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General introduction
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Introduction
Coral reefs belong to the most diverse and productive ecosystems of the
world (Lieth & Whittaker 1975). Hundreds of fish species are associated with
coral reefs of which many species have an important commercial value, i.e.
for fisheries, aquarium trade or underwater tourism (listed in Froese & Pauly
2005). A large part of the species of a coral reef fish community spend their
entire benthic life on the coral reef itself, and many of these species are
ecological specialists that are closely associated with corals, sponges, rubble,
algae, coral sand, or other reef substrata (Sale 2002). However, other species
of coral reef fish communities do not only use the coral reef during their life
cycle. These species often show ecological connections with other shallow
marine habitats located adjacent to or at close distance from the coral reef,
such as seagrass beds and mangroves, to where they show short term
migrations or where they spend a part of their life cycle. Since these habitats
are spatially separated from the coral reef, many reef fish species migrate
between the coral reef and these other habitats and/or vice versa. These
migrations can occur periodically (such as tidal migrations and diurnal
feeding migrations) or once in a lifetime of a fish (such as ontogenetic
migrations). Consequently, besides the coral reef itself, these other shallow
water habitats (such as seagrass beds and mangroves) most likely also
contribute to coral reef fish communities (Jackson et al. 2001; Manson et al.
2005). In a heterogeneous shallow tropical marine landscape, each reef fish
community that can be distinguished in a shallow water habitat type is
therefore likely to be part of an ecological network connected with other fish
communities in habitats present in this marine landscape.
Since tropical shallow water habitats such as coral reefs, seagrass beds
and mangroves are declining world wide (Shepherd et al. 1989; Spalding
1998; Pockley, 2000), detailed knowledge on the mechanisms and geographic
levels of connectivity between reef fish communities of these spatially
separated habitats is essential for an efficient conservation of coral reef fish
communities, development of sustainable fisheries, and the design of marine
protected areas. Although many studies have described coral reef fish
assemblages within a single habitat type, only a few studies focused on more
than one habitat type (Thayer et al. 1987; Acosta 1997; Nagelkerken et al.
2000a; Chitaro et al. 2005). These studies demonstrated multiple habitat use
by several coral reef fish species, indicating connectivity between fish
assemblages of different habitats. Fish assemblages of these different
habitats are therefore likely to be spatially connected with each other by
means of different ecological functions or combinations of functions of the
habitats, such as nursery, shelter or feeding function. However, the
importance and the geographical extent of this habitat connectivity between
the coral reef and other available shallow water habitat types (in particular
seagrass beds and mangroves) remain unclear.
One of the major goals of the present thesis was therefore to quantify and
test the concept of habitat connectivity with respect to the structure of fish
assemblages of different habitat types that characterize a shallow tropical
marine landscape. In the present thesis, connectivity between fish
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assemblages of different habitat types is defined as the extent of the
exchange of individuals between these habitat types (Taylor et al. 1993).
Nursery hypothesis and habitat connectivity
An important hypothesis that is thought to be an important structuring
factor with respect to habitat connectivity between coral reef fish
communities is the nursery hypothesis (Parrish 1989; Beck et al. 2001). The
nursery hypothesis implicates that various coral reef fish species that are
strongly associated with the coral reef during their adult life phase,
predominantly use shallow water habitats located away from the reef such as
seagrass beds and mangroves, during their juvenile life phase. After a pelagic
larval phase (see below), these species settle in seagrass beds and mangroves
where they spend their entire juvenile life phase (Fig. 1). Compared with the
coral reef, seagrass beds and mangroves are attractive juvenile habitats
because of high food availability, high structural complexity and reduced
underwater visibility (Blaber & Blaber 1980; Shulman 1985; Laegdsgaard &
Johnson 2001; Cocheret de la Morinière et al. 2005; Verweij et al. 2006).
These habitat characteristics result in high growth rates and reduced
predation, making these non-reef habitats suitable nurseries for juvenile
coral reef fishes (Dahlgren & Eggleston 2000).

Fig. 1. Ontogenetic migrations of coral reef fishes illustrating the nursery
hypothesis. Adult fish live on the coral reef where reproduction takes place
(1). During their larval life phase, fish can be transported over large
distances by ocean currents (2), see also Fig. 2. After this pelagic larval life
phase, fish settle in seagrass beds and/or mangroves where they spend their
juvenile life phase (3). During their juvenile life phase, fish may interchange
habitats and migrate between mangroves and seagrass beds or vice versa
(4a). Finally, when reaching maturity, subadult fish migrate back to the coral
reef (4b).
When reaching maturity, these fishes become too large to benefit from the
advantages of these nursery habitats (i.e., habitats characterized by high
densities of juvenile coral reef fishes), and they are assumed to migrate to
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their adult habitat (the coral reef), by means of ontogenetic migration (Fig. 1).
Although the nursery hypothesis has never been directly proven by following
tagged individuals during migration, various studies in both the Caribbean
and Indo-Pacific region have shown that for various coral reef fish species
seagrass beds and mangroves harboured the highest densities of small sized
fishes (i.e., juveniles) while in contrast the coral reef harboured the large
sized fishes (i.e., adults) (see reviews by Parrish 1989; Robertson & Blaber
1992; Beck et al. 2001). Based on these studies it is now generally assumed
that seagrass beds and mangroves are important juvenile habitats for coral
reef fishes.
The debate on the contribution of juvenile habitats
According to Beck et al. (2001) and Heck et al. (2003), a juvenile habitat only
functions as a true nursery habitat if its contribution to the total standing
stock of fish per unit is higher than the contribution of all other habitats.
Although juvenile densities of some coral reef fish species are very high in
seagrass beds and mangroves, juveniles of these species have also been
observed in other habitat types, including the coral reef (e.g. Shulman &
Ogden 1987; Cocheret de la Morinière et al. 2002; Nagelkerken et al. 2002).
This indicates that various coral reef fish species show a more general
pattern of habitat use, and are also able to use other habitat types than
seagrass beds and mangroves as a juvenile habitat. Therefore, it is still
debated whether seagrass beds and mangroves really contribute to the fish
assemblage of the coral reef. There are hardly any studies available that
compared the occurrence of adults and juveniles in all available shallow
water habitat types including the coral reef using a single methodology. It is
therefore very difficult to assess the effect of the presence of seagrass beds
and mangroves on the occurrence and densities of fishes on the coral reef
with respect to other habitat types. If seagrass beds and mangroves really
function as nursery habitats, it is expected that coral reefs that are located
in front of these habitats harbour higher densities of species that use these
habitats as a juvenile than coral reefs that are located far away from
seagrass beds and mangroves. However this hypothesis has never been
clearly tested in the field.
The importance of both seagrass beds and mangroves as a juvenile
habitat for coral reef fishes has been shown on various locations in the
Caribbean region (Nagelkerken et al. 2000a; Cocheret de la Morinière et al.
2002; Nagelkerken et al. 2002; Mumby et al. 2004; Halpern 2004). However,
for the Indo-Pacific region this is less clear (Quinn & Kojis 1987; Robertson
& Duke 1987; Thollot & Kulbicki 1988; Kimani et al. 1996; Laroche et al.
1997; Huxham et al. 2004). Especially regarding mangroves, results of
various studies are contradictory and the value of this habitat for juvenile
reef fishes remains unclear. Therefore, there is no general consensus
regarding the use of tropical seagrass beds and mangroves by juvenile coral
reef fishes.
Habitat configuration
As hypothesized above, the presence of seagrass beds and mangroves most
likely will influence the structure of the fish assemblage on the coral reef by
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means of supplying new (sub)adult fish to adjacent coral reefs. However,
except the presence/absence of seagrass – mangrove habitats, the
configuration of these habitats in the marine landscape with respect to the
coral reef may also influence the actual connectivity of these habitats with
the coral reef and vice versa (Garcia-Charton & Perez-Ruzafa 1999; GroberDunsmore et al. 2004; Chitaro et al. 2005). This landscape heterogeneity and
habitat arrangement are known as important variables influencing species
communities in terrestrial ecology (McGarigal & McComb 1995; van
Langevelde 2000) and epifaunal diversity in marine ecology (Roberts & Poore
2006), but has never been clearly related to coral reef fish assemblages.
In marine landscapes distributed throughout the tropics, shallow water
habitats can be arranged in different ways. Seagrass beds and mangroves
are often located directly adjacent to the coral reef but they can also be
located farther away from the coral reef, for example in a marine embayment
or sheltered lagoon. These different configurations of seagrass beds and
mangroves towards the coral reef may influence the structure of the juvenile
fish assemblage present in these habitats. This may subsequently also
influence the contribution of these habitats as a nursery to the coral reef.
Habitat configuration should therefore be taken into account when assessing
the value and contribution of back-reef habitats such as seagrass beds and
mangroves to the fish assemblage of the coral reef, and vice versa. Although
a number of studies recognized the possible effect of habitat configuration on
habitat connectivity between fish communities on the scale of an entire
landscape (Garcia-Charton & Perez-Ruzafa 1999; Grober-Dunsmore et al.
2004; Chitaro et al. 2005), this theory has never been tested in the field.
Such data is very desirable for the understanding how fish assemblages are
ecologically connected on the scale of an entire marine landscape, and has
also practical consequences for design and assessment of marine protected
areas.
Population connectivity on large geographic scales
The above concept of connectivity between fish assemblages of different
shallow water habitat types takes place on a relatively small geographic scale
(i.e., varying between metres and kilometres). However, populations of coral
reef fish species can also be connected with each other on larger geographic
scales (i.e., on a scale of hundreds of kilometres). Most coral reef fish species
possess pelagic larvae that can be transported away from their natal reef by
means of ocean currents (Fig. 1, Fig. 2). These ocean currents result in
dispersal of larvae over a wide area, which can take place over both small
and large geographic distances (Roberts 1997). In this way, spatially
separated populations of reef fishes can be connected with each other over
hundreds of kilometres, giving rise to a network of ‘open populations’ (Fig.
2b). A seagrass – mangrove – reef landscape that maintains a local stock of
reef fishes may therefore replenish another landscape that is located at a
large distance with new recruits.
However, it has also been described that coral reef fish larvae have real
swimming capabilities and can actively migrate according to environmental
variables (Wolanski et al. 1997; Leis 2002; Kingsford et al. 2002; Simpson et
al. 2004). Fish larvae may therefore be able to influence their passive
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dispersion by ocean currents and may remain close to their natal
populations giving rise to ‘closed populations’ (Fig. 2a). Some studies, using
various molecular techniques, showed high population connectivity of reef
fish species (Geertjes et al. 2004; Rivera et al. 2004), while others showed
low population connectivity (Jones et al. 1999; Swearer et al. 1999).
Consequently, there are two opposite hypotheses (e.g., open or closed
populations) and there is no consensus to what extent pelagic larval
dispersion connects spatially separated populations of coral reef fishes.

Fig. 2. Schematic presentation of the closed and open population
hypotheses. a) Fish larvae may actively influence their dispersal by ocean
currents (i.e., they may possess swimming capacities), and therefore are able
to remain near their natal reefs. Consequently, there is no gene flow between
the meta-populations in region A and region B, resulting in two closed
populations. b) Fish larvae may passively be transported by ocean currents
(which may vary in flow direction and speed between seasons and years),
and therefore are able to bridge large distances causing a high gene flow
between the meta-populations in region A and region B, resulting in open
populations.
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Outline of the thesis
The present thesis deals with the concepts that are outlined above. Previous
studies conducted by the present research group showed the importance of
seagrass beds and mangroves as a nursery for coral reef fishes on the
Caribbean islands of Curaçao and Bonaire (Nagelkerken et al. 2000a;
Nagelkerken et al. 2000b; Nagelkerken et al. 2001; Cocheret de la Morinière
et al. 2002). The study presented in Chapter 2 deals further with the results
presented in the latter studies and investigated the contribution of the
presence of seagrass – mangrove nurseries to the fish population on the
coral reef on the level of the entire leeward coast of the island of Curaçao. It
was tested whether juveniles and adults of nursery species (i.e., coral reef
fish species for which juveniles have been observed in high densities in
seagrass beds and/or mangroves based on the studies listed above) occurred
in higher densities on coral reefs in front of bays with seagrass beds and
mangroves than on reefs located at further distances from these bays. It was
expected that adult densities were reduced or absent on/from coral reefs
located far away from these bays with seagrass beds and mangroves.
Furthermore, the study tested the hypothesis that nursery species may also
be able to utilize the coral reef as an alternative juvenile habitat.
In contrast to the Caribbean region, the nursery function of seagrass beds
and mangroves for coral reef fishes and their contribution to the fish
population on the coral reef is hardly known for the Indo-Pacific region. A
comparable design to that used in the study in Chapter 2 was used to test
this function in the western Indian Ocean (East Africa), presented in the
study in Chapter 3. Since there are no published studies that describe the
use of seagrass beds and mangroves by juvenile coral reef fishes from this
region, it was firstly assessed which species of the coral reef fish assemblage
use mangrove – seagrass habitats as juvenile or adult habitats. Secondly, the
use of mangrove – seagrass habitats by juveniles of these species was
compared with the use of other available shallow water habitats by these
juveniles (such as the coral reef). Thirdly, likewise the study presented in
Chapter 2, it was tested whether the presence of seagrass beds and
mangroves influenced the distribution and densities of coral reef fishes on
coral reefs adjacent to seagrass – mangrove habitats and on coral reefs
located far away from these habitats.
The previous two chapters focused on entire coral reef fish assemblages
that use seagrass and/or mangroves as a juvenile habitat. In Chapter 4,
dependence on seagrass beds and mangroves as juvenile habitats was
investigated in more detail for two of the largest coral reef fish species of the
world. One of these species occurs in the Caribbean region (Scarus
guacamaia), while the other species occurs in the Indo-Pacific region
(Cheilinus undulatus). Both species are considered as endangered fishes and
information on connectivity between adult and juvenile habitats is highly
relevant for conservation of both species. For Scarus guacamaia high
dependence on mangroves was earlier suggested (Nagelkerken et al. 2000a;
Mumby et al. 2004), but these studies were based on relatively low numbers
of observations. For Cheilinus undulatus the importance of seagrass beds or
mangroves as a juvenile habitat has never been clearly investigated (Sadovy
et al. 2003).
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The studies in the Chapters 2 – 4 investigated habitat connectivity
between fish assemblages of seagrass beds – mangroves and coral reefs on a
macro scale, viz. on the level of entire islands (habitats were arranged in a
distance gradient of kilometres). However, connectivity between two habitats
may also play an important role in structuring fish assemblages on a micro
scale, viz. where two habitats border each other (habitats arranged in a
distance gradient of metres). Habitat connectivity on this scale was tested in
the following two chapters. The study in Chapter 5 dealt with the
connectivity between fish assemblages of coral reefs and directly adjacent
seagrass beds. It was hypothesized that the composition of the reef fish
assemblage on a seagrass bed shows a relation with the distance to an
adjacent coral reef. Species that are predominantly reef-associated were
expected to dominate the fish assemblage on the coral reef and possibly also
the seagrass – reef edge, whereas seagrass-associated species were expected
to dominate the fish assemblage on the entire seagrass bed, including the
seagrass – reef edge. On a 60 m coral reef – seagrass gradient, it was
investigated a) whether fishes from the coral reef use adjacent seagrass beds
as a habitat, b) whether densities of fish species on the seagrass bed change
with increasing distance from the reef and c) how densities of different fish
species are related to each other along this gradient.
Most of the published studies that focused on migration of juvenile coral
reef fishes between two adjacent habitats are deductive studies and were
based on differences in fish densities and sizes between the habitats.
However, there are hardly any published studies that proved the use of
different habitats by individually tagged fish. In Chapter 6 actual migration
of tagged juveniles of two coral reef fish species, Lutjanus fulviflamma and L.
ehrenbergii, between two juvenile habitat types that lay adjacent to each
other were investigated. It was questioned a) whether tagged fishes really
migrate between the two habitats, and b) whether these fishes migrate
randomly or show a certain degree of site fidelity.
In the studies reported in the Chapters 2 – 6, habitat connectivity was
investigated either on macro or micro scales. However, as stated above, also
configuration of habitats in the marine landscape may influence habitat
connectivity. In Chapter 7 it is hypothesized that the configuration of
nursery habitats such as seagrass beds and mangroves with respect to the
accessibility to the coral reef influences their function as a juvenile habitat
for the coral reef fish assemblage. Since there are no studies that tested this
hypothesis on the level of an entire coastal landscape, the influence of
habitat accessibility and structural complexity on the importance of various
back-reef habitats such as seagrass beds and mangroves as a juvenile
habitat for coral reef fishes was investigated for the entire island of Aruba
(southern Caribbean). Subsequently, this habitat configuration was related
to habitat connectivity by studying whether coral reefs adjacent to nursery
habitats harboured higher densities of fish species that use these nursery
habitats than coral reefs situated farther away from these habitats.
The influence of habitat configuration using a landscape ecological
approach was further investigated in the western Indian Ocean in Chapter 8.
As for the Caribbean, there are no published studies from this region that
focussed on the effect of habitat configuration on fish assemblages. In
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Chapter 8, it was questioned for East African seagrass beds whether the
density of juvenile reef fish was influenced by the configuration of
surrounding habitats (mangroves, coral reefs) in the marine landscape.
The extent of population connectivity between spatially separated
populations of a coral reef fish on the level of an entire geographic area was
investigated in the study reported in Chapter 9. Here, the open and closed
population hypotheses were tested in a nearly thousand kilometres gradient
in the western Indian Ocean. Genetic connectivity was determined by means
of AFLP fingerprinting between eight populations of Lutjanus fulviflamma in
East Africa (Kenya and Tanzania) and the Comoros archipelago to answer
the question at which scale populations of this species are open or closed.
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Abstract
Visual census surveys were used to study the distribution of coral reef fishes
that are associated with seagrass beds and mangroves in their juvenile
phase, on various coral reef sites along the coast of the Caribbean island of
Curaçao (Netherlands Antilles). The hypothesis tested was that various reef
fish species occur in higher densities on coral reefs adjacent to nursery
habitats than on reefs located at some distance to these habitats. Of 17 coral
reef fish species that are known to use bays with seagrass beds and
mangroves as nurseries (nursery species), 15 were observed in quadrats on
the reef. Four nursery species, Haemulon sciurus, Lutjanus apodus, Ocyurus
chrysurus and Scarus coeruleus occurred in significantly higher densities on
coral reefs adjacent to bays with seagrass beds and mangroves. Lutjanus
analis, Lutjanus mahogoni and Sphyraena barracuda also had their highest
densities on reefs adjacent to these bays, although differences between the
distinguished reef categories were not always significant. It is suggested that
these seven species are highly dependent on the presence of bays with
seagrass beds and mangroves as nurseries on an island scale. Eight other
species that are known to use seagrass beds and mangroves as nurseries did
not have their highest densities on reefs adjacent to bays with seagrass beds
and mangroves. For six of these species, juveniles were also observed on the
reef. It is suggested that these species are able to use the reef as an
alternative nursery and do not depend strictly on the presence of bays with
seagrass beds and mangroves as nurseries.
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Introduction
In various parts of the world, shallow coastal areas containing mangroves
and seagrass beds are considered important nurseries for juvenile fish
(Pollard, 1984; Parrish, 1989; Baelde, 1990; Robertson and Blaber, 1992).
Pelagic fish larvae settle into these habitats, and grow from juveniles to
subadults or adults that leave these habitats by means of post-settlement
migrations (Jones, 1991; Blaber, 2000). In the Caribbean, shallow waters
with mangroves and seagrass beds are characterised by the presence of high
densities of juveniles of several coral reef species that are assumed to
migrate to the coral reef on reaching the (sub)adult stage Austin, 1971; Louis
and Guyard, 1982; Nagelkerken et al., 2000a; Cocheret de la Morinière et al.,
2002; Adams and Ebersole, 2002; Nagelkerken and van der Velde, 2002). On
the island of Curaçao (Netherlands Antilles), Nagelkerken et al. (2000b)
showed that an inland marine bay with seagrass beds and mangroves served
as a nursery habitat for at least 17 coral reef species (indicated below as
nursery species). It has been shown on various islands that a reduced
density of several of these nursery species on the coral reef is related to the
absence of seagrass beds and mangroves (Nagelkerken et al., 2002). This
suggests that these nursery species depend on the presence of seagrass beds
and mangroves as a nursery habitat. If this is the case, coral reefs adjacent
to mangrove and seagrass nursery areas might be expected to harbour
higher densities of adults of these nursery species than reefs located at
greater distance to these nursery areas, assuming that adult migration along
the coast between reefs is limited.
The island of Curaçao provides an opportunity to test this hypothesis
along the coast of a single island. The occurrence of both seagrass beds and
mangroves is restricted to several shallow inland marine bays situated at the
southwestern part of the island, allowing a clear distinction to be made
between reefs adjacent to bays with seagrass beds and mangroves, reefs
adjacent to bays without seagrass beds and mangroves, and reefs located at
some distance from bays. In a pilot study, Nagelkerken et al. (2000b) already
observed reduced densities of six nursery species on the reef at an increasing
distance from a single bay with nursery habitats. However, their study
focused on only a few species and a small part of the reef, and did not
consider the possible relation with fish size.
While subadult or adult bay-to-reef migrations are likely to supply coral
reefs adjacent to bays with nursery species, reefs at some distance from
these habitats can be colonised either by fish dispersal on reefs along the
coast or by small populations of juvenile fish larvae that settle and survive
on these reefs. Several studies (Tulevech and Recksiek, 1994; Macpherson,
1998; Zeller, 1998) suggest that it is predominantly the larger individuals
that undertake migrations along the reef over larger distances. Whereas the
population of nursery species on coral reefs adjacent to bays with seagrass
beds and mangroves is represented by older juveniles, subadults and adults
(Nagelkerken et al., 2000b; Cocheret de la Morinière et al., 2002;
Nagelkerken and van der Velde, 2002), it might be expected that the
population of nursery species on coral reefs at great distances to bays with
seagrass beds and mangroves would consist predominantly of adults.
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The present study tested the hypothesis that juveniles and adults of
nursery species occur in higher densities on coral reefs adjacent to nursery
habitats than on reefs located at some distance to these habitats. In
accordance with this, reduced densities of adults and the absence of
juveniles on coral reefs away from these bays, are expected. The degree to
which nursery species might utilise the coral reef as an alternative juvenile
habitat instead of seagrass and mangrove habitats was also investigated.

Materials and methods
Study area
The present study was carried out on the coral reef at the leeward
southwestern coast of the Caribbean island of Curaçao, Netherlands Antilles
(Fig. 1). The coast on this side of the island is characterised by the presence
of a continuous fringing coral reef that consists of a small surf zone and a
reef flat that gradually slopes down to a ‘drop-off’ at 7-12 m (Bak, 1975). At
the drop-off, the reef slopes off steeply and ends in a sandy plain at depths of
80e90 m. The southwestern coast features eight large inland bays (Fig. 1),
which are dominated by mangroves, seagrass beds and a muddy/sandy
seabed (Table 1). Rocky substratum, in the form of boulders and erosional
notches, is present to some degree only in Spanish Water Bay. Notches are
formed at and under the water line through biochemical solution of the fossil
reef terrace along the shoreline (de Buisonjé and Zonneveld, 1960). Fringing
mangroves grow in stands along the sandy shoreline of the bays and consist
of Rhizophora mangle (see Nagelkerken et al., 2000b and Nagelkerken et al.,
2001 for a detailed description of these habitats). Seagrass beds in Spanish
Water Bay and Fuik Bay consist of Thalassia testudinum whereas those in
Piscadera Bay consist of Syringodium filiforme. All bays have a narrow
entrance from the open sea. The water of Zakito Bay is polluted with heavy
metals from a desalination plant and has an elevated temperature and
salinity (Nagelkerken, unpubl. data). The average daily tidal range in
Curaçao is about 30 cm (de Haan and Zaneveld, 1959), and the bays are not
subject to strong tidal currents.
Study design
The distribution of the 17 nursery species (listed in Table 2) was studied at
11 coral reef sites in a gradient along the southwestern coast at varying
distances from two types of bays. The 11 reef sites were subdivided into four
‘reef categories’ (Fig. 1): (1) three coral reef sites adjacent to bays featuring
major seagrass beds and mangrove habitats, indicated below as sg-mg bays
(distance to the bay <1 km); (2) three coral reef sites adjacent to bays
dominated by bare sediment without marine vegetation (distance to the bay
<1 km), but situated at some distance to sg-mg bays, indicated below as
mud/sand bays (distance to nearest sg-mg bay between 3.2 and 25.6 km);
(3) two coral reef sites situated between sg-mg bays (distance to nearest sgmg bay between 3.1 and 3.5 km, and to nearest mud/sand bay between 8.0
and 15.5 km); and (4) three coral reef sites located at greater distance to sgmg bays (distance to nearest sg-mg bay between 11.6 and 38.5 km, and to
nearest mud/sand bay between 4.7 and 13.4 km). The reef at Holiday Beach
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was located close to a bay (St. Anna Bay), but was nevertheless defined as a
reef situated between sg-mg bays (Fig. 1). Due to industrial activities in St.
Anna Bay involving the presence of a large harbour, oil refinery and
shipyards), all natural marine vegetation and muddy/ sandy habitats have
been destroyed, and the water is highly polluted (van den Hoek et al., 1972).
Therefore, the ecological function of this bay cannot be considered typical for
a mud/sand bay, and the reef close to this bay cannot be considered typical
for a reef adjacent to an unpolluted mud/sand bay.
Besides the 17 nursery species, the densities of nine common nonnursery congeners of the nursery species were also determined on the reef
sites: Acanthurus bahianus, Acanthurus coeruleus, Chaetodon striatus,
Haemulon carbonarium, Haemulon chrysargyreum, Scarus taeniopterus,
Scarus vetula, Sparisoma aurofrenatum and Sparisoma viride. Based on
Nagelkerken et al. (2000b) it is assumed that juveniles of these congeners do
not use seagrass and mangrove habitats as a nursery.
Data on the reef fish community structure were collected by visual census
in quadrats using SCUBA and a stationary point-count method (Polunin and
Roberts, 1993) by two independent observers. Square quadrats of 10 x 10 m
were surveyed at four depth zones: shallow reef flat (2.5 m), reef flat (5 m),
drop-off (10 m) and reef slope (15 m). A single 10 m line was used as a
reference for the size of a complete quadrat. At each site, ten quadrats
(placed in a direction parallel to the coastline) per depth zone were surveyed,
to a total of 40 quadrats per site. These 40 quadrats were surveyed during
three visual census rounds: 16 quadrats at each site in December 1999, 16
quadrats in January 2000 and 8 quadrats in February 2000. After placing
the quadrat line, the observer waited for 5 min to minimise fish disturbance.
All nursery species within or passing through the quadrat were then counted
over a period of 10 min. During fish counting the observer was at the edge of
the quadrat for 8 min. After 8 min, the observer moved through the quadrats
to search for and/or estimate sizes of possible small juvenile fish hiding
behind or between coral boulders. Care was taken to ensure that fishes that
regularly moved in and out of the quadrat were not counted twice. Fishes
were classified into size classes of 2.5 cm. Each reef site was visited by the
two observers simultaneously and each observer collected a total number of
20 quadrats. The location on the reef, within a reef site, where an observer
would place the quadrats was randomly allocated to each of the observers
during each census round, making sure not to recount the same area of reef.
Species identification and quantification were first thoroughly and
simultaneously practised by the two observers. Estimation of size classes
was trained by repeatedly estimating the sizes of 40 pieces of electrical wires
of known length (range 2.5-50 cm, in classes of 2.5 cm) under water.
Training was continued until differences in size- estimation were minimal
(maximum difference of one size class of 2.5 cm for wire sizes <15 cm and
two size classes for sizes >15 cm) between the two observers. Training in fish
species identification was continued until it was the same between the
observers. The training procedure started two weeks before the census and
was repeated before each census round (three census rounds over a period of
three months). For each species, data were also analysed separately for
juveniles, based upon their maturation size (Table 2). Maturation sizes were
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obtained from FishBase World Wide Web (Froese and Pauly, 2002) and
Munro (1983). If this database gave maturation size as a range, the smallest
observed maturation size was used. Juveniles were defined as individuals
smaller than half the maturation size (i.e., maturation size divided by two) to
be able to distinguish them from larger subadults. Maturation size for
Lutjanus analis was 37.5 cm, which is much larger than that of the other
Lutjanidae studied (i.e., 17.5-22.5 cm). This value was based on only one
study (quoted in FishBase World Wide Web), and may therefore not be very
reliable. The same maturation size for L. analis as for Ocyurus chrysurus was
therefore used. This was based on the fact that O. chrysurus and L. analis
have almost the same maximum length, and because for O. chrysurus a large
number of studies have determined the maturation size (quoted in FishBase
World Wide Web).
Since fish densities are often correlated to the degree of coral cover
(Luckhurst and Luckhurst, 1978; Hixon and Beets, 1993; Grigg, 1994) the
total hard coral cover (both living and dead corals) at each site for each
depth zone was visually quantified. To estimate coral cover of the quadrat,
the 10 x 10 m quadrat was divided into four quarters of 5 x 5 m. For each
quarter, coral cover was estimated separately and was averaged for the whole
quadrat afterwards. The 10 m quadrat line was marked with a red label in
the middle to visually estimate the size of each quarter. Because the number
of quadrats for which the cover was estimated was not constant for each site
(between 6 and 10 estimations per depth zone per site), cover was averaged
for quadrats and expressed as mean hard coral cover per depth zone per site.
Statistical analysis
Principal Component Analysis (PCA) was used to study the spatial
distribution pattern of nursery species along the gradient of reef sites. PCA
was carried out on log10-transformed mean fish densities (with all size
classes pooled) per reef site, using the Canoco 4.0 ordination program (ter
Braak and Smilauer, 1998). Default options were used for the analysis:
scaling was focused on inter-species correlations (to focus more on the
relationships between species), species scores were divided by the standard
deviation (to reduce the influence of species with a large variance in density),
and the data were centred by species (used for ordinary PCA, where each
species is weighted by its variance).
To test the influence of coral cover on fish density, separate linear
regressions were run for each species at each depth zone. Since Haemulon
parra occurred only at one reef site, no regression analysis could be
performed for this species. For each species, mean fish density (with all size
classes pooled) at each site (N = 11) was used as the dependent variable and
mean hard coral cover was used as the regression. Regression analyses were
performed using SPSS version 11.5.
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*
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mangroves along
shoreline (m)

nd

-

-

-

-

-

H.
parra

Bay area consisting
of muddy/sandy
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-
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193,640

726,168

Piscadera Bay
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569,238
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2
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a

*

-
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-
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*

*

***
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-

***

*

-

***
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barracuda

*

*

nd
-

a

-

nd

*
***

***

*
*

*

-

*
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-

***

-
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*

L.
L. apodus griseus

**

Value as Lutjanus
nursery analis

a

***

-

nd

-

-

-

-

-

L.
mahogani

Table 1. Main shallow-water habitats of the eight largest bays along the southwestern coastline of Curaçao, and the abundance of nursery species. The presence
of 13 nursery species is based on Nagelkerken et al. (2001) and unpublished data (Nagelkerken) for which the bays were sampled using a beach seine net. Based
on estimated total standing stocks of juveniles on seagrass beds and mudflats, presence of species is expressed as absent (-), low (*), high (**) or very high (***).
Classes are distinguished per species by dividing the highest total standing stock by three. Based on mean abundance and mean species richness of nursery
species in the main nursery habitats of the bays, (Nagelkerken unpl. data) classified the nursery function of the bays as high, low or very low (unpubl. data). No
data are available for St. Anna Bay, but its nursery function is assumed to be very low (see text). Symbols: a presence in seagrass/mangrove habitats
demonstrated by means of visual census (Nagelkerken et al. 2000b); nd: no data.
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Table 2. Size classes (cm) used to define juveniles for each nursery
species, based upon half the length of smallest maturation sizes obtained
from Fishbase World Wide Web (Froese & Pauly, 2002) and Munro (1983).
For Lutjanus analis, the maturation size of Ocyurus chrysurus was used to
distinguish the juveniles (see text).

Species:
Acanthurus chirurgus
Chaetodon capistratus
Gerres cinereus
Haemulon flavolineatum
H. parra
H. plumieri
H. sciurus
Lutjanus analis
L. apodus

Juveniles
0-10
0-5
0-10
0-5
0-12.5
0-10
0-10
0-12.5
0-12.5

Species:
Lutjanus griseus
L. mahogani
Ocyurus chrysurus
Scarus coeruleus
S. guacamaia
S. iserti
Sparisoma chrysopterum
Sphyraena barracuda

Juveniles
0-10
0-12.5
0-12.5
0-15
no data
0-10
0-12.5
0-30

The influence of the presence of a bay nursery habitat on the occurrence
of nursery species on the reef was tested using generalized linear models.
Because the data consisted of counts, a model based on a Poisson
distribution was used. For each quadrat, visual census counts of all size
classes were pooled. Because the 10 quadrats of a depth zone were laid out
in a line parallel to those in other depth zones, counts of quadrats
distributed over the four depth zones were pooled to one count. Therefore,
data for each site consisted of 10 counts (i.e., each a sum of counts over four
depth zones). These fish counts were used as the dependent variable in the
model. The factor ‘reef category’ was used as a fixed factor. Because data
were collected during three time periods (visual census rounds), a three-level
block was added to the model, each level being one visual census round. The
log link function and type 3 analysis were used in the model. Post-hoc
comparisons between reef categories were made by calculating differences of
least squares means. Statistics were performed using the SAS system for
Windows V8.
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Fig. 1. Locations of the eight largest bays and 11 reef sites sampled on the
island of Curaçao. The density pattern of nursery species and their nonnursery congeners along the gradient of reef sites is shown below the map of
Curaçao. Separate patterns are shown (a) for pooled densities of the seven
nursery species that had their highest densities at reef sites adjacent to bays
with seagrass beds and mangroves (see Table 1) and their congeners, and (b)
for pooled densities of the eight nursery species that did not have higher
densities at reef sites adjacent to bays with seagrass beds and mangroves
(see Table 1) and their congeners. Error bars indicate SEM. The table shows
the mean coral cover (%) of each depth zone.
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Results
Total fish density
In the present study, 15 of the 17 known nursery species were observed in
the quadrats on the reef. Haemulon plumieri and Scarus guacamaia were not
observed.
Of the 56 linear regressions between fish density and coral cover, only
three were significant: Haemulon sciurus in the 15 m zone (P<0.01; R2 =
0.63; Y = 0.91 - 1.20X), Scarus coeruleus in the 5 m zone (P< 0.01; R2 = 0.65;
Y = 0.60 + 1.57X) and Lutjanus mahogoni in the 5 m zone (P<0.05; R2 = 0.37;
Y = -2.63 + 11.08X).
PCA allowed the reef sites to be divided into four clusters (Fig. 2). One
cluster was formed by the three reef sites adjacent to sg-mg bays and was
characterised by nine nursery species. Compared with the other reef sites,
the mean densities of seven of these species were highest on reefs adjacent
to sg-mg bays (Table 3). A second cluster was formed by the reefs between
sg-mg bays and was characterised by high densities of Chaetodon
capistratus. A third cluster was formed by two reefs adjacent to mud/sand
bays and one reef at great distance from sg-mg bays, and harboured five
species. Two reefs located at great distance from sg-mg bays and one reef
adjacent to a mud/sand bay formed a fourth cluster, in which none of the
species had their highest densities.
Generalized linear models were significant for 14 species (Table 3). Posthoc comparisons showed significantly higher counts of Ocyurus chrysurus,
Lutjanus apodus, Haemulon sciurus and Scarus coeruleus in the category
reefs adjacent to sg-mg bays than in the other three categories (Fig. 3a, Table
3). Ocyurus chrysurus had decreasing counts on reefs located at increasing
distances from sg-mg bays. Lutjanus mahogoni and Lutjanus analis also had
their highest densities in the category reefs adjacent to sg-mg bays (Fig. 3a).
For these two species, fish counts in the category reefs adjacent to sg-mg
bays differed significantly from those in the categories reefs between sg-mg
bays and reefs adjacent to mud/sand bays, but not from reefs at great
distance from sg-mg bays. Sphyraena barracuda had its highest density in
the category reefs adjacent to sg-mg bays, but a significant difference
between counts was only found between reefs adjacent to sg-mg bays and
reefs at great distance from sg-mg bays.
Of the other eight nursery species, two had their highest density in the
category reefs between sg-mg bays (Chaetodon capistratus and Sparisoma
chrysopterum) and two in the category reefs adjacent to mud/ sand bays
(Haemulon flavolineatum and Scarus iserti) (Table 3). Three species had their
highest densities in the category reefs at great distance from sg-mg bays
(Gerres cinereus, Lutjanus griseus, and Haemulon parra). Densities of
Acanthurus chirurgus were highest on reefs adjacent to sg-mg bays and on
reefs adjacent to mud/ sand bays.
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Scoe
Sbar
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St. Marie
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Hpar
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Porto Marie
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b

San Juan

-1.0
-1.0

0.0
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Fig. 2. Principal Component Analysis (PCA) of mean densities of the 15
nursery species at various reef sites. The horizontal axis represents the first
PCA axis, the vertical axis the second PCA axis. The first two axes accounted
for 67.9% of the total variance. Abbreviations: sg-mg bays: bays with
seagrass beds and mangroves; mud/sandy bays: bays dominated by
muddy/sandy seabeds; Achi: Acanthurus chirurgus; Ccap: Chaetodon
capistratus; Gcin: Gerres cinereus; Hfla: Haemulon flavolineatum; Hpar: H.
parra; Hsci: H. sciurus; Lana: Lutjanus analis; Lapo: L. apodus; Lgri: L.
griseus; Lmah: L. mahogani; Ochr: Ocyurus chrysurus; Scoer: Scarus
coeruleus; Sise: S. iserti; Schr: Sparisoma chrysopterum; Sbar: Sphyraena
barracuda. On the basis of sites and species which showed the highest
similarity in composition and density distribution (using PCA), four clusters
of sites and species were identified and bordered by lines.
Pooled densities of the seven nursery species occurring in higher densities
on reefs adjacent to sg-mg bays were higher at all reef sites adjacent to sgmg bays than at other reef sites (Fig. 1a). This pattern was not found for the
other eight nursery species observed on the reef (Fig. 1b). Non-nursery
congeners of species with higher densities on reefs adjacent to sg-mg bays,
had their highest densities on reef sites in the southwestern part of the
gradient along the coast of the island, at great distance from bays with sg-mg
(Fig. 1a). Non-nursery congeners of species without higher densities on reefs
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adjacent to sg-mg bays did not show higher densities in any particular part
of the gradient of reef sites examined (Fig. 1b).
Table 3. Results of the generalized linear models with reef category as fixed factor and survey time as random block. P -values of post-hoc comparisons (differences of least
mean squares) between the four types of reef categories are shown. Fish counts were converted into mean fish densities per reef categorie; highest mean density is printed in
bold. Abbreviations and symbols: np: not enough counts to perform the test; ns: non-significant (P >0.05); -: not observed; 1: reefs in front of bays with seagrass beds and
mangroves; 2: reefs between bays with seagrass beds and mangroves; 3: reefs in front of bays dominated by bare sediment; 4: reefs at great distances from bays with seagrass
beds and mangroves.

Model
X

2

Mean density per reef category
-2
ind. 100 m )

Block
P

X

2

P

(#

1

2

3

4

P -values of post-hoc comparisons
1-2

1-3

1-4

2-3

2-4

3-4

Species with highest density for reef category 1:
Haemulon sciurus
Lutjanus analis
L. apodus
L. mahogani
Ocyurus chrysurus
Scarus coeruleus
Sphyraena barracuda

54.66
11.87
245.36
23.13
654.5
55.69
10.47

<0.001
0.009
<0.001
<0.001
<0.001
<0.001
0.015

9.39 0.009
5.94
ns
1.2
ns
58.76 <0.001
0.95
ns
13.25 0.001
9.13
0.01

0.7
0.2
4
2.3
6.2
0.4
0.2

0.1
0
0.7
1.8
1.9
0
0.2

0.4
0
1.5
1.3
1.3
0.2
0.1

0.1
0.1
1.7
1.9
0.5
0.1

<0.001
0.033
<0.001
0.041
<0.001
0.001
ns

0.006
0.011
<0.001
<0.001
<0.001
0.026
ns

<0.001
ns
<0.001
ns
<0.001

Other species:
Acanthurus chirurgus
Chaetodon capistratus
Gerres cinereus
Haemulon flavolineatum
H. parra
H. plumieri
Lutjanus griseus
Scarus guacamaia
S. iserti
Sparisoma chrysopterum

28
501.77
31.08
53.4
np
np
22.52
np
210.51
106.78

<0.001
<0.001
<0.001
<0.001

91.24 <0.001
3.2
ns
0.9
ns
3.08
ns

1.5
1.8
0.2
6.3
0.1
9.3
1

0.9
7.3
0.2
4.7
6
1.7

1.5
1.1
0.5
7.6
0.1
9.9
0.9

0.8
2.2
0.6
5.8
0.1
0.2
5
0.2

0.001
<0.001
ns
<0.001

ns
<0.001
0.006
0.001

<0.001
<0.001
<0.001

5.25

ns

84.45 <0.001
3.36
ns

<0.001
<0.001

ns
ns
<0.001
ns
<0.001

0.001
ns
Ns
0.004
<0.001

0.006

0.005
ns
<0.001
0.026
0.009
0.02
ns

0.045

ns

<0.001
0.027
<0.001
Ns

0.002
<0.001
0.002
<0.001

ns
<0.001
<0.001
0.003

<0.001
<0.001
ns
<0.001

<0.001
<0.001

0.012
<0.001

<0.001
<0.001

ns

ns

ns
ns

<0.001
<0.001

ns

Juvenile fish density
For the seven nursery species which had their highest densities (for the
entire size range) on reefs adjacent to sg-mg bays, juveniles were also
observed on the coral reef (Fig. 3b). An exception was Lutjanus analis, for
which only adults were observed on the reef. Juveniles of Haemulon sciurus
were only observed on reefs adjacent to sg-mg bays, and those of Sphyraena
barracuda only on reefs between sg-mg bays. Despite the presence of
juveniles of six of these seven nursery species on the coral reef, densities of
their juveniles were much higher in seagrass beds and mangroves than on
the reef (Fig. 3b). An exception was Scarus coeruleus, for which juvenile
densities on the coral reef and those in seagrass beds in Spanish Water Bay
were similar.
For the eight nursery species which did not show highest densities (for
the entire size range) on reefs adjacent to sg-mg bays, juveniles were also
found on the coral reef, except Lutjanus griseus and Haemulon parra (Fig.
4a). The eight species can be divided into two groups. Densities of juveniles
of Chaetodon capistratus, Haemulon flavolineatum, Gerres cinereus, L.
griseus, and H. parra were considerably higher in seagrass beds or
mangroves in Spanish Water Bay than on the reef (Fig. 4a) whereas juveniles
of Sparisoma chrysopterum, Scarus iserti, and Acanthurus chirurgus showed
similar densities in seagrass/mangrove habitats and in reef habitats (Fig.
4b).
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Discussion
The present study showed significantly higher densities of four nursery
species on reefs adjacent to sg-mg bays than in all three other reef
categories, whereas three other nursery species showed significantly higher
densities at reefs adjacent to sg-mg bays than in two of the three other reef
categories. This is probably caused by the very high densities in the bays
(summarised in Table 1) of juveniles, which migrate to the adjacent reef
when reaching adulthood. This connectivity between nursery habitats in a
bay and the reef adjacent to a bay has been indicated before for Spanish
Water Bay (Nagelkerken et al., 2000b; Nagelkerken and van der Velde, 2002;
Cocheret de la Morinière et al., 2002). The present study suggests that all sgmgbays along the southwestern coast of the island of Curaçao show this type
of connectivity for certain coral reef fish species. A direct interlinkage
between these habitats by fish life-cycle migration is difficult to show, but
studies using otolith microchemistry (Gillanders, 2002; Gillanders and
Kingsford, 1996) have confirmed the existence of these life-cycle migrations
between juvenile habitats and adult habitats in temperate marine fish
species.
Regarding these seven species with the highest densities on reefs adjacent
to sg-mg bays, Nagelkerken et al. (2002) found that densities of Haemulon
sciurus, Lutjanus apodus and Ocyurus chrysurus were greatly reduced on
coral reefs of islands lacking seagrass and mangrove habitats relative to
islands where these habitats were present, indicating that these species are
highly dependent on these nursery habitats. For Lutjanus analis, Sphyraena
barracuda and Scarus coeruleus, Nagelkerken et al. (2002) found a possible
dependence on mangrove and/or seagrass nurseries. The present study
suggests that the presence of sg-mg bays strongly influences the distribution
pattern of these six species on the coral reef along the coast of a single
island. Since mud/sand bays that lack seagrass and mangrove habitats have
a limited nursery function (Nagelkerken et al., 2001; Table 1), sg-mg bays
are likely to function as the main, and for some species the only, source of
new individuals on the reef, resulting in high densities on reefs adjacent to
these bays.
An exception was Lutjanus mahogoni, for which density differences
between reefs adjacent to sg-mg bays and the other types of reef categories
were not as large as those for the other six species. A possible explanation
may be found in the ability of this species to spend its juvenile phase on the
reef. Based on observations of juveniles on the reef in the present study and
by Wilson (2001) and Nagelkerken et al. (2000a), ‘‘local recruitment’’ on the
reef may be an important source of new individuals. The higher densities on
reefs adjacent to sg-mg bays might be a result of an additional input of
individuals from these habitats onto the reef. Comparisons of densities of
this species between islands with and without seagrass beds and mangroves
did not reveal any differences (Nagelkerken et al., 2002) and are consistent
with this hypothesis.

33

Effect of mangroves and seagrass nurseries on reef fish densities

Fig. 3. Mean densities of (a) the entire size range and (b) juveniles of the
seven nursery species that had higher densities on reefs adjacent to bays
with seagrass beds and mangroves than at other locations (see Table 3). (b)
Also shows densities of juveniles in mangroves and seagrass beds in Spanish
Water Bay (data recalculated from Nagelkerken & van der Velde, 2002), to
allow comparison with densities on the reef. Note that the Y-axis of (b) is on
a log10-scale. Error bars indicate SEM. mg bay: mangrove habitat in Spanish
Water Bay; sg bay: seagrass habitat in Spanish Water Bay; Reef sg- mg: reefs
adjacent to bays with seagrass beds and mangroves; Reef between: reefs
between bays with seagrass beds and mangroves; Reef mud/sand: reefs
adjacent to bays dominated by bare sediment; Reef distance: reefs at great
distances to bays with seagrass beds and mangroves.
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Fig. 4. Mean densities of juveniles of the eight nursery species that did not
have higher densities on reefs adjacent to bays with seagrass beds and
mangroves than at other locations. Densities are shown on a log10-scale for
the coral reef (this study) and for the mangroves and seagrass beds of
Spanish Water Bay (data recalculated from Nagelkerken & van der Velde,
2002). Species with higher juvenile densities in seagrass beds/mangroves
than on the reef (a) are distinguished from species with similar densities in
seagrass beds/mangroves and on the reef (b). Error bars indicate SEM. For
abbreviations see the legend to Fig. 3.
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If sg-mg bays function as the main source of new individuals on the reef,
the presence of these six species on reefs not adjacent to sg-mg bays may
partly result from fish dispersal along the coast. This may explain why the
three types of reef located at great distance from sg-mg bays showed much
lower densities for six of these nursery species. Studies have shown that
fishes are able to migrate along reefs over distances ranging from hundreds
of metres to several kilometres (Tulevech and Recksiek, 1994; Kanashiro,
1998; Mazeroll and Montgomery, 1998; Zeller, 1998; Chapman and Kramer,
2000). Long-distance dispersal of Haemulon sciurus, Lutjanus analis,
Lutjanus apodus, Ocyurus chrysurus, and Sphyraena barracuda may have
contributed to the presence of small fish populations on reefs located at
some distance from their main nursery habitats.
The presence of adults of species that had their highest densities on reefs
adjacent to sg-mg bays in the other reef categories may also be explained by
the survival of juveniles that have settled and grown up directly on these
reefs, rather than in seagrass or mangrove habitats. Although it has been
shown, for example, that predation pressure results in low survival of
Haemulidae on reefs (Beets, 1997), some individuals may survive and
contribute to small populations on reefs at some distance from seagrass and
mangrove habitats (Shulman and Ogden, 1987). In the specific case of
Scarus coeruleus, which showed its highest densities on reefs adjacent to sgmg bays, local recruitment can play a major role because juvenile densities
on the reef were comparable to those in seagrass beds. Other studies have
also observed juveniles of S. coeruleus on patch reefs (Overholtzer and Motta,
1999). These observations suggest that this species can also use the coral
reef as a nursery.
One problem with the interpretation of the present results is that all reefs
in front of bays with seagrass bed and mangrove nurseries were located on
the southeastern part of the coast, whereas all reefs in front of mud/ sand
bays and reefs at great distances from bays with mangroves and seagrass
beds were located on the northwestern part of the island. Factors other than
absence/ presence of bays with mangrove and seagrass beds may therefore
also influence the reef fish communities at these reef categories. It is argued
that even if such factors play a role, the influence of the presence/absence of
nursery bays on the fish community structure of various reef fish species is
greater than these other factors. Firstly, and most importantly, if other
factors were primarily responsible, then non-nursery congeners of the
nursery species would also show significantly elevated densities at reefs in
front of nursery bays. This was not the case. Secondly, coral cover at 2, 5,
and 10 m depth and overall coral cover did not differ significantly between
the southeastern and northwestern reefs (P > 0.213, t-test). Only at 15 m
depth was the coral cover significantly higher at the latter reefs than at the
former (P = 0.047, t-test), but the data indicated that with the exception of
one fish species no high positive correlation was present between coral cover
and fish densities. Thirdly, Ocyurus chrysurus, Lutjanus apodus and
Haemulon sciurus which showed the highest difference in density between
the reefs in front of the bays with nursery habitats and the other three reef
categories, were three of the four nursery species for which Nagelkerken et
al. (2002) indicated that they showed a very high dependence of
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mangrove/seagrass nurseries at various islands throughout the Caribbean.
Environmental factors such as water temperature, salinity and turbidity do
not vary in a systematic way at the two parts of the island, partly due to the
ocean currents which run straight along the entire southwestern coast of the
island. The island does not have any fishing reserves, and fishing takes place
along the entire sheltered southwestern coast. It is therefore concluded that
the presence of nursery bays is in this case the best possible explanation for
the elevated densities of seven nursery species on reefs in front of sg-mg
bays.
Among the eight nursery species that did not occur in higher densities as
mainly adults on reefs adjacent to sg-mg bays, two groups were
distinguished: one including species with higher juvenile densities in
seagrass beds/mangroves than on the coral reef, and one including species
with similar juvenile densities in seagrass beds/mangroves and on the reef.
The first group includes two species (Chaetodon capistratus and Haemulon
flavolineatum) for which local recruitment is probably the main source of
adults, because juveniles were found on the entire reef while no higher total
density was observed on reefs adjacent to sg-mg bays. Nagelkerken et al.
(2000a) also found juveniles of both species on the reef. Nagelkerken et al.
(2001) showed a major nursery function of mud/sand bays for Gerres
cinereus (see Table 1). And since mud/sand bays are present over a large
part of the coast, the observations of juveniles of this species at the various
reef sites at great distance from sg-mg bays might be explained by the
presence of these bays. Juveniles of Lutjanus griseus and Haemulon parra
were predominantly observed in sg-mg bays (Table 1) and not on the coral
reef. The presence of these species on reefs at some distance to sg-mg bays
might therefore be explained by dispersal along the coast.
For the second group, local recruitment is thought to be the main source
of adults on reef sites other than reefs adjacent to sg-mg bays. Nagelkerken
et al. (2002) described both Acanthurus chirurgus and Sparisoma
chrysopterum as species that do not depend on mangroves or seagrass beds
as nurseries. However, the same study indicated that Scarus iserti depends
heavily on the presence of seagrass beds and mangroves as nurseries. The
results of the present study suggest that around Curaçao, the species is well
capable of using the reef as an alternative nursery and is therefore not
restricted to seagrass beds and mangroves as nurseries. Small juveniles (0e5
cm) were also frequently observed on most reef sites. Ontogenetic migrations
from sg-mg bays to reefs located much farther away are therefore not likely.
Various studies have demonstrated a close correlation between habitat
complexity and total fish density (Luckhurst and Luckhurst, 1978; Bell and
Galzin, 1984; Grigg, 1994). In the present study, however, the relation
between coral cover and fish density was only evident for Scarus coeruleus,
suggesting that this species favours reefs with a high coral cover. For the two
other species which showed a significant relation between density and coral
cover, the relation was only significant in one depth zone, and was negative
for Haemulon sciurus, whereas for Lutjanus mahogoni the degree of variation
explained by the regression line was very low. Furthermore, the non-nursery
congeners of the nursery species showed different distribution patterns
among the reef sites than the nursery species. It is therefore likely that in
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this study coral complexity did not influence the distribution of the sampled
nursery species along the coast.
The results of the present study indicate that the distribution of
Haemulon sciurus, Lutjanus apodus, Ocyurus chrysurus and Scarus coeruleus
on the coral reef along the coast of a single island is significantly related to
the presence of sg-mg bays. Lutjanus analis, Lutjanus mahogoni and
Sphyraena barracuda showed a similar trend but densities at reefs adjacent
to sg-mg bays were only significantly higher than those at two of the three
reef categories. Six of these seven nursery species showed much higher
juvenile densities in seagrass/mangrove habitats than on the reef, but were
nevertheless also found as adults on reef locations at some distance from
these nursery habitats, suggesting dispersal along the reef. Acanthurus
chirurgus, Scarus iserti and Sparisoma chrysopterum showed comparable
juvenile densities in seagrass/mangrove habitats and reef habitats, and were
also found as adults at various reef sites, suggesting that they can complete
their entire life cycle on the reef and are not highly dependent on seagrass
beds and mangroves.
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Contribution Indo-Pacific seagrass beds and mangroves to reef fish

Abstract
There is a long-standing debate whether mangrove and seagrass habitats in
the Indo-Pacific region function as nurseries for coral reef fishes. We studied
the use of all major shallow-water habitat types by juvenile coral reef fish by
visual census surveys on four islands along the Tanzania coast (East Africa)
and on the island of Grande Comoros (Comoros archipelago). We investigated
the value of mangroves, seagrass beds, coral reefs, macroalgae and intertidal
flats as a juvenile habitat for fish by studying the density distribution
patterns of juveniles and adults of 76 reef fish species over these habitats.
We tried to assess (1) which part of the reef fish community used mangrove –
seagrass habitats as juvenile or adult habitats, (2) whether adult fish
densities and diversity on adjacent reefs are related to the presence of these
habitats, and (3) whether adults of species that use these as juveniles were
less abundant on coral reefs situated far away from these juvenile habitats.
Seagrass beds and coral reefs were the most important juvenile fish habitats
in comparison with the other available shallow-water habitats. Ontogenetic
migrations between seagrass beds and reef habitats possibly occur, since
several species showed their highest juvenile densities on seagrass beds,
while adults showed their highest densities on reefs adjacent to these
seagrass beds. The presence of areas with seagrass beds positively
influenced adult densities of many reef fish species on adjacent coral reefs.
Of 36 fish species whose juveniles were observed in seagrass beds along the
Tanzanian coast, 32 species were absent from or showed low densities on
coral reefs on the island of Grande Comoros (lacking seagrass beds or
mangroves). On reefs far from seagrass beds and mangroves along the
Tanzanian coast, 25 of these 36 species were absent or showed low densities
in comparison with reefs adjacent to these habitats.
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Introduction
Throughout the tropics, shallow-water habitats such as seagrass beds and
mangroves are favoured as juvenile habitats by marine fish, and it is
assumed that they function as nursery areas (reviewed by Pollard 1984,
Parrish 1989, Beck et al. 2001, Sheridan & Hays 2003). It is thought that
these habitats can contribute to fish communities on the coral reef through
migration of adults or subadults from these nurseries. Results from various
studies in the Caribbean support this hypothesis and show that the
presence of seagrass beds or mangroves significantly influences the
composition of the fish community on adjacent coral reefs (Nagelkerken et al.
2000a, Nagelkerken et al. 2002, Mumby et al. 2004, Dorenbosch et al. 2004,
Halpern 2004).
There is a long-standing debate on whether mangroves and seagrass beds
in the Indo-Pacific region function as important juvenile habitats for reef fish
(Thollot & Kulbicki 1988, Birkeland & Amesbury 1988, Williams 1991).
Many studies suggested the nursery function of mangroves in the IndoPacific region to be relatively minor and have concluded that there is less
interaction between mangroves and other coastal habitats than in the
Caribbean (Quinn & Kojis 1987, Robertson & Duke 1987, Thollot & Kulbicki
1988, Kimani et al. 1996, Laroche et al. 1997, Huxham et al. 2004). Other
studies, however, did report the presence of juvenile coral reef fish in
mangrove areas (Lal et al. 1984, Little et al. 1988, Robertson & Duke 1990,
Wakwabi & Mees 1999, de Boer et al. 2001). Hence, the importance of IndoPacific mangroves for juvenile fish remains unclear.
Unlike mangroves, seagrass beds in the Indo-Pacific region are commonly
used by juvenile coral reef fish (Jones & Chade 1975, Kimani et al. 1996,
Kochzius 1997, Gullström et al. 2002, Nakamura & Sano 2004a,b). This
means that seagrass beds may have a greater value as juvenile habitats for
reef fish than mangroves. So far, however, there have been no studies in the
Indo-Pacific comparing the value of mangroves, seagrass beds and coral reefs
as juvenile habitats for reef fish using a uniform methodology.
The weakness of the majority of the studies into the value of mangroves
and seagrass beds as juvenile fish habitats is that they have examined only a
single habitat or a few habitats simultaneously. This is an important
limitation, as in the absence of one shallow habitat, another may take over
its function. More importantly, hardly any published study compared fish
densities of juveniles and adults in various shallow-water habitats with those
on adjacent coral reefs in order to determine whether these shallow-water
habitats could contribute to adult fish populations on the reef. Only Blaber
& Blaber (1980) made such comparison between estuaries and adjacent
offshore sandy habitats and Nakamura & Sano (2004b) between seagrass
beds and a coral reef. High densities of juvenile reef fish in mangroves and
seagrass beds alone do not prove their importance as nurseries, because (1)
these habitats could merely function as sinks of juveniles if adults or
subadults do not migrate to adjacent coral reefs (Beck et al. 2001), and (2)
other shallow-water habitats may harbour similar or higher densities of
juveniles. Various studies have shown that other shallow habitats can also
be used as juvenile habitats by reef fish that are normally known to occur in
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high densities in seagrass beds or mangroves (Jenkins & Wheatley 1998,
Rossier & Kulbicki 2000, Nagelkerken et al. 2000a, Dorenbosch et al. 2004).
Studying the importance of mangroves and seagrass beds for juvenile fish
requires that all available major shallow-water habitats are investigated
simultaneously, while densities of fish in the adult habitat (i.e., adjacent
coral reef) should also be determined, using a uniform, standardised
sampling methodology. Such an approach was used in the present study off
the coast of several islands along the East African coast, to test the
hypothesis that mangroves and seagrass beds function as important
habitats for reef fish in the Indo-Pacific. The main research questions were
the following: (1) To what extent do juvenile and adult coral reef fish use
shallow-water habitats present in an area, including mangroves, seagrass
beds and coral reefs? (2) Are the densities of coral reef fish populations on
adjacent reefs related to the presence of mangrove – seagrass habitats? (3)
Are adult coral reef fish that use mangrove – seagrass habitats in high
densities as juveniles less abundant on coral reefs situated far away from
these juvenile habitats?

Materials & methods
Study areas
The present study was carried out off the islands of Mafia, Pemba, Zanzibar
and Mbudya along the coast of Tanzania (East Africa) and off the island of
Grande Comoros in the Comoros archipelago in the western Indian Ocean
(Fig. 1). Nine major shallow-water habitat types were distinguished there
(Table 1): mangroves within marine bays (mg), shallow seagrass beds (depth
< 5 m) situated in marine bays at a distance < 500 m from mangroves (bay
sg), shallow seagrass beds (depth < 5 m) outside bays and adjacent to coral
reefs (reef sg), deep seagrass beds (depth > 5 m) outside bays and adjacent to
coral reefs (deep reef sg), an intertidal flat with patches of small coral,
rubble, sand and seagrass beds (intertidal flat), sand flats covered by beds of
macroalgae (algae flat), coral reefs adjacent to areas with extensive seagrass
beds and mangroves (sg – mg reefs), coral reefs situated far away from
seagrass beds and mangroves (far reefs), and fringing coral reefs lacking
these shallow-water habitats off the island of Grande Comoros (Comoros
reefs). The average minimum distance from the far reefs to areas with
extensive seagrass beds and mangroves (sg – mg areas) was 17.2 km (SD ±
5.8). Far reefs off the islands of Mbudya, Pemba and Zanzibar were isolated
from sg – mg areas and sg – mg reefs by water with a depth > 45 m (Fig. 1).
Far reefs off the island of Mafia were isolated by a large bare sandy seabed
with a maximum depth of 25 m.
Off the islands of Mafia, Zanzibar and Pemba, we sampled mangroves,
seagrass beds and coral reefs. Although present, seagrass beds and
mangroves off the island of Mbudya could not be surveyed because of
difficult access in the field. Coral reefs on Grande Comoros were selected
because mangroves and seagrass beds were completely lacking, allowing this
island to serve as a true control site to study the effect of the absence of
mangrove/seagrass habitats on the adult reef fish population. Algae flats
and intertidal flats were examined only off Zanzibar. All mangroves studied
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were non-estuarine, normally fell dry during low tide, and were dominated by
Sonneratia alba
All surveyed seagrass beds were dominated by
Thalassodendron ciliatum (> 60% cover), sometimes intermingled with
Enhalus acoroides, Thalassia hemprichii or Cymodocea rotundata. Algae flats
consisted of a mixture of the macroalgae Turbinaria sp. and Sargassum sp.
Sg – mg reefs were predominantly patch reefs surrounded by sand, seagrass
beds or macroalgae. Far reefs consisted of fringing and patch reefs
surrounding sand banks. Underwater visibility in seagrass beds and
mangroves and on coral reefs close to these habitats (sg – mg reefs) was
generally poorer (4 – 12 m) than visibility on the far reefs or Comoros reefs
(10 – 30 m). Spring tidal range is approximately 3.6 m for Mafia, Mbudya,
Pemba and Zanzibar and 3.3 m for the Grande Comoros (Richmond 2002).
Field sampling and study design
Reef fish species were selected on the basis of our ability to identify them in
underwater visual censuses, as well as on their commercial value for
fisheries (Jiddawi & Stanley 1997). All species belonging to the families
Gerreidae, Haemulidae, Lethrinidae, Lutjanidae, Monodactylidae, Mullidae,
Nemipteridae, Plotosidae, Scaridae and Siganidae were included, as well as
two species of Acanthuridae (Acanthurus leucosternon and Naso unicornis),
two species of Chaetodontidae (Chaetodon mellanotus and C. auriga), four
large-sized species of Labridae (Cheilinus fasciatus, C. trilobatus, C.
undulatus and Cheilio inermis) and one species of Zanclidae (Zanclus
cornutus).
Data of the selected reef fish species in all distinguished habitat types were
sampled by underwater visual census using SCUBA and a stationary pointcount method (Watson & Quinn 1997, Polunin & Roberts 1993). Although
Rhizophora mangroves have dense, large prop root structures that diminish
efficiency of underwater visual census of the habitat, Sonneratia alba is
characterized by a large central stem and short stumpy upright
pneumatophores. The habitat is therefore well accessible for observers and
underwater visual census data can be collected in the same way as in other
habitat types due to its relatively open character. Because underwater
visibility differed between the various locations, we surveyed 5 x 5 m
quadrats in areas with a visibility between 5 and 8 m (mg, bay sg, reef sg,
deep reef sg, intertidal flat, algae flat and sg – mg reefs) and 8 x 8 m
quadrats in habitats where the visibility was > 8 m (Comoros reefs and far
reefs). Data of each habitat were collected simultaneously by three observers
who independently surveyed different quadrats.
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Fig. 1. Overview of the study area (island of Zanzibar, latitude 6E10N S,
longitude 39E10N E; island of Grande Comoros, latitude 11E40N S, longitude
43E10N E) and locations of the investigated habitat types.

48

Chapter 3

Table 1. Overview of the total number of sampled quadrats per habitat type per
island. Numbers in parentheses show the number of sampled locations per island.
2
Numbers in bold print relate to quadrats with a surface area of 64 m , other quadrats
2
were 25 m . Bay sg: shallow seagrass beds (depth < 5 m) situated in a bay with
mangroves; Reef sg: shallow seagrass beds (depth < 5 m) adjacent to coral reef; Deep
reef sg: deep seagrass beds (depth > 5 m) adjacent to coral reef; Sg – mg reef: coral
reefs adjacent to areas containing extensive seagrass beds and mangroves; Far reefs:
coral reefs situated far from seagrass beds and mangroves; Comoros reefs: coral reefs
on the island of Grand Comoros.

Habitat

Zanzibar

Pemba

Mafia

Mbudya

Mangroves
Bay sg
Reef sg
Deep reef sg
Intertidal flat
Algae flat
Sg - mg reefs
Far reefs
Comoros reefs

9 (1)
123 (4)
121 (4)
65 (2)
262 (2)
125 (2)
359 (10)
377 (6)
-

37 (2)
31 (2)
79 (2)
101 (3)
-

36 (1)
101 (2)
74 (2)
128 (4)
68 (2)
-

44 (1)
40 (1)
-

Total
Grande
sampled area
Comoros
2
(m )
97 (2)

2,050
5,600
5,650
1,625
6,550
3,125
17,941
37,504
6,208

Depending on quadrat size, a single rope with a length of 5 or 8 m was
used as a visual reference for quadrat size. After placing the line, the
observer waited 3 minutes to minimize fish disturbance. All target species
within or passing through the quadrat were then counted over a period of 10
minutes. During the first 7 minutes, the observer waited on the edge of the
quadrat, while during the last 3 minutes, the observer moved through the
quadrat to search for small juvenile fish hiding behind corals or other
structures. Care was taken not to count individuals or groups of fish that
moved in and out of the quadrat more than once. Fish were classified into
2.5 cm size classes using an underwater slate. Surveys were conducted
between 9 am and 4 pm at either high or low tide, when water movement
was minimal. Shallow habitats with depths between 0 – 4 m (mangroves,
shallow seagrass beds, algae flat, intertidal flat and shallow parts of coral
reefs) could only be surveyed at high tide. Species identification and
quantification were first thoroughly practiced simultaneously by the three
observers until their results were similar. Estimation of size classes was
trained by repeatedly estimating the sizes of 50 pieces of electrical wire of
known lengths placed at random under water and representing all fish size
classes. Training was continued until differences in size estimation were
minimal (i.e., a deviation of no more than ± 2.5 cm from the actual length for
objects < 20 cm). Practicing quantification and size estimation was repeated
regularly during the visual census period.
Habitats were surveyed during the northeast monsoon in the period
September 2003 – February 2004. All habitats at a particular location were
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sampled until either the total area of a habitat had been surveyed (if the
habitat area at the location was small), or a representative part had been
surveyed (if the habitat area was very large).
Coral reefs in the study area were divided into patch reefs and fringing
reefs. Patch reefs consisted mainly of one coral zone with a relatively
constant depth, while fringing coral reefs consisted of a shallow reef flat, a
drop-off and a reef slope. Quadrats on coral reefs were surveyed in all coral
zones that could be distinguished. Coral cover below a depth of 20 m was
generally low. Since pilot surveys had revealed that > 90 % of the individuals
of the target species were present between depths of 0 and 20 m, deeper reef
habitats were not surveyed. Table 1 lists the total number of sampled
quadrats per habitat type per island.
Since fish densities are often correlated with the degree of habitat
complexity (Luckhurst & Luckhurst 1978, Öhman & Rajasuriya 1998, Garpe
& Öhman 2003), the total coral cover (living and dead stony corals, and
living soft corals) and the maximum height of the corals (in decimetres) were
visually quantified for each quadrat. To estimate coral cover, a quadrat was
divided into four quarters, after which coral cover was estimated for each
individual quarter and then averaged for the whole quadrat. When diving
circumstances were good enough, also coral reef rugosity was measured for
each quadrat. A 5 m rope was attached to the substratum in the quadrat
and stretched to obtain a horizontal line. Rugosity of the reef was measured
by draping a chain over the corals along the 5 m line. The chain length (in
decimetres) was then used as a measure of reef rugosity. The estimations of
coral cover, maximum coral height and reef rugosity in each quadrat were
made immediately after the visual census. Because the water depth of the
various coral reefs varied and depth may influence the occurrence of reef fish
(Green 1996, Ault & Johnson 1998), the water depth (in metres) of each
quadrat was recorded using a diving computer.
Data analysis
Fish were recorded as juveniles when they were smaller than one third of the
maximum species length (Nagelkerken & van der Velde 2002). Maximum
lengths of species were obtained from FishBase World Wide Web (Froese &
Pauly 2003). Specimens of species with a maximum length > 90 cm were
recorded as juveniles when they were < 30 cm. For those species whose
maturation size was known, the one-third-of-maximum-length rule was
found to be suitable to define juveniles. This was tested for Chaetodon
auriga, Diagramma pictum, Chlorurus sordidus, Lethrinus lentjan, L.
nebulosus, Lutjanus fulviflamma, L. kasmira, L. lutjanus, Parupeneus
macronema and Scarus psittacus.
In all statistical analyses, each individual quadrat was used as a replicate.
For each habitat type, mean densities of juveniles and adults were calculated
per species (based on all locations per habitat type). Based on these mean
densities, species were classified into seven species groups: seagrass
residents (sg residents), nursery species, seagrass generalists (sg
generalists), generalists, reef generalists, reef residents and rare species.
Criteria used for this classification were arbitrarily chosen and are defined in
Table 2. Although the term nursery species is often subject of discussion
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(Beck et al. 2001), we here used the term to describe species that show high
juvenile densities in seagrass beds and high adult densities on reef habitats.
Table 2. Criteria used to classify fish species into seven species groups; sg – mg: all
seagrass (both shallow and deep) and mangrove habitats, excluding intertidal flats and
algae flats; reef: both sg – mg reefs and far reefs, excluding Comores reefs. PJD: mean
partial juvenile density; TJD: mean total juvenile density; PAD: mean partial adult
density; TAD: mean total adult density. In partial density, mean fish density (juveniles or
adults) of sg – mg habitats or reef habitats is expressed as % of mean total fish density
(juveniles or adults).

Species group

Occurrence of juveniles

1) Seagrass residents

PJD

2) Nursery species

PJD

3) Seagrass generalists

PJD

4) Generalists

Both PJD sg-mg and PJD reef
between 30-70% of TJD

Both PAD sg-mg and PAD reef
between 30-70% of TAD

5) Reef generalists

Both PJD sg-mg and PJD reef
between 30-70% of TJD

PAD

reef

> 70% of TAD

6) Reef residents

PJD

PAD

reef

> 70% of TAD

7) Rare species

Mean total fish density (pooling juveniles and adults per
-2
quadrat) < 0.20 individuals 100 m (based on all habitats
together)

sg-mg

sg-mg

sg-mg

reef

Occurrence of adults

> 70% of TJD

PAD

sg-mg

> 70% of TJD

PAD

reef

> 70% of TJD

Both PAD sg-mg and PAD reef
between 30-70% of TAD

> 70% of TJD

> 70% of TAD

> 70% of TAD

We also calculated the mean total fish density (pooling observed species of
all size classes per quadrat) and mean total species richness for each habitat
type. Because quadrat sizes varied (25 m2 or 64 m2), species richness could
not be directly compared between these quadrats. To compare habitat types,
quadrat size was standardized by pooling fish counts of five 25 m2 quadrats
(total area 125 m2) or two 64 m2 quadrats (total area 128 m2).
Differences in total fish density and species richness between the six nonreef habitats (mg, bay sg, reef sg, deep reef sg, intertidal flat and algae flat)
and between the three reef habitats (sg – mg reefs, far reefs and Comoros
reefs) were tested using a non-parametric Kruskal-Wallis test followed by a
Dunnet T3 post-hoc comparison test (Sheskin 1997). Fish densities and
species richness of standardized quadrats were used as replicates.
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The influences of cover, height and rugosity of the corals and of the
quadrat depth on adult fish density were tested by means of multiple linear
regressions for each species. Juvenile densities were generally too low to
allow multiple linear regressions. For each multiple linear regression, adult
fish density per quadrat was used as the dependent variable and mean coral
cover, maximum coral height, reef rugosity and quadrat depth as regressors.
Possible multicollinearity between the four regressors was investigated by six
additional simple linear regressions between coral cover (regressor) and
maximum coral height, coral cover (regressor) and coral rugosity, quadrat
depth (regressor) and coral cover, quadrat depth (regressor) and maximum
coral height, quadrat depth (regressor) and coral rugosity and between
maximum coral height (regressor) and coral rugosity. Linear regressions were
significant between coral cover and maximum coral height (P<0.001;
R2=0.04), quadrat depth and coral cover (P=0.001; R2=0.01) and maximum
coral height and coral rugosity (P<0.001; R2=0.06). Since R2 values were very
low, multicollinearity between these variables is considered insignificant.
Table 3. Results of statistical comparison (expressed as p-values) of mean total
fish density (A) and mean total species richness (B) between the six non-reef
habitats and the three reef habitats (Kruskal - Wallis test followed by a Dunnet
T3 post-hoc comparison, see also Fig. 2). NS: not significant.
Non-reef habitats:
Kruskal - Wallis test: P<0.001
Dunnet T3 post-hoc comparisons:
Bay
Reef
seagrass seagrass
Mangroves
Bay seagrass
Reef seagrass
Deep reef
seagrass
Intertidal flat

A
B
A
B
A
B
A
B
A
B

<0.001
<0.001

<0.001
<0.001
0.020
0.009

Reef habitats:
Kruskal - Wallis test: P<0.001
Dunnet T3 post-hoc comparisons:
Comoros
Far reefs
reefs
A
0.010
<0.001
Sg - mg reefs
B
0.049
<0.001
A
<0.001
Far reefs
B
<0.001
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Deep reef
seagrass
NS
0.006
<0.001
0.023
<0.001
<0.001

Intertidal
Algae flat
flat
NS
<0.001
<0.001
NS
<0.001
<0.001
NS
NS

NS
0.017
<0.001
NS
<0.001
<0.001
NS
NS
NS
NS
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Fig. 2. Mean total fish density (a) and mean total species richness (b) in all
investigated habitat types, based on standardized quadrat sizes (see text).
Mangroves, bay sg, reef sg, sg – mg reefs, far reefs and Comoros reefs are
arranged according to a distance gradient. Mean total fish densities and
mean species richness are compared for non-reef habitats and for reef
habitats using a Kruskal – Wallis test and Dunnet T3 post-hoc comparisons
(see also Table 4). Different numbers indicate significant differences between
non-reef habitats; different letters indicate significant differences between
reef habitats.
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The influence of the presence of sg – mg areas on adult fish density on coral
reefs (sg – mg reefs, far reefs and Comoros reefs) was tested using a General
Linear Model (GLM). This was done using two analysis: one GLM compared
adult fish density between sg – mg reefs and far reefs, while a second GLM
compared adult fish density between sg – mg reefs and Comoros reefs. These
two GLMs were run for each of the seven species groups (pooling all adult
fish species per quadrat) except ‘rare species’ (Table 2 and 3), and for all fish
species separately. To increase normality of the data set, fish data were
transformed by y = √(0.5 + x). Adult fish density was used as the dependent
variable in both GLMs and each individual quadrat was used as a replicate.
The presence or absence of sg – mg areas was used as a fixed factor in both
models. Because multiple linear regressions showed depth to be a significant
factor for 41% of the species (see Results), quadrat depth was used as a
covariable in each GLM. Type III sum of squares was used in both models.
For each performed analysis, model assumptions were checked. If
assumptions were violated the analysis was not performed. GLMs were not
performed for the ‘rare species’ group. All analyses were performed using
SPSS version 11.5.

Results
Species groups and habitat utilisation
Both total fish density and species richness were significantly higher on reef
sg than in all other non-reef habitats (Fig. 2, Table 3). This was also true for
bay sg, except that no significant difference in species richness was found
with intertidal flat and algae flat. A comparison of the habitat types in the
mangrove – seagrass bed – coral reef gradient (see Fig. 1) shows a clear
spatial trend (Fig. 2). Both total fish density and species richness increase
from mangroves to reef sg habitats and decline from sg – mg reefs to
Comoros reefs. In this spatial gradient, the bay and reef habitat types located
most closely to each other (i.e., reef sg and sg – mg reefs) showed the highest
total fish densities and species richness, whereas the bay and reef habitats
located furthest away from this transition (i.e., mg and Comoros reefs)
showed lowest total fish densities and species richness.
In total, 76 species of the selected fish families were observed in the
quadrats in the study area, and these were classified into the seven
distinguished species groups (Table 4). The number of species per species
group that were observed on islands where both reef and non-reef habitats
were sampled (Zanzibar, Mafia and Pemba) did not differ much between
these islands (Table 4). Reef residents were represented by the largest
number of species (n=32, 42% of all observed species,) while the other
groups were represented by considerably smaller numbers of species
(ranging from four to eleven species). For 36 species (48% of all observed
species) that were observed in the reef quadrats either as juveniles or adults,
more than 30% of the total juvenile density (see criteria Table 2) was
observed in sg – mg habitats (i.e., all species of seagrass residents, nursery
species, seagrass generalists, generalists and reef generalists, see Table 4).
According to the criteria listed in Table 2, 18 of these species (24% of all
species) had their highest juvenile densities in sg – mg habitats (i.e., species
of sg residents, nursery species and sg generalists), while the other 18
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species showed similar juvenile densities in sg – mg habitats and reef
habitats (i.e., species of generalists and reef generalists).
Differences in juvenile densities between seagrass and other habitats were
largest for sg residents, nursery species and sg generalists. These species
groups all had their highest juvenile densities in seagrass beds, and were
only observed in low densities in reef habitats (Fig. 3a). Reef residents, on the
other hand, had much higher juvenile densities in reef habitats than in nonreef habitats. Although generalists and reef generalists also had high juvenile
densities in shallow sg habitats, differences with juvenile densities in other
shallow-habitat types and in reefs habitats were considerably smaller. Sg
generalists were the only species group with relatively high densities of
juveniles in mangroves. Juvenile densities on Comoros reefs were only high
for the reef residents.
As regards adults, only sg residents showed much higher densities in sg –
mg habitats than in reef habitats (Fig. 3b). The nursery species, reef
generalists and reef residents, on the other hand, had much higher adult
densities in reef habitats than in sg – mg habitats. Just as for juveniles,
adult densities on Comoros reefs were only high for the reef residents. For all
other species groups, adult densities on Comoros reefs were low or zero.
Effect of the presence of sg – mg habitats on reef fish densities
Multiple linear regressions between adult fish density and the three coral
complexity variables and quadrat depth, showed a significant relation for
coral cover (20 species), maximum coral height (16 species), coral rugosity
(five species) and quadrat depth (31 species). All species groups except rare
species contained species for which multiple regressions were significant.
However, in all cases where a significant relationship was observed, both
the part correlations (correlation of the dependent variable with one of the
regressors, where the effect of the other regressors on the dependent variable
is controlled) of the individual variables and the R2 value of the complete
model were very low (most part correlations were < 0.15 while the highest
observed part correlation was 0.21, and almost all R2 values for the complete
model were < 0.1).
The GLM comparison between sg – mg reefs and Comoros reefs of the
effect of the presence of sg – mg areas on the adult fish densities per species
group shows that densities of nursery species, generalists and reef
generalists were significantly lower on Comoros reefs (Fig. 3b, Table 4). Sg
residents were not observed on Comoros reefs at all, and densities of sg
generalists were almost zero (not enough observations to perform a GLM).
Also total fish density was significantly lower on Comoros reefs (Fig. 2). The
GLM comparison of adult densities of species groups between sg – mg reefs
and far reefs shows that densities for all species groups were significantly
higher on sg – mg reefs than on far reefs, except for generalists and reef
residents (Fig. 3b, Table 4). Also total fish density was significantly lower on
far reefs (Fig. 2).
The GLM comparison of adult densities between sg – mg reefs and
Comoros reefs at the level of individual species shows that 32 of the 36
species whose juveniles were observed in sg – mg habitats (sg residents,
nursery species, seagrass generalists, generalists and reef generalists) were

55

Contribution Indo-Pacific seagrass beds and mangroves to reef fish

-2

Mean density of juveniles +SE (100 m )

80

a)

Mangroves
Reef sg
Intertidal flat
Sg - mg reefs
Comoros reefs

70
60
50

Bay sg
Deep reef sg
Algae flat
Far reefs

40
30
20
10
0
Seagrass
residents

-2

Mean density of adults +SE (100 m )

40

Nursery
species

Seagrass
generalists

Generalists

Reef
generalists

b)

Reef residents

1A

A
1

35

A
1

30
2

25

A
1

20

2

15
10
5

A
11

A
1
A
1

B
2B

B
B

2
B

0
Seagrass
residents

Nursery
species

Seagrass
generalists

Generalists

Reef
generalists

Reef residents

Fig. 3. Mean total densities of juveniles (a) and adults (b) per species group
per habitat type. Significantly different adult densities ((P<0.050, tested with
GLM) between sg – mg reefs and Comoros reefs are indicated by different
letters, while significant different densities between sg-mg reefs and far reefs
are indicated by different numbers.
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either absent from the Comoros reefs or were observed in very low densities
(not enough observations to perform a GLM) or significantly lower densities
than on sg – mg reefs (Table 4). Only one species from the nursery species
group (Mulloidichthys flavolineatus) occurred on the Comoros reefs in
comparable densities as on sg – mg reefs. Compared with densities on sg –
mg reefs, only two species of reef generalists (Chlorurus strongylocephalus
and Siganus stellatus) occurred in comparable densities, and one species
(Lethrinus microdon) in higher densities on the Comoros reefs. All other
species of generalists and reef generalists were not observed or occurred in
low densities on the Comoros reefs (Fig. 4). Although many species of reef
residents were not observed or only occurred in low densities on the
Comoros reefs, this species group included the highest number of species for
which no density differences were observed between sg – mg reefs and the
Comoros reefs, or for which densities on the Comoros reefs were significantly
higher.
The GLM comparison of adult densities of all individual species between sg
– mg reefs and far reefs shows that all species of sg residents were not
observed, occurred in low densities (not enough observations to perform a
GLM) or in significantly lower densities on the far reefs (Fig. 4, Table 4). The
other species groups whose juveniles were observed in sg – mg areas
(nursery species, seagrass generalists, generalists and reef residents)
consisted of some species that showed significantly higher densities on far
reefs than on sg – mg reefs and/or species that showed comparable densities
between reefs. However, of the 36 species whose juveniles were observed in
sg – mg habitats (sg residents, nursery species, seagrass generalists,
generalists and reef generalists), the majority of these species (25 species,
69%) were either absent from far reefs, were observed in low densities (not
enough observations to perform a GLM) or significantly lower densities than
on sg – mg reefs. Although the reef residents also included species with
significantly higher densities on sg – mg reefs, most species did not show
differences between reefs or had significantly higher densities on far reefs.
Although mean adult fish densities on sg – mg reefs or far reefs on Zanzibar,
Mafia, Pemba and Mbudya were not similar between the islands, the
patterns of occurrence of species on either sg – mg reefs and far reefs as
described above were found on all islands (Table 4).
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Fig. 4. Overview of GLM results of individual species, per species group (see
also Table 4). Mean adult species densities were compared (1) between sg –
mg reefs and far reefs (far) and (2) between sg – mg reefs and Comoros reefs
(Com). GLM results were classified as follows: (1) mean adult species density
on sg – mg reefs was significantly lower than on far reefs or Comoros reefs
(Sg – mg reefs S <<); (2) mean adult species density on sg – mg reefs was
significantly higher than on far reefs or Comoros reefs (Sg – mg reefs S >>);
(3) species occurred on reefs (sg – mg reefs, far reefs or Comoros reefs) but
adult densities were too low to be tested using GLM (Present, dens <<); (4) no
significant difference was observed between species densities on sg – mg
reefs and far reefs or Comoros reefs (No difference); (5) no individuals of a
species were observed on far reefs or on Comoros reefs (Not observed). For
each species group, the bar shows the percentage of species in that
particular group that showed a possible GLM result relative to the total
number of species in the group.
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Discussion
Species groups and habitat utilisation
Of all investigated habitat types other than the reef, shallow seagrass beds
harboured the highest fish densities. Although mangroves, macroalgae, deep
seagrass beds and the intertidal flat were used by several species of fish,
densities were low in comparison with those in shallow seagrass beds.
Although the composition of the species groups varied per island, differences
in species composition between the islands Zanzibar, Mafia and Pemba
where mangrove, seagrass as well as reef habitats were sampled, were
relatively small. Because the observed species community is relatively similar
between these islands, the observed utilisation of available habitats by
juvenile fish is regarded as a general pattern, rather than as a specific island
effect. For 36 of the 76 selected fish species, juveniles clearly made use of
areas where seagrass beds and mangroves were present, and for 18 of these
species (all sg residents, nursery species and sg generalists) > 70 % of their
juvenile density was found in these areas. Since juvenile fish densities of all
species groups whose juveniles were found in these areas were highest in the
seagrass habitats, it is likely that seagrass habitats function as the most
important juvenile habitats in areas outside the reef. In contrast to the high
densities in seagrass habitats, the low fish densities and species richness in
mangroves quantitatively support the suggestion that mangroves in the IndoPacific region are hardly used as a habitat by reef fish (Quinn & Kojis 1987,
Robertson & Duke 1987, Thollot & Kulbicki 1988, Kimani et al. 1996,
Laroche et al. 1997, Huxham et al. 2004).
A study in the Caribbean that used an approach comparable to that of the
present study indicated that 30 of the 85 selected coral reef species used
seagrass beds and mangroves as an important juvenile habitat (Nagelkerken
et al. 2000a). In comparison with the number of species that used seagrass
and mangrove nurseries in the latter study, the present study showed 36 of
the 76 selected reef species used seagrass beds as an important juvenile
habitat. The present study thus indicates that seagrass beds in the IndoPacific can, in some cases, function as equally important juvenile habitats
for coral reef fish as seagrass beds and mangroves in the Caribbean.
In addition to seagrass habitats, juveniles of species of generalists and reef
generalists are clearly able to use other available habitats, in particular reef
habitats. These species might therefore be regarded as nursery opportunists,
rather than as species that are highly dependent on one habitat type for
their juveniles (Lenanton & Potter 1987). Therefore, as regards the entire
community of the selected reef fish species, the present study shows that
shallow seagrass beds and reef habitats are the most important juvenile
habitats for reef fish in a landscape presenting a mosaic of coastal habitats.
Of all species groups, adult fish densities on reefs close to areas with
seagrass beds were highest for nursery species and reef generalists. For
nursery species, juveniles were predominantly found in seagrass habitats.
Although juveniles of the reef generalists were observed in a variety of
habitats, relatively high juvenile densities were observed in seagrass beds
too. Although there is no direct evidence supporting connectivity between
these seagrass and reef habitats, ontogenetic migrations from the seagrass
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habitat to the reef habitat are likely, since adults of these two species groups
showed much higher densities on reefs close to areas with seagrass beds.
Effect of the presence of areas with seagrass beds on adult fish densities
The absence of extensive areas of seagrass nurseries at Grande Comoros
most likely explains the absence or low adult densities of all species groups
there, except reef residents. Individual species within the various species
groups mostly show the same pattern. This may also be the most likely
explanation for the observations on far reefs. Here, all species groups whose
juveniles were observed in seagrass areas showed reduced adult densities,
except generalists. The majority of the species in all groups, except reef
residents, were absent from the far reefs or had higher densities on reefs
adjacent to seagrass areas than on far reefs. These observations support the
hypothesis that the presence of areas with important juvenile habitats, such
as seagrass beds, has a positive effect on the densities of adults on adjacent
coral reefs of species that use these habitats as juveniles. This has also been
suggested for coral reef species that use seagrass – mangrove nurseries on
Caribbean islands (Ley et al. 1999, Nagelkerken et al. 2000a, Ley & McIvor
2002, Nagelkerken et al. 2002, Halpern 2004, Mumby et al. 2004,
Dorenbosch et al. 2004). Hence, the utilisation of seagrass habitats as a
juvenile habitat by coral reef fishes in some regions of the Indo-Pacific can be
as important as in the Caribbean.
Although the effect of the absence or presence of seagrass areas on adult
fish densities is clearly visible in comparisons with both the Comoros reefs
and the far reefs, various individual species with juveniles found in the
seagrass areas did not show this pattern. These species occurred in
comparable or even higher adult densities on the Comoros reefs (Chlorurus
strongylocephalus, Lethrinus microdon, Mulloidichthys flavolineatus and
Siganus stellatus) or the far reefs (Cheilinus trilobatus, Chlorurus sordidus,
Hipposcarus harid, Lethrinus harak, L. obsoletus, Lutjanus monostigma,
Mulloidichthys flavolineatus, Parupeneus macronema, Scarus scaber, S.
psitacus and Siganus sutor). The most likely explanation for this distribution
pattern is recruitment and survival of juveniles on reefs (Nagelkerken et al.
2000a, Nagelkerken et al. 2000b, Nagelkerken et al. 2002, Dorenbosch et al.
2004). Another possible explanation for the presence of their adults on far
reefs would be the migration of adults or subadults of these species from sg –
mg areas via sg – mg reefs to far reefs. Tulevech & Recksiek (1994) and
Chapman & Kramer (2000) only showed very limited movements of coral reef
fishes between reefs that were separated from each other (several meters to 1
km). Since the distance between the far reefs and sg – mg reefs in the
present study is large (on average 17.2 km) and the far reefs are
disconnected from the sg – mg areas by deep waters, migration is most likely
to be low.
In conclusion, the results of the present study show that in an area
featuring various coastal habitats in the western Indian Ocean, both shallow
seagrass and coral reef habitats are favoured by juvenile fish over other
available shallow-water habitats. For nursery species and reef generalists
(see species list Table 4) juvenile densities are very high in seagrass beds and
considerably lower on coral reefs, while adult densities show the opposite
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pattern. For these species, seagrass beds function as an important juvenile
habitat, and ontogenetic migrations to adjacent coral reefs are likely. In total,
of the 36 species that used seagrass beds as a juvenile habitat, 25 showed
higher adult densities on coral reefs adjacent to these areas than on far
reefs. For these species it is likely that the presence of seagrass beds
contributes to the fish populations on adjacent coral reefs, suggesting an
ecological connectivity between these habitats. However, eleven of these 36
species that used seagrass beds as a juvenile habitat were also able to
sustain adult populations in equal densities on reefs situated far from these
habitats, suggesting that these species do not entirely depend on the
presence of seagrass beds as nurseries. As a contribution to the debate
regarding the importance of Indo-Pacific mangroves and seagrass beds as a
habitat for juvenile coral reef fish, it can be stated that in the present study
seagrass beds had a high value as a juvenile habitat whereas the value of
mangroves was low.
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Nurseries for Cheilinus undulatus and Scarus guacamaia

Abstract
The importance of seagrass beds and mangroves as a juvenile habitat as
opposed to other shallow water habitat types is investigated using a single
sampling method on four islands in the western Indian Ocean for Cheilinus
undulatus, and on one island in the southern Caribbean Sea for Scarus
guacamaia. Both species occur on the Red list of threatened species.
Juveniles of Cheilinus undulatus were predominantly found on seagrass beds
while adults were limited to the coral reef. The presence of seagrass beds
resulted in significantly higher densities of the species on coral reefs in front
of these habitats, indicating the importance of seagrass beds as a juvenile
habitat. For Scarus guacamaia, juveniles were exclusively observed in
mangroves while adults only occurred on the coral reef. Adult S. guacamaia
occurred on all coral reefs along the sheltered coast of the island containing
mangroves, but no relationship with distance to mangroves was observed.
This could indicate the importance of mangroves for the occurrence of adults
of this species on the scale of an entire island.
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Introduction
Seagrass beds and mangroves are thought to function as important
nurseries for many coral reef fish species (Parish 1989; Robertson & Blaber
1992; Beck et al. 2001). This nursery hypothesis is an essential argument for
the conservation of these habitats with respect to coral reef fishes. However,
the number of studies that compare the value of these habitats as a juvenile
habitat with the value of other possible shallow water habitats and the coral
reef itself, is still limited. The present study focuses on the habitat utilization
of two of the largest coral reef fishes in the world, Cheilinus undulatus and
Scarus guacamaia. Cheilinus undulatus is considered a threatened fish of the
world (Donaldson and Sadovy 2001) and is listed on Appendix II of CITES
(CITES 2004) whereas both species occur on the IUCN Red list of threatened
species (IUCN 2004).
Cheilinus undulatus is the largest species of Labridae and occurs in the
Indo-Pacific region. Adults are associated with coral reefs while juveniles
have been reported from various lagoon habitats such as shallow corals and
seagrass beds (Randall et al. 1978; Sadovy et al. 2003). However, studies are
lacking that quantitatively investigated the use of shallow water habitats by
juveniles of this species. Scarus guacamaia is the largest herbivorous coral
reef fish that occurs in the Caribbean region. Although juveniles are thought
to be associated with mangrove habitats, only two studies quantitatively
demonstrated the importance of mangroves as a juvenile habitat as opposed
to seagrass beds and the coral reef (Nagelkerken et al. 2000; Mumby et al.
2004). Both Cheilinus undulatus and Scarus guacamaia can attain a high
biomass and have a high commercial value for fisheries. Using one sampling
method in both tropical regions, we investigate the importance of seagrass
beds and mangroves as a juvenile habitat as opposed to all other available
main shallow water habitats.
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Fig. 1. Location of the four investigated islands off the coast of Tanzania,
western Indian Ocean, where Cheilinus undulatus was observed (a), and the
island of Aruba, southern Caribbean Sea, where Scarus guacamaia was
observed (b). Geographic location island of Zanzibar: 6° 10’ S, 39° 10’ E.
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Methodology
Using underwater visual census in stationary point count transects (Polunin
and Roberts 1993), we investigated the occurrence and densities of Cheilinus
undulatus in six major coastal marine habitats on four islands near the coast
of Tanzania, western Indian Ocean (i.e., Mafia, Mbudya, Pemba and
Zanzibar, Fig. 1): seagrass beds, macro-algal flats, intertidal flats
characterized by patches of seagrass and corals, notches (i.e., overhanging
rocks forming small caverns along a fossilized limestone shore line),
mangrove prop-roots and coral reefs (Table 1, Fig. 1). Two types of coral reefs
were distinguished, viz. coral reefs that were located in front of lagoons with
seagrass beds and mangroves (seagrass - mangrove reefs) and coral reefs
that were located far away from seagrass beds and mangroves (far reefs,
mean distance to seagrass beds or mangroves was 17.2 km). For Scarus
guacamaia we investigated the occurrence and densities of the four most
important coastal habitats on the island of Aruba (Caribbean Sea): seagrass
beds, mangrove prop-roots, notches and coral reefs (Table 1, Fig. 1). Coral
reefs (n=13) were located along the entire coast of the island and were
arranged in a continuous distance gradient to mangroves that were
exclusively located on the sheltered southeastern side of the island. The
shortest distance between a coral reef site and mangroves was 250 m
whereas the longest distance between a coral reef site and mangroves was 26
km.
Table 1. Surveyed habitat types, number of sites, transects and transect sizes on the islands of the coast of
Tanzania, western Indian Ocean (Cheilinus undulatus) and the island of Aruba, southern Caribbean Sea (Scarus
guacamaia) .
Surveyed habitats
Cheilinus undulatus ,
Tanzania:
Seagrass beds
Macro-algal flats
Intertidal flats
Notches
Mangrove prop-roots
Seagrass - mangrove reefs
Far reefs

#
transects

Transect
2
size (m )

Total
surveyed
surface (m2)

388
126
268
35
67
730
1582

25
25
25
15
25
25 / 64
64

9700
3150
6700
525
1675
31003
101248

29
201
81
483

15
25
10
100

435
5025
810
48300

# of surveyed sites per island:
Aruba

Mafia

Mbudya

Zanzibar

Pemba
2

1
1

8
2
2
1
1
10
13

4

1
4
2

2
2
3

Surveyed habitats Scarus
guacamaia , Aruba:
Notches
Seagrass beds
Mangrove prop-roots
Coral reefs

1
3
4
13

SCUBA was used to survey all coral reefs and the seagrass beds.
Transects on coral reefs were surveyed at water depths between 3 and 20 m,
on seagrass beds between 2 and 4 m. For all mangroves, notches, macroalgal and intertidal flats, and seagrass beds located on Aruba, snorkeling
gear was used instead of SCUBA because of the limited depth of these
habitats (between 1.5 and 3 m). Because underwater visibility varied
between habitat types, transect sizes ranged between 20 and 100 m2.
Information on the number of surveyed sites and the surface area and
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number of surveyed transects are presented in Table 1. In each transect,
observers counted fishes during ten minutes. Fish size was estimated in size
classes of 2.5 cm (total length) for fishes < 30 cm, whereas for fishes > 30 cm
total length was estimated to the nearest 10 cm. Estimation of size classes
was first thoroughly practiced simultaneously by the observers (Tanzania: 4
observers, Aruba: 2 observers). Data for Cheilinus undulatus were collected
in 2003, for Scarus guacamaia in 2004.
To investigate the effect of the presence of lagoons containing seagrass
beds and mangroves on total fish density on the coral reef, total fish
densities of Cheilinus undulatus were compared between seagrass mangrove reefs and far reefs. Differences in densities were tested using
Poisson regression models fitted using the GENMOD procedure (SAS
Institute Inc. 1993). Data were corrected for overdispersion, the different
coral reef sites were nested within the two coral reef types and significance of
the relationship was tested using Wald χ2 statistic. For Scarus guacamaia,
the relationship between total fish density on the coral reef and shortest
geographic distance to mangroves was determined using linear regression
analysis.

Results
Of all available habitat types, both species were exclusively observed in only
two habitat types. Cheilinus undulatus was only observed on seagrass beds
and coral reefs, where 170 individuals were counted with sizes ranging
between 2.5 and 120 cm. All individuals observed on seagrass beds were <
27.5 cm whereas 75% of the observed individuals on the coral reef were >
27.5 cm (Fig. 2a). Sizes of C. undulatus on seagrass - mangrove reefs ranged
between 5 and 140 cm, on far reefs between 10 and 110 cm. Mean total
density of C. undulatus on seagrass-mangrove reefs (0.19 ± 0.43 100 m-2 ±
SD) was significantly higher than on far reefs (0.05 ± 0.27 100 m-2 ± SD,
P<0.001, coral reef sites had a significant nesting effect, P<0.001).
Scarus guacamaia was only observed in mangroves and on coral reefs
where 205 individuals were counted with sizes ranging between 5 and 80
cm. Mangroves exclusively harboured individuals < 30 cm whereas all
individuals of this species observed on the coral reef were > 25 cm (Fig. 2b).
All adult individuals of S. guacamaia were observed on coral reefs located on
the sheltered southwestern side of the island where most individuals were
observed on coral reefs between 0 and 10 km distance from mangroves (Fig.
3, maximum distance between coral reefs where the species was observed
and mangroves was 13 km). The species was completely absent from the two
coral reefs located furthest away from mangroves, on the exposed northern
side of the island (located at 17 and 26 km distance to the nearest
mangroves, Fig. 1). No significant linear relationship was present between
mean total density of S. guacamaia on these reefs and distance to nearest
mangroves.
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Fig. 2. Size frequency distribution of Cheilinus undulatus (a) and Scarus
guacamaia (b) on the investigated habitats.
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Discussion
The results of the present study indicate ontogenetic shifts from juvenile
habitats (seagrass beds for Cheilinus undulatus and mangroves for Scarus
guacamaia) towards adult habitats (coral reefs). Cheilinus undulatus may
also use the coral reef as a juvenile habitat (Randall et al. 1978; personal
communications listed in Sadovy et al. 2003), but the present study shows
seagrass beds form the most important juvenile habitat on the four
investigated islands. The results indicate that the presence of lagoons with
seagrass beds subsequently enhance the adult densities of the species on
coral reefs in front of these habitats. Seagrass beds may therefore play an
important role in conservation of adult fish stocks of this species on adjacent
coral reefs.

40

# of observed adults

35
30
25
20
15
10
5
0
0-1

1-5

5 - 10

> 10

Distance to nearest mangroves (km)
Fig. 3. Relationship between the total number of adult Scarus guacamaia
observed on coral reefs and the shortest distance to mangroves.
For Scarus guacamaia, juveniles were exclusively observed in mangroves.
The present study focused on a new geographic area and included higher
numbers of fish compared with previous studies. In combination with results
of Nagelkerken et al. (2000) and Mumby et al. (2004) it can therefore be
suggested mangroves may be the single most important juvenile habitat for
this species. On the scale of the island of Aruba, the species was observed on
coral reefs along the entire sheltered southwest coast. Since mangroves were
the only habitat where juveniles were observed, the presence of mangroves is
likely to be an essential factor for the occurrence of Scarus guacamaia along
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the entire sheltered coast of the island. As has been suggested by Mumby et
al. (2004), loss of mangrove habitat could therefore affect adult populations
on coral reefs situated far away from this habitat (in the present study
possibly up to 10 km).
Measures aimed at the conservation of threatened species such as
Cheilinus undulatus and Scarus guacamaia, should therefore also be aimed
at shallow water habitats such as seagrass beds and mangroves that are
likely to function as important juvenile habitats.
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Edge effects and habitat segregation

Abstract
Coral reefs and seagrass beds are often located adjacent to one another, but
little is known about the degree to which their fish communities are
interlinked. To determine whether coral reef fishes on the coral reef are
interlinked with or segregated from fishes on adjacent seagrass beds, a 60 m
coral reef – seagrass gradient was studied on the island of Zanzibar in the
western Indian Ocean. Using underwater visual census, coral reef fishes
were surveyed in four habitat zones: (1) a coral patch reef, (2) seagrass beds
bordering the coral reef, (3) seagrass beds at a 30 m distance from the coral
reef edge and (4) seagrass beds at a 60 m distance from the coral reef edge.
Based on the densities of juveniles and adults in the four zones, the 48
species that were observed were classified into reef-associated species,
seagrass-associated species, nursery species, generalists and rare species.
Reef-associated species occurred almost exclusively on the coral reef and at
the reef – seagrass edge, while seagrass-associated species occurred almost
exclusively on the seagrass beds. Generalists and seagrass-associated
species occurred in all three seagrass zones, but densities of generalists on
seagrass beds decreased with increasing distance from the reef, whereas that
of seagrass-associated species increased. Reef-associated and generalist
species showed an edge effect, where densities on the seagrass beds near the
reef edge were higher than on the seagrass beds further away. Juvenile
densities of nursery species on seagrass beds also increased with the
distance from the reef, whereas their adults showed the highest densities on
the coral reef, suggesting a possible ontogenetic shift from the seagrass beds
to the reef. The results of the present study show that this seagrass – coral
reef landscape features a habitat segregation between species and life stages
and shows an edge effect, possibly driven by competition mechanisms
between species or life stages.
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Introduction
Many coral reef fish use seagrass beds either as a nursery habitat or as a
feeding or resting habitat (Parrish 1989, Baelde 1990, Blaber 2000, Beck et
al. 2001). Although the utilisation of seagrass beds by reef fish has been
extensively studied, fewer studies have focused on the interlinkages between
fish communities of seagrass beds and coral reefs (Sale 2002). In the present
study, these interlinkages are defined as functional processes where fish
communities between habitats influence each other, i.e. direct mechanisms
such as migrations of individuals or indirect mechanisms such as predation
or competition. Studies that have described such direct interlinkages have
considered only ontogenetic migrations (Rooker & Dennis 1991, Appeldoorn
et al. 1997, Nagelkerken et al. 2000a, b, Cocheret de la Morinière et al. 2002,
Mumby et al. 2004, Nakamura & Sano 2004a) or daily feeding migrations
(Ogden & Buckman 1973, Ogden & Ehrlich 1977, Weinstein & Heck 1979,
Baelde 1990, Kochzius 1997) as functional processes that structure fish
communities in the two habitats.
The few studies that have examined interlinkages between multiple fish
species on seagrass beds and coral reefs were carried out in situations where
the two habitat types were located at some distance (i.e., hundreds of metres)
from each other. This distance may be too large to result in species
interactions between these habitats, because species associated with one
habitat may only migrate across short distances (metres) to adjacent
habitats. No published studies seem to have investigated fish species
distribution patterns in a continuous reef – seagrass gradient.
Where coral reefs and seagrass beds meet, interactions between fish
communities associated with one of these habitats are very likely to occur in
the edge zone: reef-associated fish may partly migrate into the seagrass beds,
whereas seagrass-associated fish may partly migrate onto the reef. Although
migration of individuals can directly influence the structure of fish
communities in these habitats, interactions between species such as
predation or competition for food and space may also have a strong effect on
the structure of these fish communities. Depending on the underlying
mechanisms, the transition of coral reef into seagrass beds may therefore
result in an ‘edge effect’ where species show increases, decreases or no
change in abundance (Ries & Sisk, 2004). Sweatman & Robertson (1994)
and Shulman (1985) showed that predation by reef-associated fish
influenced the occurrence of juvenile grunts and surgeonfishes on seagrass
beds directly bordering the reef in a short reef – seagrass gradient. In various
coral-dwelling reef fish species that co-exist on a small spatial scale,
competition appears to influence habitat selection (Munday et al. 2001,
Eagle et al. 2001, Clarke & Tyler 2003, Webster 2004). It is therefore possible
that the fish communities of the two habitats interact with each other at the
edge of each habitat, giving rise to an edge effect which results into habitat
segregation, possibly driven by competition or predation.
In the present study, it was hypothesised that the composition of reef fish
species on seagrass beds would change with increasing distance from the
coral reef. Species that are mainly reef-associated were expected to dominate
the fish community on the reef and perhaps also the reef – seagrass edge,
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whereas seagrass-associated species were expected to dominate the entire
seagrass bed. On a 60 m coral reef – seagrass gradient, we examined the
distribution of various coral reef fish species to answer the following
questions: (1) do fishes from the coral reef use adjacent seagrass beds as a
habitat, (2) do densities of fish species on the seagrass bed change with
increasing distance from the reef and (3) how are densities of different fish
species related to each other along this gradient?

Materials and methods
Study area
The present study was done on a continuous coral reef – seagrass gradient
situated at the entrance of Chwaka Bay, a shallow marine bay on the east
coast of the island of Zanzibar (Tanzania) in the western Indian Ocean (Fig.
1). This bay was characterised by large areas of mangrove forest, mudflats
and seagrass beds. There are no rivers that discharge in this area. At the
entrance of the bay, at an average depth of 11 m, three patch reefs were
present (Fig. 1) which directly bordered uniform monospecific seagrass beds
with a 100% coverage of Thalassodendron ciliatum. The width of the seagrass
beds varied between 80 and 250 m, beyond which there were seabeds of bare
pebbles or sand. The lengths of the patch reefs varied between 300 and 800
m, with a width of about 100 m. No halos of reduced seagrass cover (as
described for the Caribbean by Ogden et al. 1973 and Hay 1984) were
present at the reef – seagrass edges. The three patch reefs all had a
comparable coral complexity (mean coral cover 48.5% ± 25.7; mean
maximum coral height 1.0 m ±0.4) and were not influenced by other nearby
coral reefs (distance to the nearest coral reef was 5.0 km).
Field sampling and study design
To study the distribution of coral reef fishes within this reef – seagrass
gradient, four habitat zones were distinguished: the coral reef and three
seagrass zones located at increasing distances from the coral reef (0 m, 30 m
and 60 m from the coral reef). A selection of the complete fish community in
each habitat zone was surveyed by means of underwater visual census using
SCUBA and a stationary point-count method (Watson & Quinn 1997,
Polunin & Roberts 2004). Fish species were selected based on our ability to
identify them during underwater visual census, as well as on their
commercial value for fisheries (Jiddawi & Stanley 1997). All species
belonging to the Haemulidae, Lethrinidae, Lutjanidae, Mullidae,
Nemipteridae, Scaridae and Siganidae families were included, as were two
species of Acanthuridae (Acanthurus leucosternon and Naso unicornis), two
Chaetodontidae species (Chaetodon mellanotus and C. auriga), three largesized Labridae species (Cheilinus trilobatus, C. undulatus and Cheilio inermis)
and one Zanclidae species (Zanclus cornutus).
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Fig. 1. Overview of the study area (geographic location of Zanzibar island:
latitude 6E10N S, longitude 39E10N E) and locations of the three sampled
patch reef – seagrass gradients. A schematic presentation of the placement of
quadrats in each habitat zone (coral reef, 0 m seagrass zone, 30 m seagrass
zone and 60 m seagrass zone) is shown in a) overview and b) cross section.
Numbers 1-3 indicate the locations of the three sampled patch reefs.
Because underwater visibility ranged from 6 – 10 m, 5 x 5 m quadrats
were surveyed. Visual census surveys in the coral reef zone were performed
at the centre of the patch reef, at a minimum distance of 15 m from the edge
of the reef. Within the centre of the patch reef, quadrats were randomly
placed with a minimum distance of 20 m between each other. A total of 45
quadrats were surveyed, divided over the three patch reefs: 20 quadrats on
patch reef 1, 14 on reef 2 and 11 on reef 3 (for patch reef numbers see Fig.
1). The number of quadrats that was surveyed on each patch reef depended
on the size of the patch reef. To survey quadrats on the seagrass beds, the
distance to the coral reef was determined by placing a 60 m quadrat line
perpendicular to the edge of the coral reef (see Fig. 1 for a schematic
presentation of placement of quadrats). Visual census surveys were done at
0 – 5 m, 30 – 35 m and 60 – 65 m from the reef (hereafter referred to as the 0
m, 30 m and 60 m seagrass zones). Seagrass quadrats bordering the reef
started where the reef ended and did not include any corals. At each side of
the 60 m quadrat line, two quadrats were surveyed in each of the three
seagrass zones (Fig. 1). The minimum distance between two quadrats on the
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Table 1. Criteria used to categorise species into five different groups. Abbreviations:
JD: mean juvenile density on either the coral reef (based on all coral reef quadrats, reef)
or seagrass (based on all seagrass quadrats, sg); SJD: sum of JD on the coral reef and
seagrass; AD: mean adult density on either the coral reef or seagrass; SAD: sum of AD
on the coral reef and seagrass.

Species group:

Juveniles

Adults

Seagrass residents

JD

sg

>70% of SJD

AD

sg

Nursery species

JD

sg

>70% of SJD

AD

reef

Generalists

JD

sg

30-70% of SJD

AD

sg

Reef residents

JD

reef

AD

reef

Rare species

total fish density < 0.25 individuals 100 m (averaged for
all quadrats of all habitat zones)

>70% of tot sjd

>70% of SAD
>70% of SAD

30-70% of SAD
>70% of SAD
-2

seagrass beds was 20 m. After the three seagrass zones (i.e., 12 quadrats)
had been surveyed a first time, the quadrat line was shifted over a distance
of 100 m and the survey was repeated in a similar way as the first time. This
procedure was done 2-4 times per patch reef, depending on its size. A total of
34 quadrats were surveyed in the 0 m seagrass zone (eight along patch reef
1, 10 along reef 2 and 16 along reef 3), 34 in the 30 m seagrass zone (12
along patch reef 1, six along reef 2 and 16 along reef 3) and 32 in the 60 m
seagrass zone (10 along patch reef 1, six along reef 2 and 16 along reef 3).
The number of surveyed quadrats per zone in each patch reef gradient
differed because sometimes patches of sand or pebbles interrupted the
seagrass beds surrounding the patch reef.
Visual census data were collected by two observers who independently
surveyed quadrats that were randomly allocated to the observers. On the
seagrass beds all quadrats to the left of the 60 m quadrat line were allocated
to one observer and at the same time all quadrats to the right to the other
observer.
A 5 m rope was used as a reference for quadrat size. After placing the line,
the observer waited 3 minutes to minimise fish disturbance. All target
species within or passing through the quadrat were then counted within a
period of 10 minutes. During the first 7 minutes, the observer was situated
on the edge of the quadrat, while during the last 3 minutes the observer
moved over the quadrat to search for small juvenile fish possibly hiding
behind corals or seagrass leaves. Care was taken not to count individuals or
groups of fish that regularly moved in and out the quadrat more than once.
When surveying the 0 m seagrass zone, extra care was taken to only count
fishes that were really present within the borders of the seagrass quadrat.
Fish were classified into 2.5 cm size classes using an underwater slate.
Surveys were conducted between 7 a.m. and 2 p.m. at high or low tide, when
water movement was minimal. To minimize observer effects, species
identification and quantification were first thoroughly practiced
simultaneously by the two observers until their results were comparable.

82

Chapter 5
50

0 m seagrass

30 m seagrass

60 m seagrass

70

45

Seagrass height + SE (cm)

40
50

35
30

40

25
30

20
15

20

10

Shoot density + SE (50x50 cm-1)

60

10
5
0

0
Mean
height
Mean seagrass
shoot height

Mean
density
Mean shoot
shoot density

Fig 2. Mean shoot height and seagrass density in the three seagrass zones.
Estimation of size classes was trained before the start of the study by
repeatedly estimating the sizes of 50 pieces of electrical wire of known length
and representing all fish size classes, placed at random under water.
Training was continued until differences in size estimation were minimal
(i.e., a deviation of no more than ± 2.5 cm from the actual length for objects
< 20 cm). Visual census data were collected during 10 days in January 2004.
This period falls within the middle of the northeast monsoon when rainfall is
limited and water temperatures are high. Salinity and temperature are
relative constant during this time of the year and little temporal variation in
fish assemblages is expected.
Because seagrass habitat complexity can influence fish densities (Sogard et
al. 1987, Hyndes et al. 2003), shoot density and seagrass height were
measured in each of the three seagrass zones at the locations where the fish
quadrats were surveyed. Mean seagrass height was quantified by measuring
the length (to the nearest cm) of both shoot and leaf of 40 seagrass plants in
each seagrass zone that were randomly selected in the three patch reef –
seagrass gradients. Mean shoot density of each seagrass zone was estimated
by counting the number of shoots in 50 by 50 cm quadrats (taking 10
replicate measurements per seagrass zone, randomly placed in the three
patch reef – seagrass gradients).
Data analysis
Mean seagrass height and shoot density were compared between the three
seagrass zones using one-way ANOVA. A non-parametric Spearman rank
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correlation was performed to determine the relationship between mean
seagrass height and shoot density on the three seagrass zones.
Fish counts of all individual quadrats collected by visual census in the
three patch reef – seagrass gradients were used as replicates. Similarity in
fish assemblage structure between the four different habitat zones was
compared using cluster analysis of fish species densities (with all size classes
pooled), using the BioDiversity Pro computer program (McAleece 1997) on
basis of Euclidean distances and using group average linkage.
Fish were recorded as juveniles when they were smaller than one third of
the maximum species length (Nagelkerken & van der Velde 2002). Maximum
lengths of species were obtained from FishBase World Wide Web (Froese &
Pauly 2003). Specimens of species with a maximum length > 90 cm were
recorded as juveniles when they were < 30 cm. For those species for which
the maturation size was known, the one-third-of-maximum-length rule was
found to be suitable to define juveniles. This was tested for Chaetodon
auriga, Chlorurus sordidus, Lethrinus lentjan, L. nebulosus, Lutjanus
fulviflamma, L. lutjanus, Parupeneus macronema and Scarus psittacus.
Based on the density distribution of juveniles and adults of the observed fish
species along the coral reef – seagrass gradient, species were classified into
seagrass residents, nursery species, reef residents, generalists and rare
species (according to criteria listed in Table 1). The term nursery species is
used to describe species that show high juvenile densities on the seagrass
beds and low densities on the coral reef, and of which the adults show the
opposite pattern and are mainly concentrated on the reef. In the present
study, the term nursery species does not imply that seagrass beds function
as a nursery habitat per se (as defined in Beck et al. 2001).
The criteria that were used here to classify species into the five groups
were arbitrarily chosen. To check this classification, Principal Component
Analyses (PCA) was performed on the distribution of juveniles and adults of
the observed species in the four habitat zones (rare species excluded). The
classification of the species into the four groups (according to Table 1)
corresponded with clusters of juveniles and adults of species that could be
distinguished using PCA (Fig. 3). Juveniles and adults of seagrass residents
and juveniles of nursery species were concentrated on the seagrass beds,
while adults of nursery species were concentrated on the coral reef. For
adults, generalists and reef residents were separated as two groups,
although their juveniles showed no clear difference. Although density
distributions others than the ones listed in Table 1 are theoretically possible,
these did not occur and were thus not used as classification criteria.
The existence of possible interlinkages between fish communities of the
four habitat zones can be derived from the density distributions of species on
the gradient (such as the presence of an edge effect on species densities or
species richness), and from relationships of density patterns between
different species groups. To examine these possible interlinkages along the
gradient, mean fish densities (pooling all size classes per quadrat), mean
species richness, and mean total densities of each species group were
compared between the four habitat zones. Differences between mean total
fish density on the habitat zones were tested using one-way ANOVA on
log(x+1) transformed data. A Levene’s test showed variances were
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homogeneous after log-transformation. For mean species richness logtransformation was not needed (as determined with Levene’s test). ANOVA
was followed by a Gabriel post-hoc test. Mean total fish densities between
the four habitat zones of each species group (adults and juveniles pooled per
quadrat) and mean total fish densities of juveniles and adults separately for
each species group were compared using the following procedure: if
variances were homogeneous (as determined with Levene’s test), a one-way
ANOVA was used on log(x+1) transformed data followed by a Gabriel posthoc comparison. If variances were not homogeneous (not even after logtransformation), a Kruskal-Wallis test was used on non transformed data
followed by a Dunnett’s T3 post-hoc comparison.
To detect possible interactions between species groups that occurred in
high densities on the seagrass beds, correlations between mean fish
densities of generalists and seagrass residents, between generalists and
nursery species and between seagrass residents and nursery species along
the seagrass gradient were examined by calculating non-parametric
Spearman rank correlations. A Spearman rank correlation was also
calculated between mean fish densities of juveniles and adults of nursery
species along the seagrass gradient. All analyses were performed using SPSS
version 11.5. PCA was performed using the Canoco 4.0 program (ter Braak &
Smilauer 1998). Species densities were log(x+1) transformed, scaling was
focussed on inter-species distances, and species scores were divided by the
standard deviation.
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Table 2. Mean total density per species (100 m-2) and total number of species per species group (all quadrats pooled) in
-2
the four habitat zones. Rare species occurred with a total density < 0.25 individuals 100 m (pooling juveniles and
adults, average for all quadrats of all habitat zones). Feeding guilds (based on Bouchon-Navaro 1986, Almeide et al. 1999,
Meyers 1999, Froese & Pauly 2003) were distinguished as: Hard Z: hard zoobenthivores (species that predominantly feed
on hard benthic prey such as molluscs, echindoderms and large crustaceans); H: herbivores; Soft Z: soft zoobenthivores
(species that predominantly feed on soft benthic prey such as worms and small crustaceans); S: specialists (species with
a specific food preference such as sponges or coral polyps); Z-P: zoobenthivores-piscivores. d: diurnal; n: nocturnal.
Feeding
activity

0m
seagrass

30 m
seagrass

60 m
seagrass

0.9
24.0
18.1
1.4
0.9
4.8
0.6
7

1.9
24.0
24.0
4.6

0.4
5

16.7
14.2
7.1
0.9
0.6
4.6
6

0.2
23.6
2

0.1
0.1
37.8
3

1.2
0.7
1.5
0.4
2.2

1.8
0.3
2.6
1.3
2.9

Coral reef

Seagrass residents
Calotomus spinidens
Cheilio inermis
Leptoscarus vaigiensis
Lethrinus nebulosus
L. obsoletus
L. variegatus
Parupeneus pleurostigma

d
d
d
n
n
n
d

H
Hard Z
H
Hard Z
Hard Z
Soft Z
Soft Z

Total # of seagrass residents
Nursery species
Plectorhinchus flavomaculatus
Scolopsis ghanam
Siganus sutor

n
n
d

Z-P
Soft Z
H

Total # of nursery species
Generalists
Cheilinus trilobatus
Hipposcarus harid
Lethrinus harak
L. lentjan
L. mahsena
Lutjanus argentimaculatus
Parupeneus barberinus
P. indicus
P. macronema
Scarus psittacus

1.1
5.9
14.9
3

0.2
4.1
9.8
3

d
d
n
n
n
n
d
d
d
d

Hard Z
H
Soft Z
Hard Z
Hard Z
Z-P
Soft Z
Soft Z
Soft Z
H

4.0
2.8
0.8
12.1
6.1
0.8
2.5
0.8
11.1
1.3
10

3.9

0.5

Total # of generalists
Reef residents
Acanthurus leucosternon
Calotomus carolinus
Chaetodon auriga
C. mellanotus
Cheilinus undulatus
Chlorurus sordidus
Lutjanus bohar
L. fulviflamma
L. gibbus
L. lutjanus
Mulloidichthys flavolineatus
M. vanicolensis
Plectorhinchus schotaf
Scarus atrilunula
S. ghobban
Zanclus cornutus

6.0
2.2
2.9
6.8
9.3
0.7
3.5
0.4
14.8
12.7
10

5.3
1.5
8

5.6
0.9
8

d
d
d
d
d
d
n
n
n
n
n
n
n
d
d
d

H
H
S
S
Hard Z
H
Z-P
Z-P
Z-P
Z-P
Hard Z
Hard Z
Z-P
H
H
S

9.7
4.4
2.0
2.0
0.6
9.2
1.7
121.6
3.6
51.3
4.7
8.2
5.0
0.8
1.9
3.5
16

0.5
2.2
0.5

0.2
0.5
0.4

0.4
0.3

Total # of reef residents
Total # of common species
Rare species
Cetoscarus bicolor
Gymnocranius grandoculis
Lethrinus microdon
Macolor niger
Monotaxis grandolocus
Naso unicornis
Parupeneus bifasciatus
P. rubescens
Plectorhinchus gaterinus
Scarus russelli
Scarus tricolor
Siganus stellatus
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4.5
0.1
0.4
0.3

74

0.7
3.4
0.9
118.4
0.2
11.8
5.9
2.9
0.1
0.9
0.7
14
33

Observed on the coral
reef
●
●
●
●
●
●
●
●
●
●
●
●

31.3
2.1
6

0.7

0.4
0.3
2.1

0.2

0.1
0.7
7

0.1

24

23

6

Observed on seagrass
beds
●
●

●
●
●
●
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Results
No significant differences in mean seagrass height (F=1.08; P=0.36; one-way
ANOVA) or mean shoot density (F=2.28; P=0.11; one-way ANOVA) were found
between the three seagrass zones (Fig. 2). There was no significant
correlation between mean seagrass height and mean shoot density
(Spearman rank correlation coefficient rs < 0.01; P=1.00).
In total, 48 species of the selected fish families were observed along the
gradient (Table 2). Reef residents were represented by a greater number of
species (n=16) than generalists (n=10) and seagrass residents (n=7). Nursery
species had the smallest number of species (n=3). Twelve species occurred at
very low densities.
Table 3. Overview of results (p-values) of statistical comparisons between mean fish density and mean species richness (Fig. 5), mean
total fish densities per species group (Fig. 6) and mean total densities of juveniles and adults of species groups (Fig. 7) in the four habitat
zones. K - W: Kruskal-Wallis test; NS: not significant (P>0.050); Gabriel: Gabriel's pairwise test procedure; D T3: Dunnett's T3 post hoc
comparison. Abbreviations used to indicate habitat zones in post hoc comparisons: C: coral reef; 0: 0 m seagrass zone; 30: 30 m seagrass
zone; 60: 60 m seagrass zone.

Results ANOVA/K - W
test
Test
Result

Comparison

Results post hoc comparisons of habitat zones
C-0

C - 30

C - 60

0 - 30

0 - 60

30 - 60

Mean fish density

ANOVA

<0.001

Gabriel

0.001

<0.001

0.014

NS

NS

NS

Mean species richness

ANOVA

<0.001

Gabriel

<0.001

<0.001

<0.001

NS

NS

NS

Mean total fish density per
species group
Seagrass residents
Nursery species
Generalists
Reef residents

K-W
ANOVA
K-W
K-W

<0.001
0.006
<0.001
<0.001

D T3
Gabriel
D T3
D T3

<0.001
NS
NS
NS

<0.001
NS
<0.001
<0.001

<0.001
0.016
<0.001
<0.001

NS
NS
NS
NS

0.009
0.008
NS
NS

0.047
NS
NS
NS

Juveniles
Adults

K-W
K-W

<0.001
<0.001

D T3
D T3

<0.001
0.010

<0.001
0.001

<0.001
<0.001

NS
NS

NS
NS

NS
NS

Juveniles
Adults

ANOVA
K-W

<0.001
<0.001

Gabriel
D T3

NS
NS

0.016
0.033

<0.001
0.027

NS
NS

<0.001
NS

NS
NS

Juveniles
Adults

K-W
ANOVA

<0.001
<0.001

D T3
Gabriel

NS
NS

0.001
<0.001

0.024
<0.001

NS
NS

NS
0.012

NS
NS

Juveniles
Adults

K-W
K-W

<0.001
<0.001

D T3
D T3

NS
NS

0.004
0.002

0.003
0.003

NS
NS

NS
NS

NS
NS

Posthoc test

Mean total densities juveniles
and adults species groups
Seagrass residents

Nursery species

Generalists

Reef residents

Cluster analysis showed a great similarity between the coral reef and the 0
m seagrass zone, and between the 30 m and 60 m seagrass zones (Fig. 4).
Both mean total fish densities and mean total species richness were
significantly higher on the coral reef than on the three seagrass zones while
no significant differences were observed between the three seagrass zones
(Fig. 5, Table 3). The total number of observed species of seagrass residents,
nursery species and generalists (all quadrats pooled) did not vary much
between habitat types (Table 2). However, the total number of observed
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1

b) Adults

0 m SG

-1.0

0

-1

0

1

60 m SG

30 m SG

Coral

-1.0
-1

1

a) Juveniles

-1

1.0

0 m SG

0

-1.0

0

1.0

1

60 m SG
30 m SG

Generalists
Nursery species
Reef residents
Seagrass residents
Habitat zones

Coral

-1.0
-1

Fig 3. Principal Component Analysis of mean densities of juveniles (a) and
adults (b) of the observed species on the four habitat zones. Rare species
(Table 1, Table 2) are not included. Abbreviations: Coral: coral reef zone; SG:
seagrass zone.
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species of reef residents on the seagrass zones decreased from 14 species on
the 0 m seagrass zone to 6 species on the 60 m seagrass zone (Table 2).
Mean total density of seagrass residents increased significantly with
increasing distance from the coral reef, with the 60 m seagrass zone having
the highest density (Fig. 6, Table 2, Table 3). Generalists showed a
completely opposite pattern. Mean total densities of nursery species did not
differ significantly between the coral reef, 0 m seagrass zone and 30 m
seagrass zone, but the 60 m seagrass zone showed significantly higher
densities than the coral reef and the 0 m seagrass zone. A significant
negative correlation was present between the mean total fish densities of
generalists and seagrass residents (rs = –0.64, P<0.010) and between
generalists and nursery species (rs = –0.83, P<0.010) along the seagrass
gradient. A significant positive correlation was observed between the mean
total fish densities of seagrass residents and nursery species (rs = –0.96,
P<0.010). Densities of reef residents were high on the coral reef and in the 0
m seagrass zone but almost zero in the 30 and 60 m seagrass zones (Fig. 6).

Fig. 4. Cluster analysis of the fish assemblage (48 species) from the four
habitat zones in the coral reef – seagrass gradient. Euclidean distance and
the group average linkage method were used as a clustering method, using
log-transformed mean species densities (100 m-2).
Densities of juvenile nursery species increased with increasing distance
from the coral reef, whereas densities of adults decreased along this gradient
(Fig. 7, Table 3). In contrast to the nursery species, both juveniles and adults
of seagrass residents, generalists and reef residents showed similar
distribution patterns on the gradient (Fig. 7, Table 3). A significant negative
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correlation was present between mean total adult densities and juvenile
densities of nursery species along the seagrass gradient (rs = –0.88, P<0.010).
At the level of feeding guilds, specialists consisted of three species of reef
residents (see Table 2), and about 75% of the density of this feeding guild
was observed on the coral reef (Fig. 8). Chaetodon mellanotus was exclusively
observed on the reef while C. auriga and Zanclus cornutus also occurred in
very low densities in the seagrass zones. Herbivores were more or less
equally distributed over the habitat zones.
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Fig. 5. Mean fish density (a) and mean species richness (b) of juveniles and
adults (pooling all species) in the four habitat zones. Different numbers
indicate significant differences (Table 3) for juveniles, while different letters
indicate significant differences for adults. Juveniles were tested using oneway ANOVA, adults were tested using a Kruskal–Wallis test.
However, this feeding guild was represented by species of all species groups
with specific habitat preferences: seagrass residents in seagrass (Calotomus
spinidens and Leptoscarus vaigiensis), reef residents on reef (Acanthurus
leucosternon, Calotomus coralinus, Chlorurus sordidus, Scarus atrilunula and
S. ghobban) and both nursery species (Siganus sutor) and generalists
(Hipposcarus harid and Scarus psittacus) on seagrass and reef. Almost the
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complete density of the nocturnal zoobenthivores-piscivores (all observed
Lutjanidae and Haemulidae species) was observed on the coral reef and the 0
m seagrass zone. The density distribution of nocturnal hard zoobenthivores
showed a comparable pattern: almost 80% of the total density was observed
on the coral reef and the 0 m seagrass zone. This feeding guild was
represented by species of Lethrinidae that were classified as seagrass
residents (Lethrinus nebulosus and L. obsoletus) and generalists (L. lentjan
and L. mahsena), and by two species of reef residents (Mulloidichthys
flavolineatus and M. vanicolensis). Comparable to diurnal herbivores, diurnal
hard zoobenthivores were almost equally distributed over all habitat zones.
On species level, however, the species were separated by habitat use: Cheilio
inermis on seagrass, Cheilinus undulates on reef and C. trilobatus on both
reef and seagrass. Nocturnal soft zoobenthivores showed a comparable
pattern as that of nocturnal hard zoobenthivores, and 70% of the density
was observed on the coral reef and the 0 m seagrass zone alone. One of the
species of this guild was classified as a seagrass resident and did not occur
on the coral reef (Lethrinus variegatus). The other two species occurred in
higher densities on the coral reef (Scolopsis ghanam and Lethrinus harak).
Almost 90% of the density of diurnal soft zoobenthivores was observed in the
seagrass zones. This feeding guild consisted entirely of species of Mullidae
that were classified as seagrass residents (Parupeneus pleurostigma) and
generalists (Parupeneus barberinus, P. indicus and P. macronema).

Discussion
The reef fish assemblages we observed along the coral reef – seagrass
gradient show a segregation as well as an interlinkage between the two
habitat types, depending on the fish species. The fish species can clearly be
separated into three ecological groups: (1) reef fish species that are limited to
the coral reef and its seagrass border zone (reef residents), (2) reef fish
species that are limited to the seagrass beds (seagrass residents), and (3) reef
fish species that use the coral reef as well as the seagrass habitat at various
distances from the reef (generalists and nursery species). Species of group 2
are clearly limited to a single habitat and their species show little or no
interlinkage between the coral reef and the seagrass bed. Species of group 1
and 3, on the other hand, show an interlinkage between the coral reef and
the seagrass bed and are found in both habitats.
The distribution of reef residents, seagrass residents, and generalists
showed a gradual change between the four habitat zones. This distribution
pattern may be explained by an edge effect. Reef residents are predominantly
limited to the reef but do use the 0 m seagrass zone to some extent, after
which their densities rapidly decrease on the other seagrass zones. Seagrass
residents show the opposite pattern: these species show their highest density
on the 60 m seagrass zone and a relative high density on the seagrass bed
near the reef edge, after which the density drops on the coral reef.
Generalists showed decreasing densities from the coral reef to the 60 m
seagrass zone but densities were comparable between the reef and the 0 m
seagrass zone. Furthermore, similarity in fish assemblage was high between
these two zones. These observations are in line with a transitional edge
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response described in terrestrial ecology where resources are concentrated in
an optimal habitat while those in an adjacent lower quality habitat are
supplementary (reviewed in Ries & Sisk 2004). For the observed fish species
resources are likely to be concentrated on either the seagrass beds (seagrass
residents) or the coral reef (reef residents and generalists). However, the
adjacent lower quality habitat (seagrass beds for reef residents and
generalists, coral reef for seagrass residents) may provide supplementary
resources, which may result into enhanced densities at the edge zone of this
habitat. Most likely, this transitional edge response can therefore also be
applied to marine ecosystems.
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residents, nursery species, generalists and reef residents in the four habitat
zones. Different letters indicate significant differences (Table 3). Seagrass
residents, generalists and reef residents were tested using a Kruskal–Wallis
test, nursery species were tested using one-way ANOVA.
Also within the seagrass landscape a strong segregation exists for a part of
the fish with assemblage with respect to distance to the edge of the coral
reef. Mean total fish density on the three seagrass zones was similar, which
suggests that the available niches are optimally occupied by the selected
species. However, the total density of seagrass residents and of juvenile
nursery species increased with distance from the reef, while that of
generalists and adults of nursery species decreased. Because the structure

92

Chapter 5
of the seagrass beds was uniform (one seagrass species, no differences in
seagrass height and density), these observations cannot be ascribed to
differences in seagrass habitat complexity. Habitat segregation, possibly
driven by competition (food, shelter) and/or predation mechanisms (e.g.,
Shulman 1985, Sweatman & Robertson 1994, Clarke & Tyler 2003,
Nakamura & Sano 2004b, Webster 2004) may be a more plausible
explanation.

Fig. 7. Mean total densities of juveniles and adults of seagrass residents (a),
nursery species (b), generalists (c) and reef residents (d). Different letters
show significant differences for juveniles, while different numbers show
significant differences for adults (Table 3).
Feeding ecology may also partly explain the density distribution patterns of
the observed species. Specialists showed a clear preference for the coral reef.
Of these species, Chaetodon auriga and C. mellanotus primarily feed on
alcyonarian and/or scleractinian corals (Bouchon-Navaro 1986). Zanclus
cornutus primarily feeds on encrusting sponges (Myers 1991). These food
sources are predominantly present on the coral reef and this most likely
explains the preference of these three species for this habitat.
The three feeding guilds that were composed of nocturnal feeders
(zoobenthivores-piscivores, hard zoobenthivores and soft zoobenthivores)
were predominantly observed on the coral reef and 0 m seagrass zone. This
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may be explained by the fact that these species are inactive during the day,
and that the coral reef and the edge of the coral reef (0 m seagrass zone)
probably provide better shelter possibilities for these species than the 30 m
and 60 m seagrass zones.
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Fig. 8. Relative abundance of feeding guilds in the four habitat zones. Mean
total densities of species (juveniles and adults pooled per quadrat) with a
similar feeding ecology (listed in Table 2) are grouped into one feeding guild.
Relative abundance of a feeding guild in the four habitat zones is expressed
as percentage of the total fish density of the feeding guild. Feeding guilds
abbreviations as in Table 2. diurn.: diurnal feeders; noct.: nocturnal feeders.
Although total densities of diurnal herbivores and diurnal hard
zoobenthivores did not differ much between the habitat zones, individual
species showed a clear habitat preference. Of the three observed Labridae
species (hard zoobenthivores), Cheilio inermis was classified as a seagrass
resident while Cheilinus undulatus was classified as a reef resident and C.
trilobatus was a generalists. Several herbivores also showed these patterns:
Leptoscarus vaigiensis and Calotomus spinidens were classified as seagrass
residents, Hipposcarus harid was a generalist while Acanthurus leucosternon,
Calotomus carolinus and Chlorurus sordidus were reef residents. This
daytime habitat segregation on the level of species having a similar feeding
ecology may increase optimal foraging and reduce competition. A similar
explanation may be valid for the difference between nocturnal and diurnal
soft zoobenthivores. Almost 70% of the diurnal soft zoobenthivores were
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observed on the 30 m and 60 m seagrass zones, while ca. 70% of the
nocturnal zoobenthivores were observed on the coral reef and the 0 m
seagrass zone. The diurnal species apparently select the seagrass bed as a
feeding habitat during daytime, whereas the nocturnal species in the mean
time shelter on the reef and its edge zone.
There was a significant negative correlation between juvenile and adult
densities of nursery species along the seagrass gradient. Adults of nursery
species showed the same distribution pattern as reef residents and
generalists, whereas juveniles of these nursery species showed the same
distribution pattern as seagrass residents. These observations indicate the
existence of habitat segregation between life stages of individual species, and
suggest direct interlinkages between the two habitats by means of possible
ontogenetic shifts.
The results of the present study further show that the structure of the fish
assemblage along the gradient studied is also the result of the spatial
arrangement of the two habitat types. Because the coral reef directly borders
the seagrass beds, the reef fish assemblages of the two habitats were able to
interact. This results in distinct gradients in fish densities over the coral reef
– seagrass landscape, something that is less likely to happen when there is
some distance between the two habitats. This confirms the suggestion that
the spatial arrangement of habitat types contributes to the structure of the
associated fish species (Holbrook et al. 2002, Kendall et al. 2003, GroberDunsmore et al. 2004).
In conclusion, the present study shows the existence of habitat segregation
between species or life stages of coral reef fishes along a continuous seagrass
– coral reef gradient. Competition and feeding mechanisms, ontogenetic
shifts, and the spatial arrangement of the habitats may be important factors
in the process of habitat segregation.
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Homing and tidal movements of juvenile Lutjanidae

Abstract
We studied daily tidal movements of tagged juvenile Lutjanus fulviflamma
and Lutjanus ehrenbergii between two adjacent habitats, a subtidal channel
and shallow tidal notches in the fossil reef terrace, in a shallow marine bay
on Zanzibar Island (Tanzania). Due to a large tidal range, the notches were
dry at low-tide and were only accessible to the snappers at high-tide. Of the
resighted individuals, 48% showed clear movement between the two
habitats, orientated in a direction perpendicular to the tidal currents.
Individuals resighted more than once showed site fidelity, indicating homing
in both the channel and the notches. We suggest that a significant part of
this population of juvenile snappers may move from a low-tide resting
habitat to a high-tide resting habitat during the daytime, perhaps to avoid
predation by larger predators that may enter the channel at high-tide.
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Introduction
Development and management of marine protected areas have raised
interest in the habitat connectivity of coral reef fishes. These protected areas
are thought to have a positive effect on neighbouring areas by allowing fish
to migrate away from these areas (Rowley 1994, Roberts 1997, Kramer &
Chapman 1999). To demonstrate such interlinkages between habitats over
longer distances or time periods, many recent studies have described longterm migrations of fishes over large distances either by tag experiments or
otolith microchemistry (McClanahan & Mangi 2000, Griffiths & Wilke 2002,
Gillanders et al. 2003). These studies mainly considered mature fishes, and
limited number of studies have described migrations of juvenile fishes.
Most of the recent studies examining migration of juveniles have focused
on ontogenetic migration patterns (Nagelkerken et al. 2000b, Cocheret de la
Morinière et al. 2002, Ross & Lancaster 2002). Of the studies that describe
daily migrations of juvenile coral reef fishes within their nursery habitats,
most have focused on day–night migrations between resting and feeding
habitats (Ogden & Buckman 1973, Ogden & Ehrlich 1977, Nagelkerken et al.
2000a). In particular, twilight migrations of Haemulidae (grunts) have been
studied in detail.
Hardly anything is known about migrations of juvenile coral reef fishes in
tropical shallow bay or estuarine habitats during daytime, except some
studies on tidal migrations (Gibson 1999). Studies have shown that with
incoming tide, fishes move or are displaced with the tidal currents to
upcurrent mangroves, which normally fall dry at low-tide, where they seek
shelter or food (Robertson & Duke 1990, Vance et al. 1996, Sheaves &
Molony 2000).
Seagrass beds located in tidal channels near notches in the fossil reef
terrace in Chwaka Bay on Zanzibar Island (Tanzania) harbour high densities
of juvenile fishes. With incoming tide, when large predators can enter the
tidal channels, the juvenile fish have a choice of moving further up the
channel, or moving to the more shallow notches along the shore which
provide much better shelter against predation.
In the present study, we tested whether juvenile fishes, Lutjanus fulviflamma
and Lutjanus ehrenbergii, from seagrass beds in tidal channels also show a
directional movement with incoming tide towards shelter areas which are not
located upcurrent of the low-tide shelter sites, and which provide better
shelter possibilities. Lutjanidae (snappers) are nocturnal feeders that seek
shelter during the daytime (Sedberry & Cuellar 1993, Nagelkerken et al.
2000a, Friedlander et al. 2002). As far as we are aware, no studies have
described movements of juvenile snappers during the day. The two questions
we ask are: (1) do juveniles of L. fulviflamma and L. ehrenbergii show tiderelated movements during the daytime between subtidal channels and
shoreline notches in a fossil reef terrace, and (2) do they make random use of
resting areas or does this occur with site fidelity, indicating homing?
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Fig. 1. Study area with the sections distinguished in the channel (a-d) and
the notches (1-18). In the channel, letters indicate the center of the 20 m
sections; in the notches, circles indicate the start and end of the numbered
10 m sections.
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Materials and methods
The present study focused on a mixed population of juvenile L. fulviflamma
and L. ehrenbergii that occur in relatively high densities in shallow habitats
of Chwaka Bay, a shallow marine bay on the east coast of Zanzibar island
(United Republic of Tanzania, East-Africa) in the western Indian Ocean
(Figure 1). This bay is characterized by a network of subtidal channels
(average depth 4mat low-tide). These channels originate in large shallow
tidal areas dominated by mangrove forests, mudflats and seagrasses. On the
western side of the bay, one of the channels is bordered by a fossil coral reef
plateau with large notches containing many crevices (Figure 1). Between the
channel and these notches, there is a 50m wide sandflat with short-leaved
seagrasses, Cymodocea rotundata and Thalassia hemprichii. The channel
itself is dominated by patches of long-leaved seagrasses, Enhalus acoroides
and Thalassodendron ciliatum, calcareous macroalgae, Halimeda sp. and
bare sand. We carried out the present study in this area, where a 180m long
stretch of notches is situated directly adjacent to the channel (Figure 1).
Since Chwaka Bay has a large tidal range, (3.3m springtide, 1.1m neap
tide (Hamilton & Brakel 2003)) the shallow areas of the bay are only
inundated at hightide. The notches and sandflats with short-leaved
seagrasses fall dry at low-tides, with water only remaining in the channel.
To study possible movements between the channel and the notches, we
caught and tagged 69 juvenile L. fulviflamma and 13 juvenile L. ehrenbergii
individually in the 9–18 cm size range (total length). Because the minimum
maturation size for L. fulviflamma is 20 cm (Froese & Pauly 2003) and L.
ehrenbergii attains the same maximum adult size as L. fulviflamma (see
Nagelkerken & van der Velde 2002 for distinguishing juveniles from adults),
we assumed all individuals caught to be juveniles. Of the 82 captured fishes,
we caught 51 in the channel adjacent to the notches at low-tide
(approximately at 1.5m depth) with a purse seine net or with hook and line,
while we caught 31 in the notches at high-tide with only a purse seine net.
We placed the fishes in a reservoir of water but during tagging we briefly
wrapped each fish in a wet cloth. A tag consisted of a nylon fishing line
(0.18mm in diameter) was inserted through the dorsal musculature in front
of the dorsal fin by means of a hollow injection needle. On each side of the
fish, we attached a symmetric combination of coloured beads (1.5mm in
diameter) to the string. Different combinations and numbers of coloured
beads allowed individual recognition by means of underwater visual census.
The tagging procedure took less than 1 min. After we tagged the fish, we
released it at the exact location where we had caught it in the channel or the
notches.
We monitored the presence of tagged fishes in either the notches or the
channel 1 week after the tagging over a period of 8 days by means of
underwater visual census of both habitats during the period 10–22 October
2002. In the notches, we did visual census surveys using snorkelling gear,
while in the channel we did visual census surveys using snorkelling gear or
SCUBA. After 22 October, tags became overgrown by filamentous algae and
we could no longer recognize the fishes individually. The tidal cycle and
weather conditions greatly restricted the number of underwater surveys
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during the study period. Searches for tagged fishes were only possible on
sunny days in the early morning when there were no strong winds, so that
visibility (at least 3m Secchi disk distance) was suitable for underwater
visual census.
We only searched the notches during high-tide, when at least 50 cm of
water was present. We searched the channel during low-tide, when water
velocity was low and the notches had fallen completely dry. As a result of the
weather conditions and the tidal cycle during the above period, underwater
visual census was possible on 8 days. During 3 days, we searched both the
notches and the channel on the same day for the presence of tagged fish,
while we searched the notches alone on an additional 2 days, and the
channel alone on an additional 3 days.
Table 1. Summary of resightings of individuals (ind.) tagged in the notches or the channel of juvenile Lutjanus fulviflamma and
L. ehrenbergii . Individuals caught in the notches and resighted in the channel, caught in the channel and resighted in the
notches or individuals caught in either the notches or the channel but resighted both in the notches and the channel, are
considered as individuals that migrated between the channel and notches or vice versa.

Ind. caught
in notches
# of
tagged
ind.

Lutjanus fulviflamma
L. ehrenbergii
Total

69
13
82

# (%) of
resighted Observed Observed
ind.
only in
only in
channel
notches

Observed
only in
notches

8
2
10

1
1

32 (46%)
12 (92%)
44 (54%)

5
1
6

# (%) of
resighted ind.
that showed
migration
Observed
between the
Observed both in
only in
notches and channel channel and
channel
notches or vice
versa
16 (50%)
8
10
5 (42%)
5
4
21 (48%)
13
14

Ind. caught
in channel

Ind. caught in
notches or channel

To determine the site fidelity of tagged fishes in the notches, we divided
the 180m long transect along the notches into 10m sections (Figure 1).
Coloured flags with numbers marked the start and end of each section.
During each search, we snorkelled twice in succession along the entire
transect to increase the chance of finding individuals that sometimes had
fled into small crevices during the first passage. We noted the occurrence of
tagged individuals on an underwater slate, recording the section where they
were observed. When a tagged fish was found, we observed the individual for
1 min to identify the tag code. If we observed feeding behaviour during this
time, this was also noted. Strong tidal flows hampered the placement of a
continuous transect in the channel parallel to the notches. However, a pilot
visual census in this part of the channel revealed only four suitable areas
with patches of long-leaved seagrasses where large groups of juvenile
snappers were observed to seek shelter. To allow accurate recording of the
presence of tagged fishes, we marked these four locations by iron bars that
were anchored to the substratum to mark a 20m long section at each of
these locations (Figure 1). We searched this 20m section carefully for the
presence of tagged individuals. We recorded fishes in the same way as in the
notches.
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Results
Of the 82 tagged snappers, we resighted a total of 44 (54% of all tagged
individuals) (Table 1). Of the tagged individuals of L. fulviflamma, we
resighted 46% versus 92% of the tagged L. ehrenbergii individuals. In none of
the resighted individuals did the tag wound look infected, and the animals
appeared to be in good condition. Of the 44 resighted individuals, we
resighted 19 only once, while we resighted 25 more than once, with a
maximum of seven resightings for L. fulviflamma and five resightings for L.
ehrenbergii. Individuals that we caught in the notches and resighted in the
channel, individuals caught in the channel and resighted in the notches and
individuals that we observed in both the channel and the notches must have
migrated between the channel and the notches or vice versa. In all, 48% of
the resighted individuals showed this movement (Table 1). This percentage
did not differ greatly between the two species (50% for L. fulviflamma and
42% for L. ehrenbergii). We observed one individual of L. fulviflamma to
migrate from the notches to the channel within a single outgoing tide, while
we observed five individuals of this species to migrate from the channel to
the notches within a single incoming tide. We observed two individuals of L.
ehrenbergii to migrate from the channel to the notches within a single
incoming tide. During all observations in both the channel and the notches,
all individuals were resting, and we observed no feeding behaviour.
To assess possible site fidelity in the notches and the channel, we plotted
the frequencies of observation of the 25 individuals of both snapper species
that we resighted more than once against the number of different sections
(see Figure 1) in which we had observed them, together with the range of
sections they had covered in either the channel or the notches (Figure 2). In
both the channel and the notches, we resighted most individuals in only one
or two sections. Of all individuals (of both species) that we resighted more
than once in the channel (n = 12), we observed 58% in only one section. Of
all individuals that we resighted more than once in the notches (n = 15), we
resighted 53% in only one or two sections. When we resighted individuals in
more than one section, these sections were always situated adjacent or very
close to each other (Figure 2c, d). Only one L. ehrenbergii individual in the
notches formed an exception, covering a range of no less than 70m (Figure
2d).
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Fig. 2. Distribution of juveniles of Lutjanus fulviflamma and L. ehrenbergii
that were resighted more than once in different sections of the channel
(n=12) and the notches (n=15). The upper two graphs (A: channel, B:
notches) show the frequency of the number of sections an individual was
observed in. The x-axis shows the number of different sections an individual
was observed in (# sections); the y-axis shows the number of times an
individual has been resighted in a number of sections (# resightings); the zaxis shows the observed frequency of a combination of # sections and #
resightings in relation to the total number of observations. The lower two
graphs (C: channel, D: notches) show the frequency of the distance an
individual covered in either the channel or the notches (range). The range is
expressed as the maximum distance along the notches or in the channel
covered by the sections an individual was observed in. Minimum range
means that an individual was resighted in only one section (20 m for the
channel, 10 m for the notches); maximum range means that an individual
was observed in two sections located at either end of the habitat (80 m for
the channel, 180 m for the notches).
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Discussion
Tide-related movements and homing are known to occur among tide pool
and intertidal benthic fishes (reviewed in Gibson 1999), with homing
percentages of 3–95% after tagging and re-release. A recent study by
Morrison et al. (2002) suggested short-term, tide-related movements by
temperate fish, with fishes moving between deep, low-tide channels and the
shoreward margin of a tidal flat. Their study, however, did not use tagged
animals and was unable to demonstrate movements directly.
The present study clearly shows the existence of tide-related movements
by juvenile snappers from the channel to the notches and vice versa.
Because the number of resighted individuals that showed movement
between the two habitats was high relative to all tagged individuals (48%),
and because several individuals showed this movement more than once, it is
likely that a significant part of the juvenile snappers in the channel shows
this movement. The percentage of individuals that we resighted was
considerably larger for L. ehrenbergii than for L. fulviflamma. However, since
the number of tagged individuals of L. ehrenbergii was considerably smaller
than the number of tagged L. fulviflamma, this difference in movement
frequency between the two species may not be representative.
The present study further suggests that the observed movement between
habitats occurs with site fidelity towards favoured locations in both the
notches and the channel, indicating the fishes’ homing ability. Ross &
Lancaster (2002) showed strong site fidelity among juveniles of Trachinotus
carolinus and Menticirrhus littoralis in surf zone nursery habitats during
several months. Strong site fidelity after settlement has also been reported
for juvenile Ocyurus chrysurus (Watson et al. 2002). Individuals in the latter
study, however, did not show any daily movements and showed a small
home range of only several square meters.
We did all observations in the present study during the daytime and
observed no feeding behaviour, suggesting that these individuals use both
habitats as a shelter habitat and change from a low-tide resting area to a
high-tide resting area. Rangeley & Kramer (1995) observed tidal movements
of juvenile Pollachius virens, a temperate fish, between low-tide and high-tide
resting habitats and hypothesized that movements between the two resting
habitats were used as an anti-predator tactic. The impact of piscivorous
fishes on the population of juvenile reef fishes associated with shallow-water
habitats has been showed earlier by Beets (1997) and Hindell et al. (2000).
The hypothesis of anti-predator tactic might therefore also be valid for the
observations in the present study. In comparison with the channel, the
notches may offer more protection against predators, because they are
shaded, contain numerous deep crevices and are found in shallower water.
As this habitat comes within reach with the high-tide, at least some fish
appear to prefer this habitat to the channel. Furthermore, movement from
the channel to the notches cannot be accomplished by displacement with the
tidal currents (e.g. Forward & Tankersley 2001), because fishes have to swim
perpendicular to these currents to reach the adjacent notches. As the tide
goes out, fishes are forced to migrate back into the channel, but large
predators at the same time migrate to deeper waters. This may indicate that
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both the risk of a daytime movement between the two habitats and the risk
of getting trapped in shallow tidepools are less than the risk of staying in the
channel during high-tide.
In conclusion, the present study clearly showed tide-related movements of
tagged juvenile snappers during the daytime, from a low-tide shelter habitat
(channel) towards a high-tide shelter habitat (notches). The fishes showed
fidelity for specific shelter areas in both habitats, indicating homing abilities.
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Habitat configuration influences connectivity of reef fish

Abstract
The importance of seagrass beds and mangroves as a juvenile habitat for
coral reef fishes is still debated. We hypothesized that differences in
configuration of these habitats with respect to the coral reef would influence
accessibility from the reef (either for fish that use these habitats for shelter
or feeding, and their predators). In combination with differences in habitat
complexity (with respect to habitat type) this could influence the utilization
of these habitats by juvenile reef fish, and connectivity with the coral reef.
Using underwater visual census, we studied the use by juvenile reef fishes of
various seagrass and mangrove habitats located differently in relation to the
coral reef, on the Caribbean island of Aruba (Netherlands Antilles).
Additionally, we studied fish assemblages on various coral reefs differing in
proximity to seagrass and mangrove habitats at the scale of the whole island.
In the seagrass and mangrove habitats, the habitat configuration with
respect to the reef could clearly be related to the composition of the fish
assemblage, species richness, fish density and fish size. These observed
differences corresponded with our expectations related to accessibility of
these habitats from the reef, and habitat complexity. On the coral reef, most
fish species that use seagrasses and mangroves as juvenile habitats were
absent or showed reduced densities on reefs located far away from seagrass mangrove habitats. At a smaller spatial scale, this effect was less clear. For
some species, this lack of an effect at smaller spatial scales may be explained
by local recruitment on the reef, whereas for other species (i.e., Haemulon
sciurus, Lutjanus apodus, L. mahogoni and Scarus guacamaia) migration
along the coast offers a more likely explanation. Based on our observations,
we suggest that the value of seagrass and mangrove habitats as a juvenile
habitat should not be generalized a priori, since habitat configuration may
interact with the degree of connectivity between seagrasses, mangroves and
coral reefs.
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Introduction
Shallow back-reef habitats such as seagrass beds and mangroves are
thought to be important nurseries for several Caribbean coral reef fish
species. This concept is based on field studies, which showed that the
highest juvenile densities of coral reef fish species were found in back-reef
habitats, whereas the highest adult densities were observed on the coral reef
(Parrish 1989; Nagelkerken et al. 2000; Eggleston et al. 2004). However,
ontogenetic migrations of fishes from these back-reef habitats towards the
coral reef have not been proven directly. Therefore, it is debated whether
back-reef habitats really contribute to the fish population on the coral reef,
or only function as an additional habitat (Beck et al. 2001; Heck et al. 2003).
Several studies have shown clear effects of the presence of seagrass beds or
mangroves on fish assemblages on coral reefs, suggesting a high dependence
of some species on these habitats, either at the scale of entire islands
(Nagelkerken et al. 2002; Halpern 2004) or at single-islands (Serafy et al.
2003; Dorenbosch et al. 2004; Mumby et al. 2004). However, Chitaro et al.
(2005) found substantial variation between sites in the abundance of juvenile
fish, indicating that not all seagrass beds and mangroves function equally as
juvenile habitats. These results caution against the generalization that all
mangrove and seagrass habitats have a similar function as a juvenile fish
habitat.
The nursery hypothesis is based on differences in the suitability of
habitats for fishes at different life stages. Fish species exploit these
differences in suitability by ontogenetic migrations between the habitats.
Seagrass and mangrove habitats are likely to be attractive habitats for
juvenile fish because they are characterized by a high food availability and
low predation pressure (Blaber 2000; Dahlgren & Eggleston 2000; Beck et al.
2001). When fish reach maturity, it is assumed that they migrate to the coral
reef because this habitat becomes more suitable, e.g. in terms of
reproduction, food and shelter, resulting in low adult densities in seagrass
and mangrove habitats. However, the impact of factors like food availability
and predation pressure depends not only on the type of habitat (i.e.,
seagrass bed, mangrove, coral reef) per se, but is also likely to be influenced
by the way the various habitat types are arranged within the coastal
landscape, the so-called habitat configuration (Garcia-Charton & PerezRuzafa 1999; Beets et al. 2003; Serafy et al. 2003; Grober-Dunsmore et al.
2004; Pitman et al. 2004). In the Caribbean, seagrass beds and mangroves
can be located directly adjacent to a coral reef, in bays with an open
connection to a coral reef, or in semi-enclosed lagoons that are only
connected to a coral reef by a narrow entrance channel. This spatial
arrangement may determine the use of these seagrass – mangrove habitats
by juvenile coral reef fish. Both recruitment into these habitats and
ontogenetic migrations towards the reef may be easier in open systems than
in semi-enclosed systems (Gratwicke & Speight 2005). However, open
systems are also more accessible for migrating predators, resulting in a
higher predation pressure in these habitats than in habitats in semienclosed bays away from the coral reef (Bullard & Hay 2002; Belmaker et al.
2005). Habitat configuration should therefore be taken into account when
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assessing the value and contribution of seagrass – mangrove habitats to the
fish assemblage on the coral reef, and vice versa (Eggleston et al. 2004;
Chitaro et al. 2005).
In the present study, the effect of habitat configuration on the use of
seagrass beds, mangroves and coral reefs by juvenile and adult coral reef
fishes was investigated at the scale of an entire island landscape. We
hypothesized that the utilization of the seagrass – mangrove habitats would
be determined by the configuration of these habitats in the landscape with
respect to the coral reef. Seagrass – mangrove habitats arranged in a semienclosed lagoon located away from the reef were expected to differ in fish
species assemblage composition from habitats located in open bays or
directly adjacent to a coral reef. We expected that more nursery species such
as those listed and defined by Nagelkerken et al. (2000) and Dorenbosch et
al. (2004) would be present in the former habitats and more reef-associated
species in the latter. Since predation pressure is likely to be influenced by
the distance to the coral reef (Shulman 1985) and the structural complexity
of a habitat (Nanani & Nashira 2001), we expected that juvenile fish densities
would be lowest in seagrass – mangrove habitats which are easily accessible
from the coral reef and which provide little shelter (i.e. seagrass beds
adjacent to the coral reef). Fish size is expected to increase with increasing
structural complexity of a habitat type (i.e., seagrass beds only provide
shelter for smaller fish whereas mangroves also provide shelter for larger
fish), and with increasing accessibility to the reef (resulting in higher density
of predators on small juvenile fish). Furthermore, densities of ‘typical’
nursery species (defined by Nagelkerken et al. 2000) are expected to be
higher on coral reefs near seagrass – mangrove habitats compared to those
situated further away. Finally, we expected the degree of similarity between
fish assemblages of coral reef sites and seagrass – mangrove habitat sites to
decline with increasing distance between the sites.
The island of Aruba (located in the southern Caribbean Sea) features
various seagrass – mangrove habitat types, which are arranged in an open
bay (seagrass beds), in semi-enclosed lagoons (seagrass beds and
mangroves) or directly adjacent to the reef (seagrass beds and mangroves). In
short, there is a gradient from structurally simple and sheltered habitats
(i.e., lagoon seagrass beds) to structurally complex and easily accessible
habitats (i.e., mangroves adjacent to reefs). A further distinction can be made
in coral reefs that are located adjacent to seagrass – mangrove habitats in an
open bay or a semi-enclosed lagoon, and coral reefs that are isolated from
any seagrass – mangrove habitats.
Based on the earlier formulated hypothesis, the island of Aruba offered a
good opportunity to answer the following questions: (1) Can habitat
configuration (with respect to the coral reef) and habitat type (as related to
different structural complexity between seagrass beds and mangroves) be
related to the utilization of seagrass beds and mangroves by juvenile coral
reef fishes?, and (2) Can fish densities on coral reefs of species which use
seagrass beds and mangroves as a juvenile habitat be related to the
proximity of seagrass beds and mangroves?
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Fig. 1. Location of seagrass – mangrove habitat types and coral reef habitat
types surveyed off the coast of the island of Aruba (numbers of coral reef
sites correspond with numbers shown in Table 1).

Materials & methods
Study area and study design
We studied the fish assemblages of coral reefs and seagrass – mangrove
habitat types on the Caribbean island of Aruba (Netherlands Antilles, Fig. 1).
In total, four coral reef habitat types divided over 13 coral reef sites were
surveyed along the entire coast of the island (Fig. 1, Table 1): (1) sheltered
coral reefs located directly outside a semi-enclosed lagoon which harbour
seagrass beds and mangroves (n=7, here called lagoon reefs); (2) sheltered
patch reefs in front of an open sandy bay which harbours patches of
seagrass beds (n=2, patch reefs); (3) exposed coral reefs at the eastern side of
the island located far away from seagrass – mangrove habitats (minimum
distance to seagrass – mangrove habitats 9 km, n=2, exposed east reefs); and
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(4) isolated exposed reefs at the northern side of the island (distance to
seagrass – mangrove > 10 km, n=2, isolated north reefs). The northern and
eastern coasts of the island are its most exposed sides, lacking sheltered
seagrass – mangrove habitats. Consequently, all surveyed seagrass –
mangrove habitats were situated on the sheltered western and southern
sides of the island (Fig 1, Table 1). These included (1) mangroves directly
adjacent to the lagoon reefs (n=2, here called reef mangroves); (2) mangroves
(n=2, lagoon mangroves); and (3) seagrass beds (n=1, lagoon seagrass), both
located in a semi-enclosed lagoon at some distance (1.3 km) from the coral
reef; (4) seagrass beds located in one of the entrances of this semi-enclosed
lagoon but adjacent to the coral reef (n=1, reef seagrass) and (5) seagrass
beds (n=1, open seagrass) situated in an open bay 1.6 km from the patch
reefs. Mangroves consisted of Rhizophora mangle only, and their inundated
prop root system had an average width of 2 m. All seagrass beds consisted of
Thalassia testudinum with 100% bottom cover. The surveyed lagoon seagrass
beds were located directly adjacent to lagoon mangroves. At the lagoon reefs
and one exposed east reef (Baby Beach, nr. 13, Fig. 1), a shallow reef flat,
drop off and reef slope could be distinguished. The other coral reefs
consisted of low angle reef flats (Table 1). Although there is also a bay on the
south-eastern part of the island, no seagrass – mangrove habitats are found
here since the bay is completely occupied by an oil refinery (Fig. 1).
Table 1. Habitat characteristics and number of surveyed quadrats of seagrass, mangrove and coral reef habitats.
*
Coral reef numbers refer to numbers shown in Fig. 1; : quadrats were collected in three depth zones (5, 10 and 15
a
b
c
m); quadrat size: : 10x10m; : 5x2m; : 5x5m
Seagrass - mangrove
habitats:

Mean depth
(m)

Mean shoot
-2
density (m )

SD

Mean shoot
height (cm)

SD

#
surveyed Tot. surveyed
2
quadrats
area (m )
b
53
530
b
56
560

Lagoon mangroves

1.3

Reef mangroves

0.7

Lagoon seagrass

1.4

57.4

16.8

28.0

7.5

81

Open seagrass

1.0

93.4

15.0

29.0

4.1

79

Reef seagrass

2.1

8.8

30.4
reef height
(m)

5.4

41

coral cover
(%)

59.2
coral cover
(%)

35.4

41.7

1.5

44

19.6

44.7

1.7

46

13.3

63.6

1.7

46

12.2

56.7

1.8

44

20.3
6.7

30.6
28.5

1.1
1.0

41
a
47

23.1

27.4

1.0

44

16.4

46.8

1.1

20

2.6

50.1

1.7

45

7.7

2.7

4.5

0.5

42

17.3

0.6

58.9

1.1

22

9.7

31.7

21.5

0.6

10.8

12.7

0.0

0.5

18
a
24

Coral reef habitats:
5 - 10 - 15

*

Isla di Oro (2)

5 - 10 - 15

*

5 - 10 - 15

*

5 - 10 - 15

*

Barcadera (5)
Sonesta Island (6)

5 - 10 - 15
5 - 10 - 15

*

Harbour Reef (7)

5 - 10 - 15

*

Palm Island (4)

c
c

Baby Beach (13)
Patch reefs
Arashi - Antilla (8)
Debbie (9)
Isolated north reefs
California Reef (10)
Wariruri (11)
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1975
1025

*

a
a
a
a
a

a

Exposed east reefs
Cabez (12)

2025

31200

Lagoon reefs
Commandeursbaai (1)
Mangel Halto (3)

c

6500
11.0
5 - 10 - 15

*

a
a

6400
a
a

4200
a
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The entire reef fish community was surveyed with the exception of cryptic
species, Atherinidae, Clinidae and Gobiidae. Fish assemblages were studied
by three independent observers by means of visual census surveys using
SCUBA and a stationary point-count method as described in Dorenbosch et
al. (2004). This method was also used to survey fish assemblages in the
seagrass – mangrove habitats, but here snorkelling gear was used instead of
SCUBA because of the shallowness of these habitats. Fishes were counted in
size classes of 2.5 cm (total length). Estimation of size classes was first
thoroughly practiced simultaneously by the three observers. Since
underwater visibility was different at the coral reef (>12 m) and seagrass –
mangrove habitats (ranging from 5 to 12 m), quadrat size was 10 x 10 m on
the coral reef, and 5 x 5 m on seagrass beds. The shape and width of
mangroves only allowed transect sizes of 5 x 2 m in the mangroves. However,
these transects covered the entire mangrove habitat accessible to fish, and
allowed us to sample the complete fish assemblage in this habitat using
visual census. Fringing coral reefs were divided into three depth zones: reef
flat (mean water depth 5 m), drop-off (10 m) and slope (15 m). In each zone,
replicate quadrats were surveyed (Table 1). For each coral reef quadrat we
sampled, we recorded water depth (m), hard coral cover (%), soft coral cover
(%) and maximum height of corals above the substratum (cm). For each
seagrass site, mean shoot density was measured in 25 x 25 cm quadrats
randomly placed in seagrass beds where fish quadrats were surveyed (n=40
for lagoon seagrass, n=20 for reef seagrass, n=20 for open seagrass). At the
same locations in the seagrass beds, shoot heights of randomly selected
seagrass plants were measured (cm) and averaged for each seagrass site
(n=273 for lagoon seagrass, n=60 for reef seagrass, n=60 for open seagrass).
Habitat characteristics and the number of quadrats surveyed per habitat
type are listed in Table 1. All data were collected during daytime between
October and December 2004.
Although seagrass and mangrove sites were not homogeneously
distributed along the south-western shore of the island, environmental
variables (such as salinity, water currents, disturbance and pollution), are
very similar for these sites and their influence on differences in the structure
of fish assemblages are thought to be negligible. Furthermore, all seagrass –
mangrove sites were distributed in a relatively small geographic scale
(approximately 16 kilometres width), all located on the leeward coast of the
island, and subject to a prevailing low westward surface current
(Anonymous, 1953). Additionally, there are no freshwater rivers discharging
in the waters off the coast of Aruba, the tidal range is only 30 cm (de Haan &
Zaneveld 1959), and anthropogenic disturbance is similar along the gradient.
Data analysis
Since this study focuses on the connectivity between fish assemblages of
seagrass, mangrove and coral reef habitats, only fish species that were
observed in both seagrass – mangrove habitats and coral reef habitats were
included in further analyses. Fish were considered to be juveniles when they
were smaller than one third of the maximum species length (Nagelkerken &
van der Velde 2002; Dorenbosch et al. 2004, 2005). Maximum lengths of
species were obtained from Froese & Pauly (2005). Species with a maximum
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length > 90 cm were recorded as juveniles when observed fish were < 30 cm.
For each habitat type, mean total juvenile and adult densities were
determined based on all surveyed quadrats, pooling all species.
Subsequently, a juvenile/adult ratio was calculated for each quadrat, using
total juvenile fish density and total adult fish density of the quadrat. Based
on this ratio per quadrat, mean juvenile – adult ratios were calculated for
each habitat type. Besides juvenile and adult fish densities in each habitat
type, we also determined total species richness by pooling juveniles and
adults. For the four coral reef habitats, each surveyed quadrat was used as a
replicate. Since the quadrat size differed between seagrass – mangrove
habitats, four seagrass bed quadrats and 10 mangrove transects were pooled
to obtain standardized quadrat sizes of 100 m2. Although the pooling of
several smaller quadrats as compared to one large quadrat may affect the
exact value of species richness, it provides a good approximation of this
variable (Dorenbosch et al. 2005). These standardized quadrats were used to
calculate the mean total species richness of each seagrass – mangrove
habitat type. Based on field surveys in a shallow water bay on the Caribbean
island of Curaçao, Nagelkerken et al. (2000) defined 17 nursery species (i.e.,
coral reef species that are thought to be highly associated with seagrass beds
and mangroves during their juvenile life phase, listed in Table 3). Total
juvenile and adult densities, species richness and juvenile – adult ratios of
these 17 nursery species were also calculated in all habitat types in the
present study. To assess the utilization of seagrass and mangrove habitat
types in relation to fish size, mean fish density in each habitat type was
calculated in 5 cm size-classes, pooling all species per habitat type.
To investigate the relationship between fish assemblages of various coral
reef and seagrass – mangrove habitat types, a cluster analysis was
performed using BioDiversity Pro (McAleece 1997). Cluster analysis was
performed on log-transformed densities of all species observed on both the
coral reef and seagrass – mangrove habitats (pooling juveniles and adults),
based on the group average linkage method and the Euclidean distance
index (Jongman et al. 1995).
To investigate the relationship between the similarity in fish assemblages
of coral reef sites and seagrass – mangrove sites and their geographic
distances, both Euclidean distances and geographic distances between sites
were calculated. Euclidean distances were based on log-transformed mean
juvenile and adult fish densities of these species using BioDiversity Pro.
Geographical distances between the various coral reef sites and seagrass –
mangrove habitat types were measured on a map (1:50,000) according to the
shortest possible distance fishes had to swim between sites. The calculated
Euclidean distances (set as regressor) were used for linear regressions with
the shortest geographical distance between coral reef sites and the various
seagrass – mangrove habitat types (dependent variable). Linearity and
residuals versus predicted values were checked for violation of linear
regression assumptions.
At species level, we analyzed the relationship between each fish species
density (pooling all juveniles and adults at each coral reef site) and the
distance to seagrass – mangrove habitats by means of linear regression. This
was done only for those species for which > 20 juvenile individuals had been
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observed in seagrass – mangrove habitats (these species represented 98.5%
of all juvenile individuals counted in seagrass – mangrove habitats, further
called common seagrass – mangrove species; see Results). Two regression
analyses were performed: one determining the relationship between fish
species densities at coral reef sites and the shortest distance to one of the
entrances of the lagoon harbouring mangroves and seagrass beds, the other
one determining the relationship with the shortest distance to the nearest
seagrass – mangrove habitat. Fish species density was used as the
dependent variable, distance as the regressor. Linearity and residuals versus
predicted values were checked for violation of linear regression assumptions.
Total fish densities were based on count data and their distribution could
be best described by a Poisson distribution. Statistical differences in mean
total juvenile and adult fish densities between the seagrass – mangrove and
coral reef habitat types were therefore analyzed using generalized linear
models based on Poisson distributions (similar to a design used by Mazerolle
et al. 2001), fitted with the GENMOD procedure (SAS Institute Inc. 1993).
Since most models showed a moderate overdispersion, we corrected the
model for overdispersion by introducing a dispersion parameter into the
relationship between the variance and the mean (according to Pedan 2006).
These generalized linear models were also used to test statistical
differences between total densities of fish in 5 cm size-classes in the seagrass
– mangrove habitats. For each size class, statistical differences were tested
between reef mangroves and lagoon mangroves, and between the three
seagrass habitats.
After square root transformation, statistical differences in total species
richness (all species pooled) between all habitat types (reef habitats and
seagrass – mangrove habitats) could be analysed using a general linear
model (based on ANOVA). Habitat types were set as a fixed factor. Mean
juvenile – adult ratio per habitat type was calculated separately for nursery
species (see above) and the remaining other species (non-nursery species).
Because the ratio data did violate parametric test assumptions (even after
transformation), statistical differences between mean juvenile – adult ratios
were tested using a non-parametric Kruskal-Wallis test.
The effect of habitat configuration on the fish assemblage and individual
species on the coral reef was studied by distinguishing four reef types that
differed in their proximity to seagrass – mangrove habitats (lagoon reefs,
exposed east reefs, sheltered patch reefs and isolated north reefs). For
common seagrass – mangrove species (as defined above), mean total fish
densities were compared between these four reef types, using the above
described generalized linear models. Covariables, viz. quadrat depth, hard
coral cover and/or soft coral cover were added to the model if additional
multiple linear regressions showed a significant relationship between these
reef complexity variables and fish density. Multi-colinearity between reef
complexity variables was tested using non-parametric correlations. Coral
height was correlated with hard coral cover (correlation=0.54; P<0.001) and
was excluded from further analysis.
The effect of the configuration of seagrass – mangrove habitats on total
species richness on the coral reef of the common seagrass – mangrove
species (based on untransformed data) was tested using the above described
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general linear model. The covariables quadrat depth, hard coral cover and/or
soft coral were added to this model if linear relationships with species
richness were significant.
Post-hoc comparisons in generalized linear regression models were done
by using differences of least squares means. Significance of all relationships
was evaluated with the Wald χ2 statistic. Post-hoc comparisons in general
linear models (total species richness of all habitat types) and the KruskalWallis test (juvenile – adult ratios) were done by using a Games-Howell test.
Post-hoc comparison of total species richness of common seagrass –
mangrove species between the four reef types were done by using a
Hochberg’s G2 test.
For each generalized linear model, the fit of the model was visually
evaluated by comparing the observed and estimated cumulative distribution
functions (Poisson distribution versus negative binominal distribution,
Pedan 2006), and residuals were checked for normality. For each general
linear model parametric assumptions were checked. General linear models,
the Kruskal-Wallis test, and the Games-Howell/Hochberg’s G2 post-hoc
comparisons were performed using SPSS 14.0.
According to the hypothesis outlined in the introduction, low densities or
absence of nursery species was expected on coral reefs located far away from
seagrass – mangrove habitats. In contrast to the nursery species, their nonnursery reef congeners are not likely to show this pattern. It is therefore
expected that the proportion of nursery species in relation to their reef
congeners is high on coral reefs close to seagrass – mangrove habitats
(lagoon reefs) and low on coral reefs farthest away from these habitats
(isolated north reefs). To test this possibility, the mean proportion of nursery
species in relation to their reef congeners was calculated for each reef type
(quadrates were used as replicates) as follows: proportion nursery species
quadrat = (total density nursery species quadrat) / (total density nursery species
quadrat + total density reef congeners quadrat). Statistical differences between
mean proportions were tested using a non-parametric Kruskal-Wallis test
(parametric assumptions were violated, even after transformation), followed
by a Games-Howell post-hoc comparison.
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Table 2. Statistical results of generalized linear models and post-hoc comparisons (P values) of size class distribution of fishes in seagrass beds and mangroves (all species
pooled, see also Fig. 3). NS: not significant; NP: test could not be performed
Seagrass beds
Size class (cm):
0-5
5-10
10-15
15-20
20-25
25-30
>30

Significancy
model:
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
NP

<0.001
0.001
0.001
NS
NS
0.005

NS
<0.001
NS
0.024
NS
NS

0.025
<0.001
0.000
0.008
0.009
0.008

Reef mangroves /
lagoon mangroves

Mangroves
0-5
5-10
10-15
15-20
20-25
25-30
>30

Ls Mean post-hoc comparison:
Lagoon seagrass / Lagoon seagrass / Open seagrass /
open seagrass
reef seagrass
reef seagrass

NS
<0.001
NS
<0.001
<0.001
NS
NP

NS
NS
NS
<0.001
0.001
NS

Results
In total, 61 fish species were observed in both the coral reef and seagrass –
mangrove habitats. These species were included in further analyses of fish
densities and species richness. For 28 of these species, more than 20
juveniles were counted in seagrass – mangrove habitats. These 28 species
(called common seagrass – mangrove species; Table 3) represented 98.5% of
all juveniles individuals counted in the seagrass – mangrove habitats.
Fish assemblages on seagrass – mangrove sites were clearly affected by
their location relatively to the coral reef. The distance between the mangroves
and the coral reef had a clear effect on the fish assemblage in mangroves.
Adult fish densities were significantly higher in reef mangroves than in
lagoon mangroves (Fig. 2a; Fdf=8=70.29; P<0.001). This was predominantly
caused by higher densities of non-nursery species in reef mangroves, since
densities of nursery species were similar in the two habitats. This high adult
fish density in reef mangroves was reflected in significantly larger fishes in
reef mangroves compared to lagoon mangroves (Fig. 3a, Table 2). Although
total juvenile densities were similar in both mangroves, there was a trend
comparable to that mentioned above for the adults. Reef mangroves showed
higher juvenile densities of non-nursery species than lagoon mangroves (Fig.
2a; Fdf=8=48.72; P<0.001). This pattern is also illustrated when the juvenile –
adult ratios are compared between nursery and non-nursery species in reef
and lagoon mangroves (Fig. 2c; nursery species: χ2df=8=222.68; P<0.001; non-
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nursery species: χ2df=8=56.80; P<0.001). Mean species richness showed a
pattern similar to that of adult density, and was significantly higher in reef
mangroves, as a result of high numbers of non-nursery species (Fig. 2b;
Fdf=8=55.48; P<0.001).
Similar to mangroves, the distance between the seagrass beds and the
coral reef had a clear effect on the fish assemblage in seagrass beds.
Sheltered lagoon seagrass beds located away from the reef showed
significantly highest juvenile densities of the three seagrass habitat types,
whereas reef seagrass beds showed significantly lowest juvenile densities
(Fig. 2a). These differences were mainly caused by nursery species. This
pattern was also clearly illustrated by the juvenile – adult ratios of nursery
and non-nursery species (Fig. 2c). Juvenile – adult ratios were high in all
three seagrass habitats for nursery species, but the ratio was highest in
lagoon seagrass beds. Adult densities were low in all three seagrass habitats,
with open seagrass beds showing the highest adult density, predominantly
caused by nursery species (Fig. 2a). Reef seagrass beds showed a clearly
reduced juvenile – adult ratio for non-nursery species, resulting from high
densities of non-nursery adults (Fig. 2c). Total species richness showed a
pattern similar to that of adult fish densities (Fig. 2b). With respect to fish
size, the lagoon seagrass beds harboured the highest density of smallest
fishes (Fig. 3b, Table 2), just as was the case for lagoon mangroves.
Not only did a larger distance from the coral reef affect fish assemblages
in seagrass beds and mangroves, but there was also a clear influence of the
configuration of seagrass – mangrove habitats with respect to the reef on the
fish assemblage on the coral reef. The coral reef sites isolated from lagoon
habitats (i.e. patch reefs and isolated north reefs) showed significantly lower
total juvenile fish densities and species richness (Fig. 2a, b), and total fish
density and species richness (pooling all juveniles and adults, Table 3). Total
adult fish density (Fig. 2a) was only significantly lower on isolated north
reefs. For all reef types, total juvenile densities of nursery species were low,
with the lowest densities observed on reefs located farthest away from lagoon
habitats (i.e. isolated north reefs).
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Fig. 2. Mean total juvenile and adult fish density (a), mean total species
richness (b) and mean juvenile – adult ratio (c) of the seagrass, mangrove
and coral reef habitat types surveyed, based on all 61 species (see text for
definition of these species). Different letters or numbers indicate significant
differences; *: nursery species defined according to Nagelkerken et al. (2000),
listed in Table 3.
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Fig. 3. Mean fish density in 5 cm size-classes (all species pooled) for
mangrove habitats (a) and seagrass habitats (b). Different letters indicate
significant differences within one size-class. np: statistical test could not be
performed since the number of observations was too low.
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In accordance with the above mentioned results, cluster analysis showed
that fish assemblages in each habitat could be arranged into clusters
according to habitat type (e.g. mangroves, seagrass beds and coral reefs) and
according to distance to the coral reef (e.g. reef mangroves versus lagoon
mangroves, and open and reef seagrass beds versus lagoon seagrass beds) or
to configuration of seagrass – mangrove habitats with respect to the reef (e.g.
lagoon reefs and exposed east reefs versus isolated north reefs and patch
reefs, Fig. 4).
With respect to their reef congeners, the mean proportion of nursery
species was significantly reduced on the most isolated coral reef habitat
(isolated north reefs), whereas the highest proportion was observed on patch
reefs (Fig. 5; χ2 df=3=44.04; P<0.001).

Fig. 4. Euclidean cluster analysis of all species observed on the various
seagrass – mangrove habitat types and coral reef habitat types. Cluster
analysis was performed on log-transformed species densities based on the
group average linkage method.
Generalized linear models of total fish densities on the coral reef were
significant for 23 of the 28 common seagrass – mangrove fish species (Table
3). The covariables quadrat depth, and hard coral and soft coral cover, had
significant effects on various species densities but no consistent pattern
could be distinguished (Table 3). The influence of configuration of seagrass –
mangrove habitats with respect to the reef can also be illustrated at the level
of these 28 common seagrass – mangrove species. Compared with lagoon
reefs, the isolated north reefs showed significantly lower densities of six
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#1
2

0.37
n.o.
0.01
n.o.
0.01
0.04
0.00
n.o.
0.11
0.30
0.11
0.07
0.00
0.27
0.15
0.22

0.00

R

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

0.026, -0.25

NS

p- , β-value
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Results linear regression models:

Table 3. Results of generalized linear models (based on Poisson distributions), general linear models (ANOVA) and simple linear regressions of fish densities
(pooling juveniles and adults) of the 28 common seagrass - mangrove species (see text for definition), total fish density and species richness on coral reefs and
the distance to back-reef habitats. Species are distinguished into nursery species (based on Nagelkerken et al. 2000a, see text) and other common back-reef
species. For both generalized and general linear models, coral reef sites were classified into four reef types that vary in their distances to back-reef habitats:
lagoon reefs (Lagoon), exposed east reefs (East), patch reefs (Patch) and isolated north reefs (North, see text for further details). If quadrat depth (Depth), hard
coral cover (Hard coral) and/or soft coral cover (Soft coral) of each quadrat had a significant effect on fish density or species richness (as determined a priori with
multiple linear regressions, results not shown), these were included in the model as covariables. Regression results are shown for relationships between fish
density (for species separately and pooling species) or species richness and distance to the nearest lagoon entrance (#1) and between fish density or species
richness and the distance to the nearest seagrass – mangrove habitat (#2). R2 values and significances (p- and β-values) of each regression are shown. NS: not
significant; n.o. # of fish observations too small so analysis could not be performed; highest mean fish density in the four coral reef habitats (either significant or
non-significant) printed in bold; - species not observed; a: generalized linear model; b: general linear model; c: post hoc: differences of least squares means; d:
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nursery species (Chaetodon capistratus, Haemulon sciurus, Lutjanus apodus,
L. mahogani, Ocyurus chrysurus and Scarus iserti), whereas two nursery
species (Scarus guacamaia and Sphyraena barracuda) showed densities close
to zero on isolated north reefs (<0.03 individuals 100 m-2, Table 3). Three
nursery species (Gerres cinereus, Haemulon parra and Lutjanus griseus) were
observed on lagoon reefs but absent from isolated north reefs (Table 3). Of
the non-nursery common seagrass – mangrove fish species, two species
(Abudefduf saxatilis and Halichoeres bivittatus), showed significantly lower
densities on isolated north reefs compared with lagoon reefs. Stegastes
leucostictus was observed on lagoon reefs but was absent from isolated north
reefs, while Haemulon aurolineatum was exclusively observed on patch reefs
(Table 3). In total, 16 nursery species showed reduced densities or absence
on isolated north reefs compared to the other reef types.

Mean proportion nursery species (+SE)

0.8

B
0.6

A

A

0.4

C

0.2

0
Lagoon reefs

East reefs

Patch reefs

North reefs

Fig. 5. Mean proportion of nursery species in relation to their non-nursery
reef congeners on the four coral reef habitat types (quadrates were used as
replicates). Different letters indicate significant differences; nursery species
defined according to Nagelkerken et al. (2000), listed in Table 3.
Such a general pattern was not visible, however, when fish densities of
common seagrass - mangrove species were compared between lagoon reefs,
exposed east reefs and patch reefs. In this case, only three species (i.e., two
nursery species: Chaetodon capistratus and Ocyurus chrysurus, and one
other common species: Abudefduf saxatilis) showed significantly higher
densities on lagoon reefs than in the other two reef habitats (Table 3).

128

Chapter 7
Multiple linear regressions between the total density of each common
seagrass – mangrove fish species on the coral reef sites and the distance to
the nearest seagrass – mangrove habitat type did not show any clear pattern
(Table 3). Only Acanthurus bahianus and Chaetodon capistratus showed a
significant negative relationship between fish density and distance. By
contrast, a significant negative relationship was observed between the total
density of all species or total species richness and the distance to the nearest
lagoon entrance (Table 3). At species level, a significant negative relationship
was observed between distance to the nearest lagoon entrance and the
density of Abudefduf saxatilis, Chaetodon capistratus, Ocyurus chrysurus and
Scarus iserti (Table 3). Sparisoma rubripinne showed a significant positive
relationship between fish density and this distance. Linear regressions of the
degree of similarity between fish assemblages of seagrass – mangrove
habitats and coral reef sites, with the shortest distance to each seagrass or
mangrove habitat type were only significant for lagoon mangroves (R2 =0.37,
β=-0.014, P=0.028).

Discussion
Configuration of seagrass – mangrove habitats
It was hypothesized that the configuration of seagrass – mangrove habitats
with respect to the coral reef would have a clear influence on the fish
assemblages that used these habitats. The observations of the present study
support this hypothesis. Firstly, reef mangroves were characterized by high
species richness and by high adult densities, resulting in a low juvenile –
adult ratio. Secondly, in contrast to this, open seagrass and reef seagrass
beds were characterized by lower species richness and by low adult density.
Compared to reef mangroves, both seagrass habitats have a lower structural
complexity but are, like reef mangroves, easily accessible from the coral reef.
Thirdly, where both habitat types were located away from the coral reef
within the semi-enclosed lagoon (lagoon mangroves and lagoon seagrass),
they were characterized by lower species richness but a high juvenile
density. Lagoon mangroves showed a higher adult density than lagoon
seagrass and are, likewise reef mangroves, characterized by a higher
structural complexity than lagoon seagrass.
These observations can be explained by a combination of ecological
processes, viz. short distance migration, ontogenetic migration, and
predation on fish with the ensuing importance of the shelter possibilities of a
habitat. Adult reef-associated species (i.e., non-nursery species) are likely to
migrate over short distances away from the reef towards adjacent habitats
(Tulevech & Recksiek 1994; Kaunda-Arara & Rose 2004). This short distance
migration away from the reef may increase densities of non-nursery species
in habitats that are located close to the reef. Fish are known to seek shelter
in shaded habitats or habitats with a high structural complexity
(Laegdsgaard & Johnson 2001; Cocheret de la Morinière et al. 2004,
Eggleston et al. 2004; Verweij et al. 2006). Compared with open seagrass or
reef seagrass beds, reef mangroves are shaded and are characterized by a
high structural complexity which also provides shelter for larger (adult)
fishes. Short distance migration of adult reef-associated species will therefore
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predominantly influence fish assemblages in reef mangroves rather than in
open seagrass or reef seagrass beds.
In addition to short distance migration, fish assemblages in reef
mangroves may also be influenced by ontogenetic migration of species that
use lagoon habitats as a juvenile habitat. Reef mangroves are located close to
the entrance of the lagoon in-between the coral reef and may therefore
function as a stepwise habitat for adult and subadult fishes that have
recently left habitats located further within the lagoon (Cocheret de la
Morinière et al. 2002; Lecchini & Galzin 2005).
The ecological importance of the structural complexity and configuration
of the seagrass – mangrove habitats with respect to the coral reef is further
supported by mean fish size in seagrass beds and mangroves. The most
structurally complex habitat types, i.e., both mangrove types, showed higher
densities of larger fishes than the less structurally complex seagrass
habitats. The complex structure of mangroves is known to provide efficient
shelter against predation (Laegdsgaard & Johnson 2001). Seagrass beds may
provide sufficient shelter for small juvenile fishes, but as they reach larger
sizes, they may become too large for the shelter opportunities offered by
seagrass beds and are forced to migrate towards habitats that provide better
shelter, such as mangroves (Beets 1997; Nagelkerken et al. 2000; Nanami &
Nishihira 2001). This may explain the finding that fishes in lagoon
mangroves were larger than in the nearby lagoon seagrass beds.
Within the seagrass habitat types, lagoon seagrass beds predominantly
harboured high densities of the two smallest size classes of fishes, with
densities dropping sharply for larger size classes. This low density of larger
size classes may be explained by ontogenetic migration to other habitats,
such as the nearby lagoon or reef mangroves or the coral reef. A similar
pattern was observed on reef seagrass beds, although the densities of most
size classes were significantly lower than on lagoon seagrass beds. Predation
pressure on the reef seagrass beds is likely to be higher than on open and
especially lagoon seagrass beds, because of their proximity to the reef
(Shulman, 1985). This may explain the low densities for most size classes in
reef seagrass beds compared with the other seagrass beds. Predation
pressure on fishes of the smallest two size classes in reef seagrass beds may
be less strong because the structural complexity of the seagrass beds may
provide sufficient shelter opportunities for these small fishes (Hyndes et al.
2003). As a result of low structural complexity and high predation pressure
in reef seagrass beds, fishes migrating from lagoon habitats towards the reef
are not likely to use these seagrass beds as a permanent or temporary lifestage habitat. In contrast to reef and lagoon seagrass beds, open seagrass
beds showed higher densities of larger fishes (10–15 cm). Fishes may spend
a longer part of their life stage on open seagrass beds, possibly because there
are no immediately adjacent habitats that provide more shelter.
Configuration of coral reef habitats
Based on the assumptions of the nursery hypothesis outlined in the
introduction, we hypothesized that fish densities on coral reefs isolated from
seagrass – mangrove habitats would be characterized by low densities or the
absence of coral reef species that depend on these habitats during their
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juvenile life phase. Coral reefs that were most isolated from seagrass –
mangrove habitats (i.e., isolated north reefs) showed reduced densities or
complete absence of 16 common seagrass – mangrove fish species, which is
in line with the hypothesis that the presence and absence of seagrass –
mangrove habitats at a large scale, viz. that of an entire island, is likely to
influence the density of coral reef fish species on the coral reef (Nagelkerken
et al. 2002, Halpern 2004). This hypothesis may explain the distribution of
Ocyurus chrysurus and Chaetodon capistratus on the coral reefs around the
island of Aruba, which showed highest densities on reefs in front of lagoons
with seagrass – mangrove habitats and also a negative linear relationship
with distance from these lagoons. A comparable influence of the proximity of
seagrass – mangrove habitats on the density of Ocyurus chrysurus on coral
reefs has also been shown on another Caribbean island (Dorenbosch et al.
2004).
Our hypothesis is further supported by the observation of a reduced
proportion of nursery species in relation to their non-nursery reef congeners
on isolated north reefs. Although there may also be an unknown spatial
effect influencing densities of all fish species on isolated north reefs, there is
clearly an effect that has a specific influence on nursery species rather than
their non-nursery reef congeners, which can most likely be related to the
absence of shallow lagoons containing seagrass beds and mangroves on
isolated north reefs. Due to their congeneric nature, fish species can be
assumed to be similar with respect to many life history traits, which makes it
likely that the effect of factors other than the presence of seagrass beds and
mangroves would have similar effects on both nursery species and their nonnursery reef congeners.
Some nursery species showed a deviation from the generally observed
patterns discussed above. Whereas juvenile Scarus coeruleus and Lutjanus
analis were associated with seagrass – mangrove habitats in previous studies
(Nagelkerken et al. 2002, Dorenbosch et al. 2004), this pattern could not be
demonstrated on Aruba. Scarus coeruleus was frequently observed on coral
reefs on Aruba (mean total density 0.28 ind. 100 m-2 ± 1.13, SD) but
juveniles hardly used seagrass – mangrove habitats and cannot be
considered here as a species with a high dependence on seagrass beds and
mangroves. Lutjanus analis was only observed in very low densities,
suggesting that the presence of seagrass beds and mangroves is not the only
factor determining high densities of this species.
At a smaller scale (i.e., along the gradient of lagoon reefs – patch reefs –
exposed east reefs), the suggested effect of the proximity of seagrass –
mangrove habitats was no longer clear for most species. Although four
species occurred in significantly higher densities on lagoon reefs than on the
other two reefs (Abudefduf saxatilis, Chaetodon capistratus, Ocyurus
chrysurus and Sphyraena barracuda), all other common seagrass – mangrove
species showed different patterns. Likewise, most linear relationships
between the fish density on coral reefs and the distance to seagrass –
mangrove habitats were not significant, and neither were linear relationships
between the degree of similarity of the fish assemblage on the coral reef to
that of seagrass – mangrove habitat types and the geographic distance
between these habitats. Our observations of higher densities of common
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seagrass – mangrove species on reefs that were not located directly adjacent
to seagrass – mangrove habitats may have resulted from two processes: (1)
local recruitment on coral reefs and/or (2), considering the small size of
Aruba, long-distance migrations of adults and/or subadults of these species
from seagrass-mangrove habitats along the entire south-west coast of the
island.
For three of the five species for which a dependence on seagrassmangrove habitats had been suggested on the neighbouring island of
Curaçao (Dorenbosch et al. 2004) and which were also recorded here in
seagrass – mangrove habitats (Haemulon sciurus, Lutjanus apodus, and L.
mahogoni), highest densities were not found on lagoon reefs. However, since
juvenile densities (100 m-2 ± SD) on the coral reef were almost zero for these
three species (i.e., Haemulon sciurus 0.002 ± 0.045; Lutjanus apodus 0.3 ±
2.2; L. mahogani 0.19 ± 1.2), the relatively high densities (>1.6 adults 100 m2) of these species on reefs some distance away from seagrass – mangrove
habitats may be better explained by the suggested migration of adults and
subadults from seagrass – mangrove habitats towards these reefs along the
coast line instead of local recruitment on the reef. Compared with Curaçao
(Dorenbosch et al. 2004), Aruba is smaller, and the semi-enclosed lagoon
containing seagrass beds and mangroves has various entrances to the coral
reef, resulting in shorter distances for fishes to bridge to reach reefs located
farther away from these juvenile habitats. Density distribution of Scarus
guacamaia also supports this pattern. This species is thought to depend
heavily on mangroves (Mumby et al. 2004), and in the present study
juveniles were exclusively observed in mangroves while the highest density
on coral reefs was observed on exposed east reefs, suggesting migration of
adults along the coast. Migration along the coast has also been suggested by
Halpern (2004) as a possible explanation for high fish densities of Lutjanus
apodus on coral reefs away from mangroves on the Virgin islands.
The suggested migration along the coast and/or the possible local
recruitment on coral reefs indicate that some coral reef sites are probably
more attractive fish habitats than others. Environmental variables such as
coral cover or water depth may influence the attractiveness of a coral reef
site for particular species. Hard coral cover had a significant effect on
various species, such as the nocturnal Haemulidae and Lutjanidae, which
may have been caused by the shelter or feeding opportunities offered by a
coral reef site. As a result of their location on the eastern point of the island,
exposed east reefs may be subjected to water currents straight from the
ocean that result in physiological conditions that may provide different
environmental conditions compared with the other reef types. This may
result in an attractive adult fish habitat and influence species richness and
density of the total assemblage or individual species (Dominici-Arosemena &
Wolf 2005).
Conclusions
The results of the present study support the following conclusions. (1) The
configuration of seagrass – mangrove habitats with respect to the coral reef
could clearly be related to differences in the fish assemblage composition,
species richness, fish density and fish size in seagrass – mangrove as well as
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coral reef habitats. This may be explained by habitat accessibility and
habitat complexity, which could affect short distance migration by reefassociated fishes and/or predators, ontogenetic migration over larger
distances, and shelter possibilities of a habitat with respect to predation. (2)
The presence of seagrass – mangrove habitats at island level could clearly be
related to the occurrence of coral reef fish species using seagrass – mangrove
habitats as a juvenile habitat, resulting in the absence or low densities of
most of these species on isolated reefs. (3) At a smaller scale, however, this
effect is possibly confounded by local recruitment of some species on the reef
and long distance migration along the coast by other species. This study
shows that the configuration of habitats in the marine landscape should also
be taken into account for an understanding of habitat connectivity and for
possible management actions related to marine protected areas, rather than
merely the type of habitat.
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Fish assemblages on seagrass beds and surrounding landscapes

Abstract
Few studies have considered how seagrass fish assemblages are influenced
by surrounding habitats. This information is needed for a better
understanding of the connectivity between tropical coastal ecosystems. To
study the effects of surrounding habitats on the composition, diversity and
densities of coral reef fish species on seagrass beds, underwater visual
census surveys were carried out in two seagrass habitat types at various
locations along the coast of Zanzibar (Tanzania) in the western Indian Ocean.
Fish assemblages of seagrass beds in a marine embayment with large areas
of mangroves (bay seagrasses) situated nine kilometres away from coral reefs
were compared with those of seagrass beds situated on the continental shelf
adjacent to coral reefs (reef seagrasses). No differences in total fish density,
total species richness or total juvenile fish density and species richness were
observed between the two seagrass habitat types. However, at species level,
nine species showed significantly higher densities in bay seagrasses, while
eight other species showed significantly higher densities in reef seagrasses.
Another four species were exclusively observed in bay seagrasses. Since
seagrass complexity could not be related to these differences, it is suggested
that the arrangement of seagrass beds in the surrounding landscape (i.e.,
the arrangement on the continental shelf adjacent to the coral reef, or the
arrangement in an embayment with mangroves situated away from reefs)
has a possible effect on the occurrence of various reef-associated fish species
on seagrass beds. Fish migration from or to the seagrass beds and
recruitment and settlement patterns of larvae possibly explain these
observations. Juvenile fish densities were similar in the two types of seagrass
habitats indicating that seagrass beds adjacent to coral reefs also function
as important juvenile habitats, even though they may be subject to higher
levels of predation. On the contrary, the density and species richness of
adult fish was significantly higher on reef seagrasses than on bay
seagrasses, indicating that proximity to the coral reef increases density of
adult fish on reef seagrasses, and/or that ontogenetic shifts to the reef may
reduce adult density on bay seagrasses.
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Introduction
Seagrass beds are considered important habitats for reef fish assemblages
throughout the tropical seas and may function as nursery, shelter and/or
feeding habitats (Pollard, 1984; Parrish, 1989; Beck et al., 2001). Seagrass
habitats can be directly linked to adjacent habitats through fish migration.
Various studies have suggested ontogenetic migrations of reef fishes from
seagrass nurseries towards adjacent coral reefs (McFarland et al., 1985;
Kanashiro, 1998; Nagelkerken et al., 2000a; Cocheret de la Morinière et al.,
2002; Nakamura & Sano, 2004b), while other studies described the
occurrence of daily twilight or tidal migrations between seagrass beds and
adjacent habitats (Ogden & Buckman, 1973; Ogden & Ehrlich, 1977; Burke
1995; Nagelkerken et al., 2000b; Dorenbosch et al., 2004a). Because
seagrass beds could function as an extra source of new adults for adjacent
habitats (through its assumed nursery function) or increase the feeding or
sheltering opportunities for fish from adjacent habitats, it is likely that the
presence of seagrass beds positively influences the fish assemblages of
adjacent habitats. This has been confirmed by a few studies which showed
that the presence of seagrass and mangrove nurseries influence fish
assemblages on coral reefs (Nagelkerken et al., 2000a; Nagelkerken et al.,
2002; Halpern, 2004; Mumby et al., 2004; Dorenbosch et al., 2004b).
Vice versa, adjacent habitats may also influence the fish assemblage of
seagrass beds themselves. Weinstein & Heck (1979), Baelde (1990) and
Kochzius (1997) showed that the presence of a coral reef influenced the
structure of the fish assemblages on adjacent seagrass beds, mainly as a
result of migration of fishes from the reef towards the seagrass habitat.
Shulman (1985) and Sweatman & Robertson (1994) suggested that the
presence of a coral reef resulted in high predation pressure by reefassociated piscivores on juvenile fish present on the seagrass zone adjacent
to the reef. The presence of a coral reef is therefore likely to influence the
structure of the fish assemblage of adjacent seagrass beds.
Apart from these post-settlement processes, also pre-settlement processes
in fish larvae may be an important factor structuring fish assemblages in a
landscape of tropical shallow water habitats. Various environmental factors
may influence recruitment of fish larvae on reef habitats and larvae may
actively select their settlement habitat (Sweatman, 1988; Jenkins et al.,
1997; Atema et al., 2002; Kingsford et al., 2002; Simpson et al., 2004;
Lecchini et al., 2005; Nanami et al., 2005). Subsequently, spatial
combinations of shallow water habitat types may result in unique
environmental conditions that may direct recruitment processes of fish
larvae and therefore influence the structure of the fish assemblage.
The few studies that focussed on interlinkages between seagrass beds and
other habitats have investigated a seagrass – reef gradient where seagrass
beds are adjacent to or located at a short distance from the coral reef
habitat. No in-depth studies have been published that compared fish
assemblages on seagrass beds adjacent to coral reefs with those on seagrass
beds located in sheltered marine bays away from coral reefs. It can be
hypothesised that in situations where the distance between coral reefs and
seagrass beds is large, regular migrations by large reef-associated piscivores

139

Fish assemblages on seagrass beds and surrounding landscapes
to seagrass beds are unlikely. As a result, predation pressure by reefassociated predators on juvenile fish present on seagrass beds at a large
distance from reefs may be considerably smaller than that on seagrass beds
adjacent to a coral reef. This might result in increased survival of juvenile
fish that recruit on seagrass beds situated away from coral reefs (reviewed in
Parrish, 1989).

Fig. 1. Overview of the island of Zanzibar (latitude 6E10N S, longitude 39E10N
E) Reef seagrasses: (1) Muyuni, (2) Chapwani, (3) Changu, (4) Chumbe; Bay
seagrasses: (5) Marumbi, (6) Tunduni, (7) Chwaka; Coral reefs: (1)
Sensations, (2) Nungwi, (3) Leon’s wall, (4) Mnemba atoll, (5) Kiwengwa, (6)
Pongwe, (7) Uroa, (8) Jambiani, (9) Kizimkazi, (10) Adriana bank, (11) Boribu,
(12) Tambare, (13) Pwaku, (14) Chumbe, (15) Murogo, (16) Changu, (17)
Timbatu bay, (18) Timbatu island, (19) Hanga.
Several studies only showed weak interlinkages between fish assemblages
of mangroves and coral reefs in the Indo-Pacific region (Quin & Kojis, 1987;
Thollot & Kulbicki, 1988; Kimani et al., 1996; Huxham et al., 2004). It may
therefore be possible that interlinkages between fish assemblages on
seagrass beds adjacent to these mangroves (i.e., seagrass beds situated in
estuaries or marine bays) and coral reefs are also weak. Just as in the case
for mangroves, fish assemblages on these seagrass beds may show a
different species composition and/or increased juvenile fish densities
because of the absence of large predators.
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To our knowledge there are no studies within the Indian Ocean that
investigated fish assemblages on seagrass beds in relation to the
surrounding landscape of shallow water habitats such as coral reefs or
mangroves. On the East African island of Zanzibar, seagrass beds can be
distinguished that are located on the continental shelf directly adjacent to
coral reefs, and seagrass beds that are located in a marine embayment
adjacent to large mangrove areas. This provides an opportunity to investigate
the effect of the setting of these seagrass beds with respect to the
surrounding landscape on the fish assemblages present on these seagrass
beds. Due to these different surrounding landscapes, two different fish
assemblages are expected on each type of seagrass bed. Reduced predation
pressure and higher food availability in seagrass beds situated in the
embayment could result in higher total densities of juvenile fish.
Subsequently, migration of fishes from the coral reef and differences in
recruitment patterns due to different environmental variables as a result of
the setting in the landscape (e.g., in an embayment with mangroves or on
the continental shelf adjacent to the reef), may result in different species
assemblages.
Based on the above hypothesis and outlines, the following questions were
asked in the present study: (1) is the density of juvenile reef fish on seagrass
beds situated in the embayment with mangrove areas far away from the
coral reef greater than the density of juvenile fish on seagrass beds situated
on the continental shelf adjacent to coral reefs, and (2) is the species
composition, species richness and density of reef fishes on seagrass beds
situated in the embayment different from that on seagrass beds adjacent to
coral reefs?

Materials and methods
Study area
The present study was carried out off the island of Zanzibar along the
Tanzanian coast (East Africa) in the western Indian Ocean (Fig. 1). Two types
of seagrass habitats were distinguished: (1) shallow seagrass beds situated
in a marine embayment far from coral reefs but adjacent to large areas of
mangroves and mud flats (three sites were surveyed, hereafter called bay
seagrasses), and (2) shallow seagrass beds situated on the shallow
continental shelf directly adjacent to coral reefs and located far away from
mangroves and mud flats (four sites were surveyed, hereafter called reef
seagrasses). The mean distance between the bay seagrasses and the nearest
coral reef was 9.2 km (minimum distance 6.5 km), while the mean distance
between the reef seagrasses and mangroves and mud flats was 8.5 km
(minimum distance 3.8 km). The three bay seagrass sites could be
considered as independent from each other since the minimum distance was
2.1 km and each seagrass site was distinguished from other seagrass sites
by large algae flats and tidal channels. All reef seagrasses bordered shallow
(water depth < 10 m) stony coral reefs and were in open connection with the
sea. In contrast, bay seagrasses were located in a shallow marine
embayment and therefore sheltered from the open sea. Both types of
seagrass beds were dominated by Thalassodendron ciliatum (cover > 60%),

141

Fish assemblages on seagrass beds and surrounding landscapes
sometimes intermingled with Enhalus acoroides, Thalassia hemprichii and
Cymodocea rotundata. Although the tidal range in the study area was large
(3.3 m), seagrass beds never fell dry at low tide (minimum water depth 2.2
m). Water depth during neap high tide was approximately 4 m.
Field sampling and study design
Reef fish species were selected on the basis of our ability to identify them in
underwater visual census surveys, as well as on their abundance and
commercial value for fisheries (Jiddawi & Stanley, 1997). All species
belonging to the families Gerreidae, Haemulidae, Lethrinidae, Lutjanidae,
Mullidae, Nemipteridae, Scaridae and Siganidae were included in the present
study, as well as two species of Chaetodontidae (Chaetodon melannotus and
C. auriga), four species of large-sized Labridae (Cheilinus fasciatus, C.
trilobatus, C. undulatus and Cheilio inermis), and one species of Zanclidae
(Zanclus cornutus). Large groups of Scaridae that could not be identified
under water were regularly observed. Identification of individuals of several
of these groups that were caught with a net revealed that they consisted
predominantly of juvenile Chlorurus sordidus intermingled with juvenile
Calotomus spinidens and Leptoscarus vaigiensis. In all further analyses,
these Scaridae were pooled as Scarus spp.
The selected reef fish assemblage was sampled by means of underwater
visual census with a stationary point-count method using SCUBA (Watson &
Quinn, 1997; Polunin & Roberts, 2004). Because underwater visibility
ranged between 5 and 10 m, square quadrats of 5 x 5 m were surveyed. Data
were collected by two observers who independently surveyed the quadrats. A
single rope with a length of 5 m was used as a visual reference for quadrat
size. After placing the line, the observer waited 3 minutes to minimise fish
disturbance. All target species within or passing through the quadrat were
counted over a period of 10 minutes. During the first 7 minutes, the observer
was situated on the edge of the quadrat, while during the last 3 minutes, the
observer moved through the quadrat to search for small juvenile fish hiding
behind or under seagrass leaves or other structures. Care was taken not to
count individuals or groups of fish more than once that regularly moved in
and out of the quadrat. Fish were classified into 2.5 cm size classes using an
underwater slate. Surveys were conducted between 8:00 and 13:00 hrs at
high neap tide when water movement was minimal. Species identification
and quantification were first thoroughly practiced simultaneously by the two
observers until their results were comparable. Estimation of size classes was
trained by repeatedly estimating the sizes of 50 pieces of electrical wire of
known lengths, placed at random under water and representing all fish size
classes. Training was continued until differences in size estimation were
minimal (i.e., a deviation of no more than ± 2.5 cm from the actual length for
objects < 20 cm). Practicing quantification and size estimation was repeated
regularly during the visual census period. Habitats were surveyed in the
beginning of southern hemisphere summer in the period October - December
2004, around the start of the northeast monsoon, ca. three months before
the beginning of the long rainy season. In total, we surveyed 121 replicate
quadrats distributed over four sites on reef seagrasses and 99 replicate
quadrats distributed over three sites on bay seagrasses (Fig. 1).
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Bay seagrasses were situated on the eastern side of Zanzibar while reef
seagrasses were situated on the western and north-eastern side of the
island. These differences in the spatial arrangement of the seagrass habitats
could have an effect on the present fish assemblages, i.e., differences in
ocean current patterns in the waters around Zanzibar island may result in
an unbalanced recruitment of fish species on habitats off the coast of the
island. This could result in presence or absence of species in either one of
the seagrass habitat types. To analyze the influence of this possible effect,
the distribution of 39 species were compared among 19 different coral reefs
located around the entire coast of Zanzibar island (see Fig. 1 for the locations
of these coral reefs and Table 1 for species names). Since adults of most of
the fish species that were investigated on the seagrass beds also occur on
the coral reef (either as a result of ontogenetic migration or local
recruitment), a spatial effect due to differences in ocean currents that would
influence the recruitment of species on the two seagrass habitat types, would
likewise also be visible for the distribution of these species on the coral reefs.
Distribution of the species on the reef locations were sampled in quadrats of
8 x 8 m that were surveyed using the similar under water visual census
technique that was used to survey the distribution of fish species on the
seagrass beds. Quadrats were placed randomly on the reef and included all
depth zonations that could be distinguished (until a maximum depth of 20
m). The number of surveyed quadrats per coral reef are listed in Table 1c.
Because seagrass complexity may influence fish densities (Sogard et al.,
1987; Hyndes et al., 2003), seagrass height and seagrass shoot density were
measured at each site where quadrats were surveyed. Mean seagrass height
of a site was quantified by measuring the length of both shoots and leaves of
randomly selected seagrass plants on seagrass beds where quadrats were
surveyed. The number of plants that was measured per site ranged between
60 and 110 for reef seagrasses and between 60 and 80 for bay seagrasses.
The mean shoot density of a site was quantified by counting the number of
shoots in 25 by 25 cm quadrats, which were placed randomly on the
seagrass beds where quadrats were surveyed. The number of measured
quadrats per site ranged between 16 and 32 for reef seagrasses and between
28 and 32 for bay seagrasses.
Data analysis
The abundance of each observed species per reef location was expressed as
mean total density per 100 m2 (all size classes pooled per quadrat).
Euclidean cluster analysis (using group average linkage) and Shannon –
Wiener diversity indices were used to compare the distribution of species
along the various reef locations. Cluster and diversity analysis of coral reef
sites was performed for 38 of the 39 species that occurred in mean densities
> 0.05 individuals 100 m-2 on the seagrass beds (pooling all seagrass
quadrats). One of the species (Scarus spp.) was excluded for these two
analyses because it was not observed on the coral reefs. Cluster analyses
and Shannon-Wiener diversity calculations were performed using the
computer programme Biodiversity Pro 2 (McAlleece, 1997).
Fish were recorded as juveniles when they were smaller than one third of
the maximum species’ length. Nagelkerken & van der Velde (2002) used this
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rule to distinguish juveniles from adults and confirmed that for species for
which maturation size was known this rule was appropriate to distinguish
juveniles from adults. For species with a maximum length > 90 cm,
specimens were recorded as juveniles when < 30 cm. Maximum lengths of
species were obtained from FishBase World Wide Web (Froese & Pauly,
2003).
To compare mean fish densities and mean species richness of juveniles,
adults and the total fish assemblage (i.e., pooling juveniles and adults per
quadrat) between the two types of seagrass habitats, nested one-way ANOVA
were used based on log-transformed values. Seagrass habitat type (i.e., bay
seagrasses versus reef seagrasses) was used as a fixed factor, seagrass site
(i.e., four reef seagrass sites, three bay seagrass sites) was used as a random
factor and was nested within the factor seagrass habitat type.
At species level, many quadrats consisted of zero counts (i.e., absence of
fish species) which resulted in violation of assumptions for performing a
nested ANOVA. Therefore, mean density (pooling juveniles and adults per
quadrat) of each of the most common 39 species (density > 0.05 individuals
100 m-2) were compared using independent sample t-tests assuming either
equal variances or unequal variances (as determined with a Levene’s test).
For the same reason independent sample t- tests were used to compare
mean seagrass height and seagrass density between the two seagrass
habitats.
To study the relationship between seagrass height or seagrass density and
densities of individual species, simple linear regressions were performed.
Linear regressions were also performed between total fish density or total
species richness and seagrass height or seagrass density. Fish density or
species richness (either for the whole fish assemblage or for species
separately) per seagrass site was used as the dependent variable and mean
seagrass height or density as the regressor.
To study the spatial distribution of the 39 species that occurred in mean
densities > 0.05 individuals 100 m-2 on the seagrass habitats (pooling all
seagrass quadrats) at the various sites, Principal Component Analysis (PCA)
was used on log-transformed fish densities. PCA was carried out with the
Canoco 4.0 program (ter Braak & Smilauer, 1998). Scaling was focussed on
inter-species distances, and species scores were divided by the standard
deviation. Nested ANOVA’s, t-tests and linear regressions were performed
using SPSS 12.

Results
Of the selected fish families, 49 species were observed in the quadrats on the
seagrass beds, 39 of which occurred in mean densities > 0.05 individuals
100 m-2 (Table 1a, b) . The distribution of 38 of these 39 species (Scarus spp.
was not observed on reefs) on the various coral reefs, did not show a clear
spatial pattern (Fig. 2, Table 1a, b). Only the distribution of fishes at
Mnemba reef (an off-shore atoll reef surrounded by water with a depth > 100
m) was clearly different from that of the other 18 coral reefs. Among these 18
coral reefs, there was no difference in the distribution of fish species in
eastern versus western reefs. Two species were observed only at one reef
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location (Lutjanus ehrenbergi and Gerres oyena), one species at only two reef
locations (Calotomus spinidens) and one species at only three reef locations
(Leptoscarus vaigiensis). All other species occurred on a wide variety of coral
reefs (Table 1a, b).
Total fish density and species richness were not significantly different
between the two seagrass habitat types (Fig. 3a, b), although nesting showed
a significant effect for total fish density (P<0.001) and species richness
(P=0.005, nested ANOVA). There were no significant differences observed
either in total juvenile density or species richness of juveniles between bay
seagrasses and reef seagrasses. However, reef seagrasses showed both a
significantly higher total adult density and species richness of adults than
bay seagrasses (fish density P=0.022, species richness P=0.007, nested
ANOVA, Fig. 3a, b). Seagrass sites nested within seagrass habitat types
showed a significant effect for both juvenile and adult fish density and
species richness (both juvenile fish density and species richness P<0.001,
adult fish density P=0.001, adult species richness P=0.007).
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Table 1b. Mean fish densities (500 m ) of species associated with reef seagrasses (species with significantly higher densities on reef seagrasses than on bay seagrasses, t-test), and species without a clear habitat preference (species without significant different fish densities between reef
and bay seagrasses, t-test), and their mean densities on 19 coral reef sites in a spatial gradient around Zanzibar. NS: not significant.
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Table 1a. Mean fish densities (500 m ) of species associated with bay seagrasses (species with significantly higher densities on bay seagrasses than on reef seagrasses (tested with a t-test) or species observed only on bay seagrasses), and their mean densities on 19 coral reef sites in a spatial gradient
around Zanzibar.

Fish assemblages on seagrass beds and surrounding landscapes

99

# of surveyed quadrats

31

52

# of observed species

# of surveyed quadrats

Timbatu
island

35

# of observed species

Reef
seagrasses

49

28

Adriana Bank

15

22

Hanga

86

30

Timbatu bay

North western reefs

121

39

Bay
seagrasses

36

19

Sensation

77

22

Pwaku

62

26

Tambare

71

29

Nungwi

40

27

Leon's
wall

Northern reefs

72

30

Boribu

78

29

Mnemba
(atoll reef)

34

29

Chumbe

Western reefs

45

29

117

34

Changu

24

20

Pongwe

Eastern reefs
Kiwengwa

110

26

Morogo

105

35

Uroa

42

28

Jambiani

30

27

Kizimkazi

Southern
reef

Table 1c. Total number (#) of observed species on reef seagrasses, bay seagrasses and the 19 coral reef sites in a spatial gradient around Zanzibar (all surveyed quadrats
pooled), and the # of surveyed quadrats. Total # of species is based on the 39 most common species (total mean fish density on seagrass beds > 0.05 individuals 100 m-2, all
surveyed quadrats pooled).
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Fig. 2. Euclidean cluster analysis and Shannon–Wiener diversity of 38 fish
species on the 19 coral reefs (see also Fig. 1 and Table 1a, b).
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a) Mean fish densities
Mean fish density + SE (100 m-2)

I
Reef seagrass sites

200

A
150

I

Bay seagrass sites

A

100

1
50

2

0

Juveniles

Mean species richness + SE (100 m-2)

40

Adults

Total

b) Mean species richness

35

Reef seagrass sites

A

30

Bay seagrass sites

I
I

25

A
20

1
15
10

2

5
0
Juveniles

Adults

Total

Fig. 3. Mean fish density (a) and mean species richness (b) of the 49
observed species on reef seagrasses and bay seagrasses, of juveniles, adults
and the total fish assemblage (pooling juveniles and adults per quadrat).
Different letters and numbers indicate significant differences in fish density
or species richness between the two seagrass habitats (nested ANOVA).
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Mean seagrass height (± SD) was significantly greater (P<0.001; t-test) for
bay seagrasses (55.4 ± 22.7 cm) than for reef seagrasses (33.2 ± 10.1 cm),
but mean seagrass density was significantly higher (P<0.001; t-test) for reef
seagrasses (896.6 ± 316.0 plants m-2) than for bay seagrasses (510.1 ± 202.9
plants m-2). Linear regressions at species level between fish density and
seagrass height for the species that were observed both in reef seagrasses
and bay seagrasses, showed that significant relationships existed only for
Chaetodon auriga (P=0.018; β=0.02; R2=0.71), Lutjanus fulviflamma(P=0.030;
β=0.70; R2=0.64) and Scarus ghobban (P=0.005; β=0.33; R2=0.82), whereas
linear regressions between fish density and seagrass density were only
significant for Chaetodon auriga (P=0.040; β=-0.01; R2=0.60), Chlorurus
sordidus (P=0.047; β=1.10; R2=0.58) and Parupeneus barberinus (P=0.028;
β=-0.18; R2=0.65). Linear regressions between all other species, total fish
density or species richness and seagrass height or density were not
significant.
PCA of the 39 most common species showed that of all reef seagrass sites,
most species clustered on the Chapwani site, whereas of all bay seagrass
sites most species clustered on the Chwaka site (Fig. 4). A species-level
analysis of these 39 most common species showed that 17 species showed
significantly different densities between the two seagrass habitats, while
Cheilinus undulatus, Lutjanus argentimaculatus, L. ehrenbergi and
Parupeneus indicus occurred in bay seagrasses only (Table 1a, Fig. 4). Nine
of the 17 species had their highest densities in bay seagrasses, whereas eight
species had their highest densities in reef seagrasses. Most species that were
associated with bay seagrasses (i.e., species with significantly higher
densities in bay seagrasses than in reef seagrasses, or species only observed
in bay seagrasses; Table 1a) were predominantly observed at the Chwaka
and Tunduni sites. The Marumbi site that of all bay seagrass sites was
located closest to the reef (6.5 km), was characterised by the highest density
of only one bay seagrass associated species (Lethrinus harak, Fig. 4). Four
species that were associated with reef seagrasses (i.e., species with
significantly higher densities in reef seagrasses than in bay seagrasses; Table
1b) were observed in highest densities at the Chapwani site (Lethrinus
variegatus, Lutjanus gibbus, Scarus frenatus and Scarus spp.), whereas the
Changu and Muyuni sites were each characterised by the highest densities
of two of the species associated with reef seagrasses (Changu: Calotomus
carolinus and Chlorurus sordidus; Muyuni: Cheilio inermis and Lethrinus
mahsena). The remaining 18 species did not show a clear preference for
either of the two habitat types.

Discussion
Total fish density and total species richness of the pooled fish assemblage
did not differ between the two seagrass habitats, suggesting that the
standing stocks of reef fish in the two habitats were similar and no large
differences exist between the carrying capacities of the two habitats.
Comparable to total fish density and species richness, total densities and
species richness of juvenile fish were equal in both seagrass habitats. This
suggests that both habitats function as important juvenile fish habitats and
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1.0

Chapwani
Let len
Sca fre
Sig ste

Sca spp

Sco gha

Ger oye

Lut gib

Cal spi

Par bar
Lut ful

Let var
Let har

Sca psi

Sig sut

Chwaka
Sca gho

Ple gat
Par rub

Cal car

Changu

Par ind

Hip har

Marumbi

Cha mel
Sca rus

-1.0
Chl sor

Chumbe

Lep vai

Lut ehr/
Lut arg

1.0
Cha aur

Mul fla

Sca sca

Let mah

Che und

Che ine
Sca nig

Chl str
Che fas

Ple fla
Par mac
Par ple
Muyuni
Species:
Significant higher density on bay seagrasses
Significant higher density on reef seagrasses
Only observed on bay seagrasses
No significant difference in density
-1.0

Che tri

Tunduni

Sites:
Bay seagrass sites
Reef seagrass sites

Fig. 4. Principal Component Analysis (PCA) of the 39 most common fish
species (mean density > 0.05 individuals 100 m-2) observed on quadrats in
seagrass beds at seven sites. Reef seagrass sites were situated adjacent to
coral reefs, whereas bay seagrass sites were situated in a marine bay close to
mud flats with mangroves but far from coral reefs. The eigenvalues of the
first and second ordination axis were 0.38 and 0.26 respectively, while the
cumulative percentage variance of species data for both axes was 64%.
Species abbreviations: Cal spi: Calotomus spinidens; Cal car: C. carolinus;
Cha aur: Chaetodon auriga; Cha mel: C. melanotus; Che fas: Cheilinus
fasciatus; Che tri: C. trilobatus; Che und: C. undulatus; Che ine: Cheilio
inermis; Ger oye: Gerres oyena; Chl sor: Chlorurus sordidus; Chl str: C.
strongylocephalus;Hip har: Hipposcarus harid; Lep vai: Leptoscarus
vaigiensis; Let har: Lethrinus harak; Let len: L. lentjan; Let mah: L. mahsena;
Let var: L. variegatus; Lut arg: Lutjanus argentimaculatus; Lut ehr: L.
ehrenbergi; Lut ful: L. fulviflamma; Lut gib: L. gibbus; Mul fla: Mulloidichthys
flavolineatus; Par bar: Parupeneus barberinus; Par ind: P. indicus; Par mac: P.
macronema; Par ple: P. pleurostigma; Par rub: P. rubescens; Ple fla:
Plectorhinchus flavomaculatus; Ple gat: P. gaterinus; Sca fre: Scarus frenatus;
Sca gho: S. ghobban; Sca nig: S. niger; Sca psi: S. psittacus; Sca rus: S.
russelli; Sca sca: S. scaber; Sca spp.: S. spp.; Sco gha: Scolopsis ghanam; Sig
ste: Siganus stellatus; Sig sut: S. sutor.
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that no large differences exist between the function of the two seagrass
habitats as a juvenile fish habitat. The hypothesis that seagrass beds in the
marine embayment situated far from coral reefs would show higher juvenile
fish densities than seagrass beds adjacent to coral reefs due to a higher
predation pressure in the latter (based on Shulman, 1985 and Sweatman &
Robertson, 1994) can therefore not be confirmed by the present study. A
possible explanation for this observation could be a similar predation
pressure on juvenile fish in both seagrass habitats, possibly because
piscivores are also present on seagrass beds in marine bays (Sheaves, 2001;
Nakamura & Sano, 2004a; Baker & Sheaves, 2005).
Contrary to juvenile fish density and species richness, both adult fish
density and species richness was significantly higher on the reef seagrasses
than on the bay seagrasses. These differences may possibly be explained by
a combination of two processes. Firstly, ontogenetic migrations of adults
towards the nearest coral reefs may result in decreased densities on bay
seagrasses (Parrish, 1989; Beck et al., 2001). Since the coral reef is located
far away, these adults most likely use the coral reef as a permanent habitat.
On the contrary to bay seagrasses, reef seagrasses are located directly
adjacent to the coral reef. Here, adult fish may use both the seagrass beds
and the coral reef as an adult habitat and adult fish densities on the reef
seagrasses are not reduced as a result of ontogenetic emigration. Secondly,
additional migrations of adult fish of species that are reef-associated from
the coral reefs towards directly adjacent seagrass beds may result in
increased densities on reef seagrasses (Weinstein & Heck, 1979; Kochzius,
1997).
Although total fish densities were comparable, fish species composition
and densities of individual species were clearly different between the two
habitat types. Some fish species clearly occur in seagrass beds adjacent to
the coral reef (reef seagrasses), whereas other species occur in seagrass beds
adjacent to a combination of mud flats and mangroves situated in a
sheltered embayment (bay seagrasses). Seagrass complexity appeared to be
of minor importance in explaining these differences, since relationships
between seagrass complexity and fish densities were minimal for the
majority of species, while also seagrass species composition was similar
between the two habitats. Therefore, another hypothesis can be suggested
that may better explain differences in the two fish assemblages.
The differences in species composition and species densities between the
two seagrass habitats may be partly explained by different recruitment and
settlement patterns of juvenile reef fish species. The location of seagrass
beds (e.g., in a sheltered marine embayment or on the continental shelf
exposed to the open sea) in combination with the type of adjacent habitat
(e.g., mangroves and mud flats or coral reefs) may result in differences in
environmental or biological variables that characterise these seagrass beds,
such as salinity, water temperature, water depth, food availability, shelter
opportunities or predation risk (reviewed in Blaber, 2000). Since several
studies have shown that coral reef fish larvae actively select their settlement
habitat (Atema et al., 2002; Fisher & Bellwood, 2003; Simpson et al., 2004;
Lecchini et al., 2005), partly influenced by some of the variables listed above,
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differences in some of these variables possibly result in different recruitment
and settlement patterns of juvenile reef fish species. In the Caribbean,
settlement of some juvenile coral reef fish has been suggested to be
influenced by the habitat types present, e.g., coral reefs, mangroves or
seagrass beds (Yáñez-Arancibia et al., 1993; Risk, 1997; Nagelkerken et al.,
2001; Cocheret de la Morinière et al., 2002). In the present study, the species
that showed highest densities in bay seagrasses were barely observed on the
bay seagrasses at the Marumbi site. In comparison with the two other bay
seagrass sites, Marumbi is situated farthest from mangroves and mud flats,
and relatively close to the entrance of the embayment (and the adjacent coral
reef). This provides further support for the earlier suggestion that some fish
species actively select seagrass beds that are characterised by variables
influenced by the presence of mangroves and mud flats, and/or the setting
in a marine embayment.
For some of the observed species their association with either bay
seagrasses or reef seagrasses may be related to their ecology. Dorenbosch et
al. (2005) showed a clear effect of the presence of bays with seagrass beds
and mangroves on fish densities on adjacent coral reefs for Cheilinus
fasciatus,
C.
undulatus,
Chlorurus
strongylocephalus,
Lutjanus
argentimaculatus, L. fulviflamma, Parupeneus barberinus, P. rubescens and
Scarus ghobban suggesting these species are associated with bay habitats in
their juvenile stage. Likewise, these species were associated with seagrass
beds located in the embayment with mangroves and not with seagrass beds
located on the continental shelf adjacent to coral reefs in the present study.
Furthermore, juveniles of Lutjanus argentimaculatus and L. fulviflamma have
been reported from mangroves (Wakwabi & Mees, 1999; Kiso & Mahyam,
2003) and may prefer mangroves and/or areas close to mangroves as a
juvenile habitat which may possibly explain the presence of both species on
bay seagrasses close to mangroves and no observations of these species on
reef seagrasses far away from mangroves. Lugendo et al. (2005) showed the
presence of juveniles of both species in the mangroves in the embayment in
the present study, located at short distance from the bay seagrasses.
Chlorurus sordidus and Scarus frenatus are strongly associated with coral
reefs and are known to use the coral reef as a juvenile habitat (Crook, 1999;
Gust et al., 2001). Subsequently, their strong association with seagrass beds
located directly adjacent to coral reefs in the present study may be a
reflection of this general preference for coral reefs.
An alternative explanation for the different fish assemblages in the two
seagrass habitats could be the influence of a spatial or temporal effect such
as different ocean current patterns between the eastern side of Zanzibar
island (bay seagrasses) and the western and northern side of the island (reef
seagrasses). In this case the occurrence of species on the two seagrass
habitat types might rather depend on a different fish recruitment associated
with these ocean current patterns than on the arrangement of the habitat
types. Several arguments can be proposed, however, to discard this
alternative explanation. Firstly, the data showed that 35 of the 39 observed
fish species occurred on both seagrass habitat types (either in significant
different or equal densities), suggesting that almost all of the species were
able to reach seagrass beds on various sides of Zanzibar island. Secondly, 34
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of the 39 species, also occurred on coral reef locations throughout Zanzibar
island, without showing a separation in density between the eastern and
western reefs. Finally, as noted earlier, the fish assemblage at Marumbi
(located near the mouth of the bay) was different from that of the other two
bay seagrass sites (located more deeply into the bay). Although seasonal
differences may also have an effect on the structure of the fish assemblage
on seagrass beds (Laroche et al., 1997), these influences are generally
highest during the cold season or during periods with heavy rains. The data
in the present study were collected outside the cold or rainy seasons, and
data were collected simultaneously during the same time period. Seasonally
influences were therefore most likely to be low in this case, and if present,
comparable for all sites.
In conclusion, the present study shows that two types of seagrass beds
that differ in their setting in the surrounding landscape (i.e., in a sheltered
embayment with mangroves and mudflats away from the coral reef or on the
open continental shelf directly adjacent to the coral reef), have a similar
density of juvenile fish suggesting that both types of seagrass beds have an
important function as a juvenile fish habitat. Despite these similar densities
of juvenile fish, the structure of the fish assemblage on seagrass beds in an
embayment with mangroves and mud flats is different from that of seagrass
beds located next to coral reefs. The hypothesis that the setting of the
seagrass beds with respect to the surrounding landscape affect fish
migration and recruitment patterns, may partly explain these latter
observations. Regarding the conservation of coral reef fish stocks in relation
to the design of marine protected areas, this study suggests that it is
important to cover various types of seagrass beds that stretch from the coral
reef edge until mangrove-dominated embayments farther from the reef.
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Population structure of Lutjanus fulviflamma

Abstract
The genetic structure of spatially separated populations of the Dory snapper,
Lutjanus fulviflamma was investigated in seven areas along the East African
coast and one area in the Comoros archipelago in the western Indian Ocean,
using amplified fragment length polymorphism (AFLP). Phylogenetic and
multidimensional scaling analyses did not show any clear clustering of
individuals into the spatially separated populations. The analysis of
molecular variance clearly showed that the variation was partitioned within
populations and not between populations, leading to low genetic
differentiation among populations. No clear relationship between genetic
distance and geographic distance between populations was observed. These
observations suggest that populations of Lutjanus fulviflamma have an open
structure and are possibly genetically connected on a large geographic scale
in the western Indian Ocean.
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Introduction
Many coral reef fish species have a pelagic larval stage, and it is thought that
dispersal between populations of these fishes predominantly occurs during
this life stage. When larvae passively drift with the flow of ocean currents,
dispersal can take place over both small and large geographic distances
(Roberts 1997). Since the degree of larval dispersal is likely to determine
gene flow between populations of marine organisms (Warner 1997), this may
result in low levels of genetic differentiation between populations of reef
fishes that are connected by these passive larvae (i.e., open populations).
However, it has also been described that larvae of reef fishes have significant
swimming capabilities and can actively migrate in reaction to physical or
environmental variables (Leis 2002; Kingsford et al. 2002; Simpson et al.
2004). Instead of randomly drifting with ocean currents they may actively
select their settlement habitats relatively close to their natal areas. In this
case, dispersal of these ‘active’ larvae is most likely to be more restricted
than that of ‘passive’ larvae. This may give rise to a reduced gene flow and
higher levels of genetic differentiation of populations of reef fishes that are
characterized by these types of larvae (i.e., closed populations).
Various molecular studies testing genetic differentiation of populations of
reef fishes that have pelagic larvae, showed low population differentiation,
suggesting open population structures (Shulman & Bermingham 1995, van
Herwerden et al. 2003; Bay et al. 2004; Geertjes et al. 2004; Rivera et al.
2004). However, other molecular studies did show significant differentiation
between populations of reef fishes with pelagic larvae, suggesting that gene
flow between populations of these species can also be limited (Planes 1993;
Planes et al. 1998; McCartney et al. 2003; Ramon et al. 2003; Rhodes et al.
2003; Taylor & Hellberg 2003). Studies based on fish otoliths indicate that
dispersal of larvae of some reef fishes is limited and that these larvae remain
close to their natal reefs (Jones et al. 1999; Swearer et al. 1999). Planes et al.
(1996) and Planes & Fauvelot (2002) showed low genetic differentiation of
populations on small geographic scales but significant differentiation on
large geographic scales suggesting only reduced gene flow over large
distances. Since the results of genetic studies dealing with population
differentiation of reef fishes are not similar, generalizations on the population
structure of coral reef fishes that have pelagic larvae are still unequivocal
and at present the extent to which reef fish populations are open or closed
must be regarded as unknown (Leis 2002; Mora & Sale 2002).
In the present study, we used amplified fragment length polymorphism
(AFLP) to study genetic differentiation between various populations of the
snapper Lutjanus fulviflamma along the East African coast in the western
Indian Ocean. This molecular technique provides a high resolution in
resolving differences in genetic structures between populations (de Bruin et
al. 2003; Garcia et al. 2004). The technique has been used successfully to
analyze genetic diversity in freshwater fish (Mickett et al. 2003) but has, to
our knowledge, not yet been used in coral reef fishes. Lutjanus fulviflamma is
a common snapper species that inhabits coral reefs in the entire Indian
Ocean and is assumed to have a pelagic larval stage (Leis & Rennis 2000).
We studied the genetic structure of eight populations in the western Indian
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Ocean along the East African coast and in the Comoros archipelago that
were arranged in a 1000 km north-south gradient and that were connected
by the East African Coastal Current (EACC, Richmond 2002). Spawning of
Lutjanus fulviflamma is most pronounced in August - September (Nzioka
1979) and is in accordance with the period when the EACC is strongest.
Three hypotheses can be formulated that may explain the genetic structure
between populations of Lutjanus fulviflamma in the above gradient: 1) Larval
exchange between populations is low and most larvae remain near their
natal reefs. Gene flow between populations is therefore limited and results in
genetic differentiation of populations (closed populations). 2) Larval exchange
occurs on small geographic scales between neighboring populations in
conjunction with the flow of the EACC. Gene flow between populations is
therefore structured by the EACC and the genetic structure between
populations is likely to be correlated with geographic distance resulting in
isolation by distance: populations close to each other have a stronger genetic
connectivity than populations situated far from each other. 3) The EACC in
combination with other ocean currents in the region (e.g., South Equatorial
Current and Equatorial Counter Current) result in larval exchange on large
geographic scales (i.e., on the level of the western Indian Ocean). Gene flow
between populations is therefore high on both a small and large scale, and
ocean currents result in gene flow on the level of a large geographic region
resulting in one gene pool where populations cannot be genetically
distinguished. In the present study we tried to resolve at which geographic
scale eight spatially separated populations of Lutjanus fulviflamma in the
western Indian Ocean are genetically connected.

Materials and methods
Sampling and DNA isolation
A total of 77 individuals of Lutjanus fulviflamma were collected at seven
locations along the East African coast (Kenya and Tanzania) and at one
location in the Comoros archipelago (Grande Comoros, Fig. 1, Table 1).
Fishes were collected using either seine nets or hook and line. Since this
method is predominantly suited to catch smaller snappers in relatively
shallow water, all fishes that were collected were juveniles (standard length
ranged between 5 – 20 cm). Dorsal muscle tissue of freshly killed fishes was
immediately put into a saturated CTAB – 20% DMSO solution and was
stored at 4°C. Total genomic DNA was isolated using the DNeasy Tissue Kit
(QIAGEN Genomics Inc.). Extracted DNA was dissolved in 200 µl AE buffer
(supplied) and checked for integrity by agarose gel-electrophoresis.
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Fig. 1. Sampling locations of eight populations of Lutjanus fulviflamma and
major ocean surface current patterns, as derived from Richmond (2002)
along the East African coast (Kenya and Tanzania) and the Comoros
archipelago. Abbreviations: Mom: Mombasa (Kenya); Dar: Dar es Salam
(Tanzania); Mtw: Mtwara (Tanzania); Com: Comoros (Grande Comoros); Ald:
Aldabra; Mad: Madagascar; Pro: Providence; Sey: Seychelles. Ocean
currents: EACC: East African Coastal Current; SEC: South Equatorial
Current; ECC: Equatorial Counter Current (only November – March).
Numbers show locations of sampled populations: 1) Mombasa; 2) Pemba; 3)
Mafia; 4) Mtwara and 5) Comoros. The locations of the sampled populations
on Zanzibar (Z) are shown on the detailed map: 6) Zanzibar North, 7)
Zanzibar West and 8) Zanzibar East.
AFLP protocol
AFLP analysis was performed according to Vos et al. (1995) with
modifications as described in de Roos (2003). Restriction - Ligation reactions
were performed in a single reaction at 37°C for 2 h, in a total volume of 10µl
containing 100ng DNA, 1xT4 Ligase Buffer (Life Technology, Invitrogen),
0.05M NaCl, 5 U EcoRI - Enzyme (New England BioLabs), 5U MseI - Enzyme
(New England BioLabs), 0.045M bovine serum albumine (BSA, New England
BioLabs),
0.2µM
EcoRI
adapter
(5’-CTCGTAGACTGCGTACC,
CATCTGACGCATGGTTAA-‘5),
2.0µM
MseI
adapter
(5’GACGATGAGTCCTGAG, TACTCAGGACTCAT-‘5) and 1U T4 - Ligase (Life
Technology, Invitrogen). PCR amplifications were performed on a T-gradient
thermocycler (Biometra) in two separate amplification steps. Preamplification PCR reactions were conducted in a 20µl volume (containing 4µl
20 x diluted Restriction-Ligation mix, 0.5µM EcoRI / +A primer (Applied
Biosystems), 0.5µM MseI / +C primer (Applied Biosystems) and 15µl AFLP
Amplification Core Mix (Applied Biosystems), with the following temperature
profile: an initial denaturation step of 2 min 94°C; 20 cycles with 20 s 94°C,
30 s 56°C, 2 min 72°C; followed by 2 min 72°C and 30 min 60°C. Selective
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amplifications were performed in a 10 µl volume (containing 1.5µl 10 x
diluted Pre-amplification product, 0.05 µM Dye labeled EcoRI / +3 primer
(Applied Biosystems), 0.25 µM MseI / +3 primer (Applied Biosystems) and
7.5µl AFLP Amplification Core Mix (Applied Biosystems), with the following
temperature profile: an initial denaturation step of 2 min 94°C; 10 cycles
with 20 s 94°C, 30 s 66°C decreasing with 1°C per cycle, 2 min 72°C; 25
cycles with 20 s 94°C, 30 s 56°C, 2 min 72°C; followed by 30 min 60°C.
Selective amplifications were performed using two primer pairs EcoRI /
+ACC-MseI / +CTA and EcoRI / +AAC - MseI / +CTA. Amplified fragments
were analyzed on a CEQ™ 8000 Genetic Analysis System (Beckman Coulter
Inc. 2002). Fragments between 100 and 350 bp were scored as present (1) or
absent (0) using the Fragment Analysis Software Module of the CEQ™ 8000
(AFLP settings: bin width = 1.0 nt; Ythreshold = 400 RFU). The data was
assembled in a binary data matrix. Loci with a band frequency below 5%
were considered as potential artifacts and omitted from further analysis.
Data analysis
Genetic variation within populations was assessed by calculating Shannon’s
index of diversity (I), the number of polymorphic loci (NPL) and the proportion
of polymorphic loci (PPL; 99% criterion), using the software program
POPGENE version 1.31 (Yeh & Boyle 1999). Phylogenetic analyses of the
AFLP data were performed by three different approaches: neighbour-joining
distance (NJ, Saito & Nei 1987), maximum parsimony, and Bayesian
likelihood (Huelsenbeck & Ronquist 2001) methods. The NJ and maximum
parsimony analyses were carried out in PAUP* (Swofford 2002). For the NJ
analysis, the genetic distances were estimated using the algorithm of Nei &
Li (1979). Unweighted parsimony heuristic search was conducted using a
TBR branch swapping and the simple taxon addition. The monophyly of the
clusters was assessed by using bootstrap replicates. The likelihood model
chosen is the one implemented in the program, with the rates from gain to
loss of AFLP bands equal to the rate from loss to gain. The Bayesian
inference that evaluates posterior probabilities of clades was performed using
the program MRBAYES version 3.0 (Huelsenbeck & Ronquist 2001). Markov
chain Monte Carlo from a random starting tree was initiated and run for
200,000 generations. Trees were sampled every 100th generation. The first
25% of the samples were discarded as 'burn-in', and the rest of the samples
were used for inferring a Bayesian tree. Examination of the log-likelihood
suggests that the run reached a stationarity and that these burn-in periods
were sufficiently long. Finally, to visualize the clustering of individuals based
on the Nei-Li distances between individuals a multidimensional scaling
(MDS) was performed using SPSS (Version 11.5, SPSS Inc.). MDS analysis
was performed with 1-5 dimensions to assess the improvement in stress
score with additional dimensions.
Analysis of molecular variance (AMOVA) was performed to assess the
degree of molecular variation within and among populations, using the
program WINAMOVA (Analysis of Molecular Variance version 1.55; Excoffier
et al. 1992) which performs a nested ANOVA using the matrix of Euclidean
genetic distances as input (Excoffier et al. 1992). The program AMOVA-prep
version 1.01 (Miller 1998) was used to transform the dominant binary data
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set into input files for the program WINAMOVA. The level of genetic
population subdivision was estimated by calculating pairwise genetic
distances between populations using Ф statistics (in WINAMOVA) that are
directly analogous to Wright’s F statistics (Excoffier et al. 1992). Exact tests
of population differentiation (Raymond & Rousset 1995) were calculated with
TFPGA (Tools for Populations Genetic Analysis version 1.3; Miller 1999).
Analyses were performed with pairwise combinations of populations (using
20 batches and 2000 permutations), based on observed marker frequencies
and assuming linkage equilibrium among loci (Miller 1999). The relationship
between genetic distance (ФST) and geographic distance was analyzed with a
Mantel test implemented in FSTAT version 2.9.3 (Goudet 1995).
Assignment tests are a useful tool for estimating dispersal among
populations at current (ecological) timescales (Berry et al. 2004; Manel et al.
2005). Assignment of individual genotypes to the most likely population was
carried out using the frequency based assignment test of Paetkau et al.
(1995) implemented in the Doh-Assignment test calculator (Brzustowski
2002). Individuals were assigned to populations displaying the highest loglikelihood. Individuals assigned to the source population were defined as
correctly assigned (CA), whereas individuals assigned to a population other
then the source population were defined as miss-assigned (MA). However,
assignment of genotypes was only made if the log-likelihood was at least 10fold higher from any of the other candidate populations; otherwise the
individual was defined to be ambiguously assigned (AA), i.e., not reliably
assignable to any population.

Results
Descriptive analysis
The two primer combinations used in the present study revealed a total of
191 loci (i.e., clear and reproducible AFLP fragments). Population-specific
loci were not observed in any of the populations. The overall proportion of
polymorphic loci was 70.7% and did not differ greatly among populations
(varying between 63.9 and 84.8%, Table 1).
Phylogeography & MDS analysis
In general, the data did not show a clear phylogenetic pattern. There was no
clear clustering of individuals in either the phylogenetic analysis (Fig. 2) or
the MDS analysis (Fig. 3). The phylogenetic trees inferred from the NJ,
parsimony, and Bayesian analyses were found to have very similar topologies
(only the NJ tree is shown). However, the bootstrap percentages from both
the NJ and the parsimony analysis and the posterior probabilities from the
Bayesian analysis showed that the monophyly of the produced clusters were
very low (Fig. 2), consistent with the MDS analysis.
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Table 1. Characteristics of the sampled Lutjanus fulviflamma populations along the East
African coast and the Comoros archipelago (N is the number of sampled individuals, N pl is
the number of polymorphic loci (Ntotal=191), P pl (%) is the percentage of polymorphic loci
per population and I is Shannon’s diversity index).
Population:

Code:

N

N pl

P pl (%)

I (±SE)

Comoros

COM

10

162

84.8

0.33 (0.21)

Mtwara

MTW

10

122

63.9

0.26 (0.24)

Mafia

MAF

9

146

76.4

0.33 (0.24)

Zanzibar West

ZAN-W

10

130

68.1

0.27 (0.24)

Zanzibar East

ZAN-E

10

135

70.7

0.30 (0.24)

Zanzibar North

ZAN-N

9

138

72.3

0.30 (0.24)

Pemba

PEM

9

150

78.5

0.34 (0.24)

Mombasa

MOM

10

155

81.2

0.36 (0.24)

Table 2. Analysis of molecular variance (AMOVA) of Lutjanus fulviflamma
populations.
Source of variation

df

SS

MS

V

%

Among populations

7

287.29

41.04

1.63

6.07

Within populations

69

1746.61

25.31

25.31

93.93

The two dimensional MDS shown in Fig. 3, had an S-stress (often also
referred to as ‘strain’) of 0.145. An increase to three dimensions resulted in
an improvement of S-stress with 0.080, while S-stress improvement of
additional dimensions was < 0.010. Most individuals of populations sampled
along the East African coast were concentrated in one large cluster and
individuals showed similar genetic distances. Only five individuals from
Zanzibar North, three individuals from Mombasa, one individual from Mafia
and one individual from Pemba showed larger genetic distances from this
main cluster (Fig. 3). Although six individuals of the Comoros population
showed larger genetic distances from the main cluster of East African
individuals, this did not result in a separate cluster containing the
individuals from the Comoros, and overlap with the other individuals was
high.
To asses the relationship between populations along the East African
coast without the model-fitting effects of the Comoros population, MDS
analysis was re-run without the Comoros individuals (results not shown). In
the absence of these individuals, still most individuals formed one large
cluster with comparable genetic distances. The five individuals form Zanzibar
North and the three individuals from Mombasa again showed larger genetic
distances from the main cluster of East African individuals.
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Fig. 2. Neighbour-joining (NJ) tree of the Lutjanus fulviflamma populations
based on 191 AFLP loci. The numbers at nodes represent the bootstrap
percentages (values < 50 not shown) from 100 replicates obtained from NJ,
maximum parsimony analyses, and the posterior probabilities (values < 0.5
not shown.) from Bayesian inference, respectively. The scale bar indicates
the estimated evolutionary distance. Populations are encoded following Table
1, numbers refer to original sample numbers.
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Table 3. Pairwise genetic (ФST, in bold below diagonal) and geographic distances (km, above diagonal)
between Lutjanus fulviflamma populations along the East African coast and Comoros archipelago (NS
indicates that the populations are genetically not significantly different). For site abbreviations see Table 1.
Population:
COM
MTW
MAF
ZAN-W
ZAN-E
ZAN-N
PEM
MOM

COM

MTW
NS

MAF

325
0.0759NS
0.1157NS
0.0650NS
0.1346NS
0.0807NS
0.1045NS

0.1617
0.0994NS
0.1035NS
0.1349NS
0.0302NS
0.0587NS
0.0145NS

ZAN-W

575
264
0.0312NS
0.0219NS
0.0665NS
0.0028NS
0.0183NS

ZAN-E

780
500
275

ZAN-N

770
495
268
129
0.0468NS
0.0390NS
0.0503NS

0.0225NS
0.0219NS
0.0237NS
0.0538NS

PEM

829
544
318
40
81
0.0307NS
0.0271NS

MOM

800
585
314
110
130
91
0.0070NS

950
731
468
249
255
211
154

Table 4. Assignment of # of individuals into populations using a frequency-based assignment test (Paetkau et al. 1995).
Given is the percentage correctly assigned individuals (CA), the percentage ‘mismatched’ individuals, i.e. individuals assigned
into another than the source population (MA), and the percentage of ambiguously assigned individuals (AA). For site
abbreviations see Table 1.
Assigned population

Source
Population:
COM

COM

MAF

3
1

1

ZAN-N

2

PEM

1

MOM

3

ZAN-E

1

ZAN-N

PEM

2

MA

AA

MOM

(%)

(%)

(%)

2

30

60

10

1

1

2

ZAN-W
ZAN-E

ZAN-W
2

8

MTW
MAF

MTW

CA

1

1

3

2

4

2

2

2

3

2

1

80

10

10

0

56

44

10

50

40

40

40

20

22

67

11

1

0

89

11

2

20

70

10

1

1

1
2

1
1

Population subdivision
Population
structure
analysis
closely
matched
the
population
phylogeographic analysis presented above. The 2-level hierarchical AMOVA
analysis indicated that >93% of genetic variation was contained within
populations with very little partitioned among the populations (Table 2).
Pairwise ФST values (Table 3; AMOVA) were very low and exact tests
(implemented in TFPGA) showed no significant differentiation among any
pair of populations (P>0.05), indicating little differentiation between
populations. Although the relationship between pairwise genetic distance
and geographical distances was significant, the relationship was very weak
and the model could not explain much of the observed variance (Mantel test:
r=0.397, R2=0.157, P=0.04; Fig. 4). The absence of population subdivision
was confirmed by the results from the population assignment procedure
(Table 4), which showed low assignment percentages of individuals into their
source population (CAmean = 25%, Table 4), high assignment percentages of
individuals into populations other than the source populations (MAmean =
55%) and relatively high percentages of ambiguously assigned individuals
(AAmean = 20%).
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Pemba
Zanzibar East
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Mtwara
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Zanzibar West

6.0

8.0

Axis 1

Fig. 3. Multidimensional scaling (MDS) plot of all sampled Lutjanus
fulviflamma.

Discussion
The results suggest little genetic differentiation among populations of
Lutjanus fulviflamma in the western Indian Ocean. Neither the phylogenetic
or MDS analyses showed any correlation between the clustering of
individuals and their geographic origins. The analysis of molecular variance
showed that the variation was partitioned within populations and not
between populations, resulting in a very low and non-significant
differentiation among populations. The assignment procedure showed a
relatively high percentage of ambiguously assigned individuals, indicating
low differentiation among populations. The assignment procedure
furthermore showed that most individuals were assigned to other
populations than their source population, suggesting dispersal between
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populations. The results of the present study are therefore in favor of the
hypothesis of open populations, with a high level of gene flow between all
populations.

0.18
0.16
0.14

Ф ST values

0.12
0.10
0.08
0.06
0.04
0.02
0.00
0

200

400

600

800

1000

Geographic distance (km)

Fig. 4. Relationship between pairwise genetic distance and geographical
distance (Mantel test, P=0.035, R2=0.16).
Considering the fact that none of the pairwise genetic distances (ФST
values) were significant and the relationship between genetic and geographic
distance was weak, no clear pattern of isolation by distance among the
populations in the study area could be established. Moreover, the results of
the phylogenetic and MDS analysis revealed a lack of any clear genetic
pattern along the investigated geographic gradient that follows the EACC,
arguing against gene flow in the flow direction of the EACC. This could be
the result of the geographic scale of the study area: gene flow among
populations may likely encompass the whole study area (i.e., nearly a 1000
km gradient). During the southeast monsoon, the EACC is strongest, viz.
approximately four knots (Richmond 2002). Since Lutjanidae are known to
spawn in this period (Nzioka 1979), larvae may be transported passively over
distances of hundreds of kilometers in only a few days period.
The observed genetic patterns in the present study suggest a random
genetic differentiation model according to Wright’s island model (Wright
1931): no relationship between the geographical distance and genetic
differentiation is present and larvae from one population are likely to move to
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any other population down current of the flow direction of the EACC. This
was also suggested by Fauvelot & Planes (2002) to explain a similar genetic
population structure in seven coral reef fish species in French Polynesia. The
results of the present study are therefore most in line with the hypothesis
that suggests larval exchange on large geographic scales (i.e., on the level of
the western Indian Ocean).
This is in accordance with other studies that applied other molecular
techniques to address the question of ´openness´ of marine systems, and
which showed open population structures and high levels of gene flow in
coral reef fishes with pelagic life stages in the Caribbean (Gold & Richardson
1994; Shulman & Bermingham 1995; Geertjes et al. 2004; Zatcoff et al.
2004), the eastern Pacific (Stepien et al. 1994; Fauvelot & Planes 2002; Bay
et al. 2004; Rivera et al. 2004) and the Great Barrier reef (Doherty et al.
1995; van Herwerden et al. 2003). This suggests that in various regions of
the world, populations of coral reef fish that have pelagic larval life stages
show dispersal over long distances. In such fish species, genetic
differentiation is most likely to occur on larger geographic scales (i.e.,
between oceans), such as has been shown for Dascyllus trimaculatus
(Bernardi et al. 2001), Chlorurus sordidus (Bay et al. 2004) and Megalops
atlanticus (McMillen et al. 2005). Nevertheless, there are studies that
reported species with a pelagic life stage displaying retention of larvae near
the origin of spawning, leading to genetic differentiation among populations,
hence suggesting a closed rather than an open population structure (Planes
et al. 1998; McCartney et al. 2003; Ramon et al. 2003; Taylor & Hellberg
2003). This would mean that besides having a pelagic larval life-stage, also
other variables such as larval behavior (Leis & Carson-Ewart 2000), the
duration of the pelagic stages (Doherty et al. 1995) or settlement habitat
choice (Rocha et al. 2002) can play an important role in dispersal and gene
flow of reef fishes.
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Discussion & synthesis
Utilization of shallow water habitats in the western Indian Ocean
Many of the published studies on the use of seagrass beds and mangroves
by juvenile coral reef fishes only considered the Caribbean region. There, it
has clearly been demonstrated that both seagrass beds and mangroves show
high densities of juvenile coral reef fishes. On the basis of these
observations, it is now thought that both habitats function as important
nurseries for coral reef fish species (Nagelkerken et al. 2000a; Nagelkerken et
al. 2000b; Cocheret de la Morinière et al. 2002). However, Beck et al. (2001)
and Heck et al. (2003) critically debate the nursery function of seagrass beds
and/or mangroves. Especially in the Indo-Pacific region there is no
consensus on the use of seagrass beds and mangroves by juvenile coral reef
fishes. In this region, some studies revealed the existence of high densities of
juvenile fish in seagrass beds but showed only low densities of juveniles in
mangroves, suggesting that the value of mangroves as a juvenile habitat is
low (Quinn & Kojis 1987; Robertson & Duke 1987; Thollot & Kulbicki 1988;
Kimani et al. 1996; Laroche et al. 1997; Huxham et al. 2004). However, other
studies contradicted these results and showed high densities of juvenile fish
in mangroves (Lal et al. 1984; Robertson & Duke 1987; Little et al. 1988;
Wakwabi & Mees 1999; de Boer et al. 2001). Since there are no published
studies that investigated the use of multiple shallow water habitat types by
coral reef fishes (including seagrass beds, mangroves and the coral reef)
using a single methodology in the Indo-Pacific region, an evaluation of the
utilization and importance of shallow water habitats by coral reef fishes in
this region is difficult.
In Chapter 3 a study was presented that investigated utilization of various
shallow water habitats by coral reef fish assemblages using such a single
methodology approach. Out of all major shallow water habitat types present
on four islands along the East African coast (Tanzania, western Indian
Ocean), seagrass beds and the coral reef appeared to be the most important
habitats for juvenile coral reef fishes. The other habitats, including
mangroves, only showed very low densities of juvenile reef fish. Since this
study was replicated on several islands and included all major shallow water
habitats, the results strongly indicate that of all major shallow water
habitats outside the coral reef in the western Indian Ocean, particularly
seagrass beds are used as a juvenile habitat for coral reef fishes. In
comparison with Caribbean mangroves, mangroves located in the western
Indian Ocean are therefore most likely only used as a minor juvenile habitat
and connectivity with the coral reef is considerably lower than for seagrass
beds. These observations may be explained by the tidal range in this part of
the Indian Ocean, which is large (varying between 3 - 4 m) and results in
tidal mangroves which fall dry during low tide. Although it has been reported
that fishes use such tidal mangroves for feeding during high water (Krumme
et al. 2004), the findings in Chapter 3 do not support mangroves function as
a major high water habitat for coral reef fishes. Compared with seagrass
beds, mangroves in the present study are hardly used as a high water
habitat by the selected fish assemblage, possibly because the shelter and/or
feeding opportunities of adjacent seagrass beds are sufficient or even better.
This, however, does not mean the presence of mangroves is not important for
the juvenile coral reef fish assemblage on adjacent seagrass beds. Kennedy
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et al. (2004) showed that mangroves indirectly contributed to the input of
organic matter in an Indo-Pacific seagrass bed, which subsequently may
contribute to the canopy complexity and benthic food availability in seagrass
beds located close to mangroves. Mangroves may therefore be important for
the high structural complexity and food availability of adjacent seagrass beds
and subsequently indirectly affect the fish assemblage.
Contribution of seagrass beds and mangroves as a nursery for coral reef
fishes
In Chapter 1, the debate has been described whether seagrass beds and
mangroves that are used as juvenile habitats for coral reef fishes really
contribute to the fish population on the coral reef (Beck et al. 2001). Here it
is hypothesized that by means of ontogenetic migration, the presence of
seagrass beds and/or mangroves increases the density of coral reef fishes
that use these habitats during their juvenile life phase on adjacent coral
reefs. There are only a few published studies (all in the Caribbean region)
that tested this hypothesis in the field, one of the reasons for the still
standing debate on the contribution of seagrass – mangrove nurseries to
coral reef fish assemblages.
This thesis provides important new information on this subject and
evaluated and tested this hypothesis in the field. In both the Caribbean
region and the western Indian region, the presence of seagrass beds and
mangroves resulted in significant effects on the structure of the coral reef
fish assemblage on coral reefs. For species that used seagrass beds and/or
mangroves during their juvenile life phase, increased fish densities were
shown on coral reefs adjacent to these seagrass – mangrove habitats
compared with coral reefs located farther away from these habitats on the
level of an entire island (i.e., on the Caribbean islands of Curaçao and Aruba,
Chapter 2 and 7, and on four East African islands, Chapter 3). Additionally,
in East Africa, the absence of seagrass beds and mangroves resulted in
complete absence or strongly reduced densities of several of these species on
the level of the entire island (i.e., Grand Comoros, Chapter 3). Although
various fish species that occurred in high juvenile densities in seagrass beds
and/or mangroves were also able to use the coral reef as a juvenile habitat to
some extent, juveniles of many of these species were only incidentally or not
at all observed on the reef. This pattern was shown in both the Caribbean
region (e.g., Haemulon parra, H. sciurus, Lutjanus griseus and Scarus
guacamaia, Chapter 2, 4 and 7) and the East African region (e.g., Cheilinus
undulatus, Lutjanus argentimaculatus, L. monostigma, Monodactylus
argenteus, Mulloidichthys flavolineatus, Plectorhynchus flavomaculatus and
Siganus sutor, Chapter 3 and 4). These findings, and findings by
Nagelkerken et al. (2002), Halpern (2004) and Mumby et al. (2004), provide
strong indications that for various coral reef fish species the presence of
seagrass beds and mangroves positively contributes to the occurrence of
these species on adjacent coral reefs, and that some species are likely to be
dependent on the presence of seagrass – mangrove areas as a juvenile
habitats for their occurrence on the reef.
The latter species could be classified as ‘dependent nursery species’.
However, as already mentioned above, also species were observed in
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relatively high juvenile densities in seagrass – mangrove habitats which
showed similar fish densities on both coral reefs in front of seagrass –
mangrove habitats and coral reefs located far away from these habitats, or
even showed higher densities on the latter reefs. This pattern has been
demonstrated in the Caribbean region (Chapter 2) as well as in the western
Indian Ocean region (Chapter 3). Since the distance between these adjacent
reefs and far reefs was too large for fishes to bridge by migration along the
coast, it can be suggested that local recruitment on the reef is a more likely
explanation for the high densities of these fish species on coral reefs far away
from seagrass – mangrove habitats than migration of fishes from seagrass –
mangrove nurseries. Although seagrass beds and mangroves may still
contribute to the adult assemblage of these species on adjacent coral reefs,
these species may have a more opportunistic juvenile ecology, and seagrass
beds and/or mangroves may be less important to maintain sustainable
populations on coral reefs. This group of species could therefore be classified
as ‘opportunistic nursery species’.
These two groups of nursery species show a distribution pattern with
juvenile fish assemblages in seagrass – mangroves habitats and adult fish
assemblages on the coral reef. There were also species observed in seagrass –
mangrove habitats that only showed a low connectivity between seagrass
beds/mangroves and the coral reef. One species group could be described as
‘reef residents’, i.e., reef-associated species that predominantly use the coral
reef as a juvenile habitat, but irregularly enter seagrass-mangrove habitats.
The presence of seagrass beds and mangroves is not directly related with the
occurrence of these species on coral reefs. Other species could be described
as ‘seagrass residents’, i.e., species that predominantly occur in seagrass
beds during both their juvenile and adult life phase. For these species, the
seagrass habitat is the major habitat and they occasionally migrate to
surrounding habitats, including the coral reef. Although these species are
important for biodiversity and biomass in shallow water habitats located in
lagoons and bays away from the coral reef, contribution of these species to
the fish assemblage on the reef is negligible.
Edge effect and connectivity between adjacent habitats
Connectivity between fish assemblages of seagrass beds and/or mangroves
and the adjacent coral reef, is most likely driven by ontogenetic migrations of
fishes from their juvenile habitats towards the coral reef. This type of habitat
connectivity occurs on a relatively large geographic scale (i.e., a distance
gradient of kilometres encompassing an entire island) and results in different
fish assemblages of coral reefs adjacent to seagrass beds and mangroves and
coral reefs located far away from these habitats. However, fish assemblages
of habitats adjacent to the reef may also be connected and influence each
other on a much smaller geographic scale (i.e. a distance gradient of metres
encompassing two adjacent habitats), based on regular migrations of fishes
between adjacent habitats.
The home range of a reef fish often includes various habitat types when
shelter habitats are connected with feeding habitats, such as through
diurnal feeding migrations (Ogden & Buckman 1973; Ogden & Ehrlich 1977;
Weinstein & Heck 1979; Baelde 1990; Kochzius 1997). Furthermore, regular
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migrations of predators may indirectly affect the distribution of prey fishes
throughout their home range (Shulman 1985; Sweatman & Robertson 1994).
When two habitats border each other, fishes ecologically associated with one
habitat type may migrate to the adjacent habitat and (temporally) explore the
resources of this habitat, which may result in an edge effect in the structure
of the fish assemblage in the border zone between the two habitats (Ries &
Sisk 2004). Fishes associated with one habitat type may increase the species
diversity in the border zone of the adjacent habitat type and vice versa. In
this case, habitat connectivity (i.e., exchange of migrating fishes between the
two habitats) may affect the fish assemblage on two habitats on a
considerably smaller scale (i.e. metres) than discussed above.
The study reported in Chapter 5 (conducted in Tanzania, East Africa)
clearly showed that fish assemblages of two adjacent habitats (a coral reef
and a seagrass bed) influenced each other on such a small scale (a 60 metres
wide gradient) which is hypothesized in Fig. 1. Reef-associated species
explored the seagrass zone that bordered the coral reef but did not use the
seagrass zone farther away from the coral reef edge. Seagrass associated
species showed the opposite pattern and avoided the seagrass zone adjacent
to the reef edge. Other species (generalists and nursery species, Fig. 1) had a
more opportunistic ecology and occurred on the entire gradient in higher
densities. However, generalists showed increased densities/species richness
on the coral reef and in the border zone of the two habitats, whereas nursery
species were limited to the coral reef and the border zone as adults and to
the seagrass bed located away from the border zone as juveniles. This
habitat segregation of these different ecological species groups or life stages
resulted in an edge effect in fish density and species richness in the border
zone of the coral reef – seagrass gradient (i.e., increased or decreased
densities/species richness on the seagrass bed bordering the coral reef).
Competition and/or predation mechanisms between species or life stages as
a result of regular migration of fishes from their ecological main habitat to
the adjacent habitat may explain these observations.
Based on the findings in this study it can be hypothesized that the fish
assemblage of a habitat is not a steady assemblage only determined by the
habitat preference of species, but is also influenced by variables, such as
competition and predation, that result from the presence of adjacent habitats
(induced by migrating fishes between the habitats). Fish assemblages of two
different shallow water habitat types can therefore either be connected over
larger distances, particularly by means of ontogenetic migration, but also at
much smaller distances, i.e. in a gradient where two habitats border.
An important assumption in the hypothesis that a reef fish assemblage of
a short gradient of two adjacent habitat types is affected by habitat
segregation and features an edge effect, is that fishes are able to interact
with each other and regularly migrate between both habitat types. However,
there are hardly any studies that actually showed the existence of migrations
between two adjacent habitat types of coral reef fishes. Ogden & Buckman
(1973) and Ogden & Ehrlich (1977) showed diurnal feeding migration of
Haemulidae between two habitats in the Caribbean, but these migrations
took place over larger distances (i.e. hundreds of metres) than described in
the gradient study in Chapter 5 (60 m). Other studies based on fish tagging
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proving migration of fishes between two habitats, predominantly described
permanent emigration from one habitat to another (Kramer & Chapman
1999; McClanahan & Mangi 2000). However, these kinds of migration most
likely do not result in the above suggested habitat connectivity of fish
assemblages in a small scale habitat gradient, i.e. for this connectivity
frequent migrations over shorter distances are necessary.
Daily migration of fishes was investigated by following tagged fishes
between two adjacent habitat types in the same embayment where the coral
reef – seagrass gradient study was conducted (Tanzania, East Africa, Chapter
8). This study showed the occurrence of tidal migrations between two
adjacent habitats on a daily base with a high degree of site fidelity for
juvenile Lutjanus ehrenbergii and L. fulviflamma. A significant part of the
population of these snappers moved from a low-tide shelter habitat (seagrass
beds) to a high-tide shelter habitat (crevices in notches) during the daytime,
and subsequently showed a high degree of homing (e.g. tagged individuals
were often seen on the same locations). The results of this study therefore
underline the assumption that fishes regularly move between two adjacent
habitat types. Subsequently, this kind of migration may give rise to habitat
segregation and the edge effect and that was suggested to affect the fish
assemblage in the coral reef – seagrass gradient described in Chapter 5.
The influence of habitat configuration
Ontogenetic migration most likely connects fish assemblages of seagrass
and mangrove habitats with those of the coral reef as described by the
nursery hypothesis. In the previous chapters, connectivity between fish
assemblages was clearly influenced by the distance between seagrass –
mangrove habitats and the coral reef. However, apart from distance, it was
also hypothesized in Chapter 1 that the configuration of habitat types in the
marine landscape may have a significant effect on the structure of the fish
assemblages of these habitats (either seagrass beds, mangroves or the coral
reef). Two studies in the present thesis tested the effect of habitat
configuration on the structure of fish assemblages of seagrass beds and
mangroves in the field with respect to surrounding habitat types, and
accessibility towards the coral reef and vice versa. One study focussed on
fish assemblages of seagrass beds, mangroves and the coral reef on the
Caribbean island of Aruba (Chapter 7) whereas the other study focussed on
fish assemblages of East African seagrass beds (Chapter 8).

182

Chapter 10

Fig. 1. Hypothesized habitat connectivity between fish assemblages on a
micro scale gradient (60 metres) of two adjacent habitat types, a coral reef
and a seagrass bed (based on data reported in Chapter 5). The total fish
assemblage of the gradient (1), which could be divided into four species
groups, is structured by habitat segregation of reef-associated species (2),
generalists (3), seagrass-associated species (4, species groups shown in fig.
a), and nursery species (5, adults, and 6, juveniles, species group shown in
fig. b). Species groups ecologically associated with either the coral reef (reefassociated species) or the seagrass bed (seagrass-associated species), also
use the border zone between the two habitats to some extent. Other species
have a more opportunistic ecology and occur in higher densities on the entire
gradient (generalists and nursery species). Generalists occur in increased
densities on the coral reef and in the seagrass bed in the border zone, but
densities decrease in the seagrass beds located farther away from the border
zone. Adult nursery species (5) are associated with the coral reef and the
seagrass bed in the border zone, whereas juvenile nursery species (6) are
associated with seagrass beds located farther away from the coral reef
border.
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In both studies, the observed differences between fish assemblages of the
different habitats may partly be explained by differences in habitat
accessibility and surrounding habitat types, which may affect migration of
juvenile and adult fishes, and recruitment and settlement patterns of fish
larvae. Firstly, when habitats such as seagrass beds and mangroves are
located adjacent to the coral reef, the distance that reef-associated fishes
have to bridge to reach these habitats is small and migration from the reef
towards these habitats is facilitated compared with habitats located away
from the reef (i.e., habitats located farther away from the reef either in a
sheltered lagoon or embayment). Reef-associated fishes can therefore easily
reach adjacent seagrass and mangrove habitats and use them as a
temporally feeding or shelter habitat. Seagrass and mangrove habitats that
are less accessible from the reef are not reached by these fishes, and
subsequently these seagrass and mangroves habitats show a different fish
assemblage than seagrass beds and mangroves located adjacent to the reef.
This contribution of reef-associated fishes to the fish assemblage in habitats
adjacent to the coral reef has been shown in seagrass beds in East Africa
(Chapter 5 and 8) and in mangroves in the Caribbean (Chapter 7).
Secondly, as predicted by the nursery hypothesis, reef fishes that use
seagrass beds or mangroves as a juvenile habitat are likely to migrate away
from these habitats towards their adult habitat when reaching maturity. This
leads to a permanent emigration of these fishes away from their juvenile
habitat (seagrass beds or mangroves) that is located away from the reef,
resulting in a low adult fish density in these habitats. However, depending
on the distance and accessibility of these seagrass and mangrove habitats
towards the coral reef, this may not be similar for all seagrass and mangrove
habitats. Fishes that used juvenile habitats located far away from the reef
(e.g. located in a sheltered lagoon or embayment) may use seagrass beds or
mangroves adjacent to the coral reef as a temporal in-between shelter or
feeding habitat (i.e., a stepping stone towards the adult habitat), or as an
extension of their adult habitat (the adjacent coral reef). Compared with
seagrass beds and mangroves located farther away from the reef, adjacent
seagrass – mangrove habitats may therefore (temporarily) be used by
(sub)adult fish which increase the fish density and influences the structure
of the fish assemblage in these habitats. This explanation is in line with
observations of high adult fish densities of species that use seagrass beds or
mangroves as a juvenile habitat in East African seagrass beds (Chapter 8)
and Caribbean mangroves (Chapter 7) that were both located adjacent to the
coral reef.
In Chapter 7 (Caribbean) seagrass beds adjacent to the coral reef showed
considerably lower densities of small juvenile fish while seagrass beds
located in a sheltered lagoon far away from the reef showed significantly
higher densities of juvenile fish. For mangroves, however, densities were
similar. Seagrass beds directly adjacent to the coral reef may be easily in
reach by piscivorous fishes (Shulman 1985), and therefore feature a higher
predation pressure than seagrass beds located in a sheltered lagoon away
from the reef, which may be a plausible explanation for the observed
differences in juvenile densities between the two types of seagrass beds.
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Compared with seagrass beds, the structural complexity of mangroves is
likely to offer sufficient shelter possibilities for juvenile fish (Beets 1997),
which could explain that no reduced juvenile fish densities were observed in
mangroves located adjacent to the coral reef.
However, in contrast to the observations of different juvenile fish densities
in seagrass beds in Aruba, no differences in juvenile fish densities were
observed in seagrass beds that differed in their configuration with respect to
the coral reef in East Africa (Chapter 8). In the latter study seagrass beds
located away from the coral reef were part of a large shallow marine
embayment that had a considerably larger surface, water depth and
entrance opening than the lagoons on the Caribbean island of Aruba.
Subsequently, this East African embayment may have a large resident
piscivorous fish population which may result in a similar high predation risk
in seagrass beds in this embayment as in seagrass beds adjacent to the coral
reef.
Gratwicke & Speight (2005) suggested that recruitment into shallow water
habitats may be easier in open systems than in semi-closed systems.
Subsequently, different recruitment and settlement strategies of fish larvae
may also be an explanation for the different species assemblages in seagrass
beds and mangroves that were reported in Chapter 7 and 8. In both the
Caribbean and East African studies, species composition of juvenile fishes
was different between habitats adjacent to the coral reef and habitats located
in a lagoon or embayment away from the reef. It can be hypothesized that
accessibility from the coral reef – open sea, and/or the combination of
shallow water habitat types (e.g., such as the presence of large areas of mudor sand flats, seagrass beds and mangroves) may lead to unique
environmental and biological conditions that influence recruitment of coral
reef fish species. In summary, the studies in Chapter 7 and 8 clearly show
that the fish assemblage on a seagrass bed or mangrove is not influenced
merely by the type of habitat, but that the configuration of habitats in the
marine landscape should also be taken into account.
Genetic connectivity on a large scale
The previous studies all suggested connectivity between fish assemblages on
a relatively small geographic scale (e.g., between metres and kilometres). The
migrations that are assumed to induce this habitat connectivity (such as
feeding migrations and ontogenetic migrations), all concern post-settlement
migrations (i.e., migrations of fishes that had already been settled into their
nursery habitats). However, fish assemblages of different habitats may also
be connected on large geographic scales (e.g., hundreds of kilometres) by
means of larval transport by ocean currents. An adult fish population may
produce many pelagic larvae on a single location that can be transported
passively by means of ocean currents over large distances. Eventually, these
larvae may settle into juvenile habitats that are located far away from their
natal population. Depending on the degree of this larval transport, different
populations may show high or low genetic connectivity. As described in
Chapter 1, this connectivity is still debated and some studies suggest open
populations (i.e., larval transport between populations over large distances)
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while others suggest closed populations (i.e., larvae remain near their natal
reefs).
By means of AFLP fingerprinting such genetic connectivity was
determined between eight populations of Lutjanus fulviflamma in the western
Indian Ocean (East Africa and the Comoros archipelago, Chapter 9). If a
population is isolated from other population in a region, this would result in
a low genetic similarity compared with these other populations. If a
population has a large exchange of individuals (larvae) with other
populations in a region, this would result in one large gene pool with low
population differentiation and genetic similarity between populations would
be high. The results of this study did not show any clear clustering of
individuals into the spatially separated populations, and no clear
relationship between genetic distance and geographic distance between
populations could be established. These observations therefore suggest that
populations of Lutjanus fulviflamma have an open structure and are
genetically connected on a large geographic scale (i.e., a nearly thousand
kilometres gradient) in the western Indian Ocean.
Synthesis and major conclusions of the present thesis
The goal of the present thesis was to quantify and test the concept and
geographic extent of habitat connectivity with respect to the structure of fish
assemblages of different habitat types that characterize a shallow tropical
marine landscape, particularly the connectivity between fish assemblages of
seagrass beds, mangroves and coral reefs. One of the major conclusions of
this thesis is that the presence of areas with seagrass beds and mangroves
influence the structure of fish assemblages on coral reefs, and vice versa.
Compared with coral reefs located far away from seagrass – mangrove
habitats, fish densities of species that use these habitats during their
juvenile life stage were higher on coral reefs in front of these habitats. This
was shown in both the Caribbean and East African region. The present
thesis has therefore provided important data which support the nursery
hypothesis.
Based on the results of the present thesis, species of the fish assemblage
of coral reefs can be divided into reef-associated resident species, dependent
nursery species and opportunistic nursery species. Dependent nursery
species show a strong density relationship with the presence of seagrass –
mangrove habitats and it may be suggested that these species predominantly
use these habitats during their juvenile life phase. Opportunistic nursery
species also frequently use seagrass – mangrove areas as a juvenile habitat
and show a positive density relationship with the presence of these habitats.
However, they are also able to use other habitats (e.g., the coral reef) during
their juvenile life phase and therefore also occur on coral reefs located away
from seagrass – mangrove areas. Juveniles of reef-associated resident
species may sometimes be observed in seagrass – mangrove habitats, but
these species use the coral reef as their major juvenile habitat and show no
strong density relationship with the presence of seagrass – mangrove areas.
Furthermore, this thesis has clearly demonstrated that fish assemblages
of two adjacent habitats also affect each other on a smaller geographic scale
(i.e., metres). Based on these findings, it can be suggested that in the zone
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where two different habitat types border, the fish assemblage is structured
by ecological processes (such as competition or predation) that result in
habitat segregation and an edge effect.
As concluded above, the presence of seagrass beds and mangroves
influenced the fish assemblage on the coral reef and, likewise, the presence
of a coral reef influenced the fish assemblage on adjacent habitats.
Therefore, another finding of this thesis is that also the configuration of
seagrass beds and mangroves in the marine landscape (i.e., with respect to
their distance and accessibility to coral reef) has an effect on the structure of
the fish assemblage of these habitats, and subsequently on the connectivity
with the fish assemblage of the coral reef.
Based on these conclusions, the structure of the fish assemblage of
species which use seagrass – mangrove habitats during their juvenile life
phase, on a coral reef near areas that feature seagrass – mangrove habitats
is significantly influenced by a combination of three factors (Fig. 2): 1) the
ability of these fish species to also use the coral reef as an alternative
juvenile habitat; 2) the distance between these seagrass – mangroves
habitats and the coral reef; and 3) the configuration of these seagrass –
mangroves habitats in the marine landscape with respect to accessibility to
the coral reef.
Considering the pre-settlement stage of coral reef fishes, the present
thesis showed an open population structure of a reef fish species that uses
seagrass beds and mangroves as a juvenile, suggesting a high gene flow
between populations. Additionally to the connectivity between fish
assemblages of seagrass beds, mangroves and coral reefs described above,
populations of coral reef fishes may also influence each other on very large
geographic scales by means of larval transport.
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Fig. 2 (shown on the opposite page). An overview of factors that significantly
influence the structure of a fish assemblage on a coral reef of species which
use seagrass – mangrove habitats during their juvenile life phase. 1) The
ability of these fish species to also use the coral reef as an alternative
juvenile habitat (defined as dependent or opportunistic nursery species),
affects the fish assemblage on the reef proportional with the distance
between the coral reef and seagrass – mangrove habitats. Dependent nursery
species are relatively abundant on coral reefs adjacent to seagrass –
mangrove nurseries but almost absent on coral reefs located far away from
these habitats. 2) Additionally, the distance between the coral reef and
seagrass – mangrove habitats is inversely proportional to the contribution of
these habitats to the fish assemblage of the reef. 3) The configuration of
seagrass – mangrove habitats in the marine landscape with respect to
accessibility to the coral reef, i.e., located in a sheltered lagoon (a), located
farther away from the reef in an open embayment (b), or located directly
adjacent to the reef (c), determines the exchange of fishes between the
seagrass – mangroves habitats and the reef, recruitment patterns of fishes
into these habitats and consequently their contribution to the fish
assemblage of the reef.
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Outlines for further research
An important finding of the present thesis was that coral reef fish species
that use seagrass beds and/or mangroves as a juvenile habitat, can be
distinguished in dependent nursery species and opportunistic nursery
species. The first group showed a clear relationship with the presence of
seagrass beds and mangroves, and the data suggest that these species are
not able to significantly use other habitats during their juvenile life stage.
However, the second group was able to use alternative habitats as a nursery
(such as the coral reef), suggesting that these species are less depending on
seagrass – mangrove habitats as a nursery. The contribution of seagrass –
mangrove habitats to the adult population on the coral reef is therefore not
likely to be similar for all species that use these habitats during their
juvenile life stage. A challenging question is therefore to analyze which part
of the adult population of a dependent nursery species and an opportunistic
nursery species on a coral reef in front of seagrass – mangrove habitats
really used these habitats as a juvenile habitat. At present, only otolith
micro-chemistry may provide this data to show whether an adult fish used
seagrass beds/mangroves as a nursery or not, since the use of
seagrass/mangrove habitats during their juvenile life stage is reflected in
unique trace element or δ 13C/ δ 15N signatures.
This issue also gives rise to another important question, viz., whether
larvae of species that use seagrass beds and mangroves as a juvenile habitat
actively search for these habitats for settlement (especially for dependent
nursery species), or that it is just chance and ocean current patterns that
determine their habitat for settlement. The survival of juveniles of these
species in other habitat types than seagrass beds or mangroves (such as the
coral reef), may then be determined by the ability of these juveniles to react
on differences in predation pressure and food availability of these habitats
compared with seagrass – mangrove habitats. Experiments that try to reveal
and quantify which factors influence recruitment, settlement and survival of
coral reef fishes on either the coral reef or seagrass beds – mangroves
(especially with respect to distance, accessibility and configuration) can
further explain the observations of the present thesis and asses to what
extent fish assemblages on coral reefs really dependent on seagrass beds and
mangroves.
On the level of the East Africa – Comoros archipelago (western Indian
Ocean), genetic connectivity appeared to be high and it was suggested that
populations of coral reef fishes that posses a pelagic larval stage can be
connected with each other over large distances. However, the extent of
genetic connectivity between populations may change when other ocean
regions would be included. Lutjanus fulviflamma is distributed throughout a
large part of the Indo-Pacific region and genetic differentiation may occur
when for example, populations are compared between the western Indian
Ocean and the eastern or northern Indian Ocean (that are subjected to other
ocean current patterns). The influence of larval dispersal on population
connectivity could also be further clarified by analyzing genetic
differentiation of coral reef fish species with a demersal or very short pelagic
larval life stage. This could provide more insight in the effect of larval ecology
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of different coral reef fish species on genetic connectivity between spatially
separated populations.
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Summary
It is assumed that a coral reef fish community is not a closed system that
exists on itself, but shows many connections with other shallow marine
habitats away from the coral reef, such as seagrass beds and mangroves. A
part of this habitat connectivity may be explained by the nursery hypothesis,
i.e., shallow water habitats such as seagrass beds and mangroves, located
away from the coral reef function as important nurseries for coral reef fishes
and consequently contribute to the adult fish population on the coral reef by
ontogenetic migration of fish that reach maturity.
However, at present, the nursery hypothesis has never been proved in the
field and not much is known about the actual contribution of shallow water
habitats to the fish assemblage of the coral reef. Although several studies
showed that coral reef fishes use habitat types other than the coral reef
during their juvenile phase, there are hardly any studies that tested the
contribution of the presence of these habitats (such as seagrass beds and
mangroves) to the structure of the fish assemblage of the coral reef. To gain
insight into the contribution of these habitats to the fish assemblage of the
coral reef, the relationship between the presence of these shallow water
habitats and the fish assemblage of the coral reef should be determined with
a study design that covers multiple habitat types, using a single sampling
methodology, and which is replicated within a larger geographic area. Most
studies were conducted in the Caribbean region, and not much is known on
habitat utilization of juvenile coral reef fishes in other tropical regions.
Furthermore, most studies focused on a small part of the reef fish
assemblage, did not include all available shallow water habitat types, and
had a low degree of replication. Therefore, the concept of habitat
connectivity, especially with respect to the nursery hypothesis, remains
predominantly theoretically and is still debated. Therefore, the major goal of
the present thesis was to quantify and test the concept of habitat
connectivity with respect to the structure of fish assemblages of different
habitat types that characterize a shallow tropical marine landscape.
Previous studies conducted in the Caribbean region, showed that
seagrass beds and mangroves harbour high densities of juvenile coral reef
fishes, and they are therefore thought to be important juvenile habitats for
reef fishes. However, in the Indo-Pacific region, results of studies that
investigated the presence of juvenile coral reef fishes in seagrass beds and
mangroves are contradictory and there is no consensus on the value of
seagrass beds and mangroves as juvenile habitats for reef fishes.
Furthermore, there are no studies from this region that investigated all
major shallow water habitat types including the coral reef using one
methodology. New information regarding this gap of knowledge on the
function of shallow water habitats as nurseries for coral reef fishes has been
presented in Chapter 3. Here, in the East African region of the western
Indian Ocean, out of all major shallow water habitat types, seagrass beds
and the shallow coral reef appeared to be the most important juvenile

195

habitats for coral reef fishes. In contradiction to the Caribbean region, the
function of mangroves as a juvenile coral reef fish habitat was low.
Based on the nursery hypothesis, it was hypothesized that the presence
of seagrass beds and mangroves has an effect on the structure of the fish
assemblage of the coral reef. This hypothesis was tested in the field, and a
significant effect of the presence of areas with seagrass beds and mangroves
was found on fish assemblages of coral reefs on the Caribbean islands of
Curaçao (Chapter 2) and Aruba (Chapter 7), and in the East African region
in the western Indian Ocean (Chapter 3). Many of the species that used
seagrass beds and/or mangroves as a juvenile habitat showed a clear
relationship with the presence of areas with seagrass beds and mangroves,
and showed significantly increased densities on coral reefs in front of these
areas.
Juveniles of several of these species were almost exclusively observed in
seagrass beds and/or mangroves, suggesting a high dependence during their
juvenile life stage on the presence of these habitats. This has been clearly
shown for two of the largest reef fish species of the world, the Indo-Pacific
Humphead wrasse (Cheilinus undulatus) which showed a high dependence
on seagrass beds, and the Caribbean Rainbow parrotfish (Scarus guacamaia)
which showed a high dependence on mangroves as juvenile habitats
(Chapter 4). However, this dependence on seagrass beds and/or mangroves
as a juvenile habitat was not similar for all reef fish species that were
observed in these habitats. Several species were also able to use the coral
reef as an alternative juvenile habitat to some extent. These species also
occurred on coral reefs located far away from seagrass bed and mangrove
areas, which was reported from both the Caribbean region as the East
African region (Chapters 2, 3 and 7). The fish assemblage of the coral reef
could therefore be divided into dependent nursery species (i.e., species of
which juveniles are almost exclusively observed in seagrass – mangrove
habitats), opportunistic nursery species (i.e., species that during their
juvenile life phase use seagrass – mangrove habitats but also the coral reef
to some extent) and reef-associated species (i.e., species that predominantly
use the coral reef as a juvenile habitat).
The present thesis also showed that habitat connectivity could influence
the structure of the fish assemblage in a shallow marine landscape on a
micro scale, i.e., in the zone where two habitat types border (Chapter 5). On
a 60 m East African coral reef – seagrass gradient, the fish assemblage could
be divided into several species groups based on the density distribution of
species on the reef – seagrass gradient. The distribution of species and life
stages in this gradient was clearly influenced by habitat segregation (possibly
driven by competition and/or predation), and was featured by an edge effect
(reef-associated species and generalists dominated the seagrass beds directly
along the coral reef border, whereas seagrass-associated species showed
reduced densities in seagrass beds along this border). Since the two different
habitats lay adjacent to each other, fish assemblages of each habitat were
able to interact with each other, which may result in competition and/or
predation mechanisms that may explain these observations.
In the latter explanation, the ability of fishes to move between the two
adjacent but different habitats is an important assumption, and this was
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studied by tagging fishes in Chapter 6. Here, the occurrence of tidal
migrations between a low-tide shelter habitat (seagrass beds) and a high-tide
shelter habitat (crevices in notches) of tagged juvenile Lutjanus ehrenbergii
and L. fulviflamma was shown. A significant part of the population of these
juvenile snappers showed these migrations which took place on a daily base
with high site fidelity. These daily migrations confirmed the assumption that
fishes regularly move between two adjacent habitat types.
The above studies showed deductive connectivity between fish
assemblages of different habitats, in particularly between seagrass beds,
mangroves and coral reefs, on both macro and micro scale. The results of the
two field studies reported in Chapter 7 and 8, suggest that the configuration
of habitats in the marine landscape influences the connectivity between fish
assemblages of the various habitats. In both the Caribbean region (Chapter
7) and the East African region (Chapter 8), fish assemblages of seagrass beds
and/or mangroves were influenced by the accessibility of these habitats with
respect to the coral reef (i.e., located adjacent to the coral reef, located in
sheltered lagoons, or located in a large open embayment) which may possibly
influence a) ontogenetic migration of fishes from these habitats towards the
reef, b) regular migration of fishes between the habitats, c) predation
pressure in the habitats, and d) recruitment patterns of fish larvae.
Consequently, the fish assemblage of a seagrass bed or mangrove cannot
only be predicted by merely the type of habitat, but the configuration of
habitats in the marine landscape should also be taken into account
(Chapters 7 and 8).
Coral reef fish populations may also be connected with each other during
the pre-settlement phase of fishes, i.e., during their pelagic larval phase.
Fish larvae may then bridge large distances using ocean currents and
spatially separated populations can be connected over large distances.
Although some studies showed open population structures of various coral
reef fishes, others suggested closed populations structures. Consequently,
this open population hypothesis is opposed to the closed population
hypothesis. The genetic connectivity of eight spatially separated populations
of Lutjanus fulviflamma was investigated in a 1000 km gradient in the
western Indian Ocean (Chapter 9). No clear genetic differentiation was
observed between populations, which indicated high gene flow between the
populations. This means that populations of Lutjanus fulviflamma are
connected over large distances on the geographic level of the western Indian
Ocean, suggesting an open population structure.
In summary, the present thesis showed that fish assemblages in shallow
water habitats are likely to be connected with each other on various
geographic scales. During the larval life phase, larval transport can connect
populations of reef fishes over large distances on the level of an entire
geographic area. After settlement of fish larvae into their juvenile habitats,
these juvenile habitats, such as seagrass beds and mangroves, contribute to
the fish assemblage of adjacent coral reefs, supporting the nursery
hypothesis. Fish assemblages of different habitats are also likely to be
connected with each other on a micro scale, i.e., when habitats are located
adjacent to each other, resulting in habitat segregation and an edge effect
which influence the structure of the fish assemblage in such habitat
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gradients. Consequently, a significant part of the connectivity between fish
assemblages of seagrass beds, mangroves and the coral reef is determined by
a combination of three factors (see Fig. 2, Chapter 10): 1) the ability of fish
species to utilize the coral reef as an alternative juvenile habitat besides
seagrass beds and mangroves; 2) the distance between seagrass and
mangrove habitats and the coral reef; 3) the configuration of seagrass beds
and mangroves in the marine landscape with respect to accessibility to the
coral reef.
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Samenvatting (Dutch summary)
Een tropische koraalvisgemeenschap is geen gesloten systeem dat op zichzelf
bestaat maar vertoont complexe biologische interacties met andere
omringende biotopen zoals zeegrasvelden en mangrove bossen. De
kraamkamer hypothese (zie Fig. 1, Hoofdstuk 1) beschrijft één van de
belangrijkste interacties tussen koraalvisgemeenschappen van verschillende
biotopen. In deze hypothese fungeren ondiepe kust biotopen zoals
zeegrasvelden en mangroves als belangrijke kraamkamer voor de
visgemeenschap op het koraalrif. In vergelijking met het koraalrif heersen in
zeegrasvelden en mangroves gunstige condities wat betreft voedsel,
schuilgelegenheid en predatiedruk waardoor grote aantallen juveniele vissen
snel kunnen opgroeien. Nadat juveniele koraalvissen volgroeid zijn in deze
kraamkamers, migreren ze als (bijna) volwassen individuen naar het
koraalrif waar ze hun adulte levensfase doorbrengen en waar voortplanting
plaats vindt (migratie naar het rif wordt ontogenetische migratie genoemd).
Zeegrasvelden en mangroves die ruimtelijk gescheiden zijn van het koraalrif
zijn daarmee een significant onderdeel voor het instandhouden van de adulte
vispopulatie op het rif.
Deze theorie is echter nog nooit bewezen in het veld en er bestaat dan ook
nogal wat discussie in hoeverre deze kraamkamerbiotopen nu daadwerkelijk
bijdragen aan de vispopulatie op het rif. Er zijn vrijwel geen studies
uitgevoerd die gericht hebben onderzocht in hoeverre de aanwezigheid van
zeegrasvelden en mangroves invloed hebben op de structuur van de
vispopulatie op het koraalrif. De studies die bekend zijn richtte zich slechts
op een beperkt soortenspectrum, omvatte niet alle representatieve biotopen
en zijn eigenlijk alleen in het Caribische gebied uitgevoerd. Daarnaast zijn
vaak verschillende bemonsteringmethodes gebruikt en is het aantal
monsterpunten beperkt. Het belangrijkste doel van dit proefschrift is dan
ook het kwantificeren in hoeverre koraalvisgemeenschappen nu beïnvloedt
worden door de aanwezigheid van omringende ondiepe kustbiotopen zoals
zeegrasvelden en mangroves. Het testen van de kraamkamer hypothese
speelt hierbij een centrale rol.
In het Caribische gebied hebben verschillende studies aangetoond dat
zeegrasvelden en mangroves hoge dichtheden juveniele koraalvissen
bevatten, en er wordt vanuit gegaan dat beide biotopen een belangrijke
functie vervullen voor juveniele vissen. In de Indo-Pacifische regio zijn
onderzoeksresultaten echter veel minder eenduidig en zelfs tegengesteld. De
functie van zeegrasvelden en mangroves voor juveniele vissen in deze regio is
vooralsnog dan ook onduidelijk. Hoofdstuk 3 geeft belangrijke nieuwe
informatie over de functie van ondiepe kustbiotopen voor juveniele vissen in
deze regio. In het westelijk deel van de Indische Oceaan aan de OostAfrikaanse kust is een grootschalige veldstudie uitgevoerd waarbij alle
karakteristieke ondiepe kustbiotopen (inclusief zeegrasvelden, mangroves en
het koraalrif) zijn onderzocht op het gebruik door juveniele koraalvissen. Uit
dit onderzoek bleken zeegrasvelden en ondiepe koraalriffen de meest
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belangrijkste biotopen te zijn voor juveniele rifvissen. In tegenstelling tot het
Caribische gebied werden in mangroves slechts zeer lage dichtheden
juveniele rifvissen gevonden.
Gebaseerd op de kraamkamer hypothese kan gesteld worden dat de
aanwezigheid van zeegrasvelden en mangroves de structuur van de
visgemeenschap op voorliggende riffen waarschijnlijk sterk zal beïnvloeden
omdat deze biotopen de belangrijkste bron van aanvoer vormen van nieuwe
vissen op het rif. Koraalriffen die geïsoleerd of op grote afstand van
zeegrasvelden en mangroves liggen, zouden in theorie een andere
visgemeenschap moeten vertonen dan riffen die direct aan deze biotopen
grenzen. Deze hypothese werd op verschillende locaties in het veld getest. De
aanwezigheid van zeegrasvelden en mangroves had een significant effect op
de visgemeenschap van koraalriffen op de Caribische eilanden Curaçao
(Hoofdstuk 2) en Aruba (Hoofdstuk 7) en op Oost-Afrikaanse eilanden in de
westelijke Indische Oceaan (Hoofdstuk 3). Veel vissoorten die zeegrasvelden
of mangroves gebruiken in hun juveniele levensstadium kwamen in
significant hogere dichtheden voor op koraalriffen die direct voor deze
biotopen lagen dan op riffen die geïsoleerd of op grote afstand van deze
biotopen lagen.
Van sommige vissoorten zijn juveniele dieren vrijwel uitsluitend
waargenomen in zeegrasvelden en mangroves en niet in andere biotopen. Dit
suggereert dat deze vissoorten in hoge mate afhankelijk zijn van
zeegrasvelden of mangroves in hun juveniele levensstadium. Deze
afhankelijkheid werd duidelijk aangetoond voor twee van de grootste
rifvissen ter wereld, de Indo-Pacifische Napoleons vis (Cheilinus undulatus)
waarvan juvenielen vrijwel alleen in zeegrasvelden werden gevonden, en de
Caribische Regenboog papagaaivis (Scarus gauacamaia) waarvan juvenielen
alleen in mangroves zijn gevonden (Hoofdstuk 4).
De afhankelijkheid van zeegrasvelden en/of mangroves als een juveniel
biotoop was echter niet eenduidig voor alle rifvissoorten waarvan juvenielen
in zeegrasvelden of mangroves zijn waargenomen. Verschillende vissoorten
waren namelijk ook in staat om het koraalrif als alternatief juveniel biotoop
te gebruiken. Deze soorten kwamen dan ook in relatief hoge dichtheden voor
op koraalriffen die geïsoleerd of op grote afstand lagen van zeegrasvelden en
mangroves. Dit werd zowel aangetoond in de Caribische regio als in de OostAfrikaanse regio van de westelijke Indische Oceaan (Hoofdstuk 2, 3 en 7). De
visgemeenschap op het koraalrif kan dan ook opgedeeld worden in drie
soortgroepen:
•
•

•
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afhankelijke kraamkamersoorten (soorten waarvan de juvenielen
vrijwel uitsluitend gebruik maken van zeegrasvelden en/of
mangroves),
opportunistische kraamkamersoorten (soorten die als juveniel
veelvuldig gebruik maken van zeegrasvelden en/of mangroves maar
die ook het koraalrif als alternatief juveniel biotoop kunnen
gebruiken),
koraalrif-geassocieerde soorten (soorten die vrijwel uitsluitend het
koraalrif gebruiken als juveniel biotoop en geen directe relatie met de
aanwezigheid van zeegrasvelden en mangroves vertonen).

De bovengenoemde interacties tussen visgemeenschappen van
verschillende biotopen hadden betrekking op een relatief groot geografisch
niveau, namelijk op landschapschaal (over afstanden van kilometers). Dit
proefschrift heeft ook aangetoond dat er interacties bestaan tussen
visgemeenschappen van verschillende biotopen op een veel kleiner
geografisch niveau, namelijk op microschaal (over afstanden van enkele
meters). In een 60 meter lang koraalrif – zeegrasveld gradiënt aan de OostAfrikaanse kust kon de visgemeenschap worden onderscheiden in
verschillende soortgroepen gebaseerd op de verdeling van dichtheden van de
afzonderlijke soorten in dit gradiënt (Hoofdstuk 5). Soorten en levensstadia
van soorten, vertoonden een duidelijke biotoopsegregatie (waarschijnlijk
geïnitieerd door competitie en/of predatie mechanismen) en werden
gekenmerkt door een randeffect. Koraalrif-geassocieerde soorten (vissoorten
die koraalriffen als hoofdbiotoop gebruiken) en generalistische soorten
(vissoorten die een scala aan biotopen gebruiken) domineerden de
visgemeenschap in de zeegras-zone direct grenzend aan het koraalrif.
Zeegras-geassocieerde soorten (vissoorten die zeegrasvelden als hoofdbiotoop
gebruiken) vertoonden echter verlaagde dichtheden in de zeegras-zone direct
grenzend aan het rif terwijl ze in hogere dichtheden voorkwamen in de
zeegras-zone op 30 tot 60 meter afstand van de koraalrifrand. Omdat het
koraalrif
rechtstreeks
grenst
aan
het
zeegrasveld
kunnen
de
visgemeenschappen van het rif en de zeegrasvelden direct met elkaar in
contact komen. Dit kan leiden tot predatie en/of competitie op/tussen
vissoorten hetgeen mogelijk kan resulteren in de hier waargenomen
biotoopsegregatie en randeffecten.
Om predatie/competitie mechanismen tussen visgemeenschappen van
twee aangrenzende biotopen mogelijk te maken, is het optreden van
migraties van vissen tussen de twee biotopen een belangrijke aanname. Het
optreden van migraties van vissen tussen twee aangrenzende biotopen is
onderzocht in een vis-merk experiment in Hoofdstuk 6. Hierbij zijn
getijdenmigraties onderzocht van gemerkte juveniele snappers (Lutjanus
ehrenbergii en L. fulviflamma) tussen een laagwater en hoogwater
schuilbiotoop. Een significant deel van de populatie juveniele vissen
vertoonde deze migraties die op een dagelijkse basis plaatsvonden met een
hoge mate van plaatstrouwheid (d.w.z., vissen keerden steeds naar vrijwel
exact dezelfde schuilplaats terug). Deze dagelijkse migraties met een hoge
mate van plaatstrouwheid ondersteunen de aanname dat vissen op een
regelmatige basis tussen twee aangrenzende biotopen kunnen migreren.
Uit de hierboven beschreven studies kan afgeleid worden dat
visgemeenschappen van verschillende biotopen biologische interacties met
elkaar vertonen, met name tussen zeegrasvelden, mangroves en koraalriffen.
Dit is zichtbaar op zowel een macro- als microschaal. Aanvullend aan deze
bevindingen geven de studies in Hoofdstuk 7 en 8 aan dat de interactie
tussen visgemeenschappen van verschillende biotopen ook beïnvloedt wordt
door de configuratie van biotopen in het mariene landschap (de mate van
landschaps-heterogeniteit). Dit is aangetoond in zowel het Caribische gebied
(Hoofdstuk 7) als de Oost-Afrikaanse regio (Hoofdstuk 8). Zeegrasvelden
en/of mangroves lagen hier op verschillende manieren gerangschikt in het
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landschap: direct grenzend aan het koraalrif, beschut in ondiepe lagunes die
ruimtelijk afgescheiden zijn van het rif en alleen een nauwe ingangsopening
hebben, of in grote open baaien op enige afstand van het rif. Het verschil in
toegankelijkheid van zeegrasvelden en mangroves ten opzichte van het
koraalrif kon duidelijk gerelateerd worden aan de structuur van de
visgemeenschappen in deze biotopen. Deze verschillen in configuratie van
zeegrasvelden en/of mangroves in het landschap kunnen invloed hebben op:
•
•
•
•

ontogenetische migraties van vissen van zeegrasvelden en mangroves
naar het koraalrif,
migraties over korte afstanden van koraalrif-geassocieerde vissen
vanuit het rif naar aangrenzende zeegrasvelden en mangroves,
de predatiedruk op juveniele vissen in zeegrasvelden en mangroves
door predatoren afkomstig van het koraalrif,
het vestigingspatroon van vislarven in zeegrasvelden en mangroves
vanuit de open zee.

Hieruit volgend kan gesteld worden dat de functie van een zeegrasveld of
mangrove niet uitsluitend voorspeld kan worden door het type biotoop, maar
dat ook de configuratie van het biotoop in het mariene landschap
meegewogen dient te worden.
Ruimtelijk gescheiden koraalvis populaties kunnen met elkaar in
verbinding staan gedurende het pelagische larvestadium van de vissen (het
stadium dat vislarven zich vrij in de open oceaan bevinden voordat ze zich
vestigen op het koraalrif, zeegrasveld of mangrove). Gedurende dit
levensstadium kunnen vislarven grote afstanden overbruggen via oceaan
stromen en uitwisseling tussen geografisch gescheiden populaties
bewerkstelligen. Sommige studies suggereren open populatie structuren (veel
uitwisseling van larven) terwijl andere studies juist gesloten populatie
structuren suggereren (zeer beperkte uitwisseling van larven). Er is dan ook
een discussie tussen de ‘open populatie hypothese’ en de ‘gesloten populatie
hypothese’. Met nieuwe genetische technieken wordt de laatste jaren steeds
meer inzicht in deze discussie verworven. De genetische overeenkomst
tussen ruimtelijk gescheiden populaties is hierbij een graadmeter voor de
mate van uitwisseling tussen populaties.
In Hoofdstuk 9 is de genetische overeenkomst onderzocht van acht
ruimtelijk gescheiden populaties van Lutjanus fulviflamma in een gradiënt
van ca. 1000 kilometer in de westelijke Indische Oceaan. Er werd geen
duidelijke genetische differentiatie van populaties gemeten, hetgeen een hoge
mate van genetische uitwisseling tussen de populaties suggereert. Op het
niveau van de westelijke Indische Oceaan is er daarmee waarschijnlijk
sprake van een open populatie structuur van Lutjanus fulviflamma waarbij
uitwisselingen (in de vorm van vislarven) tussen populaties regelmatig
voorkomen.
Samenvattend toont dit proefschrift aan dat er biologische interacties
bestaan tussen visgemeenschappen van tropische ondiepe kustbiotopen
zoals koraalriffen, zeegrasvelden en mangroves op verschillende geografische
niveaus. Gedurende het larvale levensstadium is het waarschijnlijk dat
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populaties van rifvissen met elkaar in verbinding staan op het niveau van
een geheel geografisch gebied (honderden kilometers) via larventransport.
Nadat vislarven zich gevestigd hebben in hun juveniele biotopen zoals
zeegrasvelden en mangroves, draagt de aanwezigheid van deze juveniele
biotopen bij aan de vispopulatie op het aangrenzende koraalrif volgens het
concept van de kraamkamer hypothese. Op microniveau kunnen
visgemeenschappen van twee aangrenzende biotopen elkaar beïnvloeden in
het grensgebied. Biotoopsegregatie in deze grenszone resulteert in een
differentiatie van de visgemeenschap in verschillende soortgroepen over het
gehele gradiënt. Op basis van dit proefschrift kan gesteld worden dat een
significant deel van de interacties tussen visgemeenschappen van
verschillende biotopen voor een groot deel bepaald worden door een
combinatie van drie factoren (zie ook Fig. 2, Hoofdstuk 10):
•
•
•

de mogelijkheid van vissoorten om buiten zeegrasvelden en mangroves
ook het koraalrif te gebruiken als alternatief biotoop voor het opgroeien
van hun juvenielen,
de afstand tussen zeegrasvelden en mangrove biotopen en het
koraalrif,
de configuratie van zeegrasvelden en mangroves in het mariene
landschap met betrekking tot de toegankelijkheid naar het koraalrif.
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surroundings, far away from the Netherlands. I made approximately 1600
dives on seagrass beds, mangroves and coral reefs on depths between 80 cm
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Nijmegen. Good luck with your teaching study, although I still hope I meet
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collected a lot of data in a brief period and visited almost all reefs on the
island. Probably the first time that something efficient happened on the
island. Martin Versteeg, from the Department of Aquatic Ecology, I
appreciate all your help during the last (already 12!) years, including your
assistance in the field in Zanzibar!
In Tanzania I also worked a lot with Blandina Lugendo and January
Ndagala (University of Dar es Salam). You both taught me new things about
how life works in Tanzania. Good luck with your own thesis, and of course
with your families!
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Africa, Mercury’s, and Hook’s Hut, and both the beer breweries of
Kilimanjaro (Tanzania) and Amstel (Curaçao). However, this increased
quality was seriously impeded by the factories of Konjagi (Tanzania) and
Palmera rum (Aruba). With respect to this, I share good memories with
Oliver Taylor. It made quit a difference when you were around on Zanzibar,
of course also for the diving. I hope I will see you again. After all, the world of
marine biologists isn’t that large, and I still have some good stories to tell
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resulted in a panga on my throat (a knive designed to cut mangroves with a
40 cm blade) and subsequently, I donated a Nikon F100 17 – 35 AFS camera
system to these guys (which by now they probably use as a fishing weight).
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especially own a lot of credit to Abdalla Makame Mweleza and Simgeni Juma
Simgeni from Chwaka. They helped me out with almost everything in
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shoulder from his house to the beach all by himself. By now I also
understand much more about the Islam and how it plays a central role in
the daily life of the people who live on the islands in East Africa. Some are
very strict, others are very flexible, especially far on the see, under roofs or
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What did I hate from Africa? No, not that white powder of grinded corn
where you add water to, and which gives you the ability to eat three weeks
on an uninhabited island, and not the billions of mosquitoes in the
mangroves of Chwaka Bay. It is definitely malaria I hated the most, what a
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terrible disease, it makes you really sick. Far much sicker than those strange
infections that appear on your body when you dive in the water in front of
Stone Town harbour and that digest a couple of cm3 of muscle tissue in only
two days time. Or these small white animals that cause the infections under
your toe nails that result in these strange fevers.
Various studies presented in this thesis were based from the Institute of
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provided many logistics. I thank the Director, Dr Dubi, the Associate
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stories. And Wilco, please, next time you become a father, tell it when I
finished climbing a 6a+route, and not during the ascent. We should combine
our differences more often into a paper! Coco or Sarah, who has two names,
don’t know who I know? We share things about vida, sueño, elegir, contrario,
and futuro. But you still should tell me about Venezuela. Job, by now we are
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will continue for a very long time. Gijs, shall we go for a beer this weekend?
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km can still be sharpened, not to mention that we have to visit this spot with
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different ways. I also had some good discussions with Raju, also I was
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University of Dar es Salam, and by Dr. Nariman Jiddawi from the Institute of
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