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Abstract

Many species of reef fish reside in specific nursery habitats as juveniles. Seagrass meadows, and mangroves are examples of
well-recognized nursery habitats, but only recently canopy-forming seaweeds have been found to provide important habitats
for some fish species in the tropics. Availability of nurseries can have effects on the abundance and spatial distribution of
adult fish, which is why it is important to recognize key nursery habitats for proper management. Information on reef fish
nurseries is largely lacking in the South Western Atlantic (SWA), while information in the Western Indian Ocean (WIO)
and elsewhere is more extensive. However, more information on the consequences of nursery availability on adult fish
populations is needed. This thesis studies nursery habitat use of reef fish on tropical and subtropical reefs in the SWA and
in seagrass and reef systems in the WIO. The hypothesis that seagrass and canopy-forming macroalgae meadows function
as a nursery habitat for reef fish is tested in the SWA. The aim of this thesis is also to understand distribution patterns of
fish arising from the arrangement of the seascape, using a seascape ecology approach, linking patterns to non-reef nursery
habitat use (mangroves and seagrass systems). Results showed that spatial and temporal patterns of juvenile reef fish
abundance were weak on rocky, subtropical reefs in the SWA (Paper I), while there was a stronger preference for certain
habitats on SWA tropical biogenic reefs, especially seaweed beds dominated by Sargassum (Paper II). The widely accepted
paradigm that seagrass meadows function as nursery habitats for reef fish was not supported by the results from the study site
in the tropical SWA (Paper II). This may be related to habitat availability in the seascape. In the SWA, seagrass meadows
are spatially small, fragmented and less complex, compared to in the WIO, where they display high structural complexity
and cover large areas. At the WIO study site (Bazaruto Archipelago), the juvenile fish assemblage in the seagrass meadows
encompassed a number of reef fish species from a range of trophic groups and families, as well as resident seagrass species
(Paper III). Key variables and extent of spatial scales that structure ontogenetic migrations were identified in both seagrass
and reef habitats. Fish distribution patterns in the seagrass seascape was strongly influenced by seascape configuration
and distance to adjacent habitats, highlighting that not all seagrass meadows are equally productive as nursery habitats.
Variables important for distribution patterns of fish were identified, which in most cases were species-specific, and related
to life history and functional traits of species. Effects of two small protected areas on the fish assemblage was also linked to
geographical placement of reserves in the seascape. Likewise, the adult fish community composition on the reefs was found
to be structured by the spatial arrangement of nursery habitats in the seascape, and presence of stretches of sand acting as
isolating barriers (Paper IV). Nursery fish species were less abundant on reefs far from nurseries, resulting in differences in
community and functional group composition along distance gradients in the seascape. Depending on functional traits of
the nursery fish assemblage, seagrass and mangroves can enhance certain ecological functions on reefs. Both community
structure and ecosystem functioning may therefore change depending on nursery habitat availability, highlighting the need
to adopt a holistic seascape approach in management.
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Abstract
Many species of reef fish reside in specific nursery habitats as juveniles. Seagrass meadows,
and mangroves are examples of well-recognized nursery habitats, but only recently canopyforming seaweeds have been found to provide important habitats for some fish species in the
tropics. Availability of nurseries can have effects on the abundance and spatial distribution of
adult fish, which is why it is important to recognize key nursery habitats for proper
management. Information on reef fish nurseries is largely lacking in the South Western Atlantic
(SWA), while information in the Western Indian Ocean (WIO) and elsewhere is more
extensive. However, more information on the consequences of nursery availability on adult
fish populations is needed. This thesis studies nursery habitat use of reef fish on tropical and
subtropical reefs in the SWA and in seagrass and reef systems in the WIO.
The hypothesis that seagrass and canopy-forming macroalgae meadows function as a
nursery habitat for reef fish is tested in the SWA. The aim of this thesis is also to understand
distribution patterns of fish arising from the arrangement of the seascape, using a seascape
ecology approach, linking patterns to non-reef nursery habitat use (mangroves and seagrass
systems). Results showed that spatial and temporal patterns of juvenile reef fish abundance
were weak on rocky, subtropical reefs in the SWA (Paper I), while there was a stronger
preference for certain habitats on SWA tropical biogenic reefs, especially seaweed beds
dominated by Sargassum (Paper II). The widely accepted paradigm that seagrass meadows
function as nursery habitats for reef fish was not supported by the results from the study site in
the tropical SWA (Paper II). This may be related to habitat availability in the seascape. In the
SWA, seagrass meadows are spatially small, fragmented and less complex, compared to in the
WIO, where they display high structural complexity and cover large areas.
At the WIO study site (Bazaruto Archipelago), the juvenile fish assemblage in the
seagrass meadows encompassed a number of reef fish species from a range of trophic groups
and families, as well as resident seagrass species (Paper III). Key variables and extent of spatial
scales that structure ontogenetic migrations were identified in both seagrass and reef habitats.
Fish distribution patterns in the seagrass seascape was strongly influenced by seascape
configuration and distance to adjacent habitats, highlighting that not all seagrass meadows are
equally productive as nursery habitats. Variables important for distribution patterns of fish were
identified, which in most cases were species-specific, and related to life history and functional
traits of species. Effects of two small protected areas on the fish assemblage was also linked to
geographical placement of reserves in the seascape. Likewise, the adult fish community
composition on the reefs was found to be structured by the spatial arrangement of nursery
habitats in the seascape, and presence of stretches of sand acting as isolating barriers (Paper
IV). Nursery fish species were less abundant on reefs far from nurseries, resulting in differences
in community and functional group composition along distance gradients in the seascape.
Depending on functional traits of the nursery fish assemblage, seagrass and mangroves can
enhance certain ecological functions on reefs. Both community structure and ecosystem
functioning may therefore change depending on nursery habitat availability, highlighting the
need to adopt a holistic seascape approach in management.
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Sammanfattning
Många arter av korallrevsfisk använder sig av andra habitat som uppväxtområden innan de
flyttar till reven där de sedan uppehåller sig som fullvuxna individer. Sjögräsängar och
mangroveträsk är sådana välkända uppväxtområden för revfisk i subtropiska och tropiska
system och nyligen har även algbäddar visat sig fungera som barnkammare för många arter.
Tillgång till bra uppväxtområden påverkar också var vuxna fiskar uppehåller sig i det kustnära
havslandskapet och hur många de är. Det är därför viktigt för förvaltning av kustnära ekosystem
att identifiera vilka områden som utgör produktiva uppväxtområden för fisk. I sydvästra
Atlanten har vi mycket liten kunskap rörande dessa uppväxtområden vilket gör det svårt att
förstå hur antropogena störningar och klimatförändringar påverkar fisksamhällena på reven. I
västra Indiska oceanen, där mycket information finns om uppväxtområden, är kunskapen
istället ofullständig om hur långt fiskar migrerar mellan dessa uppväxtområden och korallreven,
och hur landskapets utformning påverkar artsammansättning och populationstätheten av fisk
ute på reven. I den här avhandlingen har jag därför studerat uppväxtområden för tropisk och
subtropisk revfisk i sydvästra Atlanten och i västra Indiska oceanen, och konsekvenserna av
detta för fisksamhällena på reven. I avhandlingen beskrivs även hur fisken påverkas av
utformningen av havslandskapet, dvs. var uppväxtområdena och korallreven är placerade i
förhållande till varandra.
Både tids- och rumsliga mönster undersöktes i de subtropiska klippreven i sydvästra
Atlanten. Inga tydliga mönster upptäcktes här, varken mellan årstider eller mellan olika habitat,
men största mängderna av juvenila revfiskar hittades i Sargassum-dominerade algbäddar. På
de tropiska biogena reven fanns det däremot tydliga mönster, där Sargassum-dominerade
algbäddar innehöll högre mängder av juvenil fisk än de andra studerade habitaten. Tvärtemot
vad man sett i andra delar av världen där sjögräsängar anses vara ett av de viktigaste
uppväxtområdena för revfisk så innehöll sjögräsängarna i sydvästra Atlanten väldigt lite juvenil
fisk. Detta har troligen att göra med den låga komplexiteten hos de kortvuxna sjögräsarterna i
sydvästra Atlanten och de relativt små ytorna som de täcker jämfört med t ex västra Indiska
oceanen.
Sjögräsängarna i studien från västra Indiska oceanen innehöll många arter av fisk
tillhörande flera familjer och trofiska grupper. Utbredningen av fisk i sjögräslandskapet var här
starkt influerat av landskapsvariabler såsom avstånd till närliggande miljöer, speciellt till
avstånd till land. Effekten av två små marina reservat på fiskmängden i sjögräslandskapet var
också relaterat till den geografiska placeringen av reservaten.
Fisksamhällena på reven påverkades också av hur uppväxtområdena låg i förhållande
till reven, med ett minskande antal av arter som använder sig av sjögräs- och mangrove som
uppväxtområden ju längre bort från reven dessa låg. Här spelar inte bara det faktiska avståndet
en roll, utan även konfigurationen av havslandskapet och hur isolerade reven ligger. Speciellt
verkar förekomsten av större områden av sand (>3km) fungera som barriärer för migrationen
av större juvenila fiskar till reven. Då vissa arter som använder sig av uppväxtområden tillhörde
andra funktionella grupper än de arter som lever hela sina liv på reven, skiljde sig även
sammansättningen av funktionella grupper, såsom olika typer av betande fiskar på reven längs
dessa gradienter.
Eftersom både artsammansättning och förekomst av funktionella grupper på reven
påverkades av tillgången på uppväxtområden, är det viktigt med en holistisk syn på
förvaltningen av dessa kustnära system med flera typer av livsmiljöer. I samtliga studier kunde
landskaps- eller habitatvariabler relateras till livshistoria eller andra egenskaper hos de olika
arterna. Avhandlingen visar att dessa ekosystem är mycket komplexa, och resultaten av
forskningen kan förhoppningsvis bidra till att öka förståelsen av hur dessa system fungerar och
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därigenom förbättra förvaltningen av kustnära ekosystem. Både uppväxtområden och
livsmiljöer för vuxna revfiskar behöver bevaras för att behålla ett produktivt kustlandskap.
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Background and Scope of the thesis
The coastal tropical and subtropical seascape is comprised of a mosaic of different habitats,
such as coral and rocky reefs, seagrass meadows and mangroves. Many species of reef fish
utilise several of these habitats and move between them on different spatial and temporal scales
through spawning, foraging and/or ontogenetic migrations (Nagelkerken 2009). During
ontogenetic migrations, reef fish use separate habitats as juvenile and adults. This is the most
common type of “connectivity” facilitated through fish movement. Connectivity refers to the
movement of organisms or exchange of organic matter, sediment or larvae between habitats
through biotic and abiotic processes (Ogden & Quinn 1984, Nagelkerken 2009).
The use of specific nursery habitats has been recorded globally for a wide range of
species from different families (Parrish 1989, Nagelkerken et al. 2000, Igulu et al. 2014,
Hemingson & Bellwood 2016) and varies between different parts of the world; in the
Caribbean, mangroves are used by a larger proportion of species compared to seagrass
meadows, while the opposite is true in the Pacific (Igulu et al. 2014, Hemingson & Bellwood
2016, Eggertsen 2018). This is driven by differences in abiotic characteristics such as fresh
water influence and tidal ranges between provinces (Igulu et al. 2014), but other habitat
characteristics such as habitat complexity may also modify nursery habitat use by juvenile
fishes locally (Gullström et al. 2008a), and is also dependent on which habitats that are available
in the area.
This thesis focuses on nursery habitat use by juvenile reef fishes in the south western
Atlantic (SWA) and the Western Indian Ocean (WIO). Extensive reef systems exist in both the
WIO and the SWA. Yet, habitat structure is fundamentally different. This provides an ideal
situation to test some of the predictions of nursery habitat use in reef fishes linked to habitat
and seascape characteristics. In the tropical and subtropical parts of the south western Atlantic
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(SWA), nursery habitat use by reef fish is largely unknown (Eggertsen 2018). Information on
nursery habitat use in the WIO is more extensive, but thresholds in how far ontogenetic
migration occur between nursery and adult habitats and how nurseries structure the adult fish
community on reefs is poorly known (Berkström et al. 2012b).

Figure 1. Species richness in the south western Atlantic (SWA) and the Western Indian Ocean (WIO) of
reef fish, scleratinian corals, mangroves and seagrasses

The costal systems in these two provinces differ in many aspects. In general, the WIO
is a lot more species diverse compared to the SWA, mainly with regard to fish and coral
communities, but also for seagrasses and mangroves (Fig. 1)(Schaeffer-Novelli et al. 2000,
Gullström et al. 2002a, Roberts et al. 2002, Copertino et al. 2016). Mangroves are subjected to
substantial freshwater input in the SWA, where water usually is highly turbid (SchaefferNovelli et al. 2000). Only smaller seagrasses are present in the SWA (the genera Halophila and
Halodule) creating seagrass meadows with very low structural complexity compared to those
of the WIO (Fig. 2) (Copertino et al. 2016, Creed et al. 2016). The scleratinian coral community
6

in the SWA is composed of massive growth forms, lacking branching corals with high structural
complexity such as acroporids (Leão et al. 2003).

WIO

SWA

1m

Enhalus acoroides

Thalssodendron ciliatum

Halodule spp.

Decreasing seagrass size
Figure 2. Relative size differences of dominant seagrass species present in the two provinces (WIO =
Western Indian Ocean, SWA = South Western Atlantic, modified from Eggertsen 2018). Image courtesy
of the Integration and Application Network, University of Maryland

The reef fish fauna is diverse in the WIO, with about 2000 recorded species (Fig.
1)(Kulbicki et al. 2013). The SWA is instead rather impoverished (~360 species), with about
20% endemic species (Floeter et al. 2008). The low species richness in the SWA is believed to
be related to the rather recent colonization of reef fish fauna, and natural dispersion filters such
as the Amazon freshwater plume, the Atlantic basin and the cold Benguela current (Joyeux et
al. 2001, Floeter et al. 2008). The few reef fish species that the SWA and WIO have in common
are circumtropical species (e.g. Sphyraena barracuda and Diodon hystrix)(Froese and Pauly
2018), although the two provinces share several fish genera (Joyeux et al. 2001).
These differences in species composition and richness, both regarding ecosystem
engineers (e.g. corals) and the reef fish community itself, may have consequences for nursery
7

habitat use by fishes and similarly for the structural connectivity between habitats arising from
ontogenetic migrations. In the WIO, data exist on nursery habitat use for a range of species, but
effects of the arrangement of nursery habitats within the seascape on adult fish populations on
reefs, and what factors structure the juvenile fish assemblage in seagrass systems is still not
clear (Berkström et al. 2012b). This information on nursery habitat use and its consequences on
adult populations is, however, essential for successful management of the coastal seascape,
particularly since nursery habitat availability can affect adult fish populations (Sheaves et al.
2014, Sundblad et al. 2014). Additionally, how fish distribution patterns are affected by
adjacent habitats is especially important for the design and placement of marine protected areas
(MPAs), which are commonly used in biodiversity and ecosystem conservation within the WIO
(Francis et al. 2002).
This thesis aims to identify nursery habitats for reef fish in the less studied SWA
province and study the spatial and temporal distribution patterns of juvenile reef fish linked to
the presence, arrangement and habitat quality of nursery habitats in both provinces. Within this
thesis, I test the hypothesis that seagrass meadows and canopy-forming seaweeds constitute
important nursery habitats for reef fish. Following the prediction that the juvenile fish
assemblage in large seagrass systems in the WIO will be structured by the arrangement and
position of the seagrass meadows, seagrass fish distribution is surveyed across a large seagrassdominated seascape. Effects on seagrass fish abundance of protection from fishing is studied,
following the hypothesize that since seagrass fish distribution is related to seascape
arrangement, effects of protection will be linked to the geographic placement of MPAs. Further,
it aims to investigate the effects of nursery habitat presence and arrangement on the adult fish
community on reefs in the WIO province, following the hypothesis that placement of nursery
habitats influence adult fish communities on reefs.
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Introduction
Many species of fish utilize separate habitats during juvenile and adult life stages. These
ontogenetic shifts in habitat use in fish are driven by ecological processes such as increased
growth and survival rates (Dahlgren & Eggleston 2000, Nagelkerken 2009, Grol et al. 2014).
In many cases, nursery habitats are constituted by structurally complex areas located in shallow
coastal areas, where food abundance is high and predators less abundant than on reefs or
offshore habitats (Laegdsgaard & Johnson 2001, Verweij et al. 2006, Dorenbosch et al. 2009).
Some of the most classical examples of non-reef nursery habitats in the tropics are seagrass
meadows and mangrove forests, that are utilized by a number of juvenile reef fish species (e.g.
Parrish 1989, Nagelkerken et al. 2001, Dorenbosch et al. 2005). Other coastal habitats that have
received less attention, but also serve as nurseries are seaweed beds, reef flats and tide pools.
Tide pools are especially important in rocky reef environments and oceanic islands where other
nursery habitats are absent (Oliveira, Macieira, et al. 2016). In temperate areas, shallow
vegetated bays often serve as important habitats for juvenile fish (Sundblad et al. 2014).
Two different approaches are currently used to define a habitat as a nursery; if a certain
area of a distinct habitat contribute with more juveniles to the adult population compared to
other areas where juveniles occur (Beck et al. 2001), or if the total contribution of recruits to
adult populations are dominated by recruits from a certain habitat (Dahlgren et al. 2006,
Nagelkerken et al. 2015). The latter approach was developed since all habitats may not
contribute equally per area to adult populations, but still be essential as nurseries. This
especially applies to seagrass systems, where production recruits per area unit often is low, but
due to their large spatial extension in the Pacific and Caribbean, these systems contribute with
a large proportion of recruits to adult populations (Dahlgren et al. 2006, Nagelkerken et al.
2015).
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Through export of recruits, availability of nursery habitats in the seascape can have
direct effects on the adult fish community (Sundblad et al. 2014), and indirect effects on
ecological processes (Harborne et al. 2016) in adjacent habitats such as on reefs or offshore
areas. Organisms functioning as mobile links and connecting different habitats through
migrations contribute to “ecological connectivity”, an important process in the coastal seascape
(Nagelkerken 2009). Ecological connectivity refers to the connectedness of ecological
processes across multiple scales including food-web interactions across habitat boundaries
(Fischer & Lindenmayer 2007). Since nursery habitats in many cases are located in shallow
coastal areas, they are exposed to high levels of anthropogenic stressors, such as pollution,
tourism and coastal development, and both mangroves and seagrass systems have declined
substantially globally (Alongi 2002, Orth et al. 2006). Identifying nursery habitats is therefore
important for sustaining viable fisheries and for the conservation and maintenance of ecological
functions within the seascape. The Caribbean has been reasonable well studied, while nursery
habitat use for reef fish in the south wester Atlantic (SWA) is largely unknown. In the Western
Indian Ocean (WIO), studies on nursery habitat use by reef fish exist, but we know little about
how the presence of nurseries and their arrangement in the seascape structure fish distribution
spatial patterns and the adult fish community on reefs.

Reef fish nursery species
A number of reef fish families are represented among species that utilize non-reef habitats as
nursery grounds. These include the epinephelidae (groupers), lutjanidae (snappers), lethrinidae
(emperors), sphyraenidae (barracudas), haemulidae (grunts), scarinae (parrotfishes) and
siganidae (rabbitfishes)(Fig. 3)(Parrish 1989, Nagelkerken et al. 2001, Dorenbosch, Grol,
Christianen, et al. 2005, Hemingson & Bellwood 2016). Most of these species are mobile fish
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of moderate to large body size as adults and both carnivores and herbivores are represented
among them (Hemingson & Bellwood 2017).

Figure 3. Juvenile reef fish species in mangroves (Plectorhinchus plagiodesmus), seagrass meadows
(species from Acanthuridae, Chaetodontidae, Lethrinidae, Mullidae, and Scarinae) in the Bazaruto
Archipelago, Mozambique and in a macroalgae bank (Acanthurus spp, Sparisoma radians and
Pseudupeneus maculatus) in Arraial do Cabo, Brazil. Photo credits L. Eggertsen and M. Lucena

Some of these species are obligatory dependent on non-reef habitats as nurseries, and will not
occur on reefs in areas where mangroves or seagrasses are absent (Mumby et al. 2004, Mumby
2006). The Goliath grouper (Epinephelus itajara), one of the largest groupers in the world,
belongs to this category, although this species is capable of extensive migrations during its long
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life span (Pina-Amargós & González-Sansón 2009, Shideler et al. 2015). Other examples of
obligatory nursery dependent species are the snapper Lutjanus alexandrei in the south western
Atlantic, that utilizes mangroves as nursery habitats (Aschenbrenner et al. 2016), and the
yellowtail snapper Ocyurus chrysurus, that in the Caribbean is dependent on seagrass meadows
as nurseries (Huijbers, Nagelkerken, Debrot, & Jongejans 2013). Many of these species are
important fisheries resources, or key stone species for reef functioning (Nyström & Folke 2001,
Mumby & Hastings 2008). Additionally, a wide range of other species will frequently be
observed in non-reef habitats, but are not restricted to this habitat exclusively as a nursery
(Nagelkerken et al. 2001).

Why do fish utilize nurseries?
Surprisingly few studies have tried to explain mechanisms behind nursery habitat choice in fish.
The main incentives to perform ontogenetic migrations are to maximize growth and survival,
which is balanced/a trade off against the risks and energy costs of migrations (Nagelkerken
2009). In general, a lower predation pressure compared to adult habitats (Grol et al. 2014),
shelter (Cocheret de la Morinière et al. 2004) and abundant food resources (Kimirei et al. 2015)
are thought to be the main advantages of nursery habitats. The exact reasons seem to be speciesspecific, and dependent on a species’ traits and life history. In some cases, the nursery habitat
choice may be linked to feeding behaviour, such as in the New Zealand snapper (Chrysophrys
auratus) that reside in seagrass meadows as juveniles (Parsons et al. 2015, 2016). Juveniles
feed on planktonic copepods, but these are not more abundant in vegetated areas compared to
unvegetated areas, and likewise predator abundance is not lower in these seagrass meadows.
Instead, the seagrass structure allows juvenile snappers to flow refuge from constant water
currents, and spend less energy foraging (Parsons et al. 2015). Use of nursery habitats by
barracudas (Sphyraenidae) is also linked to foraging strategy; clear-water mangroves allow for
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barracudas to use its ambush strategy very efficiently, hiding within the complex root system
(Verweij et al. 2006, Faunce & Serafy 2008). An example of nursery use as predator refuge is
that of juvenile French grunts (Haemulon flavolineatum) in the Caribbean, where predation
mortality on juveniles was shown to be higher on reefs compared to in non-reef habitats until
fish reached a certain size (Grol et al. 2014).
Understanding the processes behind nursery habitat choice is important because this can
help conservation efforts to be more directed towards management goals, and in some cases
adapted to target species, since the responses can be very species specific (e.g. Cocheret de la
Morinière et al. 2004, Sundblad et al. 2014). In other words, a habitat that is ideal as a nursery
for one species, may not be so for others depending on local environmental conditions or species
traits.

Factors influencing the ecological value of nursery habitats
Depending on local environmental conditions, all nursery habitats may not be of equal value
for juvenile fish. Especially in mangroves, abundance of juvenile fish is patchy and can vary
substantially (Saenger et al. 2013). Canopy height of vegetation (Gullström et al. 2008b, Wilson
et al. 2017), spatial distribution of prey organisms (Kimirei et al. 2015) and water turbidity
(Sundblad et al. 2014) are examples of characteristics that structure the juvenile fish assemblage
in nursery habitats. Mangroves are very heterogeneous systems that can be composed of
different tree species, occur along gradients of salinity and turbidity and are present along
estuaries, channels and flats in varying tidal regimes. But also macroalgae/seaweed beds can
vary substantially due to seasonal changes, with large effects on fish community composition
and abundance (Fulton et al. 2014, Wilson et al. 2014). Likewise, variation in fish assemblages
in seagrass beds can also be attributed to seagrass species composition, and epiphyte
distribution (Stoner 1982, Tomas et al. 2005, Gullström et al. 2008b).
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Not only within-habitat variables are important, the arrangement and configuration of
habitat patches and their geographical location within the seascape is also of importance for the
juvenile fish assemblage (Dorenbosch et al. 2006, Huijbers, Nagelkerken, Debrot, & Jongejans
2013). Area of habitat patches and proximity of nurseries to adjacent habitats have been found
to influence the abundance and distribution of juveniles (Pittman et al. 2007, Huijbers,
Nagelkerken, Debrot, & Jongejans 2013, Henderson et al. 2017). For example, seagrass
meadows close to reefs may contribute more to adult fish populations on reefs compared to
meadows further away (Huijbers, Nagelkerken, Debrot, & Jongejans 2013).

Effects of nurseries on reefs fish communities and ecological functions
Availability of nursery habitat can strongly influence adult fish populations (Sundblad et al.
2014). For example, reefs situated in the vicinity of nurseries in many cases comprise a diverse
fish community both in terms of abundance and species richness compared to more isolated
reefs due to the high connectivity which allow fish to take advantage of different ecosystems
(Olds, Pitt, Olds, et al. 2012, Nagelkerken et al. 2017). This has effects also on the ecosystem
level, since some ecological functions may be provided by multi-habitat use species that would
be more abundant on a reef that is well connected to nurseries. In the Caribbean, the parrotfishes
Scarus guacamaia and Scarus iserti are both dependent on mangroves as nurseries
(Nagelkerken et al. 2001). Export of recruits of these species is therefore higher to reefs close
to mangroves, which in turn increases herbivory rates on these reefs (Mumby & Hastings 2008,
Harborne et al. 2016). An indirect effect of nurseries can therefore be seen on the resilience of
these systems. In cases of disturbances, e.g. coral mortality because of bleaching or hurricanes,
these reefs would experience less risk of phase shifts to algal dominated states (Mumby &
Hastings 2008). Fragmentation or loss of nursery habitat may therefore have severe effects on
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other adjacent habitats like coral reefs (Mumby & Hastings 2008, Berkström, Gullström, et al.
2012a).
In most tropical areas, it is still unclear to what extent non-reef habitats contribute to
adult fish communities and what consequences this has on an ecosystem level (Saenger et al.
2013). These linkages are complex and affect processes such as food web interactions and
resource availability in nurseries (Sheaves et al. 2014). Nursery habitat use may also shift
between different regions (Sheaves et al. 2014). For many fish species, there are large
knowledge gaps regarding the spatial scale that ontogenetic migrations operate on. In the
Caribbean, thresholds in distances from nurseries, where abrupt changes can be observed in
abundance and biomass of the adult fish community on reefs, have been observed for Lutjanids,
Haemulids and Scarid labrids (Nagelkerken et al. 2017), while this data is scarce from the
Pacific (Berkström, Gullström, et al. 2012b). Determining where these thresholds in distance
are located would be useful to evaluate importance of mangroves and seagrass systems as
nurseries in different seascapes. In general, relationships between adult fish abundance/biomass
and distance to nursery habitats does not appear to be linear (Nagelkerken et al. 2017, Shideler
et al. 2017), but where thresholds are located is likely both species- and location specific.
Studies untangling spatial relationships and nursery habitat quality are urgently needed to
clarify links between nurseries, identify processes underpinning nursery habitat value and their
contribution to fisheries and ecosystem functioning (Saenger et al. 2013, Sheaves et al. 2014).

Seascape ecology
A new science called “Seascape ecology” has been developed during the last decade in order
to study multiple-habitat use species and patterns of connectivity (Pittman 2018a). Seascape
ecology draws on concepts from terrestrial landscape ecology, but is constantly being adapted
to conform to the marine environment (Pittman 2018a). Seascape ecology can incorporate
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variables on both habitat patch and seascape level, and has successfully been used to study
drivers of distribution patterns of fish species using multiple habitats in coastal seascapes (Fig.
4) (Pittman et al. 2007, Boström et al. 2011, Berkström et al. 2013, Sekund & Pittman 2017a).

Figure 4. Schematic illustration of the multiple scales that can be incorporated in seascape ecology
frameworks. L = levels, with lower levels (L-1) characterized by events on shorter temporal and spatial
scales, and broader levels (L+1) on larger temporal and spatial scales. Adapted from Pittman et al.
2003

With the rapid increase in good satellite imagery and the use of software such as Geographical
Information Systems (GIS), it is now possible to create detailed maps of coastal habitats and
map extensions of different habitats (Boström et al. 2011). This information can then be
incorporated in analyses and modelling of fish distribution patterns. Together with recent
statistical modelling techniques such as decision trees and generalized linear models, this
constitutes a powerful toolbox to analyze and understand drivers of fish distributions in
multiple-habitat seascapes (Knudby et al. 2011, Sekund & Pittman 2017b). A seascape ecology
approach is applied throughout this thesis.
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Management and conservation of the coastal seascape
The coastal seascape is challenging to manage since it is often exposed to substantial
anthropogenic stressors such as coastal development, fishing, pollution and tourism. It is
therefore important that fish nursery habitats such as mangroves, shallow bays, seagrass and
macroalgal systems are recognized and incorporated into management actions. Marine
Protected Areas (MPAs) are a common and effective tool to preserve both species and
ecosystem functioning (Micheli et al. 2004) and for multiple-habitat use species it is vital to
include key habitats within MPAs. In most cases, MPAs mainly include coral reefs, but
connectivity has been highlighted as necessary to include in marine spatial planning and the
design of MPAs to achieve successful outcomes (Olds, Pitt, Connolly, et al. 2012, Olds et al.
2013). Protected areas including heterogenous seascapes with non-reef habitats such as
mangroves and seagrasses have recently been shown to enhance biomass and abundance of fish
on reefs (Olds et al. 2013). Studies on the effects of MPAs in other systems such as seagrass
meadows are however scarce (but see Alonso Aller et al. 2017, Henderson et al. 2017), and it
is not clear how these should be designed to maximize effects of protection on fish
communities. Similar to reefs (Huntington et al. 2010), seascape context and geographic
placement of the protected area seem to influence effects of protection also in seagrass systems
(Henderson et al. 2017). Additionally, the spatial extent of ontogenetic migrations of fish is also
important to consider when designing MPAs. Information mainly exists from the Caribbean
(Harborne et al. 2016, Nagelkerken et al. 2017, Sekund & Pittman 2017a), while there are large
knowledge gaps in the Pacific. Obtaining and incorporating this data in marine spatial planning
could contribute significantly to the effectiveness of MPAs.
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Aims of thesis
The objective of this thesis is to identify nursery habitat use of reef fish in space and time, and
variables on different spatial scales (habitat and seascape level) that influences nursery habitat
use, and the effects of nursery habitat use on adult fish communities. The studies are performed
in two different provinces; the south western Atlantic (SWA) and the Western Indian Ocean
(WIO). These two provinces are fundamentally different, which allows for insights about
nursery habitat use and factors influencing nursery habitat use, although these studies are
difficult to compare directly. Paper I and II are both conducted in the SWA, a province where
information on reef fish nurseries and patterns of juvenile reef fish distributions is almost nonexistent. Paper I aims to identify nursery habitats for reef fish on subtropical rocky reefs, which
has not been done before in the south east SWA (Fig. 5). Both seasonality and spatial patterns
are investigated during two consecutive years of surveys. It tests the hypotheses that vegetated,
shallow habitats are favoured as nursery habitats during summer months by reef fish. Paper II
investigate the hypothesis that seagrass meadows and canopy-forming macroalgae function as
reef fish nurseries, and seeks to identify habitat characteristics that influence the fish
assemblage on biogenic reefs in the tropical SWA. The paper fills an important research gap
regarding reef fish nurseries on biogenic reef systems in the SWA. Paper III and IV are
performed in the WIO, and building on previous work on ontogenetic migrations and nursery
habitat use in the region, although very little data exist from Mozambique. These two papers
aim to understand drivers of abundance patterns in relation to different nursery habitat use of
fish (Fig. 5). Paper III testes the hypothesis that the seagrass fish assemblage is structured by
seascape arrangement and identifies spatial distribution patterns for resident and nursery fish
species within a large seagrass- dominated seascape. Following this hypothesis, effects on
MPAs within the seagrass seascape is tested in relation to geographical location and life history
of fish species. Finally, paper IV draws on the theory that nursery habitats structure fish
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communities on reefs along spatial gradients, and tests the effects of presence and arrangement
of nursery habitats on adult fish assemblages on tropical coral reefs. This paper seeks to
determine thresholds in migration distances during ontogenetic habitat shifts.

Figure 5. Conceptual figure showing the different studies in relation to the research questions posed in
the thesis. SWA = South Western Atlantic and WIO = Western Indian Ocean

Specifically, the aims of this thesis were to
1) Identify reef fish nurseries in tropical biogenic and subtropical rocky reef systems in
the SWA and understand drivers of these patterns (Paper I and II)
2) Investigate drivers of distribution of fish in tropical seagrass systems using a seascape
ecology approach and effects on fish abundance of marine protected areas in seagrass
systems (Western Indian Ocean (WIO), Paper III)
3) Study how presence/arrangement of nursery habitats structure the fish assemblage on
reefs along environmental gradients in a seascape comprised of mangroves, seagrass,
and coral reefs in the WIO (Paper VI)
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Methods
Study sites
The work presented in this thesis was conducted in three different sites; tropical south Bahía,
Brazil (16º10’S, 38º54’W), in subtropical Arraial do Cabo in Rio de Janeiro state (22°57’S,
42°01’ W), Brazil and in the tropical Bazaruto Archipelago in Mozambique (21.5°S, 35.4°E)
(Fig 6 a, b and c respectively).

Figure 6. The sites where the studies in this thesis were performed; a) south Bahia state, Brazil, b)
Arraial do Cabo, Rio de Janeiro state, Brazil and c) Bazaruto Archipelago, Mozambique

The reef systems in the south western Atlantic (SWA) can be described as marginal and are
characterized by low coral cover (~20%) and turbid waters (Leão et al. 2003). The biogenic
reefs have been built up by bryozoans, scleratinian corals and calcareous algae (Bastos et al.
2018). The reef fish assemblage is less species diverse than in the Caribbean (388 and 750
species, respectively) and have a high level of endemism, although the two provinces also share
several species (De Moura et al. 2001, Floeter et al. 2008). The Western Indian Ocean (WIO)
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possesses true coral reefs, and a reef fish fauna of about 2000 species (Kulbicki et al. 2013).
Only smaller seagrass species are present in the SWA (Fig. 7) (Halophila spp and Halodule
wrightii)(Copertino et al. 2016). Thirteen different seagrass species have been recorded from
the region, including large species such as Enhalus acoroides and Thalassodendron ciliatum
(Gullström et al. 2002a). Seagrass systems cover large areas in the WIO, and are important
fishing grounds for the coastal small-scale fisheries (Gullström et al. 2002b, Torre-Castro et al.
2014, Nordlund et al. 2017).

Figure 7. Examples of a Halodule wrightii seagrass meadow in the South Western Atlantic (left) and a
Thalassodendron ciliatum seagrass meadow in the Western Indian Ocean (right) showing differences in
seagrass structural complexity between provinces. Photo credits L. Eggertsen

Fish surveys
The fish community was surveyed with under water visual census (UVC). This method is
widely used in reef environments, is non-destructive and efficient (Watson & Quinn 1997,
Samoilys & Carlos 2000). Transects of 20*2 m were used at the south western Atlantic (SWA)
study sites, and 25*4 m in the Western Indian Ocean (WIO) sites. This difference between
study regions is due to the often low visibility in the SWA, where 20*2 m is used as a standard
(Floeter et al. 2007). A diver swam along the transect line, recording all mobile fish within the
respective distance along the transect tape in each study region (1 and 2 m to each side,
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respectively). On the way back along the transect line, small and cryptic species were recorded.
All fish were identified to the lowest taxonomic level possible and their sizes were estimated to
the closest cm. This was noted on a PVC tube carried on each divers’ arm. Fish surveys in
Arraial do Cabo were performed during 2014-2017, two times during summer months (January
-March) and two times during winter months (July-August) to account for seasonal variation in
fish recruitment. Surveys in Bahía were conducted during summer months in 2015 (FebruaryApril), when visibility allows for UVCs and juvenile abundance is believed to be highest. Field
work in the Bazaruto Archipelago was executed in Jan-April in 2016 and 2017.

Habitat surveys
Habitats were characterized through 50*50 cm quadrats that were placed along the fish UVCs.
Each quadrat was photographed, and cover of the different organisms was then estimated
visually, or for the WIO reef habitats, with the software PhotoQuad (Trygonis & Sini 2012).
For the reef habitats, benthic organisms were categorised into morphological groups. In the
WIO seagrass habitats, all seagrass shoots within one quarter of the quadrat were counted, to
provide an estimation of shoot density. Tallest canopy height in the seagrass habitats were
measured by measuring the 10 (visually estimated) tallest seagrass shoots within each quadrat,
and then calculating an average. In the macroalgae/seaweed habitats, all shoots within each
quadrat were measured.
Habitat complexity was estimated on a 4-grade scale, where 1 corresponded to low complexity
and 4 to very high. Depth was measured with a dive computer in the beginning of each UVC.

Spatial metrics
A thematic habitat map was constructed over the seascape at the WIO study site (Bazaruto
Archipelago) in ArcMap (ESRI 2017). Substrate information was collected in the field by
22

walking or by boat, and the geographical positions of substrates were determined with a handheld GPS (Garmin eTrex Touch 25). The ground-truthed substrate points were then imported
in ArcMap, and included in a satellite map over the area (LANDSAT 8). The substrate points
were used to verify habitats that were visible on the satellite image, and habitat boundaries were
manually outlined using the polygon tool in ArcMap. Habitats were categorised into “Sand”,
“Channels”, “Sparse seagrass” (<30% cover), “Dense seagrass (>30 cover), “Mangroves”,
“Land” and “Reef”. Distances between survey points to adjacent habitats were calculated using
the Spatial Analyst functions in the ArcMap toolbox, and used as predictors in the statistical
analyses.

Data Analyses
A range of different tests were used to analyse the collected data. ANOVA was used to detect
differences in juvenile fish abundance between seasons and habitats in Paper I, and between
habitats in Paper II. To understand how fish assemblages differed between the different
surveyed habitats (Paper I-III), non-metric multi-dimensional scaling (NMDS) was performed
to visualize fish assemblage distributions in ordination space (Paper I, II and III). Ordinations
(Redundancy and Canonical Correspondence Analysis, (RDA and CCA)) were conducted to
explore which environmental variables structure the fish assemblage species compositions in
seagrass meadows and on reefs (Paper I – IV). Both RDA and CCA ordinations have been
widely used on abundance and community data in ecological studies (Legendre & Gallagher
2001). To understand relationships between juvenile fish abundance and environmental
variables in Paper I, zero-inflated poisson regression models and Generalized Linear Models
were performed. Zero-inflated models were used due to the large number of zeros in the data
set. Analysing count data with many zeros using GLMs compromise results in models that
poorly reflect reality, with too few zeros and too many large values (Hall 2000). When the
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GLMs and the zero-inflated models were compared, the zero-inflated models were more
parsimonious, and therefore used for the final models.
Paper III and IV apply a seascape ecology approach, incorporating multiple scales in
the statistical analyses. Seascape ecology builds on principles from landscape ecology and has
been successfully used in studies on species of fish using multiple habitats (Pittman & Brown
2011, Pittman 2018b). Variables both on a patch level (e.g. coral cover, seagrass cover and
canopy height) and a seascape level (e.g. distances between patches) were used when modelling
distribution patterns of fish. Boosted Regression Trees (BRTs) and Generalized Linear Models
(GLMs) were used to understand relationships with predictor variables and fish abundance in
Paper III and Paper I and IV respectively. Especially BRTs can handle predictors on different
scales, and usually outperforms other ecological modelling techniques (Knudby et al. 2010,
Elith & Leathwick 2011). A limiting factor for BRTs is however that a large amount of data is
needed for accurate models (Franklin & Miller 2009). In Paper IV, where the number of
replicates was not sufficient to model fish distribution patterns with BRTs, GLMs and GAMs
were conducted instead, with z-score transformation to account for variability in scales of
predictors. GAMs do have tendencies to overfit data (Logan 2010), and comparing the GAMs
and GLM models, the GLM models performed better than the GAM models and were therefore
used in the final results (Paper I and IV).
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Synthesis of results
Distribution patterns of juvenile reef fish in the seascape differed between rocky and biogenic
reef systems in the SWA, and between the SWA and the WIO. In general, Sargassumdominated seaweed beds were used as nurseries in the SWA, while seagrass meadows and
mangroves were the primarily nursery habitats in the WIO (Fig. 8). Juvenile fish abundance
was strongly influenced by within-habitat variables such as canopy height on the biogenic reefs
in the SWA. In the WIO, where both variables on a seascape scale and on habitat patch level
were explored, the seascape variables were more important in structuring the fish assemblage,
both on reefs and within seagrass meadows (Fig. 8).
Distinct juvenile reef fish distribution patterns were weak on the rocky reefs in the SWA
(Paper I), while there was a clear difference in juvenile fish assemblage composition and
abundance between different parts of the biogenic reefs in the tropical SWA (Fig. 8, Paper II).
In the WIO, the seagrass meadows held high abundances of juvenile reef fish, but also a number
of resident species (Paper III), while fish abundances of all life stages were very low in SWA
seagrass meadows (Paper II). Fish assemblages on reefs were clearly structured by the
arrangement of non-reef nursery habitats (seagrass meadows and mangroves) in the WIO
seascape (Paper IV). In the SWA, seagrass meadows most likely have little effect on the adult
fish assemblage due to the low abundance of observed fish in the seagrass (Paper II).
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Figure 8. Conceptual framework of the main results from the four studies in the thesis. SWA = South
Western Atlantic and WIO = Western Indian Ocean

On subtropical rocky reefs in the SWA, where the only available habitat was the rocky
reef itself, there were tendencies of higher abundances of reef fish in shallow, protected bays,
but distribution patterns were not very clear (Paper I). This study included a reasonably large
number of UVCs (n = 377), why we believe that the lack of patterns is not due to few replicates.
Some taxa displayed higher abundances in high complexity areas, or in seasonal Sargassum
stands compared to locations without Sargassum, but this was not true for all species. The
presence of Sargassum had a structuring effect on the juvenile fish community composition,
with higher abundances of Chaetodontidae and Sparisomatids compared to other microhabitats.
Surveys were performed twice during the austral summer and winter months, but no overall
difference in juvenile abundance between seasons was detected. This was due to low
abundances of juvenile fish in the summer surveys in 2017 which were lower than juvenile
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abundances in the 2015 summer and instead similar to juvenile abundances recorded in the
winter surveys (2014 and 2015). The low abundances of juveniles could partly be linked to one
of the Sargassum sites, which during the summer of 2015 held extremely high abundances of
juvenile fish, but almost none in the summer of 2017. Sargassum canopy height and cover were
very low in the summer of 2017, most likely due to haltered local upwelling because of the el
Niño 2016-2017. This resulted in strong negative effects on the abundance of Haemulidae and
Diplodus argenteus.
On the biogenic reef systems in the SWA, spatial patterns of juvenile reef fish were
more distinct. The Sargassum banks contained higher abundances of juvenile fish than all other
surveyed habitats (back reef, fore reef and Halodule seagrass meadows, Fig 3, Paper II). This
was especially true for two species of acanthurids (Acanthurus bahianus and Acanthurus
chirurgus), and three species of parrotfish; Scarus trispinosus, Scarus zelindae and Sparisoma
axillare. Canopy height was the most important predictor of juvenile fish abundance in the
Sargassum habitat, similar to other studies on fish assemblages in seaweed habitats (Wilson et
al. 2014, Lier et al. 2017). Abundance of juvenile fish was extremely low in the Halodule
seagrass meadow habitat. Despite that the yellowtail snapper (Ocyurus chrysurus) is defined as
obligatory dependent on seagrass meadows in the Caribbean (Cocheret de la Morinière et al.
2003, Huijbers et al. 2013), no individuals of this species was recorded in the seagrass meadows
in Bahía, SWA.
Proportion of epilithic algal matrix (EAM) on the reefs was a strong predictor of the
adult fish community, with most herbivores positively correlated to presence of calcareous turf
algae (Jania and Amphiroa spp). Coral cover was in general low and had no influence on the
juvenile or adult fish assemblage, in contrast to on coral reefs elsewhere (Bell & Galzin 1984,
Coker et al. 2014, Darling et al. 2017).
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Contrastingly to the SWA, the seagrass meadows in the Bazaruto Archipelago in the
WIO contained a large number of juveniles from reef fish species (59 taxa, Paper III). They
also harboured a resident fish assemblage that spend their whole life in seagrass beds. The
seascape arrangement had a strong influence on community composition and species
distributions, and was in general more important than within-habitat variables such as canopy
height or seagrass cover. Distribution patterns of fish throughout the seagrass seascape differed
between the main survey areas of São Sebastião, Vilanculos and Bazaruto Island, with a higher
proportion of reef-associated species at the Bazaruto sites, and a higher proportion of
mangrove-associated species in São Sebastião sites (Fig 2, Paper III).
Importance of predictor variables for abundance distribution patterns were highly taxaspecific (Boosted Regression Trees models). For the resident species Pelates quadrilineatus,
distance to reef had a positive effect on abundance, while it had a negative effect on abundance
on the nursery species Lethrinus variegatus. Distance to land had a negative effect on several
species, both in the nursery and resident species category. Canopy height was only of main
importance for the nursery species Scarus ghobban. Thus, although seagrass systems may seem
homogenous, fish distributions differed throughout the seascape because of species-specific
relationships with mainly seascape variables.
Protection from fishing only had an effect on one of the studied taxa (P. quadrilineatus).
Due to the strong influence of seascape variables on fish abundance, effects of protection may
have been overshadowed by the effect of geographical location. Since effect of geographic
location was taxa-specific, lack of protection effects could be linked to spatial distribution
patterns of the different species (Fig 5, Paper III).
The fish assemblage on the reefs included a number of species that utilise seagrass and
mangroves as nursery habitats (Paper IV). Most species that were recorded in the seagrass as
juveniles (Paper III), were observed on the reefs as adults (Paper IV), indicating ontogenetic
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migrations between these habitats. There were strong effects on fish community structure by
the arrangement of both seagrass meadows and mangroves (GLMs, Paper IV). On reefs with
increased distance from nursery habitats, proportion of non-nursery species was higher
compared to on reefs in the vicinity of these habitats. Abundance and biomass followed the
same pattern, except for biomass of the mangrove-associated nursery species. For both lutjanids
and haemulids, abundance decreased by about 50% at distances greater than 20km from
mangroves (Fig 4, Paper IV). Configuration of the habitat mosaic within the seascape also had
effects on fish distribution patterns throughout the archipelago; for the reefs that were separated
from other reefs or habitats by areas of sand (>3km), isolation was more important than
distance. For some species, ecological function differed between the nursery species and nonnursery species, indicating that seascape arrangement also influences ecosystem functioning.
This was especially evident for the parrotfish (Labridae: Scarinae), where reefs closer to
nurseries were dominated by scrapers mainly from the genus Scarus. More distant or isolated
reefs instead held higher proportions and abundances of Chlorurus spp. and Scarus
rubroviolaceus, taxa that function as important bioeroders on reefs (Ong & Holland 2010,
Bonaldo et al. 2014).

General discussion
This thesis studied several aspects and implications of presence and arrangement of reef fish
nurseries within the coastal seascape. Two different provinces were included in the thesis; the
south western Atlantic (SWA) and the Western Indian Ocean (WIO). These two provinces are
fundamentally different in coastal morphology and seascape arrangement, which was also
reflected in the nursery habitat use by juvenile reef fishes. The reef fish assemblages are also
very different between provinces, with almost no species in common and species richness being
a lot higher in the WIO compared to the SWA (2047 and 356 species respectively) (Kulbicki et
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al. 2013). Additionally, the SWA reef fish assemblage include many wide-ranging generalist
species that may be less habitat-specific compared to the WIO fish assemblage. Few reef fish
species in the SWA utilise mangroves and seagrass meadows as nurseries compared to the WIO,
although presence of mangroves have been shown to increase abundance of two species of
lutjanids on nearby reefs in the SWA (Moura et al. 2011, Aschenbrenner et al. 2016). Including
broad-scale variables such as distances to adjacent habitats may therefore not be as useful in
the SWA as in the WIO when studying fish assemblages on reefs.
Shallow, vegetated habitats have been highlighted globally as important nurseries for
fish (Parrish 1989, Adams et al. 2006, Sheaves et al. 2014, Sundblad et al. 2014). This was also
true for the fish assemblages in this thesis. Tendencies to higher abundances in shallow bays
with canopy-forming Sargassum was recorded for the rocky reef juvenile fish assemblage in
subtropical SWA (Paper I). Likewise, this pattern was also visible in the WIO, where seagrass
meadows close to shore held higher abundances of most juvenile fishes (Paper III).
The lack of strong spatial or temporal distribution patterns on the SWA rocky reefs may
indicate that reef fish on marginal rocky reefs are more generalists regarding habitat choice
compared to fish assemblages on tropical biogenic reef systems (Paper I, Paper II, Paper III).
This may be due to several reasons. The shallow bays and rocky reefs in Arraial do Cabo may
provide sufficient shelter from predators due to the high structural complexity of the reef itself,
and lessen the importance of canopy-forming algae. The importance of Sargassum cover for
juvenile fish abundance on the tropical Bahían reefs (Paper II) is probably more linked to the
seascape and reef configuration and structure. The reefs are biogenic patch reefs located a few
km from the coast, with Sargassum growing on the shallow parts on top of the reefs. The hard
structural complexity of the reef itself is low in the Sargassum beds, and in high tide, predatory
fish are present (pers. obs. L. Eggertsen). Sargassum may therefore be essential as shelter from
predators for juvenile fish. Likewise, at the subtropical Arraial do Cabo Sargassum bank,
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located on a flat sandstone patch in a sandy area, presence of Sargassum was also of high
importance for the fish assemblage. Importance of Sargassum cover may therefore be relative,
and dependent on the underlying hard structural complexity and predator abundance. Changes
in Sargassum cover and height due to climatic events or anthropogenic stressors may therefore
have more severe effects on the juvenile fish assemblage in these locations compared to in areas
with high hard structural complexity.
Contrary to other tropical locations such as the Caribbean and Australia, few species in
the SWA seem to be dependent on seagrass as a nursery habitat. Seagrass meadows contained
few juvenile fish in the Bahían seascape (Paper II), which can be compared to the fish
assemblage in the WIO seagrass meadows where the majority of fish were juvenile reef fish
(Paper III). There are however two fundamental differences in habitat characteristics between
these two provinces; structural complexity and spatial extent of habitat. The seagrass species
Halodule wrightii that occur in the SWA is a lot smaller compared to the WIO seagrass species
(10-15cm canopy height), where for example T. ciliatum can reach heights of more than 50cm
(Gullström et al. 2002a). The yellowtail snapper, Ocyurus chrysurus, that is recognized as a
seagrass nursery species in the Caribbean, occur in Caribbean T. testudinum meadows, but not
in low structural H. wrightii meadows (Stoner 1983). Likewise, in the SWA, this species seems
to be absent from these low structural H. wrightii meadows (Pereira et al. 2010, Paper II),
indicating that different species of seagrass provide different ecological functions.
Spatial extent and habitat availability may be a crucial factor for juvenile fish. Area of
seagrass in the SWA is usually small with larger areas restricted to a few locations, such as
Bahía de Todos os Santos (Copertino et al. 2016). Since production of fish per unit area of
seagrass is rather low (Dahlgren et al. 2006), area of seagrass is important for juvenile fish
abundance (Huijbers et al. 2013). Therefore, the SWA may not harbour seagrass systems large
enough for fish to have developed nursery dependence on this habitat. Furthermore, factors
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influencing nursery habitat choice was species specific, and distribution could be linked to life
history or functional traits of fish (Verweij et al. 2006, Henderson et al. 2017, Paper I, II and
III).

Influence of seascape arrangement on fish distribution patterns
Applying a seascape ecology approach gives valuable information and insights for
understanding distribution patterns of fish in seagrass and reef systems in the WIO, while due
to the low number of species that seem to use non-reef habitats, within-habitat variables seemed
more important on the SWA reefs. For several species in the WIO, variables on the seascape
scale were more important than habitat patch variables (Paper III, IV). Responses were in many
cases linked to the life history of species where distance to adult or nursery habitats were
important. Due to species-specific responses, it is considered difficult to generalize results on
fish distribution patterns in seagrass seascapes (Boström et al. 2011). However, categorizing
species according to nursery habitat use allowed for some generalizations, and seems to be a
useful approach (Paper III). This could also be applied on the fish assemblages on reefs, where
nursery habitat use had large effects on fish distributions and fish community structure (Paper
IV). We therefore suggest that nursery habitat use should be included as a functional trait
described for individual species when seeking to understand fish distribution patterns between
seascape habitats.
Fish assemblage composition on reefs has been found to be influenced by the proximity
to nursery habitats (Harborne et al. 2016, Nagelkerken et al. 2017). This was also found in the
Bazaruto Archipelago where low numbers of nursery species where observed on reefs far from
nursery habitats. Not only distances, but also presence of features that can act as barriers are
important for fish movement (Lowe et al. 2003). Large stretches of sand (>3km) seemed to
impede fish movements between nursery and adult habitats (Paper IV) and a combination of
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these variables should therefore be considered to effectively manage important fishes
distributed in multi-habitat seascapes.
Seascape arrangement can also have effects on the outcomes of MPAs (Huntington et
al. 2010). The weak effect of protection in the seagrass MPAs in Bazaruto may be due to several
reasons, but among them also geographical placement (Paper III). The one species that showed
a positive response to protection (Pelates quadrilineatus), occurred in higher abundancies
closer to mangroves, where the protected areas were located. Not accounting for seascape
variation when designing and analysing MPAs and their effectiveness may therefore impede
correct management of coastal seascapes (Huntington et al. 2010, Paper III).

Effects of nursery habitat arrangement on ecosystem functioning
It is recognized that connectivity with other habitats increases fish species diversity on reefs
(Olds, Pitt, Connolly, et al. 2012, Olds et al. 2016). If nursery habitats provide recruits that
perform essential ecological functions on reefs, such as herbivorous parrotfish, reef functioning
is also influenced by seascape arrangement (Mumby et al. 2006, Harborne et al. 2016). Effects
on reef functioning by the presence of nurseries should therefore depend on functional groups
present in the nursery assemblage. Comparing trophic groups present in mangroves and
seagrass meadows between the SWA and the WIO, an important difference is that no herbivores
are recorded in SWA seagrass while WIO seagrass systems contain several species from this
group (Fig 9).
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Figure 9. Proportion trophic groups in the juvenile fish assemblage in mangroves and seagrass
meadows in the SWA and WIO. H = Herbivores, I = Invertivores, I/PI = Invertivores/Piscivores, O =
Omnivores and P = Piscivores. Adapted from Eggertsen et al. (2018). Image courtesy of the Integration
and Application Network, University of Maryland

In the Bazaruto case, seagrass systems contributed with parrotfish mainly from the
scraper category (Scarus ghobban), lutjanids of medium sizes and with shallow distributions as
adults, and haemulids of large adult sizes (Paper III, IV) while mangroves also harboured
juveniles of large-sized lutjanids (Lutjanus argentimaculatus) and haemulids (Plectorhinchus
plagiodesmus)(unpubl. data, Eggertsen et al.). In contrast, excavating parrotfish and lutjanids
of larger maximum sizes and with a larger depth range were in general more common on deeper
reefs far from nurseries. Since feeding by parrotfish has been highlighted as an important
function for reef health through mediating algae - coral interactions on reefs (Ledlie et al. 2007,
Burkepile & Hay 2008, Adam et al. 2011) the closeness of nursery habitats will likely affect
the composition of scrapers and excavators on reefs with consequences on ecosystem
functioning.
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In Bazaruto, reefs closer to mangroves had lower coral cover compared to reefs further
away, which probably is a result of environmental conditions (i.e. more turbid waters) (Everett
et al. 2008). Scraping parrotfish may be well suited to conditions on these reefs, indicating that
the parrotfish assemblage is also structured by bottom-up mechanisms such as benthic cover in
addition to presence of nurseries (Russ et al. 2015). Use of non-reef habitats as nurseries may
be more convenient for species that thrive on reef characterized by conditions such as low coral
cover and higher sedimentation rates, decreasing the need to migrate to reefs located in clearer
waters further offshore. This suggests that both the presence of nurseries as well as local
environmental conditions contribute to shape parrotfish communities on Bazaruto reefs.

Implications for management

Since availability of nursery habitats is important for the adult fish population, it is imperative
that the nursery function of these areas can be maintained intact. This is of concern especially
on the rocky reef system in the SWA where nursery habitats overlapped with tourism (Paper I).
Trampling, swimmers and snorkelers, thrash and sewage input are some of the disturbances
that the areas containing highest abundances of juvenile fish suffer from. Restricting the number
of swimmers and more careful handling of thrash could be useful approaches to diminish
pressure in these areas. Additionally, the recognition of Sargassum as important nursery
habitats on biogenic patch reefs in the SWA (Paper II) is important to avoid anchoring and
trampling, that can cause substantial damage to this habitat (Azevedo et al. 2011). Canopyforming seaweeds were only recently highlighted as important fish habitats in the tropics
(Evans et al. 2013, Tano et al. 2017), urging the need to acknowledge these highly structurally
complex habitats in management plans.
In the WIO region, geographical placement of MPAs is important since seascape
variables have been found to influence fish distributions in coastal seascapes, (Paper III, IV,
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Berkström et al. 2013). This concerns both seagrass and reef habitats. Since distributions were
species-specific, management may have to use a focal species approach when designing
reserves, or create networks of MPAs incorporating areas with different characteristics that suit
a range of species. Results also indicated that resident fish species that are subjected to fishing
pressure during all life stages may suffer more from fishing compared to species that only reside
in seagrass during the juvenile life stage (Paper III). If MPAs are to be used as a conservation
strategy, these could be located in places with environmental conditions more optimal for these
species.
Grouping species according to nursery habitat usage can facilitate to determine more
general threshold values in migration distances from nursery habitats (Paper IV), and lessen the
need to study these patterns on species level which usually requires a large sampling effort.
Furthermore, it is important to consider not only distances to nursery habitats, but also the
configuration of the seascape and especially deep or barren areas that can act as barriers for fish
(Paper IV) as well as regional differences in tidal amplitudes (Igulu et al. 2014).

Future perspectives
This thesis identified nursery habitats for juvenile reef fish on rocky and biogenic reefs in the
SWA. To identify nursery habitats on a broader scale, it would be important to test if the
observed patterns are valid to similar reef systems in other locations in the SWA. The
importance of Sargassum as a nursery habitat was confirmed for several species of fish on
biogenic tropical patch reefs in the SWA, including the key stone species Scarus trispinosus
(Paper II). Other habitats, such as the branching hydrocoral Millepora alcicornis may function
as shelter for juvenile fish when Sargassum is not present (Oliveira et al. 2016). It would be
valuable to evaluate the importance of M. alcicornis as an alternative or additional nursery
habitat on these reef systems. For several species of fish in the SWA, including species of high
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commercial value, nursery habitat use is unknown. Despite the importance of the yellowtail
snapper Ocyururs chrysurus for fisheries in the SWA (Costa et al. 2003), and the dependence
on seagrass as a nursery habitat for this species in the Caribbean, no information is available on
the juvenile distribution patterns within seascapes of the SWA. Identifying nursery habitat use
of this species could also generate important insights in factors influencing nursery habitat
choice, since it does not seem to utilise seagrass meadows in the SWA. Further studies on SWA
seagrass fish assemblages would clarify the ecological function provided by this habitat. Few
fish were encountered in this habitat (Paper II), but this may be different in other locations, e.g.
where seagrass grows in shallow bays or estuaries (Pereira et al. 2010).
For the large seagrass and reef system in the WIO, distribution patterns detected for fish
in this thesis (Paper III, IV) should be evaluated and tested in other locations, to verify the
applicability of the results. This is because threshold distances might change due to seascape
configuration or tidal range. The seagrass meadows in the Bazaruto Archipelago are large and
homogenous, and the majority of reefs are located far from them (>3km). In Zanzibar, threshold
distances for ontogenetic habitat shifts of lutjanids were found at distances of less than 1km
(Berkström et al. 2013), while effects of nursery presence on the abundance of nursery species
in Bazaruto was found at distances of 10km (Paper IV) suggesting different threshold values in
different settings. The tidal channels may facilitate migrations in the Bazaruto Archipelago, but
fish may also modify migration distances depending on seascape configuration. It is possible
that a more connected and fragmented seascape with coral reefs in close proximity to seagrass
would allow for a higher number of species to utilise this habitat as a nursery. Studies how
seascape heterogeneity influences fish distributions and habitat use would be needed to clarify
this.
Studies on the effects of nursery habitat arrangement on reef system functioning are
lacking (but see Harborne et al. 2016, Martin et al. 2018). Since fish community on reefs were
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structured by the arrangement of nursery habitats (Paper IV), it is likely that this influences
functions on reefs and hence isolated reefs may be more vulnerable to fishing compared to
connected reefs. However, this would depend on the species composition on reefs and what
kind of ecological function the nursery fish species would provide compared to non-nursery
species. Caribbean mangroves can enhance herbivory on nearby reefs through export of
nominally herbivorous parrotfish (Harborne et al. 2016), but since WIO mangroves does not
seem to harbour herbivorous nursery species (Fig 8, Eggertsen 2018), WIO mangroves most
likely do not have this effect on reef functioning. Studying effects on reef functioning due to
export of recruits from nurseries would therefore be important to understand dynamics in
connected seascapes also in the WIO. Characterizing the fish assemblage on reefs along
gradients of connectivity and incorporating fish functional traits may help to understand the
vulnerability and resilience of reefs. This would also be important for the design of MPAs.
Experimental MPAs with BACI approach (Before After Control Impact) could be used to
further test the hypothesis that MPA effects are species-specific and dependent on geographic
placement of the reserve.

Conclusions
Nursery habitat use of reef fish is an important mechanism in the coastal seascape. Nursery
habitat use can change with seascape configuration, depending on the needs underpinning
nursery habitat choice. Species-specific traits influence nursery habitat choice. Additionally,
local conditions such as structural complexity of the habitat and depth may modify juvenile fish
distribution patterns. An important conclusion from this thesis is that not all seagrass meadows
are equally productive as nursery habitats. In the SWA few fish seem to utilise seagrass systems
as nurseries, which may be explained by their low structural complexity and limited spatial
extent. This highlights the need to carefully evaluate the importance of seagrass meadows as
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nurseries and focus conservation efforts to preserve or restore more productive ones. Very
fragmented and sparse seagrass meadows may lose their values as nurseries for most species of
juvenile fish. In the SWA, canopy-forming seaweeds such as Sargassum were instead more
important as nurseries compared to seagrass meadows. This is important to highlight, since in
many cases, larger seaweeds are seen as harmful to reef ecosystems. They are, however, a
natural part of the reef ecosystem, and also sensitive to anthropogenic stressors. Actions should
therefore be taken to preserve and monitor these habitats.
In the WIO, geographical location of seagrass meadows had strong effects on juvenile fish
abundance. The approach in Paper III can be used as a framework to study spatial fish
distributions in seagrass systems. Distributions of resident and nursery fish species did overlap
in the different seagrass meadows, but abundances were in most cases influenced in opposite
directions by the environmental predictor in question. This further highlights the need to
recognize that not all seagrass meadows are equally important and productive as fish habitats
for all species. This is essential to acknowledge when placing and designing MPAs. Especially
location of seagrass meadows in relation to land had strong positive effects on abundance of
most fish species, and this variable should therefore be included when studying these patterns.
Further, availability and arrangement of non-reef nursery habitats in the WIO structured the
fish assemblages on reefs and consequently influenced ecological functions in this habitat.
Isolated reefs had lower abundances of nursery species, for both mangrove- and seagrass
dependent species, and higher abundances of non-nursery species. Functional traits did however
differ between nursery and non-nursery species. A well-connected reef may therefore not
always be more resilient to disturbances compared to an isolated reef. This may be dependent
on what function that is provided by the nursery species. Nursery habitat use in combination
with arrangement of mangroves, seagrass meadows and seascape features such as open
stretches of sand that act as barriers can therefore structure both fish community structure and
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ecological functions on reef habitats. This highlights the importance of considering ontogenetic
connectivity when seeking to understand fish distribution patterns and ecosystem function, as
well as facilitating the management of heterogenous tropical reef seascapes.
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