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Abstract

Tropical shallow water habitats such as estuaries, mangrove forests and seagrass
beds are important nursery areas for juveniles of many commercially important
species including penaeid shrimp. Penaeids are one of the most important fishery
resources worldwide, and in Mozambique they are the basis of a profitable
commercial fishery, landing hundreds of tons per year. Ecological knowledge
concerning habitat use and factors driving the distribution and abundance of shrimp
in nursery areas, and regarding the successful movement of juveniles from the
nurseries to adult grounds, are critical to characterize productive nurseries for
penaeid shrimp and provide important information for a sustainable management of
their fishery. In this thesis I used a combination of stable isotope methods,
ecotoxicology techniques and extensive field studies to assess feeding behaviour
and factors affecting density and distribution of four shrimp species (Metapenaeus
monoceros, M. stebbingi, Penaeus indicus and P. japonicus) in three estuaries
(Espirito Santo, Maputo River and Incomati River) and two coastal marine areas
(Bembe and Inhaca Island) in Maputo Bay, the second greatest shrimp fishing
ground in Mozambique, to assess their values as nursery areas for the fishery.
Stable isotope analyses showed that the assessed shrimp species were mainly using
seagrass beds and shallow sand and mud flats as feeding grounds, whereas only P.
indicus appeared to also feed within the mangrove habitat. The analysis of metals
concentration in shrimp showed no indication of elevated levels, and although
levels for pesticides in the water exceed environmental thresholds in some of the
nursery areas, only a localized effect of insecticides was detected in P. indicus in
Espirito Santo estuary.

In Maputo Bay, juvenile shrimp were found to use many different types of coastal
environments as nursery areas, including both estuarine and coastal marine areas,
where different environmental and landscape factors appeared to control shrimp
densities in seemingly similar nursery areas. Overall, the amount of benthic
microalgae, turbidity and the extent of shallow water habitats appeared to be the
most important factors explaining variation in shrimp density within and between
nursery areas, whereas the extent of mangroves and contamination in the nursery
areas was found to be less important. This caused the surprising results that the
most exploited and contaminated nursery area, Espirito Santo estuary, showed the
overall the highest abundance of juvenile shrimp. Taking all in consideration,
productive mud- and sand flats, with or without fringing mangroves, appear to
constitute key nursery habitats for penaeid shrimp in the study area, where the
Bembe area, Espirito Santo and Maputo River estuaries were identified as the most
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important nursery areas for the dominant fishing ground of penaeid shrimp in
Maputo Bay. This information could guide conservation and provide support for an
ecosystem management approach of the shrimp fishery in southern Mozambique.

Keywords: Tropics; Southeast Africa; Shallow water; Estuaries; Nursery ground
value; Decapods; Penaeidae; Carbon and nitrogen isotopes; Diet; Acetyl
cholinesterase, Butyryl cholinesterase, Metals.



Popularvetenskaplig sammanfattning

Grunda kustmiljoer 1 tropiska omrdden, som estuarier, mangroveskogar och
sjograsangar, ar kinda for att vara mycket viktiga uppvéaxtomraden for unga stadier
av manga kommersiellt betydelsefulla arter, inklusive rdkor inom familjen
Penaeidae (tigerrdkor pa svenska). Dessa sa kallade "barnkammarhabitat" forser de
unga stadierna bdde med skydd fran rovdjur samt riklig tillgadng till olika sorters
foda, och har en nyckelfunktion 1 arternas livscykel diar de utgdr en forutsittning
for de vuxna populationerna och de fiske som baseras pd dem. Alla grunda
kustomraden dr dock inte lika viktiga som uppvixthabitat, och det kan vara stor
variation 1 mdngden unga fiskar och kraftdjur mellan tillsynes liknande kustmiljoer.
Det ar darfor viktiga att identifiera och skydda de viktigaste uppvéxtmiljoerna i ett
omrdde for en hillbar forvaltning av de arter som véaxer upp déir. Studier har visat
att den viktigaste aspekten for att bedoma virdet av ett uppvéaxtomrade dr antalet
unga individer, samt hur mdnga av dessa som migrerar framgangsrikt till den vuxna
populationen. Detta har dock endast studerats i ett fital arter, och aldrig for
tigerrdkor 1 Afrika.

Betydelsen av att skydda grunda uppvaxtomriden ar speciellt viktigt 1 fattiga delar
av virlden dir stora delar av befolkningen liangs kusten kan vara beroende av
produktionen 1 dessa omraden. I Maputo-bukten, 1 sddra Mocambique utgor fisket
efter tigerrdkor en viktig killa till mat och inkomst, bdde for det smdéskaliga,
traditionella fisket 1 grunda omréden, samt for det kommersiella fisket 1 bukten som
arligen landar hundratals ton. Landningarna av flera arter har dock minskat under
senare ar samtidigt som mangrove skogar minskat och fororeningar okat 1 vissa
omrdden. Det ar idag déligt kdnt om dessa miljofordndringar har pdverkat
produktionen av riakor, samt vilka uppvéaxtomraden som ar de viktigaste for fisket i
Maputo-bukten.

Avhandlingens syfte var att oka forstdelsen om vilka faktor som bestimmer hur
manga unga tigerrdkor som hittas 1 ett uppviaxtomrade, vad de dter och var de hittar
sin foda, hur de péverkas av olika miljofaktorer som t.ex. salthalt, mdngden mat 1
sedimentet, mdngden rovfiskar, fororeningar eller utbredningen av mangrove i
omradet, for kunna karaktirisera vad som utgor viktiga barnkammarhabitat {for
tigerrdkor. Denna information, tillsammans med kunskap om hur unga rékor
migrerar till viktiga fiskeomrdden, har sedan anvindas for att identifiera de
viktigast uppviaxtomrddena 1 Maputo-bukten, vilket skulle kunna utgora viktig
information for en héllbar forvaltning av kustekosystemen och rikfisket 1 sodra
Mogambique.



Fyra arter av tigerrdkor (Metapenaeus monocero, M. stebbingi, Penaeus indicus, P.
japonicas) har studerats 1 de tre estuarierna Espirito Santo, Maputo river and
Incomati river samt 1 tvd marina kustomridena vid Bembe och o6n Inhaca.
Avhandlingen bygger pa faltundersokningar och insamling av prover for analyser 1
laboratoriet av olika biologiska parametrar, samt métningar av stabila kol- och
kviveisotoper (3°C and 8'°), med vars hjilp bade fodoval, fodohabitat, samt
migration fran uppvixtomraden till fiskeplatser i Maputo-bukten skattades. Vidare
utfordes ekotoxikologiska analyser av miljofaktorer som pesticider och metaller.
Undersokningar analyserade ocksd sd kallade landskapsfaktor (t.ex. nérhet till
mangrove  och  utbredning av  grunda  lerbottnar)  baserade  pi
geografiska/geometriska varden.

Analyserna av de stabila isotoperna visade att rakorna framst anvéinde sjograsiangar,
grunda sand- och lerbottnar for att soka foda, men att bara en art (P. indicus)
verkade soka foda ocksda 1 mangroven. Metallkoncentrationerna i rdkorna visade
ingen indikation pa forhojda virden i ndgot uppvixtomrdde. Aven om
pesticidhalterna 6verskred troskelvirdena 1 flera uppviaxtomraden, pavisade
bioindikatorer endast lokala effekter fran insektsgifter 1 en art fran estuariet Espirito
Santo. I Maputo-bukten visade det sig att de juvenila tigerrdkorna utnyttjade flera
olika typer av kustomréden, bide utsotade estuarier och fullt marina kustomraden,
som uppviaxtomraden. Tdtheten av rdkor kontrollerades dir sannolikt av olika
miljofaktorer 1 olika omrdden, inkl. landskapsfaktorer, &ven om uppvéixtomradena
till synes sdg likvardiga ut. De overgripande mest betydande faktorerna som kunde
forklara variationerna i antalet unga ridkor, inom och mellan uppviaxtomridena, var
mingden bottenlevande mikroalger, grumligheten 1 vattnet samt utbredningen av
grunda mjukbottnar. Diremot var utbredningen av mangrove eller fororeningar 1
uppvaxtomradena av mindre betydelse. Det sistnimnda var overraskande, sirskilt
som det mest exploaterade och fororenade uppviaxtomrddet fanns i estuariet i1
Espirito Santo, som trots detta hade den storsta méngden rikor.

Med allt inrdknat, verkar produktiva ler- och sandbottnar, med eller utan
omgivande mangrove, utgéra nyckelhabitat som uppviaxtomraden i Maputo-bukten.
De uppvéaxtomrédden som kunde identifieras som de viktigaste for rekryteringen av
rakor till fiskebankarna 1 den sddra delen av bukten var det marina omridet vid
Bembe samt estuarierna vid Espirito Santo och Maputo-floden. Informationen som
tagits fram 1 avhandlingen kan anvéndas for att skydda viktiga uppvaxtomraden for
rakor 1 Maputo-bukten, dir man hittills mest tagit hdansyn till omrdden dér det finns
vuxna rakor. Med hjilp av denna nya information skulle man kunna utveckla en
ekosystembaserad forvaltning av rikfisket i sodra Mocambique. Ett mdl som
manga lander 1 vérlden skulle behdva né for att bevara sina marina resurser.
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Resumo em Portugués

Habitats costeiros tropicais, tais como estuarios, mangais e tapetes de ervas
marinhas, sdo importantes areas de viveiro para muitas espécies de importincia
comercial, incluindo as espécies de camardes penaideos. Estes camardes
constituem um dos mais importantes recursos pesqueiros a nivel mundial, e em
Mogambique sdo a base de actividades de pesca lucrativas, que rendem milhares de
toneladas anualmente.

O conhecimento ecologico sobre os habitats utilizados como area de viveiro, sobre
os factores que influenciam a distribuicdo e abundancia de juvenis nestas areas, €
sobre o valor de cada area, indicado pelo movimento de juvenis para habitats onde
se encontra camardo adulto, ¢ essencial para a caracterizagdo das areas de viveiro
produtivas, e fornecer informagdo importante para a gestdo sustentavel da pesca de
camarao.

Tendo em conta a importancia deste conhecimento, usei, nesta tese, uma
combinagdo de andlises laboratoriais (métodos de 1so6topos estaveis e técnicas de
ecotoxicologia) com trabalho de campo extenso para estudar os comportamentos
alimentares e os factores que afectam a densidade e distribuicdo de quatro espécies
de camardo: Metapenaeus monocero, M. stebbingi, Penaeus indicus € P. japonicus.
O estudo incidiu sobre quatro estuarios (Espirito Santo, Rio Maputo, Rio Incomati)
e duas zonas costeiras (Bembe e Inhaca) da Baia de Maputo, a segunda maior area
de pesca de camardo em Moc¢ambique, € teve como objectivo estimar o valor de
cada area de estudo como area de viveiro para a actividade pesqueira.

As andlises de isOtopos estdveis mostraram que as espécies de camarao estudadas
usam maioritariamente os tapetes de ervas marinhas € as zonas arenosas ou lodosas
de baixa profundidade como areas de alimentagao, sendo que apenas P. indicus faz
também uso da floresta de mangal como area de alimentacao.

As analises a concentracdo de metais no camardao nao indicou niveis elevados
destes contaminantes, € embora o nivel de pesticidas na dgua exceda os limites
ambientais estabelecidos em algumas das areas de estudo, foi apenas detectado um
efeito localizado de insecticidas em P. indicus, no estuario de Espirito Santo.

Na Baia de Maputo, o camardo juvenil demonstra utilizar diferentes tipos de
habitats costeiros como area de viveiro, incluindo zonas estuarinas e zonas
costeiras, onde diferentes factores ambientais e geograficos parecem afectar a
densidade de camardo em areas aparentemente comparaveis. No geral, a quantidade
de microalgas no sedimento, a turbidez da dgua e o tamanho dos habitats marinhos
de baixa profundidade sdo os factores que mais influenciam a variacdo da
densidade de camardao em cada area em entre diferentes areas, enquanto que a
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extensdo da floresta de mangal e a contaminacdo das areas de viveiro t€ém menos
relevancia.

Surpreendentemente, a area de viveiro mais explorada e mais contaminada da Baia
de Maputo, o estuario de Espirito Santo, mostrou ter a maior abundancia de
camardo juvenil.

Tendo em consideracdo estes resultados, as areas arenosas ¢ lodosas de baixa
profundidade, com a presenca ou ndo de mangal contiguo, constituem as principais
areas de viveiro das espécies de camardo penaideo na regido de estudo, sendo que
Bembe e os estudrios de Espirito Santo e do Rio Maputo foram identificados como
as mais importantes areas de viveiro para as espécies pesqueiras de camardo na
Baia de Maputo.

As conclusdes desta tese podem servir de base para delinear estratégias de
conservacao de habitats e de gestdo de ecossistemas para a actividade da pesca do
camarao em Mogambique.
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Background

Nursery areas

Estuaries and mangrove forests, seagrass mats, mud and sand flats and other
shallow coastal ecosystems are noticeable tropical nearshore systems with a variety
of ecological functions and economic services, ranging from shoreline protection to
highly productive fisheries (Moberg and Ronnbédck 2003, Barbier et al. 2011).
Acting as nursery area for a variety of juvenile nektonic and benthonic groups,
particularly fish, shrimp and crab, is one of the most important functions of these
nearshore systems (Beck et al. 2003, Gillanders et al. 2003).

The relationship between tropical nearshore systems and some of the species
important to the fisheries is based on high densities and increased survival of
juvenile of fish and shrimp species in these habitats in different parts of the world.
The proposed explanations for this relationship are the not mutually exclusive
hypotheses of refuge (the high turbidity and high structural complexity of the
habitats provide low predation risk) and food supply (these areas are highly
productive; Nagelkerken 2009). For example, Ronnbick et al. (1999) and Macia et
al. (2003) indicated the role of mangroves as a refuge habitat penaeid shrimp with
protection against predation being provided by the mangrove roots, and Chong et
al. (2001) and Macia (2004a) evaluated the contribution role of mangrove detritus
nutrition to these organisms.

The nursery value of these habitats is highly complex and presents spatial and
temporal variations (Sheaves et al. 2015). Still, as most studies have only compared
density and survival of juveniles in these shallow water habitats, their true nursery
value is generally not clear. The successful movement of juveniles to adult habitats
is usually not considered in most studies assessing nursery function, yet is given
most important measure of nursery value (Beck et al. 2001, 2003, Dahlgren et al.
2006). Any habitat with a nursery function for fish and invertebrates imply being a
particular important environment for juveniles, where their densities, growth and
survival are enhanced and they successfully migrate into the adult habitats (Beck et
al. 2001, Sheridan and Hays 2003) and by definition a true nursery habitat makes a
greater than average contribution to adult populations on a per unit area basis (Beck
et al. 2001).

Although there is a handful of studies on the nursery value of shallow water
habitats and the factors governing juvenile production, in the tropics, these studies
are still scarce, limiting the understanding of the nursery function of these habitats
in this region (Adams et al. 2006), particularly the juvenile migration to adult



habitats. The complex interaction of biotic, abiotic and landscape factors generates
large geographical variation of the nursery value (Beck et al. 2003, Sheaves et al.
2015). It is therefore critical to assess the nursery value of the available nursery
habitats in specific areas for an efficient conservation of coastal ecosystems and
management of fishery resources.

Penaeid Shrimp

Penaeid shrimps (Box 1) inhabit shallow and inshore habitats and are mainly
distributed in the tropical and subtropical region with their distribution limited to
around the latitudes 40° North and South by being essentially tropical stenotherms
(only few species surviving below 15 C). Penaeids are benthonic and many burry
themself in the sediment, but they don't occupy permanent burrows and are not
territorial. Many species forage and are more active after sunset, and stay buried
during the day (Dall et al. 1990). Sediment (detritus), benthic microalgae, epiphytic
algae, seagrasses, plankton and polychaetes, are among the food items described on
penaeid shrimp diet (Rodelli et al. 1984, Zieman et al. 1984; Stoner and
Zimmerman 1988; Primavera 1996; Loneragan et al. 1997; Chong et al. 2001;
Macia 2004a). From the more than 500 penaeid shrimp species identified, at least
22 species are described to occur in East Africa (Dall et al. 1990).

With a high number of commercially important species, this group of shrimps
composes one of the most important fishery resources in the world with annual
catches of about 2 million ton (FAO 2016). Presently 12 species of penaeids of
commercial interest occur in Mozambican waters, and 8 in Maputo Bay, the second
largest fishing ground in the country, where Penaeus indicus (H. Milne Edwards,
1837), Metapenaeus monoceros (Fabricius, 1798) and M. stebbingi (Nobili, 1904)
compose presently a great percentage of the captures (IIP 2013).



Box 1. Penaeid shrimp characteristics

Penaeid shrimps are decapods belonging to the suborder Dendrobranchiata, family Penaeidae.
Penaeids are distinguished from other decapods by having their first three pairs of pereopods
chelated, by having the pleuron of the second abdominal somite overlapping the anterior
portion of the third somite, and by the females releasing the eggs into the water instead of
caring the developing eggs in the abdomen pleopods (Dall et al. 1990, Fisher et al. 1990).
Many species become sexually mature within six months from spawning and present well
developed secondary sexual structures: petasma on the males (for spermatophore
implantation) and thelycum on the females (for reception).

Penaeid shrimp morphology (Illustration from Fisher et al. 1990)

The large-sized genera Penaeus and Metapenaeus, with several species of
commercial interest, have in general a life cycle where the adult shrimp spawn at
the sea (offshore) and after some weeks of planktonic larval development stages
(nauplius, protozoe, mysis), the postlarval shrimps settle in shallow inshore (e.g.
mangroves and seagrass beds) and estuarine waters, which they use as nurseries
and where they develop into benthic juveniles. After spending some months in their
nursery areas, the sub-adult shrimps start their emigration offshore to complete
their life cycle (Dall et al. 1990; Fig. 1).



estuarine phase marine phase

© Copyright CSIRO Australia

Fig. 1. General life cycle of penaeid shrimps. The estuarine phase indicates the nearhore habitats
available in the tropical and subtropical region and the marine phase indicates the offshore adult
habitats. (Illustration Source: https:/csiropedia.csiro.au/prawn-fishing-industry-in-the-gulf-of-carpentaria/)

Juvenile penaeids are euryhaline and able to cope with the continuous or
temporarily low salinities of their shallow water nursery areas, and are often
concentrated in low saline areas such as estuaries (Dall et al. 1990). However, there
are reports of high densities of juvenile penaeids also in fully marine shallow water
habitats (e.g. Ronnbick et al. 2002, de Freitas 2004), although fewer studies have
been carried out in these potential nursery areas. Juveniles of many penaeid shrimp
species are reported to have a preference for mangroves as nursery habitat, e.g.
Penaeus indicus and P. merguiensis, (Ronnbick et al. 2002, Vance et al. 1990),
whereas other are more widespread occurring on mud flats, e.g. Metapenaeus
monoceros; mud and sand-flats, e.g. M. stebbingi, and on vegetated habitats like
seagrass beds, e.g. P. semisulcatus (de Freitas 1986; Ronnbick et al. 2002, Macia
2004b; Table 1).

The daily cyclical unavailability of intertidal habitats, characteristics of macrotidal
rage areas like southeastern African coast, imposes a well known tidal migration on
the species using mangroves and adjacent intertidal areas at high tide as feeding
ground and/or refuge, forcing them to find alternative habitats while these areas are
unavailable. Although less i1s known in East African penaeid species, this tidal



migration i1s described for some penaeids species (Dall et al. 1990) that stay within
the mangrove forest until the water level and the amount of available habitat is very
low (Vance et al.1996).

Table 1. Habitat preference of penaeid shrimp present in Maputo Bay. Habitats based on earlier
studies in Maputo Bay (de Freitas 1986; Ronnbick et al. 2002, Macia 2004b). Shrimp
illustrations adapted from Fisher et al.1990).

Species Metapenaeus monoceros Metapenaeus stebbingi Penaeus indicus

Common name Speckled shrimp Peregrine shrimp Indian White Prawn

Illustration ™

Habitat preference Mud Flats Mud and sand-flats Muddy areas in mangroves
(More widespread)

Several studies reported a positive relationship between the extension of the
mangrove habitat and the penaeid shrimp catches (Vance et al. 1990, Manson et al.
2005; Meynecke et al. 2008, Sheaves et al. 2012), and because of this, mangrove
habitats have been considered crucial nursery habitat for many penaeid shrimp
species (e.g. Staples et al., 1985; Primavera, 1998, Ronnbick et al. 2002).
However, there is surprisingly little support for shrimp feeding in mangroves or
from food sources provided by this habitat (Loneragan et al. 1997, Abrantes and
Sheaves 2009, Kruitwagen et al. 2010), and recent studies suggest that the
abundance of some penaeid shrimp species are more dependent on the presence of
extensive areas of shallow, organically rich, muddy habitats than the presence of
mangroves themselves (Lee, 2004, Sheaves et al. 2012). In Southeast Africa, little
i1s known regarding the direct use of mangroves for shelter and food by penaeid
shrimp species (but see Ronnbidck et al. 2002, Macia 2004a), or whether they
mainly use the adjacent mud and sand flats.

The temporal and spatial variation of juvenile penaeid shrimp distribution in
different shallow water habitats is relatively well described (e.g. Hughes 1966, Dall
et al. 1990 and references therein, Vance et al. 1996, Primavera 1998, Ronbéack et
al. 2002, Macia 2004b). However, factors controlling juvenile shrimp abundance
and distribution within and between coastal areas are still poorly known (Lee 2004,
Sheaves et al. 2012), particularly; very few studies have assessed how the
availability of prey affects the distribution of shrimp (Dall et al.1990, Sheaves et al.
2012). Previous studies have found factors such like subtract types, turbidity,



salinity, Chlorophyll-a, temperature, as well as landscape factors such as the
position in the estuary or the extent of mangroves and intertidal area, to affect
penaeid shrimp distribution, but the results have varied between studies, also within
the same species (e.g. Haas et al. 2001, Macia 2004b, Sheaves et al. 2012, Mosha
and Gallardo 2013, Munga et al. 2013, Jamizan and Chong 2017) suggesting
complex relationships. For Southeast African penaeid species little is known
regarding the most important factors for juvenile growth and survival, making it
difficult to identify the most important nursery areas. Few have attempted to
directly assess the movement of subadult shrimp from nurseries to adult habitats.
Many key studies on penaeid shrimps movement and migration have been carried
out in the Gulf of Mexico on Penaeus aztecus and Penaeus duorarum (Fry et al.
1999, Fry 2008, 2011). As far as we know, no similar study of penaeid shrimp
movements to adult habitats has been performed in Southeast Africa, although
fishery recruitment may have been inferred by shrimp size distribution (Brinca and
Palha de Sousa 1984, Brito and Pena 2007).

Threats to coastal ecosystems and so to shrimp

The increasing human population, urbanization and industrialization are some of
the causes to the escalated deterioration of coastal areas and shallow water systems,
including estuaries, which are among the most used and threatened in the world
(Barbier et al. 2011, Sheaves et al. 2016). Anthropogenic activities are degrading or
depleting all dominant ecosystems in the tropics (which includes, mangroves,
seagrass bed, among others habitats; Gladstone 2009). Both land based
anthropogenic activities, like agricultural runoff and urban effluents discharge, and
harbor and shipping activities, introduce to estuaries and coastal habitats, toxic
compounds (Khan et al., 2014) including a wide range of pesticides and metals.
These activities result in the degradation of these coastal ecosystems, affecting the
functions and services they provide as maintaining viable fisheries, supplying
nursery habitat and functioning as a filtering system (Worm et al. 2006). The toxic
compounds, especially in shallow estuarine areas, can affect the health of aquatic
organisms and since the estuarine environment already imposes stressful conditions
to the organisms that inhabit it, this situation can alter their sensitivity to many
pollutants (Monserrat et al. 2007). The toxicity of metals towards crustaceans is
well documented (Marsden and Rainbow, 2004) and land based used pesticides
(mainly organophosphates) for pest control in agriculture are considered to be a
major threat to many non-target organisms, such as fish and crustaceans, due to



their low target-species specificity and relatively high toxicity (Fulton and Key,
2001). Considering that the life cycle of most penaeid shrimp depends on estuaries
and coastal habitats, their populations are threatened by several anthropogenic
activities in these systems.

Aim of this thesis

Penaeid shrimps and their nursery areas are of major research interest since they are
important fishery resources with very strong connections to nearshore habitats and
estuaries, which are increasingly impacted by anthropogenic activities. Increased
ecological understanding and baseline knowledge useful for the management of
these resources and their habitat are in high demand, particularly for developing
countries like Mozambique. To promote and facilitate this, the present thesis
addresses both basic ecological questions regarding the environmental
requirements for a "good" nursery area for penaeid shrimp, and also more applied
question regarding how contaminants may affect the juvenile shrimp, and the
contribution from different nursery areas to the shrimp fishery. This way, the
overall aim was to increase our understanding on how biological and environmental
elements determine shrimp distribution and abundance within and between nursery
areas, and to identify important nursery areas in Maputo Bay. The specific aim of
each paper was:

Paper I: to identify (1) main food sources and (2) feeding grounds within nursery
areas for species of juvenile penaeid shrimps.

Paper II: (1) to investigate spatial and temporal pattern of three commercially
important penaeid shrimp species (2) to identify environmental factors that
influence juvenile shrimp distribution and abundance within nursery areas.

Paper III: (1) to investigate possible negative effects of pesticides and metals on
juvenile penaeid shrimps in four nursery areas in Maputo bay.

Paper IV: (1) to assess the individual movement of juvenile penaeid shrimps from
nursery habitats to adult habitats. (2) to investigate which nursery areas contribute
with juvenile shrimp to the fishing grounds in Maputo Bay.



Methods

Study system

Located in southern Mozambique, Maputo Bay (26° 04° S, 32° 45° E) is a 90 km
long, 32 km wide freshwater influenced inlet. The bay is well mixed in most parts
with an average salinity and temperature of 31 and 26°C, respectively, in the
central parts. Tides are semidiurnal with amplitudes of up to 3 m (Hoguane 1998),
resulting in a southward transport of water during flood tides with maximum
velocities of 0.8-1.0 m s™' in the central part of the bay. Only 175 km® of the bay are
deeper than 10 m and about 250 km® of its area becomes exposed on low spring
tides (de Freitas 1986). Five main rivers discharge freshwater into the bay through
three larger estuaries (Incomati, Espirito Santo, and Maputo Estuary), where
Incomati and Maputo rivers present the main discharges into the bay (Fig. 2). The
maximum discharge occurs in February during the wet season, when the horizontal
salinity gradients from the estuaries into the bay are intensified, and a weak vertical
stratification is observed in the bay. During the dry season in May-October the bay
is well mixed and the circulation mainly driven by the tides (Canhanga and Dias
2014). The three estuaries are shallow (in general <10 m) with turbid water,
variable salinity (5-40 PSU) and are fringed by mangrove forests in most parts
(Kramer et al. 2003, Kuijjper and Rjin 2011, Scarlet 2015). Extensive mangrove
forests also line the southeastern part of Maputo Bay, from the mouth of Maputo
River to the Bembe area, which is a shallow coastal embayment with little
influence of fresh water (Fig. 2). Mangroves are also found in part of Inhaca Island
that also have large seagrass meadows (de Boer 2002; Table 1). The common
dominating mangrove species in the estuaries and along the coast are Avicennia
marina, Rhizophora mucronata, Bruguiera gymnorrhiza and Ceriops tagal (Paula
et al. 2014).

The estuaries present different levels of development activities. All are used for
intensive agricultural practices, particularly the upstream reaches, being vulnerable
to the input of fertilizers and pesticides. The Espirito Santo estuary is located next
to Maputo City and is extensively developed and affected by industrial and harbour
activities, particularly in the north margin of the estuary (Scarlet and Bandeira
2014). Previous studies in Mozambique have shown elevated levels of pesticides in
estuarine environments with negative effect of pesticides reported for fish and
shrimp (Sturve et al. 2016). Analyses of metals in the sediment from the same area
also showed elevated levels (Scarlet 2015). However, little is still known regarding
contamination from pesticides and metals in the other areas of the same region



(Maputo Bay) and how levels of contaminants reflect and influence shrimp
production. Analyses of aerial photographs suggest that the distribution of
mangroves has decreased with over 90% in this area, and overall with 37% in the
whole estuary between 1958 and 1991 (de Boer 2002). In contrast, no losses of
mangroves were indicated in the other estuaries and in the Bembe area in the same
study. However, recent studies suggest that that a majority of the mangroves in the
Incomati estuary, which is located just north of Maputo City, are degraded due to
cutting (Macamo et al. 2015). It is not known, as well, if these anthropogenic
impacts have also affected the nursery value and production of penaeid shrimp.
Based on available data, the areal extent of mangroves in the three estuaries and in
the Bembe area and southern Inhaca varies between 1354-2170 ha (Table 2).
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Fig 2. Map of the study area showing the estuarine and the marine coastal areas considered.
(Images ©2017 Google)



Table 2. Nursery areas characteristics and estimated shrimp abundance. Average values from
the wet and dry season of biotic, abiotic and landscape descriptive characteristics of the
investigated nursery areas in the thesis. Mangrove area denotes the total areal extent of mangrove
forest in each estuary and within the marine coastal areas Bembe and Saco Bay on Inhaca Island
in 1991 (de Boer 2002). Sampling area denotes the estimated areal extent of the shallow, subtidal
and intertidal sand and mudflats available for sampling during neap tides in each of the four
nursery areas. The estimated mean density (no. 100 m™), and the estimated total abundance (no.
10%) of the three shrimp species in each nursery area are based on sampling with trawls and
estimates of the total sampling area (see Paper IV for details). The Saco Bay sampling area is
based on the total area defined by de Boer and Longamane (1996) and the shrimp density is
extracted from Macia (2004b).

Nursery area

Saco Incomati Espirito Santo Maputo Bembe
Descriptive Factors
Temperature (°C) 23.7 235 238 22.3
Salinity (PSU) 10.9 31.8 20.0 34.5
Turbidity (NUT) 17.3 394 88.1 114.0
Chl-a Sediment (png/g) 0.44 0.54 0.31 0.45
Silt and Clay (%) 34 69.4 56.7 38.3
T.P.Fish (ind/100m”) 14.8 40.4 21.6 3.1
Distance Mg (m) 159 249 155 539
Mangrove area (ha) 209 2170 1354 1741 2009
Sampling area (ha) 66 895 2539 1080 4062
Shrimp Species
Densities (n°. 100 m™)
P. indicus 22 1.8 6.9 0.6 2.6
M. monoceros 14 4.6 8.4 3.1 2.7
M. stebbingi 11 6.7 11.7 0.9 7.6
Tot. Abundance (n°. 10°)
P. indicus 145 162 1,753 64 1,038
M. monoceros 92 406 2,132 333 1,096
M. stebbingi 73 600 2,956 98 3,071

(Chl-a Sediment - Chlorophyll-a in the sediment; T.P.Fish —Total predatory fish; Desistance Mg — Distance to closest mangrove
fringe; Tot. Abundance — Total Abundance)

Fishing activity is performed in the estuaries and in most parts of the bay.
Artisanal and semi-industrial fishery for penaeid shrimp has been documented in
Maputo Bay since the 1960’s (Macia 1990) and it is today the second most
important and profitable shrimp fishery in the country, landing hundreds of tons
annually (IIP 2007) to a value of about 68 million $US per year (FAO 2007) that
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supports near 3000 families of fishermen, merchants and naval carpenters
(Michaque cited in Samucidine et al. 2015). Three species, Penaeus indicus,
Metapenaeus monoceros and Metapenaeus stebbingi comprise together a great
proportion of the captures from the shrimp fisheries in the bay and estuaries (IIP
2013). Penaeus indicus and M. monoceros attaining total lengths (TL) of about 236
mm and 195 mm, respectively, and M. stebbingi only about 139 mm TL (FAO
1980), are also the target species of the semi-industrial trawl fishery for shrimp,
which is carried out outside of the estuaries, in particular in the south-eastern part
of Maputo Bay (Fig. 2).

Juvenile and sub-adult shrimp (here defined as shrimp <24 mm carapace length;
CL; approximately <60 mm TL) are concentrated within the estuaries and in
shallow mangrove areas in Maputo Bay (Ronnback et al. 2002, Menomussanga
2003, Cassamo 2005). Most studies on juvenile stages of these species within the
bay have been carried out at Inhaca Island. Studies on M. monoceros and P. indicus
in Maputo Bay and Pungué River estuary in central Mozambique suggest that
juvenile and subadult shrimp emigrate from nursery areas to the adult habitats and
fishing grounds at around 13-25 mm CL (Brinca and Palha de Sousa 1984, Brito
and Pena 2007). Although the estuaries in Maputo Bay are considered nursery areas
by national authorities, less is known regarding the abundance of juvenile shrimp in
these nurseries, or regarding movements from nursery areas to adults’ habitats, and
there is no information on which nurseries supports the important offshore fishery
populations. Overall, there is a lack of understanding regarding factors that can
control the juvenile abundance of these species, and determine what constitute
suitable nursery areas.

Methodology applied

This thesis is based on an intense fieldwork effort using standard sample collection
and measurement methods in marine sciences. I used a consistent shrimp collection
method throughout the studies within this thesis based on trawling (Paper I to 1V,
as used and tested by Macia 2004b), and small seine net gears (Paper I). Paper I is
based on biological samples collected over adjacent intertidal and subtidal habitats
within two costal shallow water areas, Saco and Sangala bays on Inhaca Island (to
collect shrimp and potential food sources for stable isotope analyses). In papers II,
III and IV, I used the same biological samples and environmental factors collected
and measured in two months representing the Mozambican wet (March) and dry
(July) seasons, in the three main estuaries in Maputo Bay (Incomati, Espirito Santo
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and Maputo estuaries) and the mangrove fringed coastal areas in the southern part
of the bay, Bembe area (Fig. 2). For Paper II and IV, a random sampling design
was used to make possible the estimate of juvenile shrimp densities in the studied
areas. The neap tide condition in which the sampling events took place ensured the
majority of juveniles with potential preference for the mangrove habitat would be
available for sampling. To assess how the distribution of juvenile shrimp in shallow
habitats varies in relation to physical and biological variables, sampling of potential
shrimp predators and food sources, the estimate of distance to mangrove habitats
and other biological and physical variables were carried out in the same four
nursery areas, coincident with the shrimp sampling (Fig. 2; Paper II). For Paper
IV, juvenile shrimp from the adult fishing ground were acquired from the captures
of the semi-industrial fishery.

To test for differences and assess correlations between variables in each particular
paper of this thesis, [ have used general statistical approaches: analyses of variance
(ANOVA) and multiple regression analysis.

Stable Isotope Analysis

Along the thesis I have used carbon and nitrogen stable isotope analytic methods to
identify food items and feeding habitats for juvenile shrimp (Paper I) and to detect
juvenile shrimp movements from nursery areas to the dominant fishing ground in
the south-eastern part of Maputo Bay to infer on nursery area contribution to the
fishery (Paper IV). Stable isotopes (Box 2) are incorporated in animal tissues
through their diet, reflecting the assimilation of organic matter rather than only
what is ingested. As the diet is usually habitat specific, movement between isotopic
distinct habitats will be reflected in the animal tissue within a certain time frame.
The incorporation of dietary stable isotope signature into animal tissue makes it
possible to reconstruct their diet, define the food web structure and trophic level,
identify the habitat used as feeding ground, and tracking of movements between
isotopically distinct food webs (Fry et al. 2003, McKechnie 2004, Herzka 2005).
Movement of juveniles from nursery areas to adult habitats is difficult to measure,
in particular in crustaceans where small sizes, rapid growth rates that involves
multiple moults, very high abundances and high mortality rates complicate the use
of external tagging techniques. Stable isotope analysis can be used to track juvenile
movements from nursery grounds into adult habitats (Gillanders et al. 2003,
Sheaves et al. 2015). Most movement studies in the marine environment based on
stable isotopes have focused on fish species (Herzka 2002, Lugendo et al. 2006,
Vinagre et al. 2011), but fewer have focussed on shrimp migration and none have
been carried out in Southeast Africa.
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BOX 2. Stable Isotope Analysis: theory and terminology

Isotopes are atoms of the same element that have a different number of neutrons in their
nucleus, therefore present a different mass (number mass = number of protons + number of
neutrons). All elements occur as different isotopes. The stable isotopes, unlike radioactive
isotopes, do not decay with time (Fry 2006).
The most used stable isotopes in ecological studies are for example: *C:'>C (carbon) and
PN:"N (nitrogen) where °C and "N are the heavy isotopes and '*C and '*N the light. The
isotope ratio is determined by a mass spectrometer that measures the ratio between the heavy
and the light isotopes in a given sample and compares it against universal standards, PeeDee
Belemnite (PDB) for carbon and atmospheric nitrogen for nitrogen. The values are reported in
delta (0) units as parts per thousand (%o) and calculated according to the following equation:
OR=[(X sampte/ X sandara) ~11X1000 [%o]
R is the isotopic ratio in delta units related to the standard; X is the absolute isotope ratio of the
sample or standard. The isotopic composition is expressed in relation the heavy isotope, where
an increase or decrease in JR reflects respectively an increase or decrease in the relative
proportion of the heavy isotope (Fry 2006).
Natural/biological processes affect the relative abundance of stable isotopes. If the isotopic
ratio of a reaction products differs from the isotopic ratio of the substrate of that reaction, than
is said that a fractionation has occurred. Fractionation generates unequal portioning of the
isotopes between the substrate and the products formed by a reaction. This way, fractionation
is the base for natural variation in biological materials; making it possible to use this tool to
determine trophic interactions (Fry 2006). E.g. the food item and the animal isotopic ratio
differ as result of the fractionation process along the trophic chain due to biochemical
reactions, resulting in varying degree of trophic enrichment.

Based on the premise that shrimp stable isotope ratios would reflect those of their
diet, with an average of 1%o carbon enrichment and 3%o of nitrogen enrichment
(Abrantes and Sheaves 2009), the potential food sources to peaneid shrimps were
analyzed and the proportion of the contributing sources for their diet was calculated
by using a stable isotopic mixing model (Paper I). In Paper IV, to assess shrimp
movement from the nursery areas to the fishing ground, reflecting the contribution
of each nursery with juvenile shrimp to the fishery, I used a more recent application
of the stable isotope method, the determination of the isotopic niche overlap. Once
the isotopic niche represents what shrimp would be assimilating from its diet on
their specific nursery, their isotopic niche approximates the trophic niche in each
area (Bearhop et al. 2004, Newsome et al. 2007). By comparing the overlap of the
isotopic niche area of shrimp from the nurseries and the fishing area, it was
possible to infer on the origin of the shrimp present on the adult fishing area by
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calculating the standard ellipse areas (SEA; expressed as %o°) and their overlap
(expressed as %o°).

Eco-toxicological Analysis
Eco-toxicological methods were used in Paper IIl to analyse the effect of

pesticides and metals on juvenile penaeid shrimp in nursery areas. There, shrimp
and water samples were collected from the three estuaries and the Bembe area and
analyzed for metals and pesticides using standardized methods. The two pesticide
biomarkers Acetyl cholinesterase (AChE) and Butyryl cholinesterase (BChE) were
analysed in hepatopancreas, gill and muscle tissues from collected shrimp. In
addition, Glutathione S-transferase activity was analysed as biomarker for
compounds generally found in harbour areas.
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Factors affecting shrimp distribution and nursery area value

In this thesis I used a combination of stable isotope, contaminants assessments
techniques and extensive fieldwork studies to assess the factors affecting penaeid
shrimp distribution in their nursery areas and the potential value of these nurseries.
The studies showed that the nursery areas considered in Maputo Bay were clearly
different regarding their salinity, sediment composition, and predator abundance, to
mention some of the factors analyzed (Table 2), and the results suggest that
different factors were affecting the distribution of shrimp in each nursery area. A
complex interactions of abiotic, biotic and landscape factors seemed to be driving
juvenile penaeid shrimp distribution, turning it into a difficult task to define what
constitutes a good nursery area for Penaeus indicus, Metapenaeus monoceros and
Metapenaeus stebbingi in general terms. In Maputo Bay the results suggest that
these species can use many different coastal environments as nursery areas,
including both estuarine and marine areas from which they successfully migrate to
the adult habitat.

Below, I discuss the most important variables identified in the thesis work to affect
shrimp abundance and the value of the nursery areas considered.

Salinity

Penaeid shrimp are well adapted to a wide range of salinities, with their juvenile
phase coping very well with their nursery areas variable salinity levels, often very
low in estuarine nurseries (Dall et al 1990). In Maputo Bay, salinity seems to
influence very little of the shrimp densities both within and between nursery areas.
The highest densities of shrimp were reported in nursery areas with the highest
salinities in both estuarine, Espirito Santo estuary, and marine coastal nursery
areas, Bembe (Paper II) and Saco Bay, Inhaca Island (Macia 2004b, 2004c). Yet,
the overall shrimp abundance in Maputo Bay did not correlate with salinity. In
Paper II, Incomati estuary presented the lowest salinity of all assessed estuaries
(Table 2), and it was there where consistently smaller average size of all three
species were found, compared to the other nursery areas, and the few adult P.
indicus collected only found at higher salinity reaches at the mouth of the estuary.
This results provide some support to the concept that smaller juvenile shrimp is
better at coping with very low salinity conditions (Dall et al. 1990). Although M.
monoceros density was inversely related to salinity in this same estuary and was
present in higher abundances in its upper reaches, early studies have found the
opposite distribution of juvenile shrimp where higher densities of all species were
found at the mouth of the estuary (Menomussanga 2003). The shrimp density in
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Maputo River estuary followed a similar distribution with higher densities of
juvenile shrimp at the mouth of the estuary. However, the results of Paper II
suggest that the distribution of shrimp in this estuary was not driven by salinity, but
by the concentration of Chlorophyll-a in the sediment, and the extent of the mud
flats.

Sediment composition

Different juvenile penaeids shrimp species have been described to show different
substrate type preference (de Freitas 1986; Ronnbick et al. 2002, Macia 2004b),
usually associated to their ability to burrow (Dall et al. 1990). In Paper II the
results only showed limited support for this habitat preference among species both
within and between nursery areas, as all species were found in high densities in
both very muddy and sandy nursery areas (Table 2).

In general, the sediment composition was weakly correlated with the density of
shrimp within the three estuaries. However, in the coastal nursery area Bembe, P.
indicus and M. monoceros densities correlated positively with the percentage of
fine sediment particles, but M. stebbingi showed a negative correlation, consistent
with earlier studies regarding species subtract preferences (Huges 1966, de Freitas
1986 Macia 2004b). In Bembe, species-specific distribution was clearly observed,
where M. stebbingi preferred the larger grain size sediment sorted by higher wave
or current condition on the eastern shore, while P. indicus and M. monocero
preferred the fine sediment and less hydrodynamic west coast. However, P. indicus
and M. monoceros showed relatively high densities in Incomati estuary where the
sediment had an even lower silt and clay content than on the sandy eastern shore of
Bembe (Table 2), suggesting that other factors or combination of factors than the
sediment composition per se likely explain the low densities of these species in the
sandy area. A possible complementary explanation for the species-specific
distribution in Bembe is that these species have difference preference regarding the
hydrodynamic environment, rather than the sediment composition. Thus, P. indicus
and M. monoceros may have avoided the higher wave or current condition on the
eastern shore, whereas M. stebbingi may have preferred these conditions, which
would be consistent with observations of M. stebbingi often occurring in the swash
zone on sandy beaches (de Freitas 1986).

Feeding habitats, sources and bottom-up effects on shrimp densities

The results in Paper I suggest that sand and mud flats, and particularly seagrass
constitute important feeding habitats for the juvenile penaeid shrimp in this study,
whereas evidence of feeding within the mangrove habitat was only found in one
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location for P. indicus, a species highly connected to mangroves (de Freitas 1986,
Ronnbéck et al. 2002). These results are consistent with earlier studies showing that
juvenile shrimp don't feed directly on sources from the mangrove habitat
(Primavera 1996, Loneragan et al. 1997; Macia 2004b). Other taxa like polychaetes
and fish have also been report to have low or no contribution at all from mangrove
sources on their diets (Connolly et al. 2005, Lugendo et al. 2006). Based on the low
contribution of the mangrove habitat with food sources and feeding habitat, it is
believed that the shrimp presence within the mangrove habitat may be related to the
protection against predators, this habitat may provide through the complex structure
of the vegetation, such as the roots system (Dall et al. 1990; Primavera 1996; Macia
et al. 2003). In Paper 1, the identification of feeding areas was based on the origin
of the shrimp's probable food sources in relation to actual occurrence of shrimp.
The results suggested a movement of the shrimp between the habitats where they
feed and the habitats where they were caught, which may result from the imposed
tidal migration due to the semi-diurnal tidal cycle in Inhaca Island. This tidal
migration forces the shrimp to migrate from the mangrove to the nearest adjacent
habitats for a long period. Confined to the shelter of seagrasses habitat, shrimp have
the chance to forage there, which may explain the great importance of this habitat
as a feeding area. One alternative explanation to the high contribution of sources
from the seagrass habitat to shrimp diet could be the export of seagrass leaves and
other material to the other habitats as shown by de Boer (2000). However, the lack
of mangrove sources as food items to shrimp collected in the mangroves would
then imply that the shrimp was selectively feeding only on seagrass material in the
mangrove, which appears unlikely.

Plankton, polychaetes, mangrove leaves, seagrasses, epiphytic algae, benthic
microalgae and sediment (detritus) have been previously described as possible food
sources to penaeid shrimp (Rodelli et al. 1984, Zieman et al. 1984; Stoner and
Zimmerman 1988; Primavera 1996; Loneragan et al. 1997; Chong et al. 2001;
Macia 2004a). In Inhaca Island, similar food items were identified as food source
for the studied juvenile penaeid shrimp, where their diet seemed to be composed
mainly by seston (proxy for plankton), sediment (detritus and other unidentified
sources associated to the sediment), polychaetes, seagrass and in lesser extent and
only for P. indicus, by benthic microalgae (Fig. 3). Seagrasses are not generally
referred as direct food sources for penaeid shrimp, but some studies have described
Them as important for the diet for Penaeus esculentus (Wassenberg 1990, O’Brien
1994) and P. semisulcatus and Metapenaeus spp. (Loneragan et al. 1997) in
Australia, where seagrasses seeds and starch bodies are reported to be present on
shrimp foreguts.
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Fig. 3. Mean proportion of food sources contribution to the diets of Metapenaeus monoceros
(Mm), Penaeus japonicus (Pj), Metapenaeus stebbingi (Ms) and Penaeus indicus (P1) at Saco and
Sangala bays, estimated by Stable Isotope Mixing Models in R (‘simmr’). Proportion distribution
and standard deviations present in Table A4 and Table A5 in the Appendices (Paper I). (Sources:
BMMg — benthic microalgae in mangrove habitat SSd — seston in sand habitat; SMd - seston in
mud habitat; SSg - seston in seagrass habitat; PMg — polychaetes in mangrove; PSg — polychaetes
in seagrass; SdMg - sediment in mangrove; SAMd - sediment in mud; SdSd - sediment in sand;
SdSg - sediment in seagrass; Sg - seagrass).

In Maputo Bay estuaries and Bembe area, food sources associated to the sediment
(detritus, benthic microalgae and other unidentified sources associated to the
sediment) and polychaetes seem to be the most important food sources for juvenile
penaeids, and in lesser extent seston (Fig. 4). However the contribution and
importance of the food sources varied among estuaries, possible associated with the
composition of the benthic community and productivity in each estuary. Similarly
to Inhaca Island, sources associated to the sediment (detritus and benthic
microalgae) were important in Maputo River estuary and Bembe, and polychaetes
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were important in Espirito Santo estuary. At the same time, sources dominance was
less clear in the shrimp diet in Incomati estuary (Fig. 4). The results in Paper 11
showed a positive correlation between shrimp densities and the levels of
Chlorophyll-a in the sediment (primarily representing the presence of benthic
microalgae; Moreno and Niell 2004) for all shrimp species in Maputo River and for
M. monoceros and M. stebbingi in Bembe. These results together with importance
of food sources associated to the sediment in these nurseries (Fig. 4), give support a
"bottom-up" control of shrimp densities in particular in Maputo River estuary. This
bottom-up effect is consistent with the overall lower levels of Chlorophyll-a in
Maputo River (29-43% lower compared to the other nursery area) and its lower
density of shrimp, which may explain the stronger correlation with benthic
microalgae in the area, and possibly the overall lower density of shrimp in this
estuary.

Turbidity and top-down effects

Many penaeid shrimp species have been described to occur in higher numbers in
turbid environments (Macia 2004b, Johnston et al. 2007, Munga et al. 2013).
Turbidity affects light penetration, which is a factor that penaeids respond very
clearly to and to which their burrowing behaviour and ability is also related (Dall et
al. 1990), and field and experimental studies suggest that turbid environments
confer protection against predators to some penaeid shrimp species (Macia et al.
2003, Sheaves et al. 2012). However, there is some uncertainty regarding the direct
effect of turbidity on the distribution of shrimp as turbidity may interact with
factors such as substrate type (connected to burrowing ability) and predatory fish
assemblages (Minello et al. 1987, Macia et al. 2003). In Paper 11, the effect of
turbidity on shrimp density was assessed both within and between four nursery
areas, but didn’t explain much of the variation in shrimp density between nursery
areas, given that shrimp showed high and low densities in both low and high
turbidity nurseries, indicating that turbidity may interact with other factors.
However, in one of the estuaries, Espirito Santo, there was a strong positive
correlation between the densities of all shrimp species and turbidity, which was
possible related to the estimated higher densities of predatory fish in this estuary
(Table 2). If so, the high density of fish could have had a top-down effect on
shrimp distribution causing higher shrimp mortality in less turbid areas of the
estuary, or result in shrimp behavioural response to fish presence by moving to
turbid areas for protection. However, we did not find any support of a direct effect
of predation on the distribution of shrimp, since shrimp densities of all species
showed a positive correlation with shrimp predator densities in Espirito Santo
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estuary, and no correlation at all in the other nursery areas. The lack of support of a
top-down effect in Espirito Santo estuary should be interpreted with caution
considering the fish sampling limitations presented in Paper II. Nevertheless, the
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Fig. 4. Mean proportion of food sources contribution to the diets of Penaeus indicus,
Metapenaeus monoceros and Metapenaeus stebbingi at Incomati, Maputo and Espirito Santo
estuaries and the coastal area, Bembe, in Maputo Bay, in the wet (March) and dry (July) seasons
estimated by Stable Isotope Mixing Models in R (de Abreu unpublished data). Food sources
(seston, sediment, surface sediment and polychaetes) and the shrimp isotopic data in each nursery
is the same as Paper IV.

high diversity and abundance of predator fish species in Maputo Bay indicates that
predation 1s an important source of mortality for juvenile penaeid shrimp, similar to
what has been found in Australian estuaries (Baker and Sheaves 2006, 2009).

Importance of mangroves, mud and sand flats as nursery habitats

Although, many studies indicated a direct positive relationship between penaeid
shrimp captures and mangrove extent (Manson et al. 2005, Meynecke et al. 2008),
the importance of this habitat as a nursery area for shrimp still debatable
(Nagelkarken et al. 2008) and its nursery value is not the same in all mangrove
occurring areas (Lee et al. 2014). Recent studies suggest that many penaeid shrimp
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species may not use the mangroves directly for food or shelter but instead use the
shallow, organically rich, muddy habitats that are often found adjacent to
mangroves (Lee 2004, Sheaves et al. 2012).

In the present studies, I found only limited evidence that the penaeid shrimp in
Maputo Bay use the mangrove habitat directly for food or shelter, and no positive
effect of mangroves on densities shrimp in the studied nursery areas. As indicated
in Paper I, mangroves provided very limited nutritional support and composed a
limited feeding habitat to most of the studied penaeid shrimp. Penaeus indicus may
constitute a possible exception, as it was found to feed in one of the assessed
mangrove habitats, in contrast to the other shrimp species (Paper I). These results
are consistent with earlier studies on Inhaca Island showing that P. indicus enters
the mangrove habitat in high numbers at high tide, whereas other penaeid species
did not (Ronnbéck et al. 2002). Thus, the ecological function of mangroves for
most penaeid shrimp seems to be other than providing food and shelter. This lack
of direct effect of the mangrove habitat is also supported by the results in Paper 11
that showed a positive relation or the absence of one, between the density of
penaeid shrimp and the distance to the closest mangrove fringe between and within
nursery areas. An inverse relationship could be expected if the shrimp had used the
mangrove habitat during high tide. Instead, we often found very high densities of
shrimp next to extensive mud- and sandflats at the mouth of the estuaries, for
example at the mouth of Espirito Santo estuary, which is not fringed by mangroves
and the nearest mangrove patch is 1.7 km away. Support is also provided by the
results in Paper IV, where the highest estimated abundance of shrimp from the
assessed nursery areas, were presented in Espirito Santo estuary (over 50% of the
total abundance of juvenile shrimp in the assessed nurseries); an estuary with the
lowest mangrove area (Table 2), and which undertook extensive losses of
mangroves in the past years due to a variety of anthropogenic pressures (de Boer
2002).

Lee (2004) indicates that rather than the mangrove area, the extension of intertidal
areas in tropical nearshore systems has a greater importance to penaeid shrimp
abundance. In support of this suggestion, Paper I showed that penaeid shrimp
acquire most of their nutrition from a mosaic of shallow water habitats contiguous
to the mangroves. In Paper II, higher densities of shrimp species were found at the
mouth of the three estuaries, which also contained the largest areas of shallow
water mud and sand flat, although in Incomati this pattern was only found for M.
stebbingi. In Maputo River estuary, this pattern resulted in a positive correlation
with the distance to the mangrove fringe and juvenile shrimp densities. Since the
water depth was very similar in all sampling occasions in the study, and Maputo
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River estuary had continuous mangroves along its shores, the distance to
mangroves is also a proxy for the extent of shallow water mud and sand flats in the
nursery area, which thus correlated positively with shrimp densities. The
importance of shallow water mud and sand flats was also indicated when
comparing shrimp densities between nursery areas, where the greatest total
abundance of shrimp were present in the estuary with the largest extent of the
mudflats in its inner reaches (Espirito Santo estuary) and in the coastal area
(Bembe) with large mud and sand flats (Paper II and IV, Table 2). However, it's
important to emphasize that mangroves are still important for penaeid shrimp even
for species that do not utilize the habitat directly, by their contribution to the
development and maintenance of the muddy, shallow water habitats used by the
penaeids.

Anthropogenic impact on shrimp - Pesticides and metals

Shallow coastal nursery areas are impacted by several anthropogenic activities
(Barbier et al. 2011). However, there is limited information on how pollutants
affect juvenile shrimp in tropical estuaries. Paper III addressed possible negative
effects of pesticides and metals on Penaeus indicus and Metapenaeus monoceros in
Maputo Bay during the wet and dry seasons. Metal analyses of abdominal muscle
tissue of shrimp collected from all nursery areas in the wet season, when the effect
of contaminants was expected to be highest, suggested no elevated level of metals
in any of the species and assessed nursery areas in the bay. This indicates that metal
pollution does not constitute a problem to the juvenile shrimp in Maputo Bay. Yet,
previous studies have shown elevated metal levels in the sediment in Espirito Santo
estuary (Scarlet 2015), suggesting that further research should be undertaken
regarding this matter.

During the wet season, three of the studied nursery areas in Maputo Bay presented
herbicide levels over environment accepted thresholds (Paper III). Although
herbicides may have no direct effect on penaeid shrimps, these chemicals may
affect the base of the food web in these nurseries, with an indirect effect on shrimp
via impacting microphytobenthic production. Sediment associated non-identified
sources and benthic microalgae are important food sources for shrimp in Maputo
Bay (Paper I, Fig. 3 and 4), and, in Paper II, shrimp densities showed a positive
correlation with microalgae in the sediment in several nursery areas, indicating
their dependence on microalgae as a food source.

Very high levels of the organophosphate Malathion (insecticide) were measured in
the northern part of Espirito Santo estuary (by Infulene River). There, significant
lower AChE activity (which is a bioindicator for organophosphate effect) was
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detected in P. indicus, suggesting a negative effect of pesticides in the shrimp.
Curiously, densities of juvenile shrimp were very low in this area of the estuary in
the wet season, >25x lower than in Matola River area, in a less developed southern
part of the estuary, where no inhibition in AChE activity was indicated in the
shrimp (Fig. 5). Even if other reasons than pollutants could explain the low density
of shrimp in this highly exploited and heavily populated northern part of the
estuary, these results still suggest a need for further studies evaluating the impact of
pesticides on the benthic community. The indicated negative effect of contaminants
on juvenile shrimp in this estuary is important considering that Espirito Santo
showed the highest abundance of shrimp of all assessed nursery areas in Maputo
Bay, and constituted an important source of juveniles to the fishing ground for both
P. indicus and M. monoceros (Paper 1V). This indicates a need to keep a watchful
eye on the levels of contaminants in this estuary to maintain its high shrimp
production. However, with the exception of the local effect in Espirito Santo,
pesticide and heavy metal did not seem to constitute a large problem for juvenile
shrimp in Maputo Bay today.

Migration from nursery area to adult habitat and contribution to fisheries

The successful movement of juveniles from a nursery area to shrimp adult habitat is
possibly the most important aspect when evaluating the nursery value of a habitat
or area (Beck et al. 2001, 2003, Dahlgren et al. 2006), and this movement has
never been directly assessed for penaeid shrimp in Southeast Africa. In Paper 1V,
the analysis of the isotopic niche of penaeid shrimp within nursery areas and the
adult habitat suggested a significant movement of juvenile P. indicus, M.
monoceros, and M. stebbingi from three of the four assessed nursery areas to the
adult habitat and fishing ground in the southern part of Maputo Bay. The coastal
area (Bembe) and, to a lesser extent, Maputo River estuary, both located close to
the adult ground considered in the study, contributed with juveniles of all three
species to the commercial fishery. Espirito Santo estuary contributed with juveniles
for M. monoceros and P. indicus, but not for M. stebbingi, despite its high
abundance, suggesting a different survival and/or migration pattern from the
estuary to adult habitats, in comparison with the other species. On the other end, the
results don’t indicate any movement of juvenile shrimp from Incomati River
estuary in the northern part of the bay towards the studied fishing area, possibly
associated to unfavorable hydrology for juvenile migration or by the presence of
closer preferable adult grounds (Paper IV).
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Fig. 5. Acetylcholine esterase activity (umol/min x mg protein) in hepatopancreas from Penaeus
indicus and Metapenaeus monoceros sampled at four different estuaries in Maputo bay. The sites
Infulene and Matola are within the Espirito Santo estuary. Shrimps were sampled in March.
Charts show mean + SE.

Taken together with the estimated shrimp abundance, the results suggest that
Bembe and Espirito Santo estuary constitute the most important nursery areas for
the fishery for P. indicus and M. monoceros in southern Maputo Bay, with a minor
contribution from Maputo River estuary. Bembe appears to be the main nursery
area for the fishery for M. stebbingi. Despite the fact that Incomati estuary didn't
contribute with juvenile shrimp to the fishing ground in the southern part of
Maputo Bay in the present study period, the relatively high abundance of juvenile
shrimp in the estuary suggests that this nursery area may be important for the
shrimp fishery in other areas, e.g. in the northern part of the bay, which was not
assessed in this study.

In summary, the results suggest that the distribution of juvenile penaeid shrimp is
driven by complex interactions of abiotic, biotic and landscape factors that may
differ between apparently similar nursery areas, making it challenging to identify
important nursery areas and their values. In Maputo Bay, juvenile shrimp were
found to use many different types of coastal environments as nursery areas,
including both estuarine and coastal marine areas, where the amount of benthic
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microalgae, turbidity and the extent of shallow water habitats appear to be the most
important factors that explain variation in shrimp density within and between
nursery areas, whereas the extent of mangroves and contamination in the nursery
areas found to be less important. This culminated in the surprising results that the
apparently most exploited and contaminated nursery area, Espirito Santo estuary,
showed the overall the highest shrimp densities, and constituted one the most
important nursery areas for the fishery. Taking all in consideration, productive
mud- and sand flats, with or without fringing mangroves, appear to constitute key
nursery areas for penaeid shrimp in the study area.

Implication for management and conservation of shrimp in
Maputo Bay

For a long period of time worldwide fisheries managers overlooked the
identification and conservation of the critical juvenile habitats (Beck et al. 2003),
but for fishery resources conservation and management purposes, it is important to
known whether habitats are suitable and important nursery. The results presented
in this thesis, including the identification of the most important nurseries
supporting the shrimp fishery in Maputo Bay, have direct management applications
and can support a sustainable management of the penaeid shrimp fishery in the
area.

The semi-industrial fishery catches of M. monoceros and P. indicus in Maputo Bay
have been decreasing for the last 5 years, and the stocks are considered intensely
exploited (Samucidine et al. 2015). To maintain a sustainable fishery of penaeid
shrimp in Maputo Bay it is important not only to regulate the fishery, but also to
protect important shallow water nursery areas, both in estuaries and along the coast
of the bay. The results from this thesis demonstrate that juvenile shrimp can use
different shallow water habitats as nurseries, including also sand and mudflats
outside estuaries and without extensive mangroves along the shore line, e.g. along
the eastern shore of Bembe, which constituted an important habitat for M.
stebbingi. This type of areas may traditionally not have been view as nurseries for
penaeid shrimp, but as shown in Paper IV, it constituted the most important
nursery area for the fishery of this species in Maputo Bay during the study period.
The suggested lack of a direct relationship between penaeid shrimp and mangroves
(Paper I, II and IV) must not be taken as an indication that mangroves are not
important. Quite the reverse, mangroves provide important ecosystem functions,
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including stabilization of shorelines (Gedan et al. 2011), so the presence of
mangroves is critical to the development and maintenance of the important muddy,
shallow water habitats (Sheaves et al. 2012, Lee et al. 2014). The large losses of
mangroves in Espirito Santo (>90% in the northern part; de Boer 2002) and the
degradation of the mangrove in Incomati due to cutting (Macamo et al. 2015)
suggest that there is an urgent need to improve management and reinforce the
existing regulation concerning these coastal habitats. It is critical as well to protect
the remaining shallow water habitats from destructive exploitation and disturbing
activities, so that the nursery function of these nursery areas can be maintained,
ensuring continuing recruitment to and profitability of the Maputo Bay shrimp
fishery.

In Paper 1, seagrass beds were identified as being a very important feeding habitat
for penaeid shrimp species. This habitat should as well be protected, not only by
their given relevance to shrimp, but also by their already small coverage area
Maputo Bay (38.75 km?®) and the already existing threats to this habitat
(anthropogenic, by trampling, motorboat activity, and excavation for invertebrate
collection and natural sedimentation; Bandeira et al. 2014).

It is also important to reduce and stop fishing for shrimp in these shallow nursery
areas, especially during the wet season given that juvenile densities are the highest
during this period (Paper II). Presently, the regulation of the shrimp fishery in
Maputo Bay prohibits fishing in the nursery areas (Samucidine et al. 2015). Yet,
commercial fishing activity occurs regularly in these shallow areas as (de Abreu
pers. obs.) indicating the regulation needs to be better enforced.

In Paper III, the found pesticide levels above the environmental threshold in
Espirito Santo estuary, and the detected localized effect of organophosphates on P.
indicus, are consistent with earlier studies (Sturve et al. 2016) and suggest that the
shrimp, in the northern part of the estuary are negatively affected by pesticides.
Penaeus indicus 1s the most captured species reported for the shrimp fishery in the
Maputo Bay, and warning signs support the need of an improved regulation of
pollutants and management of this highly productive nursery.
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Concluding Remarks

The present thesis aimed to bring some light and increase the understanding on how
biological and environmental elements determine shrimp distribution and
abundance within and between nursery areas, and to identify important nursery
areas in Maputo Bay. The results presented in my thesis indicate that complex
interactions of biological and environmental factors drive juvenile penaeid shrimp
distribution and different nurseries present distinct driving factors. Consequently
the identification of these factors should be expanded to other potential nursery
areas in the Bay to properly construct locally oriented management plans.

Here I identified Bembe estuary, Espirito Santo and Maputo River estuaries as
important nursery areas for the dominant fishing ground of penaeid shrimp in
Maputo Bay. This information should guide conservation and provide support for
an ecosystem management approach to the fishery of penaeid shrimps in southern
Mozambique. Nevertheless, the nursery value of areas not included in this thesis
should be further investigated and their contribution to the fishery integrated in
management actions. As an example, the high densities of shrimp at Inhaca Island
(Macia 2004b), which were not included in the juvenile migration study within this
thesis (Paper IV), indicate this area as an important nursery for shrimp. More
studies are equally needed to assess the importance of the nursery areas to other
potential adult habitats by expanding the studies to other less productive fishing
grounds. Incomati estuary did not contribute to the fishery in southern part of
Maputo Bay, but this nursery area may be important for the shrimp fishery in other
areas of the Bay.
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