCEs (Cowley et al., 2001; 

Kemp and Froneman, 2004). 

 

     Isopods are a conspicuous component of estuarine macro-crustacean communities 

(Holditch and Harrison, 1983; Simpson et al., 1985; Heck et al., 1995; Hass and Knott, 

1998; Ferreira et al., 2004), including those in South Africa (MacNae, 1957; McLachlan 

and Grindley, 1974; Christie and Moldan, 1977; Hodgson, 1987; Newman et al., 2007). 

Densities of up to 1 980 individuals m-² have been reported for the temporarily 
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open/closed Bot River (Koop et al., 1983) and 17 581 ind. m-² in the permanently open 

Gamtoos Estuary along the south-eastern coastline of South Africa (Schlacher and 

Wooldridge, 1996). Shifts in isopod community structure are correlated to horizontal 

gradients in salinity and temperature (Wooldridge, 1999; Mouny et al., 2000; Yamada et 

al., 2007). Maximum abundances of isopods within estuaries are typically associated with 

submerged macrophytes, which are thought to provide a refuge for invertebrates against 

predation (Holomuzki and Short, 1988; Kanouse et al., 2006). The high abundances of 

estuarine isopods suggest that they play a key ecological role within these systems, 

because isopods are important in the turnover of nutrients (Koop and Field, 1981), and as 

a food source for several South African estuarine fish (e.g. Blaber 1974, 1976, 1984; 

Mason and Marais 1975; Whitfield and Blaber 1978; Whitfield 1980a, b; Coetzee 1981, 

1982a, b; Cyrus and Blaber 1983; Wallace et al. 1984; Bennett 1989a; Bennett and 

Branch, 1990).          

 

    Whilst there has been a great deal of work carried out on the zooplankton of South 

African estuaries, especially crustaceans (Jerling and Wooldridge, 1995; Wooldridge, 

1999; Froneman 2002a, b, 2004b) there has been very little work on epi-benthic 

Crustacea particularly within TOCEs. The only autecological estuarine isopod study to 

date is that of Newman et al. (2007) on the cirolanid, Cirolana fluviatilis, in the 

permanently open Gamtoos River, within the same geographic region. The isopod 

Exosphaeroma hylocoetes (Barnard, 1940) has been identified as a dominant component 

of the hyperbenthos within TOCEs. As yet there have been no autecological studies of 

isopods within these systems.  The primary aim of this study is, therefore, to provide the 

first assessment of population dynamics of this species in three warm temperate TOCEs 

along the Eastern Cape coastline with emphasis on open and closed phases. The null 
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hypothesis is that mouth openings have no effect on the population dynamics of the 

isopod Exosphaeroma hylocoetes.  

 

3.2 Materials and methods 

3.2.1 Study sites 
 
      These are described in detail in Chapter 2 (Figs 2.1, 2.5 and 2.6). 
    

3.2.2 Horizontal distribution and habitat of E. hylocoetes 
 
 

     To assess the horizontal patterns of the population structure of E. hylocoetes, 

preliminary surveys were carried out in the middle reaches of the Kasouga (four sites) 

and W. Kleinemonde (six sites) Estuaries. At each site 1 m long sweeps with a hand-held 

sweep net (200 x 200 mm, 1 mm mesh) were made parallel to the shore every metre 

along a transect from the bank to the middle of the channel. In addition, a visual estimate 

of vegetation cover, in a 1 x 1 m quadrat, was made. Three replicates per site at each 

distance were carried out. As the majority of isopods (up to 95 %) were found within the 

fringing vegetation (see results section) all subsequent sampling was confined to this 

habitat. 

 

3.2.3 Abundances and biomasses of E. hylocoetes 

 

    To assess the spatial and temporal patterns of the population structure of E. hylocoetes, 

monthly surveys were carried out in the three estuaries from February 2006 until August 

2007. Six stations were occupied comprising, two stations in each of the upper, middle 

and lower reaches of each estuary (Fig. 3.1). During each survey isopods were collected 

using a 200 x 200 mm net with a mesh size of 1 mm. Three replicate 1 m long sweeps per 

station were collected and bottled for later processing. Additionally, at each station a 

visual estimation of the vegetation cover was made as described above. Data presented 
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show the mean values for two sites in each reach, with a total of six replicates per reach. 

At each station water temperature and salinity were measured using a hand-held 

thermometer and an Atago hand-held refractometer. Measurements were taken in the 

littoral zone.  

 

    In the laboratory the animals were preserved in 4 % formaldehyde for 24 hr then 

counted and stored in 70 % alcohol. Isopod densities were calculated and expressed as 

ind. m-2. In addition, each isopod was measured (0.01 mm accuracy) using an ocular 

micrometer along the mid-dorsal length from the anterior tip of the cephalon, (the point 

of connection between the cephalon and the flagellae, or antenna one), to the posterior tip 

of the pleotelson, and then sexed, according to shape and inner ridge of pleotelson 

(Barnard, 1940). Brood carrying (yellow eggs or mancas) was observed in individuals 

longer than 2.5 mm, and therefore isopods < 2.5 mm in length were considered as 

juveniles.  The total isopod biomass per station was determined by drying each sample at 

60 °C to a point of constant mass and weighing on a Sartorius Electronic Microbalance. 

Values were expressed as mg dwt. m-2.  

  

       Numbers of brood per female were counted and the females’ length measured to the 

nearest 0.001 mm, to determine a relationship between maternal isopod length and brood 

size. Further, brood was subdivided into that < 1mm, regarded as embryos/eggs and that 

> 1 mm, which could be recognised as developing and developed mancas, before their 

release at ≈ 1.5 mm.  

 

3.2.4 Laboratory isopod brood work and sex ratio distortion 

        

     In order to determine whether a female biased brood was an artefact of selection 

pressure in the field, or the result of physical factors, or even an innate factor isopod 



                                                                                                                                      Chapter 3                                                                                                

 37 

brood was raised in the laboratory. Isopods were collected in the field and processed in 

the laboratory. After inspection under a dissecting microscope 30 visibly gravid female E. 

hylocoetes were selected and 15 placed in individual 250 ml plastic containers containing 

water at a salinity of 15 in a constant environment (C.E.) room at 15 °C. The remaining 

15 were placed in a C.E. room set at 25 °C in 250 ml containers in water at a salinity of 

15. The females were fed ad libitum on commercially available dry fish food. The fish 

food had the following composition: min 40 % protein; 5 % fat; 5 % fibre and 12 % 

moisture. The water was changed weekly. The females were observed daily to establish 

release of brood. Released brood, now mancas, were separated, placed in containers 

experiencing the same conditions as their mothers. The mancas received the same 

treatments (with respect to feeding and water changing) as their mothers. The individual 

mancas were sexed when they reached ≈ 5 mm. This allowed the determination the sex 

ratios of the brood. 

      

     Field studies revealed a sex ratio bias towards females (see results section 3.3.4). 

Screening for Wolbachia as a possible sex ratio distorter was carried out using specific 

genetic markers in male and female E. hylocoetes. DNA was extracted and purified using 

the spin-column protocol of the DNeasy Blood and Tissue handbook 07/2006, (DNeasy 

96 – Blood and Tissue Kit, Qiagen, Valencia, CA, USA). Individuals were screened for 

the presence of Wolbachia using a polymerase chain reaction (PCR) to amplify portions 

of genes used commonly as markers for Wolbachia infection: the Wolbachia surface 

protein gene (wsp). Amplification of a section of the wsp using the primers Wsp81F and 

Wsp69R (Zhou et al., 1998) was carried out in a 20 µl PCR reaction. The PCR products 

were electrophoresed on a 1 % agarose gel using 1 µl loading dye and 5 µl PCR product. 

Bands were visualised on a UV Transilluminator. 
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3.2.5 Statistical analyses 

 

       One-way ANOVAs were used to determine if there were any significant 

spatial/temporal patterns in the abundance and biomass of E. hylocoetes within the three 

estuaries. Sources of variation were assessed employing the post hoc Fisher’s (LSD) test. 

T-tests were employed to detect any significant differences in isopod cohort sex ratios at 

combinations of temperature and/or salinity. The analyses were carried out using 

Statistica version  7 (StatSoft) package. Data were not transformed as these met the 

requirements for ANOVA.  

 

3.3 Results 

 

3.3.1 Physico-chemical results 

 

    Rain induced mouth-breaching events occurred on four occasions from August to 

November 2006 in the W. Kleinemonde. The Kasouga Estuary breached on two 

occasions in August and October 2006, while in the E. Kleinemonde a total of seven 

breaching events were recorded, (from June to October and December 2006, as well as 

during April and June 2007) (Figs 3.1 and 3.2). In all instances, the mouths closed within 

seven days of breaching. 

 

     Water temperatures within all three estuaries showed little variation between reaches 

and demonstrated a strong seasonal pattern with maximum values (20 to 31 °C) being 

recorded during January (summer) and minimum values (14 to 16 °C) in winter (Fig. 

3.1). Intermediate values were recorded in autumn (16 to 21 °C) and spring (17 to 24 °C). 

In all three estuaries, inflow of seawater following the overtopping events and freshwater 

inflow was associated with a decline in water temperatures.  
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    Salinities within all three estuaries were highly variable during the study, ranging from 

0 to 33 in the W. Kleinemonde Estuary, 0 to 27 in the E. Kleinemonde and 2 and 32 in 

the Kasouga Estuary (Fig. 3.2). This variability reflected the influence of both freshwater 

inflow (due to high winter rainfall within the catchment area) and the inflow of marine 

waters following breaching events. During the first three months of the survey the mouths 

were closed and salinity within the three estuaries increased steadily, probably due to a 

combination of increased evaporation, seepage to the sea via the sandbar and decreased 

surface run-off, reaching 32 in May 2006 in the Kasouga, 26 in the E. Kleinemonde and 

22 in the W. Kleinemonde (Fig. 3.2). Heavy catchment rainfall in June and July 2006, 

however, diluted salinities to mesohaline and even hyposaline conditions (0 and 2 in 

August and September 2006) within the three estuaries (Fig. 3.2). 

 

     Whilst the mouth of the E. Kleinemonde breached several times during the study 

starting from the end of July 2006, those of the W. Kleinemonde and Kasouga only 

started to breach in August 2006 (Figs 3.1 and 3.2). These events resulted in rapid 

fluctuations in the water levels in the three systems. A key feature was a virtual absence 

of a salinity gradient in the three systems, where a salinity difference generally did not 

exceed 4  between the upper and lower reaches. Exceptions occurred between August 

2006 and January 2007 in the W. and E. Kleinemonde Estuaries when a gradient was 

established between the upper and lower reaches. In November 2006 the salinity was 5 in 

the upper reaches of the W. Kleinemonde Estuary, while it was 31 in the lower reaches. 

In August 2006, the salinity was 6  in the upper reaches of the E. Kleinemonde Estuary, 

while at the same time it reached 16 in the lower reaches. After these occasions, i.e. in the 

following month, the salinity differences were < 4, removing any indication of a salinity 

gradient. 
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Figure 3.1.  Estuarine water temperatures within three Eastern Cape temporarily   
                    open/closed estuaries during 2006 and 2007. A = West  Kleinemonde; 
                    B = East Kleinemonde & C = Kasouga Estuaries. Mouth breaching 
                   events are indicated by arrows. 
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Figure 3.2. Mean salinities of three reaches in three Eastern Cape temporarily    

open/closed estuaries during 2006 and 2007. A = West Kleinemonde; 
                     B = East Kleinemonde & C = Kasouga Estuaries. Mouth breaching 
                     events are indicated by arrows. Key refers to the reaches of the estuaries. 
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3.3.2 Horizontal distribution and habitat of E. hylocoetes  

 

       Isopod densities were always greatest within the marginal vegetation where 

percentage vegetation cover was highest (Fig. 3.3). The isopods were virtually absent 

from the main channels of the estuaries, although a few individuals were found 

swimming within the water column, over bare mud, within the channel of the Kasouga 

Estuary (Fig. 3.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
 

 

  Figure 3.3.  Abundance (mean ± S.D.) of Exosphaeroma hylocoetes in the West  
                      Kleinemonde and Kasouga Estuaries in relation to submerged   
                      vegetation cover and distance from the bank. 
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3.3.3 Vegetation cover 

 

       The marginal vegetation cover within the three estuaries was highly variable over 

both space and time (Fig. 3.4). The upper and middle reaches of the three estuaries 

always had a higher vegetation cover than the lower reaches. The site located at the 

mouth of the estuary was characterised by the virtual absence of a vegetation cover. The 

E. Kleinemonde Estuary had the lowest overall vegetation cover of 29.82 % ± 15.16 over 

all three reaches during the 19 month study period. The neighbouring W. Kleinemonde 

Estuary had the highest overall vegetation cover (53.45 % ± 26.82), with submerged 

vegetation being present in the upper and middle reaches of the estuary throughout the 

study period (Fig. 3.4). The Kasouga was intermediate between the two having a mean 

vegetation cover of 32.17 % ± 18.10. Breaching events lead to the complete collapse of 

the submerged stands of vegetation in the Kasouga and E. Kleinemonde Estuaries (Fig. 

3.4) resulting from a rapid decline in the water levels, which either exposed the 

vegetation (resulting in desiccation within hours) or washed it out of the mouth. 
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  Figure 3.4.  Vegetation cover (mean ± S.D) in three regions of three Eastern Cape  
                      temporarily open/closed estuaries during 2006 and 2007. A = West  
                      Kleinemonde; B = East Kleinemonde & C = Kasouga Estuaries. Mouth  
                      breaching events are indicated by arrows. Key refers to the reaches of  
                      the estuaries. 
 

0

20

40

60

80

100

M
ea

n 
%

 c
ov

er

     Breach A

0

20

40

60

80

100

M
ea

n 
%

 c
ov

er

         Breach B

0

20

40

60

80

100

F
eb

M
ar

A
pr

M
ay Ju

n

Ju
l

A
ug S
ep O
ct

N
ov

D
ec Ja

n

F
eb

M
ar

A
pr

M
ay Ju

n

Ju
l

A
ug

Months 2006 + 2007

M
ea

n 
%

 c
ov

er

Upper Middle Low er

  Breach

reaches of estuaries

C

0

20

40

60

80

100

M
ea

n 
%

 c
ov

er

     Breach A

0

20

40

60

80

100

M
ea

n 
%

 c
ov

er

         Breach B

0

20

40

60

80

100

F
eb

M
ar

A
pr

M
ay Ju

n

Ju
l

A
ug S
ep O
ct

N
ov

D
ec Ja

n

F
eb

M
ar

A
pr

M
ay Ju

n

Ju
l

A
ug

Months 2006 + 2007

M
ea

n 
%

 c
ov

er

Upper Middle Low er

  Breach

reaches of estuaries

C



                                                                                                                                      Chapter 3                                                                                                

 45 

3.3.4 Abundances and biomasses of E. hylocoetes 

 

    Mean abundance and biomass of E. hylocoetes within the W. Kleinemonde Estuary 

ranged between 3 and 4 791 ind. m-2 and from < 0.01 to 9.65 mg dwt. m-2, respectively 

(Figs 3.5 and 3.6). During the first six months of the survey (February 2006 to August 

2006), isopod abundance and biomass decreased towards the colder winter months. The 

four breaching events that occurred between August and November 2006 resulted in a 

dramatic decline in isopod abundances and biomasses from 564.4 ± 241.9 to 62.5 ± 35.1 

and from 1.0 ± 0.5 to 0.15 ± 0.08 mg dwt. m-2 (from August to September 2006). 

Following the closure of the mouth, mean isopod densities and biomasses increased from 

3 to 764 ind. m-2 and 0 to 1.26 mg dwt. m-2,  respectively over a period of seven months 

(December 2006 to June 2007; Figs 3.5 and 3.6). Estimates of the total isopod abundance 

and biomass during the open and closed phases were not significantly different from one 

another (F18, 38 = 1.88, p = 0.05 for abundance and F18, 38 = 1.56, p = 0.12 for biomass, 

Table 3.1).  

 

      Throughout the study the total abundance and biomass of E. hylocoetes was 

significantly higher (p < 0.05) within the middle and upper reaches of the W. 

Kleinemonde Estuary when compared to the lower reaches (Figs 3.5 and 3.6). There was 

a significant correlation between total abundances of the isopod and percentage 

vegetation cover (r2 = 0.869; p < 0.05; Fig. 3.7). There was no correlation between 

salinity, temperature and total abundance and biomass of E. hylocoetes during the study 

(p > 0.05 in all cases). 

 

     The mean isopod abundance and biomass in the East Kleinemonde Estuary prior to the 

mouth breaching events in June 2006 ranged between 0 and 108.3 ind. m-2 and between 0 
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and 0.32 mg dwt. m-2, respectively (Figs 3.5 and 3.6). After the mouth breached in July, 

isopods were absent from the estuary. The populations began to recover in February 

2007, about one month after mouth closure (in early January). During the subsequent five 

month period both abundance and biomass increased once more; ranging from 0 to 100 

ind. m-2 and from 0 to 0.25 mg m-2.   There was no significant seasonal pattern in total 

isopod abundance and biomass, however, the total abundance and biomass of E. 

hylocoetes during the months of February 06; April to June 06; April 07 and July to 

August 07 were significantly higher than the remaining months (ANOVA p-values 

ranged between 0.0481 to 0.0177 for abundance and between 0.0482 and 0.0021 with 

regard to biomass; F18, 38 = 5.22, p < 0.001 for abundance and F18, 37 = 3.50, p < 0.001 for 

biomass, Table 3.1). There were no significant spatial patterns in isopod abundances and 

biomass evident during the study (p > 0.05 in all cases). Total densities were significantly 

positively correlated to the percentage vegetation cover (r2 = 0.725; p < 0.05; Fig. 3.7). 

 

     Mean abundance and biomass of E. hylocoetes within the Kasouga Estuary ranged 

between 0 and 3 650 ind. m-2 and from 0 to 5.11 mg dwt. m-2, respectively (Figs 3.5 and 

3.6). As for the W. Kleinemonde Estuary, isopod abundance and biomass showed a weak 

seasonal trend in 2006 decreasing towards the colder winter months during the first five 

months of the survey (Figs 3.5 and 3.6). Again the mouth breaching events in August and 

October 2006 coincided with the disappearance of submerged vegetation and isopods 

within the estuary, with isopod numbers only recovering in April 2007, three months 

after mouth closure. Between April and August 2007 mean densities and biomasses of the 

isopods ranged between 0 and 648 ind. m-2 and between 0 and 1.52 mg dwt. m-2, 

respectively (Figs 3.5 and 3.6). 

 

 



                                                                                                                                      Chapter 3                                                                                                

 47 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
   
   
               
 
 
 
 
 
 
 
 
   Figure 3.5. Mean density (± S.D.) of Exosphaeroma hylocoetes in three reaches of three 

Eastern Cape temporarily open/closed estuaries. A = West Kleinemonde; B 
= East Kleinemonde & C = Kasouga Estuaries. 

                     Mouth breaching events are indicated by arrows.  
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     Figure 3.6. Mean biomass (g dwt. m-² ± S.D.) of Exosphaeroma hylocoetes in three 

reaches of three Eastern Cape temporarily open/closed estuaries. A = West 
Kleinemonde; B = East Kleinemonde & C = Kasouga Estuaries. Mouth 
breaching events are indicated by arrows.  
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   Figure 3.7. Abundance of Exosphaeroma hylocoetes related to the percentage 

vegetation cover in three Eastern Cape temporarily open/closed estuaries. 
A = West Kleinemonde; B = East Kleinemonde & C = Kasouga Estuaries. 
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 Table 3.1. Results of an ANOVA (Statistica, version 7) to determine whether isopod 
density and biomass demonstrate significant differences between months of 
the study, site (lower, middle and upper estuary reaches) and mouth state 
(closed vs. open) in three temporarily open/closed estuaries: (A) West 
Kleinemonde, (B) East Kleinemonde and (C) Kasouga Estuaries. 

_____________________________________________________________________ 
 
Variation            Sum of squares        d.f.     Mean squares     F-ratio       Sig. Level 
_____________________________________________________________________ 
A Density 
 
Months                  20290313                 18        1127240              1.884             0.050 
Site                          4184561                  2         2092281              2.909             0.063 
Mouth state             1643227                  1         1643227              2.184             0.145 
 
A Biomass 
 
Months                     70.856                   18          3.936                 1.558             0.123 
Site                           14.961                    2           7.481                 2.660             0.079 
Mouth state                5.273                    1           5.273                 1.795             0.186 
 
B Density 
 
Months                   38822.12                 18          2156.78              5.225           0.00001                 
Site                           1844.81                  2             922.40              0.946           0.395 
Mouth state              1624.98                  1           1624.98              1.690           0.199 
 
B Biomass 
 
Months                       0.278                   18              0.016               3.498          0.006 
Site                             0.017                    2               0.008               1.040          0.361 
Mouth state                0.018                    1               0.018               2.300          0.135 
 
C Density 
 
Months                    34783405               18            1932411             5.413          0.00001 
Site                            2952224                 2            1476112             1.756          0.183 
Mouth state               1755935                 1            1755935              2.073         0.156 
 
C Biomass 
 
Months                         92.606                18              5.145                3.590          0.0005            
Site                               10.540                  2              5.270                2.084          0.134 
Mouth state                    4.569                  1              4.569                1.764          0.190 
_____________________________________________________________________ 
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      A significant difference in the overall temporal pattern of isopod abundance and 

biomasses in the Kasouga Estuary was established, with February 2006 being 

significantly different to all other months (multiple range tests, p-values ranged between 

p < 0.05 and p < 0.001; overall F18, 38 = 5.41, p = 0.00001 for abundance and F18, 38 = 

3.59, p = 0.00045 for biomass). The biomass of isopods during February 2006 was 

similar to those of April 2006 and June 2006, and were significantly different to all other 

months (p-values between p < 0.05 and p < 0.001 were recorded). There was no 

significant difference with regard to site within the estuary and abundance, F2, 54 = 1.76, p 

= 0.18; or biomass F2, 54 = 2.08, p = 0.13).  Isopod abundances and biomasses were 

typically lowest when the mouth was open, although the values regarding mouth state 

were highly variable no significant differences were established between the open and 

closed phase, (F1, 55 = 2.10, p = 0.16 for density and F1, 55  = 1.77, p = 0.19 for biomass, 

Table 3.1). Once again, a significant positive correlation between total abundances of the 

isopod and the percentage vegetation cover was noted (r2 = 0.79; p < 0.05; Fig. 3.7). 

 

3.3.5 Sexual dimorphism, sex ratios and brooding  

 

      Male and female E. hylocoetes can be differentiated by studying the pleotelson from 

the ventral side. Male E. hylocoetes have a more pointed, triangular pleotelson, and 

together with a ridge on the pleotelson when viewed vetrally. Females have a more 

rounded pleotelson and lack this ridge (Fig. 3.8 A and B). Males longer than 5 mm also 

develop the characteristic paired pene located anteriorly of the first pleopods (Fig. 3.8 C). 

Females develop five pairs of vestigial oostegites attached to the ventral side of the 

pereonites (Chapter 1, Figs 1.1 and 1.3). Brood carrying could be observed in individuals 

> 2.5 mm. Isopods < 2.5 mm in length were considered as juveniles. Yellow eggs visible 

through the ventral body wall could identify gravid females. The ventral wall would 
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become distended when mancas were present. Such visually gravid females were then 

dissected to allow counting and measurement of the brood.  

           
 
   Figure 3.8. Scanning electron  micrograph  of  the  ventral  view of the pleotelson of  
                     Exosphaeroma hylocoetes to show differences in the male (A) and   female 

(B) structures. The male pene (C) located in front of the pleopods. Scale bar 
= 1 mm in A and B; and 0.5 mm in C. Specimens processed using standard 
techniques and viewed on a Tescan Vega SEM at an accelerating voltage of 
5.0 KV 

. 
   Sex ratios within the three estuaries were highly variable. In the W. Kleinemonde and 

Kasouga Estuaries sex ratios  were  skewed  towards  females. These ratios ranged 

between 1:1 and a maximum of 10.9:1 (during July 2006) in the W. Kleinemonde and 

between 1:1  and 20.5:1 (during July 2006) in the Kasouga Estuary (Fig. 3.9). The 

isopods in the E. Kleinemonde Estuary generally demonstrated a 1 : 1 ratio, except during 

May 2006 when females were outnumbered by males at 0.28 : 1 (Fig. 3.9). The female 

bias in the W. Kleinemonde Estuary was not only apparent during the longer periods of 

mouth closure but also during re-colonisations (Fig. 3.9). In the E. Kleinemonde Estuary 

prior to initial mouth breaching the sex ratio was 1:1 while during the predominantly 

closed phase in 2007 this became skewed towards females at 1.3:1. The female bias in 

the Kasouga Estuary lessened during the closed phase of 2007 from 4.6:1 (in the closed 

phase of 2006) to 1.7:  during the closed phase of 2007. However, for nine months the 

sex ratio was female biased, while only three months saw male dominance (when overall 

abundances were low) in the Kasouga Estuary (Fig. 3. 9). 
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      Figure  3.9.  Population composition of Exosphaeroma hylocoetes in three Eastern 

Cape temporarily open/closed estuaries. A = West Kleinemonde; B = 
East Kleinemonde & C = Kasouga Estuaries. Those months with fewer 
than 10 individuals had data omitted. Brooding refers to gravid females; 
and juveniles ≤ 2.5 mm. 
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       In the W. Kleinemonde Estuary some females were carrying brood, and juveniles (< 

2.5 mm) were present, for most of the year, resulting in no seasonal pattern in juvenile 

release (Fig. 3.9). During the initial closed phase of the W. Kleinemonde, 29 % of 

females were found to carry brood, in the mouth-open phase 17 %, but during the closed 

phase of 2007 this declined to 6.6 %. While brooding females were found in most months 

when the mouths of the Kasouga and E. Kleinemonde Estuaries were closed, juveniles 

were scarce in 2007 (Fig. 3.9). In the Kasouga Estuary 42 % of females were found to be 

carrying brood during the initial mouth-closed phase, but this declined to 3.4 % during 

the 2007 closed phase. In the E. Kleinemonde Estuary the brood carrying females also 

showed this decline from 36.8 to 4.8 % in the same two periods (Table 3.1).  

 

     Male E. hylocoetes (5.71 ± 0.41 mm) were significantly larger (p = 0.003) than 

females (3.99 ± 0.26 mm) in all three estuaries with males growing  to a maximum of 

12.0 mm and females 7.5 mm (Fig. 3.10; Table 3.1). There were no significant spatial 

differences in isopod mean length within each of the estuaries during the 19-month study 

period, (p = 0.305 in the W. Kleinemonde; p = 0.428 in the E. Kleinemonde and p = 

0.059 in the Kasouga Estuary). A one-way ANOVA (Tukey test) between the three 

estuaries yielded no significant differences in isopod lengths between in the Kasouga and 

W. Kleinemonde Estuaries (p = 0.102) or between those in the E. Kleinemonde and 

Kasouga Estuaries (p = 0.550). There was, however, a significant difference in isopod 

length between the W. Kleinemonde and E. Kleinemonde Estuaries (p = 0.010), with E. 

Kleinemonde having the longer individuals.   
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Figure 3.10. Mean lengths (± S.D.) of male and female Exosphaeroma hylocoetes in three 
temporarily open/closed estuaries over the period February 2006 to August 
2007. A = West Kleinemonde; B = East Kleinemonde & C = Kasouga 
Estuaries. Those months with fewer than five individuals had data omitted. 
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        Table 3.2. Mean (± S.D.) and maximum isopod lengths (mm) within all three 
estuaries from February 2006 to August 2007. 

 
 
                                          Mean length (mm)                 Maximum length (mm) 

  

               Males                    5.71 ± 0.41                                  12.0  (n = 11 608) 

                Females                3.99 ± 0.26                                    7.5   (n = 42 277) 

 
 
 

     Dry mass to length also showed the larger overall male size compared to females, with 

females carrying brood having a greater mass than males of similar length (Fig. 3.11).  
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        Figure 3.11. Male and female Exosphaeroma hylocoetes dry mass to length.  
                             Points from scatter diagrams were omitted for clarity. 
 
 

3.3.6 Female brood size and brood sex ratios 

 
    The largest female encountered in the field (7.5 mm) carried the greatest number of 

brood (72), but these were relatively small at 0.42 mm. The smallest female (3.10 mm) 

carried only five eggs with a mean size of 0.4 mm. From this it may be concluded that 

the larger the female body size, the larger the brood size she can carry (Fig. 3.12 A). 

Eggs/embryos were carried within the female body cavity, rather than within the 

marsupium created by the oostegites (Fig. 3.13). 



                                                                                                                                      Chapter 3                                                                                                

 57 

      

R2 = 0.557

0

10

20

30

40

50

60

70

80

90

2 3 4 5 6 7 8 9

E. hylocoetes female body length (mm)

E
gg

s/
em

br
yo

s/
m

an
ca

s 
pe

r 
fe

m
al

e

A

 

     

R2 = 0.548

0

10

20

30

40

50

60

70

80

90

2 3 4 5 6 7 8 9

E. hylocoetes female body length (mm)

E
m

br
yo

 n
um

be
r 

<
 1

 m
m

 le
ng

th
 

pe
r 

fe
m

al
e

Eggs/ early embryos B

 

       

R2 = 0.560

0

10

20

30

40

50

60

70

80

90

2 3 4 5 6 7 8 9

E. hylocoetes female body length (mm)

M
an

ca
 n

um
be

r 
>

 1
 m

m
 le

ng
th

 p
er

 
fe

m
al

e

Mancas
C

 

 Figure 3.12. Relationship between gravid female Exosphaeroma hylocoetes body length and   
brood size (A); eggs/ early embryos <1 mm diameter (B) and mancas > 1mm (C). 
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    Maximum number of eggs counted were 72, while a minimum of two were found 

(mean brood size = 20.69 ± 15.23; Fig. 3.12 A). The undeveloped embryos/eggs 

(< 1mm) had a mean size of 0.54 ± 0.22 mm (ranging in size from 0.17 to 0.92 mm; Fig. 

3.12 B). The mancas (> 1mm) ranged in size from one to 1.5 mm (mean length = 1.17 ± 

0.14 mm; Fig 3.12 C). 

 

 

      The laboratory-maintained visibly gravid female E. hylocoetes ranged in size from 

3.10 to 7.92 mm (mean length = 4.99 ± 0.96 mm). The broods of females raised in the 

laboratory experiments females at two tested temperatures (15 and 25 °C) and one 

salinity (15) had a significant female bias  (p < 0.001in both cases; t = 4.09 at 15 °C and 

t = 5.67 at 25 °C; Fig. 3.14). At 15 °C the mean number of males per brood was 5.50 ± 

3.84, whilst that of females was 17.07 ± 8.48. At 25 °C, the mean number of males per 

brood was 3.27 ± 2.12 and that of females was 12.12 ± 5.92.  There was, however, no 

significant difference  between the sex ratio of males to females at 25 °C and 15 °C (p = 

0.134; t = 1.544; df = 28). Males, therefore, made up less than 25 % of the broods at 

both temperatures (Fig. 3.14).  Males were observed to be more cannibalistic than 

females, even when fed daily.  At 15 °C the maximum brood size was 48 with an 

average brood size of 21.20 ± 12.99. At 25 °C these figures were 28, with an average 

size of 15.73 ± 7.69. These averages fall within the range found in the previously 

mentioned field data at 20.69 ± 15.23, but less than the maximum brood (72) found 

within a female.  
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Figure 3.13. Semi-oblique histological section through a gravid female Exosphaeroma 
hylocoetes to reveal location of eggs/embryos within internal pouches in the 
body cavity. (Compare to Chapter 1, Figure 1.3). Section was stained in 
haematoxylin and eosin. Tissue was previously fixed in Bouin’s fixative and 
prepared by standard histological methods.  
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Figure 3.14. Average percentage (+ S.D.) of male Exosphaeroma hylocoetes in broods 

released by females at two temperatures (15 and 25 °C) and at a salinity of 
15. 
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       Trials with the Wolbachia surface protein gene primer, wsp 81F and wsp 691R, 

proved negative  for Wolbachia in E. hylocoetes using the polymerase chain reaction 

(PCR) cycling conditions of 35 cycles (1 min at 94 °C, 1 min at 55 °C, 1 min at 72 °C). 

Controls for PCR amplification of DNA solutions were carried out using general 

eukaryotic 285r and 285f primers (Werren et al., 1995). This time PCR cycling 

conditions were one cycle (1 min at 94 °C, 1 min at 55 °C, 2 min at 72 °C), 35 cycles (15 

s at 94 °C, 1 min at 55 °C, 2 min at 72 °C) and one cycle (15 s at 94 °C, 1 min at 55 °C, 7 

min at 72 °C; Thermo Hybaid PX2 thermal cycler). A negative result is illustrated in 

electrophoresis gel in Figure 3.15. 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.15. Electrophoresis gel indicating negative Wolbachia infection of PCR product of 

male  and female E. hylocoetes using Wolbachia surface proteins WSP 81 F and 
WSP 691 R. Key: C+ = positive control; C- = negative control; DL = DNA 
ladder; M 1+2 = males 1 and 2; F 1+2 = females 1 and 2. Absence of light band, 
(as in C+), indicates absence of Wolbachia infection. 

 



                                                                                                                                      Chapter 3                                                                                                

 61 

3.4 Discussion 
 
 
     During this study there was no evidence of horizontal temperature gradients in the 

three estuaries. In addition salinity gradients were only apparent in the two Kleinemonde 

Estuaries during a few summer months. The absence of any horizontal gradients is a 

common feature of TOCEs along the southeast coastline of southern Africa  (Perissinotto 

et al., 2000, 2002; Froneman, 2000, 2002a, 2004c), and  can be ascribed to a combination 

of factors including, small river catchment size (here ranging between 23 and 50 km2) 

that contributes a limited amount of freshwater run-off entering the systems, shallow 

water depth (< 1.5 m), and wind-induced horizontal and vertical mixing (Blaber et al., 

1983; Perissinotto et al., 2000, 2002, 2004; Froneman, 2002b, 2004c). Mean water 

temperatures and salinities were similar to those recorded by Harrison (2004) for each of 

the respective estuaries. The early spring rains coincided with a decrease in salinity, 

leading to the eventual breaching of the three estuaries. These results concur with those 

findings of Froneman (2002a, b) for the Kasouga Estuary and with other TOCEs 

(Perissinotto et al., 2000; Walker et al., 2001; Riddin and Adams, 2008), within the same 

geographic region. 

 

    Water temperature seasonality corresponded to those given for the Eastern Cape 

coastline (Kopke, 1988). On breaching, cooler marine waters entered the estuaries and 

lowered the estuarine water temperatures, an effect which was fast negated once the 

mouths closed and estuarine water temperatures rose once more by 6 °C in the W. 

Kleinemonde and by 7 °C in the E. Kleinemonde and Kasouga Estuaries between 

October and November 2006. These changes did not only occur within the lower reaches 

but along the whole length of the estuary, a result which can be ascribed to the relatively 
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short length and shallowness of the systems (Blaber et al., 1983; Perissinotto et al., 2000, 

2002; Froneman, 2002a, b, 2004b, c). 

 

     Horizontal gradients in temperature and salinity have been demonstrated to affect the 

spatial variability in distribution of plankton and nekton in permanently open southern 

African estuaries (Jerling and Wooldridge, 1995; Wooldridge, 1999; Newman et al., 

2007), as well as estuaries in general (Charpentier et al., 2005; Dye and Baros, 2005; 

Jones and West, 2005; Gladstone et al., 2006). Although there was evidence of greater 

isopod abundance in the middle and upper reaches of the W. Kleinemonde and Kasouga 

Estuaries during this study, the observed pattern is unlikely to be the result of physico-

chemical gradients. Rather, the elevated abundance and biomass values appear to be 

related to availability of submerged macrophytes. Indeed, the total abundances of isopods 

within the three estuaries were significantly correlated to percentage vegetation cover (p 

< 0.05 in all cases). Isopods were found in greatest densities when submerged vegetation 

abundance was > 60 %, and removal of the vegetation during mouth breaching in the E. 

Kleinemonde and Kasouga Estuaries coincided with the virtual absence of isopods within 

these systems. Similar conclusions were reached by Kanouse et al. (2006) who 

demonstrated that the biomass of submerged vegetation can determine the nekton 

distribution in North American marsh ponds. In South Africa, De Decker and Bally 

(1985), Hodgson (1987), as well as Bernard and Froneman (2005) have all highlighted 

the importance of submerged vegetation in structuring the estuarine invertebrate 

communities in both permanently open and temporarily open/closed southern African 

estuaries. Riddin and Adams (2008) reported similar losses of submerged vegetation in 

the E. Kleinemonde Estuary, but ascribed this loss to desiccation, within hours, after 

rapid declines in water levels following mouth breaching. It is now generally accepted 

that submerged macrophytes provide estuarine organisms with a refuge from predation or 
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alternatively, represent an area of increased food availability (Peterson, 1979; Heck and 

Thoman, 1981; Orth et al., 1984; Heck et al., 1995; Mattilla et al., 1999; Bernard and 

Froneman, 2005).  

 

     The estimates of abundance and biomass of the isopods reported for the W. 

Kleinemonde and Kasouga Estuaries during this study are similar to those reported for 

other South African estuaries, e.g. ≤ 1 980 ind. m-2 in the Bot River Estuary (Koop et al., 

1983); 17 581 ind. m-2 in the Gamtoos Estuary within the same geographic region 

(Schlacher and Wooldridge, 1996; see also Table 1.1, Chapter 1). On the other hand, the 

numbers in the E. Kleinemonde are of an order of magnitude less (max. density 108 ind. 

m-2) than those reported in the literature. These lower estimates can likely be attributed to 

the increased rate of mouth open events recorded within the system, which were 

associated with a decline in invertebrate abundances and biomasses (Cowley et al., 2001; 

Froneman, 2002a). In all three estuaries there was always a dramatic decline in the 

abundance and biomass of isopods when the estuary mouths breached, resulting in a loss 

of estuarine water and submerged vegetation. The associated decline in abundance and 

biomass of isopods is also in agreement with previous studies on other invertebrates 

(Wooldridge and Callahan, 2000; Froneman, 2002b, 2004b, c; Bernard and Froneman, 

2005). Mouth opening/breaching events are, therefore, probably the most significant 

single ecological event in a TOCE. Although this proves that the status of the mouth had 

a major impact on isopod densities, the effects of seasonality on the isopod populations 

cannot be ignored. This study showed evidence of a steady decline in abundance and 

biomass of isopods within both W. Kleinemonde and Kasouga Estuaries during the first 

four/five months of the study when the mouth was closed (Figs 3.6 and 3.7). 
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       Although not specifically investigated, the recovery of isopod populations after 

mouth breaching could occur in any of three ways. Firstly, during overtopping from the 

marine environment when the mouth is closed: a number of studies have shown that fish 

(Whitfield, 1992b), ichthyoplankton and macrozooplankton (Kemp and Froneman, 2004; 

Bernard and Froneman, 2005) enter TOCEs in this way, as do the larvae of the prawn 

Palaemon peringueyi and the mysid Mesopodopsis wooldridgei, and so, by deduction, 

may also E. hylocoetes. Secondly, rafting on macrophytes from another estuary when the 

mouth is open, as has been shown for Idotea spp. (Vandendriessche et al., 2006; Teske et 

al., 2007) could occur. E. hylocoetes was observed clinging to R. maritima at the mouth 

of breached rivers (Henninger, pers. obs.). This observation is supported by the findings 

of  Teske et al. (2006, 2007) who have shown a strong genetic linkage between all E. 

hylocoetes on the southern coast of South Africa stretching from the Gourits Estuary, east 

of Cape Agulhas, to the Bulolo Estuary in KwaZulu-Natal (i.e. a homogenous 

population). Thirdly, refugia within the estuaries prevent the outwash of isopods into the 

marine environment following breaching events.  

 

      Females were observed to be carrying brood throughout the study period, indicating 

little or no seasonality in the reproduction of E. hylocoetes. This is in strong contrast to 

Cirolana fluviatilis in the permanently open Gamtoos Estuary (Eastern Cape), which 

showed seasonal reproductive patterns (Newman et al., 2007). This absence of distinct 

seasonal patterns in the reproduction of E. hylocoetes could be an important adaptation to 

the unpredictable nature (i.e. mouth phase/ hydrodynamics) of TOCEs along the eastern 

coastline of southern Africa.  

 

      Most marine isopods show a strong sexual bias towards females (Shafir and Field, 

1980b) and sex ratios showing an extreme female bias of up to 14:1 have been reported 
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for various isopods of the genus Jaera  (Jones and Naylor, 1971; Arrontes, 1992; 

Pierntney and Carvalho, 1996). It is assumed that one male can fertilise several females 

(Wong and Moore, 1996), resulting in a reduced need for males. The sex ratios of E. 

hylocoetes were highly female biased in two of the three estuaries. In addition results of 

this study indicate strong sexual dimorphism, with males being significantly larger than 

females (p < 0.05). Most Sphaeromatidae show a skewness towards larger male size 

(Kensley, 1978; Brusca and Wilson, 1991; Bruce, 2003). The significance of larger male 

recorded during this study may be related to mate guarding, as occurs in other species 

(Jormalainen, 1998).  

 

       The larger the female body length the more fecund she can be is in common with 

other studies of isopods, e.g. Idotea baltica, where larger females (20 mm) can produce 

up to 300 embryos per brood, whereas smaller females (15 mm) produced  a maximum of 

only 140 embryos per brood (Strong and Daborn, 1979). Latitude influences water 

temperatures and in coastal areas with higher temperature, a higher fecundity and smaller 

egg size, as in Betaeus truncates and Excirolana hirsuticauda along the Chilean coast, 

are usually observed (Lardies and Wehrtmann, 2001; Contreras and Jaramillo, 2003). 

Female E. hylocoetes attain sexual maturity at a relatively small size, ≥ 2.5 mm, deliver 

offspring (mean number 20.70 ± 15.22)  all year round, and can produce as many as 72 

offspring at one time. In the Gamtoos Estuary study, Cirolana fluviatilis produced up to 

47 mancas at once (Newman et al., 2007). 

 

       Female-biased sex ratios could be the result of biological, e.g. selective predation, or 

physical factors.  The laboratory brooding experiments corroborated the field findings 

that females outnumbered males even at the early stages of development (Figs 3. 10 and 

3.15). The skewed sex ratios, both in the field and in laboratory raised populations could 
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be a result of Wolbachia spp. acting as a cytoplasmic sex ratio distorter (Juchault et al., 

1993; Martin et al., 1994; Kageyama et al., 1998; Bouchon et al., 1998). Wolbachia has 

been shown to affect other Crustacea. Wolbachia has been found to be widespread in 

insects and terrestrial isopods and could have been transferred horizontally from insects 

to the terrestrial isopods (Werren, 1997). Preliminary results using PCR, however, 

indicated that Wolbachia was not to be responsible for the skewed sex ratios in E. 

hylocoetes, and must be the result of an innate genetic factor, or even another intracellular 

bacterium belonging to the genera Anaplasma, Cowdria, Ehrlichia or Rickettsia (Werren 

and O’Niell, 1997).  Exosphaeroma hylocoetes spending all of its time in the estuarine 

water does not feed in overlapping areas with terrestrial and semi-terrestrial isopods 

which means that it is unlikely to be exposed to infections from such isopods.  

 

          It was often difficult to rear a mating pair together in a container in the laboratory, 

as inevitably one of the pair would be eaten, despite being fed ad libitum. Such 

cannibalism within mating pairs has been recorded in the parasitic isopod, Ichthyoxenus 

fushanensis, in which resource limitation was suggested as the trigger mechanism for the 

behaviour (Tsai and Dai, 2003), and in amphipods (Dick et al., 1993). Females 

outnumbered males by ≈ 3:1 in the estuaries, which allowed the isopods to re-colonise an 

estuary once the mouth has closed. This is in keeping with the results of Ovidiu Vlad 

(1989) who determined, mathematically, that the best population growth would be 

expected in female-biased populations. It has been increasingly recognised that the 

presence and behaviour of males affect the population processes, be it in forcing females 

into poorer resource habitats, or by exposure by males to greater predation on moving 

between habitats (Rankin and Kokko, 2007).  Females were observed to remain within 

the R. maritima when carrying brood, and they do not feed at this time, possibly to avoid 
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fish predation (see Chapter 4), or to prevent expulsion of embryos/brood from the 

marsupium (Harrison, 1984a).  

        

        The isopods can re-colonise the estuaries within four months after mouth closure. 

Sex ratios tend to stay female biased even after mouths have breached, again allowing re-

colonisation. When all the physical evidence is viewed en masse, the TOCEs are revealed 

as highly dynamic systems which result in the isopods having to develop adaptive 

strategies to survive, such as those listed here: a strong female bias in sex ratios; year 

round reproduction; females producing from a relatively small size (≥ 2.5 mm) and 

producing mancas within the abdominal cavity then releasing these as miniature adults 

directly into the water column. I believe that is highly likely that E. hylocoetes re-

colonisation occurs by isopods remaining in refugia, possibly deep submerged algae on 

the upper layers of mud, and probably also rafting on vegetation, between estuaries (or 

back into estuary) when the mouths are breached, as reported by Teske et al. (2006, 

2007). 

 

        In conclusion, the results of this study indicate that the horizontal distribution of E. 

hylocoetes is largely linked to habitat (submerged vegetation, especially Ruppia 

maritima), rather than temperature and/or salinity gradients. Shifts in the abundance and 

biomass of E. hylocoetes would seem to be determined by mouth breaching events as 

these were shown to coincide with dramatic declines in these areas. Mouth breaching 

events have to been demonstrated to be a major driver in TOCEs (Whitfield et al., in 

press). The results of this study do therefore not support the proposed null hypothesis and 

therefore the hypothesis of mouth breaching playing a major role on the population 

dynamics of E. hylocoetes must be accepted. Seasonality was also shown to be 

influential, although to a lesser extent. E. hylocoetes demonstrated strong sexual 
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dimorphism with males significantly larger than females, but sex ratios revealed skewing 

towards female numerical dominance. Finally, the presence of juveniles throughout the 

19 month study indicates that E. hylocoetes reproduces throughout the year.  
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                                          Chapter 4   
 

The Role of Macrophytes as a Refuge and/or 
Food Source for the Estuarine Isopod, Exosphaeroma hylocoetes 

 ____________________________________________________________________                                                                                           

 

4.1. Introduction 

 

       It is now well documented that submerged beds of estuarine macrophytes are 

characterised by elevated diversity, abundance and biomass of both invertebrates and 

vertebrates (Wallerstein and Brusca, 1982; Wallace et al., 1984; Holomuzki and Short, 

1988; Sala and Graham, 2002; Joseph et al., 2006). The elevated abundances and 

biomasses are thought to reflect the importance of the submerged macrophytes either as 

a refuge against predation (e.g. Heck and Thoman, 1981; Heck  and Wilson, 1987), or as 

regions of increased food availability (Whitfield, 1980a; Orth et al., 1984; Mattila et al., 

1999; Jormalainen et al., 2001; Sala and Graham, 2002; Heck et al., 2003). Similarly, 

Young et al. (1976) found that variations in the intensity of predation account for 

differences in species abundance in seagrass-colonised compared to exposed areas in 

North American estuaries. It is also possible that for some species (e.g. polychaetes, 

gastropods, amphipods and isopods), submerged macrophytes may serve as both a 

refuge and a source of food. Homziak et al. (1982) demonstrated an exponential 

increase in species abundance and diversity with increased macrophyte cover. Peterson 

(1979), summarising 11 studies, demonstrated increases in both faunal densities and 

species richness after the exclusion of predators. Holomuzki and Short (1988), however,  

point out that for some species predator avoidance by retreating to within the 

macrophytes could  cost the prey species in time and energy thus detracting from their 

ability to feed and reproduce.  
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         Isopods are a conspicuous component of estuarine macroplankton worldwide 

(Kensley, 1978; Bruce, 1992a, b; Dias and Sprung, 2003; Gonçalves et al., 2005). In 

southern African estuaries, as in other regions of the world, isopods have been recorded 

in close association with submerged macrophyte beds (Chapter 3). Among the isopods, 

Exosphaeroma hylocoetes has been demonstrated to be numerically dominant in stands 

of Ruppia maritima in three temporarily open/closed estuaries (TOCEs) along the south-

eastern seaboard of southern Africa, where it accounted for up to 95 % of all isopods 

counted (Chapter 3). Due to their numerical abundance E. hylocoetes have been 

demonstrated to represent an important component in the diets of several fish species, 

which are highly abundant in estuaries (Blaber, 1984; Coetzee and Pool, 1985; Wallace 

et al., 1984). For example, the diets of the estuarine fish, Clinus cottoides and 

Monodactylus falciformis, include amphipods, copepods, insects, insect larvae and 

isopods (Whitfield, 1998).  Juvenile Rhabdosargus holubi (30 mm) are known to feed 

on copepods, while Glossogobius callidus feeds on insect larvae, copepods, ostracods 

and branchiopods, and both fish species could feed on small isopods (Whitfield, 1993, 

1998).  

        

       Isopods demonstrate wide-ranging feeding strategies, ranging from carnivory 

(including cannibalism), to herbivory and detritivory (Johnson, 1976a; Perry and 

Brusca, 1989; Briones-Fourzán and Lozano-Alverez, 1991; Newman et al., 2007). 

Previous studies employing gut content analysis indicate that the isopod, E. hylocoetes, 

can be regarded as a generalist detritivore (Whitfield, 1989). Unfortunately, due to the 

advanced state of digestion, the primary source of food for the isopod could not be 

determined. 
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      Stable isotope ratios, particularly of carbon, (δ13C) and nitrogen (δ15N), have been 

used since the 1970s to provide information on the flow of energy through aquatic 

ecosystems (West et al., 2006). The ratios of stable carbon isotopes (C13 : C12) within 

the body tissues of the producers and the consumers give an indication of food sources 

(Fry and Sherr, 1984; Peterson et al., 1985;  Froneman, 2001). The isotope signatures of 

consumers are closely related to that of their diet, and if food sources are isotopically 

distinct one can clearly identify a particular food source of a consumer (Peterson et al., 

1985; France and Peters, 1997). More recently, trophic links within estuarine 

ecosystems have also been assessed using fatty acid composition (Richoux and 

Froneman, 2008). Fatty acids, which form structural and functional components of 

membranes essential for growth and reproduction cannot be synthesised by most 

organisms and are therefore derived from their diet (Arts et al., 2001). The composition 

of fatty acids within animals can therefore, like stable isotope analysis (Richoux and 

Froneman, 2007) be employed to examine trophic interactions within aquatic systems.  

 

      Although several studies have highlighted the close association between E. 

hylocoetes and beds of submerged macrophytes in southern African estuaries (Chapter 

3), it is unclear whether the association reflects the importance of the macrophytes as 

refugia or as a food source.  The null hypothesis would be that the close association 

between Exosphaeroma hylocoetes and submerged macrophytes reflects the availability 

of both a refuge and increased food availability. 

 

         The aims of this study were twofold:  

                    (1) to determine experimentally whether submerged macrophytes serve      

                          as a refuge for E. hylocoetes against fish predation; and  

                    (2) to establish whether the submerged macrophytes are an important  
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                          carbon  source for the isopod using a variety of techniques including                 

                          gut content, stable carbon isotope and fatty acid analyses. 

 

4.2 Materials and Methods 

 
4.2.1. Role of submerged vegetation as a refuge from fish predation. 

       

      The experiments were conducted in a constant environment room at Rhodes 

University during August 2006. The isopods, Exosphaeroma hylocoetes, were collected 

from the Kasouga Estuary (33°39’11”S 26°44’01”E; Chapter 2), using 20 cm2 hand-nets 

with a mesh size of ≈ 1 mm. The fish, Rhabdosargus holubi, Glossogobius callidus and 

Monodactylus falciformis, were netted using a 5 m seine net (mesh size ≈ 1 mm). Clinus 

cottoides were netted in rock pools at the mouth of the estuary.  

 

    Experiments were conducted in round polyethylene containers with a diameter of 

≈ 50 cm and a height of ≈ 12 cm. Four quadrants were marked in each of the containers 

which were then filled with estuarine water (32 ‰ at 18 °C). The experimental design 

included three replicates per treatment. Ten adult isopods were introduced into each 

container and left overnight to acclimatise. The containers were covered with a plastic 

lid to prevent evaporation. Densities of isopods in the experimental chambers (50 ind. 

m-2) were within the range reported for the estuary (Chapter 3). 

 

  The study comprised of two experiments: 

 

• assessment of the behaviour of isopods in the presence or absence of vegetation, 

designated experiment 1. 
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• assessment of the effectiveness of vegetation as a refuge for isopods from 

predation by selected fish species in the presence or absence of submerged 

vegetation (designated experiment 2). 

    

      To assess the behaviour of the isopods (experiment 1), two treatments were 

employed; three containers with no vegetation and three containers with vegetation. A 

preliminary study indicated that there were no significant differences (p > 0.05) in the 

utilisation of natural and artificial vegetation by the isopods (Froneman and Forbes, 

unpublished data).  Artificial vegetation was created to represent the submerged 

macrophytes using 10 x 10 cm squares of shade cloth netting with 20 cm strips of 

shredded plastic threaded into it. The strips had a width of 2 mm, similar to the strands 

of the submerged macrophyte, Ruppia maritima, commonly found in the Kasouga 

Estuary. The vegetation was threaded to create a density of 760 shoots m-2, which is 

representative of the category of “high densities of artificial eelgrass” (674 shoot m-2) 

(Heck and Thoman, 1981). Heck and Thoman (1981) found that low (274 shoots m-2) 

and intermediate (464 shoots m-2) densities of artificial vegetation did not offer prey 

organisms significantly more protection than bare areas from predation by killifish on 

grass shrimp. The vegetation was randomly introduced (by lottery) into one of the four 

quadrants of three bowls to eliminate site selection by the isopods and to remove edge 

effects.  Ten isopods of similar size (6 to 8 mm body length) were then introduced into 

each container. After 24 hours the distribution of the isopods in each quadrant of the 

containers was recorded. 

 

      For the predation trials, (experiment 2), the fish were starved for 12 hours prior to 

the introduction into the experimental containers, to standardise hunger (Gardner, 1981). 

In each case six replicates of each fish species were used and all experiments were run 
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concurrently. Within each treatment for each fish species, six bowls with no vegetation 

and six bowls with vegetation in one of the quadrants were employed. The fish varied in 

length from 68 to 85 mm (mean length ≈ 76 mm SL) for C. cottoides and 66 to 72 mm 

(mean length ≈ 69 mm SL) for G. callidus;  R.  holubi varied in length from 75 to 94 

mm (mean length ≈ 82 mm SL); while  M. falciformis ranged in length from 87 to 105 

mm (mean length ≈ 94 mm SL). The predatory fish were then placed into the bowls and 

the live (remaining) isopods were counted at the end of the experiment 24 hours later. 

 

4.2.2 Examination of epibiota on Ruppia maritima in the isopod gut contents 

 

     Sections of R. maritima stems were prepared for scanning electron microscopy 

(S.E.M) following standard procedures. The sections were fixed in 2.5 % glutaraldehyde 

in 0.1 M phosphate buffer overnight, followed by dehydration in a series of alcohols to 

100 % and critical point drying. The stem sections were then gold coated in a Balzars 

Sputtering Device. These stem sections would reveal any epiphytes living on the stems 

which could act as a possible food source. The gut contents of five isopods were 

carefully dissected, air dried and sputter coated to determine evidence of food sources. 

The images of these stem sections and gut contents were digitally captured on a Tescan 

Vega LMU SEM. 

 

4.2.3 Determination of macrophytes as a food source using stable carbon isotope   
         ratios 
 
 

       To determine the primary food source of E. hylocoetes, plant matter and isopods 

were collected from the Kasouga Estuary. The plant matter consisted of Ruppia 

maritima, Sarcocornia perennis, Chenolea diffusa and Sporobolus virginicus. Sediment 

samples were obtained by removing a core sample of the top 200 mm in 20 mm 
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(diameter) pill vials. The sediments were bulk processed, acidified in 1 M HCl, followed 

by a thorough rinsing in distilled water. All vegetation and animal samples collected 

were rinsed in 0.2 µm filtered seawater, after which the plant matter was oven-dried at 

60 °C for 24 hours.  Isopods were frozen in liquid nitrogen, oven dried at 60 °C for 24 

hours, and ground using a pestle and mortar. The isopods were defatted in a solution of 

chloroform, methanol and water (2:1:0.8; v:v:v) following the method of Bligh and 

Dyer (1959). Samples were defatted to minimise possible discrepancies arising from 

variable proportions of fatty tissue within the animal tissue (Froneman, 2002a). 

Epiphytes growing on the vegetation were gently scraped from the macrophytes using a 

sharp scalpel blade.  

      

       Samples were analysed in the Stable Light Isotope laboratory in the Archaeology 

Department, University of Cape Town. After sample combustion in an on-line Carlo-

Eber preparation unit, δ13C determination was carried out on a Thermo Finnigan Delta 

XP Plus mass spectrometer interfaced through a Conflo III device with a Thermo Flash 

EA 112 elemental analyzer. Results for carbon were reported relative to v-PDB (the 

fossil Pee Dee Belemnite standard). The raw data were corrected using standards of 

known isotopic composition (sucrose and lentil) and then normalised against several 

IAEA reference materials. The analytical precision of the instruments was within ± 

0.2 % (1 SD). Results were expressed in parts per thousand (‰) deviating from the 

standard using the following formula: 

                             δX = [(Rsample / Rstandard) –1] x 1000 ‰ 

where X is the element in question and R is the molar ratio of the heavy to light isotope 

of the sample and standard. Repeated analysis of homogenous material yielded a 

standard deviation of 0.03 ‰. 
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4.2.4 Determination of macrophytes as a food source using fatty acid profiles 

 

       All biological samples collected were rinsed with GF/F filtered seawater. The 

isopods were lyophilised for 24 hours and homogenised with a mortar and pestle. The 

plant samples were cut into short lengths (20 mm) before boiling in distilled water for 

two minutes in order to deactivate lipolytic enzymes (Budge and Parrish, 1999). Dried 

and weighed isopod samples (up to 100 mg dry mass), as well as wet plant and sediment 

samples were placed in 2 ml chloroform under nitrogen in lipid-cleaned vials and stored 

at -20 °C. Total lipids were extracted and purified using an adapted Folch procedure 

(Parrish, 1999). Samples were ground, using a metal rod, in 2:1 (v/v) 

chloroform/methanol, and 0.5 ml of chloroform extracted water added. The bottom 

organic layer was separated and rinsed using three chloroform washes and all rinses 

were pooled and concentrated using a gentle flow of nitrogen. A known quantity of 

internal standard (C19 : 0) was added to each extract to allow quantification of fatty acid 

peaks. The lipid extracts were suspended in hexane at 80 °C for 1.5 h in the presence of 

14 % boron trifloride-methanol to produce fatty acid methyl esters (FAMEs) (adapted 

from Budge and Parrish, 1998). 

 

       Gas chromatographic (GC) analyses of the FAME’s were conducted using a 

Hewlett Packard 5890A GC equipped with a bonded and cross-linked 78 % cyanopropyl 

methylpolysiloxane fused silica capillary column (30 m length, 0.25 mm i.d., 0.25 µm 

film thickness, Quadrex Corporation) with helium as the carrier gas. Sample aliquots 

(1 µl) were manually injected at 250 °C with the oven set at 100 °C for 3 mins. The 

oven temperature was programmed to increase to 150 °C at 5 °C min-1, held for 1 min, 

then from 150 °C to 220 °C at 3.5 min -1. The flame ionisation detector was held at 260 

°C. FAMEs were identified by comparing their retention times to those of known 
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standards (37 component FAME standard and marine PUFA no.1, Supelco). Each fatty 

acid is reported as a proportion of the total identified fatty acids (% TFA). Fatty acids 

are designated as x:aωb, where x represents the number of carbon atoms in the chain, a 

refers to the number of double bonds and b is the position of the ultimate double bond 

from the terminal methyl group. Saturated fatty acids (SFAs) have no double bonds 

between carbons (e.g. 14:0); monounsaturated fatty acids (MUFAs) contain one double 

bond (e.g. 16:1ω7), while polyunsaturated fatty acids (PUFAs) have > 1 double bond  

(e.g. 16: 4ω3). Essential fatty acids, or EFAs, include those PUFAs  having > 20C, e.g. 

20:4ω6; 20:5ω3 and 22:6ω3. Bacterial fatty acids (BAFAs) are those fatty acids having 

odd-numbered carbon chains and/or iso- (i-) and anteiso- (ai-) branches, while HPFAs 

(or higher plant fatty acids) include 18:2 ω6 and 18:3ω3 (Dalsgaard et al., 2003). 

 

4.2.5 Data Analyses 

 

       The distribution of isopods in the containers without vegetation or fish was 

analysed using Chi-square (χ2) tests. To compare the total distribution and abundance 

patterns of isopods between treatments, one-way ANOVAs were conducted using the 

computer package Statistica 7 (StatSoft). Data were not transformed as they met the 

requirements for ANOVA. 

 

       Proportional and quantitative fatty acid data were analysed using Principal 

Component Analysis (PCA) to demonstrate associations between the potential food 

sources and the isopods. Proportional data were log-ratio transformed using a modified 

equation of  Seaborn et al. (2005): xtrans = ln((xi + 1)/ci), where xtrans is the transformed 

fatty acid, xi represents the weight percentage of a given fatty acid and ci is the weight 

percent of a reference fatty acid (18:0). The term xi + 1 was used to counteract any zeros 
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within the data set. The groupings in the scores were created using hierarchical cluster 

analysis. Statistical analyses were completed using PAST 1.42 (Hammer et al., 2001), 

and variance is reported as one S.D. from the mean. 

  4.3. Results 

 

4.3.1. Distribution and predation experiments 

 

      In the absence of artificial vegetation and predatory fish, there was no significant 

difference in the number of isopods in the four quadrants of the experimental containers 

(χ2 = 3.6; df = 3; p = 0.31; Fig. 4.1). No isopod mortality was observed in any of the 

treatments during the 24 hour period. 
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Figure 4.1. Mean number (+ S.D.) of isopods in four quadrants of containers in the 
                   absence of both vegetation and fish. The same letter above each bar  
                   indicates no significant differences between quadrants. 
 

     Isopods aggregated, significantly, on the artificial vegetation in the absence of fish 

predators (ANOVA; F1, 10 = 1320.7; p < 0.001; Fig. 4.2). Mean number of isopods 
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within and away from the artificial vegetation was 9.29 ± 1.10 and 0.24 ± 0.50, 

respectively.  

 

 

 

 

 

 

 

 

 

 

 Figure 4.2. Mean number (+ S.D.) of Exosphaeroma hylocoetes found in quadrants 
with  and without artificial vegetation after 24 hours. (+ Veg indicates 
vegetation  present; - Veg indicates the absence of vegetation). Different 
letters indicate a significant difference between treatments. 

 

      In all predation experiments, the presence of artificial vegetation resulted in a 

significant decrease in isopod mortality in the presence of fish over the 24 hour feeding 

trials (Fig. 4.3). In the absence of vegetation, isopod mortality ranged from 20 to 85 % 

(average = 47.4 ± 28.4 %) and between 1 to 61 % (22.3 ± 27.0 %) in the presence of 

vegetation (Fig. 4.3). The extent of predation on the isopods by the different fish species 

in the different treatments, however, varied considerably. The fish, C. cottoides 

consumed on average 87  ± 5.2 % of the isopods in the absence of vegetation and  63 %  

± 5.2 %  when  vegetation  was present  (values  are  significantly  different,  p < 0.001). 

 Similarly, G. callidus consumed significantly more isopods (22 ± 10 %) in those 

treatments where artificial vegetation was absent (p = 0.025), than when vegetation was 
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present (8 ± 8 %). The mean isopod mortality in the presence and absence of vegetation 

in the R. holubi treatments was 2 % (± 4) and  40 % ( ± 13), while in the treatment with  

M.  falciformis , the  mortality  in the absence of vegetation was 52 % (± 17) and 18 % 

(± 12) in the presence of vegetation (Table 4.1). 

 

Tables 4.1. Results of an ANOVA (Statistica, version 7) on the predation experiments 
with selected estuarine fish species and the mortality rates of Exosphaeroma 
hylocoetes in the presence and absence of vegetation. 

 
 
 
Variation                Mean Squares      d.f.     Mean squares     F-ratio       Sig. Level 
 
 
Fish predator 
 
Glossogobius callidus      5.333               1            5.333            6.957          0.0248   
 
Residual                           7.667               10          0.767 
 
Total                                13                     11           
 
Rhabdosargus holubi      44.083               1         44.083           49.906        0.000034   
 
Residual                            8.333               10         0.883 
 
Total                                 52.917              11          
 
Clinus cottoides              16.333               1          16.333           61.25         0.000014 
 
Residual                            2.667              10          0.267 
 
Total                                 19.000             11          
 
 
Monodactylus falciformis  33.333            1           33.333          15.385        0.0029 
 
Residual                             21.667           10         2.167 
 
Total                                  55.000           11          
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  Figure 4.3. The effect of artificial vegetation in providing a refuge for the isopod 
Exosphaeroma hylocoetes against selected estuarine fish. Different letters 
denote statistical significance; G. callidus (p = 0.025), R. holubi (p <0.001), 
C. cottoides (p < 0.001) and M.  falciformis ( p = 0.003); n = 6 for each 
experiment. Key: - Veg = absence of vegetation; + Veg = vegetation 
present. 

 
 
4.3.2. Epibiota and gut contents 
   

    Diatoms, of the genus Nitzschia, bacteria and fungal threads were identified on the 

stems of R. maritima (Fig. 4.4).  Analyses of the gut contents of isopods were 

impossible largely due to the fact that the guts contained a large unidentifiable bolus. 
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 Figure 4.4.  A. and B. Diatoms (Nitzschia spp.) and bacteria on the stem of Ruppia 

maritima.  C. Bacteria and algal/fungal fibres. D. Bacteria. Key: Ni = 
Nitzschia spp.; Ba = bacterium; FT = fungal threads. (Scale bar in A = 10 
µm; in B = 500 µm; in C & D = 100 µm). Specimens processed using 
standard techniques and viewed on a Tescan Vega SEM at an accelerating 
voltage of 10.0 KV (A + B), 20 KV (C + D). 
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4.3.3 Stable isotope ratios 
   

      The submerged macrophyte, Ruppia maritima, had a δ13C value of –17.02 (± 0.19), 

while the salt marsh plants, Sarcocornia perennis and Chenolea diffusa, growing on the 

fringe of the estuary had more depleted values at –25.19 ± 1.60 and –23.35 ± 0.85, 

respectively (Fig. 4.5).  The δ13C  value of the fringing grass Sporobolus virginicus 

was - 13.61 (± 0.19).  The  epiphytes  on the stems  of  R. maritima had  a δ13C value of  

- 21.70 (± 1.10), while that of the POM was -20.40 ± 1.05.  The mean isotope value of 

E. hylocoetes was -17.41 (± 1.38).                      

 

      

 

 

 

 

 

 

 

 

 

    

               

 
Figure 4.5. Stable carbon isotope δ

13C (‰) signatures with standard errors for the  
                   primary producers (Sarcocornia perennis, Chenolea diffusa, Ruppia    
                  maritima and Sporobolus virginicus),  POM and the isopod Exosphaeroma  

hylocoetes in the Kasouga Estuary. Error bars are standard deviations. 
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4.3.4 Fatty acid profiles 
 
 
    Twenty-one fatty acids were detected at concentrations > 1 % of total fatty acids 

(TFA) in at least one of the potential food sources (Table 4.2). Most plants contained 

characteristically high proportions of 16:0, 18:2 ω6 and 18:3ω3  fatty acids. Jeffries 

(1972) showed that in terrestrial plants ≈ 50 to 75 % of their fatty acids are 18 C 

compounds. Thus the plants examined in this study demonstrate a terrestrial signature. 

All of the potential food sources contained relatively large proportions (18  to 45 % 

TFAs) of the SFA 16 : 0, with the alga containing the greatest amount. The SFA 16:0 is 

the major end product of the most common lipid pathway utilising Type 1 fatty acid 

synthetase (Dalsgaard et al., 2003). The monounsaturated fatty acids (MUFAs) were 

low in plants, with sediments containing greater proportions (≈ 19 %) of 16:1ω7, similar 

to that of  E. hylocoetes (≈ 15 %). Linolenic acid, with 18 carbon atoms and three 

double bonds (18:3ω3) was the most abundant polyunsaturated fatty acid (PUFA) in 

marsh plants, e.g. 52 % in S. maritima and the submerged macrophyte, R. maritima 

(43.4 %). This fatty acid was found in decreased proportions in the sediments (0.5 %) 

and the alga (0.1 %). The PUFA 18:3ω3 was found in low levels in the isopod (12 %). 

The  isopods  had  higher  proportions  of  MUFAs (34 %) and marine (C 20 – 22) PUFAs  

(≈ 22 %) than the plants.  

 

      Bacterial fatty acids (BAFAs) were highest (≈ 19 % TFAs) within the sediments and 

lowest within the living plants. The sediments contained relatively high levels of 16: 

1ω7 and 20:5ω3, which are common diatom markers (Dalsgaard et al., 2003). Sediment 

PUFA  levels  were  low  (≈ 18 %)  in  comparison  to  the  MUFAs  (≈ 27 %) and SFAs 

 (≈ 65 %), consistent with high levels associated with decomposition in sediments 

(Derieux et al., 1998). EFAs were greater in sediments than in other potential food 
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sources owing to elevated (2.4 %) levels of 20:5ω3, however higher plant fatty acids 

(HPFAs) were very low relative to those found in the plants.  The alga, H. sordida, 

contained the highest levels of SFAs (≈ 80 %), but low levels of HPFA (≈ 5 %). The 

alga  contained  relatively  high  levels  of  14:0,   16:0,   16:1ω7,  18:1ω9,  18:1ω7   and  

18: 2ω6, however, it contained low levels of the EFAs found in the isopod. 

 

       The isopod, E. hylocoetes, contained a predominance of PUFAs with 20 – 22 

carbon atoms, demonstrating a marine pattern (Lovern, 1964), and were particularly rich 

in 20: ω3 (≈ 17 %), similar to most estuarine zooplankton (Jeffries, 1972; Richoux and 

Froneman, 2008). The MUFAs were present in comparatively high proportions, 

particularly 16:1ω7, 18:1ω9 and 18:1ω7. Isopods contained relatively high levels of the 

diatom markers (16:1ω7 and 20:5ω3) (32 %), and low levels of HPFAs (1.3 %).  

 

       The principle components analyses (PCA) indicates a clustering of the sediments 

around E. hylocoetes, whereas the submerged macrophyte and marsh plants had  

significantly different fatty acid profiles separating them into independent clusters (Fig. 

4.6).   
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 Table 4.2. Fatty acid composition (% total identified fatty acids, mean ± S.D.) of 
Exosphaeroma hylocoetes, vegetation and sediments. Only those fatty acids 
at concentrations > 1 % TFA in at least one of the sample types are included. 
SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: 
Polyunsaturated fatty acid; BAFA: bacterial fatty acid; HPFA: higher plant 
fatty acid; EFA: essential fatty acid (20:4ω6; 20:5ω3 and 22:6ω3). 

 
 
 Fatty acid      Exosphaeroma   Sediments      Spartina      Sporobolus    Ruppia        Hincksia 
                      hylocoetes                             maritima    virginicus    maritima    sordida 

 
    14:0           3.3 ± 1.0       11.9 ± 0.5           0.5             5.7            1.3             31.0 
    15:0           0.6 ± 0.2        4.6 ± 1.8             0              1.4             0.3                0 
  i-15:0          0.5 ± 0.2         5.4 ± 2.3             0                0              0.8                0 
ai-15:0          0.2 ± 0.1         4.1 ± 2.0             0                0              0.6                0 
    16:0         24.1 ± 2.2      32.4 ± 0.8          25.9           34.2           21.1            45.1 
ai-16:0          0.6 ± 0.3         1.9 ± 0.9             0              0.9              1.9               0 
    17:0          1.3 ± 0.3         1.2 ± 1.0            0.4            1.2              1.1              0.7 
    18:0          4.8 ± 0.9         2.3 ± 0.4            1.9            3.3              2.2              2.0 
 
 ∑SFA          36.3 ± 3.9          65.2 ± 4.5          28.6            47.1               29.2            78.9 
   
     15:1          0.6 ± 0.1        1.1 ± 0.9             0                0                0.2              0 
   16:1ω7     14.7 ± 3.0      18.7 ± 6.4            2.9             3.7              1.9             4.0 
   18:1ω9       7.7 ± 1.2        1.6 ± 0.7            1.3             6.1              1.7             4.9 
   18:1ω7       9.3 ± 0.6        3.4 ± 1.2             0                0                1.1             4.4 
   20:1ω9       1.5 ± 0.7        0.2 ± 0.2             0               0.3                0              0.1 
 
∑MUFA        34.1 ± 4.5       26.7 ±  3.4             4.1             11.1              4.9             13.8 
 
   16:3ω3       1.1 ± 0.8        1.0 ± 1.2            0.6              0                3.5             0.5 
   16:3ω4       1.6 ± 0.5        0.6 ± 0.9              0               0                0.1             1.0 
   16:4ω3       0.8 ± 0.4        0.8 ± 1.4            1.1              0                0.5               0 
   18:2ω6       0.1 ± 0.1            0                   13.7             0               18.0             5.1 
   18:3ω3       1.2 ± 0.2        0.5 ± 0.5           51.5          38.0             43.4             0.1 
   20:4ω6       3.7 ± 1.3        1.0 ± 0.3              0             0.2                 0               0.2 
   20:5ω3     17.3 ± 1.7        2.4 ± 1.3              0             0.5                0.6             0.1 
   22:6ω3       1.9 ± 0.4        1.1 ± 0.9              0             0.9                 0               0.1 
 
∑PUFA         29.6 ± 1.2         8.1 ± 1.1               67.2           41.8              66.0              7.4 
∑BAFA           4.5 ± 0.6       19.3 ± 4.6                0.4              3.7               4.8               0.7 
∑HPFA           1.3 ± 0.2        0.5 ± 0.5               65.2            38.0             61.4               5.2 
 ∑EFA          22.8 ± 1.9         4.5 ± 1.4                 0                1.6                0.6               0.4 
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Figure 4.6. PCA ordination of qualitative data (% TFA) on producers (Rupp = Ruppia 

maritima, Spar = Spartina maritima, Sporo = Sporobolus virginicus, Hinc = 
Hincksia sordida and the isopod consumer (E. hylo = Exosphaeroma 
hylocoetes) collected in the Kasouga Estuary. Arrows running parallel to 
each axis indicate the influence of the specified fatty acids having loading 
values > ± 0.2 

 
 
4.4 Discussion 
 
 
      Recent studies have demonstrated that maximum abundances of the estuarine 

isopod, Exosphaeroma hylocoetes, within selected southern African temporarily 

open/closed estuaries is within submerged macrophytes (Chapter 3). This is in 

agreement with studies conducted on isopods elsewhere in the world. For example, 

Holomuzki and Short (1988) reported elevated densities of the isopod, Lirceus fontinalis 

in Cladophora beds. Similarly, Kanouse et al. (2006) demonstrated that nekton (fish and 

decapod crustaceans) densities were positively correlated to the biomass of submerged 

aquatic vegetation  within brackish marshes of Louisiana, USA. The strong affinity of E. 
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hylocoetes to the beds of artificial submerged macrophytes during the laboratory 

experiments is thus consistent with the published literature. 

 

       The presence of submerged macrophytes resulted in a significant decrease in the 

predation impact of selected fish species on isopods during this investigation (Fig. 4.3). 

There was, however, a high variability in isopod mortality dependent on the feeding 

strategy of the fish. Clinus cottoides was the most successful predator of isopods both in 

the absence and presence of vegetation. The Clinidae are known to be ferocious feeders 

consuming up to 9 % of their body weight per day, with smaller individuals feeding 

proportionately more than larger ones (Bennett, 1984). Clinus cottoides is typically 

found within submerged beds of aquatic macrophytes. The limited effectiveness of the 

submerged macrophytes as a refuge for E. hylocoetes against C. cottoides predation is 

therefore, not surprising. The structure of the vegetation, not simply strands as used 

here, may also play a role in protection from predators (Heck et al., 2003). The 

predator:prey ratio per unit of submerged plant surface area may influence the 

effectiveness of protection from predation (Mattila et al., 2008). There appears to be no 

significant benefit to individual prey organisms in inhabiting high density submerged 

aquatic vegetation, unless the predator:prey ratio is lower in the vegetation than 

elsewhere (Mattila et al., 2008). The low predation impact of the goby, G. callidus, is 

likely a result of the small size of individuals employed during the study. On the other 

hand, the presence of submerged macrophytes did appear to provide the isopod with 

substantial protection to the remaining fish species. The observed pattern can likely be 

attributed to the fact that both R. holubi and M. falciformis are water column or benthic 

feeders (Whitfield, 1998). The results of predation experiments thus suggest that the 
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submerged beds of macrophytes provide the isopod with an important refuge from 

predation. 

             

         Assuming an enrichment value of 1 ‰ per trophic level (Fry and Sherr, 1984), the 

results of stable carbon isotope analyses indicated that the salt marsh vegetation 

(Sarcocornia perennis, Sporobolus virginicus and Chenolea diffusa) as well as the 

submerged macrophyte, Ruppia maritima, could be excluded as important food sources 

for the isopod (Fig. 4.5). Indeed, the stable isotope analysis failed to identify a single 

carbon source for the isopod, although the large standard deviation of the isopod δ13C 

signature could indicate a diet composed of a combination of sources. The POM and 

epiphytes on Ruppia maritima could be a possible food source, as their δ
13C signatures  

(-17.02 ± 0.19 ‰) and (-20.40 ± 1.05 ‰) overlap with that of E. hylocoetes (-17.41 ± 

1.38 ‰). Ruppia maritima just as Zostera marina, supports a rich epifaunal (Figs 4.4 

and 4.6) and infaunal community (including polychaetes, amphipods, gastropods, 

bivalves and shrimp), which may act as a potentially rich food supply for the isopod 

(Orth, 1977; Leber, 1985).  

 

      Previous research has demonstrated high levels of 18: 2ω6 and 18: 3ω3 in terrestrial 

plants (Napolitano et al., 1997; Budge and Parrish, 1998; Richoux and Froneman, 

2008). These fatty acids were present in elevated proportions within all the higher plants 

in this study (Table 4.1). The low concentration of HPFAs in the isopods indicates that 

they do not utilize the plants as a significant food source (Table 4.1). Interestingly, the 

low levels of HPFAs (0.5 %) associated with the sediments indicated that there was very 

little plant detritus associated with the sediments. The fatty acid profiles of the higher 

plants were similar to one another, all showing high levels of HPFAs and PUFAs, but 
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low levels of EFAs (Table 4.1). The plant fatty acid profiles are similar to those found in 

other estuarine studies (Jeffries, 1972; Ames et al., 2002, Richoux and Froneman, 

2008).  

   

      The sediments and the alga, H. sordida, contained the greatest proportions of the 

diatom markers 16:1ω7 and 20:5ω3 (Parrish et al., 2000). The presence of these markers 

in the fatty acid profile of the isopods suggests these two food sources are important in 

their diet.  A second indicator may be employed to identify benthic diatoms viz., 

∑c16/∑c18 (Saliot et al., 1991; Parrish et al., 2000), or the ratio of C16 to C18 fatty 

acids in the sediments (∑c16/∑c18 = 6.7) and alga (∑c16/∑c18 = 4.1). The isopods’ 

∑c16/∑c18 ratio was 1.76, further suggesting that diatoms are an important component 

of their diet. It is worth noting that diatoms of the genus Nitszchia were identified in the 

guts of the isopod during the present study (Fig. 4.4). The PCA analysis results, further, 

suggests that E. hylocoetes feeds mainly on sediments, including the diatoms found 

within them, as well as epiphytes on the stems of the submerged macrophytes and alga, 

which all form a group around the isopod. The submerged macrophytes formed a 

distinct group far removed from the isopod (Fig. 4.6). 

 

 

      The sediments contained higher levels of BAFAs and diatom markers compared to 

the other potential food sources. The sediments also contained greater proportions of 

EFAs, reflecting a potential source of EFAs to the isopods. The fatty acid profile of the 

alga, H. sordida, contained high levels of SFAs (≈ 79 %), and low levels of PUFAs, and 

resembled that of the sediments rather than that of the higher plants. However, H. 

sordida was similar to the higher plants in containing insignificant levels of EFAs. The 
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alga contained elevated levels (31 %) of the fatty acid 14:0, which could be an 

indication of the decay processes occurring in the alga at that time of year (Chapter 3). 

The sediments contained relatively high levels (12 %) of this fatty acid and it was found 

in low levels (3.3 %) in the isopod, indicating its possible incorporation from the alga or 

sediments. The results suggest that the biota associated with the sediments represent an 

important food source for the isopod. Alternatively, the isopods may have obtained the 

EFAs from opportunistically scavenging dead animal material including insects or fish 

(Richoux and Froneman, 2008).  The fatty acid 20:1ω9 has been used as a biomarker to 

indicate carnivory in marine pelagic food webs and to demonstrate specific predator-

prey relationships in calanoid copepods (Saito and Kotani, 2000; Scott et al., 2001). 

This fatty acid was, however, only present in low quantities in E. hylocoetes, indicating 

that carnivory contributes only a small portion to the total diet of the isopod. 

 

       In conclusion, this study has demonstrated that submerged macrophytes provide an 

important refuge for E. hylocoetes against selected fish predators. The effectiveness of 

the submerged macrophytes as a refugia against fish predators, does however 

demonstrate a high degree of variability, reflecting the feeding strategies of the different 

fish species. Results of both stable isotope and fatty acid analyses indicate that 

submerged macrophytes and salt marsh vegetation can be excluded as important carbon 

sources for E. hylocoetes. Rather, it appears that epiphytic algae growing on the stems 

of the macrophyte and sediments are the most important food sources for the isopod. 

The proposed null hypothesis can therefore be accepted as the submerged vegetation 

plays an important role in being both a refuge from fish predation and an area of 

increased food availability, despite it not being a direct source of nutrition. 
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                                                           Chapter 5  
 
                   Growth and Longevity of Exosphaeroma hylocoetes  
                        under varying Physico-chemical Conditions   
_______________________________________________________________                                                                      
                                                                                                               
 
5.1 Introduction 
 

      Numerous studies have documented the importance of both temperature and salinity 

in influencing aquatic crustacean metabolic processes, including respiration and growth. 

For example, increased water temperatures have been shown to increase respiration rates 

in various species of shrimp (Chen and Nan, 1993; Spanonopoulos-Hernández et al., 

2005; Allan et al., 2006), and copepods (Isla and Perissinotto, 2004). The response of 

invertebrates to changes in salinity is, however, more complex largely reflecting their 

evolutionary origins (Kinne, 1966). For example, Allan et al. (2006) demonstrated that 

the shrimp Palaemon peringueyi, which is abundant in South African estuaries (Bernard 

and Froneman, 2005) did not change its standard metabolic rate significantly between the 

salinities of 15 and 35 ‰. Juvenile blue swimmer crabs, Portunus pelagicus, on the other 

hand, displayed significantly faster growth and higher survival in response to increasing 

salinity (Romano and Zeng, 2006). Additional factors that may influence the growth rates 

of crustaceans include photoperiod (Gambardella et al., 1997), food availability (Shuster 

and Guthrie, 1999) and sex (Newman et al., 2007). 

 

     Most isopod growth studies have focused on terrestrial isopods using field-determined 

size frequency histograms, based on cephalothorax width or changes in mass, to establish 

a growth rate using the von Bertalanffy model (von Bertalanffy, 1938;  McQueen and 

Carnio, 1974; Strong and Daborn, 1979; Caseiro et al., 2000; Li, 2002; Araujo and Bond-

Buckup, 2004; Meinhardt et al., 2007).  The growth rates of individual isopods 

(especially marine species) have, however, rarely been studied in the laboratory.  
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Longevity has been examined mainly in terrestrial isopods, which appear to live longer 

than marine isopods, varying from 11 to 108 months (Achouri et al., 2003; Warburg, 

1993). In terrestrial isopods, females generally achieve a larger overall size, but grow at a 

slower rate and survive for longer than males (Araujo and Bond-Buckup, 2004; 

Meinhardt et al., 2007). Females were thus able to produce more offspring, as they had a 

larger body size permitting greater egg-bearing ability. The only South African isopod 

growth study, to date, focused on the relationship between body length and the dry mass 

of fed and unfed Cirolana fluviatilis (Newman et al., 2007). The conclusion of that study 

was that there was no significant difference in the growth rate of males and females. 

 

      The estuarine isopod, Exosphaeroma hylocoetes, is widely distributed along the 

south-eastern coastline of southern Africa (Kensley, 1978). These isopods are typically 

associated with submerged macrophytes in the littoral zones of the middle and upper 

reaches of estuaries, particularly temporarily open/closed estuaries (Chapter 3). The 

isopods are primarily detritivores feeding on  particulate organic matter (POM) derived 

from a variety of sources including vegetation, zooplankton, nekton and microalgae 

attached to the submerged macrophytes (Chapter 4). Exosphaeroma hylocoetes 

demonstrates sexual dimorphism with males being significantly larger than females 

(Chapter 3). Males attain a maximum length of ≈ 12 mm, while females grow to ≈ 7.5 

mm (Barnard, 1940; Chapter 3). In the absence of experimental data, it is not known if 

the larger size attained by males is the result of elevated growth rates or extended 

longevity, or a combination of the two. The null hypothesis is that males attain a 

significantly larger size than females due to a higher growth rate. 
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         The aim of this study, therefore was to determine the growth rates of individual 

male and female E. hylocoetes under a combination of temperatures and salinities which 

are typically recorded in Eastern Cape temporarily open/closed estuaries (Chapter 3).  

 

 5.2. Materials and methods 

 
5.2.1 Collection and laboratory procedures 
 
 
     Exosphaeroma hylocoetes (Barnard, 1940) were collected from the temporarily open/ 

closed Kasouga Estuary located on the Eastern Cape coastline of southern Africa (see 

Chapters 2 and 3 for details of site) using a hand-held sweep net. After collection, the 

isopods were transported back to the laboratory before being maintained in controlled 

environment (CE) rooms at the following salinity/temperature combinations: 15 /15 °C; 

15 /25 °C; 35 /15 °C and 35 /25 °C. All isopods were subjected to a light:dark phase of 

12:12 hours. These conditions replicated the natural annual conditions experienced within 

these TOCEs (Chapter 3). The isopods, in aerated round polyethylene containers 

(diameter of ≈ 50 cm and a height of ≈ 12 cm), formed the brood stocks. Plastic hair 

curlers, (in place of vegetation), were placed in the water to act as refugia for the 

brooding females.  The brood stocks were maintained for 18 months to ensure sufficient 

male and female isopod numbers. Individual juvenile E. hylocoetes (n = 30 to 50) within 

the size range 1.5 to 2.0 mm, from the brood stock, were placed in 250 ml plastic 

containers of mesohaline (salinity 15) or 100 % seawater (35) and placed in C.E. rooms, 

(set at either 15 °C or 25 °C). The containers were not aerated as it was considered that 

the small animals were not under O2 stress in 250 ml water. Water was changed every 

seven days and the isopods fed ad libitum on commercially available dry fish food. The 

fish food had the following composition: min 40 % protein; 5 % fat; 5 % fibre and 12 % 

moisture. 
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      Isopods were measured weekly, until their death, with the aid of a Wild M5A 

stereomicroscope (Mag.  X120) fitted with an ocular micrometer. This entailed 

measurement, to the nearest 0.01 mm, along the mid-dorsal length from the anterior tip of 

the cephalon, (in the case of E. hylocoetes this was the point of connection between the 

cephalon and the flagellae, or antenna one), to the posterior tip of the pleotelson 

(Barnard, 1940). Growth rates were determined from at least 15 males and 15 females in 

each temperature/salinity combination. These results were used to determine the weekly 

growth rates, maximum length and longevity of the isopod.  

 
        Exosphaeroma hylocoetes can be sexed when ≥ 5 mm, as male E. hylocoetes 

develop two pene situated anteriorly of the pleopods (Barnard, 1940). Males also have a 

more pronounced triangular pleotelson with a definite inner ridge when view ventrally. 

This ridge is absent in females and they have a more rounded pleotelson (Barnard, 1940).  

 

5.2.2 Statistical analyses 

 

    Initial investigation of the plots of 
dt

dL
against L   illustrated a quadratic relationship 

suggesting that growth in E. hylocoetes is logistic (Figs 5.1, 5.5, 5.6, 5.7). A quadratic 

model of the form
∞∞

−=







−=

L

La
Lk

L

L
Lk

dt

dL 2

1 , where a  is the instantaneous growth 

rate and ∞L the asymptotic length, was subsequently fitted to each individual isopods’ 

growth data using non-linear least squares regression.  

 

    The resultant 133 individual parameter estimates of k and ∞L were used as input in 

ANOVAs to determine if salinity, temperature and/or sex had an influence on either 



                                                                                                                               Chapter 5                                                                                                         

 96 

growth or asymptotic length rates of male and female E. hylocoetes. The data were log (x 

+1) transformed to ensure that the residuals were normally distributed. The analyses were 

carried out using Statistica 7 (StatSoft). 

 

   Growth was further modelled using the logistic growth model of the form 

                                                 ( )01
ˆ

ttkit
ie

L
L −−

∞

+
=  

where itL̂ is the model predicted length of isopod i  at time ti and t0 the estimated age at 

zero length. It was assumed that there was functional relation between each of the 

parameters and sex, temperature and salinity. Therefore, each of the growth parameters 

was modelled to include this functional relationship, such that: 

 

SalinityeTemperaturSexL ×+×+×+=∞ 3210 ββββ  

SalinityeTemperaturSexk ×+×+×+= 7654 ββββ  

SalinityeTemperaturSext ×+×+×+= 1110980 ββββ . 

 

    Sex was included in the model as a dummy variable with females being assigned a 0 

and males a 1.Two other parameters were included in the minimization routine: ρ̂ , the 

estimated autocorrelation between successive measurements, and σ̂ , the estimated model 

standard deviation. The autocorrelation coefficient was required as the data are repeated 

measures data. 

 

    The parameter vector expressed as: { }ρσβββ ;;,...,, 1110=θ  contained at most 14 

parameters and was estimated by minimizing a negated normal log-likelihood of the form 

:  
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where ijijij LL ˆ−=ε  is the j th residual for the i th  isopod calculated, 00 =iε . 

 

       Likelihood ratio tests were conducted to assess whether individual parameters were 

statistically significant different.  The most parsimonious model was assessed using the 

AIC  (Akaike’s Information Criterion) statistic (Akaike, 1974; Hurvich and Tsai, 1989). 

Parameter variability was calculated using parametric bootstrapping with 250 bootstrap 

iterations. 

 

      A t-test was employed to detect any significant differences in isopod sex longevity at 

combinations of temperature and/or salinity. The analyses were carried out using 

Statistica 7 (StatSoft) computer package. 

 
 
5.3 Results 

 

5.3.1 Isopod size and growth rates 
 

 

       Males grew larger (mean body length, 8.08 ± 0.25 mm) in size (body length) than 

females (6.59 ± 0.25 mm) at all temperature and salinity combinations (Figs 5.2 and 5.3).  
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Figure 5.1. Observed mean growth rates (dots) versus predicted growth rates (solid line)    
                  of Exosphaeroma hylocoetes, at combinations of temperatures (15 and 25 °C)  

                  and salinities (15 and 35) based on plots of 
dt

dL
againstL . M = males; F =  

                   females. Dots represent observed values; curves represent predicted values 
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Figure 5.2. Observed male (left) and female (right) growth of Exosphaeroma hylocoetes 

at combinations of two temperatures (15 and 25 °C) and two salinities (15 and 
35). The line indicates the predicted growth curve of isopods based on the 
predicted logistic growth model. M = males; F = females. 
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     Male isopods consistently attained lengths greater than those predicted by the Schnute 

growth model, while females, with the exception of those incubated at 15 °C and 15, did 

not attain the predicted lengths (Figs 5.2 and 5.3). 
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  Figure 5.3. Predicted male (M, lines with symbols) and female (F, lines without 

symbols) isopod lengths in combinations of two temperatures (15 and 25 °C) 
and two salinities (15 and 35). Lines are the predicted logistic growth 
models. Output parameters of the model are shown in Table 5.1. 

 
 
      Initial growth occurred at a faster rate at the higher temperature (25 °C) and salinity 

(35) combination in both males and females, but in both instances these individuals 

attained the lowest overall length (7.67 mm for males and 6.32 mm for females). They 

also reached their inflection points, on the curves, at five weeks. After an initial slower 

growth rate, reaching their inflection points at nine weeks (males) and six weeks 

(females), the isopods at the lower temperature/salinity combination (15 °C/ 15) attained 

the longest overall length, 8.03 mm (males) and 6.68 mm (females). Those exposed to the 
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intermediate temperature/salinity combinations demonstrated intermediate growth rates, 

achieving total lengths midway between the two extreme conditions.  

      

     Growth of male and female E. hylocoetes was not significantly affected by salinity, 

based on the LRT and ANOVA analyses (p > 0.05), and was therefore removed from the 

overall model (Fig. 5.3; Table 5.1).  

 

Table 5.1.Logistic growth model maximum likelihood estimates (MLE), their coefficients  
                of variation (CV) and 95% confidence intervals (CI). The model fit is  
                summarised with the negated log-likehood value ( Lln− ), number of estimated  
                parameters (p ) and Akaike Information Criterion (AIC ) statistic. The model  

                fitted was ( )01
ˆ

ttkit
ie

L
L −−

∞

+
=   

                where eTemperaturSexL ×+×+=∞ 210 βββ ,    

               eTemperaturSexk ×+×+= 543 βββ  and  

               SalinityeTemperaturSext ×+×+×+= 98760 ββββ . 

 MLE CV CI 

0β  7.41 1.76% (7.17 ; 7.67) 

1β  1.32 3.83% (1.21 ; 1.41) 

2β  -0.04 15.10% (-0.05 ; -0.03) 

3β  0.15 9.21% (0.13 ; 0.18) 

4β  -0.01 44.07% (-0.03 ; 0.00) 

5β  0.00 14.14% (0.00 ; 0.01) 

6β  10.64 2.69% (10.14 ; 11.22) 

7β  0.90 11.79% (0.70 ; 1.12) 

8β  -0.18 5.98% (-0.20 ; -0.16) 

9β  -0.08 4.60% (-0.09 ; -0.08) 
ρ  0.60 11.73% (0.52 ; 0.56) 
σ  0.57 6.50% (-0.46 ; -0.41) 
    
Lln−  -48.41   

p  12   
AIC  -72.81   
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      Increased temperature, despite depressing the maximum attainable length,  allowed 

the isopods to reach reproductive size sooner, two weeks for females and 6.5 weeks for 

males (at 25 °C),  than females (4 weeks) and males (11 weeks) at 15 °C (Figs 5.3; 5.4; 

5.5; 5.6 and 5.7).                                                             
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    Figure 5.4. Mean lengths (+ S.D.) of male (M) and female (F) Exosphaeroma 
hylocoetes at temperatures of 15 °C and 25 °C and at a salinities of 15  

                      and 35.  
 
 
 

      There were no significant differences (ANOVA, p = 0.432 to 0.535) in growth rates 

between males and females under the various treatments (Fig. 5.8).  

 

      Overall, ANOVA analyses revealed only significant temperature effects on the 

growth rates of E. hylocoetes (p <0.001; F1,128 = 18.419; Table 5.2). Salinity was shown 

to have no significant influence on the sex of the individuals’ growth rates (p = 0.415; 

F1,128 = 0.670; Table 5.2). 
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Table 5.2Results of an ANOVA (Statistica, version 7) for log (x+1) transformed data on 
factors (salinity, temperature and sex & a combination of salinity and 
temperature) affecting the growth rates of male and female Exosphaeroma 
hylocoetes. 

 
 
Variation            Sum of Squares      d.f.     Mean squares     F-ratio       Sig. Level 
 
 
 
Salinity                   0.00227                 1           0.00227              0.676           0.415             
 
Temperature           0.06247                 1           0.06247             18.419          0.000035                                   
 
Sex                         0.00292                 1            0.00292             0.862            0.355 
 
Sal:Temp               0.00018                  1            0.00018            0.0288          0.865 
 
Residuals               0.4341                  128          0.00339 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Mean male and female isopod length (+ S.D.) achieved over 25 to 30 weeks 

in individual containers at four combinations of temperature and salinity. 
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Figure 5.6. Comparisons of male and female E. hylocoetes mean length (+ S.D.)        
                   achieved at four combinations of temperature and salinity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Influence of temperature on the growth and mean length (+ S.D.) of male and   
                  female E. hylocoetes  at four combinations of temperature and salinity. 
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    Figure 5.8. Growth rates (+ S.D.) of male (M) and female (F) Exosphaeroma  
                      hylocoetes at  temperatures of 15 °C and 25 °C  and at  salinities of 15 
                      and 35. Vertical bars indicate 95 % confidence limits.  
                 
    

5.3.2 Survival rates and longevity 

 

        Initial trials conducted at 25 ° C and a salinity of 15 indicated that males lived 

significantly longer than females (p < 0.001), with males averaging 25.77 ± 3.40 weeks 

and females, 21.52 ± 3.00 weeks. Two males lived for 35 weeks, while one female 

achieved a maximum lifespan of 30 weeks. During this study males reached a maximum 

length of 11.17 mm, (mean length = 8.00 ± 0.86 mm) and females 7.92 mm (mean length 

= 6.32 ± 0.59 mm). Longevity contributed to males achieving a significantly larger size 

than females during the experiments. 

 

       At a salinity of 15 and a temperature of 15 °C, male (mean 22.82 ± 1.47 weeks) and 

female (mean 23.27 ± 1.28 weeks) E. hylocoetes showed no significant difference in 

their life expectancy (p = 0.415; t = 0.829; df = 24), whereas at 25 °C, males (mean 

27.73 ± 3.07 weeks) lived significantly longer (p  <0.001; t = 5.615; df = 21) than the 
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females (mean 20.58 ± 3.03 weeks; Fig. 5.3). When comparing males incubated at 

15 °C with those incubated at 25 °C, at the same salinity, the males at 25 °C lived 

significantly longer (p < 0.001; t = 4.784; df = 20) than the males at the lower 

temperature (Fig. 5.6). Females incubated at 15 °C, however, lived significantly longer 

than those females at 25 °C at the same salinity (p = 0.005; t = 3.113; df = 25).  

 

       At a salinity of 35, males lived significantly longer than females at both 15 °C and 25 

°C, (p  <0.001; t = 4.738; df = 18 and p <0.001; t = 3.987; df = 15; Fig. 5.3). However, 

when comparing males at 15 °C (mean 26.42 ± 2.91 weeks) with those at 25 °C (mean 

26.67 ± 3.93 weeks) there was no significant difference in life expectancy (p = 0.880; t = 

0.153; df = 16). Similarly, females at 15 °C (mean 21.00 ± 1.69 weeks) and 25 °C (19.00 

± 3.72 weeks) did not show any significant difference in their longevity (p = 0.176; t = 

1.412; df = 17; Fig. 5.9). 

    

       At the temperature of 15 °C, males at a salinity of 35 (mean 26.42 ± 2.91 weeks) did 

not live significantly longer (p = 0.880; t = 0.153; df = 16) than those males exposed to a 

salinity of 15 (22.82 ± 1.47 weeks). Similarly, at temperature of 25 °C, males exposed to 

a salinity of 15  (mean = 27.73 ± 3.10 weeks) did not live significantly longer (p = 0.546; 

t = 0.618; df = 15) than males exposed to a salinity of 35  (mean 26.67 ± 3.93 weeks; Fig. 

5.9). 

 

       At a temperature of 15 °C female E. hylocoetes at a salinity of 15 (mean 23.26 ± 1.28 

weeks) did live significantly longer (p = 0.002; t = 3.621; df = 21) than females exposed 

to a salinity of 35 (mean 21.00 ± 1.69 weeks). On the other hand, at 25 °C females 

exposed to a salinity of 15 (mean 20.58 ± 3.03 weeks) did not live significantly longer (p 
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= 0.273; t = 1.125; df = 21) than females incubated at a salinity of 35 (mean 19.00 ± 3.72 

weeks; Fig 5.9). 
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 Figure 5.9.  Male (M) and female (F) Exosphaeroma hylocoetes longevity (mean weeks 
survived  ± S.D.) at temperatures of 15 °C and 25 °C and at salinities of 15 
and 35. 

 

   
5.4 Discussion  

 

      Results of the study indicated that male Exosphaeroma hylocoetes attained a 

significantly larger size than the females under all the salinity and temperature 

combinations (Figs 5.3 and 5.4). The observed pattern is consistent with field studies 

which have demonstrated that E. hylocoetes demonstrates strong sexual dimorphism 

(Chapter 3). However, the individuals at the lower temperature/salinity combination 

attained an overall longer size, than those individuals incubated at the higher 

temperature/salinity. This may support the reproductive drain hypothesis (Koch and 
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Weiser, 1983; Pauly, 1984; Thorpe, 1987), indicating faster growth at the higher 

temperature/salinity allowing the isopods to put more effort into reproduction while 

penalising longer overall growth.     

 

     In agreement with several other studies on marine crustaceans (McKenny, 1994; 

McKenny and Celestial, 1995), both male and female E. hylocoetes grew significantly 

faster at combination of higher temperature and salinity, 25 °C/35, than those individuals 

incubated at the low temperature/salinity combination (15 °C/ 15).  The influence of 

temperature and salinity on the growth rates of crustaceans is highly variable and appears 

to be species specific reflecting amongst others ontogeny and specific habitat 

requirements (Zein-Eldin and Aldrich, 1965; Staples and Heales, 1991; Steele and Steele, 

1991; Kondzela and Shirley, 1993; McKenny and Celestial, 1995).  For example, the 

growth of the juvenile amphipod, Gammarus lawrencianus, was greatest at intermediate 

salinities, reflecting the normal conditions in the estuaries where the animals are 

commonly found (Steele and Steele, 1991). Similarly, the mysid, Mysidopsis bahia, 

demonstrated age-dependent interactions with temperature and salinity. Mysid growth 

rates, were retarded by both a low temperature-low salinity interaction, and a high 

temperature-low salinity interaction. Maximum sizes were achieved at high temperature-

high salinity combinations (McKenny and Celestial, 1995). Kinne (1964) postulated that 

changes in osmotic concentration could influence not only metabolic rates, but also 

metabolic efficiency. Temperatures and salinities beyond those to which the animal is 

normally acclimatized could induce stress on those animals and alter their respiration and  

growth rates.  

 

       Results of the growth studies indicated that there were no significant differences in 

the growth rates of male and female E. hylocoetes under the range of temperature and 
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salinity combinations (p > 0.05; Fig. 5.5). The observed pattern is in contrast to a number 

of other studies which have demonstrated that growth rates of female Crustacea generally 

exceed those of the males. For example, females of the kelp forest mysid, Holmesimysis 

costata, grew at a mean rate of 41 µm day-1 compared to the 35 µm day-1, for males 

(Turpen et al., 1994). The elevated growth rates observed for the females were related to 

the increased brood carrying ability of larger sized females. Similar patterns have also 

been reported for the prawn, Palaemon xiphias, and the freshwater shrimp, Exopalaemon 

modestus (Guerao et al., 1994; Oh et al., 2002). Berglund (1981) theorizes that a reduced 

male energy investment in growth could lead to a reduced risk of predation. 

           

        Longevity in crustaceans, including shrimps and prawns, have been shown to be 

strongly influenced by temperature (Guerao et al., 1994; Oh et al., 2002). Isopods having 

a wide latitudinal range show variations in longevity with an increase in longevity 

generally associated with colder water temperatures (Table 5.2). The results of the 

longevity experiments obtained here are in the lower range reported for other estuarine 

and marine isopods of similar size (Table 5.3). For example, Excirolana braziliensis, 

lives for 19 months at a latitude of 20° south, stretching to 31.5 months at 40° south 

(Cardoso and Defeo, 2004). Similarly, the sponge-dwelling gnathiid isopod, 

Elaphognathia cornigera, lives for more than 36 months (Tanaka, 2003). The reduced 

life expectancy of E. hylocoetes compared to other studies can likely be related to the fact 

that it occurs in warm temperate waters. Interestingly, terrestrial isopods appear to live 

longer than their marine counterparts (Table 5.3).  

 

       Results of growth trials indicated that longevity of male E. hylocoetes was 

significantly longer than those of the females at the different combinations of temperature 

and salinity. The extended life expectancy of the males allowed them to attain a 
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significantly larger size than the females (p < 0.05). Larger male size in E. hylocoetes 

may be related to mate guarding, as is also found in many other crustaceans, including 

isopods (Jormalainen, 1998) and crabs (Kobayashi, 2002). Polymorphism, with regard to 

male body size, has been described in some isopods, in which three distinct male morph 

types coexist (Shuster, 1987; Shuster and Wade, 1991), and in freshwater prawns 

(Ra’anan and Sagi, 1985). Larger males, as in E. hylocoetes, are thought to have an 

advantage in male-male conflicts, whereas smaller males could attain maturity faster or 

engage in alternative mating behaviours, e.g. female mimicry, searching for females 

located further away from large males, or by sneak mating (Kobayashi, 2002). Smaller 

female E. hylocoetes size may be a result of not feeding during the brooding period when 

the size of the gut is reduced, as well as greater energy being placed in brooding the 

offspring (Shuster, 1995). 
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 Table 5.3. Longevity of selected terrestrial and marine isopod species. 

 

 
          Species                         life span (months)                      Source 
 
  Terrestrial   
 
Porcellionides pruinosus              11 to 14                  Achouri et al., 2003 
 
Hemilepistus reaumuri                     12                          Warburg, 1993 
 
Atlantoscia floridana            ♂ = 18; ♀ = 28         Araujo and Bond-Buckup, 2004    
 
Balloniscus glaber                ♂ = 28;  ♀ = 36              Meinhardt et al., 2007 
 
Trichoniscus pygmaeus                   24                        Sutton et al., 1984 
 
Philoscia muscorum                        27                        Sutton et al., 1984 
 
Porcellio scaber                               36                        Sutton et al., 1984      
 
Armadillidium vulgare                    42                        Sutton et al., 1984 
 
Armadillo officinalis                      108                            Warburg, 1993 
 
   Marine 
 
Dynoides daguilarensis               7 to 12                                Li, 2002 
 
Excirolana braziliensis              19 to 31.5              Cardoso and Defeo, 2004 
 
Eurydice pulchra                            24                             Fish, 1970 
 
Cirolana harfordi                           24                           Johnson, 1976a 
 
Elaphognathia cornigera               36                            Tanaka, 2003 
 
 
  Estuarine 
 
E. hylocoetes               ♂ = 6.5 to 8.5; ♀ = 5.5 to 7.5      Present study 
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     In conclusion, this is the first study to present the findings of a laboratory-based study 

which examined the growth of individual estuarine isopods (E. hylocoetes) under a suite 

of environmental conditions.  

 

There were a number of important results emanating from the work:  

1. There were no significant differences between the growth rates of males and 

females at all combinations of temperature and salinity. The proposed null 

hypothesis must therefore be rejected as male and female E. hylocoetes grew at 

the same rate. 

2. Males achieved an overall larger size, when compared to females, because they 

lived longer which allowed them to attain a significantly larger size. 

3. Growth in E. hylocoetes occurred at a faster rate at the higher temperature (25 °C)  

than at 15 °C (at a salinity of 15), coinciding with summer conditions commonly 

found in Eastern Cape estuaries. 

4. Female E. hylocoetes appeared to attain sexual maturity at a faster rate (smaller 

overall length) than males.  

 

      The above results indicate a true estuarine origin for E. hylocoetes. The isopods are 

well adapted to cope with a wide range of salinities, (here tested from 15 to 35) and 

temperatures (15 to 25 °C), which enables them to survive in systems with a constantly 

changing physico-chemical nature such as those occurring in TOCEs of the Eastern Cape. 
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                                                       Chapter 6 
 
                                              General Discussion 
 
_____________________________________________________________________ 
 

 

       Temporarily open/closed estuaries (TOCEs) account for approximately 73 % of all 

estuaries along the South African coastline (Whitfield, 2000). These estuaries can remain 

closed for long periods, due to relatively low freshwater inflow, a result of low rainfall in 

their catchments, high evaporation rates, impoundments and water abstraction (DWAF, 

2004). During mouth breaching and overtopping events temporary access to and from the 

sea is re-established. The increasing need of water for both human and agricultural 

practices has led to increased levels of freshwater abstraction, and this will probably reduce 

the incidence of mouth breaching in the future (DWAF, 2004). 

 

     Despite infrequent tidal exchanges, TOCEs are characterised by highly variable 

conditions, i.e. they demonstrate strong temporal variability in physico-chemical 

parameters. Salinities can vary greatly, rising to 50 during droughts (Whitfield and Bruton, 

1989). However, mesohaline conditions, 5 to18, generally dominate when the mouth is 

closed (Whitfield and Bruton, 1989; Froneman, 2002b). Overtopping of marine water into 

the system during storms or spring high tides can increase the salinity during the closed 

phase. These varying physico-chemical conditions affect the fauna living within the 

estuaries. They need to be tolerant of the changing salinities, often occurring over a short 

time period, when there is increased freshwater inflow from heavy rainfall after long 

periods of mouth closure. The overtopping events can have a coinciding secondary 

biological effect, the recruitment of marine vertebrates and invertebrates into the estuaries 

(Froneman, 2002c, 2004 b, c; Kemp and Froneman, 2004; Perissinotto et al., 2004). The 
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null hypothesis tested in Chapter 3 concerning mouth opening and the affect on E. 

hylocoetes has not been accepted as these events had a profound effect on their numbers 

present. These events led to a dramatic loss of the isopod population. 

 

       It is now a well documented that permanently open estuaries have a greater species 

richness than TOCEs (Brown, 1953; Day, 1974; Hodgson, 1987; De Villiers et al., 1999). 

Thus permanently open estuaries support richer macrobenthic communities (often > 60 

species), whereas those estuaries experiencing lengthy mouth closures are species poor, 

often < 35 species (De Villiers et al., 1999). When comparing only the warm temperate 

South African estuaries, an average of 95.1 species can be found in permanently open 

estuaries compared to only 18.6 in the TOCEs and closed estuaries (De Villiers et al., 

1999). In the Eastern Cape, the permanently open Kariega River Estuary was found to 

support 107 species (Hodgson, 1987), whereas the nearby TOCE, the West Kleinemonde 

Estuary, contained only 34 species (Brown, 1953). Closed Western Australian estuaries 

also support low species diversities (Platell and Potter, 1996). The greater species richness 

of permanently open estuaries may be due to greater recruitment from the marine 

environment, or a more stable marine-influenced environment, and increased habitat 

availability (Day, 1964; Platell and Potter, 1996).  

 

       Many macrobenthic and pelagic species in estuaries have an obligate marine larval 

phase (Emmerson, 1983; Wooldridge, 1991). Lengthy mouth closure would preclude such 

a marine larval phase, resulting in a lack of larval recruitment from the marine environment 

into TOCEs. For example, the sandprawn Callianassa  kraussi is a brooder with an 

abbreviated larval period completed within the estuary (Forbes, 1973). It is for this reason 

that, C. krausii, can inhabit TOCEs, whereas the mudprawn, Upogebia africana which has 

an obligate marine larval phase, cannot (Wooldridge, 1999). Endemic macrobenthic 
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estuarine species have been shown to have low species richness, high resilience to 

environmental changes, and to be structured mainly by sediment characteristics (Teske and 

Wooldridge, 2001, 2003, 2004). The differences in species richness between open estuaries 

and TOCEs also applies to the isopods. Day (1974) recorded 19 isopod species within the 

permanently open tropical Morrumbene Estuary, Mozambique. The local permanently open 

Kariega Estuary supported eight isopod species (Hodgson, 1987), whereas only four isopod 

species, Exosphaeroma hylocoetes, Exosphaeroma estuarium, Excirolana natalensis and 

Pontogeloides latipes were identified within the three nearby TOCEs investigated in this 

study. The latter three species occurred in very low densities, (usually < 5 m-2), and the 

latter two only occurred in the lower reaches, particularly the sand near the mouth, after 

breaching events (T.O. Henninger, pers. obs.).  The elevated species richness in 

permanently open estuaries is related to the strong horizontal gradients in salinity and the 

presence of species of both marine and freshwater origins. Additionally, in permanently 

open estuaries, the mouth status will allow recruitment of isopods throughout the year. The 

presence of a sandbar at the mouth would restrict the ability of marine isopods to recruit 

into TOCEs.  Thus the isopod fauna in the three TOCEs was dominated by one species 

only, E. hylocoetes. This species is clearly well adapted to TOCE conditions. 

 

       Besides differences in life history, feeding strategies and increased habitat availability 

(e.g. salt marshes) with associated food sources may also dictate success in a TOCE 

compared to permanently open estuaries. Permanently open estuaries support larger 

macrophyte beds and salt marshes than TOCEs and therefore, presumably, have higher 

productivity. However, there has been very little investigation into microbenthic algae and 

bacterial productivity in estuaries. Deposit/filter feeding may benefit TOCE species, rather 

than pure filter feeding. For example, Upogebia africana, the filter feeding mudprawn is 

dominant in open estuaries, e.g. the Swartkops River Estuary, where it contributes ≈ 80 % 
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to the total biomass on the Swartkops intertidal mudbanks (Hanekom et al., 1988). The 

mudprawn is replaced by the deposit/filter feeding sandprawn, Callianassa kraussi, in 

TOCEs (Whitfield, 1989).  

 

     In an attempt to identify those features that enable E. hylocoetes to be such a successful 

isopod in TOCEs, the findings of this study are compared to isopod biology in general and 

to the only other study on a South African estuarine species, Cirolana fluviatilis that is an 

inhabitant of  permanently open estuaries. 

 

6.1 Adaptations of Exosphaeroma hylocoetes to TOCEs, a Comparison with   
      other Aquatic Isopods. 
 
 
    Success in TOCEs may be established by an organism’s abundance in these highly 

variable environments. Success may therefore, be ascribed to reproductive success 

(enabling population numbers to recover after mouth breaching events), or an adaptation to 

habitat, (i.e. tolerance of fluctuating salinities and water temperatures) or a combination of 

the two factors. Isopods in different estuary types appear to display different 

characteristics, which may be adaptations to those conditions encountered in either a TOCE 

or permanently open estuary. Few studies detailing all aspects of isopod life, allowing 

comparisons, in different estuary types have been carried out to date. The results of this 

study can be compared with those conducted on Cirolana fluviatilis in the permanently 

open Gamtoos Estuary within the same geographic region (Newman et al., 2007) (Table 

6.1).  The data on distribution, lengths, brooding period and brood sizes, sex ratios, etc, 

allow deductions to be made. However, as the data may not be complete in all fields (with 

respect to longevity, densities), conclusions cannot always be drawn. Exosphaeroma 

hylocoetes is generally smaller and females attain sexual maturity faster than C.  fluviatilis 

(Table 6.1). Female E. hylocoetes also produce a greater maximum number offspring all 
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year round compared to C.  fluviatilis, which demonstrate a seasonal breeding pattern. 

Other life history strategies, e.g. being able to produce large numbers of manca from a 

smaller female body size together with a female sexual bias probably allows E. hylocoetes 

to re-colonise TOCEs post mouth breaching.  By re-examining the results of this study I 

will attempt to propose some of the underlying reasons for E. hylocoetes’ success in 

Eastern Cape TOCEs when compared to other isopods. 

 

6.1.1 Habitat adaptations 

      

       Isopod numbers were highest when the estuary mouths were closed and during the 

summer months (Chapter 3). Isopod numbers declined during winter and they virtually 

disappeared when the estuary breached. Mouth breaching, therefore, had the most profound 

effect on isopod abundance and biomass, in similar manner to those of other estuarine 

macrofauna within South Africa and Australia (De Decker, 1987; Gladstone et al., 2006). 

For a species that is adapted to TOCEs, recovery times, after mouth breaching events were 

not rapid (≈ 4 months). Because of the infrequent breaching of the mouths of the Kasouga 

and West Kleinemonde, the populations of E. hylocoetes were able to recover. The reduced 

abundances of E. hylocoetes in the East Kleinemonde Estuary must reflect the increased 

frequency of breaching events and the absence of submerged macrophytes from the system. 

Recent studies attributed the lower estimates of invertebrate abundances and biomasses to 

the increased rate of mouth opening events recorded within the system (Cowley et al., 

2001; Froneman, 2002a). Riddin and Adams (2008) reported similar losses of submerged 

vegetation in the E. Kleinemonde Estuary, but ascribed this loss to desiccation, within 

hours, after a rapid decline in water levels following mouth breaching. 
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  Table 6.1. Comparison of Exosphaeroma hylocoetes (TOCE isopod; present study)  
                   with Cirolana fluviatilis (permanently open estuary isopod; from Newman       
                    et al., 2007). 
_____________________________________________________________________ 

Feature                                  E. hylocoetes                               C. fluviatilis 

_____________________________________________________________________                                                      

Location along               Table Bay to East London         Breede River to St Lucia 
S.A. coast: 
 
Mean length (mm)           
                   Males:                  5.71 ± 0.41                                     7.9 
                   Females:               3.99 ± 0.26                                     7.5 
 
Max. length (mm)                           
                   Males:                          12.0                                        11.3                                      
                   Females:                        7.5                                         10.2 
 
Length at sexual  
maturity (mm) Males:                    ≥ 5                                            6 
                     Females:                   ≥ 2.5                                        5.2 
 
Length: Juveniles:                         < 2.5                                       < 5.2 
 
Mean longevity  
(weeks)   Males:                         25.77 ± 3.4 
             Females:                        21.52 ± 3.0 
                                                                                                   Not presented 
Max. longevity 
(weeks)   Males:                               35                                
            Females:                               30 
 
Gravid period:                           All year                             Dec. to March (summer) 
 
Mean brood size:                         20.7                                          33.2 
  
Max brood size:                   73 (in 7.5 mm ♀)                   47 (in 7.9 mm ♀)  
 
Manca size at release:                1.5 mm                                      2.24 mm 
 
Sex ratio                         Female biased 2.9 : 1                   Female biased 1.94 : 1 
 
Mean density:                       2 849.7 ind. m-2                          500 CPUE 
 
Max. density:                        7 850 ind. m-2                            4 149 CPUE 
 
Location max density:     Middle & upper reaches            Lower & middle reaches 
 
Preferred habitat              Submerged macrophytes              High mud sediments 



                                                                                                                                        Chapter 6                                                                                           

 119 

      Another reason for the success of E. hylocoetes in TOCEs is its ability to tolerate and 

breed during long periods of mesohaline conditions (<20). Such conditions can persist for 

up to 12 months in the West Kleinemonde Estuary (Chapter 3). Cirolana fluviatilis was 

found in greater densities in the lower and middle reaches of the permanently open 

Gamtoos Estuary, appearing to prefer more stable marine conditions (Newman et al., 

2007). In contrast, E. hylocoetes was found in greatest abundances in the middle and upper 

reaches of TOCEs. This would indicate a greater tolerance of changes in salinity by E. 

hylocoetes and thus that this species is most probably a truly estuarine species, whereas C.  

fluviatilis is most probably a marine species which has entered open estuaries more recently 

and is not as well adapted to conditions in TOCEs. Furthermore, the relative absence of E. 

hylocoetes in permanently open estuaries may also indicate their preference for low water 

flow rates, such as those experienced in TOCEs. Metabolic studies on E. hylocoetes could 

provide useful information on the adaptation of this species to mesohaline conditions. 

 

    Densities of the isopod within the three TOCEs were always highest in the middle and 

upper reaches of the systems (Chapter 3). This distribution pattern appeared to coincide 

with the highest cover of submerged macrophytes. A similar distribution pattern has been 

noted in other invertebrates and fish both in southern Africa and elsewhere in the world 

(Whitfield, 1980b; Heck and Thoman, 1981; Wallerstein and Brusca, 1982; Hanekom and 

Baird, 1984; Leber, 1985; Emmerson, 1986; Heck and Wilson, 1987; Walsh and Mitchell, 

1998; De Villiers et al., 1999; Bernard and Froneman, 2005; Joseph et al., 2006). 

 

      Exosphaeroma hylocoetes is strongly associated with the submerged macrophytes,  

(Chapters 3 and 4) and few other isopods were found in this vegetation. The association 

appears to be linked to fish predator avoidance, as the isopod is able to cling to the slender 
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stems of the R. maritima and other submerged macrophytes (T.O. Henninger, pers. obs.) to 

avoid being detected and eaten. Ruppia maritima also supports diatoms on which the 

isopod feeds (Chapter 4). Submerged macrophytes certainly play an important role in 

acting as a refuge for invertebrate prey from predatory fish (Chapter 4; Wallerstein and 

Brusca, 1982; Sala and Graham, 2002; Joseph et al., 2006).  The laboratory experiments 

clearly showed that the submerged macrophytes provided a refuge from selected fish 

predators (Chapter 4). The fish species were differentially successful at finding E. 

hylocoetes within artificial vegetation used to simulate R. maritima (Chapter 4). Clinus 

cottoides was the most successful at finding isopods, while Glossogobius callidus was the 

least successful at finding isopods in the artificial vegetation. Clinus cottoides was 

observed pushing its way through the artificial vegetation, while G. callidus was not. 

Rhabdosargus holubi were the most commonly encountered fish within the estuary and had 

intermediate success at finding E. hylocoetes within artificial vegetation. Clinus cottoides 

would have limited affect on isopod numbers, as these are mainly intertidal fish, and would 

only enter estuaries when the mouths are open. Thus the increased submerged vegetation in 

the TOCEs appears to provide a refuge rather than an increased direct food source as 

elucidated in Chapter 4, enabling us to reject the proposed null hypothesis. 

 

      Several previous studies conducted in other regions of the world have also 

demonstrated the close association of isopods with submerged macrophytes including 

Cladophora and Zostera beds (Hecht, 1973; Robertson, 1980; Hanekom, 1982; Holomuzki 

and Short, 1988; Joseph et al., 2006, Yamada et al., 2007). Interestingly, E. hylocoetes has 

not been observed within Zostera beds in the open Kariega Estuary within the same 

geographic region (P.W. Froneman, pers. comm.; T.O. Henninger, pers. obs.). The findings 

have indicated that the provision of refuge, rather than a source of food, is the main focus 
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of the macrophytes (Cummins and Klug, 1979). Results of both the stable isotope and fatty 

acid analyses indicated that the macrophytes could be excluded as an important carbon 

source for the isopod (Chapter 4). It seems that POM, epiphytic diatoms and the sediments 

are the primary source of carbon for the isopod. 

  

 6.1.2 Reproductive adaptations 

 

     Sex ratios of E. hylocoetes within the three estuaries were skewed in favour of females. 

This was also evident in the brood rearing experiments concluded within constant 

environment rooms (Chapter 3). These skewed sex ratios are in agreement with other 

studies on isopods (Jones and Naylor, 1971; Arrontes, 1992; Shafir and Field, 1980b; 

Piertney and Carvalho, 1996) including Cirolana fluviatilis that inhabits permanently open 

South African estuaries (Newman et al., 2007). Distorted sex ratios, deviating from an 

expected 1:1 sex ratio, have been suggested to be the result of bacterial infections by 

Wolbachia spp. in many arthropods, including isopods (Heath and Ratford, 1990; Martin et 

al., 1994; Werren, 1997; Bouchon et al., 1998; Bourtzis and O’Niell, 1998; Kageyama et 

al., 1998; Zimmer, 2001). Wolbachia is responsible for feminizing factors, and destroying 

male brood via cytoplasmic sex factors (CSF) resulting in female-biased progeny in their 

host (thelygeny). These CSF are only inherited via the egg cytoplasm, changing genetic 

males into functional females (Martin et al., 1994). Terrestrial isopods have been found to 

test positive for Wolbachia infections, and horizontal transfer of bacteria could occur from 

the terrestrial genera such as Armadillidium and Ligia to estuarine species which spend part 

of their life out of the water in the upper intertidal zone (Martin et al., 1994; Bouchon et 

al., 1998). Exosphaeroma hylocoetes spends its life within the water and does not feed on 

land, making it unlikely that it would come into contact with terrestrial and semi-terrestrial 

isopods. Preliminary studies conducted by the author could not detect the molecular 
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markers for Wolbachia in E. hylocoetes using DNeasy 96 Blood and Tissue Kit (Qiagen) to 

extract DNA by the spin-column method. This was followed by PCR amplification using a 

Thermo Hybaid PX2 thermal cycler. It has also been demonstrated that oral uptake of 

Wolbachia is impossible in terrestrial isopods (Juchault et al., 1974). However, Wolbachia 

could be transferred in the wild by vectors such as parasites or parasitoides (Martin et al., 

1994). The skewed sex ratios in E. hylocoetes may be due to inherent genetic factors, or 

even another intracellular bacterium belonging to the genera Anaplasma, Cowdria, 

Ehrlichia or Rickettsia (Werren and O’Niell, 1997).  Whilst the skewed sex ratios in E. 

hylocoetes are not a unique feature, and are possibly due to inherent genetic factors, having 

a female biased population must facilitate the re-colonisation of TOCEs after mouth 

breaching events. 

 

       In agreement with previous studies on most Sphaeromatidae, E. hylocoetes 

demonstrated strong sexual dimorphism, with males being significantly larger than females 

(Kensly, 1978; Brusca and Wilson, 1991; Bruce, 2003). Newman et al. (2007) in their 

study of C. fluviatilis also found that males were larger (Table 6.1).  Larger male size 

appears to be an advantage when mate guarding (Jormalainen, 1998; Bertin and Cézilly, 

2003), a behaviour often observed in laboratory maintained animals (T.O. Henninger, pers. 

obs.). There were no major differences in the growth rates of male and female E. 

hylocoetes, at most combinations of 15 and 25 °C and salinities of 15 and 35 (Chapter 5), 

enabling one to reject the proposed null hypothesis. Males (25.77 ± 3.40 weeks) did, 

however, live longer than females (21.52 ± 3.00 weeks), thus growing for a longer time and 

attaining an overall larger size reflecting the sexual dimorphism observed in the field 

(Chapter 3). The increased growth rates recorded at the higher temperatures is consistent 

with the published literature for prawns and mysids (Staples and Heales, 1991; McKenney 
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and Celestial, 1995). Both male and female E. hylocoetes demonstrated a faster growth rate 

at the higher experimental temperature of 25 °C at a salinity of 15, but these individuals 

attained the lowest overall length (Chapter 5). The better growth rate under mesohaline 

conditions would suggest an estuarine origin for E. hylocoetes as suggested by Kinne 

(1964) and Steele and Steele (1991) for other brackish water species. Exosphaeroma 

hylocoetes attained sexual maturity at a smaller size (≥ 2.5 mm) than C. fluviatilis (≥ 5.2 

mm; Newman et al., 2007; Table 6.1). Isopod life-spans vary, for example, E. hylocoetes 

lives for a shorter period (≈ 6 to 8 months) than most other isopods.  Excirolana 

braziliensis lives for between 19 and 31.5 months (Cardoso and Defeo, 2004) and 

Elaphognathia cornigera for ≈ 36 months (Tanaka, 2003). The male intertidal 

sphaeromatid isopod, Dynamene bidentata, lives for 24 months, while females of the 

species live for only 12 months.  

 

     Female E. hylocoetes  appear to reach sexual maturity at a small size, produce manca all 

year round and live for a relatively short time (Table 6.1). This is in contrast to C. 

fluviatilis, in the open Gamtoos Estuary, showing a seasonal (summer) gravid period 

(Newman et al., 2007; Table 6.1). I propose that E. hylocoetes females only produce two to 

a maximum of three broods in their lifetime, despite many other sphaeromatid isopods 

being semelparous (Harrison, 1984a; Shuster, 1991). This is based on a mean longevity of 

22 weeks (5½ months), within which females reach sexual maturity after ≈ 2 weeks and 

brood for ≈ 2 months; 2 to 3 months in Excirolana chiltoni (Klapow, 1972). Isopod females 

cease feeding during their brooding period (Shuster, 1995), while they remain within the 

submerged vegetation. The number of offspring produced by a female E. hylocoetes in her 

lifetime would range between an average of 42 and a maximum of 219 (Table 6.1). Female 
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isopods would also need a recovery period, within which they would need to replenish 

themselves before supporting the next brood.    

       Although no specific refugia were discovered for E. hylocoetes, possible refugia sites 

could include submerged algae on the upper layer of mud (T.H. Wooldridge, pers. comm.) 

within the estuaries. It is presumed that some isopods must remain within the estuaries to 

allow recovery of isopod numbers after mouth closure.  Alternatively isopods could raft on 

submerged macrophytes from breached estuary to neighbouring estuaries (Locke and 

Corey, 1989; Teske et al., 2006), as commonly occurs in macrobenthic crustaceans (Thiel, 

2003). A preliminary of study of 20 net samples, collected during overtopping events from 

the neighbouring Mpekweni Estuary, revealed four E. hylocoetes (accounting for  0.1 % for 

total invertebrates sampled)  being washed into the estuary from the marine environment 

(Tweddle and Froneman, unpublished data). These data suggest that recruitment of the 

isopod from other estuaries via the marine environment into an estuary plays only a minor 

role in the population dynamics of E. hylocoetes in TOCEs.  The isopod offspring could 

also recruit directly on the parental raft (Vásquez, 1993; Thiel, 2003). The marine isopod, 

Idotea metallica, demonstrated local reproduction and recruitment on floating algae 

(Gutow and Franke, 2003), often concluding their complete life cycle on these floating 

algal rafts (Gutow and Franke, 2003). Teske et al., (2006) reported a southern E. hylocoetes 

mt DNA linage stretching from the Gouritz Estuary (east of Cape Agulhas) to the Bulolo 

Estuary (near Port St Johns). These southern E. hylocoetes do, however, display isolation 

by distance (Teske et al., 2006), indicating relatively short migrations on floating rafts from 

estuary to neighbouring estuary.  
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      In conclusion, E. hylocoetes with its association with submerged macrophytes, 

mesohaline adaptations, its growth rates, early maturity, female biased sex ratios and year-

round breeding, all contribute to its success within TOCEs. 

 

 6.2 Future Research  

 

      Exosphaeroma hylocoetes is highly successful in TOCEs and understanding the 

ecological role of these isopods could assist in the understanding of estuarine invertebrates 

in general. Future studies to assist the understanding of the role of E. hylocoetes could 

include the following: 

 

• The role of E. hylocoetes as a consumer and its role in the recycling of nutrients in 

estuaries. Also needed is an energy budget for E. hylocoetes that could be 

determined by feeding experiments, determining respiration rates and the energy 

content of faecal matter. The role of E. hylocoetes as contributor to the breakdown 

of macrophytes could then be evaluated. Production : biomass ratios need 

investigation. 

 

• The role of E. hylocoetes in the energy flow of the estuary, as the isopod forms part 

of the diet of estuarine fish. Energy budgets, using the results of the above study, as 

well as those of the other estuarine invertebrates, fish and birds need to be 

determined. This would entail seasonal gut content investigations and energy 

budgets of the involved organisms. Studies exist on terrestrial isopods (Lam et al., 

1991), intertidal isopods (Johnson, 1976a, b; Koop and Field, 1980, 1981), marine 

(Lapucki et al., 2005),  and freshwater isopods (Adcock, 1982), but little if any on 

those from TOCEs. In the permanently open Kariega Estuary the carbon flow, using 
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stable isotopes, has been established for many zooplankton and macrofauna 

(excluding isopods) showing highly complex linkages (Richoux and Froneman, 

2007). Nozias et al. (2005) looked at a carbon based turnover of meiofauna 

(particularly nematodes, mites, copepods, ostracods, turbellarians and polychaetes) 

in a Kwazulu-Natal TOCE, providing estimates of the daily total ingestion rates 

ranging from 2 to 857 mg C m-2.  

 

• The tolerance of E. hylocoetes to changes in salinity, i.e. can the isopod tolerate 

very low salinities (< 5), as well as high salinities (as salinities in TOCEs can reach 

50) and how does it manage this osmotic problem. Their respiration rates in 

response to exposure to salinity gradients from 0 to 50 at a constant water 

temperature could be determined. A positive relationship has been established 

between salinity and macrofaunal species richness, including isopods in seagrass 

meadows of Japan (Yamada et al., 2007). 

 

• TOCEs mouth breaching frequencies and their influence on the macrofauna, 

particularly the different species of Isopoda. Several studies have investigated the 

affect of mouth breaching on estuarine fauna (De Decker, 1987; Whitfield and 

Bruton, 1989; Froneman, 2000b, c; Gladstone et al., 2006). It would be interesting 

to see the changes in isopod species composition after mouth breaching events. In 

this study I intermittently encountered Exosphaeroma  estuarium in low 

abundances, (≈ 5 m-2),  in the closed phases of the TOCEs, but have noticed them in 

greater abundances in permanently open estuaries. This species could probably have 

different osmotic constraints limiting its existence in the TOCEs. This is related to 

the previously mentioned point.  
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