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Abstract The study of coral repopulation in mar- of upwelling. By contrast, mean larval settlement
ginal communities may provide a useful analog for (4 settlers m?) and juvenile abundance (0.1 juve-
understanding the dynamics of coral reefs subjected niles m ?) in Cubagua were both lower than those
to deleterious environmental changes. Repopulation elsewhere in the Caribbean and on Pacibc reefs.
of scleractinian reef corals may strongly impact the Thus, the potential for repopulation of these marginal
community structure on tropical reefs; however, the communities seems lower than for well-developed
extent of this process on coral communities inBu- coral reefs in other regions. These results suggest that
enced by upwelling is unknown, especially in the more fully developed coral reefs also may have
Caribbean. In this study, the potential for natural reduced repopulation potential, as they become
repopulation of coral communities subjected to wind- inBuenced by suboptimal environmental conditions.
driven upwelling was evaluated at three sites on the

island of Cubagua, Venezuela. Coral spawning Keywords Marginal reefs: Scleractinians

behavior was recorded and both larval settlement Reproduction Settlement Recruitment

and juvenile abundance were estimated. Upwelling High sedimentation

did not appear to affect coral spawning behavior,

since at this locality spawning occurred at dates and

times similar to those reported for well-developed Introduction

reefs in the Caribbean. Also, juveniles produced by

brooding corals were six times more abundant than Marginal coral communities generally occur outside
those of broadcasting species, similar to patterns onthe tropical belt or at its edge, where conditions are
other Caribbean reefs that are not under the inBuenceclose to the environmental thresholds for coral
survival (Harriott & Banks,2002. Consequently,
these communities usually have limited accretion,
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corals grow under favorable environmental conditions Hodgson,2004 Nozawa & Harrison,2007). There-
and mild human impacts, usually producing a reef fore, we expected that corals in upwelling commu-
framework (Perry & Larcomb&003. nities could have a different spawning behavior

While marginal reefs may contribute very little to compared to their conspecibcs at the same or at
reef accretion globally, they increase the diversity of different latitudes in non-upwelling communities.
reef ecosystems and represent localized sites ofFurthermore, during the upwelling season, the surb-
carbonate sediment production and accumulation cial waters also show an increased turbulence,
(Benzoni et al.2003. In addition to their ecological  sedimentation, nutrient enrichment, and turbidity
and geological relevance, the study of marginal coral (Astor et al.,2003. Therefore, less settlement and
communities may provide useful analogs for under- recruitment could also be expected in upwelling
standing the dynamics of coral reefs subjected communities compared with well-developed reefs.
to deteriorating environmental changes (Perry & Despite the potential effect of upwelling on coral
Larcombe,2003. Firstly, reefs stressed by upwelling repopulation (at least on reproductive behavior,
and sediments have been common at many times insettlement, and recruitment), and therefore on com-
the past, for instance, during the Holocene, when munity structure, the extent of this effect is unknown,
increases in sea level caused low water quality (Adey, especially for Caribbean reefs.
1978. Secondly, many well-developed reefs may  The eastern coast of Venezuela is subject to annual
become OOmarginalOO in response to climate changesnts of upwelling (Astor et al2003, resulting in
(Hoegh-Guldberg,1999 Guinotte & Buddemeier, marginal coral communities developing on shallow
2003 and/or anthropogenic inBuences (Grigg & hard substrata (Olivared 971, Raméez-Villarroel,
Dollar, 1990. 2001, Weil, 2003. Limited coral reef development

In view of impending global and local environ- near these upwelling areas has been ascribed to the
mental changes, it is important to understand the low temperatures caused by the annual upwelling
natural repopulation of coral reefs following distur- event (Ram@&z-Villarroel, 2001 Weil, 2003.
bances and to contrast these processes betweemecause this upwelling is driven by trade winds, the
marginal and well-developed coral communities. To area also has increased sedimentation rates and
estimate natural repopulation, parameters such asturbidity (e.g., up to 2,331 g mt d* in Rodrgjuez,
rates of gamete production, larval settlement, and 2004). Despite their marginal designation, these coral
juvenile abundance (recruitment) are suitable proxies communities represent a large proportion of the coral
(Harrison & Wallace,199Q Gittings et al., 1992 areas in Venezuela (Fid). The island of Cubagua is
Connell et al.,2009) that have been used extensively situated well within this upwelling zone of the
to study well-developed reefs (Hughes et 4999 northeast coast of Venezuela. Thus, to estimate the
200Q Hughes & Tanner2000. By contrast, studies potential for natural repopulation of coral communi-
on marginal communities have been limited to reports ties subjected to this upwelling, the following
on the occurrence of spawning and juvenile densities variables were quantibed in three marginal commu-
(Harriott & Banks,2002 Wilson & Harrison,2003 nities on the island of Cubagua: (a) the spawning
Medina-Rosas et al.2005. In the Caribbean in  behavior of bve corals species during 2003; (b) the
particular, the potential for repopulation of marginal abundance of larval settlers in artibcial tiles in 2003
coral communities has been estimated only from and 2004; and (c) juvenile abundance in the peld in
juvenile abundance in the pbeld, and to date, no study 2003.
has integrated this variable together with larval
settlement and coral spawning behavior.

It has been suggested that coral spawning is Materials and methods
synchronized by the annual sea temperature cycle
acting as a seasonal cue (reviewed in Harrison & Study area
Wallace, 1990, and that settlement and recruitment
can be affected by environmental stressors, like The island of Cubagua is located within the upwell-
sedimentation, turbidity, and nutrient enrichment ing zone on the eastern coast of Venezuela 47®
(Harrison & Ward, 2002, Harriott & Banks, 2002 1057 N, 64 08b6414 W; Fig. 1). Mean monthly
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Fig. 1 Main areas of coral growthn{umbers) and upwelling
(marked in black) along the coast of Venezuela. Average
surface temperature at the upwelling eastern area<xds7 C
during the Pbrst trimester of 2006. Coral areas within the
upwelling zone include Islas de Margarita, Coche, Cubagua
(inset in the bgureplack points are the study localities) and
Los Frailes (1), Parque Nacional Mochima (2), Los Testigos
(3), and Golfo de Cariaco (4). Coral areas partially affected by

sea surface temperature (SST) ranges betwee@ 23
in January to 29C by September. On the northeast of
Cubagua, there are approximately seven widely
dispersed coral communities with areas ranging from

upwelling include La Blanquilla (5) and La Tortuga (6). Coral
areas out of the upwelling inBuence include Arckipgp de
Aves (7), Archipidgago Los Roques (8), isla La Orchila (9),
Parque Nacional Morrocoy and Cuare (10), and various sites of
the Central coast (11). The bgure frame shows 8#lé&nd
58D77 W. Sea surface temperatures were obtained from
MODIS sensor, data available at CARIACO web page
(http://cariaco.wg/

southern Caribbean (Van-Veghel993 de-Graaf

et al., 1999 Bastidas et al.2009. The time and the
number of colonies that spawned on each night were
registered. Although the time of spawning and

0.01 to 0.3 km, and with scleractinian coral cover of proportion of colonies that spawned are not a com-
5D15% (Rodgliez,2004). These coral communities prehensive predictor of reproductive effort; we
are limited to 0B4 m depth, and their species richnessconsidered this information relevant for evaluating
is low at 7D11 species of scleractinian corals in eachrepopulation at the local scale due to the potential
community (Rodauez, 2004. We examined three effect of larval retention on this reef.

community sites: Las Cabeceras, El Mercado, and

Los Acantilados, which are a minimum of 2 km apart Larval settlement

and are located from east to west (Fig, following

the direction of the surface currents (Walsh et al., Larval settlers were counted on 20 terracotta tiles of
1999 Astor et al.,2003. 33 x 33 cm at each of the three sites above. The tiles
were rough underneath and smooth on top, and they
were placed horizontally, attached to the substratum
with screws and ramplugs previously inserted in the
Broadcast spawning of gametes was assessed in bvéottom of the reef (e.g., Harriott & Fisk,988 Fisk &
coral species at El Mercado during 2003. Colonies of Harriott, 1990 Hughes et al.1999. Tiles were bxed
Diploria strigosa (Dana, 1846;n = 11), Diploria ~3 cm above substratum, at 1.594 m depth and were
clivosa (Ellis & Solanders, 178 = 10), Colpophyl- separated from each other by 1.5D5 m. The tiles were
lia natans (Houttuyn, 1772;n = 10), Montastraea deployed 2 weeks before the predicted start of the
annularis (Ellis & Solanders, 1786 = 10), and main spawning events in the southern Caribbean
Siderastrea siderea (Ellis & Solanders, 1786; = 5) (Van-Veghel,1993 de-Graaf et al. 1999 Bastidas
were tagged. These colonies were observed duringet al., 2009, and they were left in the beld for
21:00D23:30 h, on the second to the ninth nights after90 days. Tiles were placed at all three sites in 2003
the fullmoon (NAFM) in August, the second to eighth and in 2004, but in 2004 we were unable to recover
NAFM in September, and the bfth to ninth NAFM in  them from Los Acantilados; probably due to storm
October 2003. The potential spawning times and datesdamage. Therefore, for the 2003 data a two-way
to survey these colonies were established according topermutation analysis of variance (PERMANOVA;
those observed for the main spawning events in the Anderson,2001) was applied to test the variation in

Spawning behavior
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Table 1 Observations of coral spawning at El Mercado, Cubagua

Coral species Month NAFM Time of spawning Number of colonies that Percent of
spawned (out of total colony surface
observed) that spawned

Montastraea annularis August 7 22:23D22:35 1 (10) <25

September 8 21:53D22:01 2 (10) <25
October 7 21:20Db21:35 1 (10) NA
Diploria strigosa August 6 and 7 21:40D23:25 6 (11) 6 NAFM25
7 NAFM: >75

NAFM nights after the full moon of August, September, or October of 2008data not available

coral settler densities (settlers ) between sides of  visible in the Peld (Harrison & Wallacd990), which
the tile (the upper and lower sides) and among the was ~5 mm in diameter to the minimum size at
three sites. Also, a three-way PERMANOVA was sexual maturity: 5 cm for relatively large species
applied to test the variability of larval settlement such asMontastraea spp. andDiploria spp., which
densities between sides of the tile (the upper and broadcast their gametes, and 2 cm for smaller species
lower side), between sites (EI Mercado and Las such asSiderastrea radians (Pallas, 1766)Porites
Cabeceras), and between years (2003 and 2004). spp., andFavia fragum (Eper, 1788), which are

In the sampling of 2003, the percent cover of brooders (Miller et al.,2000. Colonies within this
benthic organisms and predation marks on the tiles size range that were clearly the product of partial
was also estimated, using the point intersect techniquemortality or fragmentation were not considered to be
with 100 points. Three months after deployment, the juveniles. A PERMANOVA was used to compare
encrusting community that colonized the tiles was juvenile abundance of species that brood their larvae
compared among the three sites and tile sides (upperversus those that broadcast their gametes (two
versus lower) with a PERMANOVA test. For this test, variables), among depths (four levels) and sites (three
the percent cover estimates of 15 taxa were consideredevels).
as variables and O0site®O and OQtile side®O as the two
factors of interest. The percent dissimilarity of the
encrusting community for each of these factors, which Results
have a signibcant effect:(= 0.05), was calculated
with a SIMPER analysis. For the encrusting commu- Spawning behavior
nity that colonized the tiles, a principal component
analysis (PCA) was done and the abundance of thoseTwo out of the bve coral species examined spawned:
benthic categories that explained most of the vari- 40% of tagged colonies @f. annularis (4 out of 10)
ability was superimposed onto that PCA (Clarke & and 55% of colonies oD. strigosa (6 out of 11)
Gorley,2006. This was also done for the abundance (Table1). Colonies ofM. annularis spawned during
of settlers to relate the encrusting community with this all 3 months of observation, whereas those of

variable. D. strigosa spawned only during August.
In August, 27% and 36% ab. strigosa colonies
Juvenile abundance spawned for 70 min on the sixth and for 85 min on

the seventh NAFM, respectively. One colony of
To estimate the abundance of juvenile corals at each D. strigosa spawned gametes during two consecutive
site, juvenile colonies were counted in three plots of nights: from<25% of the colony surface area on the
20 m x 4 m (=80 nf) at each of the following depth  brst night and>75% of the surface area on the
intervals: 0b1, 1.1B2, 2.1b3, and 3.1b4 m. Thus, asecond. By contrast, colonies &8 annularis did not
each site, 240 f was examined per depth and spawn gametes consecutively over more than one
960 nf total. Colonies were considered to be juve- night or month, and the colony surface areas that
niles if their sizes ranged from the minimum size simultaneously liberated gametes always wep5%
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(Tablel). In August, only 10% ofM. annularis Table 2 Permutation analysis of variance for larval settlement
colonies spawned on the seventh NAFM for 12 min, (settlers m?)
while in September, an additional 20% of colonies sgurce df sS MS F P-value

spawned for 8 min during the eighth NAFM. How-
ever, rough sea conditions precluded observations Side: Sd 1 2266.89  2266.889 10.00  0.519
during the sixth and seventh NAFM of that month. In  Site:St 2 474478 2372.39  23.09 0.073
October, 10% of marked colonies &f. annularis ~ S4x St 2~ 453378 2266.89  22.06 0.045
spawned on the seventh NAFM, for 10 min after Residual 66 67807.17  1027.38

21:20 h. In addition to the tagged colonies, we also Total 71 79352.61

observed that 11 colonies @f. strigosa spawned in  Side was a bxed factor (upper versus under sides), and site was
August and two colonies aff. annularis in August a random factor with three levels. Italic number denotes
and October, within the vicinity and synchronously SigniPcant values(= 0.05)

with those that were tagged.

was 30« that of the top side (23 vs. 0.62 larval
Larval settlement settlers m? Table2, Fig.3). The abundance of

larval settlers was similar at Las Cabeceras and El
During August to November in both 2003 and 2004, Mercado (Fig.3), where this variable was not
43 coral larvae settled on tiles at our study sites, both signibcantly different between tile sides or between
years combined (3.8 larval settlers A). Newly 2003 and 2004 K > 0.05 for each factor and their
settled corals of at least bve different morphologies interactions).
were observed, and four of them are shown in Rig. After 3 months, the encrusting community that
During 2003, larval settlement was nine times higher colonized the tiles differed between the top and
at Los Acantilados, the western-most site, than at the bottom sides of the tiles (Tablg ~ 84% dissimilar-
other two sites (7.2 vs. 0.8 larval settlers $h Also, ity, Fig. 4A, B). The encrusting communities of the
only at Los Acantilados this settlement was larger top versus the bottom sides of the tiles separated
underneath the tiles, where the abundance of settlersbetter along the prst axis of the PCA (P€165.8%

Fig. 2 Four out of the bve
morphologies of larval
settlers of scleractinian
corals found on our
settlement tilesb shows the
most common morphology
observed (32 of 40 settlers),
probably belonging to the
genusAgaricia. Scale bars
are 1 mm long each

N
"

A
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6 cover of colonial ascidians (Case€:0.37) and preda-
tion marks (Predation:-0.35). Also, abundance of
larval settlers (Set. if) seemed to have a positive
relationship with cover of bare substrate (Fi vs.

C) and a negative relationship with the cover of
bPlamentous algae (FigH vs. D), and with that of
predation marks (FigdH vs. G).

Juvenile abundance

The abundance of juvenile corals in the beld varied
signibcantly among depths and sites (signibcant
depth x site interaction: Table). At Las Cabeceras,
it was highest between 1 and 2 m (0.3 juveniles3n
whereas at Los Acantilados and El Mercado juvenile
abundance increased with depth to a maximum of 0.04
and 0.03 juveniles i, respectively, at a depth of
3b4 m (Fig5). The type of recruits also differed
Fig. 3 Abundance of larval settlers (mean SE) on the upper ~ @mong sites, as at Las Cabeceras, the juveniles were
side plack bars) versus the under sidevkite bars) of tiles at almost exclusively brooding species, and it was<10
the three study sites during 2003, and at _two of them d_uring Iarger than that of brooders at El Mercado and Los
)Zlggf.()(?;tg\ilgzg 0%14 and 19 tiles were examined at each site alr]dAcantilados. By contrast, the juvenile abundance of
broadcasting species was lowest at Las Cabeceras,
_ ) _ intermediate at El Mercado, and highest at Los
Table 3 Permutation analysis of variance for the cover of - acaniilados. The coral species with the highest abun-
benthic organisms on the tiles (encrusting community) after : . . . A
3 months in the beld dances of juveniles, in decreasing order, wé®ites
spp and S. radians at Las Cabecerass. radians,
Porites astreoides Lamarck, 1816,D. strigosa, and
Site: St 2 10543.85 5271.93 19.656 0.072 M. annularis at El Mercado; andAcropora palmata
Side:Sd 1 3768.56  376.856 23.374 0.039 (Lamarck, 1816)D. strigosa, andAgaricia agaricites
StxSd 2 3224.64 1612.32 0.6011 0.727 (Linnaeus, 1758) at Los Acantilados.
Residual 66 177018.19 2682.09
Total 71 194555.24

Settlement abundance (Settlers . m 2)

2003 2004 2003 2004 2003

El Las Los
Mercado Cabeceras  Acantilados

Source df SS MS F P-value

; ; X Discussion
Side was a bxed factor (upper versus under sides), and site was

a random factor with three levels. Italic number denotes . )
signibcant values = 0.05) Spawning behavior

In this marginal coral community affected by
of the total variability), which was explained by a upwelling on the northeast coast of Venezuela, the
high cover of Reshy algae (Falg:0.87; Fig.4C) and reef coralsD. strigosa and M. annularis spawned

a low cover of bare substrate (Bare0.45; Fig.4D), synchronously with conspecibcs at other well-devel-
encrusting coralline algae (Ealg:0.13; Fig.4E), and oped reefs in other areas of the Caribbean. Spawning
colonial ascidians (Casc+-0.12; Fig.4F). The dif- dates, time of day, and spawning duration observed in

ference between the top and bottom encrusting this study for D. strigosa were similar to those
communities is not as clear over the second axis of reported for Puerto Rico, Bermuda, Gulf of Mexico,
ordination. However, this axis explained an addi- Panama, and other sites in Venezuela (Szmkg&g
tional 15.2% of the variability, and it was mainly Richmond & Hunter,199Q Soong, 1991 Gittings
characterized by high cover of bare substrate (Bare: et al., 1992 Bastidas et al.,2005. However, the
+0.82) and blamentous algae (Filal0.34), and low proportion of colonies oD. strigosa that spawned in
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Cubagua (6 out of 11) was two to bve times higher sample size and limited number of observations,
than that observed on well-developed reefs in we suggest that this species spawned predictably and
Venezuela (in Los Roques only 1 out of 8; and the proportion of its population that spawned is
in Morrocoy 4 out of 14 colonies; sites 8 and 10 in equivalent to or even larger than on well-developed
Fig. 1; Bastidas et al.,20095. Despite our small  reefs in the Caribbean. This may partly explain the
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Table 4 Permutation analysis of variance for juvenile abun-
dance (recruits m?)

Source df SS MS F P-value
Site: S 2 1753.72 876.86 1.5424 0.089
Depth: D 3 3291.64 1097.21 0.9141 0.653
SxD 6 7201.61 1200.27 2.1113 0.001
Residual 24 13644.00 568.50

Total 35 25890.97

Site was a random factor with three levels, and depth was a
bxed factor with four levels. Italic number denotes signibcant
value ¢ = 0.05)

-2

0.5
O Brood larvae

0.4 1 M Broadcast gametes
0.3 1
0.2 A
0.1

0

Juvenile abundance (recruits . m

El Mercado Los Acantilados

Las Cabeceras

Sites and depth intervals

Fig. 5 Abundance of juvenile corals (meap SE) of species

spawning observations in these species elsewhere in
the Caribbean. Histological studies $fsiderea have
shown that this species is gonochoric with external
fertilization and spawns between July and October
(Szmant 1986 Harrison & Wallace 1990 Richmond

& Hunter, 1990 Soong,1991), but only recently it
has been observed spawning in the beld (A. Ross,
personal communication). Observationsiarclivosa
spawning are limited to a single colony in one study
in Curatao (Van-Veghel,1993. In the Gulf of
Mexico, from 1997 to 2003C. natans was observed
to spawn between the ninth and eleventh NAFM in
August and September (Vize et a&2009. If spawn-

ing behavior is similar between the corals in the Gulf
of Mexico and those in Cubagua, it is possible that
the spawning of’. natans occurred later than the last
date of observations in this study, the ninth NAFM.
Bastidas et al.Z2005 recorded the spawning of only 1
out of 33 colonies of this species on the seventh
NAFM of September at Morrocoy, Venezuela, but
their last date of observation was also the ninth
NAFM.

Larval settlement

that broadcast their gametes and of species that brood theirCoral larval settlement increased at our study sites

larvae at each site and depth interval (1: 0B1 m; 2: 12 m; 3:
2b3 m; 4: 34 m). Data from three plots ofx420 m
evaluated at each site and depth combination

dominance oD. strigosa in the coral communities of
the eastern coast of Venezuela (OlivarEs71; Weill,
2003.

The spawning dates o¥/. annularis at Cubagua
also coincided with those recorded from other beld

from east to west, following the direction of the
dominant current pattern. The high abundance of
settlers at the western-most site, Los Acantilados, may
have resulted in part from a cumulative effect of larval
transport by currents. Alternatively, the higher larval
settlement at Los Acantilados could have been
affected by the proximity of brooding adults, as in
this site, brooders and more specibcalyugaricites

and histological studies, i.e., the sixth, seventh, and/or were more abundant than in the other two sites. It is

eighth NAFM, between July and October (Szmant,
1986 1991 Soong,1991 Knowlton et al., 1997). The
proportion of colonies oM. annularis that spawned
in Cubagua (4 out of 10) was similar to that observed
in 2002 on well-developed reefs in Venezuela (at Los
Roques 7 out of 10, Morrocoy 4 out of 10; Bastidas
et al.,2005. Despite differences in coral abundance
and environmental conditions between marginal coral
communities in upwelling areas versus more devel-
oped reefs, the spawning behaviorfaf strigosa and
M. annularis at Cubagua indicates that spawning
synchrony is maintained across different reef types.
Our lack of observations of spawningS$nsiderea,
D. clivosa, andC. natans is similar to the paucity of

@ Springer

known that brooders are more efpcient in localized
recruitment; thus, the proximity of brooding adults to
tiles affects settlement abundance on artibcial sub-
stratum (Harrison & Wallace,990. Coral settlement
is affected by many factors; thus, understanding
its spatial and temporal variability is difbcult. How-
ever, the interactions between local oceanography
and biological factors are well-recognized drivers
of recruitment in marine communities, particularly
affecting the abundance of coral settlers (e.g., Harriott
& Fisk, 1988 Vermeij, 2006.

The much larger abundance (2 of settlers on
the bottom versus the top of the tiles observed at Los
Acantilados was likely in part due to the large
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amounts of blamentous algae, sedimentation, andwhich in turn was up to 2& higher than the
predation pressure on the top sides of the tiles, maximum reported for well-developed reefs in the
together with less crustose coralline algae and empty Caribbean (Rogers1990. In view of the low
space available (Harrison & Wallac&990. Larvae abundance of larval settlers and juvenile corals, the
of Pocillopora domicornis preferred to settle on bare  marginal coral communities of Cubagua might have a
glass versus substrata covered with bne sedimentdower potential for repopulation than other well-
(Hodgson, 20049 and on relatively dark places developed reefs of the Caribbean and the Pacibc.
(Raimondi & Morse,2000. Larvae also prefer rough Eighty-six percent of coral recruitment in Cubagua
surfaces to settle, and in this study the rough side of came from species that brood their larvae, a value
the tile was always orientated down. The pattern of that coincides with Pndings on other Atlantic reefs
higher abundance of settlers on the bottom than on (e.g., Smith, 1992 Edmunds, 200Q Hughes &
the tops of tiles observed here is similar to that in Tanner,200Q Miller et al., 2000. Brooded larvae
other studies on well-developed coral reefs (e.g., have a shorter pre-competency period than do
Harriott & Fisk, 1988 Fisk & Harriott, 1990 Hughes planktonic ones, among other characteristics that
et al.,1999. allow brooders to be more efbcient in localized
However, the abundance of larval settlers recruitment (Harrison & Wallacel990. Therefore,
(0.5P9 settlers nf) observed at Cubagua was the dominance of recruits from brooding species at
2b60« lower than that at well-developed reefs in Las Cabeceras was probably related to the dominance
the Caribbean, where 17929 settlers’mere found of adult colonies of poritids and. radians in this
in 2002 at two non-upwelling Venezuelan coral reefs community (Rod&fuez, 2004. However, at Los
(Bastidas, unpublished data) and 10D37 settler$ m Acantilados, the abundance of juveniles and adults
at reefs in Bermuda (SmitH,992. By contrast, the  was higher for broadcasting species than for brooders,
abundance of larval settlers in Cubagua was similar in contrast to the other two sites. It is possible that
to, or even higher than, that observed in other localized recruitment also occurred for broadcasting
marginal coral communities of the Caribbean (0.6 coral species at Los Acantilados, given that (1) local
and 1.9 settlers af; Miller et al., 2000. One oceanographic conditions can favor local recruitment
possible explanation for the relatively low abundance of species with planktonic larvae of relatively long
of settlers observed in marginal communities is their duration (Jones et al1l999 Swearer et al.1999; (2)
low cover of adult corals compared with well- larvae of some broadcasting coral species prefer to
developed reefs, although studies on well-developed recruit nearby conspecibcs (Baird et 2003 or may
reefs have failed to Pnd this type of relationship have rapid development and attach only a few days

(Hughes et al.1999 2000. after spawning (Harrisor2006.
The similarity in species composition and abun-
Juvenile abundance dance between adult and juvenile corals at each site

in Cubagua (Rodgliez,2004) suggests an important
Following the pattern of larval settlers, the abundance role for localized recruitment in these coral commu-
of juveniles at Cubagua (0.01D0.19 juveniles?m nities. Alternatively, differences in post-recruitment
was 5P1& lower than that reported at well-devel- mortality among sites for some of these species may
oped Caribbean reefs (e.g., Guam& Guevara, explain this result.
1999, and approximately three orders of magnitude
lower than that observed on Indo-Pacibc reefs (e.g.,
Tamelander2002 Glassom & Chadwick2006. The Conclusion
low coral abundance of the eastern Venezuelan
upwelling zone and the high turbidity, high sedimen- In summary, we predicted a low potential for natural
tation, and low temperature reported for Cubagua repopulation in this Caribbean marginal coral com-
(Rodrguez, 2004 may reduce the larval supply of munity, relative to that on well-developed reefs,
corals as well as the survivorship of settlers. For based on our data on coral spawning, larval settle-
instance, the site with the lowest juvenile abundance ment, and juvenile abundance. The spawning of
in this study had the highest sedimentation rate, the coral specied/. annularis and D. strigosa in
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Cubagua occurred on dates and times similar to thoseEdmunds, P. J., 2000. Patterns on the distribution on juvenile

reported for well-developed reefs. Also, the propor- corals and coral reef community structure in St. John,
P P brop US Virgin Islands. Marine Ecology Progress Series 202:

tion of coral colonies oM. annularis andD. strigosa 113D124.
that spawned in Cubagua was similar to or higher Fisk, D. A. & V. J. Harriott, 1990. Spatial and temporal vari-
than values reported for well-developed reefs. How- ation in coral recruitment on the Great Barrier Reef:

ever, the abundances of settlers and juvenile corals  implications for dispersal hypotheses. Marine Biology
J 107: 485D490.

were lower in Qubagua than on we_ll-developed reefs Gittings, S. R., G. S. Boland, K. J. P. Deslarzes, C. L. Combs,
of both the Caribbean and the Pacibc. As well as for B. S. Holland & T. J. Bright, 1992. Mass spawning and
these marginal coral communities, well-developed reproductive viability of reef corals at the East Flower

reefs m Iso f r ntials for r la- Garden Bank, northwest Gulf of Mexico. Bulletin of
€ers may also 1ace educed potentials for repopula Marine Science 51: 420D428.

tion in view of impending global and local changes jassom, D. & N. E. Chadwick, 2006. Recruitment, growth
that decrease the quality of environmental conditions and mortality of juvenile corals at Eilat, northern Red Sea.

for their development. Marine Ecology Progress Series 318: 1119122,
Grigg, R. W. & S. J. Dollar, 1990. Natural and anthropogenic
Acknowledgments We would like to thank GEOCOMSA disturbance on coral reefs. In Dubinsky, Z. (ed.), Eco-

systems of the World. Elsevier, Amsterdam: 439D453.

Guinotte, J. M. & R. W. Buddemeier, 2003. Future coral reef
habitat marginality: temporal and spatial effects of climate
changes in the Pacibc basins. Coral Reefs 22: 551D558.

Guzman, H. M. & C. A. Guevara, 1999. Arrecifes coralinos de
Bocas del Toro, Panamdll. Distribucien, estructura,
diversidad y estado de conservatide los arrecifes de las
islas Pastores, Cridbal, Popa y Cayo Agua. Revista de
Biologé& Tropical 47: 1D9.

and Escuela de Ciencias Aplicadas del Mar of the Universidad
de Oriente for Pnancial and logistic support; Juan Marcano for
assistance in the beld; Cesar Romero for co-supervise this
work; Luis Marquez, Ainhoa Zubillaga, Denise Debrot, Percy
Zanders, Jason B. Mackenzie, and Tracy Feldman for their
valuable comments that improved the manuscript.

References Harriott, V. J. & S. A. Banks, 2002. Latitudinal variation in

coral communities in eastern Australia: a qualitative bio-

Adey, W., 1978. Coral reef morphogenesis: a multidimensional physical model of factors regulating coral reefs. Coral
model. Science 202: 831D837. Reefs 21: 83D94.

Anderson, M. J., 2001. A new method for non-parametric Harriott, V. J. & D. A. Fisk, 1988. Recruitment patterns of
multivariate analysis of variance. Austral Ecology 26: scleractinian corals: a study of three reefs. Australian
32D46. Journal of Marine and Freshwater Research 39: 409D416.

Astor, Y., F. Muller-Karger & M. I. Scranton, 2003. Seasonal Harrison, P. L., 2006. Settlement competency periods and
and interannual variation in the hydrography of the Car- dispersal potential of scleractinian reef coral larvae. Pro-
iaco Basin. Continental Shelf Research 23: 125D144. ceedings of the 10th International Coral Reef Symposium:

Baird, A., R. Babcock & C. Mundy, 2003. Habitat selection by 78D82.

larvae inBuences the depth distribution of six common Harrison, P. L. & C. C. Wallace, 1990. Reproduction, dispersal
coral species. Marine Ecology Progress Series 252: 289D and recruitment of scleractinian corals. In Dubinsky, Z.

293. d0i10.3354/meps252289 (ed.), Ecosystems of the World. Elsevier, Amsterdam:
Bastidas, C., A. Cmguer, A. L. Zubillaga, R. Ramos, V. 133D207.

Kortnik, C. Weinberger & L. M. Maquez, 2005. Coral Harrison, P. L. & S. Ward, 2001. Elevated level of nitrogen and

mass- and split-spawning at a coastal and an offshore phosphorus reduce fertilization success of gametes from

Venezuelan reefs, southern Caribbean. Hydrobiologia 54: scleractinian reef corals. Marine Biology 139: 1057D1068.

101D106. Hodgson, G., 2004. Sediment and the settlement of larvae
Benzoni, F., C. N. Bianchi & C. Morri, 2003. Coral commu- of the reef coralPocillopora damicornis. Coral Reefs 9:

nities of the northwestern Gulf of Aden (Yemen): 41D43.

variation in framework building related to environmental Hoegh-Guldberg, O., 1999. Climate change, coral bleaching

factors and biotic conditions. Coral Reefs 22: 475D484. and the future of the worldOs coral reefs. Marine and
Clarke, K. R. & R. N. Gorley, 2006. Plymouth Routines in Freshwater Research 50: 839D866.

Multivariate Ecological Research, Primer V6: User Hughes, T. P. & J. E. Tanner, 2000. Recruitment failure, life

Manual/Tutorial. PRIMER-E Ltd, UK: 190. histories, and long-term decline of Caribbean Corals.
Connell, J. H., T. P. Hughes, C. C. Wallace, J. E. Tanner, K. E. Ecology 81: 22D50.

Harms & A. M. Kerr, 2004. A long-term study of com-  Hughes, T. P., A. H. Baird, E. A. Dinsdale, N. A. Moltsh-

petition and diversity of corals. Ecological Monograph 74: aniwskyj, M. S. Pratchett, J. E. Tanner & B. L. Willis,

179D210. dok0.1890/02-4043 1999. Patterns of recruitment and abundance of corals

de-Graaf, M., G. J. Geertjes & J. J. Videler, 1999. Observations along the Great Barrier Reef. Nature 397: 59D63.
on spawning of scleractinian corals and other inverte- Hughes, T. P., A. H. Baird, E. A. Dinsdale, N. A. Moltsh-
brates on the reefs of Bonaire (Netherlands Antilles, aniwskyj, M. S. Pratchett, J. E. Tanner & B. L. Willis,
Caribbean). Bulletin of Marine Science 64: 1899194, 2000. Supply-side ecology works both ways: the link

@ Springer


http://dx.doi.org/10.3354/meps252289
http://dx.doi.org/10.1890/02-4043

Hydrobiologia

between benthic adults, fecundity, and larval recruits.
Ecology 8: 2248D2249.

Jones, G. P., M. J. Milicich, M. J. Emslie & C. Lunow, 1999.
Self-recruitment in a coral reef bPsh population. Nature
402: 802D804.

Knowlton, N., J. L. Mate, H. M. Guzmg R. Rowan & J. Jara,
1997. Direct evidence for reproductive isolation among
the three species of thdontastraea annularis complex in
Central America (Panama and Honduras). Marine Biology
127: 705B711.

Medina-Rosas, P., J. D. Carriquiry & A. L. Cupul-Magan
2005. Reclutamiento d@orites (Scleractinia) sobre su-
strato artibcial en arrecifes afectados por EfdNirf®97D98
en Baké de Banderas, Pdmib mexicano. Ciencia Marina
31: 103D109.

Miller, M. W., E. Weil & A. M. Szmant, 2000. Coral recruit-
ment and juvenile mortality as structuring factor for reef
benthic communities in Biscayne National Park, USA.
Coral Reefs 19: 115P123.

Nozawa, Y. & P. L. Harrison, 2007. Effects of elevated tem-
perature on larval settlement and post-settlement survival
in scleractinian coralsAcropora solitaryensis and Favites
chinensis. Marine Biology 152: 1181D1185.

Olivares, M. A., 1971. Estudio taxemaco de algunos mad-
reporarios del golfo de Cariaco, Sucre, Venezuela. Boletin
del Instituto Oceanogtzco 10: 73D78.

Perry, C. T. & P. Larcombe, 2003. Marginal and non-reef-
building coral environments. Coral Reefs 22: 427D432.

Raimondi, P. T. & A. M. C. Morse, 2000. The consequence of
complex larval behavior in a coral. Ecology 8: 3193Db
3211.

Raméez-Villarroel, P., 2001. Corales de Venezuela«@as
Internacional, Porlamar: 254.

Richmond, R. H. & C. L. Hunter, 1990. Reproduction and
recruitment of corals: comparisons among the Caribbean,
the Tropical Pacibc, and the Red Sea. Marine Ecology
Progress Series 60: 185D203.

Rodrguez, S., 2004. Aspectos eegicos (estructura, incre-
mento poblacional y daos) de tres parches coralinos en
Cubagua. Licentiate Thesis, Universidad de Oriente: 109.

Smith, S. R., 1992. Patterns of coral recruitment and post-
settlement mortality on BermudaOs reefs: comparison to
Caribbean and Pacibc reefs. American Zoologist 32:
663D673.

Soong, K., 1991. Sexual reproductive patterns of shallow-water
reef corals in Panama. Bulletin of Marine Sciences 49:
832D846.

Swearer, S. E., J. E. Caselle, D. W. Lea & R. R. Warner, 1999.
Larval retention and recruitment in an island population of
a coral-reef psh. Nature 402: 799D802.

Szmant, A. M., 1986. Reproductive ecology of Caribbean reef
corals. Coral Reefs 5: 43b54.

Szmant, A. M., 1991. Sexual reproduction by the Caribbean
reef coralMontastrea annularis and M. cavernosa. Mar-
ine Ecology Progress Series 74: 13D25.

Tamelander, J., 2002. Coral recruitment following a mass
mortality event. Ambio 31: 551BD557.

Van-Veghel, M. L. J., 1993. Multiple species spawning on
Curacao reefs. Bulletin of Marine Science 52: 101791021.

Vermeij, M. J. A., 2006. Early life-history dynamics of
Caribbean coral species on artibcial substratum: the
importance of competition, growth and variation in life-
history strategy. Coral Reefs 25: 59B71.

Vize, P. D., J. A. Embesi, M. Nickell, D. P. Brown & D. K.
Hagman, 2005. Tight temporal consistency of coral mass
spawning at the Flower Garden Banks, Gulf of Mexico,
from 1997D2003. Gulf of Mexico Science 1: 107D114.

Walsh, J. J., D. A. Dieterle, F. E. Mlar-Karger, R. Bohrer, W.

P. Bissett, R. J. Varela, R. Aparicio, R«29 R. Thunell,
G. T. Taylor, M. I. Scranton, K. A. Fanning & E. T.
Peltzer, 1999. Simulation of carbon-nitrogen cycling
spring upwelling in the Cariaco Basin. Journal of Geo-
physical Research C 104: 7807D7825.

Weil, E., 2003. The corals and coral reefs of Venezuela. In
Cortes, J. (ed.), Latin American coral reefs. Elsevier
Scientibc Publications, San Pedro: 303D330.

Wilson, J. R. & P. L. Harrison, 2003. Spawning patterns of
scleractinian corals at the Solitary IslandNa high latitude
coral community in eastern Australia. Marine Ecology
Progress Series 260: 115D123.

Rogers, C. S., 1990. Response of coral reefs and reef organisms

to sedimentation. Marine Ecology Progress Series 26:
185D202.

@ Springer



	Low natural repopulation of marginal coral communities under the influence of upwelling
	Abstract
	Introduction
	Materials and methods
	Study area
	Spawning behavior
	Larval settlement
	Juvenile abundance

	Results
	Spawning behavior
	Larval settlement
	Juvenile abundance

	Discussion
	Spawning behavior
	Larval settlement
	Juvenile abundance

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


