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ABSTRACT

Aspects of the feeding strategies and digestive invertebrate-microbial interactions of
two saltmarsh thalassinid detritivores, the mudprawn Upogebia africana (Ortmann)
and the sandprawn Callianassa kraussi Stebbing were examined. Resources available
in their respective habitats were investigated together with the feeding apparatus,
diet and digestive enzymes necessary for hydrolysis of refractory compounds of
detritus. U. africana inhabits the upper reaches of Langebaan lagoon (Geelbek),
while C. kraussi was safnpled near the mouth (Oesterwal). Both species occur
intertidally. Physical characteristics of sediment and water fluctuate more widely at
Geelbek than at Oesterwal. Geelbek also has higher mud and clay content in the
sediment, and greater particulate load in the water. The resources available in both
sediment and water from Geelbek were of greater quality (assessed by proportion of
living component, C:N ratio) and quantity. In terms of distribution of the resource,
quality was highest in surface sediments, while quality was greatest at burrow
linings. The mode of feeding, gut structure and diet of the two prawn species differ,
although gut throughput rates are similar (ca. 6h). U.africana is a filter feeder which
non-selectively ingests small particles which are further sorted in the modified filter-
type gastric mill into larger particles which enter the midgut, and smaller particles
which are channeled into the hepatopancreas. U. africana has a relatively large
throughput gut (fore, mid, hind) allowing large meals to be taken. This may be
related to its reliance on vascular plant detritus for both carbon and nitrogen
requirements, as shown by stable isotope analyses. By contrast, C. kraussi feeds by a
combination of deposit feeding and filter feeding. It is able to selectively ingest
larger particles such as diatoms and protozoa as well as plant detritus. It has a
typical masticating gastric mill and ingested particles are crushed in the anterior
cardiac region and filtered in the posterior pyloric region; large particles are
channeled to the hepatopancreas. The hepatopancreas is the main site of enzymatic
digestion, and C. kraussi possesses both endoglucanase and Cl-cellulase, and is
capable of hydrolysis of refractory components of detritus. Experiments using
antibiotics to prevent activity suggest that these cellulases are endogenous. C.
kraussi has a relatively small gut which is dominated in volume by the
hepatopancreas, highlighting the importance of this organ.

The presence, nature and role of gut microflora in aquatic
invertebrates is synthesized from the literature, revealing the widespread occurrence
of invertebrate-microbe associations. Different types of associations are reported to
occur and the need to investigate the significance of different populations of -
bacteria in the gut is highlighted. While the taxa and physiological properties of gut



microbes of many aquatic invertebrates have been reported, very little conclusive
evidence exists as to the role of bacteria in the physiology of host invertebrates. The
gut microflora of U. africana and C. kraussi were examined by scanning electron
microscopy and culture techniques. Both prawns hosted a diverse gut bacterial
community. Of note were novel filamentous bacteria that extensively coated the
midgut walls and gut contents of both species. Both prawns harboured mats of
epimural rod bacteria in the hindgut, these being extensive in U. africana. Isolation
of gut and habitat bacteria suggests that both species of prawn maintain a gut
microflora distinct from the habitat microflora, in terms of both genera present and
digestive capabilities. Distinction between resident gut bacteria and transient gut
bacteria indicated that some habitat bacteria remain viable in the gut of U. africana,
suggesting the potentially important phenomenon of incubation. More detailed
examination of the resident bacteria observed in U. africana by transmission
electron microscopy confirmed the presence of mats of densely-packed gram-
negative epimural rod bacteria in the hindgut, and irregular shaped bacteria in the
hepatopancreas. The dominant genus isolated from the hindgut was Pseudomonas,
although members of the genus Vibrio were also isolated. Resident bacteria from
the hindgut of U. africana did not exhibit chitinase, cellulase or lysozyme activity and
are therefore unlikely to contribute to digestion of refractory material by the prawn.
Acetylene reduction assays resulted in the detection of low rates of nitrogen fixation
associated with the prawn, while relatively strong rates were found for the sediment.
It was concluded that nitrogen fixation by gut microbes is insignificant in terms of
the nitrogen budget of the prawn.

A comparative study on the gut microflora of an Australian mangrove
crab Sesarma messa that feeds on fallen mangrove tree leaves (Rhizophora stylosa)
established the presence of gut bacteria by direct counts and scanning electron
microscopy. This crab feeds on nitrogen-poor food. However, acetylene reduction
assays failed to implicate gut microbes with nitrogen acquisition. The widespread
occurrence of epimural rod bacteria in the hindguts of decapod crustaceans was
demonstrated by a SEM study of 16 species. Crustacean hindguts clearly represent
suitable environments for colonization by micro-organisms despite the lack of
specialized structures or modifications of the gut to facilitate this. Abundance of
hindgut microflora was unrelated to the hosts taxon, habitat or geographical
collection locality, but appeared to be affected by the feeding habits of the animal.
The detritivore gut appears to be the most favourable habitat for microbial
colonization, and this highlights the potential role of these microbes in detritivore
nutrition.






GENERAL INTRODUCTION

In many marine ecosystems the detritivore and microbial food chains play important
roles in trophodynamics and nutrient flux (Fenchel & Jorgensen 1977, Newell 1982,
Azam et al. 1983, Newell et al. 1989). In these marine systems, almost without
exception herbivores consume a comparatively small percentage (<10%) of the
primary production directly (Teal 1962, Mann 1972, Odum 1980, Lucas 1986). Most
of the plant matter contributes to the organic debris pool (Newell 1982, Field 1984)
or is voided as faeces by consumers with characteristically low assimilation
efficiencies of <50 % (e.g. Kofoed 1975, Zimmerman et al. 1979, Klumpp & Nichols
1983). '

The major biotic agents of the decomposition of plant debris are
microheterotrophs and invertebrate detritivores. The microheterotrophic
community consists of either free-living micro-organisms that utilize and recycle
nutrients largely independently of other organisms (Fenchel & Blackburn 1979,
Azam et al. 1983), or microbes closely associated with organisms, e.g. occurring
inside the guts of animals (Colwell & Liston 1962, Moriarty 1990, Plante et al. 1990).
In many pelagic marine systems, it has been estimated that more than 50% of
photo-assimilated carbon is channeled through the microbial food chain (Williams
1981, Lucas 1986). Microbial decomposition of detritus derived from macrophytes
and vascular plants is well documented in coastal marine (Rice & Tenore 1981,
Robertson et al. 1982, Tenore et al. 1984, Alongi & Hanson 1985, Benner & Hodson
1985, Moran & Hodson 1989, Blum & Mills 1991) and freshwater systems (Berrie
1976, Webster & Benfield 1986, Tanaka 1991). Thus a large proportion of the
degradation of organic matter occurs ihdependently of, or prior to, ingestion by
organisms.

Invertebrate detritivores often dominate the faunal biomass in coastal
marine systems, particularly in benthic soft-bottomed- habitats (Rhoads & Young
1970, Aller & Dodge 1974, Levinton 1979). While detritivores have traditionally
been considered as organisms that feed on low-quality particulate organic material
(POM), this definition conceals the diversity of detritivore feeding types and the
complex nature of the detrital pool. The detrital pool contains a mixture of organic
sources ranging from the non-living plant-derived particles (which usually make up
the bulk) to a variety of living components including meiofauna, micro-algae,
protozoa and bacteria (Fenchel 1970, Zimmerman et al. 1979, Whitlatch 1981). The
large non-living fraction of detritus is considered relatively refractory to digestion by
invertebrate detritivores (Williams 1981, Tenore 1983, Bowen 1987), but may vary



in its nature depending on its source (e.g. terrestrial/marine) (Tenore et al. 1984).
The smaller living fraction of the detrital pool is generally regarded as more Tabile
and enriches the detritus as a food source (Findlay & Tenore 1982, Tenore et al.
1982). Detritivores vary in their feeding strategies both with regard to feeding
mechanisms (filter-feeding, deposit-feeding, selectivity, etc.) as well as to their
ingestion and utilization of the different components of the detrital pool. Faced with
the problem of a plethora of feeding strategies, Jumars et al. (1984) redefined
detritivory as "frequent feeding on material of low bulk food quality". This
distinguishes between two types of feeders, i.e. macrophages, which handle
individual food items, and microphages, which ingest material in bulk (Yonge 1928).
Plante et al. (1990) suggest that macrophages, such as meiofauna, are not strictly
detritivorous, being gourmets that ingest the higher quality living fraction of the
detrital pool. Microphages on the other hand are true detritivores, ingesting
significant amounts of particulate organic matter along with associated microbes.
The relative proportions of non-living and biotic material ingested will be
determined by the selectivity of the feeding mechanisms of the animal.

To assess the importance of detritivores in the recycling of nutrients, it
is necessary to determine the ability of these animals to utilize detrital matter,
particularly the bulk refractory components. In an attempt to tackle this problem,
numerous studies have quantified the absorption efficiencies of detritivores fed on
natural as well as prepared substrates (e.g. Adams & Angelovic 1970, Kofoed 1975,
Yingst 1976, Lenz 1977, Foulds & Mann 1978, Stuart et a/ 1982, Hammond 1983,
Klumpp & Nichols 1983, Kreeger et al. 1988, Langdon & Newell 1990). These
studies provide insight into the ability of invertebrates to utilize organic debris and
the quantitative significance of POM (e.g. Lucas & Newell 1984, Crosby et al. 1989).
Current evidence suggests that while the POM may contribute significantly to the
carbon requirements of detritivores, nitrogen must be obtained primarily from the
heterotrophic components of the detrital pool (Cammen 1989). Despite this large
body of literature, the role of POM in the nutrition of detritivores and the effect of
this trophic group on the decay of particulate material remains an important
unresolved issue, particularly due to the difficulty of relating these studies to
complex natural systems (Levinton 1989).

The digestive ability of detritivores can be attributed to a number of
factors. The animal may have a direct effect on degradation of POM due either to
mechanical breakdown (shredding) of plant debris, or to the presence of
endogenous enzymes necessary for chemical hydrolysis. A number of studies have
detected the presence of enzymes capable of hydrolyzing refractory carbohydrates in
the digestive systems of invertebrate detritivores (e.g. Dean 1978, Agnisola et al.



1981, Elyakova et al. 1981, Barlocher et al. 1989a, Langdon & Newell 1990, Chamier
1991, Walters & Smock 1991), but few have related these to digestive kinematics
(gut passage time, ingestion and absorption rates) to ascertain the digestive
significance to the detritivore (see Penry and Jumars 1987, Kofoed et al. 1989).
However, the degradation of POM by the animal may be indirect due to
associations with microheterotrophs. ,

The potential importance of digestive associations between marine
detritivores and microbes has been highlighted recently in a review by Plante et al.
(1990). In particular, the presence of a gut microflora (either ingested or resident)
may be of significance to detritivores, either by digesting refractory components of
detritus and making them available to the animal (Cutter & Rosenberg 1972,
Martinez 1982, Musgrove 1988) or by supplying essential nutrients such as fatty
acids, amino acids and vitamins (Fong & Mann 1980, Moriarty 1990). In addition,
free-living microbes may precondition detritus for utilization by invertebrate
detritivores (e.g. Barlocher et al. 1989b, Hanson & Tenore 1981). The important
role of micro-organisms in the digestive physiology of some terrestrial invertebrates
is well documented (Swift & Boddy 1984, Martin 1984, Breznak 1984, Bignell 1984)
and it has been suggested that marine detritivores are likely to have similar close
associations with gut microbiota (Martin 1984). Therefore detritivores are natural
candidates to examine for gut microbe-invertebrate associations. The presence of
gut micro-organisms and their interactions with invertebrate detritivores is clearly
an important consideration in the overall picture of detritus degradation and
utilization.

The aim of this thesis is to investigate some of the current research
problems relating to detritivore feeding and detritivore-microbe associations. The
bulk of the thesis consists of a series of papers addressing aspects of the feeding
ecology and gut microbe associations of two different species of detritivore, the
filter-feeding mudprawn Upogebia africana and the deposit-feeding sandprawn
Callianassa kraussi, which inhabit disparate habitats within temperate coastal
lagoons and saltmarsh ecosystems. By comparison of two different species of
detritivorous prawns which have contrasting feeding and habitat characteristics, the
aim is to gain insight into general principles of detritivore feeding and resource
utilization. Saltmarsh ecosystems provide ideal models of detritus-dominated
systems, since a major proportion of the detrital pool consists of vascular plant-
derived particulate organic matter that is typically refractory to digestion by most
invertebrates. The central theme throughout the thesis is the utilization of refractory
plant material by detritivores and gut microbes, and the acquisition of sufficient
nitrogen from a diet that is generally assumed to be low in these limiting nutrients.



The thesis is divided into two sections. The first section, consisting of
three chapters, examines the feeding strategies of the two species of prawns by
comparing the resources available to them in their respective habitats with their
feeding characteristics. Major factors affecting the acquisition of nutrients by a
detritivore include the quality and quantity of resource available, the morphology of
the animal (which determines the components of the available resource that can be
ingested), and the physiology of the animal (which sets limits on which of the
ingested components can be assimilated). /

In Chapter 1 the quality and quantity of the available resource in the
respective habitats of the two detritivorous prawns are examined with regard to the
relative abundance and nature of the different potential food sources. Chapter 2
examines the feeding apparatus and diet of the prawns to establish which detrital
components are ingested. Stable isotope analyses are used to differentiate the
relative importance of the various ingested components as food sources. In Chapter
3 the physiology of the animals is examined by a study of the capabilities of its
digestive enzymes (particularly carbohydrate hydrolysis), and compared with the
available resource (Chapter 1) and feeding apparatus and diet (Chapter 2) to gain
an understanding of their feeding strategies. In addition, the question of endogenous
versus exogenous sources of enzymes is addressed with regard to digestion of
refractory components of natural detritus.

The second section of the thesis comprises five papers and examines
the presence, nature and role of gut bacteria associated with both species of
detritivore prawn, especially with regard to the utilization of refractory plant
material and the acquisition of limiting nutrients such as nitrogen. Chapter 4 is a
synthesis of the literature and highlights the important questions and processes that
merit attention if the role of microheterotrophs in aquatic detritivore digestion is to
elucidated. This chapter includes a comparison with terrestrial detritivore systems
where microbe-invertebrate -associations are well documented. Chapter 35
investigates, by scanning electron microscopy and culture techniques, the presence
of gut microfloras in the two species of detritivore prawn. The taxa and digestive
capabilities of habitat and gut bacteria are examined. Novel gut bacteria are
reported, and the question of incubation of free-living bacteria in the guts of
detritivores is addressed. Chapter 6 focuses on the potential role of prolific hindgut
bacteria reported in Chapter 5, pé.rticularly with regard to symbiotic nitrogen
fixation.

The focus of the thesis is widened in Chapter 7, a comparative study
of the role of gut microflora in nitrogen acquisition by an Australian detritivorous
mangrove crab Sesarma messa, while Chapter 8 investigates the presence of hindgut



-microfloras in 16 species of decapod crustaceans collected world-wide to gain an
understanding of the factors influencing the presence of gut microfloras.

Finally, the two sections of the thesis, i.e. the detritivore feeding
studies and the investigations of gut microfloras, are integrated in the Synthesis to

“assess the relationships between microheterotrophs and invertebrate detritivores
and their relative importance in benthic detritus-dominated systems. In addition,
important questions arising from the thesis and suggested areas of future research
are highlighted.

The chapters are presented in the form of separate manuscripts each
dealing with a discrete section of the work, although they are linked by the common
concern for elucidating aspects of detritivory and detritivore-microbial interactions.
Chapters S and 8, as well as Appendices I and II have already been published or are.
in press. Consequently they differ slightly in format, complying to the requirements
of the respective journals. Chapter 5 was co-authored, but I am the senior author
and was responsible for the work, my co-authors playing a supervisory role.
Appendices I and 1l report studies with which I was intimately involved, although
the senior authors of each paper played the leading role. The methodological
advances and results described in these papers provided supplementary information
for Chapters 1 and 3, but these papers do not constitute a formal part of the thesis.



References

Adams S.M., Angelovic J.W. 1970 Assimilation of detritus and its associated
bacteria by three species of estuarine animals. Chesapeake Sci 11(4):249-254

Agnisola C., Salvadore S., Scardi V. 1981 On the occurrence of cellulolytic activity in
the digestive gland of some marine carnivorous molluscs. Comp Biochem
Physiol 70B:521-525

Aller RC, Dodge RE 1974 Animal-sediment relations in a tropical lagoon Discovery
Bay, Jamaica. J. Mar Res. 32:209-232

Alongi D.M,, Hanson R.B. 1985 Effect of detritus supply on trophic felationships
within experimental benthic food webs. II. Microbial responses, fate and
composition of decomposing detritus. J Exp Mar Biol Ecol 88:167-182

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reil LA, Thingstad F 1983 The
' ecological role of water-column microbes in the sea. Mar Ecol Prog ser
10:257-263

Barlocher F, Arsuffi TL, Newell SY 1989a Digestive enzymes of the saltmarsh
periwinkle Littorina irrorata (Mollusca, Gastropoda). Oecologia 80(1):3943

Barlocher F, Newell SY, Arsuffi TL 1989b Digestion of Spartina alterniflora Loisel
material with and without fungal constituents by the periwinkle Littorina
irrorata Say (Mollusca : Gastropoda). J Exp Mar Biol Ecol 130:45-53

Benner R, Hodson RE 1985. Microbial degradation of the leachable and
lignocellulosic components of leaves and wood from Rhizophora in a tropical
mangrove swamp. Mar Ecol Prog Ser 23(3):221-230

Berrie AD 1976. Detritus, micro-organisms and animals in fresh water. In: The role
of terrestrial and aquatic organisms in decomposition processes, JM
Anderson & A MacFadyen (eds) pp 328-338. Oxford, Blackwells

Bignell DE 1984 The arthropod gut as an environment for microorganisms. In:
Invertebrate-Microbial Interactions, Anderson JM, Raynon ADM, Walton
DWA (eds.), Cambridge University Press, Cambridge, pp 205-227

Blum LK, Mills AL 1991 Microbial érowth and activity during the initial stages of
seagrass decomposition. Mar Ecol Prog Ser 70:73-82

Bowen S.H. 1987 Composition and nutritional value of detritus. pp 192-216. In
Detritus and microbial ecology in aquaculture. Moriarty D.J.W., Pullin
R.S.V. (eds.). ICLARM Conf Proc 14, 420 p. Int Cen for Living Aquatic Res
Man, Manila, Philippines.

Breznak JA 1984 Biochemical aspects of symbiosis between termites and their
intestinal microbiota. In: Invertebrate-Microbial Interactions, Anderson JM,
Raynon ADM, Walton DWA (eds.), Cambridge University Press,
Cambridge, pp 173-203

Cammen LM 1989 The relationship between ingestion rate of deposit feeders and

sediment nutritional value. In: Ecology of marine deposit feeders, Lopez G,
Taghon G, Levinton J (eds.), Springer-Verlag, New York, pp 201-222

10



Chamier AC 1991 Cellulose digestion and metabolism in the freshwater amphipod
Gammarus pseudolimnaeus Bousfield. Freshwater Biol 25:33-40

Colwell RR, Liston J 1962 the natural bacterial flora of certain marine
invertebrates. J Insect Pathology 4:23-33

Crosby MP, Langdon CJ, Newell RIE 1989 Importance of refractory plant material
to the carbon budget of the oyster Crassostrea virginica. Mar Biol 100:343-352

Cutter, FA Rosenberg 1972 The role of cellulolytic bacteria in the digestive
processes of the shipworm - requirement for the teredine borers. In:
Biodeterioation of Materials, Walters AH, Hueck van der Plas EH (eds), vol.
2. Applied Science Publishers Ltd, London, pp 42-51

Dean R.C. 1978 Mechanisms of wood digestion in the shipworm Bankia gouldi
Bartsch: Enzyme degradation of celluloses, hemicelluloses, and wood cell
walls. Biol Bull 155:297-316

Elyakova L.A., Shevchenko N.M., Avaeva S.M. 1981 A comparative study of
carbohydrase activities in marine invertebrates. Comp Biochem Physiol
69B:905-908

Fenchel T, Blackburn TH 1979 Bacteria in detritus food chains. In: Bacteria and
mineral cycling, Academic Press, London, pp 52-78

Fenchel T. 1970 Studies on the decomposition of organic detritus derived from the
turtle grass Thalassia testudinum. Limnol Oceanogr 15:14-20

Fenchel TM, Barker Jorgensen B 1977 Detritus food chains of aquatic ecosystems:
The role of bacteria. Adv Micro Ecol 1:1-58

Field JG 1984 Flow patterns of energy and matter. In: Marine Ecology 5(2), Kinne
O (ed.), Wiley & Sons, Chichester, pp 758-794

Findlay S., Tenore K. 1982 Nitrogen source for a detritivore: Detritus substrate
versus associated microbes. Science 218:371-373

Fong W, Mann KH 1980 Role of gut flora in the transfer of amino acids through a
marine food chain. Can J Fish Aquat Sci 37:88-96

Foulds J.B., Mann K.H. Cellulose digestion in Mysis stenolepis and its ecological
implications. Limnol Oceanogr 23(4):760-766

Hammond L.S. 1983 Nutrition of deposit-feeding holothuroids and echinoids
(Echinodermata) from a shallow reef lagoon, Discovery Bay, Jamaica. Mar
Ecol Prog Ser 10:297-305

Hanson RB, Tenore KR 1981 Microbial metabolism and incorporation by the
polychaete Capitella capitata of aerobically and anaerobically decomposed
detritus. Mar Ecol Prog Ser 8:299-307

Jumars PA, Newell RC, Angel MV, Fowler SW, Poulet SA, Rowe GT, Smatacek V
1984 In: Flows of energy in marine ecosystems: theory and practice, Fasham
MJ (ed.), Plenum Press, New York, pp 685-693

Klumpp D.W., Nichols P.D. 1983 Utilisation of the seagrass Posidonia australis as

food by the rock crab Nectocarcinus integrifons (Latreille) (Crustacea:
Decapoda: Portunidae). Mar Biol Letters 4:331-339

11



Kofoed L, Forbes V, Lopez G 1989 Time-dependent absorption in deposit feeders.
In: Ecology of marine deposit feeders, Lopez G, Taghon G, Levinton J
(eds.), Springer-Verlag, New York, pp 129-138

Kofoed L.H. 1975 The feeding biology of Hydrobia ventrosa (Montagu). 1. The
asgsizmilation of different components of the food. J Exp Mar Biol Ecol
19:233-241 '

Kreeger D.A., Langdon CJ., Newell R.LE. 1988 Utilization of refractory cellulosic -
carbon derived from Spartina alterniflora by the ribbed mussel Geukensia
demissa. Mar Ecol Prog Ser 42:171-179

Langdon CJ., Newell R.LE. 1990 Utilization of detritus and bacteria as food
sources by two bivalve suspension-feeders, the oyster Crassostrea virginica and
the mussel Geukensia demissa. Mar Ecol Prog Ser 58:299-310

Lenz J 1977 On detritus as a food source for pelagic filter-feeders. Mar Biol 41:39-
48

Levinton JS 1979 Deposit-feeders, their resources, and the study of resource
limitation. In: Ecological processes in coastal and marine systems, Livingston
RJ (ed.), Plenum Press, New York, pp 117-141

Levinton JS 1989 Deposit feeding and coastal oceanography. In: Ecology of marine
deposit feeders, Lopez G, Taghon G, Levinton J (eds.), Springer-Verlag,
New York, pp 1-23 ' '

Lucas MI 1986. Decomposition in pelagic marine ecosystems. J Limnol Soc sth Afr
12(1/2):99-122 '

Lucas MI, Newell RC 1984 Utilization of saltmarsh grass detritus by two estuarine
bivalves: carbohydrase activity of crystalline style enzymes of the oyster
Crassostrea virginica (Gmelin) and the mussel Guekensia demissa (Dillwyn).
Mar Biol Letters 5:275-290

Mann KH 1972 macrophyte production and detritus food chains in coastal waters.
Mem Inst Ital Idrobiol 29(suppl.):353-383

Martin MM 1984 The role of ingested enzymes in the digestive processes of insects.
In: Invertebrate-Microbial Interactions, Anderson JM, Raynon ADM,
Walton DWA (eds.), Cambridge University Press, Cambridge, pp 155-177

Martinez JC 1982 The digestive microflora of Teredo navalis L.
(Teredinidae;Bivalvia): Metabolic properties and ultimate role in digestion.
Bact Mar 331:151-154

Moran TH, Hodson EB 1989. Bacterial secondary production on vascular plant‘
detritus : relationships to detritus composition and degradation rate. Appl
Env Microbiol 55(9):2178-2189

Moriarty DJW 1990 Interactions of micro-organisms and aquatic animals,
particularly the nutritional rol& of the gut microflora. In : Microbiology in
poecilotherms, Lesel R (ed), Elsevier Science Publishers.

Musgrove RJ 1988. Digestive ability of the freshwater crayfish Paranephrbps

zealandicus (White) (Parastacidae) and the role of microbial enzymes.
Freshwater Biol 20:305-314

12



Newell RC 1982. The energetics of detritus utilisation in coastal lagoons and
nearshore waters. Oceanol Acta 1982:347-355

Newell S.Y., Fallon R.D., Miller J.D. 1989 Decomposition and microbial dynamics
for standing, naturally positioned leaves of the salt-marsh grass Spartina
alterniflora. Mar Biol 101:471-481

Odum EP 1980 The status of 3 ecosystem-level hypotheses regarding saltmarsh
estuaries: tidal subsidy, out-welling and detritus based food chains. In:
4E855n_121;i5ne perspectives, Kennedy, VS (ed.), Acadenic Press, New York, pp

Penry DL, Jumars PA 1987 Modeling animal guts as chemical reactors. Am Nat
129(1):69-96 -

Plante CJ, Jumars PA, Baross JA 1990 Digestive associations between marine
detritivores and bacteria. Annu Rev Ecol Syst 21:93-127
0

Rhoads DC, Young DK 1970 The influence of deposit-feeding organisms on
sediment stability and community trophic structure. J Mar Res 28(2):150-178

Rice DL, Tenore KR 1981 Dynamics of carbon and nitrogen during the
decomposition of detritus derived from estuarine macrophytes. Est Coast
Shelf Sci 13:681-690

Robertson ML, Mills AL, Zieman JC 1982. Microbial synthesis of detritus-like
‘particulates from dissolved organic carbon released by tropical seagrasses.
ar Ecol Prog ser 7:279-285

Stuart V., Field J.G., Newell R.C. 1982 Evidence for absorption of kelp detritus by
the ribbed mussel Aulacomya ater using a new 51Cr-labelled microsphere
technique. Mar Ecol Prog Ser 9:263-271

Swift MJ, Boddy L 1984 Animal-microbial interactions in wood decomposition. In:
Invertebrate-Microbial Interactions, Anderson JM, Raynon ADM, Walton
DWA (eds.), Cambridge University Press, Cambridge, pp 89-129

Tanaka Y 1991 Microbial decomposition of reed (Phragmites communis) leaves in a
saline lake. Hydrobiologia 220:119-129

Teal JM 1962. Energy flow in the saltmarsh ecosystem of Georgia. Ecology
43(4):387-624

Tenore K.R. 1983 What controls the availability to animals of detritus derived from
vascular plants: Organic nitrogen enrichment or caloric availability? Mar
Ecol Prog Ser 10:307-309 :

Tenore K.R., Cammen L., Findlay S.E.G., Phillips N. 1982 Perspectives of research
on detritus: do factors controlling the availability of detritus to
macroconsumers depend on its source? J Mar Res 40(2):473-490

Tenore KR, Hanson RB, McClain J, Maccubbin AE, Hodson RE 1984 Changes in
composition and nutritional value to a benthic deposit feeder of
decomposing detritus pools. Bull mar Sci 35:292-311

Walters & Smock 1991 Cellulase activity of leaf litter and stream-dwelling, shredder
macroinvertebrates. Hydrobiologia 220(1):29-36

13



Webster JR, Benfield EF 1986 Vascular plant breakdown in freshwater ecosystems.
Ann Refv Ecol Syst 17:567-594

Whitlatch R.B. 1981 Animal-sediment relationships in intertidal marine benthic
habitats: some determinants of deposit-feeding species diversity. J Exp Mar
Biol Ecol 53:31-45

Williams P 1981 Detritus utilization by Mytilus edulis. Esturine, Coastal and Shelf
Science 12:739-746

Yingst J.Y. 1976 The utilization of organic matter in shallow marine sediments by
an epibenthic deposit-feeding holothurian. J Exp Mar Biol Ecol 23:55-69

Yonge CM 1928 Feeding mechanisms in invertebrates. Biol Rev 3:21-76
Zimmerman R, Gibson R, Harrington J 1979 Herbivory and detritivory among

gammaridean amphipods from a Florida seagrass community. Mar Biol
54:41-47 '

14



CHAPTER 1

Resources available to two benthic detritivores in the sediments and water in a salt-
marsh system

Abstract

This study examines the quality and quantity of resources available to two species of
benthic thalassinid detritivore prawns, the deposit-feeding sandprawn Callianassa
kraussi and the filter-feeding mudprawn Upogebia africana, in a temperate saltmarsh
ecosystem, Langebaan lagoon. The physical characteristics of the sediment and
water of the habitat of U. africana (Geelbek: upper reaches of the lagoon)
fluctuated more widely than did those of the habitat of C. kraussi (Oesterwal: near
the mouth of the lagoon). A major difference in the sediments was the higher mud
content at Geelbek, which renders it a more stable environment for permanent
burrow construction, thus favouring U. africana. The relatively unstable sands at
Oesterwal facilitate deposit-feeding by C. kraussi but may prevent colonization by U.
africana. The resource available in the sediment from Geelbek was of a higher
quality and greater quantity than at Oesterwal. Abundance and biomass of both
total resource and the biotic components of sediment detritus were greater at
Geelbek, confirming higher bacterial and micro-algal productivity estimates. The
proportions of biotic to non-living fractions of the detritus were greater, and the
C/N ratios lower, in sediments at Geelbek than at Oesterwal, with diatoms and
bacteria contributing most, respectively. In addition, it was found that at both sites,
while most of the non-living POM was composed of relatively large particles (> 64
pm), the biotic fraction was composed prinia.rily of organisms of <64um. In terms of
the distribution of the resource in the sediment, quality was highest in surface
sediments, while quantity was greatest at burrow linings. Surface sediments from
Zostera beds were the richest habitats with respect to quality and quantity of
detritus. The quantity of detritus, and in the water column was much greater at
Geelbek compared to Oesterwal. However, quality (in terms of the proportion of
biotic to non-living components of detritus) was higher at Oesterwal, despite the fact
that the C/N ratio was slightly lower at Geelbek.
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Introduction

Shallow marine sediments are composed of a complexity of inorganic and organic
materials. The particulate inorganic fraction represents the bulk of sediment with
organic matter usually making up less than 5 percent of the whole (Levinton 1989).
The organic fraction generally consists of a small liﬁng component (microbiota) and
a relatively large non-living component (Tenore et al. 1979, Whitlatch 1981), which
together constitute the detrital pool (detritus) (Darnell 1967).

The contribution of different components of the organic fraction to
the nutrition of deposit-feeders has been the subject of much discussion and
controversy (for recent reviews see Levinton 1989, Cammen 1989). Briefly, ideas on
this subject have come full circle : initially the non-living particulate organic fraction
was considered to be the main source of food for marine benthos. However this
hypothesis was replaced by the microbial conversion hypothesis, which argues that
particulate organic matter (POM) is mainly of a refractory nature and is unavailable
to detritivores as a food source. Rather, POM acts as a substrate for the growth of
micro-organisms which are stripped off during its passage through the detritivore
gut. It was proposed that high ingestion rates and rapid gut passage ensure sufficient
sustenance from the relatively low biomass of micro-organisms associated with the
non-living detritus (Newell 1965, Adams & Angelovic 1970, Fenchel 1970, Hargrave
1970). However, more recently it has been shown that the density of microbes does
not always account for the energy requirements of deposit-feeders, and it seems
clear that microbes alone cannot supply the carbon requirements (Baker &
Bradnam 1976, Cammen 1980, Jensen & Siegismund 1980, Findlay et al 1984).
Therefore the microbial conversion hypothesis has now been replaced in favour of
present evidence that while much of the required nitrogen may be derived from the
living component of organic matter (Rice et al 1986), a large proportion of the
carbon is obtained directly from the non-living fraction (Klumpp & Nichols 1983,
Seiderer & Newell 1985, Kemp 1986, Cammen 1989, Chamier 1991).

Reality may be more complex, however, with different scenarios
holding in different systems, i.e. the relative abundance, composition and availability
of the livixig fraction (microbiota) to local detritivores in different sediments may
determine the relative importance of living and non-living organic components as
food resources. Central to understanding detritivore feeding is a measure of the
quantity and quality of the resource. The total quantity of resource available is
usually far in excess of that utilized by the animal, being composed largely of
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material refractory to digestion by most detritivores (Yingst 1976, Lopez et al. 1977,
Williams 1981, Tenore 1983, Newell & Langdon 1986, Rice & Rhoads 1989). The
quality of the resource depends on the nature of the constituents and the relative
quantities of utilizable components (Tenore 1988), and the quality of a resource
experienced by an animal will differ depending on its feeding mechanisms. In
general terms, however, quality can be defined as the relative proportion of easily
utilizable and non-utilizable components, often represented by the ratio of the labile
biotic fraction to the relatively refractory non-living fraction of detritus. The quality
of a resource is enhanced where nutrients that are limiting to a detritivore are
present in greater abundance (Phillips 1984). Generally, the living components
~ contain greater concentrations of limiting nutrients such as nitrogen, than does the
bulk of non-living detritus which may be stripped of these components by processes
such as leaching or bacterial decomposition (Gosselink et al. 1974, Fallon &
Pfaender 1976, Suberkropp & Klug 1976, Rice & Tenore 1981, Bowen 1987). Thus a
greater proportion of microbiota (and usually a lower C/N ratio) improves the
quality of the detritus as a resource, e.g. protein enrichment (Tenore 1988). In
addition, quality depends on the size and shape of the POM, both that of the matrix
(which will influence ingestability and the cost of aquiring utilizable components),
and that of the labile fraction, the availability of which will depend on its size, shape
and mobility. '

In terms of empirical evidence, the task of discerning among the
complex mixture of organic sources in marine sediments and ascertaining their
relative abundance in different sediments and their significance to different
detritivores, is still in its infancy (Cammen 1989). The complex array of food sources
in sediments (bacteria, protozoans, micro-algae, fresh detritus, humic substances,
etc.) and their relative abundance need to be studied carefully in conjunction with
feeding strategies to understand the nutrition of detritivores (Levinton 1989, Tenore
1989). Both the distribution of potential food sources in the sediment and their
micro-scale features (shape, size, aggregates, attached etc.) are important
considerations (Watling 1989) as they influence availability in terms of the feeding
behaviour and mechanisms of the animal. Furthermore, a measure of the
biologically relevant fraction, i.e. the labile component of non-living organic matter
which is available to organisms, is relevant in assessing food resources recognized by
detritivores (Mayer 1989). For example, nitrogen present in detritus can be in the
form of non-labile humic nitrogen rather than microbial protein (Rice 1982). In
addition, detritivores may be constrained by seasonal changes in POM and its
components (Richardson 1991). To gain insight into general principles of detritivore
feeding it has been suggested that it would be useful to compare several systems in
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terms of the feeding processes of dominant detritivores (including their feeding
morphology, foraging and digestive physiology) with the resources available in
sediments and overlying water (Levinton 1989).

In this study, the potential food sources available to two different
species of benthic detritivores, the filter-feeding mudprawn Upogebia africana and
the deposit-feeding sandprawn Callianassa kraussi, which dominate the benthic
biomass in different parts of a coastal saltmarsh system, Langebaan lagoon
(Wynberg 1991), are examined. Previous studies have indicated that the habitats of
these two detritivores differ in terms of physical characteristics of the sediment
(Flemming 1977a), as well as other parameters such as chlorophyll content and
diatom abundance (Fielding et al 1988). The total available resource is identified
and quantified and the relative abundance and biomass of the various biotic and
non-living potential food sources in the sediment and overlying water column are
determined as a measure of resource quality. Numerous studies have reported
bioturbation effects on microbiota caused by burrowing thalassinid prawns (Ott et
al. 1976, Suchanek 1983, Dobbs & Guckert 1988, Posey et al 1991). In particular,
Branch & Pringle (1987) found that the sand-prawn C. kraussi significantly affects
density and distribution of algae, bacteria and meiofauna in the sediment.
Consequently, the distribution of the resources are examined on a microscale in
relation to the burrows of the prawns. In addition, the size composition of the living
and total food resources are determined to provide a measure of availability to the
two different detritivores in terms of their feeding mechanisms. Sampling was
conducted on a seasonal basis to establish whether changes in resource supply, in
terms of quality and quantity, occur.

The findings of this chapter, together with those on the feeding
mechanisms and diets of the prawns (Chapter 2), and their digestive physiology
(Chapter 3), contribute to the elucidation of the feeding strategies of these two
detritivores. This will have a significant bearing on the likely importance of micro-
organisms associated with the food ingested as well as resident microflora.

Study site

All fieldwork was done at two sites, Oesterwal and Geelbek, in Langebaan lagoon, a
partially enclosed marine system situated between 33°00" to 33°15"S to 17°57" to
18°08"E, on the south-west coast of South Africa (Figure 1). Geelbek lies in the
sheltered upper reaches of the lagoon and has extensive intertidal sand flats
surrounded by saltmarshes. The sediment consists of fine anaerobic muddy sand
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Figure 1. Langebaan lagoon, showing sampling sites, (Oesterwal and geelbek),
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(Puttick 1977) and in terms of biomass the benthic macrofauna is dominated by the
filter-feeding detritivorous thalassinid mud-prawn Upogebia africana (approximately
110 prawns m2 (Wynberg 1991)). Oesterwal is situated near the mouth of the
lagoon and is subject to the effects of strong tidal currents (up to 1 m sec’l
(Shannon & Stander 1977)) and limited wave action. The sediment consists of fine
sand (Flemming 1977b) and the intertidal benthic biomass is dominated by the
deposit-feeding thalassinid sand-prawn Callianassa kraussi (approximately 175
prawns m2 (Wynberg 1991)). Both U. africana and C. kraussi inhabit burrows in the
sand and the surface of the sand at both Geelbek and Klein Oesterwal is peppered
with burrow openings. Approximately half of the lagoon volume ebbs into the bay at
spring low tides, leaving vast expanses of intertidal flats exposed (Shannon &
Stander 1977). Saltmarsh plant production is highest at the head of the lagoon and
dominant species include Juncus kraussii, Spartina maritima, Arthrocnemum pillansii,
Typha capensis, Phragmites australis, Sarcocornia perennis, Chenolea diffusa, and
Salicornia meyerana (for description and distribution of saltmarsh communities see
Boucher & Jarman (1977) and Christie (1981)). The eelgrass Zostera capensis is
patchily distributed around the lagoon but forms extensive mid-tide beds on the flats
in the upper reaches of the lagoon (Figure 1). Gracilaria verrucosa is the dominant
subtidal algal macrophyte occurring extensively near the mouth of the lagoon.
Abrasion of leaves and die-back of saltmarsh plants are believed to be major
contibuters to non-living detrital material in the sediments of Langebaan lagoon
(Christie 1981). Thus a major proportion of the non-living detritus in the system is
derived from vascular salt-marsh plants. Detritus derived from this source is
typically refractory, low in nitrogen (Tenore 1983) and largely composed of highly
complex polysaccharides (Cummins et al. 1973) that most macrobenthic detritivores
cannot digest (Williams 1981, Tenore 1983, Bowen 1987).

Methods and materials
General sampling procedures

Sampling of intertidal sediments and the water column was conducted seasonally in
summer (January 1990), autumn (April 1990), winter (July 1990), spring (October
1990), and a second summer (Jan 1991) at both study sites. Sediment sampling was
always carried out during a spring low tide at mid-tide level, and subsurface water
‘samples were collected on the same day in 0.5-1m deep water. In each season
Oestewal was sampled one day prior to Geelbek. On each occasion temperature,
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pH and salinity were measured and triplicate samples (50cm3) of surface sediment
were removed from the top Smm between burrow openings and subjected to
granulometry analyses.

Particle size analysis of triplicate samples of sediment (approximately
50g) was determined by dry (60°C for 48h) sieving into 2mm, 1mm, 500, 300, 125, 63,
38um size classes by weight. Mean particle size (Mdg) was determined graphically
and the sorting coefficient (Qdg) and skewness (Skqg) of the sediment calculated.
Bulk density (g dry weight per cm3) and organic content (after combustion for 4h at
450°C) was also determined from these samples.

The distribution and abundance of potential resources at each site
was determined by sampling lagoon water and 5 sediment microhabitats on each
sampling occasion. Water from 10cm below the air-water interface (sub-surface
water) was collected on an incoming tide in 0.5-1m deep water. The five sediment
microhabitats identified are shown in Figure 2: 1) surface sediment between prawn
burrow openings; 2) surface sediment from prawn burrow opening (on the mound);
3) prawn burrow lining; 4) sediment between burrows at 10 cm depth; 5) surface
sediment from within Zostera capensis beds (Figure 2). Results are expressed per g

3

dry weight or per cm” of sediment, and volume-to-dry weight conversion ratios were

determined on each sampling occasion for each microhabitat at each site.
Organic content, organic carbon and total nitrogen

Replicate (n=3) sediment cores for (1) organic content and (2) organic carbon and
nitrogen analyses were taken from each microhabitat to a depth of 5 mm using,
respectively, S and 50 ml syringes with the leur ends removed (1 and 5 cm> samples,
respectively). Samples were transported to the laboratory on ice and frozen within 2
hours of collection. Subsequently, samples were oven-dried at 55°C for 48 h. Organic
content was determined by weight loss after combustion at 450°C for 4 h. Total
organic carbon was determined by the dichromate oxidation method (Walkley &
Black 1934) and total nitrogen was determined, after acid digestion with sulphuric
acid and hydrogen peroxide, by the phenate method (Nicholson 1984). Three
seperate samples of seawater (500-2000 ml depending on particulate load) were
collected from each site for determination of each of particulate organic matter
(POM) and particulate organic carbon and nitrogen (POC & PON) content and
filtered onto pre-ashed Whatman GF/F filters in the field. The filters were then
wrapped in tin foil, placed on ice and transported to the laboratory where they were
stored frozen at -20°C. Filter-papers plus particulate organic matter (POM) were
later oven-dried at 60°C for 48 h. Organic content was determined by weight loss
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after combustion at 450°C for 4 h. Total organic carbon and total nitrogen were
measured on a Carlo-Erba CHN Elemental Analyzer.

Density and biomass of microbiota

Bacteria. For enumeration of bacteria from each microhabitat, replicate (n=3)

cores of 1 cm3

were taken to a depth of Smm using 5 ml syringes with the leur end
removed. Samples were extruded into acid-washed vials, fixed immediately by
addition of 5 ml 4 % formalin (in 0.2 um filtered seawater) and kept in the dark at
4°C. Bacteria were enumerated by epifluorescent microscopy using the DNA stain
4’6-diamidino-2-phenylindole (DAPI) (Porter & Feig 1980). Acid-washed glass-ware
was used throughout. Samples were diluted in S0 ml 0.1M tetrasodium
pyrophosphate (deflocculant) and sonicated for S min at 40-50 kHz to extract cells
and organic matter from the sediment and disperse them evenly (Ellery & Schleyer
1984, Velji & Albright 1986). Thereafter samples were further diluted in distilled
water ( 0.2 pm filtered) to a final dilution (v/v) of 1500 and 2500 for Oesterwal and
Geelbek sediments, respectively. Five ml of each diluted sample was stained with
DAPI at a final concentration of 5 ug ml-1 (Schallenberger et al. 1989), vortexed to
ensure mixing, and incubated in the dark at 4°C. Thereafter 2 ml was filtered (in a
low light environment) onto each of two irgalon black (Parsons et al 1984)
prestained 0.2 um Nuclepore polycarbonate filters, which were wetted immediately
prior to use with 1 % photoflow (Paterson Anti-static Wetting Agent) to facilitate
even dispersion of cells on the filter. Slides were prepared using low-fluorescence
microscope oil (Merck 4699). Twenty fields were counted at 1000x magnification on
each of the duplicate slides for each sample using a Nikon Diaphot inverted
compound microscope with a mercury light source, Nikon Neofluor 100/1.30 oil
objective and Nikon DM400 filter block. A dilution series of 500, 1500, 2500, 3500,
- 4500, 5500, 6500, 7500, 8500, 9500, 10500, 11500 times dilution (v/v) was prepared
for samples from each site at each season and counts were corrected for recovery of
attached/obscured (masking) cells using the cumulative yield method of Ellery &
Schleyer (1984). Average cell biovolumes were measured microscopically to be 0.26
and 0.68 um3 in surface sediments and Zostera respectively (Mazure & Branch
1979). A biovolume : carbon conversion factor of 220 fgC u.m'3 (Bratbak & Dundas
1984, Moriarty et al. 1990) was used to convert biovolume to carbon biomass.
Values for conversion of biovolume to carbon range from 75 to 560 fgC pm3 with
215 representing the mean (see Nagata 1986, Painchauld & Therriault 1989). A
value of 24.7 fgN /J.m'3 was used to convert cell volume to nitrogen (Nagata 1986).
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Water samples (100 ml) for bacterial enumeration were collected in
triplicate from each site, fixed immediately with concentrated formalin to a final
concentration of 4 % and kept at 4°C in the dark. Enumeration followed the method
of Porter & Feig (1980). Aliquots of 2 ml were stained with a final concentration of
1 ug mi"l DAPI, incubated in the dark at 4°C for 5 min and slides prepared as
described above for sediments. Two slides were prepared and counted per sample.
Twenty fields or 400 cells were counted per slide. Counts were converted to carbon
and nitrogen biomass as above for sediments using a cell biovolume of 0.26 pm.

Protozoa and diatoms. Sediment cores (1 cm3, Smm deep) were collected in
triplicate from each microhabitat for enumeration of protozoa and diatoms, using a
S ml syringe with the leur end removed. Samples were extruded into acid-washed
~vials, fixed immediately with 5 ml of fixative comprising 5 ml Lugol’s solution
(Parsons et al. 1984) and 20 ml concentrated formalin per litre of 0.2 um filtered
seawater, and kept at 4°C. Samples were diluted by a final factor of 50 or 200 (v/v)
for Oesterwal and Geelbek samples, respectively. Thereafter the diluted sample was
thoroughly shaken for 10 min and a 5 or 2 ml aliquot (Oesterwal and Geelbek,
respectively) was immediately removed. Each aliquot was destained with 0.1N
thiosulpate solution (1 drops per 2 ml sample), stained with rose-bengal solution
(final concentration approximately 0.5 g 1'1) for 5 min, and finally filtered at low
vacuum onto a 3 um cellulose acetate Millipore filter moistened with photoflow (see
above). Preparation of permanent slides followed the method of Crumpton (1987).
Filters were placed face down on coverslips and directly impregnated with water-
soluble hydropropyl methacrylate resin (Polysciences, Inc. USA)(Leduc & Holt
1965) by adding a sufficient number of drops of resin to to cover the back of the
filter. After the filter was left to dissolved overnight in the resin at room
temperature in a dust-free environment, the coverslip was mounted on a slide with a
further drop of resin and dried at 50°C for 1 h. Diatoms and protozoans were
counted at 400x magnification. Fifty or 30 fields per slide were counted for Geelbek
and Oesterwal samples, respectively. This preparation and counting procedure gave
a counting precision of 10% of the mean at the 95% level of confidence (Cassell
1965). Protozoa were grouped as large ciliates (50x30 pm), small ciliates (30x25
um), large flagellates (60x40 um) and small flagellates (30x25 um). Biovolumes
were determined assuming an oval shape. To convert numbers to biomass a
carbon:biovolume conversion factor of 0.19pgC um'3 (Putt & Stoecker 1989) was
used for all protozoans. This value lies between those proposed by other researchers
ie. 0.08 (Sherr & Sherr 1984) and 0.22 pgC p.m‘3 (Bratbak 1985). A C:N ratio of 4
(Putt & Stoecker 1989, Matthews 1991) was used to convert carbon biomass to
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nitrogen biomass. Diatoms were grouped into centric, pennate, chains and other
forms that did not conform to the above categories; generally < S % of the total.
Biovolumes were calculated from measured linear dimensions assuming centric
diatoms are cylindrical (large = 50x1S pm, small = 25x10 um), pennate diatoms are
ellipsoid (large = 75x50x35 pm, medium = 25x15x10 um, small = 30x15x5 um), and
individual cells of chains are cylindrical (50-25x15 um). Biovolumes were converted
to carbon using a conversion factor of 0.11 pgC pm'3 (Strathman 1967) and nitrogen
assuming a C:N ratio of 6 (Strickland 1960).

Triplicate 500ml water samples were collected to determine
protozoan and diatom numbers and biomass, immediately fixed by addition of 2.5
ml Lugol’s solution and 10 ml concentrated formalin, and kept at 4°C, Aliquots
(100ml and 20 ml, for Oesterwal and Geelbek, respectively) were destained with
thiosulphate solution (0.1N), stained with rose-bengal (0.5g I-1), filtered onto 3 um
Millipore filters and permanent slides were prepared as described above. Fifty and
30 fields were counted on each slide from Oestewal and Geelbek, respectively.
Numbers were converted to biovolumes and carbon and nitrogen biomass as
described above for sediments.

3, 5 mm deep) were collected in triplicate from

Chlorophylla. Sediment cores (1 cm
each microhabitat to measure chlorophyll a content, using a 5 ml syringe with the
leur end removed. Samples were extruded into vials together with a few drops of 1%
MgCl and immediately placed on ice in the dark. Triplicate water samples of 500-
2000 ml (depending on particulate load) were filtered onto Whatman GF/F filters.
Two drops of 1 % MgCly were added to the filter which was then wrapped in tinfoil
and placed on ice. In the laboratory, samples were kept frozen at -20°C in the dark
for up to one month. Chlorophyll was extracted from sediment and water samples
using 15 ml and 10 ml 90 % acetone, respectively. After the addition of acetone,
samples were homogenized using a glass tissue grinder, sonicated on ice for 30 min
to disrupt cells and allowed to stand overnight at 4°C. Chlorophyll content was
estimated using the spectrophometric equations of Jeffrey & Humphrey (1975). A
carbon : chlorophyll ratio of 40 was used to convert chlorophyll to carbon biomass
(Cammen & Walker 1986, deJonge 1980). A C:N ratio of 6 (Strickland 1960) was

assumed to convert carbon biomass to nitrogen.

Meiofauna. Triplicate sediment samples (approximately 15 cm> total) from each
microhabitat were collected for the estimation of meiofauna numbers obtained
using a 50 cm> syringe (with the leur end removed) to a depth of S mm. Samples
were extruded into vials, placed on ice and preserved with 10 % formalin in
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seawater in the field. In the laboratory, meiofauna were extracted from the sediment
by repeated washings (10) onto a 45 um mesh. Both the fraction retained on the 45
pm sieve, as well as the sediment from which meiofauna had been extracted were
preserved in 10 % formalin (in seawater) containing Rose Bengal stain (0.5 g.l'l).
The fraction retained on the 45 um sieve was halved using a plankton splitter, and
the organisms were enumerated under a dissecting microscope in a counting dish

2 grids. A fraction (1/10) of the remaining sediment was examined for

lined into 1cm
non-extracted meiofauna and the final count was adjusted accordingly. Non-
extracted organisms accounted for less than 5 % of the total count. Meiofaunal
counts were converted to biomass using mean ash-free dry weights recorded for
meiofaunal taxa in a South African estuary by Dye (1978), and an ash content of 3
% (Omari 1969). Biomass was converted to carbon assuming a carbon content of 45
% (range of 16-66 (Beers 1966, Hargrave 1970, Omari 1969), and nitrogen assuming
a nitrogen content of 9 % (range of 4.4-13.1 (Beers 1966, Parsons et al. 1984, Omari

1969)).
Statistical analyses

Analysis of variance (ANOVA) was used to compare measured parameters over
season, site and microhabitat. Where significant (p < 0.05) differences were
detected, each ANOVA was followed by a Tukey multiple range test. Homogeneity
of variance of the data was determined using Bartlett’s test. All statistical analyses
were conducted using the Statgraphics software package (STSC Inc. 1985).

" Results
Physical characteristics of sediments and water

The physical characteristics of sediments and water from Oesterwal and Geelbek
are summarized in Table 1. Geelbek sediments had wider ranges in temperature,
pH and salinity than those at Oesterwal, and a higher percentages of mud and
organics, and a lower C/N ratio. Granulometric analysis of sediments revealed that
at both sites the sediment was a fine, well-sorted sand, although the bulk density (g
dry weight per cm3) was lower at Geelbek, possibly reflecting loose packing of the
more abundant organic particles at this site.

The physical characteristics of the water at the 2 sites were more
dissimilar than those of the sediments. Geelbek water had higher temperatures, and
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Table 1. Physical characteristics of sub-surface water and intertidal surface sediments at Oesterwal and Geelbek,
Langebaan lagoon. Values represent annual means (+ one standard deviation) obtained from seasonal data.

Characteristic n Sampling sites

Qesterwal range Geelbek range -
SEDIMENT
Temperature (° C) 7 19.53 (4.05) 11.9-24.0 19.74 (5.53) 11.2-27.0
pH 7 6.57(045)  6.0-7.0 6.85 (0.32) 6.0-7.5
Salinity (°/00) 7 3633(1.53) 3538 37.67 (6.43) 33-45
Median particle diameter (mm) 10 0.41 (0.02) 0.39-0.43 0.47 (0.03) 0.42-0.52
Sorting coefficient (01) 10 0.52 (0.05) 0.40-0.58 0.51 (0.04) 0.44-0.55
% Mud (by dry wt) 10 710 (228) 4381134 9.64 (3.06) 5.07-12.25
Bulk density (gDW. cm™) 24 151(0.04) 144156 - 1.36 (0.05) 1.28-1.49
% organics (by dry wt) 24 091(044) 038218 1.48 (0.34) 0.75-2.07
C/N ratio 18 1489 (5.42)  7.63-23.81 12.82(6.53)  ~5.45-22.92
WATER |
Temperature (°C) 5 176 3.6)°  11.2-200 19.4 (3.7) 13.5-24.0
pH 5 6.4 (0.4) 6.0-7.3 6.6 (0.4) 6.0-7.5
Salinity (°/00) 5 353 (0.6) 35-36 36.0 (3.6) 33-40
Particulate load 15 11.56 (7.54) 493-26.15 4675 (52.56)  11.73-160.47

" (mg PM T

% organics 15 31.41(4.66) 2217-3701  25.06 (5.13) 15.47-30.36
(by dry wt of PM) :
C/N ratio 10 9.51 (2.11) 7.68-13.43 9.37 (1.43) 7.28-12.22
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the salinity at this site fluctuated more widely. The particulate load (includes both
-organic and inorganic particles) of water from Geelbek was much greater than that
at Oesterwal and fluctuated widely. However, the percent organics present in the
particulate material was lower at Geelbek than at Oesterwal indicating suspension
of relatively more inorganic particles at Geelbek. The C/N ratio of suspended
particulate material was lower at Geelbek than at Oesterwal.

The size distribution of particles in the sediments from Geelbek and
Oesterwal is shown in Figure 3A. It is apparant that a large proportion of the
sediment at both sites comprised fine (64-250 um) and coarse (250um - 1 mm) sand.
At both sites the highest percentage of sediment lay in the fine sand fraction. At
Geelbek very little sediment was represented in the gravel fraction (>1 mm), while
more sediment occurred in the mud fraction (< 64 um) than at Oesterwal. The
organic content of each sediment size fraction (Figure 3B) shows that at both
Geelbek and Oesterwal the finest sediment fraction (mud) had the highest percent
organics per g dry weight of sediment, especially at Geelbek (+13.5%), while a
large proportion (>95%)of the sediment in the coarse and fine categories at both
site was inorganic. Nevertheless, at both sites the gravel and mud fractions
- contributed very little (<10%) to the quantitative total organic content of the
sediment (Figure 3C). At Geelbek the organic matter was spread between the
coarse sand (44 %) and the fine sand (42 %), i.e. these two fractions contributed
similarly to the total organic content. At Oesterwal most (78 %) of the organics
present in the sediment occurred in the fine sand fraction, with much less (19.5 %)
contained in the coarse sand.

Chlorophyll, total organic matter, organic carbon and total nitrogen

The concentration and distribution of chlorophyll, total organic matter, organic
carbon and total nitrogen in sediment and water from Oesterwal and Geelbek are
summarized in Figure 4. Statistical comparisons between sites are shown on Figure
4, and those between micro-habitats in Table 2.

The concentration of chlorophyll in sediments at Geelbek (12.7-31.2
Lg crn'3) was higher than that at Oestewal (7.2-21.2 ug cm'3) and the differences
were significant in all microhabitats except surface sediment at burrow openings
(Figure 4). At Qesterwal chlorophyll content of sediment at 10cm depth was
‘significantly lower than that at all microhabitats except burrow lining, while burrow
lining did not differ significantly from any other microhabitat sampled (Table 2). At
Geelbek chlorophyll content of sediment in Zostera beds was significantly higher
than at any other microhabitat.
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Figure 3. Distribution of organics in different size fractions of sediment at
Oesterwal and Geelbek. A. Percentage of sediment represented in each size
fraction. B. Organic Content (% of dry weight) of each sediment fraction.

C. Percentage of total organics per g of sediment that is represented in each
size fraction. Values represent annual means. -
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Table 2. ANOVA and Tukey test results showing significant differences between sediment
microhabitats in terms of percentage chlophyll, organics, carbon and nitrogen (see
Figure 4). Similar letters (a,b,c) depict no significant differences (p < 0.05) between
microhabitats. O = Oesterwaal, G = Geelbek.

Microhabitat % Chorophyll % Organics % Carbon % Nitrogen
0 G o G 0 G 0 G
Surface between burrows b a ab ab ab a a a
Surface at burrows b a ab ab ab a a a
Burrow lining ab a b c clab a a
10 cm depth a a a a a a a a
Zostera beds b b a b ¢ bc b a a

Table 3. ANOVA and Tukey test results showing significant differences between sediment
microhabitats in terms of densities of microbiota (see Figure 5). Similar letters (a,b,c)
depict no significant differences (p < 0.05) between microhabitats. O = Oesterwaal,

G = Geelbek.
v Microhabitat Densities of Microbiota
Bacteria Protozoa l?iatoms Meiofauna
0] G O G (0] G (0] G
Surface between burrows a a b a ab ab b ab
Surface at burrows a a b a a a b ab
Burrow lining a a a a b b | a
10 cm depth a a a a ab ab a a
Zostera beds a a b a ab b b b
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In all sediment microhabitats organic content at Geelbek (1.32-2.26
% of dry weight) was significantly higher than at Oesterwal (0.70-1.43 % of dry
weight) (Figure 4). At Oesterwal annual means were lowest in sediments from depth
and Zostera bed, and significantly different to that from burrow lining which had the
highest organic content (Table 2). At Geelbek burrow linings had the highest
organic content which were significantly higher than those of surface sediments from
between burrows, at burrow openings and sediment at depth. Sediment at depth had
the lowest organic content differing significantly from that at the burrow lining and
in Zostera beds (Table 2).

Organic carbon content (% of dry weight) of sediments was higher in
all microhabitats at Geelbek (0.31-0.65 %) compared to Oesterwal (0.16-0.28 %),
although the difference was not significant for surface sediments between burrows
(Figure 4). At both sites burrow lining and Zostera beds sediments contained the
highest concentrations of organic carbon. At Geelbek the percent carbon in
sediments from Zostera beds was significantly higher than in other surface sediments
and from depth, but not significantly different from the burrow lining (Table 2). At
Oesterwal the percent organic carbon of sediment from burrow lining was
significantly higher than at all other microhabitats except Zostera beds, while the
carbon content of sediments from Zostera bed was only significantly higher than that
in sediment from depth (Table 2). '

Although annual mean values show a trend of much higher total
nitrogen content in all sediments of Geelbek (0.028-0.078 % of dry weight)
compared to Oesterwal (0.014-0.024 %), nitrogen content was significantly higher
(by 2 to 4.3 times) at Geelbek only in sediments from the surface between burrows,
the burrow linings and Zostera beds (Figure 4). In addition, although annual mean
values indicate that nitrogen content of sediments from the burrow linings and
- Zostera beds were higher than at other microhabitats at both sites, there were no
significant differences between microhabitats at either Geelbek or Oesterwal (Table
2).

In summary, the key features that have emerged are that Geelbek sediments
exhibit higher percentages of chlorophyll, organic matter, organic carbon and total
nitrogen than do Oesterwal sediments. The differences between the sites are least
for chlorophyll and appear most for total nitrogen, although nitrogen values were
highly variable resulting in significant differences being obscured. In general, lowest
values of the parameters were found in sediments from.depth, while maximum
values were associated with burrow lining and Zostera beds.

In the water column, chlorophyll content was higher at Oesterwal
(2.66 ug 1'1) than at Geelbek (1.65 ug 1'1) (Figure 4), while the reverse trend was
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apparant for the concentration of total organics (9.95 and 3.40 mg 1'1), organic
carbon (6.36 and 1.84 mg I'l) and total nitrogen (0.61 and 0.18 mg I'1).

Density and distribution of microbiota

The density and distribution of microbiota in sediments and water from Oesterwal
and Geelbek are summarized in Figure S.

Bacteria. Bacterial densities were significantly higher by 2.2 to 2.6
times at Geelbek (6.27-9.64 x 10° cells crn'3) than at Oesterwal (2.68-3.38 x 10° cells
crn'3) in sediments of all 5 microhabitats (Figure 5). Although annual means at
Oesterwal showed slightly higher densities at the burrow lining and in Zostera beds,
than in other microhabitats, the differences were not significant (Table 3). At
Geelbek bacterial densities were highest in sediments at depth and at burrow
linings, followed by Zostera bed.

Protozoa. Sediment protozoan densities were significantly higher by
1.8 to 5.0 times in all microhabitats at Geelbek (2.82-4.54 x 10% individuals cm’3)
compared to those at Oesterwal (0.63-1.99 x 10% individuals crn‘3) except for Zostera
beds, where the annual mean value was higher at Geelbek, but the difference was
not significant (Figure 5). A comparison of the density of protozoans in different
microhabitats revealed that at Oesterwal surface sediments between and at burrow
~ openings and in Zostera bed had similar protozoan densities, but significantly higher
values than sediments of burrow linings and at depth (Table 3). At Geelbek, mean
annual values were similarly high for surface sediments, but protozoan densities did
not differ significantly between the different microhabitats. A

Diatoms. Diatoms occurred in far higher densities in sediments from
all microhabitats sampled at Geelbek (54.83-78.47 x 10% cells cm™) than those at
Oesterwal (5.78-12.14 x 10% cells cm'3) (Figure 5). Diatoms were approximately 6.5
to 9.5 times more abundant in Geelbek sediments than in Oesterwal sediments. At
Oesterwal the mean annual diatom density was highest in sediment from burrow
linings, but only significantly higher than that from surface sediment at the burrow
opening (Table 3). At Geelbek diatom densities were greatest at the burrow lining
and in Zostera beds, but these values were only significantly higher than that for the
burrow opening (Table 3). A

Meiofauna. Sediment meiofauna densities were similar at Oesterwal
(7.48-171.91 individuals cm™) and Geelbek (23.47-237.18 individuals cm™) for all
microhabitats except sediment at depth, where densities significantly higher at
Geelbek (Figure S). Although the annual mean value in sediment from Zostera beds
was higher for Geelbek, this difference was not significant. At Oesterwal mean
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Figure 5. The density and distribution of microbiota in sediments and water from
QOesterwal and Geelbek. Values represent annual means. Error bars represent one
standard deviation of the mean. Where there are significant differences (ANOVA;
p< 0.05; Tukey test) between sites these are indicated by an *.
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annual densities were similar in all surface sediments, and these were significantly
higher (approximately 8 times) than sediments from burrow lining and depth (Table
3). The same pattern existed at Geelbek, with meiofaunal densities being lower at
the burrow lining and at depth. These two microhabitats had values that were
significantly lower (approximately 8 times) than in Zostera beds, although not
differing significantly from those of surface sediments at and between burrow
openings.

Water column. In the water column, annual mean densities of bacteria
(2.77 x 107 and 1.84 x 107 cells I'1), protozoa (10.00 x 104 and 4.77 x 10* individuals
I"'1) and diatoms (30.84 x 10* and 2.02 x 10% cells I'l) were higher at Geelbek than
at Oesterwal, respectively.

In summary, the densities of bacteria, protozoa and diatoms were
invariably higher in all microhabitats at Geelbek compared to Oesterwal, while
meiofaunal densities were similar at the two sites. In general, surface sediments (at
and between burrow openings and in Zostera beds) had higher densities of protozoa
and meiofauna than did sediments from depth and the burrow lining, while the
highest densities of bacteria and diatoms were found in sediments from burrow
linings.

Composition of protozoan, diatom and meiofaunal populations

At both Oesterwal and Geelbek the sediment protozoan communities were
numerically dominated by flagellates, which were an order of magnitude more
abundant than other groups, in all microhabitats (Figure 6). While flagellate
densities were highest in surface sediments at and between burrows, appreciable
numbers occrrred in the other 3 habitats. Ciliates were concentrated at both sites in
surface sediments at and between burrow openings, with very few occurring in
sediments at the other microhabitats. At 'both sites small ciliates and flagellates
were generally far more abundant than their large counterparts. The water column
protozoan community was overwhelmingly dominated (in terms of density) by small
flagellates at both Oesterwal and Geelbek (Figure 6).

Sediment diatoms at Geelbek were dominated by centric diatoms
(Figure 7). There were approximately 2-26 times more centric than pennate
diatoms, and 14-19 times more centric than chain-forming diatoms. At this site the
centric diatoms comprised mostly small cells in all sediment microhabitats. Small
pennate diatoms were prominant in surface sediments at Geelbek, but in other
microhabitats occurred in low densities compared to medium and large pennate
cells. The densities of centric diatoms in Oesterwal sediments were similar to those
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of pennate diatoms. As at Geelbek, centric diatoms at this site were generally
dominated by small cells, while pennate diatoms were dominated by large cells.
Relatively low numbers of chain-forming cells occurred at Oesterwal compared to
Geelbek. Diatoms in the water column at both sites comprised centric, pennate and
chain-forming cells (Figure 7), although the latter occurred in low numbers at
Oesterwal. The centric diatoms in the water at both sites were dominated by small
cells, while the pennate diatoms consisted largely of medium and small cells.

Nematodes dominated the sediment meiofaunal communities in all §
microhabitats at both sites (Figure 8). At both Oesterwal and Geelbek nematodes
were present in greatest densities in surface sediments between and at burrow
openings and Zostera beds, with very low numbers present at depth and in sediment
from burrow linings. Similarly harpacticoid copepods, polychaetes and turbellarians
were depressed in density in sediments at depth and at burrow linings, when
compared to other microhabitats at both sites. This pattern was also apparent for
oligochaetes at Oesterwal, but at Geelbek this group had its greatest densities at
burrow lining, depth and especially Zostera bed.

Carbon and nitrogen biomass of microbiota

The source and distribution of organic carbon and nitrogen biomass in sediments
and water are summarized in Figures 9 and 10.

The sediment bacterial carbon biomass was significantly higher (2.4 to
3.2 times) in all microhabitats at Geelbek (225.7-839.3 ug gDW‘l) compared to
Oesterwal (87.8-286.5 ug gDW’l) (Figure 9). Similarly bacterial nitrogen biomass in
sediments of Geelbek (25.34-94.24 nug.gDW-1) was 2.4 to 3.3 times higher than those
of Oesterwal (9.85-32.16 ) for all microhabitats (Figure 10). At both Geelbek and
Oesterwal carbon and nitrogen bacterial biomass values were significantly higher in
surface sediments from Zostera beds than in the other 4 microhabitats among which
significant differences were not detected (Table 3 & 4). Carbon and nitrogen
bacterial biomass was significantly higher in the water column at Geelbek (159.71
Lg 1'1) than at Oesterwal (106.00 ug 1'1) (Figures 9 & 10, respectively).

Protozoan carbon biomass was 2.6-3.5 times higher in sediments from
Geelbek (54.4-130.39 ug gDW'l) than in those from Oesterwal (16.46-64.66 ug
gDW'l), although in sediments from Zostera beds no significant difference was
detected between the two sites (Figure 9). The protozoan nitrogen biomass
displayed the same pattern of differences between the two sites, with values at
Geelbek (13.35-32.27 ug gDW’l) 2.5 to 3.8 times higher than at Oesterwal (4.11-
16.16 ug gDW’l) (Figure 10). At Oesterwal annual means for both carbon and
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Table 4, ANOVA and Tukey test results showing significant differences between sediment microhabitats in

terms of carbon biomass contributed by different biotic components (see Figure 9). Similar letters

(a,b,c) depict no significant differences (p < 0.05) between microhabitats. O = Oesterwaal,

G = Geelbek.
Microhabitét Organic Carbon| Bacteria Protozoa Diatoms ‘Meiofauna
o| G|lo|]Gc|l]o|lc |o]lcglolec
Surface betwecﬁ burrows| a b a a a ab a a a ab
Surface at burrows ab a a a b a a a ab
Burrow lining c |ab a a a a a a a a
10 cm depth a a a a a a a a a a
Zostera beds be b c cla a b b b

Table 5. ANOVA and Tukey test results showing significant differences between sediment microhabitats in

terms of nitrogen biomass contributed by different biotic components (see Figure 10). Similar

letters (a,b,c) depict no significant differences (p < 0.05) between microhabitats. O = Oesterwaal,

G = Geelbek.
Microhabitat Total nitrogen Bacteria Protozoa Diatoms Meiofauna
O |G 0] G 0] G 0] G 0] G
Surface between burrows| a a a a ab a a a b ab
Surface at burrows a a Ja a a a a b ab
Burrow lining a a a a a a a a a
10 cm depth a a a a a a a a a
Zostera beds a a c| ¢ cla a b b b
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nitrogen biomass of protozoa were significantly higher in surface sediments from the
burrow opening and Zostera beds than those from the burrow lining and depth,
while at Geelbek no differences were detected in protozoan biomass among the five
microhabitats (Table 3 & 4). The carbon and nitrogen protozoan biomass in the
water column was much higher at Geelbek (252 and 63 ug 1'1, for carbon and
nitrogen respectively) than at Oesterwal (92 and 23.01 ug L respectively) (Figures
9 and 10, respectively). |

Diatom carbon biomass was much higher (4.7 to 10.6 times) at
Geelbek (437-871 ug gDW™1) than Oesterwal (53-105 ug gDW-1), in all sediment
microhabitats sampled (Figure 9). Similarly, in all microhabitats diatom nitrogen
biomass at Geelbek (72.85-145.09 ug gDW‘l) significantly exceeded that at
Oesterwal (8.76-15.21 ug gDW'l) by 4.7 to 10.4 times (Figure 10). At Oesterwal
both carbon and nitrogen diatom biomass did not differ significantly between
sediment microhabitats, while at Geelbek diatom carbon and nitrogen biomass was
significantly higher in surface sediments from Zostera beds than in any other
microhabitat (Table 3 & 4). Geelbek carbon and nitrogen diatom biomass in
Geelbek water (224 and 37.9ug 1'1, respectively) was much higher than in Oesterwal
water (18.25 and 2.93 ug I-1, respectively) (Figures 9 and 10, respectively).

Meiofaunal carbon biomass ranged between 2.6 and 33.3 ug gDW‘1 at
Geelbek, and 0.5 and 22.0 ug gDW'1 at Oesterwal (Figure 9), while nitrogen
biomass ranged between 0.51-6.67 ug gDW-! at Geelbek and 0.1-4.4 ug gDW™! at
Oesterwal (Figure 10). There were no significant differences between the two sites
in the carbon or nitrogen biomass in any of the microhabitats, except in sediment
from depth where the biomass at Geelbek was greater than at Oesterwal. At
Oesterwal meiofaunal carbon and nitrogen biomass was significantly higher in
surface sediments between and at burrow openings and in Zostera beds compared to
sediment at burrow lining and at depth (Table 3 & 4). However at Geelbek only
values for surface sediment in Zostera beds were significantly higher than those for
sediment from burrow lining and depth.

In summary, the carbon and nitrogen biomass contributed by each of
bacterial, protozoan and diatom populations in the sediment and water column was
higher at Geelbek than at Oesterwal. Meiofaunal biomass was, however, not
significantly higher at Geelbek than at Oesterwal. Protozoan and meiofaunal
biomass values were highest in the surface sediments, while differences between
microhabitats in terms of bacterial and diatom biomass were not as great. However,
surface sediments-in Zostera beds consistantly supported high microbial and
meiofaunal biomass. '
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Productivity of benthic microbiota

The present study indicates that the standing stocks of bacteria and micro-algae in
terms of carbon biomass in surface sediments of Geelbek were significantly higher
than those of Oesterwal. Estimates of bacterial growth rates taken simultaneously
with standing stock estimates (see Appendix 1) indicated that bacterial productivity
was higher at Geelbek (3.52 ugC day™! gDW-1) than at Oesterwal (2.99 ugC day™]
gDW'l) although the specific growth rate (production/standing crop) was higher at
Oesterwal (Table 5). Similarly micro-algal productivity was higher at Geelbek (5.45
x 10* 4gC day! m2) than at Oesterwal (2.75 x 10* 4gC day"! m™2) (Fielding et al.
1988), while specific growth rate at Oesterwal was higher.

Contribution of each biotic component to total organic carbon and nitrogen

Carbon: At both sites the non-living detrital component of the total organic carbon
dominated in both the sediment and water column (Figure 11). The contribution of
the biotic component to total organic carbon in the sediments was much higher at
Geelbek (21-28%) than at Oesterwal (8-19%) (Figure 11). At Geelbek the greatest
biotic contribution to the carbon resource came from diatoms followed by bacteria
and to a lesser extent protozoans. At Oesterwal the largest biotic contributors to the
carbon resource were bacteria, followed by diatoms and protozoans. At both sites
meiofauna represented a very small percent of the carbon. At Geelbek the
- proportion of the total organic carbon contributed by the biotic fraction was highest
in surface sediment in Zostera bed (72% non-living detrital material), lowest in
sediment from U. africana burrow lining (79% detritus), and intermediate and
similar in sediments from the other microhabitats (74-75% detritus). At Oesterwal
the proportion of organic carbon attributed to biota was also highest in Zostera bed
(81% non-living detrital material), lowest in sediments associated with C. kraussi
burrows, i.e. at burrow openings burrow linings (respectively, 90-92% detritus), and
intermediate at the surface between burrow openings and at depth.

Nitrogen: The contribution by the biotic compbnents in the sediment
to total nitrogen was higher at Geelbek (26-55%) than Oesterwal (14-36%) for all
microhabitats examined except surface sediments in Zostera bed (which were
similar) (Figure 12). In general the biota contributed a greater proportion of
nitrogen to the total than they did carbon. At Oesterwal, the most important
contribution was made by bacteria, protozoa and diatoms, with a low but significant
contribution by meiofauna in all microhabitats except burrow lining and depth. At
Geelbek the most important biotic contributor to nitrogen content of the sediments
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Table 6. Turnover of bacteria and micro-algae in surface sediments at Oestewal and

Geelbek, Langebaan lagoon. Values represent annual means, except for autumn

estimations for micro-algal production. Bacteria specific growth rate u(day'l) =

production/standing crop

Sampling sites Source
Oestewal " Geelbek

BACTERIA

Standing crq 89.07 231.20 Present study
(ugC.gDW" _

ProductioT 1 299 3.52 Tibbles et al. 1992

(ugC.day *.gDW™%)

Speciﬁclgrowth rate 0.034 0.015

(u(day™"))

MICRO-ALGAE

Standing crq 56.73 536.72 Present study

(ugC.gDW" 9

Productioil 2 2.75x10% 5.45x10% Fielding et al. 1988

(ugC.day *.m™=)
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Sediment Sampling site
Microhabitat OQesterwal Geelbek

Surface
between
burrows

Surface
at
burrows

Burrow
lining

10 cm
depth

Surface
Zostera

Water

=== diatoms E: meiofauna

Ll detritus

protozoa
bact

Figure 11. Percentage of total carbon in the sediment and the water
contributed by each fraction at Oesterwal and Geelbek. Values
represent annual means. Percentages >2 are depicted on the figure.
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Sediment Sampling sites
microhabitat Oestarwal Geelbek

Surface

between
burrows

Surface
at

burrows

Burrow
lining

10cm
depth

Surface
Zostera

Water

™ diatoms [___| meiofauna

- rotozoa =
KEY: gact 5] detritus

Figure 12. Percentage of total nitrogen in the sediment and the water

contributed by each fraction at Oesterwal and Geelbek. Values
represent annual means. Percentages >2 are depicted on the figure.
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appeared to be diatoms followed by bacteria and protozoans. The contribution by
meiofauna was minimal. At Oesterwal the biota formed the highest percentége of
total sediment nitrogen at the surface of Zostera bed (only 64% was contributed by
detritus), followed by surface sediments between and at burrow openings (75-77%
detritus), while their contribution was lower at burrow lining and at depth (81-86%
detritus). At Geelbek the biota contributed most to total nitrogen in surface
sediments between burrow openings (only 45% non-living detrital material),
followed by surface sediments at burrow openings and in Zostera bed (65-67%
detritus), while lower proportions were contributed by biota at the burrow linings
and at depth (74-76% detritus).

Water: In the water column the picture was somewhat different, with
the contribution of the biotic fraction to the total organic carbon and nitrogen being
slightly higher at Oestewal than at Geelbek (Figures 11 & 12) and, in this regard,
protozoans appeared to be the prime.source followed closely by bacteria and
diatoms at Oesterwal and Geelbek, respectively.

Size composition of carbon and nitrogen biomass

At Oesterwal the majority of the total carbon and nitrogen biomass (bacteria,
protozoa, diatoms and meiofauna) was contained in the <2 and 20-64 um size
fractions, while at Geelbek there was a greater spread of both the carbon and
nitrogen biomass over the <2, 2-20 ad 20-64 um fractions, with the highest biomass
in the 20-64 pm fraction (Figures 13 & 14). At both sites very little carbon and
nitrogen biomass was represented in the >64 um size fraction (Figure 13 & 14). A
similar pattern of size distribution to that found in sediments was observed for
carbon and nitrogen biomass of water sorted by size (Figures 13 & 14).

Seasonality

The seasonal variations in the organic carbon and total nitrogen in the sediments
and water column are shown in Figure 15. Clear patterns of seasonal differences in
sediment micro-habitats were not detected for either Oesterwal or Geelbek. In
terms of organic carbon, seasonal variation was greatest in the water column and in
sediments from Zostera beds. In general seasonal variation in both carbon and
nitrogen was greater at Geelbek than at Oesterwal.

Figure 16 shows the seasonal variation in the percentage of the living
component of the resources available in surface sediments between burrows and
water at Oesterwal and Geelbek. This provides an estimation of changes in the
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Figure 13. Amount of carbon available form different biotic size fractions in
sediments and water at Oesterwal and Geelbek.
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Figure 14. Amount of nitrogen available from different size fractions in

sediment and water at Oesterwal and Geelbek.
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Figure 15. Seasonal variation in organ-ic carbon and total nitrogen content of
sediments from Oestenrva) and Geelbek.
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quality of the resource. No clear seasonal trends were observed with regard to the
quality of carbon or nitrogen available in the water column or surface sediments at
either site.

Discussion

Central to assessing the resources available to deposit feeders is a consideration of
the factors that determine the ability of a given detritivore to utilize a resource, i.e.
what makes a resource usable ?. The available resource can be defined as the total
mix of potential sources present in the detrital pool, while food sources are the
specific components that a particular animal utilizes which is a subset of the
available resource. The factors that influence usability of the resource include the
physical characteristics (e.g. grain size, sediment transpori) of the medium in which
the detritivore lives (e.g. sediment or water) which, depending on the feeding
apparatus and habits of the animal, may render a substrate which is rich in potential
food sources a virtual desert (Miller et al. 1984, Lopez et al. 1989). For example,
sediments may be too coarse for handling or too fine for retention by the feeding
appendages of the animal. The magnitude and nature of the resource are important
factors, e.g. the total amount of food source (whether it above a threshold needed by
a particular animal), the components (composition) of the resource (living, non-
living, different types of biota), nature of the components (size, shape, density,
nutrient content, motility), the sources of the components, the relative abundance of
the components and the distribution of the components in the medium (patchiness)
(Levinton 1980, Tenore 1981, 1983, Findlay 1982, Tenore et al. 1982, Phillips 1984).
The quality of a resource to a particular animal depends on the nature of the
resource compared to the feeding apparatus of the animal, its selective ability and
digestive ability. The feeding apparatus and selective ability of the animal determine
which components of the detrital pool are ingested, while the physiology of the
animal (digestive ability) determines the extent to which the ingested components
are utilized (assimilated). Thus resource quality must be assessed at two levels:
suitability for ingestion, and availability for digestion.

To assess the importance of different food resources to C. kraussi and
U. africana, both the burrow system and mode of feeding of the prawns need to be
considered. The sandprawn C. kraussi is primarily a deposit-feeder and occurs in
sandy sediments near the mouth of Langebaan lagoon (typified by the site at
Oesterwal), while the mudprawn U. africana is a filter-feeder inhabiting the muddy
upper reaches of the lagoon at Geelbek. U. africana inhabits stable U-shaped
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dwelling burrows through which a current is drawn for filter-feeding (Hill 1967,
Wynberg 1991). C. kraussi inhabits an irregular burrow system, the structure of
which changes continuously due to excavation during deposit-feeding (Forbes 1973,
Hanekom 1980). Detailed information on the feeding apparatus and diets of these
two prawns appears in Chapter 2.

Physical chéracteﬁstics of the habitat

If the physical characteristics of the sediments at the two sites are compared it is
apparant that while the mean annual temperature and pH are similar, Geelbek
sediments are a much more variable environment (Table 1). Although the mean
annual salinity is higher at Geelbek, the greatest range was observed here. The low
salinities observed at times may be due to seepage of fresh water from underground
sources in the upper reaches of the lagoon, as well as rainfall (Flemming 1977a).
The particularly high salinities at times may be due to evaporation in the relatively
shallow water. Oesterwal sediments provide a more uniform environment in terms
of temperature, salinity and pH, presumably because they are influenced by
conditions in the sea. Similarly water at Oesterwal is more influenced by the sea.
Temperature, pH and salinity are higher at Geelbek where they are also more
variable. In terms of sediment granulometric characteristics the median particle size
is slightly greater at Geelbek, although the mud and organic content is higher and
the bulk density is lower. This may affect colonization of the prawns as the higher
clay and organic content provides a more stable mud environment which allows
formation of the permanent burrows of U. a.fn'cana but may hamper the deposit-
feeding action of C. kraussi (energetically unviable, or clogs up feeding setae).
Conversely the relatively unstable sands at Oesterwal are not held together by as
much mud or organics which may prevent the establishment of the permanent
dwelling-burrow of U. africana but favour the feeding action of C. kraussi which
involves excavation of feeding burrows. Hill (1967) found that U. africana was -
limited by substrate, requiring muddy sediments to prevent burrow collapse. In
addition, once C. kraussi is established it may competitively exclude U. africana as it
excavates extensively, thus disrupting U. africana burrows. The activities of deposit-
feeders have been reported to affect the survival and colonization of other benthic
fauna (Rhoads & Young 1970, Aller & Dodge 1974). It appears therefore that the
differences in sediment characteriatics may in part explain the disparate distribution
of U. africana and C. kraussi in the lagoon system.
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Quantity of available resource

The total resource available at Geelbek is much larger than at Oesterwal as seen in
the higher total organics, organic carbon and nitrogen present in both sediments and
water (Figure 4). The resource at Geelbek also comprises a relatively higher
abundance and biomass (carbon and nitrogen) of biotic components, i.e. bacteria,
protozoa and especially diatoms (Figures 5,11 & 12). The abundance of meiofauna
at the 2 sites is similar and very low. Thus the biotic standing stocks (balance
between cropping and production) are greater at Geelbek and provide estimates of
the amounts of the biota that would be ingested per mouthful if an animal is feeding
nonseléctively. However, if any particular component is selected by the animal then
productivity becomes of great importance in assessing the amounts of available
resource present in the water and sediment. The productivity of bacteria and
diatoms at Geelbek is higher than at Oesterwal which supports the argument that
Geelbek provides a richer resource in terms of quantity of both living and non-living
components (Table 5).

Seasonal trends in the abundance of the total resource were not clear °
(Figures 15), with different patterns of organic carbon and nitrogen content for
different microhabitats. However, appreciable bottlenecks in the quantity of
resource available did not occur for all microhabitats and it is unlikely that they
limit the distribution and feeding strategies of these two detritivores. However,
resource quality, in terms of the proportion of living to non-living components
varied widely, indicating that the prawns may experience periods when they must
rely more heavily on the non-living components of detritus for sustenance (Figure
16). Seasonal changes in the total quantity and biomass of individual components of
the detrital pool have been reported for detritus-dominated systems (Tenore 1988,
Richardson 1991) and it appears that these may be related to decay cycles of
dominant plants (Whitlatch 1981, Tenore 1988). In addition, responses of benthic
communities to food supplementation suggests that food is seasonally limiting in
some systems (Richardson 1991).

Quality of available resource

The quality of the organic matter in the sediments can be considered in a number of
different ways. The proportion of living to non-living components gives a measure of
the quality of the organic matter because biota are generally considered a better
foodstuff to organisms that are not highly specialized feeders (Williams 1981,
Findlay & Tenore 1982, Bowen 1987). This proportion is higher in Geelbek
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sediments than Oesterwal sediments, but lower in Geelbek compared to Oesterwal
water. There is thus a higher proportion of refractory organic detritus in Oesterwal
sediments compared to Geelbek, with a reverse trend for water. Using this measure
of quality, detritus in Geelbek sediments is of higher quality than that at Oesterwal,
while the opposite is true for the detrital pool available in the water.

Another way to look at quality is to examine the C:N ratio of the
organic matter. A lower C:N means a greater proportion of nitrogen (which is
usually the limiting nutrieﬁt) per unit of foodstuff and may be caused by a high
proportion of nitrogen-rich organisms (the non-living component of detritus is
generally nitrogen-poor) (Tenore et al. 1982, Tenore 1983). In terms of this
definition of quality, the Geelbek sediment offers a better quality resource than
does Oesterwal as it has a lower C:N ratio. Interestingly in terms of C:N ratio the
organics in the water column at Geelbek offer a marginally better quality of
resource than those at Oesterwal, despite the fact that living organisms contribute a
slightly smaller proportion at Geelbek.

The quality of resource perceived by a particular detritivore may also
depend on the size distribution of the relevant components that represent potential
food items. Where is the most abundant resource held, i.e. in which size fractions?
At Oesterwal most of the total organics lie in the fine sand (64-250 um) (Figure 3), -
while the majority of the biotic component in the sediments and water is contained
in the 20-64 and <2 um size-fractions with very little represented in the >64 um
fraction (Figures 13&14). At Geelbek the organic matter is spread equally between
the coarse (250 um - 1 mm) and fine sand (64-250 um) fractions, while the biomass
of the biotic components is largely contained in the 20-64 pm fraction, but also well
represented in the 2 smaller size-fractions (<2 and 2-20 pm) in both the sediment
and water. It therefore appears that at both sites in both water and sediment the
biotic fraction is largely composed of small particles (<64 pm), while the abiotic
detrital fraction is mainly composed of larger particle (>64 pm). This is of interest
as many detritivores have been reported to selectively feed on smaller particles (e.g.
. Gremare 1988, Fenchel 1972, Taghon 1982, Self & Jumars 1988). A detritivore
selecting small particles at Geelbek or Oesterwal would benefit in terms of the
amount of microbiota ingested, i.e. the quality of food ingested would be higher. In
addition, an inverse relationship between sediment nutritional quality and size of
non-living particles has been reported (Forbes & Lopez 1989) as fine particles offer
a greater surface area relative to volume which allows for increased microbial
colonization (Whitlatch 1974, Nielsen & Kofoed 1982). Thus ingestion of smaller-
sized non-living detrital particles should result in higher quality of food, although
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the quantity of organic matter available is highest in the larger fractions of the
detritus at both Oesterwal and Geelbek.

Quality also depends on which of the biotic components are most
important in terms of numbers and biomass, i.e. the relative contribution of each
biotic component to the total organic matter, as the need for selective feeding by a
detritivore may rest with this. In both sediments and water, bacteria are most
abundant followed by diatoms and then protozoa. Meiofauna occur in relatively low
numbers in sediments at both sites. In terms of biomass at Geelbek the most
important biotic contributer to both carbon and nitrogen is diatoms followed by
bacteria and to a lesser extent protozoa, while the contribution by meiofauna is
minimal. At Oesterwal, bacteria contribute most to carbon and nitrogen biomass
followed by diatoms and protozoa, with a low but significant contribution by
meiofauna. Thus, to exploit the small resource represented in numbers and biomass
by meiofauna, an animal would have to feed selectively, but it may be practical to
exploit the bacteria and diatoms by ingesting sediments and particles from the water
column non-selectively, particularly at Geelbek where the biomass is high. The
relatively high biomass of diatoms at Geelbek is of significance, as benthic diatoms
have been identified as an important food source for many benthic animals (Jensen
& Siegismund 1980, Bianchi & Levinton 1984, Sullivan & Moncreiff 1990, Quigley
& Vanderploeg 1991). In addition, detritivores are reported to obtain significant
portions of required nitrogen from bacteria (Cammen 1989).

Of great importance is the proportion of total organics that is "locked
up" and unavailable in the non-living organic fraction (this may also affect the
feasability of trying to feed selectively) (Mayer 1989). Although no measure of how
much of the non-living fraction is actually bioavailable (i.e. can be assimilated by the
detritivore) exists for the present study, this portion is likely to be small. Mayer
(1989) reports that only a small percentage (5-30%) of the non-living organic matter
present in the detrital pool is susceptable to degradation by microbial or animal
enzymes. This needs to be taken into account when considering the quantity of
resource available to a detritivore, as much of the organic material is bound into
refractory geopolymeric materials that are of little biological relevence (Mayer et al.
1986). ' '

Distribution of available resource
Of relevance to the feeding behaviour and mode of feeding of the prawns is a

comparison of the two sites in terms of distribution of the resource in the sediment
(i.e. within-sediment microhabitats). Do the various microhabitats around the
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burrow systems differ in terms of quantity and quality? In terms of quality, surface
sediments at both sites (at and between burrows and in Zostera beds) have a higher
proportion of biota to non-living detritus than do sediments at depth and at burrow
lining (Figures 11 & 12). In terms of quantity the burrow 1ining and Zostera beds
have a higher total biomass of both carbon and nitrogen but the total amount of
organic carbon in non-living detritus is also higher there (Figures 9 & 10). Diatom
and bacteria biomass at both sites is spread evenly in the sediments with higher
amounts only in Zostera. Protozoan and meiofaunal biomass is greatest in surface
sediments and in Zostera beds. Thus the different biotic components are present in
different abundances in different regions of the sediment. It is possible that the
distribution of microbiota and organic material in the sediments is influenced by the
burrowing prawns themselves. Deposit-feeders have been shown to negatively
influence the density of meiofauna (Branch & Pringle 1988, Hoffman et al. 1984)
and micro-algae (Morrisey 1988). Burrowing thalassinids are reported to affect the
distribution of organics in sediments (Ott et al. 1976, Suchanek 1983, de Vaugelas &
Buscail 1990) usually resulting in an increase in the organic content in the vicinity of
a burrow, coupled with enhanced microbial activity (Aller & Yingst 1978). This
effect may be partially due to the deposition of faecal pellets (which represent
packages of high organic content) near the mouth of the burrow (Frankenberg et al.
1967).

The distribution of the total organics and the various biotic fractions
in the sediment may affect the optimum feeding sites for an organism like C. kraussi,
i.e. if it feeds below the surface it is feeding in an environment relatively
depauperate in protozoa and meiofauna but rich in bacteria. On the other hand
diatoms are uniformly distributed and if the animal depends on diatoms then it is
not important where it feeds in the sediment. The quality of the resource at both
sites is better in surface sediments, while the quantity.is highest in burrow linings.
Zostera beds represent a microhabitat with sediments of high quality and quantity.
Therefore one might expect that if C. kraussi feeds selectively it should target
surface sediments. A number of benthic detritivores are known to feed on the
surface layer of the sediment (Lopez & Elmgren 1989) and vertical gradients in the
abundance and composition of detritus have been reported (Whitlatch 1981, Jensen
1983). Although Hylleberg & Riis-Vestergaard (1984) report an increase in the
amount of nitrogen with sediment depth (15cm) compared to surface sediments, this
trend was not observed at either Geelbek or Oesterwal.

Water at Oesterwal features mostly protozoa and bacteria and is a
poor resource in terms of total biomass, while Geelbek waters are relatively rich in
biomass and support similar biomass values for each of diatoms, protozoa and
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bacteria (Figures 9 & 10). Filter-feeding would therefore seem more profitable at
Geelbek than at Oesterwal.

Conclusions

While quality and quantity of resource can be defined in general terms, the actual
food sources available depend on the feeding strategy of the detritivore. Feeding
strategies may be expected to optimize the utilization of the resource, and therefore
information about the resource may allow tentative predictions about resource
utilization by the animal. U. africana and C. kraussi occupy habitats which differ with
respect to both the quality and quantity of resources available in the sediments and
water column. U. africana lives in the muddy sediments at Geelbek where it is able
to maintain permanent burrows. Large quantities of water particulates are available
to support filter feeding, probably due to suspension of organic material from
surface sediments. While the total POM and total biomass is higher in the water
column at Geelbek compared to Oesterwal, the organics nevertheless contain a low
proportion of living components with the bulk comprising non-living POM. Selective
filter-feeding by this prawn would thus maximize intake of labile living components
(small size fraction). If the animal feeds non-selectively it will ingest large quantities
of relatively refractory material (derived from saltmarsh detritus) along with
microbiota. In this case the animal may require a feeding strategy that maximizes
the quantity of material ingested (e.g. increased ingestion rate and gut size) in order
to increase the quantity of labile components ingested, and possibly the efficient
utilization of refractory components either by endogenous enzyme activities or by
association with gut microbes. However, the relatively high quality and quantity of
resource available to U. africana suggests that this prawn may be less likely to rely
on specialized feeding mechanisms or associations than is C. kraussi. C. kraussi
generally occurs in more sandy, unstable sediments (typified by those at Oesterwal)
where there are loose sediments which allow digging-type foraging. However, lower
total organics and a poorer quality resource in terms of the availability of labile
living components of detritus suggest that either selective feeding with regard to
both the type of particles ingested and site of foraging, or efficient utilizion of the-
non-living fraction of detritus is likely to be of greater importance to C. kraussi than
U. africana.
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CHAPTER 2

Feeding apparatus and food resources of two thalassinid detritivores, the mud-
prawn Upogebia africana and the sand-prawn Callianassa kraussi

ABSTRACT

The feeding strategies of two saltmarsh detritivores, the mud-prawn Upogebia
africana and the sand-prawn Callianassa krdussi, are investigated by examination of
feeding apparatus, gut morphology, gut passage time and gut contents coupled with
stable isotope analyses to determine the major food sources. The mode of feeding,
gut structure and diet of the two prawn species differ, although gut passage rates are
similar (ca. 6 h). U. africana is a filter-feeder which ingests small particles non-
selectively. Stable isotope analyses indicate that this prawn relies on vascular plant
detritus for both its carbon and nitrogen requirements. Thus it survives on a
relatively poor quality diet. This may be reflected its relatively large gut which is
dominated by the throughput regions (fore-, mid- and hindgut), while the
hepatopancreas appears to be of lesser importance. A large gut allows ingestion of
Iarger quantities per meal. By contrast, C. kraussi is a deposit-feeder equipped to
feed selectively on larger particles present in the detrital pool, and has an efficient
mechanism (the gastric mill) for breakdown of these components of the diet. Stable
isotope analyses confirm selective feeding in that carbon is obtained from a mixture
of vascular plant detritus and diatoms while nitrogen is obtained almost exclusively
from the living components of detritus, i.e. diatoms and protozoa, despite the low
biomass of theses detrital components. C. kraussi has a relatively small gut indicative
of a richer quality diet, and the hepatopancreas dominates its volume effectively
increasing the retention time of particles held in this region.
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INTRODUCTION

Aquatic detritivores comprise a diverse group of animals occupying many habitats
and ranging from filter-feeders to deposit-feeders, scavengers to specialist feeders
(e.g. wood-borers). Detritivores generally have a wide variety of resources within the
detrital pool available to them. The detrital pool usually comprises a small living
fraction, the microbiota (bacteria, protozoa, algae, etc.) and a large non-living
fraction (particulate organic matter (POM)), the bulk of which consisting of vascular
plant and/or macroalgal fragments) (Tenore et al. 1979, Whitlatch 1981). The
relative roles of the different resources in the nutrition of detritivores has been
highlighted as one of the most important unresolved problems in their feeding
ecology (Levinton 1989, Cammen 1989). It is clear that the perception of
detritivores as indiscriminate feeders is not correct for many species, and it is
important to compare digestive processes with food availability (Levinton 1989).

The utilization of the various available resources by a given
detritivore is dependent on a number of factors. Ingestion of the different resources
will depend on both the food capture mechanisms of the animal and the quality of
the detritus. Food capture mechanisms are defined by the morphological and
behavioural attributes of the animal (Miller 1984, Ngoc-Ho 1984, Coleman 1989,
Hartmann & Kunkel 1991). Morphology, in the form of the feeding apparatus used
to collect food materials, influences selectivity and can constrain feeding strategies
(Whitlatch 1989), while behavioral traits should serve to maximize the gain of
nutrients from detritus (Sibly 1981).

The quality of detritus to a detritivore depends on both the nature of
the principle components (size, shape, mobility, nutritional composition) and their
relative abundance in the detrital mixture (Phillips 1984). The nature of each
component of the detrital mixture will determine its importance as a potential food
source to the animal in terms of its availability and desirability with regard to the
detritivore’s morphological and behavioural feeding strategy, and its nutrient
content and digestability to the animal (Lopez et al. 1977, Newell & Langdon 1986,
Kreeger et al. 1988). It is clear that desirability for components containing nutrients
that are limiting will be greater than for those that are not, providing that the animal
is equipped to utilize them. The quality of detritus perceived by the animal is
therefore different for each detritivore, and will depend not only on its composition
per se but also on the animal’s ability to utilize the components and the animal’s
nutrient requirements (Tenore 1989). Behavioural plasticity in foraging behaviour
will probably be most important where the relative abundance of components of
detritus are variable (i.e. quality changes over time and/or space), e.g. where there

68



are marked seasonal differences (Graf et al. 1982, Richardson 1991) or the
distribution of certain important components in the detritus is patchy (Townsend &
Hughes 1981, Watling 1989).

Digestability of a component by a detritivore varies with its nature
and will depend on both the morphology and physiology (e.g. enzymes) of the
detritivore (Phillips 1984). The nutrient gain by an animal is also dependent on
~ ingestion rate (Cammen 1989). Ingestion rate can be confined by morphological

traits e.g. gut volume can limit throughput rates. It has been suggested that digestive
kinematics are expressed statically in gut morphologies (Penry & Jumars 1990).
Morphology will influence the time a given component is held in the digestive tract,
as well as the time of residence in different regions of the gut, and therefore
digestion and absorption as these are time-dependent processes (Kofoed et al.
1989). Gut throughput time may be increased by having a longer gut (e.g. herbivores
often have longer guts than do carnivores), and Sibly (1981) predicted that animals
eating poorer-quality diets should have larger gut volumes. Partitioning of the gut
into compartments and side pouches allows sorting of food components in the gut so
that while some food components are shunted through the gut and their gut
residence time equals the gut throughput time of the main food bolus, other
components may be retained for much longer periods. Because nutrients are
absorbed at different sites, retention time may vary depending on which nutrient is
being considered. Gut throughput times and gut retention times are therefore not
synonomous. Throughput time is the time from ingestion of food to defecation of
undigested residue, while retention time is the time that digesta are retained in the
absorptive regions of the gut (Sibly 1981). It would be advantageous to shunt less
desirable components out of the gut rapidly while retaining more important ones so
that more complete digestion can occur. Thus not only must a component be
digestable in terms of the enzymes produced by the animal but it must be retained
in the correct region of the gut long enough for efficient digestion and absorption.
There is inevitably a trade-off between absorption rate and efficiency and these two
factors interact to control assimilation (Boehlert & Yoklavich 1984). The chemical
reactor concept developed by Penry & Jumars (1986,1987) offers predictions about
how gut throughput time and the extent of digestive conversion should vary with-
changes in food concentration to maximize digestive efficiency. '

The feeding strategies most commonly proposed and demonstrated
for detritivores are optimal foraging (e.g. where the animal increases the feeding
rate when food quality increases) (Taghon 1981) and "compensatory” feeding (e.g.
where an animal increases its feeding rate in response to decreased food quality)

| (Lopez et al. 1983, Poovachiranai et al. 1986, Genoni 1991). It has been suggested
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that these different scenarios represent different subsets of a continuum, along
which natural systems lie (Taghon 1989). Flexibility lies in the ability to vary the gut
volume or the throughput rate of food as the composition of the diet changes, i.e. a
"functional ingestion response” to food supply (Cammen 1980, Taghon & Greene
1990). The optimal strategy adopted by any animal represents a trade-off (Levinton
1989, Cammen 1989) that should maximizes net energy gain (Townsend & Hughes
1981). For example, although an increased ingestion rate brings more food into the
gut, it results in a decrease in the gut passage time and diminished digestion of
material. This compromise sets an optimum feeding rate, which should increase with
increasing food quality, i.e optimal foraging. As food quality decreases the
appropriate strategy may be to increase gut residence time in order to increase
digestion. However, when food quality is very poor, it may be beneficial to increase
the feeding rate, thus decreasing gut passage time to expel useless food items, i.e.
compensatory feeding. A more refined feeding strategy is selective feeding which
may be more prevalent in detritivores than has generally been assumed (Hammond
1983, Poovachiranon et al. 1986, Cowles et al. 1988, Gremare 1988, Self & Jumars
1988, Levinton & DeWitt 1989, Lopez et al. 1989), although the costs of handling
and sorting food must be considered (Taghon et al. 1978, Taghon 1988).

Thus gut morphology and configuration and digestive tactics
(behavioural and physiological) together act t0 maximize an animal’s net rate of
energy and nutrient gain. Any study looking at optimal feeding strategies must
consider both foraging (ingestion, morphology and behaviour) and digestion
(enzymes, gut passage, gut architecture) in relation to available food resources.

This chapter compares aspects of the feeding strategies of two saltmarsh
detritivores, the filter-feeding mud-prawn Upogebia africana and the deposit-feeding
sand-prawn Callianassa kraussi. No previous detailed studies of the feeding
appendages and gut structure of these thalassinid prawns exists, although the modes
of feeding of U. africana (Hill 1967) and C. kraussi (Forbes 1973) have been
described . The morphology of the feeding apparatus is investigated by scanning
electron microscopy to confirm the mode of feeding and the constraints on particle
capture and selection. The architectures of the digestive systems are compared with
respect to relative sizes, configuration and compartmentalization, factors that affect
both ingestion rates and digestive efficiency. The feeding cycles are investigated
together with gut throughput times in the field. Field gut throughput times are little
studied but important, together with gut structure and digestive physiology, in
influencing ingestion rate and the utilization of components of detritus (Jumars &
Penry 1989). Finally, the diet of the animals is investigated by gut content analyses
(light microscopy and scanning electron microscopy) which provide an indication of
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ingestion and selectivity, coupled with a stable isotope study to determine the
relative importance of various components of available detritus as food sources.

The results of this chapter, together with studies on the digestive
physiology of the animals (Chapter 3) and on the resources available in their
respective habitats (Chapter 1), contribute to a comparison of the feeding strategies
of, and resource utilization by, the two species of detritivorous prawn.

Methods and materials
Study site and animals

U. africana and C. kraussi were collected respectively from Geelbek (upper reaches)
and Oesterwal (near mouth) in Langebaan lagoon (see Chapter 1 for detailed
description of sampling sites). The mud-prawn U. africana inhabits a simple U-
shaped dwelling tube through which a water current is drawn during filter-feeding
(Figure 1) (Hill 1967, Schaeffer 1970, Branch & Branch 1981)), while the burrow of
the sand-prawn C. kraussi comprises a much deeper but less uniform system of tubes
with numerous short side feeding burrows excavated during the deposit-feeding -
action of the prawn (Figure 1) (Forbes 1973, Wynberg 1991).

Feeding apparatus

Feeding appendages (pereiopods and maxillipeds) were dissected from freshly
collected, cold-anaesthetized animals and fixed in 2.5% gluteraldehyde (in 0.2um
filtered seawater) for 48h at 4°C. Samples were then processed for viewing with a
Cambridge S200 scanning electron microscope (SEM) as described in Harris et al.
(1991). Appendages of at least 3 individuals of each species of prawn were

examined.

Gut architecture
a

 Animals were cold-anaesthetized and fixed in 5§ % formalin within 2 of collection.
Total lengtﬁ (tip of rostrum to end of telson) and carapace length (tip of rostrum to
posterior edge of carapace) were recorded. The animals were dissected to remove
the entire digestive system, and the dimensions of the fore, mid and hindgut and the
hindgut diverticulum were measured using a camera lucida attached to a stereo
microscope (x40 magnification). Gut volume was calculated assuming an oval-
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Upogebia africana WATER

(2 openings / prawn)

Callianassa kraussi
(1 opening / prawn)

Figure 1. Diagramatic representation of simple U-shaped dwelling-burrow
of Upogebia africana and irregular feeding-burrow of
Callianasa kraussi
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shaped foregut and cylindrical shapes for the other gut regions. The volume of the
hepatopancreas was measured by displacement in water in a graduated test-tube.
Dry weights of the body (minus digestive system) and the various gut regions were
obtained after drying at 60°C for 48h. Results are reported in terms of ratios of body
size (volume, weight and length) to gut size, relative compartmental sizes, total
aspect ratios and compartmental ratios.

Feeding cycle and gut passage time

Thirty U. africana and 40 C. kraussi prawns were collected respectively from
Geelbek and Oesterwal in Langebaan lagoon at 2-hourly intervals for 36h on 2
consecutive spring tides in April 1991. A random sampling grid was established at
mid-tide level on the shore to prevent repeat sampling of burrows and to minimize
disturbance. The 36-hour period sampled included at least 1 diurnal and 2 tidal
cycles for each prawn species. Immediately on collection, prawns were examined to
establish the fullness of the mid- and hindguts. This method was possible as the
exoskeleton is transparent in this region allowing a direct view of the gut and its
contents. Results are expressed as percentage of animals with full guts, and these
were plotted for the 2 hourly sampling intervals to allow estimation of gut
throughput times.

Stable isotope analyses

U. africana and C. kraussi were collected during September 1990, cold-anaesthetized
and immediately dissected to remove muscle tissue (from the abdomen), and gut
contents. On the same sampling occasion samples of sediment from Geelbek and
Oesterwal, leaves of the two saltmarsh vascular plants Zostera capensis and Spartina
alterniflora and a prolific epiphyte of S. altemiflora were collected. Samples were
decalcified as follows (Sealy et al. 1987): animal and plant samples were rinsed in
1.5% HCI for 15 min, while 1.5% HCI was added to sediment samples, which were
sonicated for 5 min and stirred until release of bubbles ceased. Trials with 10% HCl
(see Haines & Montague 1979, Sullivan & Moncreiff 1990) on duplicate samples
revealed no difference in the carbon and nitrogen standard isotope ratios.
Phytoplankton samples were obtained from each site by filtering 1-2 1 of lagoon
water onto premuffled (450°C, 6 h) GF/F filters. All samples were dried at S0°C for
48 h.

Separate samples of 6-26mg and 15-55mg respectively of plant, muscle
and gut content were analysed for 13C/ 12¢ and 15N/ 14¢ ratios. Samples of 100-
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800mg of sediment and sediment organics were analysed for both 13C/ 12¢ and
15N/ 14¢ ratios. Filters plus phytoplankton and control filters were ball-milled and
40mg analyzed for 13C/ 12¢ ratios. Triplicate samples from each source were
prepared for both cabon and nitrigen analyses. Each sample was loaded into a
quartz breakseal tube with excess copper, copper oxide and silver foil. The tube was
evacuated to 1072 Torr, sealed and combusted in a furnace at 800°C for 8 h. The
isotope ratios of the resultant Ny and CO7 gas samples were measured on a VG
Micromass 602E 90° sector double-collector mass spectrometer. Stable isotope
ratios are reported with reference to a standard (Fry & Sherr 1984). The difference
between the sample and the standard is expressed in parts per thousand or per mil
(°/00), calculated according to the following formula:

sX (°/00) = [(Rsample/Rstandard)-11 X 103,

where X is 1_3C or 15N, R is 13C/ 12¢ or BN / 14N, and the sfandards for Cand N
are Peedee Belemnite carbonate (PDB) and atmospheric diatomic nitrogen,
respectively. The measurement error was less than 0.06 ©/oo.

Gut content analyses

Animals were cold-anaesthetized and dissected in the field imrried‘iately after
- collection. The whole guts of ten animals of both U. africana and C. kraussi were
preserved separately for each of the following estimations: protozoa, diatom,
meiofauna numbers and biomass, organic conteht, C/N ratio and chlorophyll
content. Fixation and processing methods, and carbon and m’trovgen biomass
calculations, followed the methods described in Chapter 1 for sediments. Results are
expressed per whole gut of similarly sized animals (total léngth + 40 mm).

In addition, the gut contents of S animals. of each species were
collected for examination by scahning electron microscopy. These samples were
prepared as described above. '

Results
Feeding apparatus
U. africana is a filter-feeder which feeds by creating a current through its burrow

using the pleopods, and filtering particles from the water column using a filtering
basket comprising pereiopods 1 and 2 and maxilliped 3. Pereiopods 1 and 2 have a

. 74



double fringe of filtering plumose setae (Plate 1a) on the ventral margin of the
appendage, and the mean distances (+s.d.) between setal filaments (setules) are 0.8
*+ 0.35 um (n-15) for pereiopod 1 (Plate 1b), and 1.0 +0.40 um (n=16) um for
pereiopod 2 (Plate 1c&d). Plumose setae have two diametrically opposed rows of
fine setules lining the marginal edges of a long distally tapering shaft. This suggests
that U. africana can retain particles at least as small as 1 um, if the boundary layer
affect is considered. Although U.africana can retain very small particles, larger
mobile organisms are probably not efficiently retained by the passive filters.

C. kraussi is a burrow-dwelling deposit-feeder which wuses a
combination of digging and filtering to feed. Pereiopod 3 is shovel-shaped (Plate 2c¢)
with a short squared dactyl and widely spaced clumps of coarse setae on the large
rounded propodus (Plate 2d), while pereiopod 2 (Plafe 2a) and maxilliped 3 have
long plumose setae on the ventral margins and are therefore modified to act as
filters. Pereiopod 3 is adapted to selectively capture large particles, while pereiopod
2 and maxilliped 3 are able to filter out small particles that have been suspended by
the shovelling action of perieopod 3. The mean distance between the setal filaments
of pereiopod 2 (filter) is 3.1 +1.4 um (n=17) (Plate 2b) suggesting that this species
may not be able to retain particles smaller than approximately 3 um, whereas the
distance between setae (very few setules present) of pereiopod 3 (Plate 2d) is
approximately 27 + 9.4 um (n=19), and it appears only to be able to retain fairly
large particles.

The cardiac (anterior) region of the foregut of C. kraussi consists of a
well-developed crushing-type gastric mill typical of most decapods (see Schaefer
1970), and the denticles of the lateral tooth are reticulated to deal with crushing
particles (Plate 2e&f). The filtering setae in the smaller posterior pyloric portion of
the foregut sort the masticated food by size; large particles are channelled into the
midgut, whereas small particles and fluids enter the digestive gland. In U. africana
the gastric mill in the cardiac (anterior) region of the foregut is modified to act as a
primary filter, squeezing rather than grinding the food (Schaefer 1970). The lateral
teeth are not hardened or reticulated, and act as filters rather than as crushing teeth
(Plate le&f). This filtering process is continued in the pyloric region where there
are many setae, and this results in a seperation of large particles which are passed
directly to the midgut, and fine particles which enter the digestive gland.

. {
Gut architecture

The body length : gut length ratio of U. africana is slightly lower than that of C.
kraussi indicating that the throughput gut (foregut, midgut and hindgut) of U.
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Plate 1. Scanning electron microscope views of feeding appendages and foregut
micro-structure of Upogebia africana. a. Pereiopod 1, double layer of filtering setae
on ventral margin, b. Pereiopod 1, Setules on filtering setae, c. Pereiopod 2, single
layer of filtering setae on ventral margin, d. Pereiopod 2, diametrically opposes
double row of setules on each filtering seta, e&f. Lateral tooth in foregut modified
for filtration. Scale bars: a. 500um, b. 10um, ¢. 100um, d. 20um, e. 100um, f SOum
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Plate 2. Scanning electron microscope views of feeding appendages and foregut
micro-structure of Callianassa kraussi. a. Pereiopod 2, filtering setae on ventral
margin, b. Pereiopod 2, diametrically opposed double row of setules on each
filtering seta, c. Pereiopod 3, shovel-shaped large rounded propodus and squared
dactyl, d. Pereiopod 3, clusters of setae with few setules on the propodus, e&f
Lateral tooth in foregut with sharp chitinized surfaces. Scale bars: a. 100um, b.
- 20pm, c. 2 mm, d. 200um, e. 100um, f. 30um |
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africana is shorter than that of C. kraussi (Table 1). However, the throughput gut of
U. africana is much larger than that of C. kraussi in terms of both volume and weight
relative to body volume and weight (Table 1). When the size of the total digestive
system (including hepatopancreas) is compared to the total body size, in terms of
volume and weight, that of U. africana is also larger than that of C. kraussi. The
aspect ratios i.e. length/width (Table 2) of the whole gut and the various
compartments are lower for U. africana than C. kraussi, indicating that the gut has a
relatively larger diameter in all gut compartments of U. africana. Thus U. africana’s
gut is larger, wider but shorter than that of C. kraussi.

The linear dimensions of the guts of the two species of prawn are
shown diagrammatically in Figure 2A. The foreguts of the two species of prawn have
similar lengths relative to the total gut length (Figure 2B). However, the relative
midgut length of C. kraussi is larger than that of U. africana, while the hindgut length
of U. africana is greater than that of C. kraussi. Thus C. kraussi has a longer midgut
while U. africana has a longer hindgut. While the foregut volume of C. kraussi is
slightly larger than that of U. africana relative to its body volume, the volumes of the
mid and hind guts of U. africana are relatively larger than those of C. kraussi (Figure
2C). Thus different regions of the throughput gut dominate the volume in the two
species of prawn. C. kraussi has a larger diverticulum (in terms of both length and
volume) than does U. africana. '

If the sizes of the different gut compartments are compared to the size
of the total digestive system, i.e. including the hepatopancreas (Figure 3), it is clear
that in terms of volume the throughput gut (fore, mid and hind) is much larger in U.
africana, while the hepatopancreas has a much higher relative volume in C. kraussi
than U. africana (Figure 3A). The relative foregut volume in particular is much
higher in U. africana than in C. kraussi. In C. kraussi the greatest proportion of the
total gut volume is made up of the hepatopancreas, while in U. africana the other
regions, especially the foregut, contribute significantly to total volume. If relative
weights (Figure 3B) are considered it is clear that the foregut of C. kraussi is heavier
than that of U. africana despite the lower relative volume. This may reflect the
modifications of the teeth in U. africana away from heavy chitinous teeth to soft
filters.

Feeding periodicity and gut throughput time

Figure 4 gives the percentage of animals (U. africana and C. kraussi) with full guts at
2-hourly intervals over 2 tidal cycles. Both U. africana and C. kraussi have feeding
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Table 1. Body : gut (B/G) ratios for U. africana and C. kraussi. Values represent the
means (* one standard deviation) of 20 measurements.

Ratio : v U. africana C. kraussi

Body : throughput‘ gut

Length 1.19 (0.15) 1.16 (0.14)
Volume | 1229 (4.05) 109.60 (31.8)
Weight | 31.13 (9.75) 5436 (21.28)
Body : Total digestive system ‘

Length 1.19 (0.15) © 1.16 (0.14)
Volume ' 6.44 (1.39) 10.23 (3.83)
Weight | 6.74 (1.63) 7.10 (3.01)

* foregut + midgut + hindgut
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Table 2. Aspect ratios (length/width) of throughput gut (foregut, midgut and
hindgut) and gut compartments of U. africana and C. kraussi. Values represent the
means ( + one standard deviation) of 20 measurements.

Aspect ratio

Gut / Compartment ~ U. africana - C. kraussi
Throughput gut 17.78 (1.59) 21.75 (2.03)
Foregut | 1.86 (0.15) 2,07 (0.15)
Midgut 1544 (3.55) 34.18 (4.56)
Hindgut 14.16 (3.18) 9.45 (2.08)
Diverticulum 18.53 (4.73) 36.84 (10.47)
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cycles closely linked to the tidal cycle. Prawns feed on an incoming tide, while gut
evacuation occurs on an outgoing tide. At high tide the number of animals with full
guts is at a maximum and at low tides almost all animals have empty guts. No
diurnal effect on the feeding cycle was detected, with peaks of animals with full guts
occurring at high tides during the day and night in both species of prawn. The onset
of feeding appears to lag the incoming tide, since the maximum peaks of fullness
generally occurred approximately 2 hours after time of high tide.

Information about the prawns’ feeding patterns and gut throughput
times can be gained by parsimonious interpretation of the gut fullness curves
(Figure 4). Both species of prawn showed individual peaks with >95% of the
animals with full guts, indicating that virtually all animals had eaten a meal on those
occasions. If it is assumed that all prawns fed with a constant gut throughput time
over the 36 hour sampling period, then the lower peaks (<95% with full guts)
indicate the proportion of the total population that had eaten a meal on those
occasions, i.e. not all animals eat during each tidal cycle. The alternative explanation
is that all animals do eat at every tidal cycle and that the variable height of the
peaks indicates that the gut passage times of the prawns are highly variable, and that
individual animals are filling and emptying their guts repeatedly during one tidal
cycle. The latter scenario is highly unlikely considering that the gut passage rate of
an animal would have had to change as much as 2 fold within the 36 hour sampling
period to obtain peaks as low as 50% full guts as were observed (Ellis & Small
1989).

If each individual peak is considered for either species of prawn it is
apparant that they are symmetrical and have a sharp apex, i.e. the filling slope is
similar to the emptying slope (Figure 4). This suggests that there are no sharp cues
that cause synchronized onset of feeding or of gut emptying. Assuming that the gut
throughput time did not vary widely during the sampling period, then it follows that
the time that any one animal has food in its gut (i.e. its gut passage time), is on
average equal to half the base of the curve when extrapolated to the zero line, i.e.
approximately 6 hours, because different individuals may have begun feeding at
different times even although the whole population simultaneously achieved full
guts at the peaks of the highest curves. For example, in the hypothetical curve shown
in Figure 5 one animal may have fed at time a and emptied by time b, while a
second animal fed at time ¢ and emptied by time d, etc. The sampling bias
(accuracy) with a symmetrical curve will be approximately 1 hour (half of the 2
hourly sampling interval).

Furthermore, considering the sharp peak of the curve it is possible to
deduce that the feeding bout (period of active gut filling) of each animal is for a
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Figure 4. Feeding cycle as shown by percentage with full guts at two hourly
intervals over three tidal cycles.
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~ Figure 5. Schematic representation of feeding cycle and throughout time.
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maximum of 2 hours (period between sampling). Thus an animal feeds continuously
for up to 2 hours. A longer feeding bout would result in a plateau in the curve
(where all animals are full) with a width approximating the period of feeding, a
scenario obviously not represented by the data for either U. africana or C. kraussi.

Stable isotope énalyses

The stable carbon and nitrogen isotope ratios of the prawns and their potential food
sources in Langebaan lagoon are given in Table 3. The 13¢ values for U. africana
and C. kraussi ranged from -11.14 to -11.16 and from -13.05 to -13.10, respectively.
The stable carbon isotope ratios of C. kraussi are depleted by approximately 2 ©/o00
relative to those of U. africana. The sediment and sediment organics had similar
narrow ranges of 13¢ values at the 2 sites, i.e. ranging from -13.19 to -13.80 at
Geelbek and -13.75 to -12.62 at Oesterwal. The saltmarsh vascular plants Zostera
capensis and Spartina alterniflora had 13¢ values ranging from -11.17 to -13.13, while
the filamentous algal epiphyte associated with S. alterniflora had much more
depleted 13¢ values of -17.09 to --18.09. Another possible food source, i.e.
phytoplankton in the water column, had 13¢ values of -17.96 to -21.97. Interestingly,
the gut contents of U. africana had values of -15.56 to -17.76 closest to
phytoplankton, while that of C. kraussi had values closest to vascular saltmarsh
plants i.e. -9.3 to -10.35.

- C. kraussi was enriched with respect to its stable nitrogen isotope ratio
(11.81 to 11.86) compared to U. africana (9.02 to 9.38). Similarly, sediment and
sediment organics had higher I5N values at Oesterwal (10.59-11.28) than at
Geelbek (8.74 to 9.70). The two saltmarsh plants had lower narrow ranges of 15N
values, ranging from 5.62 to 6.57 ©/oo0, and that of the epiphyte fell below this range
(5.49-5.57). No I5N values were obtained for gut contents and phytoplankton
because too little gas was evolved from these samples. _

Figure 6 shows the 13C and 15N values respectively for U. africana
and its potential food sources. Considering enrichment values from food to
consumer of 0-29/oo and 3-5°/00 for carbon and nitrogen stable isotope ratios,
respectively, it is clear that only S. alterniflora and Z. capensis are significant sources
of carbon and nitrogen assimilated by U. africana. It is however possible that the
epiphyte which occurs prolifically on S. altemiflora may contribute to nitrogen
acquisition by this prawn. ,

It appears that C. kraussi obtains its carbon primarily from sediment
organics which have a 13C/ 12¢ ratio slightly depleted compared to S. alterniflora
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Table 3. Carbon (BC) and nitrogen (15N) isotope ratio measurements of C. kraussi and U.
africana muscle tissue and potential sediment and water resources.

Source 13C 15N
Prawns _
C. kraussi -13.1 11.81
-13.08 ‘ 11.86
-13.05 11.84
U. africana -11.14 9.14
' 9.38
-11.16 ' T 9.02
Prawn gut contents
C. kraussi - -10.35 -
93 -
U. africana -16.51 ' -
-17.76 -
-15.56 .
Sediment organics
Oesterwal -13.65 ' 10.71
-9.08 11.28
-13.75 : :
Geelbek , ' -13.49 9.70
' -13.19 - 9.15
Sediment
Oesterwal -13.07 10.92
-1255 10.59
-12.62
Geelbek -13.50 8.74
' -13.80 8.87
-13.69
Saltmarsh plants
Zostera : -11.92 6.29
-11.17 6.46
-11.64
Spartina -12.83 6.57
: -12.75 5.62
-13.13 ‘
Water (Phytoplankton) A
Oesterwal - -17.96 -
Geelbek o -21.97 -
Algal epiphyte. .
Geelbek -18.09 549
-17.9 5.57
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Figure 6. Stable carbon and nitrogen isotopic ratios of Upogebia africana
and potential food sources. Shaded areas represent expected isotopic ranges of

food sources. * From Sholto-Douglas et. al. (1991).

88




Carbon
— Zostera

Spartina
Sediment

Callianassa kraussi

. Sediment organics

] | ! [ | | |

-283-22.21-.20-19-18-17-16-15-14-13-12-11-10-9

13 carbon®/oo

Nitrogen
- Callianassa kraussi

- Sediment organics

— Sediment

15 nitrogen®/oo

Figure 7. Stable ¢carbon and nitrogen isotopic ratios of Callianassa kraussi
and potential food sources. Shaded areas represent expected isotopic ranges of
food sources. * From Sholto-Douglas et. al. (1991).

89




and Z. capensis, probably due to the presence of diatoms which have a much more
* depleted value (Figure 7). Thus C. kraussi obtains its carbon from a mixture of
saltmarsh vascular plant detritus and diatoms, but the saltmarsh plants are the
dominant source. In terms of nitrogen, C. kraussi does not appear to derive
nutriment directly from any of the sources tested. However, nitogen isotope ratios
for phytoplankton in the region (Sholto-Douglas et al. 1991) and those for micro-
algae from other salt-marsh systems (Peterson et al. 1985), suggest that C. kraussi
probably obtains most of its nitrogen from sediment diatoms (and possibly
protozoa). o

Figure 8 is a combined plot of carbon and nitrogen stable isotope
ratios obtained for the two species of prawn and their potential food sources. In
addition, offshore phytoplankton data (Sholto-Douglas et al. 1991) is overlayed. It is
clear that U. africana derives both its carbon and nitrogen from the saltmarsh
vascular plants, particularly S. alterniflora. Geelbek organics are skewed to the left
(depleted) by non-plant elements i.e. diatoms which do not appear to be an
important source of nutrients for U. africana.

The picture for C. kraussi is somewhat different. While C. kraussi
appears to utilize carbon and nitrogen from phytoplankton, Oesterwal organics are
strongly implicated as a carbon source (Figure 8). These organics have carbon stable
isotope values that indicate a mixture of saltmarsh plants and diatoms, but are
skewed towards saltmarsh plants. Therefore it is probable that C. kraussi uses
vascular plant detritus in the sediments as its main carbon source.

Gut content analyses

Scanning electron microscopé views revealed that the gut contents of both species of
prawn included plant fragments, whole and fragmented diatoms, partially degraded
protozoa and bacteria attached to organic matter (for further details see Harris et
- al. (1991), Figure 2, Chapter 5). No remnants of meiofauna were observed in the
guts of either species of prawn. A distinctive feature of midgut contents, particularly
those of U. africana, was the dense coating of the gut contents by filamentous
bacteria, which were absent from hindgut contents. .

- Light microscopy of gut contents confirmed the presence of a bulk
matrix of particulate organic matter and the presence of diatoms and protozoa in
both U. africana and C. kraussi (Figure 9). Very few meiofauna were found in the
gut contents of either species of prawn. The proportion of living to non-living
material in the gut contents is higher in C. kraussi than in U. africana. In addition, a
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much larger proportion of the carbon and nitrogen in the gut contents of C. kraussi
are contributed by sediment protozoa than in those of U. africana.

If the composition and relative proportions of diatoms in the guts of
the prawns are compared with those in the respective sediments and water in the
habitats in which they live (Figure 10), U. africana appears to be less selective than
is C. kraussi. While the composition of diatoms inside the gut of U. africana closely
approximates that of Geelbek sediments and water column, it appears that C.
kraussi does not ingest all types of diatoms, i.e. their incidence in the gut is
proportionally less than in the sediment. In both species of prawn the ingested
diatoms are dominated by centric diatoms, particularly those of the small size
(25x10um) category. However, selection by C. kraussi does not seem to be size-
‘related.

Discussion
Functional feeding morphology and diet

A number of studies have correlated the structure of feeding appendages with the
diet of crustaceans (e.g. Manjulatha & Babu 1991, Mertens et al 1991, Colemnan
1989, Jones 1968). Nival and Nival (1976) measured the distance between the
filtering setae of a copepod, and compared this with the experimentélly determined
size retention efficiency. They found that the experimentally and theoretically
obtained values correlated closely. Similarly, Dalley & McClatchie (1989) examined
the feeding apparatus and gut contents of the euphausiid Nyctphanus australis by
scanning electron microscopy and found that tentative predictions on the diet can be
made by examination of functional feeding morphology.

Food capture mechanisms of U. africana and C. kraussi have received
only superficial attention (Hill 1967, Forbes 1973) while particle size retention has
not been investigated previously. Results of the present study indicate that U
africana is equipped to filter-feed non-selectively on suspended particles in the
water column. Inter-setule distance on the filtering setae of the pereiopods indicate
that this prawn is able to retain very small particles (<0.8um) including protozoans
and free-living bacteria, but is poorly equipped to capture larger mobile meiofauna
(Plate 1). Most of the organic material in the sediments and water column of this
prawn’s habitat, Geelbek, is contained in the 20-64um fraction, with appreciable
amounts in the 2-20 and <2pm fractions (Chapter 1). Most of the biota occur in the
<64um fraction. Thus U. africana is able to exploit most of the available organic
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material, as well as capture most of the biotic components present in the water
column and suspended from the sediments. By contrast, C. kraussi is capable of
selectively sorting through sediment to capture larger particles (e.g. diatoms) and
possibly larger mobile prey species, as well as filter-feeding on material suspended
by the shoveling action of the pereiopods (Plate 2). However, the inter-setule

distances on the filtering setae of this prawn indicate that it is not able to retain very
fine particles, such as unattached bacteria. Most of the organic material in the

sediments at Oesterwal is contained in the 20-64 and <2um fractions, while the
biota mainly comprises organisms of <64u (Chapter 1). C. kraussi is not equipped to
feed selectively on particles of <27um diameter, and cannot retain particles <3pm
on its filters. Therefore the smallest size fraction of organics (<2um) is unavailable
to this prawn, but it is able to exploit the larger biota such as protozoa and diatoms.

The foregut morphologies of the 2 species of prawn are quite
different. While C. kraussi possesses a typical gastric mill with hardened denticles
for mastication of food items, U. africana has a foregut that is modified to act as a
filter only, the cardiac region acting as a primary filter to the filtering apparatus of
the pyloric region. Both the structures of the feeding appendages and foregut
suggest therefore that the mode of feeding of these two prawn species differs. While
U. africana is a filter-feeder which ingests small pérticles such as bacteria protozoa
and diatoms together with a bulk of fine detrital material non-selectively, C. kraussi
actively sifts through the sand selectively capturing larger higher quality particles
such as diatoms, protozoa and possibly meiofauna. The filtering of ingested food
continues in both the cardiac and the pyloric regions of the foregut of U. africana
and should result in a simple separation of small and large particles so that smaller,
easier to digest particles are passed into the hepatopancreas. Little physical
breakdown of food material occurs in the foregut of this prawn. Food ingested by C.
kraussi on the other hand will run the gauntlet of mastication by the hardened
mandible prior to entering the foregut followed by further physical break up by the
action of the chitinized gastric mill. Thereafter the masticated food is sorted into
large and small particles by filtration; the small-sized fraction (cell contents, plant-
derived particles) entering the hepatopancreas. The larger particles are passed
directly into the midgut where they are packaged in a peritrophic membrane before
being eliminated from the gut as faeces. ,

Numerous studies have reported diet-related differences in foregut
structure of decapod crustaceans, e.g. cambarid crayfish (Caine 1976), amphipods
(Coleman 1989, 1991) and euphausiids (Dalley & McClatchie 1989). In particular it
appears that the size of food particles ingested may be reflected in foregut
morphology. In a study which included U. africana, Schaeffer 1970 found that the
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diets of 3 different decapods were reflected by morphological differences of the
foregut. A strongly developed crushing-type gastric mill was associated with a
scavenger where coarse food particles were ingested, while a filtering foregut
represented a specialization to deal with very fine material. Similarly, Ngoc-Ho
(1984) looked at the foregut structure of three filter-feeding crustaceans and found
differences between that of the anomurans who had well developed ossicles and
- ingested relatively large particles, and the thalassinid Upogebia deltaura in which the
cardiac region of the foregut is modified as a filter and which ingests much finer
particles.

However, the link between foregut morphology and diet of decapods
is not always so clear. For example, minor differences were found in the gastric mills
of 10 euphausiid species exhibiting different feeding patterns, and the structure of
the gastric mill may therefore be a conservative feature reflecting phylogenetic
relationships (Suh & Nemoto 1988, Ullrich et al. 1991). Similarly, Growns and
Richardson (1990) compared the gastric mills of 9 species of crayfish with the view
to determine if the morphology varies with diet and habitat. They found that gastric
mills appear to be morphologically conservative thus reflecting phylogenetic

~ relationships, and that patterns of correlation between diet and gastric mills were
not clear. ' |

The feeding apparatus and foregut morphologies of U. africana and C.
kraussi do however appear to closely reflect the diet of the prawns. Gut content
analysis confirmed the ability of C. kraussi to concentrate richer food items (diatoms
and protozoa) in its diet, compared to that of U. africana. The proportion of the gut
contents contributed by microbiota (diatoms and protozoa) is higher in C. kraussi.
However, neither prawn was able to efficiently capture mobile meiofauna such as
nematodes and copepods as little evidence of these organisms were found in the gut
contents. There is some evidence for a selective ability in C. kraussi feeding, as
shown by the disparate proportions of some types of diatoms in the sediment and
gut contents. However, this selection did not appear to be based on size and there is
insufficient evidence to implicate shape, nutritive status or digestability. The
proportions of different diatoms in the gut contents of U. africana mirrored those in
the sediment and particularly the water column confirming non-selective filter-
feeding.

While detritivores have traditionally been considered as non-selective
feeders, it has become increasingly apparant that many different types of feeding
mechanisms exist in the detritivore guild (Taghon 1989), and selective feeding has
been reported for a number of species (e.g. Robertson & Newell 1982, Lopez &
Cheng 1983, Miller 1984, Self & Jumars 1988, Cowles et al. 1988, Levinton &
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& DeWitt 1989). A useful development in the quantification of the selective feeding
by deposit-feeders has been radiotracer techniques (for review see Lopez et al.
1989). Selective feeding may explain how detritivores obtain sufficient nutriment
(particularly of limiting nutrients such as nitrogen) from detrital mixtures, the bulk
of which represent a poor quality food source (Levinton 1989).

In general, however, the SEM and light microscopy views of gut
contents of U. africana and C. kraussi revealed similar-sized particles in the gut and
the presence of the same components (i.e. vascular plant fragments, diatoms,
protozoa, particle attached bacteria) albeit in different proportions. This could be
explained by the fact that gut content analyses provide information about food that
has already been partially processed and broken down but can give only limited
information about its history. The masticating action of C. kraussi on larger particles
probably results in gut contents of a similar appearance to those that have been
obtained by U. africana, although by a different mechanism i.e. filtering. It is clear
therefore that while the origin of the food may differ in terms of size and condition,
these differences may not necessarily be apparant by gut content examination. Thus
while gut content analyses can provide an indication of the proportions of food
ingested, quantitive deductions about the original form of the food items (size, etc)
must be made with caution. In addition, gut content analyses provide information
about food ingested over a short period equal to gut passage time, but do not
necessarily provide an integrated picture of the dominant food sources assimilated.
Gut contents represent a mixture of both utilizable and non-utilizable components.

The analysis of stable isotope ratios of consumers and potential food
sources offers a promising diagnostic approach to the differentiating among the
mixture of food sources available from the detrital pool for detritivores (Levinton
1989). Stable isotopic ratios provide information about the actual absorption and
assimilation of components that are ingested and are a useful tool in assessing the
relative nutritive value of ingested dietary items if differential assimilation is
suspected. In addition they can give an idea of the relative importance of different
available and ingested sources.

Stable isotope ratios reflect a consumer’s diet (Fry & Sherr 1984,
Peterson & Fry 1987). Consumers are slightly more enriched in 13¢ and 1N
compared to their diets, by approximately 0-2%/00 for carbon (DeNiro & Epstein
1978, Montague et al. 1981, Macko & Estep 1984, Fry & Sherr 1984, Peterson & Fry
1987, Fenton & Ritz 1988) and 3-5°/00 for nitrogen (Rau 1980, DeNiro & Epstein
1981, Minagwa & Wada 1984, Owens 1987, Peterson & Fry 1987). The use of
combinations of stable isotope ratios (e.g. both carbon and nitrogen) has merit as it
allows trophic relations to be traced while eliminating many ambiguities inherent in
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the use of single isotope ratios as tracers (see Petersen et al. 1985). In addition to
carbon and nitrogen, sulphur has been identified as a useful tracer in saltmarsh
ecosystem trophic studies (Peterson et al. 1985,1986, Peterson & Howarth 1987,
Sullivan & Moncreiff 1990).

In the present study carbon and nitrogen stable isotope ratios were
determined for U. africana and C. kraussi and potential dietary sources from their
respective habitats. The two prawns differ with regard to both their carbon and
nitrogen isotopic ratios. C. kraussi is relatively depleted in terms of 13¢ (by ca.
29/00) compared to U. africana, while U. africana is depleted in terms of 15N (by
greater than 20 /00) compared to C. kraussi. U. africana appears entirely dependent
on saltmarsh vascular plant detritus for both carbon and nitrogen, with little
evidence of influence from diatoms and other organisms on the isotopic ratios.
While C. kraussi obtains most of its carbon requirements from vascular plant
detritus, with possible contribution by benthic micro-organisms (including diatoms)
indicated by the skewing of the carbon value, a major proportion of its nitrogen
must be derived from micro-organisms associated with detritus, particularly diatoms.
Thus C. kraussi appears to have a mixed diet using saltmarsh detritus for its major
carbon source and supplementing this with diatoms and protozoa to obtain
sufficient nitrogen. These results are similar to those of Cranford and Grant, who
found that while phytoplankton were an important component of the diet of the sea
scallop Placopecten magellanicus, non-living detrital partocles contributed
significantly to energy gain. It should be noted here that this conclusion concerning
reliance on diatoms is based on carbon and nitrogen isotopic values for diatoms in
other saltmarsh systems (Haines and Montague 1979, Kneid et al. 1980, Fry & Sherr
1984, Peterson et al. 1985,1986, Sullivan & Moncreiff 1990) as well as those for local
offshore phytoplankton (Sholto-Douglas et al. 1991). This is justified by the fact that
atmospheric and inorganic sources of carbon are utilized by these autotrophs, and
the values obtained in the present study for sediment organics are skewed away
from those of salt-marsh plant detritus towards the values obtained from the
literature.

A number of studies have used stable isotope techniques to elucidate
the foodwebs of saltmarsh systems (Petersen et al. 1986, Fi'y & Sherr 1984,
Montague et al. 1981). Vascular plant detritus has been shown to be a dominant
source of nutrition for some invertebrates in saltmarsh systens (e.g. Fry & Parker
1979, Haines & Montague 1979, Haines 1976, McConnaughey & McRoy 1979,
Couch 1989). However, some consumers have been reported to rely on a mixed diet
of saltmarsh plant detritus and benthic algae, plankton and/or demersal fauna
(Peterson et al 1986, 1985, Deegan et al 1990, Couch 1989), while an increasing

98



number of species that rely heavily on benthic or pelagic algae have been reported
(e.g. Gleason & Wellington 1988, Sullivan & Moncreiff 1990, Haines & Montague
1979, Kneib et al. 1980, Dauby 1989). In addition, epiphytes on vascular plants have
also been identified as contributing significantly to a saltmarsh detritivores nutrition
(Kitting et al. 1984). The reliance by detritivores on the living fraction of the detrital
pool indicates the ability for selectively feeding. Thus C. kraussi appears to be a
specialist feeder as its carbon and nitrogen isotopic values are skewed in the
direction of benthic algae. These results are in agreement with the suggestion of
Cammen (1989) that micro-algae offer an attractive and abundant source of
available carbon and nitrogen for deposit-feeders in shallow intertidal areas,
particularly as calculations suggest that the nitrogen deficit represented by feeding
on detrital material cannot be met by feeding on bacteria by microbial stripping
(Levinton 1989).

More elusive has been the determination, by stable isotope analyses,
of the contribution of bacteria to the nutrition of saltmarsh detritivores.
Experiments have indicated that bacteria have 13¢ values within 2 ©/00 of their
growth substrates (Coffin er al. 1989). It is therefore difficult to differentiate
between detritus and bacteria attached to it for the purpose of trophic studies. Thus
indications that detritivores rely on saltmarsh vascular plant detritus for both carbon
and nitrogen (as for U. africana (see also Hughes & Sherr 1983, Peterson 1986) do
not preclude utilization of bacteria as a nitrogen source. In addition, less refractory
components of detritus may supply a major source of the energy requirements of
this prawn (Kreeger et al. 1990), particularly if microbial pre-conditioning occurs.

| Caution must be exercised in extrapolating from isotope ratios of
living or dead stands of seagrasses to the detrital fragments in sediment or water
column, as there may be some differences. Some authors have found that the carbon
ratio of marsh plants changes very minimally during decomposition by microbes
(Fenton & Ritz 1988, Haines & Montague 1979), while Peterson et al. (1980) report
that the carbon value of plant detritus differs from that of the living marsh plants
due to the incorporation of atmospheric carbon by colonizing bateria, rendering the
carbon ratio closer to that obtained for phytoplankton. ‘

Not much is known about the variation in isotopic ratios of individual
sources, although Gearing et al. 1984 report very little isotopic variation of carbon in
phytoplankton, diatoms and nanoplankton, while Fogel et al. (1991) suggest that the
carbon ration for phytoplankton may vary considerably. Another aspect to be
considered is the rate of turnover of carbon and nitrogen in animal tissues. Fry &
Arnold (1982) report rapid 13C/ 12¢ turnover times during the growth of a shrimp.
These reflect the fast growth of the animals and the changes in the diet during
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development. The point however is that the faster the turnover of the isotope, the
less integrated (over time) will be the ratio and the less accurate are long term
estimates of the diet.

Gut architecture and throughput time

It has been predicted that animals with poor quality diets should have larger guts
than those eating higher quality foods (Silby 1981, Penry & Jumars 1990). Gut
volume constrains throughput of food, thus the larger the gut the more food can be
processed per unit time. Limitations on the diameter of the gut are however
imposed by problems such as diffusion of converted products from the middle of the
food bolus, mixing and the costs of maintainance of a large gut. Length of gut will
influence gut throughput time. The longer the throughput time the greater the
opportunity for digestive conversion of ingested materials. However, optimal
throughput rates may differ depending on food quality (Levinton 1989, Cammen
1989), i.e. functional responses may serve to maximize energy aquisition (Taghon &
Greene 1990) '
U. africana has a larger gut compared to body size than does C.
kraussi. While gut length is marginally shorter in U. africana, the gut volume is
increased in this species by the greater gut diameter. This possibly reflects non-
selective feeding by U. africana on poor quality small detrital particles compared to
selective feeding by C. kraussi on larger richer components of the detrital pool.
Although the guts of the 2 prawn species have similar spatial configurations, the
relative sizes of the compartments differ. U. africana has a larger throughput gut
(fore, mid, hind) while C. kraussi has a much larger side pouch (hepatopancreas).
This suggests that the hepatopancreas is important to C. kraussi in increasing the
retention time for digestion of particles, while U. africana relies more heavily on
digestive processes within the foregut and particularly the relatively large hindgut.
Furthermore, U. africana is able to take a much larger meal per unit body weight
per time. The gut throughput time of the 2 species is approximately the same (ca. 6
hours) thus gut configuration may be significant in influencing gut retention time for
optimum digestion of food items. It appears that they are both batch reactor types
(Penry & Jumars 1986) that fill their guts for approximately 2 hours each tidal cycle.
U. africana takes a larger meal but retains most of the ingested material in the
throughput gut to be voided as faeces within 6 hours. U. africana has been reported
to have gut bacteria in the midgut and hindgut (Harris et al. 1991, Chapter 5), and
thus microbial involvement in digestion is a possibility considering that bacteria can
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double their biomass in as little as 2 hours under favourable conditions (Plante et al
1990). C. kraussi takes a smaller meal but retains a large proportion in the
hepatopancreas thus increasing the retention time of these food items beyond the 6
hour throughput time of the main food bolus, thus ensuring sufficient time for
enzymatic digestion if the appropriate enzymes exist in the gut.

In polychaetes a body volume to gut volume ratio of greater than 7 is
associated with a carnivorous diet (Penry & Jumars 1990), with relative gut volume
decreasing with increasing diet quality. In deposit-feeders, median gut volume per
unit body volume is twice that of carnivores. The body:gut volume ratio of
U.africana is 7, while that of C. kraussi is aproximately 10, indicating that the diet
quality (i.e. ingested material) is better for C. kraussi. In the case of these two
species of detritivore prawn food quality, not quantity, is generally limiting and they
have respectively opted to either increase gut size to process more food with the
same throughput time (U. africana), or select quality items (C. kraussi). Therefore
having the same gut passage time but different diets and gut morphology is not
necessarily inconsistent. C. kraussi has higher quality food through selection but has
a smaller gut and a large side pouch for digestion and absorption. U. africana ingests
poorer quality food but has a larger gut, for processing of larger quantities.

Conclusions

In both U. dﬁicana and C. kraussi the feeding apparatus appears to match the
resources ingested and utilized as food. U. africana is a non-selective filter-feeder
with a relatively large gut, and utilizes refractory non-living suspended particulate
material, pﬁmarily derived from saltmarsh vascular plants, as its dominant food
source. '

By contrast, C. kraussi uses a combination of filter-feeding and
selective deposit-feeding to utilize saltmarsh plant detritus and.rnicro-organisms
(diatoms, protozoa) as carbon and nitrogen sources respectively. It has a relatively
small gut, dominated by a large hepatopancreas which effectively increases
retention time of food items. | '

-The utilization of refractory saltmarsh plant detritus as dominant
carbon sources suggests that cellulases, either endbgenous or exogenous, should be
present in the guts of both prawns. However, as U. africana is solely dependent on
detritus, while C. kraussi relies partially on more labile fractions of the detrital pool,
it could be predicte'd that U. africana may possess the digestive capabilities for
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effective breakdown of crystalline forms of cellulose, while C. kraussi may rely on
utilization of the more labile fractions of the saltmarsh detritus supplemented by
richer items such as diatoms.
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CHAPTER 3

Cellulose digestion in two saltmarsh detritivorous thalassinid prawns, Upogebia
africana and Callianassa kraussi

ABSTRACT

This study investigates cellulose digestion, and hydrolysis of refractory components
of natural detritus, in the digestive systems of two saltmarsh detritivorous benthic
prawns. The filter-feeding detritivorous mudprawn Upogebia africana and the
deposit-feeding sandprawn  Callianassa kraussi both possess strong amylase
activities. While C. kraussi displayed high endoglucanase activity, U. africana showed
very low activity. Furthermore, C. kraussi possesses a Cl-cellulase and is capable of
hydrolysis of crystalline forms of cellulose and refractory components of saltmarsh
detritus. In both species of prawn the hepatopancreas was the principle site of
carbohydrase activity, while activity in the -midgut and hindgut was weak. This
pattern of distribution of carbohydrase activity is not caused by pH conditions in the
gut. Digestion in the hepatopancreas results in an effective incubation period of
food with enzymes much longer than the throughput time. The differences in the
digestive physiologies of the two species of prawns is discussed in relation to their
feeding modes and diet, and the resources available in their respective habitats.
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INTRODUCTION

Detritivorous invertebrates dominate the benthic biomass of many shallow marine
systems. Frequently, for example in salt-marsh systems, the main component of
detritus consists of structural carbohydrates of vascular plant origin (Tenore et al
1979). The question of whether invertebrate detritivores are able themselves to
effectively digest this refractory particulate organic component of detritus, or
whether microbes must be relied upon for these transformations, is fundamental to |
the understanding of both the feeding ecology of detritivores, as well as to
decomposition and nutrient cycling in the system as a whole. Early studies indicated
that detritivores were unable to utilize the particulate organic fraction of detritus,
but efficiently stripped off and utilized bacteria associated with it (Newell 1965,
Adams & Angelovic 1970, Fenchel 1970, Hargrave 1970). These findings embody
the microbial conversion hypothesis. However, it has subsequently been shown that
the microbiotic component of detritus cannot alone satisfy the energy requirements
of many detritivores (Baker & Bradnam 1976, Cummins & Klug 1979, Cammen
1980, Findlay et al 1984). In addition, absorption efficiency experiments have
demonstrated directutilization of refractory components of detritus by some aquatic
invertebrate detritivores (Adams & Angelovic 1970, Cammen 1980, Klumpp &
Nichols 1983, Seiderer & Newell 1985, Sinsabaugh et al. 1985, Chamier 1991). A
number of authors have reported the presence of gut enzymes capable of
hydrolyzing complex carbohydrates in aquatic detritivores (e.g. Bjarnov 1972, Dean
1978, Elyakova et al. 1981, Lucas & Newell 1984, Barlocher et al. 1989, Brock 1989,
Chamier 1991, Walters & Smock 1991). Furthermore, the classical view of the
organic components of detritus may be too simplistic. The range of types of organic
matter (from labile to refractory) available in the detrital pool may allow the
detritivore to satisfy its energy requirements without resorting to either the
utilization of the refractory components or to rapid processing of ingested material
for microbial stripping (Levinton 1989, Chamier 1991). A number of recent studies
highlight the poteniial importance of diatoms (microalgae) as a staple food source
for benthic detritivores (Jensen & Siegismund 1980, Bianchi & Levinton 1984,
Phillips 1984, Sullivan & Moncreiff 1990). Relatively few studies have addressed the
question of whether physiological properties of invertebrates are correlated with
actual food ingested and resources available (see Crosby & Reid 1971, Kristensen
1972, Gianfreda et 4. 1979, Seiderer et al. 1982, Kesler 1983, Brock et al. 1986).
Central to the question of whether detritivores can utilize refractory
components of the diet is an understanding of in vivo digestion processes,
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particularly with regard to breakdown of refractory components such as cellulose.
Cl-cellulases (cellobiohydrolase) are necessary for the effective hydrolysis of
complex crystalline (highly ordered) forms of cellulose (cell walls, plant fibres) and
substrates such as Avicel crystalline cellulose, Whatman No. 1 filter paper and
cotton linters (Ghose 1987). Cx-cellulases (endoglucanases) are active against
soluble and disordered forms of cellulose, and hydrolyze substrates such as
carboxymethyl cellulose (CMC) (Gilligan & Reese 1954). Amylase and glucanase
enzymes act against starch and laminarin to break them down to disaccharides and
monosaccharides. A further group of carbohydrases, the glycosidases, show activity
in the presence of disaccharides as follows: glucosidases hydrolyze substrates such as
maltose, sucrose (a-glucosidase) and cellobiose (b-glucosidase), while galactosidase
is active against lactose (b-galactosidase) and mellibiose (a-galactosidase) (Bacon
1979). Cl-cellulases make it possible for Cx-cellulases to act (i.e. open up complex
structures), and the presence of glucosidases is important for the action of Cl-
cellulases as they prevent a buildup of cellobiose which negatively influences the
activities of Cl-cellulases (Berger 1990). A suite of carbohydrases is therefore
necessary for complete digestion of complex crystalline forms of carbohydrates, and
these enzymes act synergistically (Berghem & Pettersson 1974, Bacon 1979,
Rouland et al. 1988). '
Most studies of aquatic invertebrates have examined the digestion of
soluble forms of cellulose, most often carboxymethylcellulose (CMC) (Horiuchi &
Lane 1965, Araki & Giese 1970, Elyakova 1972,1981, Gianfreda et al. 1979, Kesler
& Tulou 1980, Sinsabaugh et al. 1985, Brock et al. 1986, Seiderer & Newell 1988,
Brock 1989, Walters & Smock 1991). Demonstration of endoglucanase (CMC-ase)
activity does not necessarily imply the ability to utilize crystalline cellulose or the
refractory components of naturally-occurring detritus (plant fibres, cell walls). A
number of authors have considered the digestion of crystalline forms of cellulose by
detritivores (Yokoe & Yasumasu 1964, Crosby & Reid 1971, Payne et al 1972,
Monk 1977, Dean 1978, Alexander et al 1979, Scheibling 1980, Mirza & Serban
1981, Kesler 1983, Friesen et al 1986, Musgrove 1988, Barlocher et al 1989,
Obrietan et al. 1991). However, Cl-cellulases have generally been associated with
microbial activity (Suberkropp & Klug 1976, Bacon 1979, Martin 1987, Sinsabaugh
& Linkins 1990), and in most studies reporting cellulases in marine invertebrates it
is not clear whether they are endogenous (animal) or exogenous (bacterial or
fungal). A few authors report exogenous sources of these enzymes which are either
ingested with the food (acquired enzymes) (Barlocher 1982, Sinsabaugh et al. 1985,
Chamier & Willoughby 1986, Walters & Smock 1991) or may be produced by gut
bacteria (Lasker & Giese 1954, Cutter & Rosenberg 1971, Martinez 1982,
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Wainwright & Mann 1982, Musgrove 1988). However, evidence for the digestion of
cellulose by marine invertebrates in the absence of micro-organisms has also been
presented (Araki & Giese 1970, Payne et al. 1972, Monk 1977, Morton 1978, Friesen
et al. 1986). The relative importance of endogenous and exogenous sources of
cellulases in the digestive processes of aquatic invertebrates is thus poorly
understood, and has not been quantified.

The ability of an invertebrate detritivore to digest refractory
components of detritus is further influenced by the structure of the gut, the gut
passage time, the rate of activity of enzymes and the conditions in different regions
of the gut (eg pH which may influence enzyme activity) (sece Townsend & Calow
1981, Penry & Jumars 1986, 1987, 1990, Kofoed et al. 1989). There is no point in
having the enzymes if the food is not kept in the correct region of the gut for long
enough for it to be hydrolysed efficiently. Reported rates of cellulase activity of
invertebrate gut enzymes against refractory substrates are usually low, and are not
often related to gut passage times or absorption sites. This makes it difficult to
quantify the significance of digestive enzymes in the physiology of the invertebrates,
and comparisons of the importance of different enzymes to animals with disparate
resources available to them are limited. In fact, we are far from being able to relate
measured in vitro enzyme activity rates to their quantitative relevance to the animal.

This paper compares amylase and endoglucanase activity in different
regions of the guts of two saltmarsh detritivores, the mudprawn Upogebia africana
and the sandprawn Callianassa kraussi, which dominate the benthic macrofaunal
biomass in their respective habitats. A high proportion of the material ingested by
these two prawns consists of detritus derived from vascular saltmarsh plants
(Chapters 2&5), and it is of interest to determine whether these prawns have the
enzymes to digest this particulate organic matter. Stable isotope analyses (Chapter
2), indicate that the filter-feeding U. africana relies more heavily on refractory
components of detritus, than does the deposit-feeding C. kraussi which appears to
gain a significant proportion of its sustenance from microbiota and diatoms
associated with the particulate organic matter. This difference in the feeding mode
and utilization of the resource may be reflected in differences in the ability to digest
cellulose. Preliminary experiments, however, indicated strong endoglucanase activity
for C. kraussi, and this prawn was further investigated for the presence of Cl-
cellulases, and the ability to digest the structural carbohydrate components of
natural detritus. Furthermore, the question of whether the endoglucanase present in
C. kraussi is endogenous or exogenous was examined experimentally by quantifying
digestion and absorption efficiency in the presence and absence of antimicrobial

agents.
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METHODS AND MATERIALS
Study site and collection of material

Prawns were collected from two sites in Langebaan lagoon (33°00°S-33°13’S and
17°5TE-18°08’E), a partially enclosed shallow saltmarsh marine system situated on
the southwest coast of South Africa (Figure 1, Chapter 1). The mudprawn U.
africana and the sand pfawn C. kraussi were collected respectively from Geelbek, in
the muddy upper reaches of the lagoon, and Oesterwal, near the sandy mouth of the
lagoon. Each prawn species dominates the site from which it was collected
(Wynberg 1991). The saltmarsh eelgrass plant Zostera capensis forms extensive mid-
tide beds on the mudflats at both sites (Christie 1981), while benthic diatoms are
reported to contribute a significant (22%) proportion of the total primary
production of carbon in the lagoon (Fielding et al. 1988). Ambient temperatures in
the lagoon range from 14°C to 24°C (Shannon & Stander 1977).

Enzyme preparation

Prawns were transported to the laboratory and dissected over ice to remove the gut
within 2 h of collection. The gut was dissected into 4 categories. of pooled tissue:
foregut, midgut, hindgut and hepatopancreas. Each of the pooled gut fractions was
homogenized over ice with a glass tissue grinder in 10 ml phosphate buffer (pH 6.9)
amended with 150 mM NaCl, centrifuged at 3000 rpm for 15 min and the
~ supernatant decanted and suitably diluted with chilled phosphate buffer for use in
subsequent enzyme assays within 24 h of preparation. Bacterial cellulase (endo-1,4-
" B-glucanase, Sigma C-7502) from Aspergzllus niger was prepared in phosphate buffer
(pH 6.9) at a concentration of 0.5 mg. ml"L.

Substrate preparation

Commercial substrates were prepared in 20 mM phosphate buffer (pH 6.9)
containing 150 mM NaCl at the following concentrations: soluble starch (BDH No.
.10271) 1% w/v, carboxymethyl cellulose (high viscosity, BDH 27929) 1% w/v,
Avicel microcrystalline cellulose (purified, particulate alpha-cellulose from fibrous
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plants, FMC Corp. Prod.) 1% w/v, Whatman’s No. 1 filter paper strips in 15xSmm
strips.

Natural substrates: Centric diatoms (Thalassiosira weissflogii) were grown in culture,
concentrated by centrifugation, rinsed with distilled water, dried at 60°C for 48h,
ground in a mortar and pestle, and the <90 um fraction prepared in phosphate
buffer (pH 6.9) at a concentration of 3% w/v. Thereafter, the diatom solution was
dialyzed against phosphate buffer for 24 h to remove free reducing sugars. Decaying
Zostera capensis was collected from Oesterwal at Langebaan lagoon, rinsed with
distilled water, dried at 60°C for 48 h, ground in a ball-mill and the <90 um fraction
harvested. A portion of this solution was prepared in phosphate buffer at a
concentration of 1% w/v and dialysed against phosphate buffer for 24 h to remove
free reducing sugars. The remainder of the milled Zostera was refluxed at 100°C in
0.05 M NaOH for 4 h, whereafter the solution was centrifuged at 3000 rpm for 10
min and the supernatant discarded. The residue was resuspended and centrifuged
three times in distilled water, and the residue finally dried at 60°C for 48 h, remilled,
and the <90 um fraction prepared in phosphate buffer at a concentration of 1%.
The refluxed Zostera was assumed to contain only the structural refractory
carbohydrates of the plant.

Carbohydrase assay procedure

Preliminary assays for reducing sugar release by enzymatic action of commercial
enzymes on carbohydrate substrates were conducted according to two widely used
methods i.e. Bernfeld (1955) and Nelson (1944) modified by Somogyi (1952). The
assay procedures and results of this study are reported in Appendix A (Fielding et al
1986). It was found that quantitative assays using glucose (the most commonly used
standard) for calibration purposes revealed a two to seven-fold discrepancy between
the two methods, depending on the enzyme and substrates used. The Bernfeld
method yielded higher reducing sugar estimates, while the Nelson-Somogyi assay
was found to be some eight times more sensitive. It was concluded that the
quantitative discrepancy between the two methods could be accounted for by
variability in the colour response to different endproducts, and that when an
appropriate standard is used the two methods are in close-agreement. Glucose was
found to be an inappropriate standard, and it is recommended that maltose be
employed for quantitive studies of reducing sugar release by style and gut enzymes.
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For further comparisons between these two methods of assaying for reducing sugars,
see Brieul & Saddler (1985).

In the present study, aliquots of 250 ul enzyme extract were added to an equal
volume of substrate and incubated at 20°C. Reducing sugars were measured at 660
nm using the Nelson-Somogyi method (Nelson 1944) with maltose as the standard.
Absorbance values were converted using the following standard curve for maltose
concentrations of 0.8 mg.ml"! to 0.006 mg.ml-1 was y = 5.85x - 0.053 (2 = 1.00, n
= 30) where y is the absorbance at 660nm and x is the concentration of maltose in
mg.ml'l. Preliminary assays were performed to determine optimum incubation
periods and enzyme extract concentrations to ensure that substrate depletion and
enzyme inhibition were avoided. Enzyme activity was calculated from regression
equations of the linear regions of the curves (up to 5 and 10 minutes for amylase
and endoglucanase activities, respectively, and various longer incubation periods (1-
48h) for complex carbohydrates and natural substrates). NaAzide was added to
reaction mixtures at a final concentration of 0.2 mg.rnl'1 for assays involving long
incubation periods (i.e. greater than 1 hour) to prevent bacterial activity.
Preliminary trials indicated that NaAzide does not interfere with the assay reagents,
and the effectiveness of this treatment was checked during enzyme assays using filter
paper and refluxed Zostera as substrates. The results were corrected by subtracting
both substrate and enzyme blanks and enzyme activities are expressed as mg
maltose per mg protein of crude homogenates. The rate of enzyme activity is
expressed as mg maltose released per mg protein per hour. All values reported
represent the mean of three estimates. Protein contents of homogenates were
assayed by the method of Lowry et al (1951). The results are likely to underestimate
enzyme activity of the gut as a proportion of the protein will be structural. No
information is available as to the relative proportions of enzyme and structural
protein in the gut tissue of these two prawn species.

Gut pH
The pH in different regions of the gut was measured by spotting samples of gut fluid

from the guts of freshly collected and dissected prawns onto pH indicator paper
(Spezialindikator mit Farbscala, Merck Art. 9556).
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Affect of pH on C.kraussi endoglucanase activity

Endoglucanase activity of C. kraussi digestive gland homogenate was measured over
a pH range of 5.4 to 7.4. For these assays 75 ul of enzyme extract prepared in
phosphate buffer pH 6.9 was incubated with 425 ul substrate (1% CMC) made up in
Sorenson’s phosphate buffer of the appropriate pH. In each assay, enzyme and
substrate solutions were incubated together for S and 10 min, and reducing sugar
release after the respective time intervals measured as described above, and
expressed as mg maltose released per mg protein per hour.

Affect of antibiotic treatment on endoglucanase activity and absorption efficiency of
C.kraussi.

Prawns (C. kraussi) were transported to the laboratory within 1 h of collection. They
were then maintained for 24 h at 20°C in glass beakers containing 0.7 um filtered
seawater that had been freshly collected from the site of prawn’ collection. Animals
were fed with milled (<90 pm) eelgrass Z. capensis, and the water was changed
after 12 h. Half of the prawns were treated with antibiotics by six-hourly additions
of 100 mg/l each of Amoxil and tetracycline (broad spectrum antibiotics which
include action against Vibrio, Pseudomonas and Enterobacteriacea, the dominant

genera isolated from the gut of C. kraussi (Harris et al. 1991)). This combination of
antibiotics was found to eliminate most bacteria in the water and the guts of the
prawns in preliminary experiments. After 24 h the hepatopancreas was dissected
under sterile conditions from each prawn (both those treated with antibiotics and
the control animals), homogenized separately in phosphate buffer (pH 6.9), suitably
diluted, and assayed for endoglucanase activity over 10 min using the methods
described above. In addition, a small portion (~0.1g) of the hepatopancreas of each
prawn was homogenized in 5 ml sterile sea-water, serially diluted in sterile seawater,
and spread-plated onto seawater agar plates (Harris et al 1991). To check the
effectiveness of the antibiotic treatment colony-forming units (CFU) were counted
on each plate after incubation at 20°C for 5 days, and expressed as CFU/g wet
weight of tissue. In addition, a portion of each hepatopancreas was fixed with 2.5%
gluteraldehyde (in 0.2 um filtered seawater), desalinated, dehydrated to 100%
ethanol, critical point dried using CO» as the transitional fluid, mounted on stubs,
coated with gold paladium and examined under a Cambridge S200 scanning
electron microscope for the presence of microbes in the lumen or on the lumen
lining.

116



Absorption efficiencies of prawns treated with antibiotics (50 mg
ampicillin and 2g streptomycin per liter of 0.2 um filtered seawater) and fed on
milled (<90 um) Zostera (see above) was determined by the Conover ash-ratio
method. Percentage of organics in food and faeces (dried at 60°C for 48 h) of both
control (untreated) and antibiotic-treated prawns was measured by weight loss after
ashing at 450°C for 4 h.

Analysis of variance tests were applied to the data to determine
whether endoglucanase activities, absorption efficiencies and hepatopancreas
bacterial densities differed in control and treated animals.

RESULTS
Amylase and endoglucanase activities

Extracts of the hepatopancreas displayed the highest specific amylase activities (mg
maltose released per mg protein per hour) in both C. kraussi and U. africana. High
amylase activity was also measured for the foreguts of both species of prawn, with
lower but active rates of starch hydrolysis associated with the mid and hindguts
(Table 1). Amylase activity in the hindgut homogenate of U. africana was however
very low (Table 1). The specific amylase activities (per mg protein) of the foregut
and hepatopancreas of C. kraussi were 4-5 times higher than those of U. africana
(Table 1).

Specific endoglucanase activities (mg maltose per mg protein per
hour) of the foregut and hepatopancreas of C. kraussi were appreciable and an
order of magnitude higher than those of U. africana. However endoglucanase
activities in the mid and hindgut of C. kraussi were low. While the hepatopancreas
of U. africana displayed a slightly higher'activity than other regions of the gut,
specific endoglucanase activity of homogenates of all gut regions of U. africana were
very low (Table 2).

If the relative sizes of the organs of the gut, the concentrations of
protein per unit mass of organ and the biomass of the animals are taken into
account, the contribution by each whole organ to the reducing-sugar release from
each substrate per standard unit of animal tissue can be determined (Table 3). It is
clear that in both species of prawn the hepatopancreas is the main site of starch
hydrolysis, with the foreguts being of much lesser importance, while the contribution
by the mid and hindguts are negligible. The respective contributions of the foreguts
of C. kraussi and U. africana to amylase activity per unit animal tissue are similar.
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Table 1. Amylase activity (reducing sugar release per unit protein per hour) of
pooled homogenates of ditferent regions of the gut of Upogebia africana (n = 20,
carapace length = 15.50 £ 1.86 mm) and Callianassa kraussi (n = 10, carapace
length = 16.50 = 1.27 mm) incubated at 20°C in the presence of 1% w/v starch.
Values represent the means of 3 measurements.

Region of gut | v Amylase activity

(mg maltose. mg protein-1. h-1)

C kraussi U. africana
Foregut 10.55 v_ 5.83
Hepatopancreas 60.20 14.69
Midgut 3.48 185
Hindgut 2.10 ' 0.13
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Table 2. Endoglucanase activity (reducing sugar release per unit protein per
hour) of pooled homogenates of different regions of the gut of Upogebia africana
(n = 20, carapace length = 15.50 + 1.86 mm) and Callianassa kraussi (n = 10,
carapace length = 16.50 + 1.27 mm) incubated at 20°C in the presence of 1%
w/v CMC. Values represent the means of 3 measurements.

Endoglucanase activity

Region of gut
(mg maltose. mg protein-1. h-1)
C. kraussi U. africana
Foregut 443 0.40
Hepatopancreas 8.55 0.53
Midgut 0.90 0.40
Hindgut 0.70 0.31
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Table 3. Total reducing-sugar release by amylase activity per unit dry weight of
animal tissue for different organs of Upogebia africana (n = 20, carapace length
= 15.50 * 1.86 mm) and Callianassa kraussi (n = 10, carapace lengtg = 16.50 =
1.27 mm). Enzyme extracts were incubated at 20°C in the presence of 1% w/v
starch. Values represent the means of 3 measurements.

Region of gut ~ Amylase activity

1

(mg maltose. organ™". g DW prawn tissue™L. h'l)

C. kraussi ~ U. africana
Foregut 40.51 . 5186
Hepatopancreas _ 1656.31 1137.64
Midgut 1.59 3.52
Hindgut 114 0.19
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Table 4. Total reducing-sugar release by endoglucanase activity per unit dry

- weight of animal tissue for different organs of Upogebia africana (n = 20,
carapace length = 15.50 = 1.86 mm) and Callianassa kraussi (n = 10, carapace -
length = 16.50 + 1.27 mm). Enzyme extracts were incubated at 20°C in the

~ presence of 1% w/v CMC. Values represent the means of 3 measurements.

Regionof gut , Endoglucanase activity

(mg maltose. organ-1. g DW prawn tissue-1.h-1)

C. kraussi U. africana
Foregut 17.02 3.56
Hepatopancreas 235.16 40.67
Midgut 0.41 0.75
Hindgut | 038 . 0.46
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The contribution of the hepatopancreas of C. kraussi to starch hydrolysis is,
however, much higher than that of U. africana per unit weight of animal.

Table 4 shows that the hepatopancreas and foregut of C. kraussi are
capable of releasing 5-6 times more reducing sugars per unit weight of animal tissue
from CMC, than those of U. africana, while in both species the contribution by mid
and hindguts is very low. The hepatopancreas is the main site of significant
hydrolysis of CMC in both U. africana and C. kraussi (Table 4).

Amylase activity (Table3) appears a more important source of
reducing sugars for absorption than endoglucanase activity (Table 4) providing
substrate is not limiting in the diet.

Carbohydrase activity of C. kraussi hepatopancreas incubated in the presence of
complex carbohydrates and refractory components of naturally occurring detritus

The long incubation periods required for these assays necessitated the use of a
bacterial inhibitor to prevent bacterial growth in the reaction mixture. The
efficiency of the administration of NaAzide during incubation of enzyme and
substrate is demonstrated in Figure 1. In the presence of NaAzide reducing sugar
release from filter paper and refluxed Zostera by C. kraussi hepatopancreas and
commercial endoglucanase activity continued in a linear fashion over a 20h and 12h
period, respectively. In the absence of NaAzide a rapid drop in reducing sugars
present per mg protein was observed after 12 and 6 h respectively. This can most
likely be attributed to uptake of reducing sugars by bacteria in the reaction mixture.
The carbohydrase activity of C. kraussi hepatopancreas homogenate
and commercially-prepared endoglucanase in the presence of various substrates are
compared in Table 5. Specific carbohydrase activities (mg maltose per mg protein
per hour) in the presence of CMC were similar indicating that an endoglucanase of
similar activity to that of the commercial enzyme is present in the hepatopancreas.
However when these two enzymes were assayed against two forms of crystalline
cellulose, Avicel and Filter paper, the specific carbohydrase activity of the
hepatopancreas substrate, although low compared to hydrolysis of CMC, was
respectively 3.5 and 4.7 times higher than that of the commercial endoglucanase.
This suggests the presence of an additional enzyme capable of digesting crystalline
cellulose i.e. Cl-cellulase. Furthermore the rate of reducing sugar release from
dialyzed ground diatoms and dialysed ground Zostera by the hepatopancreas was
3.5-4 times higher than that of the commercial endoglucanase, indicating that the
hepatopancreas contains enzymes capable of breakdown of naturally-occurring
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Table 5. Carbohydrase activity (mg maltose. mg protein-1) of homogenates of hepatopancreas of
Callianassa kraussi and commercial cellulase (endoglucanase of Apergillus niger) incubated at 20°C
in the presence of various commercial and natural substrates. Bacterial activity was inhibited by
addition of NaAzide at a final concentration of 0.2 %. Hcpato%ancreas homogenate and
commercial cellulase contained 14.66 and 69.66 ug protein ml ~, respectively.

Substrate Reducing sugar _ Rate of reducing sugar release
present in : ' '
substrate mg maltose. mg protc'm'l. bl
% w/w

Hepatopancreas™  Comm.cellulase

cMC ' ©0.0048 6012 6.384
Avicel B 00836 0.052 0.015
Filter paper ' 0.0044 . 0308 0.065
Diatom-dialyzed 0.0268 0.749 0.190
Zostera-dialyzed 0.0562 3.490 1;091 .
Zostera-refluxed 0.0554 0.195 | 0.078
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complex carbohydrates, that are not readily accessible to endoglucanase. The rate of
carbohydrate hydrolysis by the hepatopancreas against refluxed Zostera is relatively
low but nevertheless higher than that of the commercial endoglucanase suggesting
that the hepatopancreas extract has capacity for hydrolysis of crystalline forms of
cellulose present in the most refractory components of the naturally occurring
detritus. | .

Figure 2 shows the curves of carbohydrase activity of C. kraussi and
commercial endoglucanase activity when incubated in the presence of various-
cellulose and natural substrates. Low carbohydrase activity was observed for
commercial endoglucanase activity against all of the substrates except CMC. When
the hepatopancreas enzyme extract was incubated in the presence of crystalline
forms of cellulose (Avicel and filter paper) a lag time of low activity was followed by
an increase in the rate of reducing sugar release. A similar result was obtained when
refluxed Zostera was used as a substrate ie initial slow release of reducing sugars
from this substrate (which represents the refractory components of naturally
occurring Zostera detritus), followed by an increase in the rate of releasing sugar
release. In contrast release of reducing sugars from dialysed natural substrates
(diatoms and Zostera) resulted in an initial relatively rapid release of reducing
sugars followed by a slowing of the rate of release, and subsequent decrease in the
amount of reducing sugars present. The decrease was less for the hepatopancreas
extract than for the commercially prepared bacterial cellulase.

Endogenous or exogenous source of cellulase in C. kraussi

Specific endoglucanase activity of C. kraussi hepatopancreas was 2.944 (+0.289, n =
12) and 3.446 (1303, n = 12) mg maltose. mg prbtein‘l. b1 for control and
antibiotic treated animals respectively (Table 6). There was no significant
differences between between the mean activities of the control and treated prawns
(p < 0.05, n = 24). Plate counts of hepatopancreas tissue of the control (5.92 + 4.42
CFU per mg wet weight of tissue, n = 9) and treated (0.22 * 0.34 CFU per mg wet
weight of tissue, n = 9) prawns indicated a highly significant difference in numbers
of plateable bacteria (p < 0.005, n = 16). In addition, SEM views of treated and
control hepatopancreas tissue revealed the presence of numerous microbes in the
lumen of all control animals examined, while treated animals generally had far
fewer. Thus the antibiotic treatment effectively depleted the bacterial population of
the hepatopancreas, but did not affect endoglucanase activity. This suggests that the
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Figure 2. Curves of reducing sugar release by Callianassa kraussi hepatopancreas

and bacterial cellulase against commercially-prepared celluloses and naturally-
occurring substrates.
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Table 6. Affect of antibiotic treatment on endoglucanase activity of
hepatopancreas of Callianassa kraussi (total length 60.9 = 6.23 mm). Enzyme
extract incubated at 200C in the presence of 1% CMC.

‘Prawn Hepatopancreas endoglucanalse aftivity
: mg maltose. mg protein™". h”

Control Treated
1 3.978 - 3252
2 4.003 3.217
3 2.130 3.529
4 1.844 3.095
5 2.713 _ 5.341
6 3.854 3.947
7 2.104 : - 3.166
8 3.427 2.169
9 4.432 : 4.097
10 3.300 2.455
11 1.906 : 1.147
12 1.642 5.936
Mean 2.944 3.446
S.E 0.999 1.303
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Table 7. Affect of antibiotic treatment on absorption efficiency of
Callianassa kraussi (total length 60.9 + 6.23 mm) fed on Zostera,
determined by the Conover ratio of organic content of food and faeces.

Prawn Absorptioh efficiency (%)
Control Treated

1 87.32% 83.44°*
2 67.32 73.20

3 70.26 64.28

4 75.23 69.30
Mean 75.03 72.56
S.D. 8.82 8.12

* fed a mixture of Zostera and pelagic algae.
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‘endoglucanase present in the hepatopancreas is of animal (endogenous) and not
bacterial (exogenous) origin.

These results are corroborated by the finding that the absorption
efficiency of C. kraussi prawns fed on ground Zostera is unaffected (p<0.05, n =8)
by depletion of gut bacteria by antibiotic treatment (Table 7), indicating that the
absorption of the detritus is largely if not solely due to the digestive capabilities of
the prawn itself.

PH of the gut regions, and affect on C. kraussi hepatopancreas endoglucanase
activity

In both C. kraussi and U. africana the pH is slightly acidic, but lowest in the
hepatopancreas (6.39 and 6.70, respectively), close to neutral in the mid and
hindguts (6.93 and 6.95, respectively), and intermediate in the foreguts (Table 8).
Figure 3 shows that the rate of endoglucanase activity of C. kraussi hepatopancreas
increases over the pH range of 5.4 to 7.4. Thus conditions in the midgut and hindgut
of C. kraussi appear more favourable for the activity of the hepatopancreas
endoglucanase than those in the more acidic foregut and hepatopancreas.

Affect of temperature on endoglucanase activity C. kraussi |

Figure 4 gives the rate of endoglucanase activity of C. kraussi hepatopancreas and
foregut over a temperature range of 15 to 25°C, a range that covers that experienced.
by the prawn in its natural habitat. The Qqgs of the endoglucanases present in the
hepatopancreas and foregut of C. kraussi were 1.82 and 1.76, respectively.

DISCUSSION

Presence and strength of amylase and endoglucanase activity in C. kraussi and U.

africana

The degree of utilization of ingested vascular plant detritus and associated diatoms
will depend on the suite of carbohydrases possessed by the animal. Both C. kraussi
and U. africana displayed appreciable amylase activities, indicating that they are
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Table 8. pH of gut fluid from different regions of gut of Upogebia africana
(n = 10, carapace length = 15.25 * 1.86) and Callianassa kraussi (n = 15,
carapace length = 13.4 = 0.70).

- Gut region U. africana C. kraussi
Foregut 6.77 6.58
(x£0.20) . (£0.21)
Hepatopancreas 6.70 6.39
(£0.22) (x0.24)
Midé&hindgut 6.95 6.93
(£0.13) ' (x£0.11)
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capable of utilization of the main storage carbohydrate (starch) present in both
diatoms and vascular plant cells. However, while C. kraussi had high levels of
endoglucanase activity, enabling the breakdown of soluble forms of cellulose, U.
africana showed little evidence of significant activity by this enzyme. The presence
of endoglucanase activity in aquatic invertebrates has been reported widely, e.g. in
crustaceans (Yokoe & Yasumasu 1964, Elyakova 1972, Elyakova et al 1981,
Chamier & Willoughby 1986), echinoderms (Yokoe & Yasumasu 1964, Araki &
Giese 1970, Elyakova et al 1981), molluscs (Yokoe & Yasumasu 1964, Horiuchi &
Lane 1965, Dumitru & lordachescu 1978, Gianfreda et al. 1979, Kesler & Tulou
1980, Elyakova et al. 1981, Lucas & Newell 1984, Brock et al 1986, Brock 1989),
annelida (Yokoe & Yasumasu 1964, Elyakova et al 1981), chordates (Yokoe &
Yasumasu 1964, Seiderer & Newell 1988) and aquatic insects (Sinsabaugh et al
1985, Walters & Smock 1991). It appears that most crustaceans, molluscans and
annelidans studied do possess endoglucanase activity, while many echinoderms and
chordates do not (Yokoe & Yasumasu 1964, Elyakova 1972, Elyakova et al. 1981,
Brock & Kennedy 1992). It has been suggested that the presence of this enzyme may
be correlated with phylogeny rather than with feeding type (Yokoe & Yasumasu
1964), although too few data exist to test this hypothesis.

Hydrolysis of crystalline cellulose and natural carbohydrates by C. kraussi

C. kraussi is also capable of hydrolysis in the hepatopancreas of native crystalline
cellulose present in plant cell walls, as shown by reducing sugar release from
substrates such as Avicel microcrystalline cellulose, filter-paper and refractory
components of naturally occurring detritus i.e. refluxed Zostera. The hepatopancreas
extract of C. kraussi performs much better against these native celluloses than does
the endoglucanase of bacterial origin, confirming the presence of Cl-cellulase in
addition to endoglucanase. Thus C. kraussi is capable of hydrolysis of crystalline
cellulose and refractory components of detritus.

The lag of reducing sugar release (i.e. an initial slow release followed
by an increase in the rate of release of reducing sugars) from these three substrates
by C. kraussi hepatopancreas extract probably reflects synergistic activity of C1- and
Cx-cellulases. Presumably the initial slow activity of Cl-cellulases modifies the
substrate for subsequent more rapid hydrolysis by Cx-cellulases and cellobiases.
Synergism between carbohydrases has been reported as important for complete
hydrolysis of crystalline forms of cellulose (Berghem & Pettersson 1974, Bacon
1979, Rouland ef al. 1988). The initial relatively rapid rate of glucogenic activity of
C. kraussi hepatopancreas against dialysed natural substrates (diatoms and Zostera)
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followed by a slowing of the rate, particularly compared to the commercial
endoglucanase, could be explained by the impurity of these substrates compared to
commercially-prepared pure crystalline carbohydrates and the refluxed Zostera.
Initial rates probably represent Cx-cellulase and cellobiase activities on labile
carbohydrates present in these substrates until depletion of these components,
whereafter slow rates represent C1 activity against structural carbohydrates. These
results of activity against dialysed substrates indicate that C. kraussi can hydrolyze a
fair portion of the carbohydrates present in naturally-occurring detritus by
endoglucanase activity alone, without resorting to utilization of the most refractory
components. A slightly confounding result with these assays involving dialysed
substrates is the result that the total reducing sugar in the assay mixtures decreased
in the final time periods. This may be due to bacterial uptake after the long
incubation period during these assays where the impurity of the substrate and
concomitant high bacterial load may have rendered the antimicrobial agent
inefficient in preventing bacterial metabolism. This affect is likely to result in an
under-estimation of Cl-cellulase activity, particularly as the depletion of reducing
sugars was greater with the commercial enzyme than with hepatopancreas.
However, the results involving dialysed natural substrates must be treated with some
caution due to the uncontrolled nature of the assays.

Cl1-cellulase activity has been reported for a number of invertebrates,
particularly Mollusca (Crosby & Reid 1971, Payne et al. 1972, Dean 1978, Alexander
et al. 1979, Mirza & Serban 1981, Kesler 1983, Barlocher et al 1989), with limited
reports for Crustacea (Monk 1977, Chamier & Willoughby 1986, Friesen et al. 1986,
Musgrove 1988), and Echinodermata (Scheibling 1980, Obrietan et al. 1991). A few
workers have tested the animal enzymes against natural substrates and have also
shown low but measurable rates of hydrolysis (Monk 1977, Barlocher 1982, Lucas &
Newell 1984, Barlocher et al. 1989).

Site of endoglucanase and amylase activities

The hepatopancreas is the most important organ for carbohydrate digestion in both
C. kraussi and U. africana. In both prawns, the hepatopancreas displayed the highest
specific activities of amylase and endoglucanase, and made the greatest relative
contribution to reducing sugar release when the size of the different digestive organs
was considered. Amylase activity decreased down the length of the gut of both
species of prawn. Starch hydrolysis was appreciable in the foregut, but markedly
lower in the midgut and particularly the hindgut. A similar pattern of distribution of
activity down the length of the gut was found for endoglucanase activity in C.
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kraussi, i.e. significant activity in the foregut and very low activity in the mid- and
hindgut. While the very low endoglucanase activity present in the gut of U. africana
is marginally higher in the hepatopancreas than in other regions, the activity of this
enzyme decreases only slightly down the gut from the foregut to the hindgut. The
midguts and hindguts of both species of prawns are therefore not important sites of
carbohydrate digestion. Interestingly, in C. kraussi the pH in the main throughput
stream of the gut (fore-, mid- and hindgut) is closer to the pH optimum of the
endoglucanase than is that of the hepatopancreas. While this result is somewhat
curious and may reflect the pH optima of other important processes, it does indicate
that pH cannot be held responsible for the low endoglucanase activity in the mid-
and hindgut of C. kraussi. These findings confirm those of other workers who
identified the hepatopancreas as an important site of cellulolytic activity in a
number of crustacean species (e.g. Yokoe & Yasumasu 1964, Elyakova 1972,
Elyakova et al 1981, Musgrove 1988). In general, the hepatopancreas is the
principle organ of production of enzymes, digestion and absorption in decapod
crustaceans where the midgut is usually very short (van Weel 1970).

This pattern of distribution of carbohydrases in the gut has important
implications for the utilization of ingested carbohydrates, particularly celluloses. In
both C. kraussi and U. africana, fine particles from the foregut (resulting from
mastication by the gastric mill or filtration by modified teeth, respectively) are
channeled into the blind-ending pouches (tubes) of the hepatopancreas, while larger
particles are directed into the midgut and passed out with the faeces. Digestion by
enzymes and absorption is a time-dependent process (see Kofoed et al 1989), and
hydrolysis of refractory components of detritus requires long incubation periods .
The evidence that the hepatopancreas is the main site of digestion and absorption of
cellulose and starch suggests that the gut passage time of the main food bolus is not
an important factor in limiting the incubation of carbohydrates for hydrolysis in the
gut. While the field gut passage rate of both species of prawns is approximately 6 h,
it is probable that particles are held in the hepatopancreas for much longer periods,
allowing efficient hydrolysis of structural components. This is important as
appreciable Cl-cellulase activity against substrates such as Avicel microcrystalline
cellulose, filter paper and refluxed Zostera was only detected after incubation
periods of greater than 20, 6 and 6 h, respectively.
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Endogenous or endogenous source of cellulases

The cellulases measured in C. kraussi, and in low concentrations in U. africana, may
be produced by the animals themselves or be contributed by gut microbiota. The
third possibility is that the enzymes are ingested with the food. The antibiotic
experiments of both enzyme assays and absorption efficiencies suggest that the
endoglucanase, and possibly the Cl-cellulase, present in the hepatopancreas and
foregut of C. kraussi is endogenous. _C. kraussi can digest cellulose and absorb the
refractory components of naturally-occurring detritus and purified commercially-
prepared crystalline cellulose independently of bacterial activity. This result is
further supported by the finding of Harris et al. (1991) that isolates from the gut of
C. kraussi do not produce cellulase.

It is however possible that the low endoglucanase
activity measured for the hepatopancreas and gut of U. africana may be attributed to
microbial enzymes ingested with the food. The strength of the endoglucanase
activity in different regions of the gut was not markedly different and did not
decrease dramatically down the gut, suggesting that it may be associated with the
ingested food (acquired) rather than animal-produced. Furthermore a study of the
gut microflora of the prawn revealed ingested isolates with endoglucanase ability,
and the possibility of incubation of ingested microbes in the gut (Harris et al 1991).
The higher activity in the hepatopancreas could represent incubation in this region
where the food can be held for a long period.

The question of whether cellulases present in aquatic invertebrates is
of endogenous or exogenous origin has been explored in relatively few cases, and a
general pattern has not emerged. While acquired enzymes (e.g. Barlocher 1982,
Chamier & Willoughby 1986) and cellulolytic gut bacteria have been reported (e.g.
Cutter & Rosenberg 1971, Martinez 1982, Musgrove 1988), it appears that some
invertebrates are capable of producing their own cellulases (e.g. Araki & Giese
1970, Payne et al. 1972, Monk 1977, Morton 1978). One reason for the lack of data
concerning this issue is the difficulty in verifying the source of enzymes. Some
authors have suggested that the lack of a gut microflora precludes the involvement
of bacterial enzymes (e.g. Friesen et al. 1986), while other workers have compared
~ cellulose digestion of animals that have been treated with antimicrobial agents with
that of untreated control animals (e.g. Wainwright & Mann 1982). A number of
problems with the use of antibiotics have been highlighted. It is possible that these
substances may éffe'ct the gut lining of the animal and may alter the secretion of
endogenous enzymes (Yerokhin 1979, Wainwright & Mann 1982). In addition, most
antibiotics are active against specific types of microbes (Yetka & Wiebe 1974). It is
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therefore important that broad-acting or multiple treatments are applied and that
the effectiveness is verified in each case. Differentiation between acquired
(ingested), gut bacterial and endogenous is important to an understanding of the
role of invertebrate detritivores in decomposition processes of the system. In the
case that cellulases are acquired, decomposition of cellulose in the detritus ingested
will proceed independently of the invertebrates (outside the animal), and the
invertebrate will at most enhance decomposition by physical shredding or as an
incubator for this activity. Where detritivores produce endogenous cellulases, or
host gut cellulolytic microbes, their role in decomposition of refractory cellulose
components in the system is likely to be much greater. They may either act as hot
spots for this activity thus modifying the detritus during its passage through the gut,
or they may contribute cellulases to the system that are passed out with the faeces.

Feeding strategies: are the digestive capabilities, feeding modes, diets and resources
correlated ?

C. kraussi is capable of digestion of cellulose and refractory components of ingested
detritus, while U. africana possesses very weak cellulase activity. U. africana is a
filter-feeding prawn able to retain small particles from the water column non-
selectively, while C. kraussi is a deposit-feeder that selectively ingests relatively large
particles which are crushed in the gastric mill. Gut content analysis of both prawns,
however, indicates that while the ingestion process may differ, both have
predominantly plant fragments and diatoms in the gut contents (Chapter 2).
However, stable isotope analyses indicate that while U. africana depends exclusively
on saltmarsh plant detritus for both carbon and nitrogen, C. kraussi obtains carbon
from a mixture of saltmarsh plant detritus and diatoms, while it receives nitrogen
almost entirely from diatoms and other organisms associated with detritus (Chapter
2). Why then does C. kraussi display strong cellulase activity while U. africana does
not? Gut passage time can influence the digestion of ingested food by detritivores,
but this is unlikely to explain differences in the physiology of these two prawns as
gut throughput time was similar in both species (approximately 6 h) although food
channelled into the hepatopancreas may be incubated in the presence of enzymes
for a much longer period. However, due to the different actions of the foregut on
ingested food in these two prawns, the material entering the hepatopancreas is likely
to differ, i.e. fine refractory particles (separated from the main food bolus by
filtration alone in the foregut) are likely to enter the hepatopancreas in U. africana,
while cell contents of diatoms and larger plant fragments crushed by the foregut
gastric mill are likely to be channelled into the hepatopancreas in C. kraussi.
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However, as the density of micro-organisms in the sediment are relatively low in the
habitat of C. kraussi (Chapter 1), cellulase ability may be important to allow carbon
requirements to be met. The richer source of labile nutrients obtained by selective
feeding in C. kraussi may obviate the necessity for this prawn to rely on the
refractory components for essential nutrients such as nitrogen. Thus C. kraussi
appears to concentrate its food by selective feeding to obtain sufficient nitrogen, and
break down refractory components by endogenous enzyme activity to meet its
carbon requirements, and the large hepatopancreas will increase retention time of
food. Chamier (1991) suggested that the ability to digest cellulose may be of benefit
to the freshwater amphipod Gammarus pseudolimnaeus during seasonal bottlenecks
in the quality of the resource, i.e. when fine detritus is the main foodstuff. However,
cellulase activity has also been suggested as important to hydrolyie cell walls of
unicellular green algae efficiently (Brock 1989). It should be noted, however, that
the possession of cellulase activity is not necessarily diet-related but may be vestigial
and related to phylogeny (Yokoe & Yasumasu 1964). In fact a number of carnivores
are reported to possess cellulases (e.g. Obrietan ef al 1991, Agnisola et al 1981),
and Kesler (1983) found that cellulase activity is not a good indicator of dietary
niche separation in gastropods. However, considering the diet of C. kraussi and the
strength of the cellulase activity associated with the hepatopancreas of this prawn, it
is unlikely that the cellulase is not functional.

The utilization of vascular plant detritus by U. africana as its dominant
food source despite the relative abundance of nutrient-rich microbiota, including
diatoms, in the water column and sediments (Chapter 1) suggests a morphological
constraint imposed by the filters of the feeding apparatus. This prawn is not
equipped for selective feeding but may have opted for a larger throughput gut to
process larger meals of fine suspended vascular plant detritus. The question of why
U. africana, which according to stable isotope analyses relies heavily on vascular
plant detritus for sustenance, does not possess appreciable cellulase activity is
interesting. It may be that U. africana relies on conditioning of the food by microbes
prior to ingestion to enable utilization of this refractory detritus. Microbial growth
pre-conditions detritus, by addition of valuable microbial nutrients or by conversion
of detrital polymers into digestible subunits (Barlocher 1985), which then becomes
more palatable and digestible to invertebrates (Barlocher et al 1989). Microbial
enzymes can expose other cell-wall polymers (expose cellulose microfibrils of cell
walls to attack by enzymes) to attack by animal-gut enzymes whose secretion is
enhanced by these "exposed" substrates (Chamier 1991). The possible role of gut
microbes in digestion of ingested detrital material and supply of nitrogen in UL
africana is of particular interest as a few cellulose-degrading bacteria were isolated
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from the gut and this prawn has spectacular mats of epimural hindgut bacteria
(Harris et al. 1991). However the gut throughput rate is not increased over that of C.
kraussi and side pouches (hepatopancreas) are not large. Perhaps U. africana relies
on eating big meals (large throughput gut) of preconditioned food and using simple
carbohydrases to glean enough nutrients without utilization of refractory
.components. Alternatively, it has been shown that low cellulase activity is not
necessarily a good indication of a lack of ability to digest cellulose. For example.
Tipula abdominalis with no detectable cellulolYtic activity had a high assimilation
efficiency when fed purified cellulase (Sinsabaugh et al 1985). The failure to find
significant cellulase activity in alimentary tracts of a(juatic insects does not preclude
the possibility of cellulose digestion, e.g. mammalian ruminants and some insects
that rely on microbial endosymbionts for cellulose digestion exhibit little or no
cellulase activity in their alimentary tracts (e.g. Hungate 1946, Bayon & Mathelin
1980). The question of how U. africana, which survives on a low quality diet of high
C/N ratio, meets its nitrogen requirements is of interest. It seems p0551b1e that gut
bacteria may be collaborators in nitrogen acquisition.
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CHAPTER 4

The presence, nature and role of gut microflora in aquatic invertebrates: a synthesis

Abstract. This paper reviews the literature concerning the gut microbiota of aquatic
invertebrates, and highlights the questions and processes that merit attention if an
understanding of the role of gut microbes in the physiology of host invertebrates and
nutrient dynamics of aquatic systems is to be gained. A substantial number of
studies report the presence of gut microbes in aquatic invertebrates. Crustacea,
Mollusca and Echinodermata have received the most attention, with few studies
involving other invertebrate groups. Different types of associations (e.g. ingestion,
contribution of exoenzymes, incubation, parasitism) are reported to occur between
gut microbes and aquatic invertebrates, and it is clear that gut bacterial
communities cannot be treated as single functional entities, but that individual
populations require examination. In addition, gut microbes may be either ingested
transients or residents, the presence of which has different implications for the
invertebrate. The most commonly reported genera of gut bacteria are Vibrio,
Pseudomonas, Flavobacterium, Micrococcus and Aeromonas. Quite a number of
authors report the physiological -properties of gut microbes (including enzyme
activities and attributes such as nitrogen fixation), while less attention has been
given to consideration of the colonization sites within the digestive tract, the density
and turnover of gut bacteria, and the factors affecting the presence and nature of gut
microflora. In addition, very little conclusive evidence exists as to the role of
bacteria in the physiology of host invertebrates, although a few studies have
demonstrated a positive relationship between invertebrates and their gut
microbiota, particularly with regard to nutrient gain by the invertebrate. This has
resulted from a lack of process-oriented studies. The findings for aquatic gut
microbes are compared to those of gut bacteria associated with terrestrial
invertebrates, where gut microbes contribute significantly to nutrient gain by the
host in some environments.
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Introduction

In terrestrial ecosystems symbiotic associations between micro-organisms and their |
- vertebrate and invertebrate hosts, especially those related to nutrition, are
particularly well developed. A common thread in these associations is that the
micro-organisms are provided with an aquatic and homeostatic medium inside the
animal gut in which to flourish, while the host usually benefits from microbially-
mediated digestion of ingested food or contribution of important nutrients. Free-
living micro-organisms are subject to a gradation in the environment from virtually
waterless (terrestrial) to totally freshwater or marine ecosystems, with a
corresponding increase in their numbers as the medium becomes more aquatic. In
some sense then, microbes in an aquatic environment have the choice, or at least
not the dependency, of living within potential hosts, while in a terrestrial
environment appreciable activity may be limited to aquatic niches such as those
provided by the guts of host animals. Aquatic invertebrates may simply be able to
rely on external microbial decomposition in the aquatic environment prior to
- ingestion of food material, thus decreasing the likelihood of symbiotic associations
with gut microbes (see also Plante et al. (159)). Are there therefore fundamental
differences in the nature and significance of gut bacteria in terrestrial and aquatic
ecosystems ?

| An extensive literature exists on the subject of symbiotic associations
between microheterotrophs and their terrestrial animal hosts (for reviews see 24, 28,
125, 139, 176). Many of these studies have focussed on the role of the gut microflora
of animals whose food quality is poor, either being refractory to digestion or low in
essential nutrients such as nitrogen. For example, the gut bacteria of ruminants and
termites have been shown to play an important role in cellulose digestion (e.g. 3, 18,
52, 196), and are also reported to aid in nitrogen acquisition and conservation (e.g.
27, 68, 150, 162).

By contrast, although the presence of microflora in the guts of some
aquatic invertebrates has long been recognized (e.g. '20, 22, 35, 97) and
endosymbiotic associations in corals and deep-sea invertebrates are known to be of
nutritional importance to the host (e.g. 48, 49, 96), scant attention has been given to
the significance of symbiotic relationships between gut microbes and aquatic
invertebrates. Many questions concerning gut microbes of aquatic invertebrates beg
consideration. For example, do the guts of aquatic invertebrates in general provide
- suitable habitats for microbes, and how common and widespread is the presence of
gut bacteria ? What factors affect the presence and abundance of gut microbes in
different aquatic invertebrates ? What kinds of associations exist between microbe
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and host, and do gut bacteria play a significant role in the physiology of aquatic
invertebrates ? In answering these questions and many others that can be phrased,
two different approaches may justifiably be employed. One approach is that of
theoretical modelling of the system under study. The merits of this approach lie in
the predictive quality of such models, which can be used to highlight discrepancies
between theory and data, thus uncovering areas requiring further study. This
approach has been adopted for the first time for aquatic invertebrates by Plante et
al. (159) who attempt to model detritivore-bacteria digestive associations in terms of
optimal digestion theory and cost-benefit analyses. By their nature, theoretical
models rely heavily on empirical evidence for both their development and
subsequent testing of predictions. This necessitates the other approach, i.e. that of
gathering empirical evidence. Optimally, one might expect a stepwise coupling of
these two approaches, with initial gathering and collating of empirical data followed
by development of models which utilize and assess the available information, and
which serve to direct further empirical research by formulating predictions to be
tested. It is thus clear that a thorough, synthesized understanding of existing
empirical evidence is imperative if we are to efficiently identify relevant areas for
future research endeavor.

This paper provides a synthesis of the literature concerning microflora
associated with the digestive tracts of aquatic invertebrates. Aquatic invertebrates
comprise a diverse group of animals belonging to different phyla, feeding guilds and
occupying a wide variety of habitats. Probably the most important factor in linking
all of these animals when investigating invertebrate-microbe interactions is the
abundance of water both inside and outside the animal gut. By contrast, in most
terrestrial systems the invertebrate gut represents a moist habitat in an otherwise
dry environment. Within aquatic invertebrates an obvious distinction may be made
between freshwater and marine animals. There are disparate salt conditions in the
environment compared to the inside the gut of a freshwater invertebrate, whereas
marine guts and their surrounding environments can be considered more continuous
in this regard (159). Aquatic invertebrates could justifiably be further divided up
into a number of sub-groups. For example, distinctions could be made according to
type of excretory system, a factor which may influence the gut environment
especially with regard to the availability of nitrogen to gut microbes. Animals could
be divided according to habitat (eg. pelagic, benthic), the nature of which will result
in the exposure of animals to different ambient microbial communities. Feeding
guilds are easily identifiable, and it is probable that animals that have different diets
provide disparate gut environments for bacterial colonization. Further, it has been
suggested that invertebrates of some feeding guilds are more likely to benefit from
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interactions with microbes than are others. For example, detritivores that are
dependent on refractory organic matter may be key areas in which to look for close
associations with symbiotic microbes (134, 159). In addition, the case for
investigation of different phyla seperately can be argued in that evolutionary
shaping of factors such as gut structure and digestive physiology might predispose
animals to associations with microbes irrespective of their habitat or feeding guild.
To date, only Bivalvia (Mollusca) have enjoyed a synthesis of available literature
pertaining to their interactions with bacteria, possibly due to their commercial .
importance (168). While summaries such as these are extremely useful, the evidence
currently available on aquatic invertebrate-microbe associations does not support
the limitation of a synthesis to one of these subsets if the aim is to gain an
understanding of the role of gut microflora in the physiology of aquatic
invertebrates or in their ecosystems. It is clear that the phenomenon of gut
microfloras is not confined to any of the above sub-groupings of aquatic
invertebrates (e.g. phyletic or trophic types), and it is therefore important to look at
similarities and differences in their occurrence among sub-groups. The pitfall of
concentrating on one of these sub-groups (e.g. feeding type) alone is that cause and
effect may be misinterpreted and confused with influences due to restrictions
imposed by factors relating to other overlapping sub-groups (e.g. evolutionary
baggage in the form of gut structure). Consideration of the gut microbe-invertebrate
associations of all aquatic invertebrates allows us to distinguish more clearly
between characteristics attributable to different factors such as phylum, habitat,
feeding guild, etc. Limitation of the evaluation of aquatic invertebrate-gut microbe
associations to one sub-group of aquatic invertebrates at this stage would impose
unnecessary boundaries on our developing understanding of these associations.

In this review consideration is given to the different types of
associations between gut microbes and aquatic host invertebrates, and the presence
of gut bacteria in different invertebrate groups. The sites where microbes are
reported to occur in the guts of these invertebrate groups and the taxa and
physiological properties of gut microbes are examined in detail. Factors affecting
the density and distribution of these microflora, and the role that microbes play in
the physiology of host invertebrates are considered. Further this review aims to
provide a framework for future research by identifying important questions,
hypotheses and processes that merit attention if an understanding of the role of gut
microflora in the physiology of aquatic invertebrates and nutrient flux of the
ecosystem is to be gained. The review concentrates on gut bacteria because most of
the available information relates to them, but where applicable, studies on gut fungi
and protozoans are discussed. '
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Microbe-invertebrate interactions in the aquatic environment

Many interactions between micro-organisms and invertebrates are recognized as
important in aquatic ecosystems. The invertebrate-microbe interaction may simply
be that of predator-prey, where the invertebrate utilizes the microflora directly as a
food source (e.g. 33, 38, 39, 74, 91, 106, 111, 121, 156, 227). Synergism has also been
documented, e.g. where invertebrates facilitate bacterial colonization by
mechanically breaking down or concentrating organic material in faecal pellets (92),
while microflora may precondition food material for ingestion by invertebrates (e.g.
15, 16, 42, 43, 53, 90, 147). Activities of invertebrates (e.g. bioturbation or
production of bacteriocidal substances) may enhance or inhibit growth of micro-
organisms (e.g. 4, 6, 26, 145, 210) while microbes have been reported to inhibit the
activities of invertebrates, e.g. as active parasites or pathogens (1, 13, 19, 31, 32, 47,
65, 69, 70, 78, 94, 99, 154, 200). In some instances, the relationships between
microbes and invertebrates are of commercial significance, e.g. resulting in spoilage
of shellfish and the risk of illness for the human consumer (e.g. 5, 9, 17, 36, 46, 56,
63, 76, 78, 82, 103, 104, 105, 117, 126, 185, 204). |

Many types of close associations between invertebrates and
microorganisms have been reported. These include external colonization, where
microbes inhabit the outer surfaces of invertebrates such as sea nettles (64),
crustaceans (25, 41, 56, 104, 105, 116, 219), ascidians (180) and bryozoans (222),
and internal colonization where microbes either occur intracellularly or
extracellularly in the tissues of the invertebrate host (e.g. 48, 49, 75, 96) or inhabit
the digestive tracts of the animals.

1. Types of associations between aquatic invertebrates and their gut microflora

The most commonly reported association between aquatic invertebrates and gut
microbes is that of ingestion of bacteria. Many authors document ingestion,
digestion and absorption of microbes by aquatic invertebrates (e.g. 11, 33, 38, 59, 92,
106, 121, 143, 156, 165, 227), and aquatic invertebrates have been reported to
possess lysozymes (181).

Lyéed microbes may, however, contribute enzymes that remain active
in the gut, i.e. acquired bacterial enzymes (134), and these may confer the host with
additional digestive abilities. Most studies of the enzymes of aquatic invertebrates

151



do not attempt to separate the action of acquired enzymes from endogenous host
enzymes. However, a few studies have addressed the question of €xogenous
enzymes. For example, Barlocher (16) reported that fungal enzymes ingested with
the leaves eaten by the amphipod Gammarus fossarum retained their activity in the
foregut and were active against structural carbohydrates, improving the amphipods
ability to digest the leaves.

Other ingested microflora have been shown to survive passage
through the gut and to be voided with the faeces, e.g. bacteria ingested by tubificid
oligochaetes (212), the bivalve, Mytilus edulis (166), and the shrimp, Penaeus setiferus
(100), and fungi ingested by the amphipod Gammarus pulex (14). Ingested fungi are
also reported to survive in the gut of the fiddler crab, Uca pugilator (157), while
viable ingested bacteria have been isolated from the guts of the penaeid shrimps,
Penaeus aztecus, P. setiferus and P. duorarum (62, 220), the mudprawn, Upogebia
africana (93), and the crab, Callinectes sapidus (103). In addition, Odintsov (151)
concluded that the Np-fixation associated with the gut of an echinoderm was a
continuation of the activity of free-living bacteria ingested with the food.
Differential survival of ingested free-living bacteria has been reported in the gut of
the mayfly larva (11), and the number of species present is reduced as food passes
through the gut of tubificid oligochaetes (212). However, this phenomenon is
difficult to separate from selective ingestion without feeding experiments. Prieur
(165, 166) demonstrated both selective ingestion and selective digestion of microbes
by the bivalve Mytilus edulis. Some ingested bacteria that remain viable in the gut
are, however, reported to be pathogenic and may frequently cause the deaths of
their aquatic invertebrate hosts (63, 154, 170, 200, 204).

Ingested bacteria have been reported to greatly increase in numbers
in the guts of some invertebrates. Plante et al. (158) showed rapid growth of ingested
bacteria in the hindgut of the polychaete, Abarenicola vagabunda. Prieur (165, 166)
reported that Vibrio-like bacteria divided a number of times in the gut of M. edulis.
Other studies have shown greater bacterial activity and numbers in gut contents as
compared to the food prior to ingestion, e.g. in the abyssal holothuroid Psychropotes
sp. (58, 59, 60), the polychaete, Thelepus setosus (66), and deep-sea amphipods
(221), particularly in the hindgut (59, 66). A number of studies have reported a
decrease in the number of bacteria in the gut contents from the anterior to the
posterior of the gut and the faecal pellets (12, 106, 212). However, in other
invertebrates microbes do not show a decrease in numbers down the gut (12).
However, in these studies it is not clear whether the changes are due to increased
growth and proliferation of ingested microbes, the existence of symbiotic gut
bacteria or colonization of gut contents by resident bacteria, and they are therefore
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inconclusive. Furthermore, increases in bacterial numbers need not necessarily be
beneficial to the host, which may merely be an incubator providing suitable
conditions for bacterial growth. Very little is known about whether these
invertebrates can utilize this bacterial biomass. This probably depends on where in
the gut this proliferation occurs as certain regions of the gut may allow lysis of
micribes or utilization of bacterial products, while others may not (see 159).
Ingested bacteria that proliferate in the gut may contribute to digestion by
preconditioning the food for utilization by the invertebrate, thus complementing the
invertebrate’s enzymes. However it is possible that competition for scarce resources,
e.g. vitamins, may occur.

There is evidence that certain aquatic invertebrates maintain a
permanent and consistant flora (e.g. 11, 44, 54, 57, 62, 123, 160, 161, 211) that is
quite different from that of the habitat. Examples include the giant prawn,
Macrobrachium rosenbergii (44), the polychaete, Tﬁelepus setosus (66), the
holothuroid, Psychropotes_sp (60), the deep-sea amphipod Lyssianassidae hirondellea
(178), the praWns; Upogebia africana and Callianassa kraussi (93), and the sea
urchin, Echinus esculentus (201). In other species of aquatic invertebrates the
presence of gut bacteria is not constant (23) nor do all individuals possess them (8,
23). This suggests that these bacteria are either ingested transient bacteria or
opportunistically colonizing commensal bacteria. Some studies have reported an
absence of bacteria in the guts of aquatic invertebrates (7, 25, 79, 187) although it
has been shown for the latter two studies that the animals do harbor gut microbes
under certain conditions (225, 226). |

This leads to the question of differentiation between resident
microflora and transient microbes. Resident microflora permanently occupy the gut
and the majority are not voided with the faecal material, presumably because they
possess attributes (such as adhesion to the gut wall) ta prevent expulsion from the
gut. Transient microbes are ingested with the food, survive passage through the gut
(possibly proliferating in the gut) and are voided with the faeces. The term
"resident” has often been used too loosely. Many authors suggest that bacteria are
residents but do not provide conclusive evidence (e.g. 147, 203). Populations of gut
bacteria have been interpreted as residents simply because they are comparatively
stable. However a stable population may simply be due to routine differential
survival of ingested bacteria in the gut. In fact, the stable gut flora of the animal may
be strongly influenced by its diet and may include ingested bacteria. In addition it
cannot be assumed that because microbes are attached to the gut lining they are
benign residents, as some pathogens are reported to be epimural (60, 103). The
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question of differentiating between residents and transients is largely unresolved,
and their relative roles are rarely investigated.

In addition, a further distinction has been suggested between
autochthonous gut bacteria that represent climax, natural populations which may
include residents and bacteria ingested with the diet, and allochthonous bacteria
which are species that do not normally establish themselves in the absence of
perturbations and may often be represented by pathogens (130).

Figure 1 summarizes the types of associations that have been reported
between gut bacteria and aquatic invertebrates. Ingested bacteria [1] may be lysed
and absorbed [3], or lysed and contribute enzymes to the invertebrate [4], they may
be pathogenic (possibly colonizing the gut lining) [5], or they may survive in the gut
(transients) [6]. These survivors may simply traverse the length of the gut to be
passed out unscathed with the faeces [7], they may be adversely affected in the
posterior regions of the gut, or they may proliferate in some region of the gut
(incubation) [8], sometimes attaching to the gut wall (epimural transients) [9]. This
bacterial production, or products thereof, may be subsequently utilized by the host
[10] or it may be passed out of the gut with the faecal pellets [7]. Resident bacteria
(symbionts or commensals) which form permanent, relatively stable populations
may inhabit pouches or crevices in the gut [11], they may colonize the gut contents
or they may be epimural and attached [12]. Some of each of the categories of
resident bacteria outlined above may be passed out of the gut with the excreta [7].
Depending on the survival capabilities of the ingested bacteria and the extent to
which resident bacteria are voided, faeces may either be virtually bacteria-free [13],
or have transient survivors only, residents only, or a mixture of survivors and
residents [14]. Invertebrates must thus be seen as dynamic interfaces with the
habitat, contributing to and modifying the free-living bacterial community.

It is clear therefore that gut microflora cannot always be treated as a
single community, particularly as different types of association have different
consequences for the animal host. Unfortunately, in the majority of cases where
bacteria have been reported in the guts of aquatic invertebrates, the nature of the
study does not allow one to ascertain which type of association exists between the
microbes and the host. The presence of bacteria in the gut or in the gut contents is
simply reported, and it is not clear whether the microbes are resident or transient.
Bacteria from any region of the gut or gut contents may be a mixture of residents
and ingested bacteria, and they may be free in the lumen or attached to gut
structures. To gain an understanding of the importance of the different types of
associations between invertebrates and gut bacteria, experiments with strict controls
are needed, especially because plating techniques (which are most commonly
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employed) are so selective that a relatively unimportant transient bacterium may
swamp out a resident. Techniques such as radioactive labelling of specific microbes
(see 37) and immunoassay procedures (1,10,172) may be of assistance in
distinguishing between the disparate populations of bacteria and the different types
- of associations between aquatic invertebrates and gut microbes.

2. The presence and nature of gut microflora in aquatic invertebrates

This section outlines what is known about the presence of gut bacteria in different
aquatic invertebrates, and the bacterial colonization sites in the digestive tracts of
these host invertebrates. The densities, taxa and physiological properties of gut
bacteria reported for different host species are detailed. Strengths and weaknesses
in our knowledge of the presence and nature of gut microbiota of aquatic
invertebrates are highlighted. ‘

Invertebrate hosts for gut bacteria

Do aquatic invertebrate guts provide suitable habitats for microbes ? Arthropods,
particularly Crustacea, have received the most attention with regard to the presence
of gut microflora. Bacteria have been reported in the guts of Macrura, including
prawns (44, 93), shrimps (61, 62, 63, 153, 188, 223), crayfish and lobsters (147, 189),
- Brachyura (56, 103, 189, 190, 206), Isopoda (112, 225, 226), Copepoda (148, 187)
and Cladocera (89). Bacteria have also been reported in the guts of Amphipoda (8,
142), research being focussed on deep-sea amphipods (60, 110, 178, 192, 221). Fungi
are documented from the guts of some Crustacea (14, 128, 129, 137, 157, 207). In
addition, a few aquatic insect larvae are reported to have gut microflora (11, 119).
Most of the studies concerning the gut microflora of Mollusca have
concentrated on the presence of gut bacteria in Bivalvia (20, 23, 31, 51, 106, 107,
123, 138, 155, 164, 165, 166, 167, 181, 193, 168). Of these, a substantial number of
studies have directed their attention to the gut symbionts of teredine shipworms (40,
54, 55, 83, 84, 98, 108, 115, 136, 160, 161, 173, 211). Yeasts have also been reported
in Bivalvia (120). Bacteria have also been reported in a few species of Gastropoda
(113, 114, 205). |
The phylum Echinodermata is the third group of aquatic invertebrates
that has received a fair amount of attention with regard to the presence of a gut
microflora. Bacteria have been reported in the guts of echinoids (57, 86, 87, 88, 151,
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169, 191, 201), holothuroids (63, 73, 151), particularly deep-sea holothuroids (59, 60,
192), and ophuiroids (63). Fungi (208) and protozoans (131, 132) are also
documented from the guts of echinoids. A few studies have reported the presence of
gut bacteria in Annelida, e.g. an oligochaete (212), and various polychaetes (63, 66,
158). Microbes have also been reported associated with the digestive tract of
ascidians (127, 180). In addition it is worth noting that bacteria are found closely
associated with a number of species of sponges (175, 213, 214, 215, 216, 217, 218,
202, 203) and Anthozoa (95), but because they are not strictly gut bacteria they are
not considered further in this review.

In conclusion, Crustacea have received the most attention, with gut
bacteria being reported in a wide variety of species. Although bivalves have been
frequently sampled for gut microbes, other molluscan groups require attention if it
is to be ascertained whether gut microbes are a general feature of this class.
Echinodermata have received far less attention than Crustacea and Mollusca, while
only isolated studies concerning gut bacteria exist for other taxonomic groups of
aquatic invertebrates. Thus, while the phenomenon of a gut microflora appears
widespread, there is a need to investigate a wider spectrum of invertebrate taxa
before general conclusions about the presence of gut microbes in aquatic
invertebrates can be drawn. Although most of the invertebrates that have been
studied possess a gut microflora, in a few cases absences of gut bacteria have been
reported (25, 79) under certain environmental conditions (225). Different phyla of
aquatic invertebrates have dissimilar gut structures, and it is possible that some may
therefore be more susceptable to associations with microbes than are others. This
emphasizes the need for an understanding of the factors that influence the presence
of microbes in aquatic invertebrates, and the role of phylogeny.

Bacterial colonization sites in the gut

A few studiés of gut bacteria are based on whole animal homogenates (8, 9, 44, 45,
51, 105, 187). Results from these studies are inevitably inconclusive as bacteria are
also reported from external surfaces, coelomic fluids and other organs (e.g. 1, 25, 23,
56, 76, 116, 117, 222). Many studies have used whole gut homogenates (14, 20, 40,
60, 61, 63, 86, 87, 88, 93, 98, 151, 169, 173, 187, 192, 220, 221, 223), while others have
investigated gut contents without recording the region of the gut from which
samples were obtained (e.g. 8, 178, 188, 189). By their nature, these studies do not
give information about the location or sites of attachment of microbiota in the gut.
Many studies do, however, report the existence of bacteria in
particular regions of the gut. In Crustacea microfloras have been reported in the
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oral region (mouth) (56, 104, 105), stomach (56, 153), intestine (153, 198, 206),
midgut (8, 62, 93, 103, 157), hindgut (8, 62, 93, 103, 137), (207) and digestive gland
(93, 147). In bivalve molluscs bacteria have been reported in the style (106, 107, 123,
133, 138, 155, 181, 193, 195), the style pouch (23), the gland of Deshayes (108, 160,
161, 211), the oesophagus (155), the stomach (23, 106, 123, 155, 166, 173, 205), the
intestine (23, 113, 114, 166, 173, 194), the midgut (155), the hindgut (81, 141, 155,
165) the caecum (20, 40, 54, 155, 173), and the liver (120). In echinoderms bacteria
are reported in the foregut (191), intestine (59, 131, 132, 201), hindgut (191),
caecum (57). In Annelida bacteria have been recorded in the foregut (11), midgut
(11, 119), hindgut (11, 89, 112, 119) and the caecum (89). A single species of
ascidian has been reported to have bacteria in the endostyle, gut contents, faeces
and inhalent siphon (180).
The majority of the studies summarized above each deal only with one
region of the gut, and therefore do not provide information about the relative
importance of different regions of the gut as colonization sites. These studies also do
not give information about whether different types of microflora occur in different
regions of the gut, or of the sites of colonization within a particular region, i.e.
whether bacteria are epimural, free in the lumen, or attached to specific structures.
Those studies that do examine a number of different regions of the gut indicate that
‘the hindgut is an important region of bacterial colonization in Crustacea (8, 11, 62,
89, 93, 103, 119, 153). Although bacteria have been reported in the foregut, midgut
and digestive gland of some crustaceans these regions of the gut are not colonized in
all species investigated (8, 11, 89, 93, 147, 153). The presence of a rich and varied
flora in the hindgut, and relatively poor utilization of the foregut by microorganisms
has been reported for two other arthropod groups, i.e. insects and millipedes (for
review see (24)). ,
Not as many systematic studies have been conducted for Mollusca.
However, the style and Deshayes gland appear to be consistantly important as sites
of bacterial colonization in most species investigated. Transmission electron
microscopy has shown that bacteria may be present in the matrix of the style (123,
181), and that the Deshayes gland may be colonized by closely packed gram-
negative bacteria (160, 161, 211). In addition the presence of large spirochaetes
(Cristospira) in the style has been reported (e.g. 133, 168). The stomach and hindgut
are also an important areas of colonization, while the midgut is less frequently
inhabited by microbes (106, 123, 155, 173, 168). Too few comprehensive studies
have been conducted on Echinodermata, Annelida, and Ascidiacea to draw
conclusions about the relative importance of the different regions as sites of
bacterial colonization (see 180, 191). The theoretical approach of Plante et al (159)
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on detritivore-bacterial digestive associations predicts that foreguts and midguts are
not likely to harbor gut microfloras, while hindguts represent more likely
colonization sites. While this prediction appears to be supported by some molluscan
species, the anterior region of the gut is also an important colonization site in many
species.

The further distinction of micro-habitats within regions of the gut, i.e.
differentiation between attached epimural bacteria, those attached to gut contents,
and those free in the lumen, is relevant in terms of the functional significance of the
gut bacteria to the host. Bacterial populations from different micro-sites within any
region of the gut probably represent different functional groups. For example,
bacterial populations attached to the gut lining are likely to be more stable as they
are not as easily voided with feces. Direct nutrient flux between these microbes and
the host is also more readily facilitated due to their proximity to the gut wall. On the
other hand, bacteria attached to food may be more important in assisting with
breakdown of ingested material and release of essential nutients from this material,
but are likely to be passed out of the gut with the feces. In Crustacea electron
microscopy studies have revealed the presence of epimural bacteria, both filaments
and mats of bacteria, attached to the hindgut lining (59, 93, 103, 119, 191, 225, 226),
while bacteria are also present attached to hindgut contents (8, 93, 119). Similarly
both types of populations of microbes are found in echinoderms, i.e. those
associated with gut contents (e.g. 60, 192, 208) as well as epimural bacteria (60, 192).

The approach to bacterial colonization sites in aquatic invertebrates
has been somewhat unfocussed and our knowledge of the morphologies, growth
patterns and methods of attachment of gut bacteria in situ is poor. Studies looking at
whole guts or whole animals alone should be avoided as they provide limited
information, while studies that investigate all the regions of the gut and combine
sampling techniques (for example both direct observation by electron microscopy as
well as methods for enumeration of bacteria) should prove most useful in
elucidating both the most important regions of colonization in the digestive tract, as
well as the in situ growth and attachment characteristics of gut microbes. Of interest
is a fluorescent antibody staining technique modified for solid specimens, used by
Hugq et al. (103) to study the colonization region of Vibrio cholerae in the gut of the
crab, Callinectes sapidus. Insights into micro-sites of colonization within gut regions
and growth patterns of distinct populations of gut bacteria will allow a more
focussed approach to the types of associations that exist and their significance.
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Enumeration of gut bacteria

Quantification of the density of microbes in the guts of aquatic invertebrates has
received little attention and in those studies that do enumerate the gut microflora
units of density have not been standardized. For example, density has been
expressed per gut, per gram, per unit volume, per length of gut or per ml of
homogenate. Comparisons between species and classes of invertebrate are therefore
difficult to make. Comparisons are further confounded because while most of the
enumeration studies to date are based on whole guts (e.g. 60, 63, 66, 79, 153, 201,
223) or gut contents (e.g. 77, 188, 205), some authors have used whole animal
homogenates (e.g. 8, 9, 184). Only a few researchers have studied the density of
microbes in a number of regions of the gut (e.g. 12, 62, 79, 119).

Two methods for enumeration of gut bacteria have been widely used,
i.e. plate (viable) counts (12, 60, 63, 100, 119, 138, 153, 158, 201) and direct
enumeration by epifluorescent microscopy (60, 79, 119, 138). In general, the counts
obtained by the latter method exceed those by the former by more than an order of
magnitude, although estimates for different species have varied greatly (between
109 and 116 cells per gram dry weight) for both methods. Of these two methods the
direct counting method is far more accurate and reliable, given that only a small
fraction (often <10%) of bacteria present can be isolated using available culture
techniques. When enumerating bacteria by epifluorescent microscopy, because gut
samples contain large proportions of organic matter (comprising gut tissue and/or
gut contents), it is important to take into account masking affects as proposed for
enumeration of bacteria in marine sediments (eg. 67, 177). Other techniques that
may prove useful in enumerating particular species of gut microbes, and their in situ
colonization sites, include an enzyme-linked immunosorbant assay employed by
Adams (1) to detect V. alginolyticus in the haemolymph of penaeid shrimps. This
technique has been used more widely for the detection and identification of bacteria
in fish (e.g. 10, 172). Studies utilizing radioactive labelling of microbes for trophic
studies (see Carman (37)), may also be usefully adapted to distinguish quantitatively
between transient and resident bacteria. A few authors have attempted gut bacterial
production estimates using radiolabelled isotopes (e.g. 51, 221), and this looks to be
a promising direction of research although problems with calibrating the results are
acknowledged (for a recent review see 118).

There is a need for enumeration of bacteria in different invertebrate
guts and particularly different regions of the gut, coupled with studies of turnover
and production estimates, if an understanding of the quantitative and functional
importance of gut microbes is to be gained. Bacterial populations are likely to have
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varying consequences for the host invertebrate in different regions of the gut. In
addition it is essential that estimates be reported in standard units (i.e. counts per
gram (dry) of gut and per volume of gut). The size of the animals investigated, and
the gut : animal weight and/or volume ratios should be reported to facilitate
interspecific comparisons. Quantitative differentiation between transient (ingested)
bacteria versus resident bacteria, and attached gut microbes versus those present in
the lumen associated with the gut contents are lacking probably due to the
difficulties of selectively sampling the separate populations. However achievement
of this goal would provide insights into the relative importance of the respective
bacterial populations and the question of incubation of ingested microbes in the guts
of invertebrates.

Taxonomy of gut microbiota

The same inherent problem with available culture methods employed to estimate
bacterial numbers, is encountered when determining the genera of bacteria present
in a gut. Culture media are highly selective and only a small percentage of the
genera present in the gut may be represented in isolate collections. However the
use of similar media to investigate different sources of bacterial populations can be
justified for comparative purposes. Table 1 shows that the most common genera of
bacteria isolated from the guts of aquatic invertebrates are Vibrio and Pseudomonas,
with Flavobacterium, Micrococcus and Aeromonas also frequently reported.
Crustacea have received the most attention, with the taxa of gut microbes of
representatives of Macrura, Brachyura, Copepoda and Amphipoda being reported.
The study of Mollusca has covered mainly Bivalvia, and while there are relatively
few studies concerning Echinodermata, representatives of four orders are
represented. Other aquatic invertebrate groups have received little attention, and it
is therefore difficult to draw general conclusions with regard to the genera present
in the guts of aquatic invertebrates.

A number of studies report that the bacterial populations isolated
from the gut differ in species composition from those isolated from the habitat or
diet (e.g. 61, 62, 66, 93, 184, 201). Thus it appears that different communities of
bacteria are present in the guts of aquatic invertebrates compared to their
immediate habitat or their food items, a phenomenon that could be due to the
presence of a resident microflora or selective ingestion and/or differential survival
of ingested microbes. This has consequences for the ecosystem that the animal host
lives in, as the gut may be an incubator for microbes that are not found in the
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habitat but that possess characteristics that are important to nutrient cycling in the
ecosystem as a whole, e.g.nitrogen fixation associated with shipworms (40).

The question of whether the various regions of the gut harbour
different genera of bacteria has not been addressed. Some regions of the gut will
facilitate absorption of bacterial products, while other regions may not allow use of
bacterial products. Thus bacterial types with distinct physiological attributes may be
of disparate relevence in different regions of the gut.

Physiological properties of gut bacteria

The majority of bacteria isolated from the guts of aquatic invertebrates have been
facultative anaerobes (8, 40, 88, 93, 119, 175, 189, 190), although aerobes (e.g. 153,
188, 201, 206, 211) and occasionally obligate anaerobes (e.g. 189) have been
reported. This may be partly due to the fact that not many studies attempt to isolate
anaerobes. Most studies report gram-negative gut bacteria (e.g. 8, 9, 12, 20, 93, 155,
165, 169, 173, 175, 188, 189, 190, 205, 211) but some aquatic invertebrates have been
shown to harbour gram-positive bacteria (e.g. 9, 166, 173, 175, 189). Both motile (8,
54, 190) and non-motile (93) bacteria are reported from the guts of aquatic
invertebrates. In addition fermentation by gut microbes has been documented in a
few species of bivalves (e.g. 20, 166).

Table 2 shows the most commonly reported enzyme activities of
bacteria isolated from the guts of aquatic invertebrates. The largest number of
studies have concentrated on Mollusca, particularly the occurrence of cellulase
activity in shipworms. A large proportion of the Crustacea studied harbour bacteria
with protease, lipase and chitinase enzymes, but few species appear to have bacteria
that are able to digest cellulose. A few studies have been done on the echinoderms
and ascidians, revealing wide spectrums of enzymes for both groups. It is important
to bear in mind that the enzymes reported in these studies do not necessarily
represent those that are most important but are limited to those that were
specifically examined. If the functional significance of a particular isolate is to be
established it follows that it is necessary to test for a wide spectrum of enzymes.

In general, there is a paucity of studies reporting the digestive
capabilities of gut microbes. It is difficult to make comparisons between
invertebrate taxa as different suites of enzymes have been examined by different
authors. Available evidence suggests that some animals harbour bacteria that are
capable of hydrolysing refractory components of detritus, but it is often not clear
whether these attributes are correlated with the diet or requirements of the host,
and therefore contribute significantly to nutrient gain. There is a need to investigate
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particularly the gut microfloras of species of invertebrates which are most likely to
benefit from exoenzymes of gut microbes, i.e. herbivores and detritivores.

In addition, because the bacterial enzymes reported represent only
those produced by gut isolates obtained using selective culture techniques, failure to
encounter a certain enzyme does not necessarily indicate that bacteria capable of
producing the enzyme in question are not present in the natural gut microflora. The
detection of bacterial exoenzymes in invertebrate gut fluids would provide a more
accurate picture of the in situ contribution by bacteria to invertebrate digestion. It s,
therefore, necessary to separate the actions of endogenous and exogenous enzymes,
when investigating the digestive capabilities of aquatic invertebrates. For example,
Wainwright & Mann (209) demonstrated that the ability of the shrimp, Mysis
stenolepis, to digest cellulose was lost when the animal was treated with antibiotics,
thus implying an exogenous source for the cellulase activity exhibited. This
promising approach has also been adopted for the study of enzymes of some
terrestrial invertebrates. For example, using antibiotic treatments Scrivener (179)
demonstrated that cellulase activity of the cockroach Panesthia cribrata was
symbiont-independent. However, the validity of such results will depend on the
effectiveness of the antimicrobial agent in eliminating the gut microbes of the
specific invertebrate being studied, and this must be confirmed in each case.

Nitrogen fixation has been reported for the gut microflora of only a
handful of aquatic invertebrates i.e. a number of species of shipworm (40, 71, 108,
211) and sea urchins (77, 86, 87, 88). As this is a potentially important phenomenon
in animals feeding on a nitrogen-low diet, and has been shown to be an important
source of nitrogen for termites (21, 29, 163), it merits further investigation in a wide
variety of aquatic invertebrates, particulary those whose diet has a high C/N ratio.

Physiological attributes reported for gut microbes are obviously of
potential importance to the invertebrate host. However, linking of these studies of
bacterial physiology to feeding studies and nutrient tracer studies are essential if it is
to be established whether the host benefits from the attributes displayed by the
microbes. |

3. Factors affecting the presence of gut bacteria
What affects the types, numbers and colonization sites of bacteria in aquatic
invertebrate guts ? Are there major differences in the presence and nature of gut

bacteria from disparate phyletic and trophic groups ? Is the host a contributor to
and beneficiary of the microbial ecosystem of the intestinal tract, or does it attempt
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to foil bacterial colonization ? In terrestrial invertebrates many factors (e.g. gut
structure, nature of gut lining, diet, condition of the host, season) are reported to
influence the gut microbiota (24, 30, 124, 125).

In some aquatic invertebrate species, gut structure appears to
influence the presence of gut bacteria. The presence of pouches, crevices and folds
may to be important and may prevent wash-out of bacteria (130). For example, the
deep cuticular bay at the beginning of the hindgut of the cladoceran, Alona affinis, is
colonized by bacteria which seem to accumulate out of the current, and the strongly
folded caecum is also inhabited by bacteria (89). The lumen of the hindgut vesicle of
the parasitic isopod, Gnathia calva, contains bacteria (112), while the aquatic larva
of the cranefly, Tipula kotarski, has an enlarged hindgut with epimural and loose
bacteria (119). However, special adaptations for attachment of bacteria do not
appear to be a prerequisite for the development of dense assemblages of gut
bacteria in Crustacea (see 144), where the gut is often a simple tube without
enlarged chambers or attachment structures (e.g. 93).

The nature of the gut lining may also be an important factor. In some
insects bacteria are attached to spines or bristles in the hindgut (199). Bacteria are
present amongst spines (brushes) in the hindgut of the prawn, Callianassa kraussi
(93), although another thalassinid prawn, U. africana, supports spectacular mats of
bacteria in the absence of spines or brushes on the lining of the hindgut (93). The
attachment of bacteria to the hindgut lining of some Crustacea has been attributed
to a requirement of certain bacteria for a chitinous substrate. Vibrio cholerae, for
example, attach more readily to the chitinous lining of the hindgut of Callinectes
sapidus (103) than to the non-chitinous lining of the midgut, although it is possible
that conditions in the midgut preclude colonization by bacteria. The presence of a
peritropic membrane in arthropods has also been suggested as a factor affecting
colonization by microbes either by rendering the gut lining unstable or because it
acts as a barrier to.bacterial invasion (24). Zachary et al. (226) found that the
peritropic membrane in the isopod, Limnoria tripunctata, may affect colonization,
acting as a barrier to ingested bacteria. Dempsey et al. (62) suggest that the
shedding of the hindgut lining accounts for variability in bacterial numbers in the
penaeid shrimps, Penaeus aztecus and P. setiferous. Very little is known about the
fate of gut bacteria during ecdysis and recolonization after the moult (e.g. 119). In
fact, not much is known in general about colonization/inoculation by microbes and
how they avoid expulsion from the gut. Imam et al. (108) suggest that an ability to
adhere to cellulose is characteristic of gut bacteria that are symbiotic in shipworm
species, and that this ability facilitates inoculation. Gut bacteria may also have to
contend with the mechanical action of the gut, e.g.certain bacteria are able to resist
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the grinding of the proventriculus in the shrimp, Penaeus setiferus (100). In addition,
gut passage time coupled with gut structure have been suggested as important
factors in influencing the presence and the incubation of bacteria in the gut (158).
Very rapid passage rates will not provide a very stable environment for proliferation
of microbes in the lumen, unless pouches outside of the mainstream of gut content
flow exist. Both gut structure and gut lining are strongly coupled to feeding type
while being constrained by phyletic considerations, and it is therefore possible that
the presence and nature of bacteria may be different for disparate trophic and
phyletic groups of aquatic invertebrates.

The diet of the host has been shown to affect species composition and
activity of gut microbes. The microbial complement of the gut is reported to be
plastic, changing under different diets. For instance, in the bivalve, Unio tumidus
(183), the copepod, Acartia tonsa (187), and the shrimp, P. setiferus, the nature of the
- gut microflora is determined by the biological/biochemical characteristics of the
ingested food (100). Guerinot (86) found that the rate of nitrogen fixation by gut
bacteria of the sea urchin Strongylocentrotus droebachiensis is affected by diet, while
Prim & Lawrence (169) reported that bacteria from the gut lumen of echinoids
displayed different abilities with different host diets. In fact, even the presence or
absence of a gut microflora seems to be dependent on the type of diet in some
aquatic invertebrates. Mattson (137) reports that the presence of fungi is related to
diet in a number of species of crab, and while Zachary et al. (226) and Zachary &
Colwell (225) demonstrated that the, isopod Limnoria tripunctata, is free of gut
microorganisms when it eats untreated wood, but when it inhabits creosote-treated
wood, epimural creosote-resistant bacteria are present in the gut. Not much is
known about whether different feeding guilds support different densities or types of
gut bacteria, nor whether differences in gut bacteria related to diet are caused by
the development of different resident bacteria due to differing nutrient conditions in
the gut or the differential ingestion of habitat bacteria. However, different gut
microfloras for different invertebrate feeding guilds would have important
consequences for the digestive physiology of the host. For example, assistance by gut
microbes with digestion would probably be of more significance to the fitness of
detritivores (whose diet is often comprised largely of material refractory to-
invertebrate enzymes) than to that of carnivores.

Physical and chemical conditions inside the gut, e.g. pH, salinity,
redox potential, oxygen levels, temperature, nutrient availability, toxic substances
and bacteriocides, are known to affect gut bacteria in mammals and insects (for
review see Bignell (24)). In aquatic invertebrates , temperature and pH are reported
to affect the activity of bacteria isolated from shipworms (85, 98). Sleeter et al. (187)
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suggest that the wood-boring isopod, Limnoria tripunctata, produces antibacterial
agents keeping the gut relatively free of microbes. Very little is known about
whether there are major differences in the gut microfloras of invertebrates
inhabiting marine and freshwater habitats, although the salinity, and possibly the
nitrogen concentrations (from excretion), in the gut are likely to be very different in
these two groups.

The physiology of the invertebrate host can influence the gut
microbiota. For example, there is a decrease in density and change in composition
of gut bacteria of the prawn, Penaeus japonica, as the prawns progress from zoea to
postlarval stages (223). The gut microbiota are also reported to change with the
physiological health of the host in the prawn, P. japonica (223). This may be related
to external environmental (ambient) conditions that stress the animal. Atlas et al.
(8) found that the dominant bacterial taxa present in the guts of the amphipod,
Boeckosimus affinis, changed when the animal was exposed to petroleum
hydrocarbons, and that successional changes occurred when the animal was starved
in captivity. Sugita et al. (188) reported that a change of salinity of ambient water
caused a change in the gut microflora of the shrimp, Palaemon paucidens. In
addition, infestations by pathogens have been shown to affect the natural
microfloral community of some aquatic invertebrates (154, 170, 206). Presumably
the changes in the physiology of the animal results in changes in the environment of
the gut, and invertebrates may be more susceptible to pathogens under some
ambient conditions. Another indication that ambient conditions significantly affect
gut microfloras in marine invertebrates are reports that wild-caught and laboratory-
reared animals of the same species may have different communities of gut bacteria
(see 168). This factor must be borne in mind when attempting to assess "normal" gut
microflora, and evidence of differences attributed to different environmental
conditions may be of assistance in differentiating between obligate and commensal
associations. Obligate associations are likely to be more robust to changes in the
- ambient conditions that the host is exposed to.

Physiological properties of bacteria themselves are also important in
determining the types of bacteria that flourish in the gut. Adhesive ability and
substrate preferences are reported to be important. For example, preferential
adhesion of shipworm bacteria to cellulose (108), and the preference of some
microbes for a chitinous substrate can affect the types and the locality of
colonization of bacteria in the guts of different invertebrates (see Bignell (24)).
Hood et al. (100) found that certain bacteria were able to resist low pH in the gut of
the shrimp, Penaeus setiferus, resulting in differential survival of bacteria. Barophilic
bacteria in the guts of deep-sea amphipods are more tolerant to pressure than those
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from shallower waters (153, 178), and show greater growth rates under in situ
pressure than do bacteria in the surrounding sediments (60). Because this growth
enhancement is directly correlated to nutrient enhancement, it seems that deep-sea
animals possess a commensal gut flora capable of responding to increased nutrient
levels found in the gut.

Seasonality has also been reported to influence the presence and
types of microbes found in the guts of invertebrates. Bernard (23) examined 65
species of bivalves for spirochaete bacteria of the genus Cristospira and found that
the bacteria are not always present in those species that do at times support them,
and that these differences appeared to be seasonally influenced. Similarly, Pitts &
Cowley (157) found that the occurrence of yeast and other fungi in the midgut of the
fiddler crab, Uca pugilator, is seasonal, and Shivokene et al. (182) reported seasonal
differences in the numbers of gut bacteria in the bivalve, Unio tumidus. It seems
likely that these seasonal differences are related to temperature as Sugita et al.
(189) report a response of gut isolates to water temperature, and environmental
temperature affects the occurrence of bacteria associated with the copepods, Acartia
tonsa and Eurytemora spp. (105). These seasonal differences could merely reflect
seasonal differences in the bacterial community present in the habitat or food of the
invertebrates, particularly in those cases where gut bacteria are reported to reflect
those in habitat (223). - '

At this stage not enough evidence exists to elucidate whether different
habitats within the aquatic realm influence the nature of microbe-invertebrate
associatons. For example, do certain aquatic habitats predispose their invertebrate
occupants to gut microfloras ? Considering that ambient conditions and seasonality
have been shown to alter the gut bacteria community in some aquatic invertebrates,
it is probable that habitat will influence the conditions in the gut, and may therefore
be an important factor influencing the presence and nature of a gut microflora.

From the examples discussed above, it is clear that many factors
influence the numbers and types of gut microbes of aquatic invertebrates. Despite
this, relatively few studies on aquatic invertebrates investigate the gut bacterial
community of a given animal over a wide range of conditions (see Lynch & Hobbie
(130)), or examine a range of invertebrates (from different feeding guilds, phyla and
habitats) using comparable techniques. It is therefore currently difficult to answer
any of the questions outlined at the beginning of this section with any generality for
aquatic invertebrates, or to draw general conclusions -about the factors that
influence gut microbiota in aquatic invertebrates. It is obvious however that
restricting studies to just one phylum, feeding guild or habitat may not elucidate
causative factors, eg. to conclude that the presence of bacteria in detritivore guts is
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related to their diet is not persuasive unless it is shown that similar animals with
different diets do not have bacteria. In addition, associations between invertebrates
and microbes that are not temporally and spatially stable are not likely to be of
obligate significance to the physiology of host invertebrates.

4. Role of gut bacteria in physiological processes of the host invertebrate

Most studies report the presence of bacteria and their physiological properties, but
either do not address the issue of the possible benefit gained by the invertebrate
host from the association with microbiota, or present circumstantial evidence only.
This section highlights those studies that have clearly demonstrated a relationship
between the invertebrate and its gut bacteria. In addition, consideration is given to
other suggested roles for gut microbes. _

A few studies have attempted to separate the action of endogenous
(host) enzymes from that of exogenous (bacterial) enzymes, particularly with 'regard
to cellulase ability. The results are variable with a few authors reporting a significant
contribution by bacterial cellulases (54, 122, 136, 147), others reporting endogenous
cellulase activity and digestibn of carbohydrates by the invertebrate alone (138, 142,
146, 155, 171, 180). Evidence for the role of gut microbes in the nutrition of aquatic
invertebrates was provided by the demonstration that the ability of the mysid, Mysis
stenolopis, to assimilate cellulose was lost when the animal was treated with
antibiotics. The animals regained the ability to digest cellulose when fed ground
untreated mysid guts, suggesting that the cellulose activity is associated with gut
bacteria (209). In addition, by means of feeding experiments and antibiotic
treatments, Vitalis et al. (205) showed that bacteria in the gut of the mollusc Aplysia
juliana affect the growth rate and thus clearly play a nutritional role.

Another important phenomenon reported associated with gut bacteria
is nitrogen fixation. Nitrogen fixation has only been reported in molluscan
shipworms (40, 146) and in some species of echinoids (86, 87, 88, 151). Although
Odinstsov (151) calculated that nitrogen fixation by gut microbes is not significant
for the nitrogen balance of the sea urchin, Strongylocentrotus intermedius, Guerinot .
et al. (86) found that the nitrogen fixation measured in the gut of the urchin, S.
droebachiensis could contribute 8-15 % of the host’s daily nitrogen requirements.
Carpenter & Culliney (37) reported that nitrogen fixation in the gut could account
for a doubling of cellular nitrogen of the shipworm, Teredo malleolus, in 1.4 days.
Demonstration of the ability of gut microbes to digest items of the host’s food or
synthesize nutrients, although suggesting the potential therefore, does not provide
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evidence that the animal benefits nutritionally, i.e. that the nutrients are passed on
to the animal. In an elegant study, Fong & Mann (77) demonstrated that amino
acids produced by the gut microbes of the sea urchin, S. droebachiensis, were
transferred to the tissues of the invertebrate. Guerinot and Patriquin (87)
demonstrated that microbially fixed nitrogen is incorporated into the tissue of the
sea urchin, S. droebachiensis. Evidence derived from the structure of Deshayes gland
of the teredine shipworm, Bankia australis, suggests that symbiotic bacteria may be
supplying the animal with essential amino acids and vitamins (160), and Gallagher et
al. (80) found that that shipworms fed on wood of 0.2 % nitrogen content had a
tissue content of 5.8% in the absence of any other nitrogen sources which suggests
that gut bacteria contribute nitrogen. Furthermore, ammonia secretion by the
shipworms appeared negligible and it is possible that gut bacteria were assisting in
nitrogen conservation by utilizating excreted ammonia.

Gut bacteria have also been reported to enhance the host’s resistance
to the adverse effects of various toxins. Dempsey & Kitting (61) showed that gut
bacteria of the shrimp, Penaeus aztecus, are resistant to phenolics and may assist in
digestion of the seagrass, Thalassia sp.. Zachary et al. (226) provide evidence that
creosote-resistant bacteria are important for the colonization and nutrition of the
isopod, Limnoria tripunctata, when it inhabits creosote-treated wood. An interesting
association is reported by De Ridder et al. (57) in which bacteria associated with
nodules in the intestinal caeca of the echinoderm, Echinocardium cordatum appear
to be important for the well-being of the echinoid as they prevent sulphate reduction
of ingested sediment in the hindgut, and may aid in conditioning large particles prior
to their passage through the anal aperture. Another suggested symbiotic relationship
is reported for the crab, Callinectes sapidus: Vibrio attached to the hindgut wall may
play a role in ion transport across the gut wall, and thus contribute to
osmoregulation, although at this stage this is purely speculation (103). Another
interesting hypothesis that has been raised is the contribution by gut microbes of
- surfactants that prevent precipitation of proteins (enzymes) by ingested tannins. A
surfactant-producing bacterium has been isolated from the gut of a sawfly (152).
Some aquatic invertebrates have been reported to contain surfactants in the gut
fluid (e.g. 197). Considering the influence of surfactants on the ability of
invertebrates to digest foods containing tannins and the widespread occurrence of
bacteria in aquatic invertebrate guts, it is worth investigating whether surfactants are
produced by gut microbes.

Ingested bacteria have been reported to greatly increase in numbers
in the gut (59, 60, 66, 158, 178, 221). Ingested bacteria that remain viable have been
reported to contribute to digestion by preconditioning the food for utilization by the
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invertebrate, thus complementing the invertebrate’s enzymes (16, 147, 209), and
possibly enhancing secretion of endogenous enzymes by the invertebrate (147).
Alternatively, the microbes may simply be cashing in on a favourable environment.
For example, it has been suggested that invertebrates in the deep sea provide
nutrient-rich niches for microbes (109, 221, 224), and that appreciable activity in the
deep sea may be confined to the intestinal tracts of benthic animals (60). These
invertebrates are thus incubators or hot spots for bacterial activity. Not much is
known, however, about whether the host can utilize the bacteria. However, this
association between invertebrate and microbe may enhance the bacterial numbers
in the environment as the bacteria are voided with faeces, and may increase
decomposition rates in the system (178). This phenomenon has been reported for
invertebrate detritivores in deserts (50).

Thus only a handful of studies have demonstrated benefits in terms of
nutrient gain of the host invertebrate from the gut microbes. Considering the
implications of such positive interactions on the physiology of the host invertebrates,
especially for those animals that are nutrient limited, further studies that investigate
attributes of gut microbes as well as trace nutrient flux across the gut wall are
warranted. In this regard it is worth considering techniques employed in the study of
associations between aquatic invertebrates and endosymbionts, where more
progress has beed made in elucidating nutrient flux. For example, examination of
the carbon, nitrogen and sulphur stable isotope compositions of tissues of the
bivalve, Solemya velum, and endosymbiotic chemoautotrophic bacteria provided
evidence that the bacteria provide as much as 98 % of the carbon requirements of S.
velum, and may also be the major source of nitrogen and sulphur acquisition (49). In
addition, a number of studies discussed in this section present evidence that suggests
that other potentially important associations (not directly related to nutrient gain)
may exist between invertebrates and their gut microbes.

Discussion and conclusions

This section attempts to assess where we have achieved answers to the questions
outlined in the introduction and to identify important areas of future research. In
doing so it is useful to compare what is known about the nature and significance of
gut microbes in aquatic systems with the more extensive literature available for
terrestrial systems. Are there fundamental differences in the invertebrate-microbe
associations in these two systems ? The guts of invertebrates provide moist havens
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for bacteria in some terrestrial systems such as deserts (50), while in aquatic systems
both the external environment and the gut provide niches where water is freely
available. Are gut bacteria-invertebrate associations therefore more developed in
terrestrial systems compared to aquatic systems? Disparities in associations found in
aquatic compared to terrestrial systems should clarify whether habitat is a significant
determinant of the nature of invertebrate-microbe associations, and if so, what the
causative factors may be. Two other central themes may be identified as potentially
important shapers of interactions between aquatic invertebrates and gut microflora.
Firstly, phyletic origin of the invertebrate may be expected to define the types of
associations that can take place within the gut. Secondly, because associations of
bacteria with the gut are being examined, the inevitable linking of invertebrate
feeding characteristics and these associations can be anticipated.

It is clear that the guts of aquatic invertebrates from different phyla,
feeding guilds, and habitats do provide suitable niches for diverse and dense
bacterial communities. With regard to invertebrate phyla, gut microbes have been
reported most commonly in Crustacea, Mollusca and Echinoderms. However the v
investigation of the presence of bacteria in more taxa of invertebrates is required to
establish whether the phenomenon of a gut microflora is a general feature of
aquatic invertebrates or is phylogenetically restricted. Of interest is the uniformity
of dominant bacterial taxa (genera) isolated from the guts of diverse species of
aquatic invertebrates (Table 1). In addition microbes of similar morphology and
growth characteristics have been reported in different species of aquatic
invertebrate (e.g. bacteria in the hindguts of the predatory crab, Callinectes sapidus
(103), and the detritivore prawn, Upogebia africana (93)), and these show a
remarkable similarity to those reported in some terrestrial species (e.g.termites (30)
and locusts (140)). It is possible that this is due to phyletic grouping (all three
species are arthropods), which dictates that the hindgut lining is chitinous, as there
is evidence that some bacteria adhere preferentially to chitin. This serves to
illustrate the possibility that phylogeny may constrain consequences that other
factors, such as habitat and feeding guild, may have on the presence, nature and
colonization sites of gut microbes in invertebrates.

The question of whether the various invertebrate feeding types have
different gut microfloras with distinct digestive capabilities requires attention. In
addition, are gut bacteria more commonly associated with animals whose food
quality is poor? There does appear to be a correlation between the diet and the
presence of gut microflora. For example, the presence of fungi in the guts of some
species of crabs is related to the diet of the animal (137), and the presence of
cellulolytic bacteria has been reported for a number of wood-eating shipworms (see
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211). While gut microfloras have been documented in herbivores, detritivores and
carnivores alike, there is little evidence as to the relative significance of these
associations in the different feeding guilds. Aquatic detritivores especially would
benefit greatly from symbiotic associations like those found in ruminants and
termites. Evidence of significant contributions by gut microbes to carbon utilization
and nitrogen acquisition would reinforce a shift in our ideas about the sources of
these nutrients to detritivores, away from the microbial conversion hypothesis,
toward a view incorporating the active participation of gut microbes. The microbial
- conversion hypothesis suggests minimal use of refractory components of detritus
(usually the organic bulk) by detritivores, and implicates stripping and direct
utilization of bacteria from organic matter during passage through the gut, coupled
with rapid gut throughput times (2, 72, 149). This hypothesis, however, has not
consistantly accounted for acquisition of sufficient nutrients for the energy
requirements of aquatic detritivores (33, 156). While much of the required vm’trogen
may be derived from the living component of detritus (associated microbiota), a
large proportion of carbon needs to be obtained from the non-living relatively
refractory fraction (34), and it is in this area that symbiotic gut microbes would be of
most benefit to the host. Nitrogen limitation may, however, be experienced by
specialist detritivores where the diet does not include a significant microbial
compliment, e.g. wood-borers and leaf-shredders.

Habitat may, however, influence the significance of these detritivore-
bacteria digestive associations. For example, terrestrial detritus is primarily derived
from vascular plants and is particularly refractory to most animal enzymes.
Similarly, the detritus of near-shore aquatic habitats may have a large refractory
component derived from vascular plants (eg saltmashes and estuaries), and that of
freshwater habitats may be primarily derived from surrounding terrestrial plants. On
the other hand detritus from aquatic algal-dominated habitats is less refractory to
animal digestion and one might expect invertebrate-microbe associations to be of
lesser importance here. In addition, the possibility of enhanced preconditioning of
organic matter prior to ingéstion by invertebrates in aquatic environments
compared to terrestrial environments, due to the abundance of free water in the
former, may render invertebrate-microbe associations more important in the latter-
environment. Plante et al (159) adopted a theoretical approach to predict
detritivore-bacteria associations. Using simple quantitative models of optimal
digestion theory and cost-benefit analyses, they argue that factors such as gut
passage time, bacterial doubling time inside the gut and exoenzyme production rate
will influence the significance of an association. Furthermore, they suggest that cost-
benefit analyses can be used to predict which regions of detritivore guts are most
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suitable for bacterial colonization, and conclude that posterior regions of the gut
should be more heavily colonized than are foreguts and midguts. This appears to be
the case in terrestrial detritivores (Bignell 1984), but the empirical evidence to test
this in aquatic detritivores is weak, with some crustacean and annelidan detritivores
supporting this theory, while other taxa (eg. molluscans) appear to have varying
patterns of colonization in the digestive tract. In addition, they predict that different
bacterial populations will have different consequences for the host. The presence of
attached and resident bacteria are more likely to represent mutualistic associations,
while transient bacterial populations may represent commensalism or benign
parasitism. By evaluation of the predictions of the model against empirical evidence,
these authors highlight other areas of important future research on digestive
associations between detritivores and gut microbes, e.g. the availability of products
of animal digestion in different regions of the gut, the role of acquired enzymes, and
the need for specific methods to measure parameters relating to individual
populations of bacteria in the gut. In addition they suggest that it is possible to
pinpoint invertebrate detritivore targets for associations, e.g. animals inhabiting
saltmarshes may benefit from fermentation in the gut and a supply of inorganié
nitrogen via gut microbe processes. In his work on terrestrial vertebrates, Hungate
(101, 102) developed a co-operation-competition model which enabled prediction of
the type of microbe-animal association likely to occur depending on the type of food
ingested. The merits of theoretical approaches are that they provide a conceptual
framework to marshall empirical data and direct research. I suspect that
quantitative models such as these proposed to study animals ingesting food of low
quality may be successfully adapted to assist in identifying fruitful areas of future
research with regard to associations of microbes with aquatic invertebrates in
general. The restrictions on these models at present is the fact the the empirical
data currently available provides a poor base for both the detailed formulation of
the models, as well as the testing of predictions.

It is clear that a number of different types of associations
(e.g.incubation, contribution of enzymes and/or nutrients, parasitism) exist between
aquatic invertebrates and gut microbes (Figure 1), although few studies recognize
and differentiate between the different associations. Considering the different -
implications that diverse associations have for the host animal and the nutrient
dynamics in the environment as a whole, there is a need for a more focussed
approach, coupled with the pinpointing of specific colonization sites in the gut. It is
not sufficient to treat all bacteria in the gut as a single entity as the populations in
the gut may change in different regions of the gut, they may have different
physiological properties, may be attached or in the lumen, and different types may
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be significant in different regions of the gut. It is important to consider which
 associations are being looked at in any one study. Ascertaining the region of the gut
that is colonized by microbes is of importance when considering the functional
significance of gut microbes, as different regions may facilitate the utilization of
bacterial products while others may not. In addition, the separation of resident and
transient bacteria needs resolving. Although many authors refer to resident bacteria,
few provide evidence that these bacteria represent a stable population, and fewer
attempt to verify the origin of the microbes in the gut. It is probable that the action
of attached resident bacteria will not be as dependent on factors such as food gut
passage rate, as is that of transients which may pass through the gut too quickly for
their activity to be of any significance to the invertebrate. The suggestion by Plante
et al (159) that symbiotic associations should occur more readily when gut bacteria
are residents attached to the gut lining or occur in pouches of the detritivore gut is
intuitive, although evidence is at present too sparse to test this hypothesis.

Is there evidence of significant roles played by gut bacteria in the
physiology of aquatic invertebrates ? While there is now a substantial literature on
the gut microflora of aquatic invertebrates, for the most part the literature
represents a reporting exercise of the presence of bacteria, and physiological
attributes of isolated microbes, but there is usually only speculation as to their
relation to the host invertebrate. However, a few studies have attempted to
demonstrate a positive relationship between host invertebrates and microbes, and
these studies indicate that gut microbes do play important roles in the physiological
processes of some invertebrates. For example, they are implicated in the breakdown
of refractory components of the diet and thus make essential nutrients available to
the animals. In addition they have been shown to contribute essential compounds
(e.g. by nitrogen fixation, synthesis of amino acids, contribution of vitamins) that are
lacking in the diet, and there is evidence of close nutritional associations between
aquatic invertebrates (such as shipworms and echinoderms) and gut microbes which
are comparable to those found for termites and ruminants. This suggests that
habitat type may be subordinate to other factors, such as feeding type, in influencing
the strength of associations between gut microbes and invertebrate hosts, both
within the aquatic environment and across the terrestrial-aquatic boundary. This is
surprising as the invertebrate group that is most likely to benefit from close
associations with gut microbes, i.e. detritivores (including wood-borers and leaf-
eaters), might be expected to rely more heavily on microbial preconditioning of food
prior to ingestion in the aquatic environment than in terrestrial environments, thus
obviating the need for close microbial-invertebrate associations in aquatic systems.
However, conclusions as to the relative role and quantitative significance of gut
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microbes in the nutrition of aquatic and terrestrial invertebrates are premature
considering the paucity of empirical data for aquatic invertebrates. Evidence for
other roles of aquatic gut microbes have been suggested, e.g.facilitation of ion
transport across the gut wall and resistance against adverse substances ingested with
the food. Considering the potential importance of positive associations between
invertebrates and gut microbes, the role of gut microbes requires special attention,
and studies reporting the presence and physiological properties of gut bacteria (see
Table 2) need to be followed through to their relevance to the host. In addition,
studies of the digestive capabilities of aquatic invertebrates should consider the
presence of gut bacteria and the relative importance of endogenous and exogenous
enzymes, because evidence suggests that gut microbes may be important sources of
key enzymes. Another potentially important phenomenon, i.e. that of acquired
enzymes, has been reported for a crustacean species (16), and in view of the
importance of acquired enzymes in some terrestrial systems (134, 135) their possible
contribution should not be disregarded in studies of aquatic invertebrate enzymes.

There is evidence that some aquatic invertebrates harbour gut
bacterial communities that are distinct, in terms of the taxa present and their
physiological characteristics, from those found in the surrounding habitat or in the
diet. Thus the gut environment provides a specific niche, and bacterial activity in the
gut is not merely a continuum of that found in the environment. This has
consequences for the ecosystem as a whole as the guts are providing an additional
micro-habitat for microbes, and the activities and abilities of these distinct microbial
communities may contribute uniquely to nutrient cycling in the system. This
contribution could be significant especially where the invertebrate host is a
dominant species in the system, and where the ecosystem is detritus-dominated. In
terrestrial systems gut microbes are recognised as important in breaking down
refractory components and contributing important nutrients such as nitrogen,
especially where decomposition rates in the environment are low. In some deserts,
for example, the guts of invertebrates may serve as incubators for bacterial growth
(50). Are the guts of aquatic invertebrates similarly hot spots for bacterial
production? The question of incubation certainly begé further consideration because
of its potentially important implications. The limited evidence available hints that
incubation and proliferation of bacteria does occur in the guts of aquatic
invertebrates, although these findings need to be examined in conjunction with
other factors such as gut passage time, utilization of the bacterial biomass and
products by the host, bacterial turnover times, etc. if the significance of this
phenomenon is to be ascertained.
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In general there is a need for better quantification in the study of gut
microbiota of aquatic invertebrates. Density, production and turnover estimates of
gut microbes are very scarce, but are important. Without them it is not possible to
estimate the quantitative significance of any associations or make any comparisons
between microbial processes occurring inside an animal and those occurring outside
in the habitat. Furthermore, because of the lack of standard units for reporting
results, and a unified approach toward the enumeration of gut microbes, it is
difficult to compare data that exist for different species of invertebrates. It is also
clear that methods more sophisticated than general culture techniques will have to
be employed to seperate individual bacterial populations quantitatively, e.g.
radiolabelling and immunoassay techniques.

Finally, if an integrated understanding of the role of gut microbes in
the physiology of the host invertebrates is to be gained, then the factors that
influence the bacteria must be investigated over a variety of conditions (over time,
localities) for a range of animals (different feeding guilds and phyla), so that their
effects on the processes mediated by bacteria can be elucidated. As for their
terrestrial counterparts, a number of factors are reported to significantly affect
aquatic gut microflora (e.g. gut structure, host physiology, seasonality), but our
knowledge of the determinants of the presence, nature and stability of gut
microflora is poor. The gut microflora may change and have different physiological
characteristics under different environmental conditions, and these complicating
factors should not be ignored when the role of gut microbes is been investigated. In
this respect two types of factors require consideration, i.e. those that have a fixed
affect on associations (e.g. feeding type, phylum), and those that vary in intensity
and cause gut microfloras to be plastic entities (e.g. season, health of animal).

To conclude, while a substantial literature now exists on the
associations of gut microflora and aquatic invertebrates, the directions of this
research have been diverse and somewhat unfocussed, and conclusive evidence for
the role of gut microbes in the physiology of aquatic invertebrates has remained
elusive. This condition has arisen because most studies have simply reported the
presence and nature of gut bacteria without considering the implications for the host
invertebrate. By contrast, the goals of studies concerning terrestrial gut microbes
have centred around processes, and attributes of gut microbes have been followed
through to their significance to the host invertebrate. Although the species of
terrestrial invertebrates and vertebrates investigated may lack diversity compared to
their aquatic counterparts, detailed studies of some groups e.g. termites and
ruminants have allowed important processes to be identified and verified. The
limited evidence available suggests that some aquatic gut microbes may be as
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important as their terrestrial counterparts in 'contributing significantly to the
nutritional (and other physiological) processes of their host invertebrates, as well as -
the nutrient dynamics of the ecosystem as a whole. There is a need for a progression
towards a functional or process-oriented approach to the study of the associations
between gut microflora and invertebrates in aquatic systems. In pursuing this
approach, this review provides a framework for future research by identifying
questions, hypotheses and processes that merit attention. '
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Table 1. Genera of bacteria (taxa)reported in the guts of aquatic invertebrates

178

Species of invertebrate Source
4 §S 67 8 9 1011121314151617181920212223

CRUSTACEA
Amphipoda
Boeckosimus affinis (8)
amphipod sp. (153)
Macrura
Macrobrachium rosenbergii + (44)
Penaeus spp. + + + + o+ 4 (62)
Penaeus spp. + + (220)
Penaeus aztecus + + 4+ + o+ o+ (61)
P. setiferus (100)
P. japonicus + + + (223)
Upogebia africana + + + o+ (93)
Callianassa kraussi + + + o+ (93)
Paranephraops zealandicus + + (147)
Panulirus japonicus + + (189)
Palaemon paucidens + + + (188)
Pleoticus robustus + (63)
Plesionica sp. + (63)
Munida sp. + (63)
Brachyura
Nematocarcinus sp. + (63)
Atergatis floridus + + + + (189,190)
Schizophrys aspera + + + + + (189)
Tiarinia cornigera + + + + (189)
Pachygrapsus crassipes + + + + + (189)
Thalamita prygmna + + + + + (189)
Plagusia dentipes + + + + (189)
Callinectes sapidus + (56)
Copepoda
Acartia tonsa + (187)
Various
6 species (198)
MOLLUSCA
Bivalvia
Donax gould:i (20)
Mytilus edulis + (165,166)
Crassostrea virginica + (138)
Cryptomya californica + (123)
Teredo furcifera + (173)
Nototeredo knoxi + (173)
Gastropoda
Semisulcospira libertina + ' (195)
seaslug spp. (113,114)
ECHINODERMATA
Echinoidea
Strongylocentrotus droebachiensis (88)
Tripneustes ventricosus (88)
Echinus esculentus + 4+ (201)
Holothurea
Benthodytes sp. (63)
Ophuiroidea
Ophionema sp. (63)
ANNELIDA
Polychaeta
Thelopus setosus (66)
Nereis sp. (63)
Oligochaeta
Tubifex tubifex + + (212)
Limnodrilus hoffmeisteri + 4+ 4+ 4+ (212)
Peloscolex multisetosus + (212)
INSECTA (aquatlc larvae)
Ephemera danica + 4+ + (11)
KEY TO GENERA
1 Vibrio 9 Cellulomonas Chromobacterium
2 Pseudomonas 10 Corynobacterium Acinetobacter
3 Flavobacterium 11 Moraxella Oceanospirillum .

4 Aeromonas 12 Bacillus Alteromonas
5 Micrococcus 13 Cristospira Xanthomonas
6 Photobacterium 14 Enterobacterium Bacterium
7 Citrobacter 15 Cytophaga Achromobacter
8 Staphylococcus 16 Alcaligenes



Table 2. Major enzyme activities reported for gut bacteria of aquatic invertebrates.

{+ present, - absent, ? inconclusive evidence, blank = not assayed for]

Species of invertebrate ' Enzymes Source

1 2 3 4 5 6 7 8 9 10

CRUSTACEA

Amphipoda

Boeckosimus affinis + + + ®8)
Macrura

Paranephrops zealandicus o+ + + (147)
Penaeus aztecus + + + i+ + (61)

P. setiferus + + + + (100)
Upogebia africana + + - + + + + + (93)
Callianassa kraussi + - + + + + + + (93)
Mysis stenolopis ? ‘ : (209)
Copepoda :

Acartia tonsa + + + (187)
MOLLUSCA

Bivalvia . )

Cryptomya californica + (123)
Bankia gouldi _ + (211)
Mytilus edulis . + (181)
Scrobicularia plaria + + : (155)
Unio tumidus + + + ' (182)
Lyrodus pedicellatus + (40,211)
Teredo navalis + + ) (113,114)
T. navalis + + + + (54)

T. navalis + (174,211)
T. furcifera + (173,211)
T. bartschi + (211)
Psiloteredo healdi + ' (84,85)
P. healdi + (84) -
P. healdi + (211)
Gastropoda

Aplysia juliana + - (205)
ECHINODERMATA

Echinoidea

Strongylocentrotus purpuratus + (122)
S. droebachiensis - + - - (88)
Tripneustes ventricosus + + - - (88)
Lytechinus variegatus - + + + + + o+ o+ + + (169)
ASCIDACEA

Pyura stolinifera + - + + + + + + (180)
KEY:

1 amylase . : 6 agarase

2 endoglucanase (CMC-ase) 7 chitinase

3 cellulase 8 protease

4 laminarinase 9 lipase

5 alginase 10 lysozyme
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Abstract. The presence and digestive capabilities of bacteria associated
with the digestive systems and habitats of two saltmarsh-burrowing detri-
tivore thalassinid prawns (Upogebia africana and Callianassa kraussi) was
examined. U. africana is a filter-feeding prawn inhabiting muddy deposits,
whereas C. kraussi, a deposit feeder, inhabits coarser more sandy deposits.
Scanning electron microscopy was used to examine the gut lining and
associated microflora and the nature of the ingested food of both prawns.
The gut contents of both prawns included plant fragments, fragmented
diatoms, partially degraded protozoa, and bacteria attached to organic
matter. In both U. africana and C. kraussi the midgut walls and gut contents
were extensively coated by filamentous bacteria which were absent in the
hindgut. The hindgut epithelium of U. africana was coated by mats of rod-
shaped bacteria, not reported in marine invertebrates previously. The di-
gestive glands of both species contained bacteria in the lumen. Isolation
of gut and habitat bacteria suggests that both U. africana and C. kraussi
maintain a gut microflora distinct from the habitat microflora. Bacteria
isolated from the guts of both species of prawn differed from those isolated
from their respective habitats with regards to both the genera isolated and
their digestive capabilities. The dominant genera isolated from the guts of
both U. africana and C. kraussi were Vibrio and Pseudomonas, with an
unidentified fermenter and Pseudomonas, respectively dominating in the
digestive glands. Bacteria of the genus Acinetobacter dominated the isolates
from the habitats of both species of prawn. Resident gut bactena isolated
from the guts of both species of prawn exhibited lipase, protease, chitinase,
and lysozyme, but not cellulase activity, and may contribute to nitrogen
aquisition by the prawns. Isolates from the prawns’ habitat exhibited al-
ginase, gelatinase, and lipase activity, a few (3%) from U. africana habitat
having cellulases. In this study a distinction between resident gut bacteria
and transient gut bacteria was made. Results suggest that some habitat
bacteria remain viable in the guts of U. africana, but not in C. kraussi.

Introduction

The role of microflora as food, symbiont, or competitor in the nutrition of
marine invertebrate detritivores is not clearly understood. It has been pro-

Offprint requests to: J.M. Haris.
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posed that the availability of nutrients derived from refractory plant detritus
to invertebrate detritivores depends on decomposition and protein enrichment
by microbes [28, 57], and direct utilization of microheterotrophs associated
with detritus has been documented [e.g., 4, 27, 32, 33]. The microheterotrophic
community does not, however, necessarily meet the requirements of animals
ingesting detritus nonselectively [11]. Moreover, many marine deposit- and
detritus-feeding invertebrates possess enzymes enabling the assimilation of
structural components of detritus to some degree [e.g., 1, 13, 19, 22, 35, 38].
However, few studies have attempted to separate the action of endogenous
enzymes from those of ingested or gut bacterial enzymes [44, 60].

While a few terrestrial invertebrate detritivores possess endogenous enzymes
capable of hydrolyzing structural components of detritus (e.g., termites, for
review see reference 8), both microbial symbionts and ingested bacterial en-
zymes are recognized to contribute significantly to detritus utilization [e.g., 15,
39, 42]. A substantial literature exists on the arthropod gut as an environment
for microorganisms (for review see reference 5), and the relationship between
gut microfiora and host invertebrates (for reviews see references § and 55). The
presence of gut microorganisms and their interaction with macrofauna are likely
to be important considerations in the utilization of refractory detrital material
in most ecosystems.

There are comparatively few studies on the presence of gut microfiora, their
digestive capabilities, and the relative importance of endogenous and microbial
enzymes in marine detritivores. Although it has long been recognized that some
marine invertebrates harbor a gut microflora [12], the presence of gut microflora
in a range of aquatic invertebrate groups has only more recently been inves-
tigated. Gut microbiota have been reported in some Mollusca [e.g., 46, 59],
Echinoidea [e.g., 21, 47], Annelida [e.g., 18] and Crustacea [e.g., 54, 61]. Gut
bacteria capable of digesting refractory material have been reported for some
aquatic detritivores [e.g., 17, 59], whereas other invertebrates possess diverse
gut microflora that do not appear to facilitate the digestion of structural car-
bohydrates [e.g., 44, 51]. The distinction between bacterial enzymes originating
from resident gut symbionts and those from acquired (ingested) bacteria in-
cubated in the host gut has not been investigated. More information on the
types and digestive capabilities of the gut bacteria of a range of invertebrate
groups is required if the role of microflora in the digestive physiology of marine
invertebrate detritivores is to be clarified.

We examined the nature of the gut contents and the presence of gut bacteria
in two saltmarsh detritivores, the filter-feeding mud-prawn Upogebia africana
and the deposit-feeding sand-prawn Callianassa kraussi. In addition, we in-
vestigated the types and enzyme capabilities of bacteria isolated from the guts
and habitats of the prawns, and attempted to differentiate between gut residents,
ingested environmental bacteria, and free-living environmental bacteria.

»

Materials and Methods

Fieldwork

Fieldwork was carried out at Langebaan lagoon (33°00'S~33°13'S and 17°57°'E-18°08'E), a partially
enclosed marine system situated on the southwest coast of South Africa. Samples were collected
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FG MG HG

Fig. 1. Diagram of the digestive systems of U. africana and C. kraussi to show the different
regions investigated, the main sites of food processing and absorption, and enzyme secretion. FG
= foregut, m = mouth, ¢ = cardiac region of foregut (C. kraussi = grinding mill, U. africana =
modified as a filter), p = pyloric region of foregut (filtering setae sort food; small particles enter
DG@G), DG = digestive gland (blind-ending tubes, enzymes secretion and food absorption, paired).
MG = midgut (absorption, enzyme secretion). HG = hindgut (chitinous lining), d = diverticulum,
a = anus.

at two sites: Geelbek in the muddy upper reaches of the lagoon where the mud-prawn U. africana
predominates, and Oesterwal near the mouth of the lagoon where the substrate is sandy and the
sand-prawn C. kraussi predominates. Ambient temperatures in the lagoon range from 14°C to 24°C
[52]. .

Nature of Gut Contents and Microbiota

The nature of gut contents and the presence of ingested and resident gut microbiota in both U. africana
and C. kraussi were investigated by scanning electron microscopy (SEM). The guts were removed
within 30 min of collection, dissected into foregut, midgut, hindgut, and digestive gland, and fixed
in 2.5% glutaraldehyde in 0.2 um filtered seawater for 48 hours at 4°C. Fecal pellets were also
collected for examination by SEM. Animals were transported to the laboratory within 2 hours and
placed in glass beakers containing 0.2 um filtered, autoclaved seawater at 14°C. In order to minimize
the opportunity for takeover of the gut flora by ambient microbes, the water was kept at the lower
end of the ambient temperature range and changed every 4 hours until all animals had cleared
their guts (up to 20 hours and 35 hours, respectively, for C. kraussi and U. africana). Fecal pellets
were removed from the beakers with sterile pasteur pipettes every hour to minimize microheterotro-
phic proliferation and colonization. All fecal pellets were fixed immediately in 2.5% glutaraldehyde
in 0.2 um filtered seawater for 48 hours at 4°C. All samples were then desalinated (100, 75, 50,
25, 0% filtered seawater in distilled water), passed through a graded alcohol series from 10% to
absolute ethanol, dried in a Polaron Critical Point Dryer using liquid CO, as the transitional fluid,
and mounted on aluminium stubs. During mounting, gut sections were split longitudinally to reveal
gut contents and internal structure. Samples were then coated with gold paladium and viewed using
a Cambridge S200 series Scanning Electron Microscope. Micrographs were taken of the contents
and walls of foregut, midgut, hindgut, and digestive gland, and the fecal pellets (Fig. 1). The size
of particulate fragments and the presence of meiofauna, diatoms, Protozoa, and bacteria was noted
for each sample. :

Isolation of Bacteria

Bacteria were isolated from the guts, digestive glands, and the habitats of both U. africana and C.
kraussi:
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A. Isolation of Gut Bacteria. An attempt was made to differentiate between the plateable bacterial
community occurring in the guts of fresh animals (i.e., both ingested and resident bacteria) and
that of animals which had voided all gut contents (i.e., only resident bacteria).

a) Transitory (ingested) and resident bacteria. Whole guts and digestive glands were removed
with flame-sterilized instruments from five freshly collected similar-sized prawns of each species
and homogenized with sterile glass tissue grinders in § ml autoclaved 0.2 um filtered seawater.
Three 200-ul aliquots from each homogenate were then spread onto 1% peptone seawater agar
(SWA) plates [50] and incubated for S days at 20°C. These samples are referred to as samples from
“fresh guts” hereafter in the text.

b) Resident bacteria only. Similar-sized animals were collected and brought back to the labo-
ratory within 2 hours. They were then maintained at 14°C in beakers containing aerated (0.2 um
screened) 0.2 um filtered seawater for a period greater than the gut clearance time. Their guts were
thus emptied of ingested contents, but, resident bacteria adhering to the gut walls nevertheless
remained. In order to minimize the proliferation of environmental microbes, the water in the
beakers was kept at the lower end of the ambient temperature range, and water was changed
approximately every 4 hours. Whole guts were then removed from the animals and processed in
the same way as those from fresh animals. These samples are referred to as samples from “flushed
guts’” hereafter in the text.

B. Isolation of Free-Living Habitat Bacteria. Three 100-ul water samples were collected from the
burrows of each prawn species on a receding tide, spread onto 1% peptone SWA plates, and
incubated for 5 days at 20°C.

Thirty-two colonies were picked off a plate from each of the above sources. i.e., fresh and ﬂushed
guts, digestive glands, and the environment of each species. Bianchi and Bianchi [3] determined
that 20 to 30 strains are sufficient to obtain a representative diversity of bacterial communities in
marine sediment samples. '

All the colonies within a sector of the plate were isolated. Pure colonies were obtained by
restreaking at least three times. All 32 isolates from each source were then tested for various
properties and were used for subsequent enzyme assays. '

Characterization of Isolates

All isolates were tested for the following properties or activities: gram stain, motility, oxidase
(oxidase reagent), catalase (3% H,0,), agarolytic activity (Gran’s test) and fermentation of glucose
(Tetrazolium indicator plates) [6], and were classified according to the following simple scheme
(10, 23, 43, 53] (all isolates were gram negative):

Pseudomonas = motile, non-fermentative
Acinetobacter = non-motile, non-fermentative

Vibrio = motile, fermentative, oxidase positive
Enterobacteriaceae = fermentative, oxidase negative
Flavobacter/Cytophaga = pigmented, no agarase

Unknown fermenter (X-ferm) = non-motile, fermentative, oxidase positive

Degradative Enzymes of Bacterial Isolates

The utilization of a variety of substrates by bacterial isolates was determined by plate assays for
amylase, cellulase, chitinase, agarase, alginase, gelatinase, protease, lipase, and lysozyme activities
(Table 1). Assay plates were inoculated by toothpick from pure isolated source colonies maintained
on seawater agar (SWA).
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