Aspects of the ecology and biology of
the isopod Exosphaeroma hylocoetes,
(Barnard, 1940) in three temporarily

open/closed southern African estuaries.

A thesis submitted in fulfiiment of the
requirementsr the degree of
DOCTOR ORHPLOSOPHY
of

RHODES\WERSITY

by
TONY OSKAR HENNINGER

tGloer 2008



ABSTRACT

Temporarily open/closed estuaries (TOCE’s)taeenumerically dominant type of
estuary accounting for 70 % of all estuaries along the South African toees
Despite their numerical dominance, aspects of thidy of organisms within these
systems, particularly macrocrustacea remain poargerstood. This study firstly
assessed the abundance and biomass of the mostocomsopod, Exosphaeroma
hylocoetesin three Eastern Cape TOCE's, (the West Kleinaepiast Kleinemonde
and Kasouga Estuaries), and their response to miwaaching events. This study was
followed by aspects of the biology of the isopoclunling their utilisation of
submerged macrophytes as a refuge from predatidioapossible food source, as well
as the growth rates of the isopods in the laboyatorder different environmental

conditions.

Mean isopod abundances and biomasses rangeddme® and 4 791 ind. frand 0
and 9.65 mg dwt. fhin the West Kleinemonde Estuary and between 01&8dnd. nf
and 0 and 0.318 mg dwt. Tiin the nearby East Kleinemonde Estuary. In theokiga
Estuary, the values ranged between 0 and 3 650riidaind 0 and 5.105 mg dwt.m
Temporal and spatial changes in the abundanceianthabs ofE. hylocoetesvithin the
three systems was primarily linked to mouth phag#é) populations declining when
the mouth was open and to a lesser extent, sedgomalall three estuaries maximum
isopod abundances and biomasses were recordeeimniddle and upper reaches,
which could be ascribed to the presence of subrdargeerophytes particularRRuppia

maritima, in two of the estuaries. Males (5.71 = 0.41 mrmajansignificantly larger than




females (3.99 + 0.26 mm), but the sex ratios wéewed in favour of females, (a
common feature in many isopod populations). Femalese found carrying brood
throughout the study, releasing offspring direattyo the water column, to allow
recruitment to the populations. The larger the fienthe larger the brood carried (up to

a maximum of 72 embryo/mancas).

Results of laboratory experiments indicate thhe close association of
Exosphaeroma hylocoetesth submerged macrophytes is a result of the pdéamds
providing a refuge against predation by selectbéthiwfauna. However stable carbon
isotope and fatty acid analyses indicate thatylocoetesnade use of ephiphytic algae

and detritus on the stemskf maritima rather than the submerged macrophyte itself.

There were no significant differences in thevgh rates of male and female isopods
at combinations of temperature (15 and 25 °C) ahdisy (15 and 35 %o). Laboratory
growth studies revealed that males lived longen tleanales (25.77 £ 3.40 weeks vs
21.52 = 3.00 weeks), and therefore achieved laoyerall size. Females, however,
reached sexual maturity (at 2.5 mm) at a faster (tato to four weeks) than males (5.5

mm after 6.5 to 11 weeks), dependent on temperature

Exosphaeroma hylocoetegth its association with submerged macrophyteslye
maturity, its growth rates and longevity, femaladad sex ratios and year-round

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

Chapter 1

General Introduction and Rationale for Study

1.1 General Features and Habitats of Isopods

The objective of this thesis is the autecalafystudy of an isopod inhabiting
South African temporary open/closed estuarieseldatore offer a brief taxonomic
summary of the isopods and an overview of SouthicAfr estuaries before

outlining the structure of the thesis.

Isopods are small arthropods that range in B@®a about 0.5 to 500 mm in
length (Brusca and Wilson, 1991). The order Isopcateeille, 1817 belongs to the
class Malacostraca Latreille, 1802 of the sub-phyl@rustacearinnich, 1772
(Martin and Davis, 2001). As a group, the isopodtedrom the Carboniferous
period of the Paleozoic, i.e. about 300 million ngeago (Brusca and Wilson,
1991). The thin nature of the isopod exoskeletawedver, tends to make them
poor candidates for fossilisation and it is therefpossible that they have a longer

ancestry.

The isopod body, which is chitinous, is deddinto a head (or cephalon), a
thorax (or pereon), and an abdomen (or pleon).pléen ends in a telson, and as
the terminal segments are usually fused, they @rgly known as a pleotelson

(Fig. 1.1).
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J I
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\ Position
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Figure 1.1. Lateral view of the flabelliferan isap&xosphaeroma hylocoetes,
showing different body parsgjfions. (Spelling taken from Kensley,
1978). (Scale bar = 1 mm).

Isopods can be found in practically all aguatwironments, including shallow
and deep-water marine habitats, estuaries andntbdidal zone, where they are
most diverse and abundant; e.g. the sandy beapbds@irolana harfordi was
found in densities of up to 12 600 ind*nin mussel beds in Monterey Bay,
California, (Hewatt, 1937); along the coast of Bgal densities ofTylos ponticus
andT. europaeusvere found in average densities of 3 790 ind.imcoastal salt
marshes, (Dias and Sprung, 2003); an80 ind. n¥, (Goncalveset al, 2005)
respectively (Table 1.1). Some have invaded fregdmwaabitats (possibly from the
estuaries), and can even be found in thermal spangd caves (Brusca and Wilson,
1991). The isopods are perhaps the most successthe terrestrial crustaceans
and can even be found in deserts (Warburg, 196&;I&tket al., 1976; Shackalkt
al., 1979). It is not surprising that isopods, becanfstheir diverse nature, have a
variety of feeding habits, including herbivory, maory (including cannibalism),

omnivory and detritivory (Johnson, 1976a, byr{fand Brusca, 1989; Briones-
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Table 1.1 Isopod densities in selected studieslacted in the northern- and

southern hemispheres.

Location Isopod species  Density (ind. n?)

Source

A. Northern hemisphere

Kentucky USA

Freshwater stream  Lirceus fontinalis 6615

California USA

Holomuzki and Short889

Tullest al, 2001.

Kruczynski and

Subrahmanyam, 1978.

Salt marsh Sphaeroma quoyanum 8000
N. Florida USA

Marsh Cyathura polita 58 - 75
Portugal

Modego Estuary Cyathura carinata 1851 — 5518
Japan

Hamanaka Bay Tecticeps glaber 2060

B. Southern hemisphere

Chile

North beaches Excirolana hirsuticauda 48 000 — 50 009

Chile
South beaches Excirolana hirsuticauda < 13 000*

West Cape, RSA

Kelp debris Ligia dilatata ~ 4300 *
West Cape, RSA

Bot River (TOCE) Exosphaeroma hylocoetes20 — 1980

Cyanthura carinata 80 — 280
Bot River (TOCE) E. hylocoetes 211 -738
RSA Cyanthura estuaria 105 - 486
East Cape, RSA
Gamtoos Estuary (open) Xenanthura sp 17581
Cyanthura estuaria 278
Cirolana fluviatilis 335
Cirolana fluviatilis 4149 CPUE

Ferregtal., 2004.

Toogtial, 2004.

Contreras and
Jaramillo, 2003.

Contreras and
Jaramillo, 2003.
Koop and Field, 1980

Koagt al., 1983.

Decker and
Bally, 1985.

Schlached an
Wooldridge, 1996

Newmahal.2007

* data presented as ind‘m TOCE = Temporary Open/Closed Estuary
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Fourzan and Lozano-Alverez, 1991; Leonardson, 1982ster and Guthrie, 1999;
Barradas-Ortizet al., 2003; Newmaret al., 2007). Some are parasitic on fish
(known as “fish lice” and “tongue biters”, from tiabit of someCymothoaspp.

nibbling off fishes’ tongues, whilst attached te ftoor of the host fish’'s mouth) as
well as on other crustaceans (Kensley, 1978; Bsdfmurzan and Lozano-

Alverez, 1991; Wetzer and Brusca, 1997; Thatehex.,2003).

1.2 Isopod Taxonomy and Systematics

Published isopod literature is vast and spanghly 200 years, beginning in
Scandinavia when G.O. Sars releasedCrisstacea of Norwageries (Sars, 1897
a, b, 1898, 1899 a, b). Much research followednigan the northern hemisphere,
carried out by researchers such as Dana (1853854), Lockington (1876, 1877),
Benedict (1897, 1898a, b), Boone (1918, 1923) ahdetzer et al (1997).
Kussakin (1990) established the existence of twatirdit isopod groups: the
shallow water and deep sea isopods. Wilson (1388) demonstrated that most of
the deep sea isopods are of the sub-order Aseitottee northern hemisphere and

of the sub-order Flabellifera in the southern h@imese (Wilson, 1998).

The southern hemisphere supports apprd&lgnd 000 species of isopods,
and most recent research on them has been cartrigdanly in Australia, where
studies on the sub-order Phreatoicidea have led tweater understanding of
isopod evolution (Wilson and Ho, 1996; Wilson anehWwick, 1999; Wilson and

Johnson, 1999; Wilson and Keable 1999, 2001, 2(0#),to a lesser extent New
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Zealand, where numerically, to date, isopod speuiesbers are low. Bruce (2003)
has recently identified new genera and speciespbferomatid isopods from
Australian coastal waters, and has suggested tmatdescribed species of
Exosphaeromaby Barnard (from southern Africa) and Baker (fr@guouthern

Australia) during the first part of the ®@entury be re-examined and re-described.

Taxonomic work on southern African marine B@p began in earnest in the
latter half of the 19 century, with various expedition ships visitinge tsouthern
African coastline (Kensley, 1978). W. Stimpson eoléd in False Bay whilst his
U.S. North Pacific Exploring Expedition’s ship rodeanchor in Simon’s Bay in
1853. TheChallenger German South Pole and German Deep-Sea Expeditions
(Vanhoffen, 1914) also collected material in southAfrican waters. The Cape
Government’s research vessel, theter Fauredid much work (from 1897 to

1907) to lay the foundation of most of the mari@eonomic work in South Africa.

Kensley (1978) reported that the Rev. T.RSRbbing, working from 1900 to
1910, listed 41 species of marine isopods, thal to¢ing increased to nearly 200
species by the work of Dr. K.H. Barnard (Barnard4,91940). Barnard continued
to collect various isopod species in the 1950s18&Ds. An increase in the number
of species collected was aided by the staff of tmversity of Cape Town’s
Zoology Department, with the assistance of i€ J.D. Gilchristand later th&/V
Thomas B. DavieCollections were conducted on the ContinentallfStued in

estuaries (Kensley, 1978).
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The inter-tidal and shallow water marinepsads of South Africa are well
documented, particularly in those regions locatethe proximity of coastal cities/
towns, e.g. Luderitz (southern Namibia), and thgsbaround Cape Town, e.g.
Lambert's Bay, Saldanha Bay, Table Bay, False Bag &till Bay (Kensley,
1978). However, beyond the 200 m water depth xedbtifew species were known,
probably due to a lack of collecting. Work of thédSMuseum on board the/V
Meiring Naudein 1975 and 1976 in the deep water of Natal (senatiAfrican east

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

Kensley (1980) recorded seven species (imadutivo new species) from the
Vema and Tripp seamounts and the Luderitz areshefwiestern coastline of
southern Africa. These isopods showed strong zagrgebical affinities with the
South African isopod fauna (Kensley, 1980). Keng[£984) followed up on the
east coast fauna by recording 51 species (exclutiegAnthuridea), as well as
identifying a large endemic fauna on the continesit@|f and/or slope of the east

coast of South Africa.

There are about 10 000 described specieopbds, but the actual number of
sub-orders of the Isopoda is presently unresoltre®l number ranging from eight
(Roman and Dalens, 1999) to ten (Brusca and Wil4@91), with Martin and
Davis (2001), most recently proposing nine. | slf@lbw this latest classification
in this thesis. As a whole, the isopods appeaetmonophyletic (descending from
a single ancestor), except for the suborder Fl&bell The varied and scattered
habitats and locations of the families within thigoorder would indicate that they

are paraphyletic (Martin and Davis, 2001).
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The suborder Flabellifera Sars, 1882, is thestmspecies rich suborder
(Kensley, 1978; Martin and Davies, 2001) with73 species found in southern
African waters. Although most are small, the biggespod, the 500 mm long
Bathynomus giganteuhat lives in the cold (4 °C) deep waters of th&aAtic and
Pacific Oceans (Briones-Fourzan and Lozano-Alvet89]1) belongs to this group.
Flabelliferans are free-living or parasitic on fesid have a body which is normally
symmetrical, with lateral uropods. The subordesubdivided into three groups,
(based on the structure of pleopods 4 and 5), thdrdhchiatae, the
Platybranchiatae and Hemibranchiatae (Kensley, 191#8&e Hemibranchiatae are
of relevance here, &xosphaeroma hylocoetase focus of this thesis, belongs to
this group. The distinguishing feature of this gras the pleated nature of the
inner ramus of pleopods 4 and 5, coupled with a branous outer ramus (Fig.

1.2). The Hemibranchiatae range in size from 52tonPn (Kensley, 1978).

Pleated inner Membranauger
ramus ramus

Figure 1.2. Pleopod of the Hemibranchigtapods to show the nature of
the inner and outer rafAdapted from Kensley, 1978).
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In southern Africa, there are nine familiels Fdabellifera (Kensley, 1978),
which include the Sphaeromatidae Latreille, 182%hefgroup Hemibranchiatae to
which E. hylocoetesbelongs. The Sphaeromatidae are characterised lydg
which is usually oval, 3.3 mm to 21 mm in lengtld arften capable of rolling into
a ball, known as conglobation (Bruseial.,2001). The five anterior pleonites are
fused and the sixth pleonite is fused with theowlso form a pleotelson. The
cephalon is free from pereonite I. The uropodaisasfused with the endopod,
and the exopod can articulate freely (Kensley, 197M&he sphaeromatids are
mainly intertidal, but several can be found at tgeavater depths e.g. 600 m

(Cymodocespp.), (Kensley, 1978).

The genugxosphaeroméastebbing consisits of 11 southern African species
that range in size from 4 mm total length Estuarium)o 15 mm E. planum)
The genus is mostly estuarine and inter-tidal,dmume species have been found to
a depth of= 100 m (Kensley 1978)Exosphaeroma hylocoetas primarily

estuarine.

1.3Isopod Life Histories

Female isopods use a brood pouch to housege developing embryos and
fully formed offspring, known as manca, before asiag them directly into the
water column (Klapow, 1970), i.e. an ovoviviparastem (Fig. 1.3). In many
isopods the brood pouch, or marsupium, is exteandl formed by between three
and five pairs of oostegites attached ventrallthtopereonites (Brusca and Wilson,

1991). The external brood pouch may even protrattethe body cavity as found
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in Dynamene bidentat§Harrison, 1984a). However, some species, e.daioer
Excirolanaspecies show evidence of internal brood pouchémsp(iv, 1970; Fig.
1.3). This feature, i.e. whether the brood pouclexternal or internal, has been
used as a diagnostic tool to differentiaf#rolana from Excirolana species
(Klapow, 1970). Harrison (1984a, b) has also usesl ¢haracteristic as a useful

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

Large posterior pocket Oostegite

Pleopod

i

Opening of internal pouch

Internal pouch Marsupium

Figure 1.3. Generalised brooding isopod femélstilating possible brood pouch
compartments. (Adapted fromrisan, 1984a).

The number of manca released per female ls@etk to female body size
(Hatchett, 1947; Jones and Naylor, 1971), and aibgéveen one and 250 (Ellis,
1961; Carefoot, 1973). Generally, the larger thede, the more manca are
released. In boreal species breeding is usuallfiremhto spring and summer, with

peaks during summer (Carefoot, 1973). Some sphoigsver, e.gJaera albifrons
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produce offspring all year round (Jones and Nayléi,1). Many isopods produce
one to two brood per season with females produbimgpd from between two
months and 11 months of age, depending on lengthfeof(Carefoot, 1973).
Isopods may live for up to one year in marine aeghwater environments, except
Dynamene bidentataan intertidal sphaeromatid, which has males ¢jviar two
years and females for one year (Carefoot, 1973ini-8&restrial (e.g.Ligia
pallasii) and terrestrial isopods live for between 1.5 &md years, respectively

(Carefoot, 1973).

Most marine isopods are sexually dimorpimd have a sex ratio that is biased
towards females (Shafir and Field, 1980b). Gengratipod males are larger than
females and dominate the older age classes. Isssn@ed that one male can
fertilise several females, resulting in a reduceddfor males (Wong and Moore,

1996).

1.4 South African Estuaries

As the focus of this study is an estuaripecges of isopod, a brief overview of
features and the ecology of South African estuarespecially temporarily

open/closed estuaries is appropriate.

The definition of an estuary varies, dependimgwhether one is a geologist,
oceanographer or biologist (Whitfield, 1992a)ayl§1980) defined an estuary as
“..a partially enclosed coastal body of water whisheither permanently or

periodically open to the sea and within which thisr& measurable variation of

10
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salinity due to the mixture of sea water with fresfater derived from land
drainage.” This definition, however, does not addgly describe the variety of
estuaries along the South African coastline. Addsily, there is some confusion
regarding the terminology. In the past, temporadlgsed estuaries have been
described as “lagoons” (Begg, 1978; Bird, 1984)intb estuaries” (Day, 1981a),
while Bennett (1989b) referred to them as “seaspnapen” and “normally
closed”, and Perissinottet al. (2000) as “semi-permanently closed” estuaries.
This confusion in terminology led Whitfield (1992a)refine the terms with regard
to estuarine systems in order to create uniformitynderstanding and description.
Currently, five types of estuaries are recognisémh@ the southern African
coastline: river mouths, estuarine bays, estudakes, permanently open estuaries
and temporarily open/closed estuaries (Whitfiel®92a). Salinity has been
expressed in terms of the Practical Salinity S¢hteughout this thesis and no

dimensions or units are thus given.

All South African estuaries share thedwaling common features, (Reddering

and Rust, 1990):-

(a) the majority have a small tidal prism 1¢° m®,

(b) they mostly occupy drowned river valleys, while yal few developed on
coastal plains,

(c) the tidal inlets are often constricted or blockgdshnd bars, and

(d) the flood-tidal plains are usually well developadile ebb-tidal deltas are

poorly developed.

11
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The maximum tidal range of the South Africapast is~ 2 m between
successive high and low spring tides, leading ¢oetbtuaries often being described
as microtidal systems (Allanson, 1992). The coastales are, however, known to
control the opening and closing of the temporasihen/closed estuaries (hereafter
referred to as TOCES). Reddering (1988) has fohatdstuaries situated on open,
wave-exposed coastlines tend to close more ofi@m tihose estuaries on sheltered

coasts.

Of the 289 river outlets along the South ¢édn coastline only 37 (or 12.8 %)
maintain permanent tidal inlets with the sea and tteerefore be regarded as
permanently open systems (Reddering and Rust, 19B8¢ overwhelming
majority (73 %) of estuaries fall into the TOCE emary, making them the
dominant type along the South African coastline iff\did, 2000; Whitfield and

Bate, 2007).

1.4.1 Temporarily open/closed estuaries (TOCES)

1.4.1.1 Hydrodynamics

TOCEs are characterised by a sandbar atntbeth of the system that
separates the estuary from the marine environm@atchments within these
systems are generally small (< 500%mand river flow is frequently very low or
absent. They generally have a small tidal prism <10 m®), when the mouth is
open, but can appear as river mouths when in fidMgtitfield, 1992a). TOCEs

breach when water levels exceed the height ofdhdlsar (Fig. 1.4); often caused

12
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by flood events, resulting in riverine conditionscarring throughout the system
(Bennett and Branch, 1990; Wooldridge and McGwyrii®96; Perissinottet al.,

2000; Walketret al.,2001; Froneman, 2002b; Vorweekal, 2008).

The mouth phase is strongly linked to #mount of run-off feeding the
catchment area. Mesohaline (salinity of 5 to 18)ditoons tend to dominate these
systems when the mouth is closed, but salinittasreach levels of more than 50
during drought-assisted evaporation (Whitfield &rdton, 1989). Seepage from
the estuary through the sandbar can further inertressalinity of the estuary (Fig.
1.4) during the closed phase (Begg, 1984a; Coop@89; Wooldridge and
McGwynne, 1996; Perissinottet al., 2000). Overtopping of seawater into the
estuary during periods of storms leads to a miohgea and estuarine waters,

particularly in the lower reaches (Fig. 1.4).

Wind drives the mixing of water during tHesed phases, while the tides tend
to cause mixing during mouth open phases (Harregg@al, 2000). Estuarine water
temperatures are influenced by the tides duringseghepen phases, but are
independent of sea temperatures during the clobadeg. There is often seepage
of estuarine water through the sandbar into theleading to increased salinity of
the estuarine water (Begg, 1984b). Marine and gstudiota tend to dominate
these estuaries, but freshwater organisms can teuetered during oligohaline

closed mouth periods (Begg, 1984a).

13
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A- Sea

Evapotranspiration
Balanced (Closed) Outlet

HT

Near Marine Salinity ¥, LT
Seepage

B.
Surface Channel Overwashing
HT
/ LT
C.

Increased Stream
Surface Channel Overspilling

Discharge

HT
LT

Figure 1.4. Diagram of cross-sections of nondpedcand normally closed estuary
(TOCE). During balanced conditions (A) stream-flsvbalanced by
losses through evapo-transpiration and seepageughrohe berm.
During times of high wave energy over-washing (Bhngs marine
water into the system. Mouth breaching can reslibwing enhanced
inputs from over-washing (B) or increased streaswf(C). Incision
depth is low owing to estuarine water levels besngclose to the sea
level. (Adapted from Harrisoet al, 2000).

Overtopping and breaching events influeree structure of invertebrate and
vertebrate communities of the TOCEs (Vorwetkal., 2003; Froneman, 2004b, c;

Kemp and Froneman, 2004; Perissinod al., 2004). TOCEs are also

14
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characterised by an absence of horizontal gradiensalinity and therefore the
seasonal pattern in biota is linked to the avdilgbof habitat, i.e. submerged
macrophytes, rather than a temperature and sajn#tdient (Perissinottet al.,

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

During the closed period, once the riverinput reduces the salinity, the
physical conditions within the estuary develop itkmse of a coastal lagoon
(Allanson, 1981). Low diversity of species is tygiof closed estuaries, resulting
from limited recruitment of new species from thea §®ay, 1964). However,
repeated and unpredictable mouth breachings iptethis lagoonal development
with catastrophic disturbances producing an unstaystem (Fishelson, 1977,

Huston, 1979).

The effect of climate change on wave activétycontentious, as it has been
postulated that estuaries may become smaller wake \activity to increase, or
conversely the tidal scour could increase werd tgtvity to become reduced in
conjunction with a rise in sea level (Reddering &ust, 1990). This could lead to
presently-classified temporarily open estuarieb®og permanently open, with a

stronger marine influence. These systems are tirerektremely dynamic.

South African coastal features have beeactdtl by various changes over
time, as the sea level 600 years ago was abounh2above the present mean sea
level (Whitfield et al, 1983). This has lead to a variety of changeshenriver
mouth size as the sea level dropped to present, leagling, in turn, to altered

water flow patterns, salinity concentrations anddsanovements at the mouth.

15
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Geologists regard the lifetime of estuaries astivelly short and describe them as
“ephemeral features” of a coastline (Schubel anddHberg, 1978). Estuaries have
undergone vast transformations in their developmé&otm youthful drowned river
valleys proceeding on to mature systems in whichnsents fill the valley of the
slow moving river (Reddering and Rust, 1990), theiaforcing the picture of the
ongoing dynamic nature of estuaries. The equilibriaf this mature stage can
continue to be disrupted by (a) global forces, sashclimate changes and
associated sea-level fluctuations, and (b) direchdn interference, e.g. increased
freshwater abstraction as a result of dam buildind increased agricultural water
usage (Reddering and Rust, 1990). Such humanentade generally leads to less
water inflow into the river systems leading to seelnt deposition within the
estuaries (Reddering and Esterhuysen, 1984). Swathraulation of sediment, and
reduction of fresh water inflow (from increasingnman usage) has led to smaller
estuarine channels. These factors, together widtreased evaporation during our
periodic droughts have a direct effect on the gglof South African estuaries, e.g.
during the drought of 1989 in the Eastern Cape pgbenanently open Kariega
Estuary rose to 42 (Whitfield and Bruton, 1989).aviesalinities of South African

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

There is great pressure on the waters offSAfrican estuaries and rivers as
there is increasing demand for its usage in thamrding industries, for agriculture
and as potable water for the growing populationdeing and Rust, 1990;
Cooperet al., 1999; ETU, 2002). South Africa is regarded as gewpoor region
having a mean annual runoff of only 450 mm yi', and experiencing high

evaporation rates (DWAF, 2004). The average warttbff is 860 mm yt. This
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has led to the consideration, by water managereo€onstruction of more water
impoundments along major river systems in SouthcAf(DWAF, 2004). Before
these impoundments can be constructed, howevestdicg to the National Water
Act of 1998 (Act 36) the requirements of all riv@rstems must be considered in
terms of two Water Reservedz. a basic human needs reserve and an ecological
reserve. This act states that the “ecological veSeefers to “the water required to
protect the aquatic ecosystems of the water re§etlleas encompassing river
systems, estuaries and the marine environment.\Vkataing into estuaries prior
to the National Water Act of 1998 was considerethasted” (Morant and Quinn,
1999). The South African estuaries also have areasing economic importance
with regard to fisheries. Lamberth and Turpie (20€3imated that estuarine based
fisheries produced catches valued at approximaMB83 million per year.
Estuarine and offshore based penaeid prawn fistaohes have been estimated at
R10 million per year (De Villiergt al, 1999). Estuaries are, therefore, of great
importance to surrounding communities: providingrses of employment, as well
as providing a food source by way of recreatiorslihg (Breeret al.,2004). The
trend of building holiday/retirement homes at riveouths and along estuaries has
created a social conundrum. Flooding threatensetlimsmes built on the flood
plain, which in turn has led to the solution ofifastal breaching of the river
mouths (Begg, 1984b), altering sediment-movingitasl of the affected rivers and
fluctuating salinities during the new open phasé®n 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 g@mynproduction, biology and
ecology of invertebrates and vertebrates in TOORssults of these studies
indicate that mouth phase plays an important nolstiucturing the plankton and
ichthyofauna within these systems: abundance amhdss of the estuarine fauna
decline following a breaching of the estuary mouthich is ascribed to the
estuarine organisms being washed out to sea (Flame2004b). During the open-
mouth phase there is recruitment of marine-breedmgganisms into the estuary,
resulting in dramatic changes within the speciegmity and community structure
(Bell et al.,2001; Cowleyet al.,2001; Vivier and Cyrus, 2001; Froneman, 2004a,
b; Kemp and Froneman, 2004). The dominant spedibswan estuary represent a
group of resilient “estuarine” species, able tovaug a wide range of changing
environmental conditions. The eliminated speciessfily represent part of an
emerging “lagoonal” fauna having a narrower toleswof fluctuating conditions
(Zajac and Whitlatch, 1982). This finding was basada study of a small estuary
in southern Connecticut, where re-colonisationradtelisturbance was dependent
on the nature of the changes in the environmettens of resource utilisation and
the life histories of the colonising species. Theas been a strong bias towards the
study of the estuarine ichthyofauna, with little iwdnaving been carried out on
other members of the estuarine food chain. Easiape examples of TOCEs will

be discussed in more detail in the next chapter.

Isopods have been recorded in various meetuand particularly in the

intertidal zone along the South African coastliegy. MacNae (1957); McLachlan
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and Grindley (1974); Johnson (1976 a, b); Chriatid Moldan (1977); Marsh and
Branch (1979); Koop and Field (1981); Shafir anild= (1980a, b); Day
(1981b, c); Blabeet al. (1983); Dye (1983); Koot al. (1983); Branch and Day
(1984); Wallaceet al. (1984); De Decker and Bally (1985); Byren and [@avi
(1986); Hodgson (1987); Hanekomt al. (1988); Bennett (1989a); Whitfield
(1989); De Ruycket al. (1991a, b, 1992); McLachlan and Sieben (1991)b&®sr
and Cyrus (1992); Schlacher and Wooldridge (199Bjpneman (2000);
Wooldridge and Callahan (2000); Bursey and Woolgki2003). Results of these
studies have demonstrated that isopods are a colosis component of estuarine
macro-crustacean communities (Simpsomal., 1985; Hecket al., 1995; Hass and
Knott, 1998). Densities of up to 17 581 ind?rave been recorded in southern
African estuaries (Schlacher and Wooldridge, 199&ble 1.1). Despite the fact
that some species can occur in high densitiesturagss, only a single study has
examined the role of these organisms in southericakf estuaries. Newmaat al.
(2007) studied the cirolanid isopo@jrolana fluviatilis, in a permanently open
estuary where up to 4149 were caught per hourited&raps. There have been no

autecological studies of isopods in TOCEs to date.

The high abundances of estuarine isopods estigthat they play a key
ecological role within the nutrient dynamic and mgyeflow of these systems
(Koop and Field, 1980, 1981). Additionally, a numbef studies have
demonstrated that isopods compose a significanpoasnt in the diet of several
South African estuarine fish (Blaber 1974, 19767/9,91984; Mason and Marais,
1975; Whitfield and Blaber, 1978; Whitfield, 1980s, Coetzee, 1981, 1982a, b;

Cyrus and Blaber, 1983; Marais, 1984; Wallateal., 1984; Coetzee and Pool,
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1985; Bennett, 1989a; Bennett and Branch, 1990)axiMum abundances of
isopods within estuaries are typically associatath wsubmerged macrophytes,
which could either act as an abundant food souncperhaps provide a refuge for

invertebrates against predation (Holomuzki and SA&88; Kanouset al.,2006).

1.6 Structure of Thesis

There have been many studies on estuat@sy ahe southern African
coastline, but the vast majority have focused oatiglftemporal patterns in the
community structure of fish (e.g. Blaber 1974, 197684; Mason and Marais
1975; Whitfield and Blaber 1978; Whitfield 1980g, @oetzee 1981, 1982a, b;
Cyrus and Blaber 1983; Wallae¢ al., 1984; Bennett 1989b; Bennett and Branch,
1990), and to a lesser extent crustacean zooplanierling and Wooldridge,
1995; Wooldridge, 1999; Froneman 2002a, b, 200¥ial e focus of this thesis is
a study of the population dynamics (including teproductive state and sex ratios)
of Exosphaeroma hylocoet@s three temporarily open/closed estuaries aldrg t
southeast coastline of the Eastern Cape Provinc8ooth Africa. To date no
autecological studies of purely estuarine isopdds, those within temporarily
open/closed temperate estuaries), have been canriedt in estuaries in South

Africa.

The study sites are described in Chapteyggther with major climate details
and hydrography affecting the south-east coasbaflrn Africa.
The population demographics, i.e. a studshefspatial-temporal patterns (the

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

Chapter 3.

Exosphaeroma hylocoetesvas found in greatest profusion amongst
submerged marginal vegetation. The role of thesemsuged macrophytes,
particularly Ruppia maritima,was therefore investigated to determine its r@e a
either a food source (for the isopods, using stesai®pes and lipids) or as a refuge

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

Physico-chemical conditions are known toeetff the growth rate of
invertebrates. Chapter 5 focuses on the growthalé rand femal&. hylocoetest

two different temperatures and salinity combinaditimat replicate field conditions.

Finally, Chapter 6 draws together genewctusions of the study oE.
hylocoetesand suggests future research needed to undersiamedfully the role of

these isopods in temporarily open/closed SouthcAfriestuaries.
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Chapter 2

The Study Site

2.1 Introduction

The fieldwork for this study was conducted thimee temporarily open/closed
estuaries (TOCEs), Kasouga, West and East Kleindem&stuaries, situated along
the south-eastern Eastern Cape Province, betweetotstal cities of Port Elizabeth
and East London (Fig. 2.1). The three estuariesappgoximately 60 km apart and
categorised as warm-temperate systems (Harris@#)26lowever, they differ with
regard to surface area and length, with the EastnEmonde Estuary, being the
shortest, and the neighbouring West Kleinemondedggtthe longest (see sections
2.2.1 and 2.2.2). Even though the estuaries arelatively close proximity to one

another they have different characteristics, witfetent mouth opening phases.

The East and West Kleinemonde Estuaries baea classified as being in good
ecological condition, with moderate human impachilevthe Kasouga Estuary is
regarded as being in excellent condition, indicatminimal anthropogenic impact
(Whitfield, 2000). Housing developments are locatethe lower reaches of the three
systems (Whitfield, 2000), and game, cattle an@gople farming are the main land
use practices in their catchment areas. In ordefucidate the physical and chemical
conditions of the estuaries studied, it is necgsgaunderstand some of the climatic

and hydrographic influences of the south-easteutlSafrican coastline.
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Figure 2.1. Location of three temporarily nfmtosed estuaries along the south-
eastern coast of the Eastern Cape Province of dtitia.

2.1.1 Coastal and climatic influences

The dominant factor influencing the climateSguth Africa’s south-east coastline
is the warm Agulhas Current (Stoee al, 1998). This warm strong surface current
contributes to the south-east coastline havingbdrgpical climate (according to the
Koppen system of climate identification). Air temgeire ranges from 10 to 22 °C,
with an annual rainfall of least 600 mm (Lubke, 829The coastal town Port Alfred,
for which there is considerable climatic data,lese to the estuaries and gives a good
indication of temperature and rainfall for the dahgegion, experiencing mean
temperatures of between 10 °C (in July, australtew)nand 26 °C (in February,

austral summer, Fig. 2.2). Maximum and minimumtamperatures recorded at Port
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Alfred between 1996 and 2005 (measured at 08:00thSAfrican Weather Bureau
records,in litt.) were 38.5 °C (March 2003) and 1.9 °C (July 2002%pectively,

although these can be regarded as extreme (8Staie 1998).
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Figure 2.2. Mean maximum and minimum daihtemperature (°C), averaged
per month measured at Rbred between 1996 and 2005 (South
African Weather Bureau nekspin litt).

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

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

in 1998 (South African Weather Bureau recoraditt.).

The rainfall in the coastal region demaaists an autumn-spring bimodal pattern
(Fig. 2.3) with a maximum rainfall peak occurringrishg spring (Kopke, 1988). Wet
and dry cycles of between 12 and 20 years in durdtave been recorded for the

south-eastern Cape coastline (Graegal, 2000).
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100

Mean rainfall (mm)

Figure 2.3. Mean monthly rainfall (mm) betwe&®9@ and 2005 recorded at Port
Alfred (South African WeatHgureau recordsn litt).

The coastal area is also influenced by thehsso hemisphere sub-tropical high
pressure belt and the circum-polar belt of westeilyds (Stoneet al., 1998). The
high pressure cells move further south in austraireer, to block the westerly winds,
and as the high pressure cells move north durisgrawinter, so the westerly winds
can penetrate further northward, blowing onshoreis Tresults in easterly winds

occurring in summer, and westerly winds blowinghmre during winter.

The Agulhas Current is narrow (100 km wide) and averages a flow rate of 1 m
sec' frequently reaching 2 m séat its core, on the surface, and is thus considere
fast flowing (Ross, 1988; Lutjeharms, 1998). Itdfate temperature varies seasonally
between 22 °C and 27 °C (Ross, 198®)e current is closest to the South African
coastline at East Londor (25 km north east of the East Kleinemonde Estuary
veers off the coast near Port Elizabetl180 km south west of the Kasouga Estuary),

after which its flow is less concentrated and slo¢Btone, 1988). A counter current
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then develops offshore, owing to retroflection, #mel water circulates in an eastward
direction once more. The presence of such retrioflecurrents from the Agulhas
Current can cause rapid changes in sea temperdturgvinter a temperature
difference of as much as 10 °C can occur betweshom water and the warm

Agulhas Current waters further offshore (Stone,8)98

The Port Alfred upwelling cell, whereby caldep water from the South Indian
Central Water is lifted onto the continental shetfpves parallel to the Agulhas
Current and causes further rapid changes of theeseperature (Lutjeharms, 1998).
The wind affects the surface layers of water, wimey be warm, when a thin surface
layer of Agulhas Current water covers the cold upgewater, when blowing from
the south-west, and when the wind swings to naat;ethe layer of sun-warmed

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

The atmospheric circulation and Agulhas Cutreiith associated upwellings, and
eddies influence the periods of rainfall and stofawves which batter the south-
eastern Cape’s coastline, and may result in grélader average rainfalls (> 100 mm)
and mouth breaching events (Wooldridge and McGwyAR886; Perissinottet al.,
2000; Froneman, 2004a). These breaching eventge thesapid outflow of estuarine
water (Fig. 2.4), and the removal of submerged tatgs, both of which affect the
populations of estuarine fauna (Vorweek al, 2008). The effect of these mouth

breaching events will be illustrated and discuseedhapter 3.
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2006:08:214

Figure 2.4. Photographs A + B, 15 days apdustiiating the effect of mouth
breaching (C) on water levela temporarily open/closed estuary (the
Kasouga Estuary), during AudG06.
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2.2 The Study Estuaries

2.2.1 Kasouga Estuary

The Kasouga Estuary (33°39'11"S; 26°44’01'ilE)a small to medium sized
temporarily open/closed system (Fig. 2.5), situatbdut 15 km west of Kenton-on-
Sea, and approximately 20 km west of Port Alfrddn@ the coastal road (R72).
When at its highest level, it is navigable by snialat for~ 4 km. It is narrow (30 to
40 m wide), in the upper reaches but can widen 200 m in the lower reaches. For
most of the year, however, it is generally 10020 in wide in this lower region. The
estuary is shallow in the lower and middle reaai®ger achieving a depth of > 1.8 m
at its highest level, and is between 1.5 and 2 epdmax. depth = 2.1 m) in the main
channel in the upper reaches. The estuary is clmsetie most part, but will breach
following heavy rainfall (> 100 mm in a month), cbmed with high seas. The sand
bar at the mouth is usually very extensive so thedrtopping events rarely occur,

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

Ruppia maritima(L.) is the dominant submerged macrophyte witthia éstuary,
particularly in the middle and upper reaches, wlitecenceivably acts as a refuge for
a variety of invertebrates and vertebrates (Holdthamd Short, 1988; Kanous al,
2006). The reedRhragmites australigCav.) Trin. ex Steud., grows along both banks
in the upper reaches, but sparsely in the middielres. Preliminary studies indicated
that isopods were not found beyond station one,tdube absence d?. maritima
and therefore sampling did not occur beyond thistporhe catchment area is

approximately 45 kiin extent, and there is relatively little agricutil development.
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The average estuarine water quality index (eWQIjevaf the Kasouga Estuary was

~ 8.4, which indicates good quality (Harrisenal,, 2000).

The streams and valleys of the catchmentamsidered undisturbed and pristine
(Froneman, 2002b, 2004a). The land within the imatedvicinity of the estuary on
the eastern bank is used for the grazing of catite holiday housing development of
about 100 houses, the Kasouga village. The west d@amsists of mainly undeveloped
land used primarily for game farming at preserthalgh property developers would

like this area for holiday-home development.

Figure 2.5. Kasouga Estuary with six collectstties indicated. Two sites were
located in each of the thregches of the estuary. The stippled areas
represent salt marsh areascadf to the estuary.
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2.2.2 West and East Kleinemonde Estuaries

The West and East Kleinemonde systems @&).lie about 20 km east of Port
Alfred and occur in narrow valleys. The West Kleimende Estuary (33°26'26" S;
27°02’417E) is the larger of the two and is claeslf as a large temporarily
open/closed system. It is navigable by small matattfor~ 6 km (Bernard and
Froneman, 2005) and is relatively wide (up to 20P imthe lower reaches, but
narrower (20 and 30 m) in the upper reaches. Bhasshallow system (< 2 m depth at
its highest level), particularly in the lower anddaile reaches. The mouth is closed
for long periods of time, but the sandbar can leatihed during periods of heavy rain
(> 100 mm in a month). High seas can result in toypging of seawater resulting in
high salinities in the lower reaches, once the mmdw#s reclosed (Perissinotttd, al.,
2000; Cowley and Whitfield, 2001; Harrison, 200@)er-spilling events comprised
of wind-driven estuarine water flowing into the seare observed during periods
when the estuary was at its highest level, (e.gindguMarch, 2007; Henninger,

unpublished data).

The vegetation in the littoral zone of théest Kleinemonde Estuary is
dominated byRuppia maritima in the middle and upper reachd3hragmites
australis stands grow along the entire estuary length. Eteheent area is long and
narrow (about 25 kA), and most of the land on the west bank is undpes cattle
grazing area. The narrow range of hills dividing iWest and East Kleinemonde has
pineapple plantations in the upper reaches of #tehment area, particularly that of
the East Kleinemonde. In its lower reaches theaegtis flanked by holiday homes.
The average eWQI value for the West Kleinemondeidtgtwas~ 7.2, indicating

moderate quality (Harrisoet al, 2000).
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Sea Sand dune

Figure 2.6. West and East Kleinemonde Estuahewing locations of collection
sites. Two sites were locatedach of the three reaches (upper, middle
and lower) of the estuaridf@ed areas indicate salt marshes.

The East Kleinemonde Estuary (33°32'18 S’ @Z'50” E) is classified as a
small to medium sized temporarily open/closed egtaad is navigable by canoe for

~ 2 to 2.5 km (depending on water levels). It ishalew system with a maximum
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depth of 1 to 1.5 m in the middle and upper reaahigen at its highest level, making
it difficult to negotiate by motorboat, particubarbduring low water spells, when
depth may dwindle to 50 cm. The estuary is appratehy 100 to 150 m wide in the
lower reaches, and about 50 to 100 m wide in thadlmiand upper reaches. Holiday
homes are located on both banks, with the moshexte development (Sea Vale) on
the east bank. The catchment area #5 knf with pineapple plantations dominating
the far upper reaches. There is very little agtizal activity in the immediate vicinity
of the estuary. The eWQI value was considered naveleat~ 7.6 (Harrisonet al,
2000). Vegetation immediately along the banks midated bySarcocornia perennis
(Mill.) A.J. Scott Juncus kraussiHochst. andSporobolus virginicugL.) Kunth,,
which become inundated when the estuary water devisle. Small stands of
Phragmites australisoccur in the lower and middle reaches. The mostmore
susceptible to breaching, than either the neighbguwest Kleinemonde, or the
Kasouga, with more frequent over-spilling eventsid@ih and Adams, 2008;
Whitfield et al, in press). These events have been recordedtloegueriod 1993 —
1998, and indicate that the mouth was open durirggyemonth, except March and
July, during this period (Cowley and Whitfield, 200In 2006, due to increased river
flooding, the estuary was open for 33 % of the gdeysch is significantly higher than

the mean for open mouth conditions (Van Nieketrkl, 2008).
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Chapter 3.

Population Dynamics of the Estuarine IsopodExosphaeroma
hylocoetes, (Barnard, 1940)

3.1 Introduction

Temporarily open/closed estuaries (TOCEs) #ne dominant estuary type
(comprising~ 73 % of the 289 estuaries) along the South Africaastline (Whitfield,
1992a). These estuaries are characteristicallyoshd@k 2.5 m deep), and generally have
low turbidity, except during the open phase (Froaem2002a, b). Mouth breaching
events following periods of increased rainfall hédeen shown to have a profound effect
on estuarine inhabitants (Vorweskt al, 2008). These events lead to river conditions
dominating these systems (Wooldridge and McGwyid886; Perissinottet al., 2000;
Froneman, 2002a, b) resulting in a decrease inagst fauna, possibly due to the
removal of submerged vegetation that acts as @eedwea, and/or outflow of biomass-
rich estuarine water into the marine environmentlowing mouth closure by a sandbar,
overtopping events occur, allowing seawater witlssgde subsequent recruitment of
estuarine fauna into the estuary (Wooldridge andMygnne, 1996; Perissinotiet al,
2000; Froneman 2002a, b; Kemp and Froneman, 2@dArtopping events occur more
frequently than mouth breaching events in EasteapeCTOCEs (Cowlegt al, 2001,

Kemp and Froneman, 2004).

Isopods are a conspicuous component of es®ianacro-crustacean communities
(Holditch and Harrison, 1983; Simpsehal, 1985; Hecket al, 1995; Hass and Knott,
1998; Ferreiraet al, 2004), including those in South Africa (MacNa857; McLachlan
and Grindley, 1974; Christie and Moldan, 1977; Hualg 1987; Newmaat al, 2007).

Densities of up to 1 980 individuals “mhave been reported for the temporarily
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open/closed Bot River (Koogt al.,1983) and 17 581 ind. #in the permanently open
Gamtoos Estuary along the south-eastern coastlin8oath Africa (Schlacher and
Wooldridge, 1996). Shifts in isopod community stare are correlated to horizontal
gradients in salinity and temperature (Wooldridb@99; Mounyet al., 2000; Yamadat
al., 2007). Maximum abundances of isopods within eggaare typically associated with
submerged macrophytes, which are thought to proaidefuge for invertebrates against
predation (Holomuzki and Short, 1988; Kanoes$eal., 2006). The high abundances of
estuarine isopods suggest that they play a keyogiall role within these systems,
because isopods are important in the turnover tsfemis (Koop and Field, 1981), and as
a food source for several South African estuarisk {e.g. Blaber 1974, 1976, 1984;
Mason and Marais 1975; Whitfield and Blaber 1978&)itfield 1980a, b; Coetzee 1981,
1982a, b; Cyrus and Blaber 1983; Wallasteal. 1984; Bennett 1989a; Bennett and

Branch, 1990).

Whilst there has been a great deal of workiedrout on the zooplankton of South
African estuaries, especially crustaceans (Jerind Wooldridge, 1995; Wooldridge,
1999; Froneman 2002a, b, 2004b) there has been litdey work on epi-benthic
Crustacea particularly within TOCEs. The only aategical estuarine isopod study to
date is that of Newmart al. (2007) on the cirolanidCirolana fluviatilis, in the
permanently open Gamtoos River, within the samegiggic region. The isopod
Exosphaeroma hylocoetéBarnard, 1940) has been identified as a dominamtponent
of the hyperbenthos within TOCEs. As yet there hagen no autecological studies of
isopods within these systems. The primary aimhisf $tudy is, therefore, to provide the
first assessment of population dynamics of thicigsein three warm temperate TOCESs

along the Eastern Cape coastline with emphasispem @nd closed phases. The null
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hypothesis is that mouth openings have no effecthenpopulation dynamics of the

isopodExosphaeroma hylocoetes

3.2 Materials and methods
3.2.1 Study sites

These are described in detail in Chapter 2 (Fifyjs25 and 2.6).

3.2.2 Horizontal distribution and habitat of E. hylocoetes

To assess the horizontal patterns of the pojpnl structure ofE. hylocoetes,
preliminary surveys were carried out in the midddaches of the Kasouga (four sites)
and W. Kleinemonde (six sites) Estuaries. At eaithlsm long sweeps with a hand-held
sweep net (200 x 200 mm, 1 mm mesh) were madelglaralthe shore every metre
along a transect from the bank to the middle ofctennel. In addition, a visual estimate
of vegetation cover, in a 1 x 1 m quadrat, was mdtieee replicates per site at each
distance were carried out. As the majority of istg¢up to 95 %) were found within the
fringing vegetation (see results section) all sghsat sampling was confined to this

habitat.

3.2.3 Abundances and biomasses Bf hylocoetes

To assess the spatial and temporal pattertiteegiopulation structure &. hylocoetes
monthly surveys were carried out in the three essdrom February 2006 until August
2007. Six stations were occupied comprising, tvatigts in each of the upper, middle
and lower reaches of each estuary (Fig. 3.1). [Quesch survey isopods were collected
using a 200 x 200 mm net with a mesh size of 1 iimee replicate 1 m long sweeps per
station were collected and bottled for later preges Additionally, at each station a

visual estimation of the vegetation cover was maslelescribed above. Data presented
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show the mean values for two sites in each reaith,amotal of six replicates per reach.
At each station water temperature and salinity wereasured using a hand-held
thermometer and an Atago hand-held refractometeasdrements were taken in the

littoral zone.

In the laboratory the animals were preserved! i%% formaldehyde for 24 hr then
counted and stored in 70 % alcohol. Isopod demsitiere calculated and expressed as
ind. m? In addition, each isopod was measured (0.01 memracy) using an ocular
micrometer along the mid-dorsal length from theednt tip of the cephalon, (the point
of connection between the cephalon and the flagijetlnantenna one), to the posterior tip
of the pleotelson, and then sexed, according t@eshkand inner ridge of pleotelson
(Barnard, 1940). Brood carrying (yellow eggs or ows) was observed in individuals
longer than 2.5 mm, and therefore isopods < 2.5 mntength were considered as
juveniles. The total isopod biomass per statios determined by drying each sample at
60 °C to a point of constant mass and weighing &arorius Electronic Microbalance.

Values were expressed as mg dwf. m

Numbers of brood per female were countedthademales’ length measured to the
nearest 0.001 mm, to determine a relationship etvmeaternal isopod length and brood
size. Further, brood was subdivided into that < 1megarded as embryos/eggs and that
> 1 mm, which could be recognised as developing gewkloped mancas, before their

release at 1.5 mm.

3.2.4 Laboratory isopod brood work and sex ratio dstortion

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

pressure in the field, or the result of physicaltdas, or even an innate factor isopod
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brood was raised in the laboratory. Isopods wetleated in the field and processed in
the laboratory. After inspection under a dissectimgroscope 30 visibly gravid female
hylocoetesvere selected and 15 placed in individual 250 lasc containers containing
water at a salinity of 15 in a constant environm@hg.) room at 15 °C. The remaining
15 were placed in a C.E. room set at 25 °C in 2b@antainers in water at a salinity of
15. The females were featl libitumon commercially available dry fish food. The fish
food had the following composition: min 40 % proteb % fat; 5 % fibre and 12 %
moisture. The water was changed weekly. The femaére observed daily to establish
release of brood. Released brood, now mancas, separated, placed in containers
experiencing the same conditions as their moth€&® mancas received the same
treatments (with respect to feeding and water cingg@s their mothers. The individual
mancas were sexed when they reaché&dmm. This allowed the determination the sex

ratios of the brood.

Field studies revealed a sex ratio bias tow/demnales (see results section 3.3.4).
Screening foWolbachiaas a possible sex ratio distorter was carriedusutg specific
genetic markers in male and fem&ehylocoetesDNA was extracted and purified using
the spin-column protocol of theNeasy Blood and Tissuendbook 07/2006, (DNeasy
96 — Blood and Tissue Kit, Qiagen, Valencia, CA,A)Sndividuals were screened for
the presence diVolbachiausing a polymerase chain reaction (PCR) to ampldstions
of genes used commonly as markers Wéolbachiainfection: theWolbachia surface
protein genewsp. Amplification of a section of the wsp using themers Wsp81F and
Wsp69R (Zhotet al., 1998) was carried out in a 20 pl PCR reaction. FG& products
were electrophoresed on a 1 % agarose gel usindoaging dye and 5 pul 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 réhewere any significant
spatial/temporal patterns in the abundance anddssmfE. hylocoetesvithin the three
estuaries. Sources of variation were assessed gimplthe post hoc Fisher’'s (LSD) test.
T-tests were employed to detect any significarfed#ihces in isopod cohort sex ratios at
combinations of temperature and/or salinity. Thelgses were carried out using
Statistica version 7{StatSoft) package. Data were not transformed asetimet the

requirements for ANOVA.

3.3 Results

3.3.1 Physico-chemical results

Rain induced mouth-breaching events occurredoom occasions from August to
November 2006 in the W. Kleinemonde. The Kasougtudfg breached on two
occasions in August and October 2006, while in EheKleinemonde a total of seven
breaching events were recorded, (from June to @ctabd December 2006, as well as
during April and June 2007) (Figs 3.1 and 3.2)allnnstances, the mouths closed within

seven days of breaching.

Water temperatures within all three estuastemwed little variation between reaches
and demonstrated a strong seasonal pattern withnmax values (20 to 31 °C) being
recorded during January (summer) and minimum va(tdsto 16 °C) in winter (Fig.
3.1). Intermediate values were recorded in autuberig 21 °C) and spring (17 to 24 °C).
In all three estuaries, inflow of seawater followitne overtopping events and freshwater

inflow was associated with a decline in water terapges.
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Salinities within all three estuaries were Iyglariable during the study, ranging from
0 to 33 in the W. Kleinemonde Estuary, 0 to 27he E. Kleinemonde and 2 and 32 in
the Kasouga Estuary (Fig. 3.2). This variabilitfleeted the influence of both freshwater
inflow (due to high winter rainfall within the cdbment area) and the inflow of marine
waters following breaching events. During the ftrsee months of the survey the mouths
were closed and salinity within the three estuaineseased steadily, probably due to a
combination of increased evaporation, seepageetedi via the sandbar and decreased
surface run-off, reaching 32 in May 2006 in the &#l&g, 26 in the E. Kleinemonde and
22 in the W. Kleinemonde (Fig. 3.2). Heavy catchtmamfall in June and July 2006,
however, diluted salinities to mesohaline and ekigposaline conditions (0 and 2 in

August and September 2006) within the three esisdFig. 3.2).

Whilst the mouth of the E. Kleinemonde breaktlseveral times during the study
starting from the end of July 2006, those of the Kleinemonde and Kasouga only
started to breach in August 2006 (Figs 3.1 and. 3[Bese events resulted in rapid
fluctuations in the water levels in the three sysieA key feature was a virtual absence
of a salinity gradient in the three systems, wheesalinity difference generally did not
exceed 4 between the upper and lower reaches ptioee occurred between August
2006 and January 2007 in the W. and E. Kleinemdestearies when a gradient was
established between the upper and lower reach&ovuamber 2006 the salinity was 5 in
the upper reaches of the W. Kleinemonde Estuarylevitwas 31 in the lower reaches.
In August 2006, the salinity was 6 in the uppexches of the E. Kleinemonde Estuary,
while at the same time it reached 16 in the lowaches. After these occasions, i.e. in the
following month, the salinity differences were <rdmoving any indication of a salinity

gradient.

39



Chapter 3

. ey :

15 4

10 A

Mean water temperature (C)

o LT, L

10 4

Mean water temperature (T)

35 - lBreachl c
30 A

25 -
20 +
15 4

10 4

Mean water temperature (C)

= a
2 g2 38 3 & 3 8
2 o O z o » uw

Months of 2006 + 2007

Feb
Mar |
Apr 1
May
Jun |
Jul
Aug
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3.3.2 Horizontal distribution and habitat of E. hylocoetes

Isopod densities were always greatest witthe marginal vegetation where

percentage vegetation cover was highest (Fig. 318¢. isopods were virtually absent

from the main channels of the estuaries, althougfeva individuals were found

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

Estuary (Fig. 3.3).
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Figure 3.3. Abundance (mean + S.D.Eabsphaeroma hylocoetesthe West

Kleinemonde and Kasouga E#&tgan relation to submerged
vegetation cover and distafinom the bank.
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3.3.3 Vegetation cover

The marginal vegetation cover within theethrestuaries was highly variable over
both space and time (Fig. 3.4). The upper and middhches of the three estuaries
always had a higher vegetation cover than the lowaches. The site located at the
mouth of the estuary was characterised by thealidbsence of a vegetation cover. The
E. Kleinemonde Estuary had the lowest overall \atg@t cover of 29.82 % + 15.16 over
all three reaches during the 19 month study pefb@ neighbouring W. Kleinemonde
Estuary had the highest overall vegetation cov&df % * 26.82), with submerged
vegetation being present in the upper and middiehes of the estuary throughout the
study period (Fig. 3.4). The Kasouga was intermedetween the two having a mean
vegetation cover of 32.17 % + 18.10. Breaching &/éad to the complete collapse of
the submerged stands of vegetation in the KasondeEa Kleinemonde Estuaries (Fig.
3.4) resulting from a rapid decline in the watevels, which either exposed the

vegetation (resulting in desiccation within howswashed it out of the mouth.

43



Chapter 3

JBA0D 95 U

Breach

19A02 05 U3

Breach

= OO
|
(F T FFFrFrFrFrFrryrrrrrr

== POUUTOOORIORIORDOO,

L e e e e e e e e
(FFFFFFrFrFFrFrrrrFrrry
A

]

T F I rFrFrTrFrrFrrrry

— AR ]
—— I
T FFFFFFFFrrrrrrryy

|————— Ry
o ———— e

— T FFIFIFIFIFITFFIFFT]

=
= ]
(FFFrFrrFrrrr

=
rrFrrrrr

L7

G
=]
A

1 O |

I FrFFFFFFFF I I T
)

F i AT EEEEEES
A Y,

_ . . .
WA e

B R
PFIFIFIFIFIFFFFFFFFFFFFFFFFTI

A

Pl ST EEEEEES

o o o o o
[s0) © < N

19A092 94 URB

Bny

nc
ung
Aen
1dy
e
god
uer
29Q
AON
120
des
Bny
inc
ung
AeN
1dy
e
094

Months 2006 + 2007

™ Upper O Middle B Low er reaches of estuaries

Figure 3.4. Vegetation cover (mean + S.D) in threzgons of three Eastern Cape

West

Kasouga Estuaries. Mouth

East Kleirmmde & C =

temporarily open/closed esasaduring 2006 and 2007. A

Kleinemonde; B

breaching events are indid&tg arrows. Key refers to the reaches of

the estuaries.

44



Chapter 3

3.3.4 Abundances and biomasses Bf hylocoetes

Mean abundance and biomassEofhylocoeteswithin the W. Kleinemonde Estuary
ranged between 3 and 4 791 ind? and from < 0.01 to 9.65 mg dwt. Inrespectively
(Figs 3.5 and 3.6). During the first six monthstloé survey (February 2006 to August
2006), isopod abundance and biomass decreasedd®tar colder winter months. The
four breaching events that occurred between AugodtNovember 2006 resulted in a
dramatic decline in isopod abundances and biomdss®sb64.4 + 241.9 to 62.5 + 35.1
and from 1.0 + 0.5 to 0.15 + 0.08 mg dwt*rffrom August to September 2006).
Following the closure of the mouth, mean isopodsdess and biomasses increased from
3to 764 ind. if and 0 to 1.26 mg dwt. Ay respectively over a period of seven months
(December 2006 to June 2007; Figs 3.5 and 3.6)nkwds of the total isopod abundance
and biomass during the open and closed phasesnetgggnificantly different from one
another (ks 33= 1.88, p = 0.05 for abundance and k= 1.56, p = 0.12 for biomass,

Table 3.1).

Throughout the study the total abundance himmass ofE. hylocoeteswas
significantly higher (p < 0.05) within the middlendh upper reaches of the W.
Kleinemonde Estuary when compared to the lowerhesai¢Figs 3.5 and 3.6). There was
a significant correlation between total abundanoésthe isopod and percentage
vegetation cover {r= 0.869; p < 0.05; Fig. 3.7). There was no coti@tabetween
salinity, temperature and total abundance and kssméE. hylocoetesluring the study

(p > 0.05 in all cases).

The mean isopod abundance and biomass inastekiieinemonde Estuary prior to the

mouth breaching events in June 2006 ranged bet@eead 108.3 ind. fhand between 0
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and 0.32 mg dwt. iy respectively (Figs 3.5 and 3.6). After the moutkawhed in July,
isopods were absent from the estuary. The popuktheegan to recover in February
2007, about one month after mouth closure (in edtuary). During the subsequent five
month period both abundance and biomass increasssl raore; ranging from 0 to 100
ind. m? and from 0 to 0.25 mg fa  There was no significant seasonal pattern tal to
isopod abundance and biomass, however, the totahdalmce and biomass .
hylocoetesduring the months of February 06; April to June 8@ril 07 and July to
August 07 were significantly higher than the renmainmonths (ANOVA p-values
ranged between 0.0481 to 0.0177 for abundance atwdebn 0.0482 and 0.0021 with
regard to biomass;1k 3= 5.22, p < 0.001 for abundance ang &= 3.50, p < 0.001 for
biomass, Table 3.1). There were no significantiappatterns in isopod abundances and
biomass evident during the study (p > 0.05 in adles). Total densities were significantly

positively correlated to the percentage vegetatimrer (f = 0.725; p < 0.05; Fig. 3.7).

Mean abundance and biomassEofhylocoeteswithin the Kasouga Estuary ranged
between 0 and 3 650 ind.and from 0 to 5.11 mg dwt. frespectively (Figs 3.5 and
3.6). As for the W. Kleinemonde Estuary, isopodradance and biomass showed a weak
seasonal trend in 2006 decreasing towards the rcolitier months during the first five
months of the survey (Figs 3.5 and 3.6). Againrttweith breaching events in August and
October 2006 coincided with the disappearance bmsuwged vegetation and isopods
within the estuary, with isopod numbers only recowg in April 2007, three months
after mouth closure. Between April and August 26@an densities and biomasses of the
isopods ranged between 0 and 648 ind® amd between 0 and 1.52 mg dwt?m

respectively (Figs 3.5 and 3.6).
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Table 3.1. Results of an ANOV/Statistica version 7) to determine whether isopod
density and biomass demonstrate significant diffees between months of
the study, site (lower, middle and upper estuaaghes) and mouth state
(closed vs. open) in three temporarily open/classtdaries: (A) West
Kleinemonde, (B) East Kleinemonde and (C) Kasousja&fies.

Variation Sum of squares d.f. Mean squares F-ratio Sig. Level
A Density

Months 20290313 18 1127240 1.884 0.05
Site 4184561 2 2092281 2.909 0.063
Mouth state 1643227 1 1643227 2.184 6.14
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 8 1 2156.78 5.225 0001
Site 1844.81 2 922.40 0.946 0.395
Mouth state 1624.98 1 1624.98 1.690 a1
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 00D
Site 2952224 2 1476112 1.756 0.183
Mouth state 1755935 1 1755935 2.073 ®.15
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 tenmpb pattern of isopod abundance and
biomasses in the Kasouga Estuary was establisheith Mebruary 2006 being
significantly different to all other months (mulgrange tests, p-values ranged between
p < 0.05 and p < 0.001; overallgFsg = 5.41, p = 0.00001 for abundance ang s =
3.59, p = 0.00045 for biomass). The biomass of adspduring February 2006 was
similar to those of April 2006 and June 2006, arelersignificantly different to all other
months (p-values between p < 0.05 and p < 0.00le wecorded). There was no
significant difference with regard to site withimetestuary and abundance,sk= 1.76, p
= 0.18; or biomassFss = 2.08, p = 0.13). Isopod abundances and biorsaseee
typically lowest when the mouth was open, althotigh values regarding mouth state
were highly variable no significant differences weasstablished between the open and
closed phase, {Fss= 2.10, p = 0.16 for density and &5 = 1.77, p = 0.19 for biomass,
Table 3.1). Once again, a significant positive elation between total abundances of the

isopod and the percentage vegetation cover wasl i6te 0.79; p < 0.05; Fig. 3.7).

3.3.5 Sexual dimorphism, sex ratios and brooding

Male and femal&. hylocoetesan be differentiated by studying the pleotelsamf
the ventral side. Malé€. hylocoeteshave a more pointed, triangular pleotelson, and
together with a ridge on the pleotelson when viewettally. Females have a more
rounded pleotelson and lack this ridge (Fig. 3.8ndl B). Males longer than 5 mm also
develop the characteristic paired pene locatediarlieof the first pleopods (Fig. 3.8 C).
Females develop five pairs of vestigial oostegaéiached to the ventral side of the
pereonites (Chapter 1, Figs 1.1 and 1.3). Broodyicey could be observed in individuals
> 2.5 mm. Isopods < 2.5 mm in length were consdl@sjuveniles. Yellow eggs visible

through the ventral body wall could identify graviemales. The ventral wall would
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become distended when mancas were present. Suchllyigravid females were then

dissected to allow counting and measurement ofbtbed.

Figure 3.8. Scanning electron micrograph leé ventral view of the pleotelson of
Exosphaeroma hylocoetés show differences in the male (A) and female
(B) structures. The male pene (C) located in fadrthe pleopods. Scale bar
=1 mmin A and B; and 0.5 mm in C. Specimens @seeé using standard
techniques and viewed on a Tescan Vega SEM ataateaating voltage of
5.0 KV
Sex ratios within the three estuaries were kigfalriable. In the W. Kleinemonde and
Kasouga Estuaries sex ratios were skewed towdrieales. These ratios ranged
between 1:1 and a maximum of 10.9:1 (during Jul§6}dn the W. Kleinemonde and
between 1:1 and 20.5:1 (during July 2006) in thesaiga Estuary (Fig. 3.9). The
isopods in the E. Kleinemonde Estuary generallyalestrated a 1 : 1 ratio, except during
May 2006 when females were outnumbered by mal@s2&t: 1 (Fig. 3.9). The female
bias in the W. Kleinemonde Estuary was not onlyaaept during the longer periods of
mouth closure but also during re-colonisations .(Bi§). In the E. Kleinemonde Estuary
prior to initial mouth breaching the sex ratio wk4 while during the predominantly
closed phase in 2007 this became skewed towardasldenat 1.3:1. The female bias in
the Kasouga Estuary lessened during the closedepifaz007 from 4.6:1 (in the closed
phase of 2006) to 1.7: during the closed phas206#. However, for nine months the

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

abundances were low) in the Kasouga Estuary (Fig).3
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In the W. Kleinemonde Estuary some femalegevearrying brood, and juveniles (<
2.5 mm) were present, for most of the year, rasylih no seasonal pattern in juvenile
release (Fig. 3.9). During the initial closed phasethe W. Kleinemonde, 29 % of
females were found to carry brood, in the mouthroplease 17 %, but during the closed
phase of 2007 this declined to 6.6 %. While brogdemales were found in most months
when the mouths of the Kasouga and E. Kleinemorataates were closed, juveniles
were scarce in 2007 (Fig. 3.9). In the Kasougadtgtd2 % of females were found to be
carrying brood during the initial mouth-closed phabut this declined to 3.4 % during
the 2007 closed phase. In the E. Kleinemonde Bgstila brood carrying females also

showed this decline from 36.8 to 4.8 % in the samnteperiods (Table 3.1).

Male E. hylocoeteg5.71 = 0.41 mm)were significantly larger (p = 0.003) than
females (3.99 + 0.26 mm) in all three estuariehwiales growing to a maximum of
12.0 mm and females 7.5 mm (Fig. 3.10; Table 3hgere were no significant spatial
differences in isopod mean length within each eféktuaries during the 19-month study
period, (p = 0.305 in the W. Kleinemonde; p = 0.428he E. Kleinemonde and p =
0.059 in the Kasouga Estuary). A one-way ANOVA (@uktest) between the three
estuaries yielded no significant differences irpmw lengths between in the Kasouga and
W. Kleinemonde Estuaries (p = 0.102) or betweersaghim the E. Kleinemonde and
Kasouga Estuaries (p = 0.550). There was, howewvsignificant difference in isopod
length between the W. Kleinemonde and E. Kleinensoistuaries (p = 0.010), with E.

Kleinemonde having the longer individuals.
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Table 3.2. Mean (= S.D.) and maximum isopod lendiinsn) within all three
estuaries from February 2006 to August 2007.

Mean lém@gmm) Maximum length (mm)
Males 5.71+£0.41 12.0 (n =11 %08
Females 3.99+0.26 7.5 (n=42r37

Dry mass to length also showed the largeralverale size compared to females, with

females carrying brood having a greater mass threlaswf similar length (Fig. 3.11).

40 ~
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Figure 3.11. Male and femalexosphaeroma hylocoetdsy mass to length.
Points from scatteagtiams were omitted for clarity.

3.3.6 Female brood size and brood sex ratios

The largest female encountered in the fiel& (@m) carried the greatest number of
brood (72), but these were relatively small at . The smallest female (3.10 mm)
carried only five eggs with a mean size of 0.4 nknom this it may be concluded that
the larger the female body size, the larger thedbrsize she can carry (Fig. 3.12 A).
Eggs/embryos were carried within the female bodyitgarather than within the

marsupium created by the oostegites (Fig. 3.13).
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Figure 3.12. Relationship between gravid femBl@sphaeroma hylocoetdmdy length and
brood size (A); eggs/ early embryos <1 mm diam@gand mancas > 1mm (C).
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Maximum number of eggs counted were 72, whil@iaimum of two were found
(mean brood size = 20.69 £ 15.23; Fig. 3.12 A). Thwleveloped embryos/eggs
(< Imm) had a mean size of 0.54 = 0.22 mm (rangirgize from 0.17 to 0.92 mm; Fig.
3.12 B). The mancas (> 1mm) ranged in size fromtorle5 mm (mean length = 1.17 +

0.14 mm; Fig 3.12 C).

The laboratory-maintained visibly gravid fdem&. hylocoetesanged in size from
3.10 to 7.92 mm (mean length = 4.99 + 0.96 mm). Bitoods of females raised in the
laboratory experiments females at two tested teatpers (15 and 25 °C) and one
salinity (15) had a significant female bias (p.€0Lin both cases; t =4.09 at 15 °C and
t = 5.67 at 25 °C; Fig. 3.14). At 15 °C the meamber of males per brood was 5.50 +
3.84, whilst that of females was 17.07 = 8.48. Bt°Z, the mean number of males per
brood was 3.27 = 2.12 and that of females was 12.532. There was, however, no
significant difference between the sex ratio ofendo females at 25 °C and 15 °C (p =
0.134; t = 1.544; df = 28). Males, therefore, mageless than 25 % of the broods at
both temperatures (Fig. 3.14). Males were obseteele more cannibalistic than
females, even when fed daily. At 15 °C the maximlmod size was 48 with an
average brood size of 21.20 £ 12.99. At 25 °C tHegpees were 28, with an average
size of 15.73 + 7.69. These averages fall withia tange found in the previously
mentioned field data at 20.69 + 15.23, but less ttiee maximum brood (72) found

within a female.
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Figure 3.13. Semi-oblique histological section tlgle a gravid femalé&xosphaeroma
hylocoetedo reveal location of eggs/embryos within interpatiches in the
body cavity. (Compare to Chapter 1, Figure 1.3xtiBa was stained in
haematoxylin and eosin. Tissue was previously fixeBouin’s fixative and
prepared by standard histological methods.
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Figure 3.14. Average percentage (+ S.D.) of niatesphaeroma hylocoet&s broods
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15.

59



Chapter 3

Trials with theWolbachiasurface protein gene primer, wsp 81F and wsp 691R,
proved negative fokVolbachiain E. hylocoeteausing the polymerase chain reaction
(PCR) cycling conditions of 35 cycles (1 min at°@} 1 min at 55 °C, 1 min at 72 °C).
Controls for PCR amplification of DNA solutions weercarried out using general
eukaryotic 285r and 285f primers (Werret al., 1995). This time PCR cycling
conditions were one cycle (1 min at 94 °C, 1 miB=fC, 2 min at 72 °C), 35 cycles (15
sat 94 °C, 1 min at 55 °C, 2 min at 72 °C) andoyae (15 s at 94 °C, 1 min at 55 °C, 7
min at 72 °C; Thermo Hybaid PX2 thermal cycler).nAgative result is illustrated in

electrophoresis gel in Figure 3.15.

M 142 F 1+2

Fig. 3.15. Electrophoresis gel indicating negatvelbachiainfection of PCR product of
male and femal&. hylocoetesisingWolbachiasurface proteins WSP 81 F and
WSP 691 R. Key: C+ = positive control; C- = negatoontrol; DL = DNA
ladder; M 1+2 = males 1 and 2; F 1+2 = femalesdlzarAbsence of light band,
(as in C+), indicates absenceWblbachiainfection.
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3.4 Discussion

During this study there was no evidence ofizoortal temperature gradients in the
three estuaries. In addition salinity gradientsenanly apparent in the two Kleinemonde
Estuaries during a few summer months. The absehe@myo horizontal gradients is a
common feature of TOCESs along the southeast cnagth southern Africa (Perissinotto
et al.,2000, 2002; Froneman, 2000, 2002a, 2004c), amdbeascribed to a combination
of factors including, small river catchment sizergh ranging between 23 and 50%m
that contributes a limited amount of freshwater-offnentering the systems, shallow
water depth (< 1.5 m), and wind-induced horizomtadl vertical mixing (Blabeet al.,
1983; Perissinottet al., 2000, 2002, 2004; Froneman, 2002b, 2004c). Meaterwa
temperatures and salinities were similar to thesended by Harrison (2004) for each of
the respective estuaries. The early spring rainscmbed with a decrease in salinity,
leading to the eventual breaching of the threeaess. These results concur with those
findings of Froneman (2002a, b) for the Kasougau&st and with other TOCEs
(Perissinotteet al.,2000; Walkeret al.,2001; Riddin and Adams, 2008), within the same

geographic region.

Water temperature seasonality correspondedhdset given for the Eastern Cape
coastline (Kopke, 1988). On breaching, cooler neakraters entered the estuaries and
lowered the estuarine water temperatures, an effdath was fast negated once the
mouths closed and estuarine water temperatures aose more by 6 °C in the W.
Kleinemonde and by 7 °C in the E. Kleinemonde armbd(ga Estuaries between
October and November 2006. These changes did ipboaur within the lower reaches

but along the whole length of the estuary, a reshith can be ascribed to the relatively
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short length and shallowness of the systems (Blebeal., 1983; Perissinottet al., 2000,

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

Horizontal gradients in temperature and sglihave been demonstrated to affect the
spatial variability in distribution of plankton antekton in permanently open southern
African estuaries (Jerling and Wooldridge, 1995; didodge, 1999; Newmart al,
2007), as well as estuaries in general (Charpeatie., 2005; Dye and Baros, 2005;
Jones and West, 2005; Gladstateal, 2006). Although there was evidence of greater
isopod abundance in the middle and upper reacht#®edlV. Kleinemonde and Kasouga
Estuaries during this study, the observed pattemmnlikely to be the result of physico-
chemical gradients. Rather, the elevated abundandebiomass values appear to be
related to availability of submerged macrophytaedekd, the total abundances of isopods
within the three estuaries were significantly ctated to percentage vegetation cover (p
< 0.05 in all cases). Isopods were found in greatessities when submerged vegetation
abundance was > 60 %, and removal of the vegetdtiong mouth breaching in the E.
Kleinemonde and Kasouga Estuaries coincided wehvitiual absence of isopods within
these systems. Similar conclusions were reachedKémyouse et al. (2006) who
demonstrated that the biomass of submerged vegetatin determine the nekton
distribution in North American marsh ponds. In Soutfrica, De Decker and Bally
(1985), Hodgson (1987), as well as Bernard and é¢fmam (2005) have all highlighted
the importance of submerged vegetation in struogurthe estuarine invertebrate
communities in both permanently open and tempgranien/closed southern African
estuaries. Riddin and Adams (2008) reported sinhdlsses of submerged vegetation in
the E. Kleinemonde Estuary, but ascribed this kosslesiccation, within hours, after
rapid declines in water levels following mouth hreiag. It is now generally accepted

that submerged macrophytes provide estuarine angesnwith a refuge from predation or
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alternatively, represent an area of increased toa@ilability (Peterson, 1979; Heck and
Thoman, 1981; Ortlet al., 1984; Hecket al., 1995; Mattillaet al., 1999; Bernard and

Froneman, 2005).

The estimates of abundance and biomass ofidgtpods reported for the W.
Kleinemonde and Kasouga Estuaries during this saudysimilar to those reported for
other South African estuaries, esgl 980 ind. rif in the Bot River Estuary (Koogt al.,
1983); 17 581 ind. f in the Gamtoos Estuary within the same geograpédton
(Schlacher and Wooldridge, 1996; see also TableGhapter 1). On the other hand, the
numbers in the E. Kleinemonde are of an order agjnitade less (max. density 108 ind.
m) than those reported in the literature. These t@stimates can likely be attributed to
the increased rate of mouth open events recordédinwthe system, which were
associated with a decline in invertebrate abundaand biomasses (Cowleyal, 2001;
Froneman, 2002a). In all three estuaries there alasys a dramatic decline in the
abundance and biomass of isopods when the estuarthmbreached, resulting in a loss
of estuarine water and submerged vegetation. Teeceded decline in abundance and
biomass of isopods is also in agreement with previstudies on other invertebrates
(Wooldridge and Callahan, 2000; Froneman, 20020480 c; Bernard and Froneman,
2005). Mouth opening/breaching events are, theeefprobably the most significant
single ecological event in a TOCE. Although thieyas that the status of the mouth had
a major impact on isopod densities, the effectseafsonality on the isopod populations
cannot be ignored. This study showed evidence steady decline in abundance and
biomass of isopods within both W. Kleinemonde ara$®uga Estuaries during the first

four/five months of the study when the mouth wasetl (Figs 3.6 and 3.7).
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Although not specifically investigated, thecovery of isopod populations after
mouth breaching could occur in any of three waysstlly, during overtopping from the
marine environment when the mouth is closed: a rurobstudies have shown that fish
(Whitfield, 1992b), ichthyoplankton and macrozoaiion (Kemp and Froneman, 2004;
Bernard and Froneman, 2005) enter TOCEs in this waydo the larvae of the prawn
Palaemon peringueyand the mysidMesopodopsis wooldridgeand so, by deduction,
may alsoE. hylocoetesSecondly, rafting on macrophytes from anothemastwhen the
mouth is open, as has been showndoteaspp. (Vandendriesscla al, 2006; Tesket
al., 2007) could occurk. hylocoetesvas observed clinging t&. maritimaat the mouth
of breached rivers (Henninger, pends.).This observation is supported by the findings
of Teskeet al. (2006, 2007) who have shown a strong genetic ¢jakiaetween alE.
hylocoeteson the southern coast of South Africa stretchimghfthe Gourits Estuary, east
of Cape Agulhas, to the Bulolo Estuary in KwaZulatdl (i.e. a homogenous
population). Thirdly, refugia within the estuarigevent the outwash of isopods into the

marine environment following breaching events.

Females were observed to be carrying brooosugihout the study period, indicating
little or no seasonality in the reproductionEfhylocoetesThis is in strong contrast to
Cirolana fluviatilis in the permanently open Gamtoos Estuary (Easteqpe); which
showed seasonal reproductive patterns (Newetaal., 2007). This absence of distinct
seasonal patterns in the reproductioftohylocoetegould be an important adaptation to
the unpredictable nature (i.e. mouth phase/ hydraohycs) of TOCEs along the eastern

coastline of southern Africa.

Most marine isopods show a strong sexual toasrds females (Shafir and Field,

1980b) and sex ratios showing an extreme femate dfiaip to 14:1 have been reported
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for various isopods of the genumera (Jones and Naylor, 1971; Arrontes, 1992;
Pierntney and Carvalho, 1996). It is assumed thatmale can fertilise several females
(Wong and Moore, 1996), resulting in a reduced nieednales. The sex ratios &.
hylocoetesvere highly female biased in two of the three &sas. In addition results of
this study indicate strong sexual dimorphism, withles being significantly larger than
females (p < 0.05). Most Sphaeromatidae show a rséssvtowards larger male size
(Kensley, 1978; Brusca and Wilson, 1991; Bruce,30UThe significance of larger male
recorded during this study may be related to matading, as occurs in other species

(Jormalainen, 1998).

The larger the female body length the me®uhd she can be is in common with
other studies of isopods, eldotea baltica where larger females (20 mm) can produce
up to 300 embryos per brood, whereas smaller fesxfalemm) produced a maximum of
only 140 embryos per brood (Strong and Daborn, 19kftitude influences water
temperatures and in coastal areas with higher teaatye, a higher fecundity and smaller
egg size, as iBetaeus truncateand Excirolana hirsuticaudaalong the Chilean coast,
are usually observed (Lardies and Wehrtmann, 2@ahtreras and Jaramillo, 2003).
FemaleE. hylocoetesttain sexual maturity at a relatively small size2.5 mm, deliver
offspring (mean number 20.70 + 15.22) all yeamdhuand can produce as many as 72
offspring at one time. In the Gamtoos Estuary st@igolana fluviatilis produced up to

47 mancas at once (Newmeial., 2007).

Female-biased sex ratios could be the re$ddiological, e.g. selective predation, or
physical factors. The laboratory brooding experitaecorroborated the field findings
that females outnumbered males even at the eadestof development (Figs 3. 10 and

3.15). The skewed sex ratios, both in the field enldboratory raised populations could
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be a result ofVolbachiaspp. acting as a cytoplasmic sex ratio distodacljaultet al,
1993; Martinet al, 1994; Kageyamat al, 1998; Bouchoret al, 1998).Wolbachiahas
been shown to affect other Crustacé#olbachiahas been found to be widespread in
insects and terrestrial isopods and could have baesferred horizontally from insects
to the terrestrial isopods (Werren, 199Pxeliminary results using PCR, however,
indicated thatWolbachiawas not to be responsible for the skewed sex gaticE.
hylocoetesand must be the result of an innate genetic faotceven another intracellular
bacterium belonging to the gengkaaplasmaCowdria Ehrlichia or Rickettsia(Werren
and O’Niell, 1997). Exosphaeroma hylocoetapending all of its time in the estuarine
water does not feed in overlapping areas with sénied and semi-terrestrial isopods

which means that it is unlikely to be exposed fedtions from such isopods.

It was often difficult to rear a matingiptogether in a container in the laboratory,
as inevitably one of the pair would be eaten, despeing fedad libitum Such
cannibalism within mating pairs has been recoraethé parasitic isopod¢chthyoxenus
fushanensisin which resource limitation was suggested adrigger mechanism for the
behaviour (Tsai and Dai, 2003), and in amphipodsckDet al, 1993). Females
outnumbered males by3:1 in the estuaries, which allowed the isopodstoolonise an
estuary once the mouth has closed. This is in keepith the results of Ovidiu Vlad
(1989) who determined, mathematically, that thet hmspulation growth would be
expected in female-biased populations. It has beereasingly recognised that the
presence and behaviour of males affect the populgtiocesses, be it in forcing females
into poorer resource habitats, or by exposure blesn@ greater predation on moving
between habitats (Rankin and Kokko, 2007). Femalke® observed to remain within

the R. maritimawhen carrying brood, and they do not feed at img t possibly to avoid
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fish predation (see Chapter 4), or to prevent esipnl of embryos/brood from the

marsupium (Harrison, 1984a).

The isopods can re-colonise the estuarigdsnvfour months after mouth closure.
Sex ratios tend to stay female biased even aftettnsdhave breached, again allowing re-
colonisation. When all the physical evidence iswaden massegthe TOCEs are revealed
as highly dynamic systems which result in the istspdnaving to develop adaptive
strategies to survive, such as those listed hesgromg female bias in sex ratios; year
round reproduction; females producing from a re&yi small size X 2.5 mm) and
producing mancas within the abdominal cavity theleasing these as miniature adults
directly into the water column. | believe that igtly likely that E. hylocoetese-
colonisation occurs by isopods remaining in refugiassibly deep submerged algae on
the upper layers of mud, and probably also raftngvegetation, between estuaries (or
back into estuary) when the mouths are breachedemsted by Tesket al. (2006,

2007).

In conclusion, the results of this studglicate that the horizontal distribution Bf
hylocoetesis largely linked to habitat (submerged vegetati@specially Ruppia
maritima), rather than temperature and/or salinity gradie8hifts in the abundance and
biomass oft. hylocoetesvould seem to be determined by mouth breachingitevas
these were shown to coincide with dramatic declimethese areas. Mouth breaching
events have to been demonstrated to be a majoerdnvTOCEs (Whitfieldet al., in
press). The results of this study do thereforesnpport the proposed null hypothesis and
therefore the hypothesis of mouth breaching playanghajor role on the population
dynamics of E. hylocoetesmust be accepted. Seasonality was also shown to be

influential, although to a lesser exter. hylocoetesdemonstrated strong sexual
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dimorphism with males significantly larger than faies, but sex ratios revealed skewing
towards female numerical dominance. Finally, thespnce of juveniles throughout the

19 month study indicates thiat hylocoeteseproduces throughout the year.
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Chapter 4

The Role of Macrophytes as a Refuge and/or
Food Source for the Estuarine IsopodiExosphaeroma hylocoetes

4.1. Introduction

It is now well documented that submergedsbetl estuarine macrophytes are
characterised by elevated diversity, abundancebemmass of both invertebrates and
vertebrates (Wallerstein and Brusca, 1982; Walkdcal., 1984; Holomuzki and Short,
1988; Sala and Graham, 2002; Josephal., 2006). The elevated abundances and
biomasses are thought to reflect the importandbetubmerged macrophytes either as
a refuge against predation (e.g. Heck and Thon®81;lHeck and Wilson, 1987), or as
regions of increased food availability (Whitfielt®80a; Orthet al.,1984; Mattilaet al.,
1999; Jormalainemt al., 2001; Sala and Graham, 2002; Hextkal., 2003). Similarly,
Young et al (1976) found that variations in the intensity medation account for
differences in species abundance in seagrass-setbriompared to exposed areas in
North American estuaries. It is also possible fieatsome species (e.g. polychaetes,
gastropods, amphipods and isopods), submerged pigtes may serve as both a
refuge and a source of food. Homziek al. (1982) demonstrated an exponential
increase in species abundance and diversity wdreased macrophyte cover. Peterson
(1979), summarising 11 studies, demonstrated isegedn both faunal densities and
species richness after the exclusion of predaktwkomuzki and Short (1988), however,
point out that for some species predator avoidabgeretreating to within the
macrophytes could cost the prey species in tintkemergy thus detracting from their

ability to feed and reproduce.
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Isopods are a conspicuous component afagee macroplankton worldwide
(Kensley, 1978; Bruce, 1992a, b; Dias and Sprufg32 Goncalve®t al, 2005). In
southern African estuaries, as in other regionthefworld, isopods have been recorded
in close association with submerged macrophyte B€bapter 3). Among the isopods,
Exosphaeroma hylocoetbsas been demonstrated to be numerically domimastands
of Ruppia maritiman three temporarily open/closed estuaries (TOGIH®)g the south-
eastern seaboard of southern Africa, where it atealufor up to 95 % of all isopods
counted (Chapter 3). Due to their numerical abuoddh. hylocoeteshave been
demonstrated to represent an important componettteirdiets of several fish species,
which are highly abundant in estuaries (Blaber,41930etzee and Pool, 1985; Wallace
et al., 1984). For example, the diets of the estuariné, fGlinus cottoidesand
Monodactylus falciformisinclude amphipods, copepods, insects, insecta¢éarand
isopods (Whitfield, 1998). JuveniRhabdosargus holudB0 mm) are known to feed
on copepods, whil&lossogobius calliduseeds on insect larvae, copepods, ostracods
and branchiopods, and both fish species could éeesimall isopods (Whitfield, 1993,

1998).

Isopods demonstrate wide-ranging feedingtesfiies, ranging from carnivory
(including cannibalism), to herbivory and detritiyo(Johnson, 1976a; Perry and
Brusca, 1989; Briones-Fourzan and Lozano-Alverée¥Q1i Newmanet al, 2007).
Previous studies employing gut content analysigatd that the isopodg. hylocoetes
can be regarded as a generalist detritivore (Vtitfi1989). Unfortunately, due to the
advanced state of digestion, the primary sourcéoodl for the isopod could not be

determined.
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Stable isotope ratios, particularly of carb@@C) and nitrogen&°N), have been
used since the 1970s to provide information on ftbe of energy through aquatic
ecosystems (West al, 2006). The ratios of stable carbon isotope’ {€"%) within
the body tissues of the producers and the consuginezsan indication of food sources
(Fry and Sherr, 1984; Peterseinal, 1985; Froneman, 2001). The isotope signatures o
consumers are closely related to that of their, dnd if food sources are isotopically
distinct one can clearly identify a particular fopource of a consumer (Petersiral,
1985; France and Peters, 1997). More recently, htcoginks within estuarine
ecosystems have also been assessed using fattycamg@osition (Richoux and
Froneman, 2008). Fatty acids, which form structmatl functional components of
membranes essential for growth and reproductiomatate synthesised by most
organisms and are therefore derived from their @ets et al, 2001). The composition
of fatty acids within animals can therefore, likalde isotope analysis (Richoux and

Froneman, 2007) be employed to examine trophicantmns within aquatic systems.

Although several studies have highlighted ttlese association betweeh.
hylocoetesand beds of submerged macrophytes in southernaifrestuaries (Chapter
3), it is unclear whether the association reflébts importance of the macrophytes as
refugia or as a food source. The null hypothesisild/ be that the close association
betweenExosphaeroma hylocoetasd submerged macrophytes reflects the avaihabilit

of both a refuge and increased food availability.

The aims of this study were twofold:
(1) to determine experimentallyether submerged macrophytes serve
as a refuge torhylocoetesgainst fish predation; and

(2) to establish whether thbraarged macrophytes are an important
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carbon source for thepd using a variety of techniques including

gut content, stable carismtope and fatty acid analyses.

4.2 Materials and Methods

4.2.1. Role of submerged vegetation as a refuge findish predation.

The experiments were conducted in a cons&mvironment room at Rhodes
University during August 2006. The isopofixosphaeroma hylocoetesere collected
from the Kasouga Estuary (33°39'11"S 26°44'01"EaPter 2), using 20 chhand-nets
with a mesh size 6 1 mm. The fishRhabdosargus holupGlossogobius calliduand
Monodactylus falciformisyere netted using a 5 m seine net (mesh~sizenm).Clinus

cottoideswere netted in rock pools at the mouth of theargtu

Experiments were conducted in round polyethyleontainers with a diameter of
~ 50 cm and a height 6f 12 cm. Four quadrants were marked in each of athtamers
which were then filled with estuarine water (32 %18 °C). The experimental design
included three replicates per treatment. Ten adolpods were introduced into each
container and left overnight to acclimatise. Thatamers were covered with a plastic
lid to prevent evaporation. Densities of isopodshea experimental chambers (50 ind.

m?) were within the range reported for the estuatyaiier 3).

The study comprised of two experiments:

» assessment of the behaviour of isopods in the pcesar absence of vegetation,

designated experiment 1.
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» assessment of the effectiveness of vegetation asfuge for isopods from
predation by selected fish species in the presemcabsence of submerged

vegetation (designated experiment 2).

To assess the behaviour of the isopods (Brpat 1), two treatments were
employed; three containers with no vegetation dmmeet containers with vegetation. A
preliminary study indicated that there were no iggnt differences (p > 0.05) in the
utilisation of natural and artificial vegetation blye isopods (Froneman and Forbes,
unpublished data). Artificial vegetation was ceehtto represent the submerged
macrophytes using 10 x 10 cm squares of shade detimg with 20 cm strips of
shredded plastic threaded into it. The strips haddgh of 2 mm, similar to the strands
of the submerged macrophytBuppia maritima,commonly found in the Kasouga
Estuary. The vegetation was threaded to creatensityleof 760 shoots 1) which is
representative of the category of “high densitiesrtificial eelgrass” (674 shoot
(Heck and Thoman, 1981). Heck and Thoman (1981)dahat low (274 shoots
and intermediate (464 shoots®ndensities of artificial vegetation did not offprey
organisms significantly more protection than bameaa from predation by Kkillifish on
grass shrimp. The vegetation was randomly introdbg lottery) into one of the four
guadrants of three bowls to eliminate site selechip the isopods and to remove edge
effects. Ten isopods of similar size (6 to 8 mmiyptength) were then introduced into
each container. After 24 hours the distributiontled isopods in each quadrant of the

containers was recorded.

For the predation trials, (experiment 2), tish were starved for 12 hours prior to
the introduction into the experimental containévsstandardise hunger (Gardner, 1981).

In each case six replicates of each fish species wged and all experiments were run
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concurrently. Within each treatment for each fipkees, six bowls with no vegetation
and six bowls with vegetation in one of the quatharere employed. The fish varied in
length from 68 to 85 mm (mean lengtiv6 mm SL) forC. cottoidesand 66 to 72 mm
(mean lengths 69 mm SL) forG. callidus R. holubivaried in length from 75 to 94
mm (mean lengtk- 82 mm SL); while M. falciformisranged in length from 87 to 105
mm (mean lengtkk 94 mm SL). The predatory fish were then placed the bowls and

the live (remaining) isopods were counted at tree@rthe experiment 24 hours later.

4.2.2 Examination of epibiota orRuppia maritima in the isopod gut contents

Sections ofR. maritima stems were prepared for scanning electron micmsco
(S.E.M) following standard procedures. The sectiwage fixed in 2.5 % glutaraldehyde
in 0.1 M phosphate buffer overnight, followed byhgdration in a series of alcohols to
100 % and critical point drying. The stem sectiorese then gold coated in a Balzars
Sputtering Device. These stem sections would rearewlepiphytes living on the stems
which could act as a possible food source. The agumtents of five isopods were
carefully dissected, air dried and sputter coatedetermine evidence of food sources.
The images of these stem sections and gut contemesdigitally captured on a Tescan

Vega LMU SEM.

4.2.3 Determination of macrophytes as a food sourassing stable carbon isotope
ratios

To determine the primary food sourceEofhylocoetesplant matter and isopods
were collected from the Kasouga Estuary. The plaatter consisted oRuppia
maritima, Sarcocornia perennjsChenolea diffusandSporobolus virginicusSediment

samples were obtained by removing a core sampltheftop 200 mm in 20 mm
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(diameter) pill vials. The sediments were bulk mssed, acidified in 1 M HCI, followed
by a thorough rinsing in distilled water. All veggbn and animal samples collected
were rinsed in 0.2 um filtered seawater, after Wiitee plant matter was oven-dried at
60 °C for 24 hours. Isopods were frozen in lignittogen, oven dried at 60 °C for 24
hours, and ground using a pestle and mortar. Tdods were defatted in a solution of
chloroform, methanol and water (2:1:0.8; v:v:v)ldaling the method of Bligh and
Dyer (1959). Samples were defatted to minimise iptessliscrepancies arising from
variable proportions of fatty tissue within the raal tissue (Froneman, 2002a).
Epiphytes growing on the vegetation were gentlaged from the macrophytes using a

sharp scalpel blade.

Samples were analysed in the Stable Lightofse laboratory in the Archaeology
Department, University of Cape Town. After sampignbustion in an on-line Carlo-
Eber preparation uni§**C determination was carried out on a Thermo FimmiDalta
XP Plus mass spectrometer interfaced through al€dhtevice with a Thermo Flash
EA 112 elemental analyzer. Results for carbon wepmrted relative to v-PDB (the
fossil Pee Dee Belemnite standard). The raw dat® werrected using standards of
known isotopic composition (sucrose and lentil) ahen normalised against several
IAEA reference materials. The analytical precisminthe instruments was within +
0.2% (1 SD). Results were expressed in parts hpmusand (%0) deviating from the
standard using the following formula:

0X = [(Rsample/ Rstandard —1] X 1000 %o
where X is the element in question and R is theami@tio of the heavy to light isotope
of the sample and standard. Repeated analysis wibdeenous material yielded a

standard deviation of 0.03 %o.
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4.2.4 Determination of macrophytes as a food souressing fatty acid profiles

All biological samples collected were rinseith GF/F filtered seawater. The
isopods were lyophilised for 24 hours and homogehisith a mortar and pestle. The
plant samples were cut into short lengths (20 mefpre boiling in distilled water for
two minutes in order to deactivate lipolytic enz@(Budge and Parrish, 1999). Dried
and weighed isopod samples (up to 100 mg dry massyell as wet plant and sediment
samples were placed in 2 ml chloroform under neroo lipid-cleaned vials and stored
at -20 °C. Total lipids were extracted and purifisslng an adapted Folch procedure
(Parrish, 1999). Samples were ground, using a meta, In 2:1 (v/v)
chloroform/methanol, and 0.5 ml of chloroform extssl water added. The bottom
organic layer was separated and rinsed using ttheoform washes and all rinses
were pooled and concentrated using a gentle flomitwbgen. A known quantity of
internal standard (C19 : 0) was added to each@&xwallow quantification of fatty acid
peaks. The lipid extracts were suspended in heatB6 °C for 1.5 h in the presence of
14 % boron trifloride-methanol to produce fattycaonethyl esters (FAMESs) (adapted

from Budge and Parrish, 1998).

Gas chromatographic (GC) analyses of the EAMwere conducted using a
Hewlett Packard 5890A GC equipped with a bondedcaosis-linked 78 % cyanopropyl
methylpolysiloxane fused silica capillary columrd (@ length, 0.25 mm i.d., 0.25 pm
film thickness, Quadrex Corporation) with heliumthg carrier gas. Sample aliquots
(1 pul) were manually injected at 250 °C with thesowset at 100 °C for 3 mins. The
oven temperature was programmed to increase t¢@%a 5 °C mift, held for 1 min,
then from 150 °C to 220 °C at 3.5 minThe flame ionisation detector was held at 260

°C. FAMEs were identified by comparing their retenttimes to those of known

76



Chapter 4

standards (37 component FAME standard and marirfeARw.1, Supelco). Each fatty
acid is reported as a proportion of the total idiext fatty acids (% TFA). Fatty acids
are designated asawb, wherex represents the number of carbon atoms in the chain
refers to the number of double bonds énd the position of the ultimate double bond
from the terminal methyl group. Saturated fattydac{SFAs) have no double bonds
between carbons (e.g. 14:0); monounsaturated dattls (MUFAS) contain one double
bond (e.g. 16:&7), while polyunsaturated fatty acids (PUFAs) havé double bond
(e.g. 16: 4#3). Essential fatty acids, or EFAs, include thos#-Rs having > 20C, e.g.
20:406; 20:503 and 22:@3. Bacterial fatty acids (BAFASs) are those fattydachaving
odd-numbered carbon chains and/or iso- (i-) anédismt (ai-) branches, while HPFAs

(or higher plant fatty acids) include 188 and 18:33 (Dalsgaarckt al,, 2003).

4.2.5 Data Analyses

The distribution of isopods in the contamerithout vegetation or fish was
analysed using Chi-squarg’) tests. To compare the total distribution and alamce
patterns of isopods between treatments, one-way \WAKOwere conducted using the
computer packag8tatistica 7(StatSoft). Data were not transformed as they tinet

requirements for ANOVA.

Proportional and quantitative fatty acid adawere analysed using Principal
Component Analysis (PCA) to demonstrate associatiogtween the potential food
sources and the isopods. Proportional data werealig transformed using a modified
equation of Seaboret al. (2005):Xgans = IN((X; + 1)/G), wherexqans is the transformed
fatty acid,x; represents the weight percentage of a given faity @andc; is the weight

percent of a reference fatty acid (18:0). The teren1l was used to counteract any zeros
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within the data set. The groupings in the scoreseweeated using hierarchical cluster
analysis. Statistical analyses were completed uBI8T 1.42 (Hammeet 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 amddatory fish, there was no significant
difference in the number of isopods in the fourdpaats of the experimental containers
(y* = 3.6; df = 3; p = 0.31; Fig. 4.1). No isopod nadity was observed in any of the

treatments during the 24 hour period.

10 -

Mean number of isopods
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Figure 4.1. Mean number (+ S.D.) of isopods in fguadrants of containers in the
absence of both vegetation #std The same letter above each bar
indicates no significant diffeoes between quadrants.

Isopods aggregated, significantly, on thefiari vegetation in the absence of fish

predators (ANOVA; E 10 = 1320.7; p < 0.001; Fig. 4.2). Mean number ofpcis
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within and away from the artificial vegetation w829 + 1.10 and 0.24 = 0.50,

respectively.

12 -

10 A

Mean number of isopods
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Figure 4.2. Mean number (+ S.D.)EBtosphaeroma hylocoetésund in quadrants
with and without artificial vegetation after 24urs. (+ Veg indicates
vegetation present; - Veg indicates the absengeg#tation). Different
letters indicate a significant difference betweratments.

In all predation experiments, the presenceartificial vegetation resulted in a
significant decrease in isopod mortality in thegerece of fish over the 24 hour feeding
trials (Fig. 4.3). In the absence of vegetatioopal mortality ranged from 20 to 85 %
(average = 47.4 + 28.4 %) and between 1 to 61 %3(227.0 %) in the presence of
vegetation (Fig. 4.3). The extent of predation o isopods by the different fish species
in the different treatments, however, varied comsallly. The fish,C. cottoides
consumed on average 87 + 5.2 % of the isopodseimibsence of vegetation and 63 %
+ 5.2 % when vegetation was present (values significantly different, p <0.001).

Similarly, G. callidus consumed significantly more isopods (22 + 10 %)those

treatments where artificial vegetation was absent 0.025), than when vegetation was
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present (8 + 8 %). The mean isopod mortality inghesence and absence of vegetation

in theR. holubitreatments was 2 % (x 4) and 40 % ( = 13), wimlthe treatment with

M. falciformis, the mortality in the absence of vegetation ®2%6 (+ 17) and 18 %

(= 12) in the presence of vegetation (Table 4.1).

Tables 4.1. Results of an ANOVA&fatistica version 7) on the predation experiments
with selected estuarine fish species and the nityrtates ofExosphaeroma
hylocoetesn 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 falciformis33.333 1 33.333 853 0.0029
Residual 21.667 10 2.167

Total 55.000 11
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Figure 4.3. The effect of artificial vegetationproviding a refuge for the isopod
Exosphaeroma hylocoetagainst selected estuarine fish. Different letters
denote statistical significancé; callidus(p = 0.025)R. holubi(p <0.001),
C. cottoideqp < 0.001) and. falciformis( p = 0.003); n = 6 for each
experiment. Key: - Veg = absence of vegetation;eg ¥ vegetation

present.

4.3.2. Epibiota and gut contents

Diatoms, of the genuNitzschia bacteria and fungal threads were identified an th

stems of R. maritima (Fig. 4.4).

Analyses of the gut contents of isaposlere

impossible largely due to the fact that the gutst@imed a large unidentifiable bolus.
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500 pm

Figure 4.4. A. and B. Diatomslitzschiaspp.) and bacteria on the stenRafppia
maritima C. Bacteria and algal/fungal fibres. D. BactekKiay: Ni =
Nitzschiaspp.; Ba = bacterium; FT = fungal threads. (Sbalein A = 10
pm; in B =500 pum;in C & D = 100 um). Specimensgasssed using
standard techniques and viewed on a Tescan VegadBNaccelerating
voltage of 10.0 KV (A + B), 20 KV (C + D).
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4.3.3 Stable isotope ratios

The submerged macrophyppia maritimahad a5**C value of —17.02 (+ 0.19),
while the salt marsh plantSarcocornia perenniandChenolea diffusagrowing on the
fringe of the estuary had more depleted values2atl9 + 1.60 and —23.35 + 0.85,
respectively (Fig. 4.5). Th&“C value of the fringing grasSporobolus virginicus
was - 13.61 (+ 0.19). The epiphytes on the stei&. maritimahad a*°C value of
- 21.70 (x 1.10), while that of the POM was -20#0.05. The mean isotope value of

E. hylocoetesvas -17.41 (+ 1.38).

Primary producers & POM
L}
S. perennis
—e—i
C. diffusa
—eo—
Epiphytes
—e—
POM
ol
R. maritima
ol
S. virginicus
Consumers
—e—
E. hylocoetes
-28 26 24 22 -20 -18 -16 -14 -12

313C (%o)

Figure 4.5. Stable carbon isotopC (%) signatures with standard errors for the
primary producerSdrcocornia perennis;henolea diffusa, Ruppia
maritimandSporobolus virginicys POM and thesopodExosphaeroma
hylocoetesn the Kasouga Estuary. Error bars are standaraiitens.
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4.3.4 Fatty acid profiles

Twenty-one fatty acids were detected at comagohs > 1 % of total fatty acids
(TFA) in at least one of the potential food sour(Eable 4.2). Most plants contained
characteristically high proportions of 16:0, 1&8 and 18:33 fatty acids. Jeffries
(1972) showed that in terrestrial plantss0 to 75 % of their fatty acids are 18 C
compounds. Thus the plants examined in this stugahstrate a terrestrial signature.
All of the potential food sources contained relalyvlarge proportions (18 to 45 %
TFAs) of the SFA 16 : 0, with the alga containihg greatest amount. The SFA 16:0 is
the major end product of the most common lipid path utilising Type 1 fatty acid
synthetase (Dalsgaakt al, 2003). The monounsaturated fatty acids (MUFAsyen
low in plants, with sediments containing greateypartions £ 19 %) of 16:17, similar
to that of E. hylocoeteq~ 15 %). Linolenic acid, with 18 carbon atoms anck¢h
double bonds (18t33) was the most abundant polyunsaturated fatty @A) in
marsh plants, e.g. 52 % B. maritimaand the submerged macrophyie, maritima
(43.4 %). This fatty acid was found in decreaseampprtions in the sediments (0.5 %)
and the alga (0.1 %). The PUFA 183was found in low levels in the isopod (12 %).
The isopods had higher proportions of MUF34& %) and marine (g - 29 PUFAs

(= 22 %) than the plants.

Bacterial fatty acids (BAFAs) were highestl© % TFAs) within the sediments and
lowest within the living plants. The sediments @néd relatively high levels of 16:
lo7 and 20:»3, which are common diatom markers (Dalsgaardl.,2003). Sediment
PUFA levels were low~(18 %) in comparison to the MUFAs Z7 %) and SFAs
( 65 %), consistent with high levels associated wddtomposition in sediments

(Derieux et al, 1998). EFAs were greater in sediments than heropotential food
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sources owing to elevated (2.4 %) levels of @3.5however higher plant fatty acids
(HPFAs) were very low relative to those found i ghlants. The algd&;l. sordida
contained the highest levels of SFAs§0 %), but low levels of HPFA=(5 %). The
alga contained relatively high levels of 14:06:0, 16:47, 18:1»9, 18:1»7 and

18: 206, however, it contained low levels of the EFAsHdun the isopod.

The isopodE. hylocoetescontained a predominance of PUFAs with 20 — 22
carbon atoms, demonstrating a marine pattern (Ip\v€64), and were particularly rich
in 20: ®3 (= 17 %), similar to most estuarine zooplankton ¢&gf 1972; Richoux and
Froneman, 2008). The MUFAs were present in compatgt high proportions,
particularly 16:17, 18:109 and 18:b7. Isopodscontained relatively high levels of the

diatom markers (1617 and 20:»3) (32 %), and low levels of HPFAs (1.3 %).

The principle components analyses (PCA)daidis a clustering of the sediments
around E. hylocoetes whereas the submerged macrophyte and marsh pleaats
significantly different fatty acid profiles separeg them into independent clusters (Fig.

4.6).
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Table 4.2. Fatty acid composition (% total ideatffatty acids, mean = S.D.) of

Exosphaeroma hylocoetegegetation and sediments. Only those fatty acids
at concentrations > 1 % TFA in at least one ofsdi@ple types are included.
SFA: saturated fatty acid; MUFA: monounsaturatetyfacid; PUFA:
Polyunsaturated fatty acid; BAFA: bacterial fattgda HPFA: higher plant
fatty acid; EFA: essential fatty acid (2&@; 20:503 and 22:®3).

Fatty acid ExosphaeromaSediments Spartina

Sporobolus  Ruppia Hincksia

hylocoetes maritima virginicus maritima sordida
14:0 3.3x1.0 11.9+£05 0.5 5.7 1.3 31.0
15:0 0.6+0.2 46+1.8 0 1.4 0.3 0
i-15:0 05+0.2 54+£23 0 0 0.8 0
ai-15:0 02+0.1 41+20 0 0 0.6 0
16:0 24.1+22 324108 259 34.2 21.1 5.
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 11 0.7
18:0 48+0.9 23+04 19 3.3 2.2 2.0
>SFA 36.3: 3.9 65.245 28.6 47.1 29. 78.9
15:1 0.6+0.1 1.1+0.9 0 0 0.2 0
16:107 14.7+3.0 18.7+6.4 2.9 3.7 1.9 4.0
18:1w9 7.7+1.2 1.6+£0.7 1.3 6.1 1.7 4.9
18:1w7 9.3+0.6 34+1.2 0 0 1.1 4.4
20:1w9 1.5+0.7 0.2+0.2 0 0.3 0 0.1
> MUFA 34.1+ 45 26. & 3.4 4.1 111 94 13.8
16:303 1.1+0.8 1.0+1.2 0.6 0 3.5 0.5
16:304 1.6+05 0.6+0.9 0 0 0.1 1.0
16:403 0.8+0.4 08+14 1.1 0 0.5 0
18:206 0.1+£0.1 0 A3 0 18.0 5.1
18:303 1.2+0.2 05+£05 51,5 38.0 43.4 0.1
20:406 3.7+13 1.0+£0.3 0 0.2 0 0.2
20:503 17.3+1.7 24+1.3 0 0.5 0.6 0.1
22:603 19+04 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
YEFA 22.6:1.9 4514 0 1.6 0.6 0.4
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Figure 4.6. PCA ordination of qualitative data (%A) on producersRupp = Ruppia
maritima, Spar = Spartina maritima, SporaSporobolusirginicus, Hinc =
Hincksiasordidaand the isopod consumét.(hylo = Exosphaeroma
hylocoetefcollected in the Kasouga Estuary. Arrows runrpagallel to
each axis indicate the influence of the specifatyfacids having loading
values >+ 0.2

4.4 Discussion

Recent studies have demonstrated that maximbondances of the estuarine
isopod, Exosphaeroma hylocoetesvithin selected southern African temporarily
open/closed estuaries is within submerged macreghyChapter 3). This is in
agreement with studies conducted on isopods elgewihethe world. For example,
Holomuzki and Short (1988) reported elevated dessif the isopod,irceus fontinalis
in Cladophorabeds. Similarly, Kanouset al. (2006) demonstrated that nekton (fish and
decapod crustaceans) densities were positiveleleded to the biomass of submerged

aguatic vegetation within brackish marshes of k@una, USA. The strong affinity &.
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hylocoetesto the beds of artificial submerged macrophytesinduthe laboratory

experiments is thus consistent with the publisiitedature.

The presence of submerged macrophytes eesuita significant decrease in the
predation impact of selected fish species on issghdaing this investigation (Fig. 4.3).
There was, however, a high variability in isopodrtality dependent on the feeding
strategy of the fishClinus cottoidesvas the most successful predator of isopods Iooth i
the absence and presence of vegetation. The Glimdaknown to be ferocious feeders
consuming up to 9 % of their body weight per daythvemaller individuals feeding
proportionately more than larger ones (Bennett,4)98linus cottoidesis typically
found within submerged beds of aquatic macrophyfies. limited effectiveness of the
submerged macrophytes as a refugeEohylocoetesagainstC. cottoidespredation is
therefore, not surprising. The structure of theetagion, not simply strands as used
here, may also play a role in protection from pteda (Hecket al, 2003). The
predator:prey ratio per unit of submerged plantfag@ area may influence the
effectiveness of protection from predation (Matétaal, 2008). There appears to be no
significant benefit to individual prey organisms imhabiting high density submerged
aguatic vegetation, unless the predator:prey raidower in the vegetation than
elsewhere (Mattilaet al, 2008). The low predation impact of the goby, callidus is
likely a result of the small size of individuals pioyed during the study. On the other
hand, the presence of submerged macrophytes debaapp provide the isopod with
substantial protection to the remaining fish speciéhe observed pattern can likely be
attributed to the fact that bof. holubiandM. falciformisare water column or benthic

feeders (Whitfield, 1998). The results of predatexperiments thus suggest that the
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submerged beds of macrophytes provide the isopdld an important refuge from

predation.

Assuming an enrichment value of 1 %0 pephic level (Fry and Sherr, 1984), the
results of stable carbon isotope analyses indicabedl the salt marsh vegetation
(Sarcocornia perennjsSporobolus virginicusand Chenolea diffusaas well as the
submerged macrophytBuppia maritimacould be excluded as important food sources
for the isopod (Fig. 4.5). Indeed, the stable ipetanalysis failed to identify a single
carbon source for the isopod, although the largadsird deviation of the isop@d®C
signature could indicate a diet composed of a coatlun of sources. The POM and
epiphytes orRuppiamaritimacould be a possible food source, as th&€ signatures
(-17.02 £ 0.19 %0) and (-20.40 % 1.05 %o) overlaphnithat ofE. hylocoeteg-17.41 +
1.38 %o). Ruppia maritimgjust asZostera marinasupports a rich epifaunal (Figs 4.4
and 4.6) and infaunal community (including polydese amphipods, gastropods,
bivalves and shrimp), which may act as a potegtiath food supply for the isopod

(Orth, 1977; Leber, 1985).

Previous research has demonstrated highslefel8: 206 and 18: 3 in terrestrial
plants (Napolitancet al, 1997; Budge and Parrish, 1998; Richoux and Fname
2008). These fatty acids were present in elevategdqgptions within all the higher plants
in this study (Table 4.1). The low concentratiorH#®#FAs in the isopods indicates that
they do not utilize the plants as a significantd@murce (Table 4.1). Interestingly, the
low levels of HPFAs (0.5 %) associated with theimexhts indicated that there was very
little plant detritus associated with the sedimeiitse fatty acid profiles of the higher

plants were similar to one another, all showinghhgyels of HPFAs and PUFASs, but
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low levels of EFAs (Table 4.1). The plant fattychprofiles are similar to those found in
other estuarine studies (Jeffries, 1972; Ame¢sal, 2002, Richoux and Froneman,

2008).

The sediments and the ald¢, sordida, contained the greatest proportions of the
diatom markers 1617 and 20:»3 (Parrishet al, 2000). The presence of these markers
in the fatty acid profile of the isopods suggehisse two food sources are important in
their diet. A second indicator may be employedidentify benthic diatoms viz.,
>'cl16pH cl8 (Saliotet al, 1991; Parristet al, 2000), or the ratio of C16 to C18 fatty
acids in the sediment$ €165 c18 = 6.7) and alga>(c16) c18 = 4.1). The isopods’
>'c16p cl18 ratio was 1.76, further suggesting that diatanesan important component
of their diet. It is worth noting that diatoms bietgenudNitszchiawere identified in the
guts of the isopod during the present study (Fig).4rhe PCA analysis results, further,
suggests thaE. hylocoetedeeds mainly on sediments, including the diatomsnd
within them, as well as epiphytes on the stem$iefsubmerged macrophytes and alga,
which all form a group around the isopod. The sulge@ macrophytes formed a

distinct group far removed from the isopod (Fig)4.

The sediments contained higher levels of BABAd diatom markers compared to
the other potential food sources. The sediments @itained greater proportions of
EFAs, reflecting a potential source of EFAs to idepods. The fatty acid profile of the
alga,H. sordidg contained high levels of SFAs 79 %), and low levels of PUFAs, and
resembled that of the sediments rather than thahefhigher plants. HoweveH.

sordidawas similar to the higher plants in containing gmsiicant levels of EFAs. The
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alga contained elevated levels (31 %) of the fattyd 14:0, which could be an
indication of the decay processes occurring indlga at that time of year (Chapter 3).
The sediments contained relatively high levels¥d)2of this fatty acid and it was found
in low levels (3.3 %) in the isopod, indicating ftessible incorporation from the alga or
sediments. The results suggest that the biota iassdavith the sediments represent an
important food source for the isopod. Alternativelye isopods may have obtained the
EFAs from opportunistically scavenging dead animalerial including insects or fish
(Richoux and Froneman, 2008). The fatty acid @9:has been used as a biomarker to
indicate carnivory in marine pelagic food webs andlemonstrate specific predator-
prey relationships in calanoid copepods (Saito Kothni, 2000; Scotet al, 2001).
This fatty acid was, however, only present in lowagtities inE. hylocoetesindicating

that carnivory contributes only a small portiorthe total diet of the isopod.

In conclusion, this study has demonstralbed submerged macrophytes provide an
important refuge foE. hylocoetesgainst selected fish predators. The effectivenéss
the submerged macrophytes as a refugia against gdisldators, does however
demonstrate a high degree of variability, reflagtine feeding strategies of the different
fish species. Results of both stable isotope anty facid analyses indicate that
submerged macrophytes and salt marsh vegetatiobhecarcluded as important carbon
sources folE. hylocoetesRather, it appears that epiphytic algae growingh® stems
of the macrophyte and sediments are the most impiofbod sources for the isopod.
The proposed null hypothesis can therefore be &edegs the submerged vegetation
plays an important role in being both a refuge frbsh predation and an area of

increased food availability, despite it not beindjrct source of nutrition.
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Chapter 5

Growth and Longevity oExosphaeroma hylocoetes
under varying Physico-chenal Conditions

5.1 Introduction

Numerous studies have documented the impmetahboth temperature and salinity
in influencing aquatic crustacean metabolic proegsscluding respiration and growth.
For example, increased water temperatures havedtw®wn to increase respiration rates
in various species of shrimp (Chen and Nan, 199@n8nopoulos-Hernandet al.,
2005; Allanet al., 2006), and copepods (Isla and Perissinotto, 20049. response of
invertebrates to changes in salinity is, howeveoyancomplex largely reflecting their
evolutionary origins (Kinne, 1966). For example)afilet al. (2006) demonstrated that
the shrimpPalaemon peringueyiwvhich is abundant in South African estuaries (Bed
and Froneman, 2005) did not change its standardlbakt rate significantly between the
salinities of 15 and 35 %duvenile blue swimmer crald®prtunus pelagicyson the other
hand, displayed significantly faster growth andhleigsurvival in response to increasing
salinity (Romano and Zeng, 2006). Additional fasttivat may influence the growth rates
of crustaceans include photoperiod (Gambardtllal, 1997), food availability (Shuster

and Guthrie, 1999) and sex (Newnwral, 2007).

Most isopod growth studies have focused arsénial isopods using field-determined
size frequency histograms, based on cephalothoidtk wr changes in mass, to establish
a growth rate using the von Bertalanffy model (\Bertalanffy, 1938; McQueen and
Carnio, 1974; Strong and Daborn, 1979; Caseiral.,2000; Li, 2002; Araujo and Bond-
Buckup, 2004; Meinhardt eal., 2007). The growth rates of individual isopods

(especially marine species) have, however, raregnbstudied in the laboratory.
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Longevity has been examined mainly in terrestsalpods, which appear to live longer
than marine isopods, varying from 11 to 108 mor{thshouri et al, 2003; Warburg,
1993). In terrestrial isopods, females generalhjiee a larger overall size, but grow at a
slower rate and survive for longer than males (fraand Bond-Buckup, 2004;
Meinhardtet al.,2007). Females were thus able to produce moreraffg as they had a
larger body size permitting greater egg-bearinditgbirhe only South African isopod
growth study, to date, focused on the relationfigfpveen body length and the dry mass
of fed and unfedCirolana fluviatilis (Newmanet al.,2007). The conclusion of that study

was that there was no significant difference inghmwth rate of males and females.

The estuarine isopodsxosphaeroma hylocoetess widely distributed along the
south-eastern coastline of southern Africa (Kensi&y8). These isopods are typically
associated with submerged macrophytes in the dittbones of the middle and upper
reaches of estuaries, particularly temporarily dglesed estuaries (Chapter 3). The
isopods are primarily detritivores feeding on gafate organic matter (POM) derived
from a variety of sources including vegetation, @aakton, nekton and microalgae
attached to the submerged macrophytes (Chapter E4psphaeroma hylocoetes
demonstrates sexual dimorphism with males beingifszggntly larger than females
(Chapter 3). Males attain a maximum length=0f2 mm, while females grow to 7.5
mm (Barnard, 1940; Chapter 3). In the absence pémxental data, it is not known if
the larger size attained by males is the resulelefated growth rates or extended
longevity, or a combination of the two. The nullployhesis is that males attain a

significantly larger size than females due to énbrggrowth rate.
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The aim of this study, therefore was ttedwine the growth rates of individual
male and femal&. hylocoetesinder a combination of temperatures and salintieish

are typically recorded in Eastern Cape temporamgn/closed estuaries (Chapter 3).

5.2. Materials and methods

5.2.1 Collection and laboratory procedures

Exosphaeroma hylocoet@arnard, 1940) were collected from the tempoyaspen/
closed Kasouga Estuary located on the Eastern Cagetline of southern Africa (see
Chapters 2 and 3 for details of site) using a haeld-sweep net. After collection, the
isopods were transported back to the laboratorgrbelbeing maintained in controlled
environment (CE) rooms at the following salinitpfigerature combinations: 15 /15 °C,;
15 /25 °C; 35 /15 °C and 35 /25 °C. All isopods @veubjected to a light:dark phase of
12:12 hours. These conditions replicated the nbtumaual conditions experienced within
these TOCEs (Chapter 3). The isopods, in aerateshdrgoolyethylene containers
(diameter of~ 50 cm and a height of 12 cm), formed the brood stocks. Plastic hair
curlers, (in place of vegetation), were placed he tvater to act as refugia for the
brooding females. The brood stocks were maintafoed8 months to ensure sufficient
male and female isopod numbers. Individual juveBildylocoetegn = 30 to 50) within
the size range 1.5 to 2.0 mm, from the brood stewdre placed in 250 ml plastic
containers of mesohaline (salinity 15) or 100 %nsear (35) and placed in C.E. rooms,
(set at either 15 °C or 25 °C). The containers werteaerated as it was considered that
the small animals were not undeg §iress in 250 ml water. Water was changed every
seven days and the isopods #a&tllibitum on commercially available dry fish food. The
fish food had the following composition: min 40 %ofein; 5 % fat; 5 % fibre and 12 %

moisture.
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Isopods were measured weekly, until theirtldeavith the aid of a Wild M5A
stereomicroscope (Mag. X120) fitted with an oculaicrometer. This entailed
measurement, to the nearest 0.01 mm, along thelargkl length from the anterior tip of
the cephalon, (in the case Bf hylocoeteshis was the point of connection between the
cephalon and the flagellae, or antenna one), toptb&terior tip of the pleotelson
(Barnard, 1940). Growth rates were determined fabrieast 15 males and 15 females in
each temperature/salinity combination. These resudtre used to determine the weekly

growth rates, maximum length and longevity of tapod.

Exosphaeroma hylocoetesan be sexed wher 5 mm, as maleE. hylocoetes
develop two pene situated anteriorly of the plesp(®@hrnard, 1940). Males also have a
more pronounced triangular pleotelson with a dedimner ridge when view ventrally.

This ridge is absent in females and they have &mmamded pleotelson (Barnard, 1940).

5.2.2 Statistical analyses

e L L L= : . .
Initial investigation of the plots o%agalnstL illustrated a quadratic relationship

suggesting that growth iR. hylocoetess logistic (Figs 5.1, 5.5, 5.6, 5.7). A quadratic

'S 12
model of the form((:;—lt' = k[(l—LLj =kL - ET_L , Where a is the instantaneous growth

00 00

rate andL_the asymptotic length, was subsequently fitted &oheindividual isopods’

growth data using non-linear least squares regnessi

The resultant 133 individual parameter estisait k andL_were used as input in

ANOVAs to determine if salinity, temperature and&ex had an influence on either
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growth or asymptotic length rates of male and fer&galhylocoetesThe data were log (x
+1) transformed to ensure that the residuals wemnally distributed. The analyses were

carried out using tatistica 7(StatSoft).

Growth was further modelled using the logistiowgth model of the form
3 L

it

00

= 1+ e_k(ti ~to)

where I;t is the model predicted length of isopodat timet; andt, the estimated age at
zero length. It was assumed that there was furdtioglation between each of the
parameters and sex, temperature and salinity. Tdrereeach of the growth parameters

was modelled to include this functional relatiomstsuch that:

L, = 3, + B, x Sex+ B, xTemperatue+ 3, x Salinity

00

k =B, + B; x Sex+ B, x Temperatue + 3, x Salinity

t, = B + B, X Sex+ B, x Temperatue + 3, x Salinity.

Sex was included in the model as a dummy viriaiih females being assigned a 0
and males a 1.Two other parameters were includétkiminimization routinep, the

estimated autocorrelation between successive measuts, and , the estimated model
standard deviation. The autocorrelation coefficigas required as the data are repeated

measures data.

The parameter vector expressedées{s,, 5,.....3,,;7; p} contained at most 14

parameters and was estimated by minimizing a ndgaiemal log-likelihood of the form
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2
— 1 & ~PE4
=g 23] S

wheree, =L, —L; is the j " residual for thé ™ isopod calculateds,, = .0

Likelihood ratio tests were conducted toeasswhether individual parameters were
statistically significant different. The most pamsnious model was assessed using the
AIC (Akaike’s Information Criterion) statistic (Akke, 1974; Hurvich and Tsai, 1989).
Parameter variability was calculated using paraméwotstrapping with 250 bootstrap

iterations.

A t-test was employed to detect any signiftadifferences in isopod sex longevity at
combinations of temperature and/or salinity. Thelgses 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, 8.08.25 mm) in size (body length) than

females (6.59 = 0.25 mm) at all temperature anidisatombinations (Figs 5.2 and 5.3).
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Figure 5.1. Observed mean growth rates (dots) sgysedicted growth rates (solid line)
oExosphaeroma hylocoetes,combinations of temperatures (15 and 25 °C)

and salinities (15 and 35) basegblots of% againsL . M = males; F =

females. Dots represent obsewaddes; curves represent predicted values
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Figure 5.2. Observed male (left) and female (riginbwth ofExosphaeroma hylocoetes
at combinations of two temperatures (15 and 25at@)two salinities (15 and
35). The line indicates the predicted growth cw¥eopods based on the
predicted logistic growth model. M = males; F = tdeas.
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Male isopods consistently attained lengthsigrethan those predicted by the Schnute
growth model, while females, with the exceptiortlaise 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 symbalsd female (F, lines without
symbols) isopod lengths in combinations of two temapures (15 and 25 °C)
and two salinities (15 and 35). Lines are the mtedi logistic growth
models. Output parameters of the model are showialote 5.1.

Initial growth occurred at a faster ratela higher temperature (25 °C) and salinity
(35) combination in both males and females, bubath instances these individuals
attained the lowest overall length (7.67 mm for esahnd 6.32 mm for females). They
also reached their inflection points, on the cunadive weeks. After an initial slower
growth rate, reaching their inflection points aneiweeks (males) and six weeks

(females), the isopods at the lower temperatuiaisatombination (15 °C/ 15) attained

the longest overall length, 8.03 mm (males) an& &én (females). Those exposed to the
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intermediate temperature/salinity combinations destrated intermediate growth rates,

achieving total lengths midway between the twoeme conditions.

Growth of male and female. hylocoetesvas not significantly affected by salinity,
based on the LRT and ANOVA analyses (p > 0.05),wasl therefore removed from the

overall model (Fig. 5.3; Table 5.1).

Table 5.1.Logistic growth model maximum likelihoestimates (MLE), their coefficients
of variation (CV) and 95% confidenatervals (Cl). The model fit is
summarised with the negated logHikod value € In L), number of estimated
parameterg() and Akaike Information CriterionAIC ) statistic. The model

. ~ L.,
fitted Waﬁ_it = W

wherd. = S, + 5, x Sex+ 5, x Temperatue,
k =G, + B, x Sext+ B, x Temperatue and
t, = B, + B, x Sex+ B, x Temperatue + S, x Salinity.

MLE cV Cl
B 7.41 1.76% (7.17 ; 7.67)
B 1.32 3.83% (1.21; 1.41)
B -0.04 15.10% (-0.05 ; -0.03)
B 0.15 9.21% (0.13;0.18)
B, -0.01 44.07% (-0.03 ; 0.00)
Bs 0.00 14.14% (0.00 ; 0.01)
JEn 10.64 2.69% (10.14 ; 11.22)
B, 0.90 11.79% (0.70 ; 1.12)
B -0.18 5.98% (-0.20 ; -0.16)
B -0.08 4.60% (-0.09 ; -0.08)
P 0.60 11.73% (0.52 ; 0.56)
o 0.57 6.50% (-0.46 ; -0.41)

~InL -48.41
p 12

AIC -72.81
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Increased temperature, despite depressingnthemum attainable length, allowed
the isopods to reach reproductive size sooner,weeks for females and 6.5 weeks for
males (at 25 °C), than females (4 weeks) and n{alesveeks) at 15 °C (Figs 5.3; 5.4;

5.5; 5.6 and 5.7).
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Temperature/salinity combinations

Figure 5.4. Mean lengths (+ S.D.) of male (Mjldemale (FExosphaeroma
hylocoetesat temperatures of 15 °C and 25 °C and at a sabrof 15
and 35.

There were no significant differences (ANOMA= 0.432 to 0.535) in growth rates

between males and females under the various tre#r(ieig. 5.8).

Overall, ANOVA analyses revealed only sigrafit temperature effects on the
growth rates oE. hylocoetegp <0.001; k128 = 18.419; Table 5.2). Salinity was shown
to have no significant influence on the sex of itdividuals’ growth rates (p = 0.415;

F1,128: 0670, Table 52)
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Table 5.2Results of an ANOV/S(atistica,version 7) for log (x+1) transformed data on
factors (salinity, temperature and sex & a comlamabf salinity and
temperature) affecting the growth rates of male fenthleExosphaeroma

hylocoetes
Variation Sum of Squares  d.f. Bansquares F-ratio Sig. Level
Salinity 0.00227 1 0.00227 0.676 4105
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

[
o
|

O R, N W M o N 0 ©
T T T N S H

O P N W » 0O N 00 ©
I T T R TR N B |

30

15 T + 15 %o 25 T & 15 %o
Males 9+
E 81
T €74
ATl P
111 r e .
c
L 5|
he)
Females S 44 Females
o
2 34
c
§ 2,
= 1]
T T T T T 0 T T T T T
5 10 15 20 25 0 5 10 15 20 25
Time (weeks) Time (weeks)
15 T % 35%o
) Males 10 25 T & 35 %o
9
€
£ 8
= 7
= 6
L5
°
g 4
3 3
g 2
2 1
: : : : : ‘ ‘ 0l ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30 35 0 5 10 15 20 o5

Time (weeks) Time (weeks)

Figure 5.5. Mean male and female isopod length.pr)&chieved over 25 to 30 weeks
in individual containers at four combinations ahfgerature and salinity.
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Figure 5.7. Influence of temperature on the groavid mean length (+ S.D.) of male and
femal&. hylocoetesat four combinations of temperature and salinity.
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Figure 5.8. Growth rates (+ S.D.) of male (Myidemale (FExosphaeroma
hylocoeted temperatures of 15 °C and 25 °C and at igabrof 15
and 35. Vertical bars indicate 95 % confidencatim

5.3.2 Survival rates and longevity

Initial trials conducted at 25 ° C and dirsty of 15 indicated that males lived
significantly longer than females (p < 0.001), witfales averaging 25.77 + 3.40 weeks
and females, 21.52 + 3.00 weeks. Two males lived3f» weeks, while one female
achieved a maximum lifespan of 30 weeks. During study males reached a maximum
length of 11.17 mm, (mean length = 8.00 £ 0.86 rany females 7.92 mm (mean length
= 6.32 = 0.59 mm). Longevity contributed to malebiaving a significantly larger size

than females during the experiments.

At a salinity of 15 and a temperature of’C5 male (mean 22.82 = 1.47 weeks) and
female (mean 23.27 + 1.28 weeks) hylocoeteshowed no significant difference in
their life expectancy (p = 0.415; t = 0.829; df 4),2whereas at 25 °C, males (mean

27.73 = 3.07 weeks) lived significantly longer 0.001; t = 5.615; df = 21) than the
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females (mean 20.58 + 3.03 weeks; Fig. 5.3). Whamparing males incubated at
15 °C with those incubated at 25 °C, at the santieitya the males at 25 °C lived
significantly longer (p < 0.001; t = 4.784; df =)2than the males at the lower
temperature (Fig. 5.6). Females incubated at 15h®@ever, lived significantly longer

than those females at 25 °C at the same salinityQi®05; t = 3.113; df = 25).

At a salinity of 35, males lived significhntonger than females at both 15 °C and 25
°C, (p <0.001;t=4.738; df = 18 and p <0.00%;3.987; df = 15; Fig. 5.3). However,
when comparing males at 15 °C (mean 26.42 + 2.94ksjewith those at 25 °C (mean
26.67 + 3.93 weeks) there was no significant déifee in life expectancy (p = 0.880; t =
0.153; df = 16). Similarly, females at 15 °C (me&dn00 £ 1.69 weeks) and 25 °C (19.00
+ 3.72 weeks) did not show any significant differerin their longevity (p = 0.176; t =

1.412; df = 17; Fig. 5.9).

At the temperature of 15 °C, males at angglof 35 (mean 26.42 + 2.91 weeks) did
not live significantly longer (p = 0.880; t = 0.15# = 16) than those males exposed to a
salinity of 15 (22.82 + 1.47 weeks). Similarly,tatnperature of 25 °C, males exposed to
a salinity of 15 (mean = 27.73 £ 3.10 weeks) ditllive significantly longer (p = 0.546;
t = 0.618; df = 15) than males exposed to a sglofi35 (mean 26.67 £ 3.93 weeks; Fig.

5.9).

At a temperature of 15 °C fem&ehylocoetest a salinity of 15 (mean 23.26 + 1.28
weeks) did live significantly longer (p = 0.002513.621; df = 21) than females exposed
to a salinity of 35 (mean 21.00 £ 1.69 weeks). OGa other hand, at 25 °C females

exposed to a salinity of 15 (mean 20.58 + 3.03 wgdid not live significantly longer (p
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=0.273; t = 1.125; df = 21) than females incubated salinity of 35 (mean 19.00 + 3.72

weeks; Fig 5.9).
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Figure 5.9. Male (M) and female (Exosphaeroma hylocoetksgevity (mean weeks
survived * S.D.) at temperatures of 15 °C and@%nfd at salinities of 15
and 35.

5.4 Discussion

Results of the study indicated that m&&osphaeroma hylocoeteattained a
significantly larger size than the females under thk salinity and temperature
combinations (Figs 5.3 and 5.4). The observed paite consistent with field studies
which have demonstrated thkt hylocoetesdemonstrates strong sexual dimorphism
(Chapter 3). However, the individuals at the loviemperature/salinity combination
attained an overall longer size, than those indiaisl incubated at the higher

temperature/salinity. This may support the repragiacdrain hypothesis (Koch and
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Weiser, 1983; Pauly, 1984; Thorpe, 1987), indigatiaster growth at the higher
temperature/salinity allowing the isopods to putreneffort into reproduction while

penalising longer overall growth.

In agreement with several other studies onimaacrustaceans (McKenny, 1994;
McKenny and Celestial, 1995), both male and fentaldnylocoetegrew significantly
faster at combination of higher temperature anshisgl 25 °C/35, than those individuals
incubated at the low temperature/salinity comborat{15 °C/ 15). The influence of
temperature and salinity on the growth rates o$taweans is highly variable and appears
to be species specific reflecting amongst othersogeny and specific habitat
requirements (Zein-Eldin and Aldrich, 1965; Stades Heales, 1991; Steele and Steele,
1991; Kondzela and Shirley, 1993; McKenny and Geles1995). For example, the
growth of the juvenile amphipo@ammarus lawrencianysvas greatest at intermediate
salinities, reflecting the normal conditions in tlstuaries where the animals are
commonly found (Steele and Steele, 1991). Simijatthe mysid,Mysidopsis bahia
demonstrated age-dependent interactions with teatyrer and salinity. Mysid growth
rates, were retarded by both a low temperaturegadinity interaction, and a high
temperature-low salinity interaction. Maximum sizesre achieved at high temperature-
high salinity combinations (McKenny and CelestiE#95). Kinne (1964) postulated that
changes in osmotic concentration could influencé eordy metabolic rates, but also
metabolic efficiency. Temperatures and salinitieydnd those to which the animal is
normally acclimatized could induce stress on thansenals and alter their respiration and

growth rates.

Results of the growth studies indicated thate were no significant differences in

the growth rates of male and fem&e hylocoetesinder the range of temperature and
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salinity combinations (p > 0.05; Fig. 5.5). The eh®d pattern is in contrast to a number
of other studies which have demonstrated that draoates of female Crustacea generally
exceed those of the males. For example, femalésedkelp forest mysidiolmesimysis
costata grew at a mean rate of 41 pm daypmpared to the 35 pm dayfor males
(Turpenet al, 1994). The elevated growth rates observed ®feémales were related to
the increased brood carrying ability of larger diZemales. Similar patterns have also
been reported for the prawRalaemon xiphigsand the freshwater shrimigxopalaemon
modestugGueracet al.,1994; Ohet al, 2002). Berglund (1981) theorizes that a reduced

male energy investment in growth could lead todaced risk of predation.

Longevity in crustaceans, including shringrsd prawns, have been shown to be
strongly influenced by temperature (Gueed@l, 1994; Ohet al, 2002). Isopods having
a wide latitudinal range show variations in longgwvith an increase in longevity
generally associated with colder water temperatiiedle 5.2). The results of the
longevity experiments obtained here are in the tor@ege reported for other estuarine
and marine isopods of similar size (Table 5.3). Ewample,Excirolana braziliensis
lives for 19 months at a latitude of 20° southetstning to 31.5 months at 40° south
(Cardoso and Defeo, 2004). Similarly, the spongefing gnathiid isopod,
Elaphognathia cornigeralives for more than 36 months (Tanaka, 2003). fiddced
life expectancy oE. hylocoetegompared to other studies can likely be relatatiédfact
that it occurs in warm temperate waters. Intergtinterrestrial isopods appear to live

longer than their marine counterparts (Table 5.3).

Results of growth trials indicated that leady of male E. hylocoeteswas
significantly longer than those of the femaleshat different combinations of temperature

and salinity. The extended life expectancy of theles allowed them to attain a
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significantly larger size than the females (p <5).Q.arger male size ik&. hylocoetes

may be related to mate guarding, as is also fonnmany other crustaceans, including
isopods (Jormalainen, 1998) and crabs (Kobaya®iBi2)2 Polymorphism, with regard to
male body size, has been described in some isopoddjich three distinct male morph
types coexist (Shuster, 1987; Shuster and Wadel)13hd in freshwater prawns
(Ra’anan and Sagi, 1985). Larger males, a&.irhylocoetesare thought to have an
advantage in male-male conflicts, whereas smalk#esncould attain maturity faster or
engage in alternative mating behaviours, e.g. fermaimicry, searching for females
located further away from large males, or by sneating (Kobayashi, 2002). Smaller
femaleE. hylocoetesize may be a result of not feeding during theotmg period when

the size of the gut is reduced, as well as grestergy being placed in brooding the

offspring (Shuster, 1995).
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Table 5.3. Longevity of selected terrestrial aratime isopod species.

Species life span (months) Source

Terrestrial
Porcellionides pruinosus 11to 14 Achostial,, 2003
Hemilepistus reaumuri 12 kvarg, 1993
Atlantoscia floridana 4 =18;9 =28 Araujo and Bond-Buckup, 2004
Balloniscus glaber 3 =28,92=36 Meinhardit al, 2007
Trichoniscus pygmaeus 24 Sutttral., 1984
Philoscia muscorum 27 ut®net al.,1984
Porcellio scaber 36 Suttoret al., 1984
Armadillidium vulgare 42 Suttd al., 1984
Armadillo officinalis 108 Warburg, 1993

Marine
Dynoides daguilarensis 71012 Li, 2002
Excirolana braziliensis 19 to 31.5 Cardoso amddd, 2004
Eurydice pulchra 24 Fish, 1970
Cirolana harfordi 24 Johnson, 1976a
Elaphognathia cornigera 36 TanaRa03

Estuarine

E. hylocoetes

4 =6.5t08.59 =5.5t07.5

Present study
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In conclusion, this is the first study to gresthe findings of a laboratory-based study
which examined the growth of individual estuarieegods [E. hylocoetesunder a suite

of environmental conditions.

There were a number of important results emandtorg the work:

1. There were no significant differences between ¢ghowth rates of males and
females at all combinations of temperature andnigli The proposed null
hypothesis must therefore be rejected as male emdl€E. hylocoetegrew at
the same rate.

2. Males achieved an overall larger size, when @ethto females, because they
lived longer which allowed them to attain a sigrafntly larger size.

3. Growth inE. hylocoetesccurred at a faster rate at the higher temperd8% °C)
than at 15 °C (at a salinity of 15), coinciding lwgummer conditions commonly
found in Eastern Cape estuaries.

4. FemaleE. hylocoetesappeared to attain sexual maturity at a faster (@naller

overall length) than males.

The above results indicate a true estuariiggnofor E. hylocoetesThe isopods are
well adapted to cope with a wide range of salisjtithere tested from 15 to 35) and
temperatures (15 to 25 °C), which enables themuteige in systems with a constantly

changing physico-chemical nature such as thoseraegun TOCESs of the Eastern Cape.
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Chapter 6

GenéDbiscussion

Temporarily open/closed estuaries (TOCEgpuawt for approximately 73 % of all
estuaries along the South African coastline (Wi 2000). These estuaries can remain
closed for long periods, due to relatively low frester inflow, a result of low rainfall in
their catchments, high evaporation rates, impoumdsnand water abstraction (DWAF,
2004). During mouth breaching and overtopping evéatporary access to and from the
sea is re-established. The increasing need of watetboth human and agricultural
practices has led to increased levels of freshvadistraction, and this will probably reduce

the incidence of mouth breaching in the future (DWY2004).

Despite infrequent tidal exchanges, TOCEs dharacterised by highly variable
conditions, i.e. they demonstrate strong temporatiability in physico-chemical
parameters. Salinities can vary greatly, risin§@aduring droughts (Whitfield and Bruton,
1989). However, mesohaline conditions, 5 to18, galyedominate when the mouth is
closed (Whitfield and Bruton, 1989; Froneman, 200Zkvertopping of marine water into
the system during storms or spring high tides cemeiase the salinity during the closed
phase. These varying physico-chemical conditiorfecafthe fauna living within the
estuaries. They need to be tolerant of the changgfigities, often occurring over a short
time period, when there is increased freshwatdownffrom heavy rainfall after long
periods of mouth closure. The overtopping events bhave a coinciding secondary
biological effect, the recruitment of marine verggles and invertebrates into the estuaries

(Froneman, 2002c, 2004 b, c; Kemp and Fronemary;2@@rissinotteet al., 2004). The
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null hypothesis tested in Chapter 3 concerning mogypening and the affect oB.
hylocoeteshas not been accepted as these events had anaéffiect on their numbers

present. These events led to a dramatic loss astiped population.

It is now a well documented that permanephgn estuaries have a greater species
richness than TOCEs (Brown, 1953; Day, 1974; Hodg4887; De Villierset al, 1999).
Thus permanently open estuaries support richer abaathic communities (often > 60
species), whereas those estuaries experiencinghiemgouth closures are species poor,
often < 35 species (De Villierst al, 1999). When comparing only the warm temperate
South African estuaries, an average of 95.1 spemesbe found in permanently open
estuaries compared to only 18.6 in the TOCEs anded estuaries (De Villierst al,
1999). In the Eastern Cape, the permanently opereda River Estuary was found to
support 107 species (Hodgson, 1987), whereas thdynd OCE, the West Kleinemonde
Estuary, contained only 34 species (Brown, 1953)ps€l Western Australian estuaries
also support low species diversities (Platell anttd?, 1996). The greater species richness
of permanently open estuaries may be due to graamwuitment from the marine
environment, or a more stable marine-influencedirenment, and increased habitat

availability (Day, 1964; Platell and Potter, 1996).

Many macrobenthic and pelagic species inagss have an obligate marine larval
phase (Emmerson, 1983; Wooldridge, 1991). Lengtbytimclosure would preclude such
a marine larval phase, resulting in a lack of larearuitment from the marine environment
into TOCEs. For example, the sandpra@allianassa kraussis a brooder with an
abbreviated larval period completed within the astyForbes, 1973). It is for this reason
that, C. krausij can inhabit TOCESs, whereas the mudpradppogebia africanavhich has

an obligate marine larval phase, cannot (Wooldrid§@99). Endemic macrobenthic
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estuarine species have been shown to have low espewhness, high resilience to
environmental changes, and to be structured mawlsediment characteristics (Teske and
Wooldridge, 2001, 2003, 2004). The differencespecses richness between open estuaries
and TOCEs also applies to the isopods. Day (195ehrded 19 isopod species within the
permanently open tropical Morrumbene Estuary, Mdagoe. The local permanently open
Kariega Estuary supported eight isopod species @blma 1987), whereas only four isopod
species Exosphaeroma hylocoetes, Exosphaeroma estuariunitolana natalensisand
Pontogeloides latipesvere identified within the three nearby TOCEs stigated in this
study. The latter three species occurred in vewy densities, (usually < 5 ), and the
latter two only occurred in the lower reaches, ipalarly the sand near the mouth, after
breaching events (T.O. Henninger, pers. obs.). TElevated species richness in
permanently open estuaries is related to the sthomgontal gradients in salinity and the
presence of species of both marine and freshwaiging. Additionally, in permanently
open estuaries, the mouth status will allow rearartt of isopods throughout the year. The
presence of a sandbar at the mouth would resh&ctbility of marine isopods to recruit
into TOCEs. Thus the isopod fauna in the three E©®@as dominated by one species

only, E. hylocoetesThis species is clearly well adapted to TOCE diors.

Besides differences in life history, feedstgategies and increased habitat availability
(e.g. salt marshes) with associated food sourceg a0 dictate success in a TOCE
compared to permanently open estuaries. Permanemy estuaries support larger
macrophyte beds and salt marshes than TOCEs anefdiee presumably, have higher
productivity. However, there has been very littigastigation into microbenthic algae and
bacterial productivity in estuaries. Deposit/filfeeding may benefit TOCE species, rather
than pure filter feeding. For exampldpogebia africanathe filter feeding mudprawn is

dominant in open estuaries, e.g. the SwartkopsrHigeuary, where it contributes80 %
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to the total biomass on the Swartkops intertidabbamnks (Hanekonet al, 1988). The
mudprawn is replaced by the deposit/filter feedsamdprawn,Callianassa kraussiin

TOCEs (Whitfield, 1989).

In an attempt to identify those features #ableE. hylocoete$o be such a successful
isopod in TOCESs, the findings of this study are paned to isopod biology in general and
to the only other study on a South African estuaspeciesCirolana fluviatilis that is an

inhabitant of permanently open estuaries.

6.1 Adaptations ofExosphaeroma hylocoetes to TOCES, a Comparison with
other Aquatic Isopods.

Success in TOCEs may be established by an isrganabundance in these highly
variable environments. Success may therefore, loeibad to reproductive success
(enabling population numbers to recover after mdudaching events), or an adaptation to
habitat, (i.e. tolerance of fluctuating saliniteesd water temperatures) or a combination of
the two factors. Isopods in different estuary typappear to display different
characteristics, which may be adaptations to tikoséitions encountered in either a TOCE
or permanently open estuary. Few studies deta#ihgaspects of isopod life, allowing
comparisons, in different estuary types have beeried out to date. The results of this
study can be compared with those conductedCwolana fluviatilis in the permanently
open Gamtoos Estuary within the same geographiong@ewmanet al, 2007) (Table
6.1). The data on distribution, lengths, broodpegiod and brood sizes, sex ratios, etc,
allow deductions to be made. However, as the datamot be complete in all fields (with
respect to longevity, densities), conclusions canaaays be drawnExosphaeroma
hylocoetess generally smaller and females attain sexualrntgtfaster tharC. fluviatilis

(Table 6.1) FemaleE. hylocoetesalso produce a greater maximum number offsprihg al
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year round compared t6. fluviatilis, which demonstrate a seasonal breeding pattern.
Other life history strategies, e.g. being able todpce large numbers of manca from a
smaller female body size together with a femalaigkkias probably allowk. hylocoetes

to re-colonise TOCEs post mouth breaching. Byxayening the results of this study |
will attempt to propose some of the underlying oeasfor E. hylocoetes’success in

Eastern Cape TOCEs when compared to other isopods.

6.1.1 Habitat adaptations

Isopod numbers were highest when the estoayths were closed and during the
summer months (Chapter 3). Isopod numbers decléhethg winter and they virtually
disappeared when the estuary breached. Mouth bngatherefore, had the most profound
effect on isopod abundance and biomass, in similanner to those of other estuarine
macrofauna within South Africa and Australia (Decker, 1987; Gladstonet al, 2006).
For a species that is adapted to TOCEs, recovassti after mouth breaching events were
not rapid € 4 months). Because of the infrequent breachinth@imouths of the Kasouga
and West Kleinemonde, the populationgEohylocoetesvere able to recover. The reduced
abundances dE. hylocoetesn the East Kleinemonde Estuary must reflect tierdased
frequency of breaching events and the absencebofiatged macrophytésom the system.
Recent studies attributed the lower estimates wériebrate abundances and biomasses to
the increased rate of mouth opening events recowdtfdn the system (Cowlegt al,
2001; Froneman, 2002a). Riddin and Adams (2008)rteg similar losses of submerged
vegetation in the E. Kleinemonde Estuary, but ascrithis loss to desiccation, within

hours, after a rapid decline in water levels follegvmouth breaching.
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Table 6.1. Comparison &xosphaeroma hylocoetéBOCE isopod; present study)
withCirolana fluviatilis (permanently open estuary isopod; from Newman

et al.,2007).

Feature

E. hylocoetes C. fluviatilis

Location along
S.A. coast:

Mean length (mm)
Males:
Females:

Max. length (mm)
Males:
Females:

Length at sexual
maturity (mm) Males:

Females:

Length: Juveniles:
Mean longevity
(weeks) Males:
Females:
Max. longevity
(weeks) Males:
Females:
Gravid period:
Mean brood size:

Max brood size:

Manca size at release:

Sex ratio

Mean density:

Max. density:
Location max density:

Preferred habitat

Table Bay to East Lond Breede River to St Lucia

5.7140 7.9
3.992Q0. 7.5
12.0 11.3
7.5 10.2
>5 6
>25 5.2
<25 <52
25.77 &4 3.
214520
Noesented
35
30
All year Dec. to March (summer)
20.7 33.2
73 (in 7.5 mih 47 (in 7.9 m/)
1.5 mm 2.24 mm
Female biased: 2.9 Female biased 1.94 : 1
2 849.7 ind® m 500 CPUE
7 850 ind?m 4 149 CPUE

Middle & upper reaches  Lower & middle reaches

Submerged macrophyte High mud sediments
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Another reason for the succesfohylocoetesn TOCEs is its ability to tolerate and
breed during long periods of mesohaline conditier0). Such conditions can persist for
up to 12 months in the West Kleinemonde Estuaryaf@dr 3).Cirolana fluviatilis was
found in greater densities in the lower and mididaches of the permanently open
Gamtoos Estuary, appearing to prefer more stablenenaonditions (Newmaret al,
2007). In contrast:. hylocoetesvas found in greatest abundances in the middleuppér
reaches of TOCEs. This would indicate a greatezranice of changes in salinity &y
hylocoetesand thus that this species is most probably & gstuarine species, whereas
fluviatilis is most probably a marine species which has ehtgpen estuaries more recently
and is not as well adapted to conditions in TOG&sthermore, the relative absencebof
hylocoetesn permanently open estuaries may also indica# fireference for low water
flow rates, such as those experienced in TOCEsabddit studies oie. hylocoetesould

provide useful information on the adaptation oftspecies to mesohaline conditions.

Densities of the isopod within the three TOQ@#se always highest in the middle and
upper reaches of the systems (Chapter 3). Thisilibn pattern appeared to coincide
with the highest cover of submerged macrophytesindilar distribution pattern has been
noted in other invertebrates and fish both in sewthAfrica and elsewhere in the world
(Whitfield, 1980b; Heck and Thoman, 1981; Wallerstend Brusca, 1982; Hanekom and
Baird, 1984; Leber, 1985, Emmerson, 1986; Heck\afidon, 1987; Walsh and Mitchell,

1998; De Villierset al, 1999; Bernard and Froneman, 2005; Josath., 2006).

Exosphaeroma hylocoetés strongly associated with the submerged maciteshy
(Chapters 3 and 4) and few other isopods were fonrttis vegetation. The association

appears to be linked to fish predator avoidancéh@ssopod is able to cling to the slender
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stems of thdR. maritimaand other submerged macrophytes (T.O. Henninges, pbs.) to
avoid being detected and eatdRuppia maritimaalso supports diatoms on which the
isopod feeds (Chapter 4). Submerged macrophytdairdgr play an important role in
acting as a refuge for invertebrate prey from pi@gafish (Chapter 4; Wallerstein and
Brusca, 1982; Sala and Graham, 2002; Joseml, 2006). The laboratory experiments
clearly showed that the submerged macrophytes gedvia refuge from selected fish
predators (Chapter 4). The fish species were eéffeally successful at findinde.
hylocoeteswithin artificial vegetation used to simulakRe maritima (Chapter 4).Clinus
cottoideswas the most successful at finding isopods, w@ilessogobius callidugvas the
least successful at finding isopods in the artaficvegetation.Clinus cottoideswas
observed pushing its way through the artificial etegjon, whileG. callidus was not.
Rhabdosargus holubvere the most commonly encountered fish withindsiiary and had
intermediate success at findig hylocoetesvithin artificial vegetationClinus cottoides
would have limited affect on isopod numbers, aséhare mainly intertidal fish, and would
only enter estuaries when the mouths are open. fHeusicreased submerged vegetation in
the TOCEs appears to provide a refuge rather tmam@eased direct food source as

elucidated in Chapter 4, enabling us to rejecipttoposed null hypothesis.

Several previous studies conducted in othegions of the world have also
demonstrated the close association of isopods wuitimerged macrophytes including
CladophoraandZosterabeds (Hecht, 1973; Robertson, 1980; Hanekom, 198Rymuzki
and Short, 1988; Joseph al, 2006, Yamadat al.,2007). InterestinglyE. hylocoete$ias
not been observed withidosterabeds in the open Kariega Estuary within the same
geographic region (P.W. Froneman, pers. comm.; Hghninger, pers. ohs The findings

have indicated that the provision of refuge, rathen a source of food, is the main focus
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of the macrophytes (Cummins and Klug, 1979). Resflboth the stable isotope and fatty
acid analyses indicated that the macrophytes cbal@xcluded as an important carbon
source for the isopod (Chapter 4). It seems tha¥l P€piphytic diatoms and the sediments

are the primary source of carbon for the isopod.

6.1.2 Reproductive adaptations

Sex ratios oE. hylocoetesvithin the three estuaries were skewed in favddemales.
This was also evident in the brood rearing expemisieconcluded within constant
environment rooms (Chapter 3). These skewed sessrare in agreement with other
studies on isopods (Jones and Naylor, 1971; Arspni®92; Shafir and Field, 1980b;
Piertney and Carvalho, 1996) includi@grolana fluviatilis that inhabits permanently open
South African estuaries (Newmaat al, 2007). Distorted sex ratios, deviating from an
expected 1:1 sex ratio, have been suggested tdvébeesult of bacterial infections by
Wolbachiaspp. in many arthropods, including isopods (Heath Ratford, 1990; Martiat
al., 1994; Werren, 1997; Bouchaat al, 1998; Bourtzis and O’Niell, 1998; Kageyaria
al., 1998; Zimmer, 2001 \Wolbachiais responsible for feminizing factors, and destigy
male brood via cytoplasmic sex factors (CSF) resylin female-biased progeny in their
host (thelygeny). These CSF are only inheritedthi@ egg cytoplasm, changing genetic
males into functional females (Martet al, 1994). Terrestrial isopods have been found to
test positive foMolbachiainfections, and horizontal transfer of bacterialdooccur from
the terrestrial genera suchAsnadillidiumandLigia to estuarine species which spend part
of their life out of the water in the upper intdel zone (Martiret al, 1994; Bouchoret
al., 1998).Exosphaeroma hylocoetspends its life within the water and does not feed
land, making it unlikely that it would come intorgact with terrestrial and semi-terrestrial

isopods. Preliminary studies conducted by the autitomld not detect the molecular
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markers forWolbachiain E. hylocoetesisingDNeasy 96 Blood and Tissue K@Qiagen) to
extract DNA by the spin-column method. This wasofeked by PCR amplification using a
Thermo Hybaid PX2hermal cycler. It has also been demonstrated dahalt uptake of
Wolbachiais impossible in terrestrial isopods (Juchatlal, 1974). HoweverWolbachia
could be transferred in the wild by vectors suclpassites or parasitoides (Marghal.,
1994). The skewed sex ratios En hylocoetesnay be due to inherent genetic factors, or
even another intracellular bacterium belonging @ tgeneraAnaplasma Cowdrig
Ehrlichia or Rickettsia(Werren and O’Niell, 1997). Whilst the skewed safios inE.
hylocoetesare not a unique feature, and are possibly dughterent genetic factors, having
a female biased population must facilitate the alemisation of TOCEs after mouth

breaching events.

In agreement with previous studies on mogtha8romatidae,E. hylocoetes
demonstrated strong sexual dimorphism, with maéasgosignificantly larger than females
(Kensly, 1978; Brusca and Wilson, 1991; Bruce, 2008wmanet al. (2007) in their
study of C. fluviatilis also found that males were larger (Table 6.1).rgeamale size
appears to be an advantage when mate guarding gldamen, 1998; Bertin and Cézilly,
2003), a behaviour often observed in laboratoryntazmed animals (T.O. Henninger, pers.
obs.) There were no major differences in the growth saté male and femald.
hylocoetesat most combinations of 15 and 25 °C and satisitf 15 and 35 (Chapter 5),
enabling one to reject the proposed null hypothddigles (25.77 = 3.40 weeks) did,
however, live longer than females (21.52 + 3.00ksgethus growing for a longer time and
attaining an overall larger size reflecting the usdxdimorphism observed in the field
(Chapter 3). The increased growth rates recorddteahigher temperatures is consistent

with the published literature for prawns and mygi8taples and Heales, 1991; McKenney
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and Celestial, 1995). Both male and fentaldwylocoeteslemonstrated a faster growth rate
at the higher experimental temperature of 25 °@ aalinity of 15, but these individuals
attained the lowest overall length (Chapter 5). De&er growth rate under mesohaline
conditions would suggest an estuarine origin Eorhylocoetesas suggested by Kinne
(1964) and Steele and Steele (1991) for other mhclwater speciesExosphaeroma
hylocoetesattained sexual maturity at a smaller size2(5 mm) tharC. fluviatilis (> 5.2
mm; Newmanet al, 2007; Table 6.1). Isopod life-spans vary, foample,E. hylocoetes
lives for a shorter period=(6 to 8 months) than most other isopod&xcirolana
braziliensis lives for between 19 and 31.5 months (Cardoso Befco, 2004) and
Elaphognathia cornigerafor =~ 36 months (Tanaka, 2003). The male intertidal
sphaeromatid isopod)ynamene bidentatalives for 24 months, while females of the

species live for only 12 months.

FemaleE. hylocoetesappear to reach sexual maturity at a small pjuce manca all
year round and live for a relatively short time Iflea 6.1). This is in contrast tG.
fluviatilis, in the open Gamtoos Estuary, showing a seasauahnier) gravid period
(Newmanet al.,2007; Table 6.1). | propose tHat hylocoetesemales only produce two to
a maximum of three broods in their lifetime, despitany other sphaeromatid isopods
being semelparous (Harrison, 1984a; Shuster, 19913.is based on a mean longevity of
22 weeks (5% months), within which females reactuakematurity after~ 2 weeks and
brood for~ 2 months; 2 to 3 months Excirolana chiltoni(Klapow, 1972). Isopod females
cease feeding during their brooding period (Shugt@95), while they remain within the
submerged vegetation. The number of offspring predwby a femal&. hylocoetesn her

lifetime would range between an average of 42 anmchamum of 219 (Table 6.1). Female
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isopods would also need a recovery period, withinctv they would need to replenish
themselves before supporting the next brood.

Although no specific refugia were discovefedE. hylocoetespossible refugia sites
could include submerged algae on the upper layenuaf (T.H. Wooldridge, pers. comm.)
within the estuaries. It is presumed that someddepmust remain within the estuaries to
allow recovery of isopod numbers after mouth clesullternatively isopods could raft on
submerged macrophytes from breached estuary tchlmmiging estuaries (Locke and
Corey, 1989; Tesket al.,2006), as commonly occurs in macrobenthic crustas€Thiel,
2003). A preliminary of study of 20 net sampled|emed during overtopping events from
the neighbouring Mpekweni Estuary, revealed féuhylocoetegaccounting for 0.1 % for
total invertebrates sampled) being washed intoestaary from the marine environment
(Tweddle and Froneman, unpublished data). These slaggest that recruitment of the
isopod from other estuaries via the marine envir@mnmnto an estuary plays only a minor
role in the population dynamics &. hylocoetesn TOCEs. The isopod offspring could
also recruit directly on the parental raft (VasquE293; Thiel, 2003). The marine isopod,
Idotea metallica demonstrated local reproduction and recruitment floating algae
(Gutow and Franke, 2003), often concluding theimptete life cycle on these floating
algal rafts (Gutow and Franke, 2003). Teskal., (2006) reported a southefn hylocoetes
mt DNA linage stretching from the Gouritz Estuaeagt of Cape Agulhas) to the Bulolo
Estuary (near Port St Johns). These soutkernylocoeteslo, however, display isolation
by distance (Tesket al.,2006), indicating relatively short migrations doating rafts from

estuary to neighbouring estuary.
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In conclusion,E. hylocoeteswith its association with submerged macrophytes,
mesohaline adaptations, its growth rates, earlyntgat female biased sex ratios and year-

round breeding, all contribute to its success withOCEs.

6.2 Future Research

Exosphaeroma hylocoetes highly successful in TOCEs and understanding th
ecological role of these isopods could assist enuhderstanding of estuarine invertebrates
in general. Future studies to assist the understgnaf the role ofE. hylocoetesould

include the following:

* The role ofE. hylocoetess a consumer and its role in the recycling ofients in
estuaries. Also needed is an energy budget Horhylocoetesthat could be
determined by feeding experiments, determiningiraspn rates and the energy
content of faecal matter. The role Bf hylocoetess contributor to the breakdown
of macrophytes could then be evaluated. Productioniomass ratios need

investigation.

« The role ofE. hylocoetesn the energy flow of the estuary, as the isopmdht part
of the diet of estuarine fish. Energy budgets, gisie results of the above study, as
well as those of the other estuarine invertebrafish, and birds need to be
determined. This would entail seasonal gut coniemestigations and energy
budgets of the involved organisms. Studies existeorestrial isopods (Laret al.,
1991), intertidal isopods (Johnson, 1976a, b; Kaog Field, 1980, 1981), marine
(Lapuckiet al, 2005), and freshwater isopods (Adcock, 198a),liktle if any on

those from TOCEs. In the permanently open Kariegfadty the carbon flow, using
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stable isotopes, has been established for manyladdpn and macrofauna
(excluding isopods) showing highly complex linkag@&choux and Froneman,
2007). Noziaset al (2005) looked at a carbon based turnover of raaitd

(particularly nematodes, mites, copepods, ostrgdodsellarians and polychaetes)
in a Kwazulu-Natal TOCE, providing estimates of thely total ingestion rates

ranging from 2 to 857 mg Cfn

The tolerance oE. hylocoeteso changes in salinity, i.e. can the isopod taéera
very low salinities (< 5), as well as high saliegti(as salinities in TOCEs can reach
50) and how does it manage this osmotic probleneirThespiration rates in

response to exposure to salinity gradients fromo050 at a constant water
temperature could be determined. A positive refetiop has been established
between salinity and macrofaunal species richniestyding isopods in seagrass

meadows of Japan (Yamaetal.,2007).

TOCEs mouth breaching frequencies and their infleeon the macrofauna,
particularly the different species of Isopoda. $aletudies have investigated the
affect of mouth breaching on estuarine fauna (DekPe 1987; Whitfield and
Bruton, 1989; Froneman, 2000b, c; Gladstenal, 2006). It would be interesting
to see the changes in isopod species composititen rabuth breaching events. In
this study | intermittently encountere@xosphaeroma  estuariunin low
abundancesx(5 m?), in the closed phases of the TOCEs, but haviegtbthem in
greater abundances in permanently open estuahesspecies could probably have
different osmotic constraints limiting its existenin the TOCEs. This is related to

the previously mentioned point.
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