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Abstract

Coral-grounds are reef communities that colonize rocky substratum but do not form framework or three-dimensional reef
structures. To investigate why, we used video transects and underwater photography to determine the composition,
structure and status of a coral-ground community located on the edge of a rocky terrace in front of a tourist park, Xcaret, in
the northern Mesoamerican Reef tract, Mexico. The community has a relatively low coral, gorgonian and sponge cover
(<10%) and high algal cover (>40%). We recorded 23 species of Scleractinia, 14 species of Gorgonacea and 30 species of
Porifera. The coral community is diverse but lacks large coral colonies, being dominated instead by small, sediment-tolerant,
and brooding species. In these small colonies, the abundance of potentially lethal interactions and partial mortality is high
but decreases when colonies are larger than 40 cm. Such characteristics are consistent with an environment control
whereby storm waves periodically remove larger colonies and elevate sediment flux. The community only survives these
storm conditions due to its slope-break location, which ensures lack of burial and continued local recruitment. A
comparison with similar coral-ground communities in adjacent areas suggests that the narrow width of the rock terrace
hinders sediment stabilization, thereby ensuring that communities cannot escape bottom effects and develop into three-
dimensional reef structures on geological time scales.
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Introduction

It 1s widely considered that reefs are shaped by the dynamic
interaction between accretion and erosion and develop geological
structures only where the calcification rate exceeds erosion [1], [2].
But for poorly known reasons, communities dominated by
Scleractinian corals do not always produce reefs with geological
framework structures and have consequently been referred to as
non-reef or non-framework building coral communities [3], [4], [5],
coral carpets [3] or coral-grounds [6]. Their species compositions
are similar to framework-building coral reefs but usually consist of
small scattered colonies growing directly on bedrock. Yet hard-coral
cover in some of these communities can be 50% or higher [4].

Such non-accretional communities have been reported from
latitudinally ‘marginal’ areas where conditions are close to the
environmental thresholds for coral survival [7], [8], or from localized
areas affected by environmental conditions that are widely accepted
as suboptimal [3], [9], [10]. Reports of specific environmental factors
limiting framework development are numerous, including proximity
to upwelling areas or groundwater outflow [7], high wave exposure
[11], [12], temperature extremes [7], [13], low aragonite saturation
[7], high sediment flux or absence of topographic shelter from
sedimentation [4], [5], [7] and high rates of bioerosion [14], [15].
However, unfavorable conditions for reef accretion are much more
widespread than these local or marginal areas, and exist in almost all
reef systems. If this were not the case, reefs would develop as
continuous breakwaters that lacked discontinuities.
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Here we investigate a non-reefal coral-ground community from
Xcaret, in the northern section of the Mesoamerican Reef where
reef-tracts are well developed but discontinuous [6]. This region
lacks surface rivers due to the highly porous and permeable
limestone of the Yucatan Peninsula and marine conditions are
therefore uniform and generally well-suited for coral reef
development [6]. We report the composition and structure of this
coral-ground community and determine its status in terms of
disease prevalence, competitive interactions, and partial mortality.
Using these data, we examine the potential processes responsible
for preventing the survival and continuous growth of coral colonies
at these sites and consider why three-dimensional reef structures
are absent.

Results

For the purpose of this work, we define a coral-ground as a
rocky substratum colonized by multispecies assemblages of
Scleractinian corals, sponges, and gorgonians, which do not
accrete to form a framework or three-dimensional structures [6].
The coral-ground assemblage on the shallow rocky terrace off
Xcaret is composed of Scleractinian corals (bottom cov-
er =5.9%%2.2%), gorgonians (7.4% *=7.0%), encrusting and erect
sponges (3.6%*1.4%), macroalgae (16.6% *8.3%) and turf algae
(62.6% *=13.4%). Abiotic substrata (0.7% £ 1.1%) consisted of rock
pavement and skeletal sand and gravel. Recently dead coral cover
was low (0.3%*0.3%). Overall, we recorded 23 species of
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Scleractinia (Table 1), 30 of Porifera, 14 of Gorgonacea, four of
Actinaria, two of Milleporina, two of Zoanthiniaria, one of
Stylasterina and one of Chordata (Table 2). The dominant
macroalgae were Dictyota, Halimeda, Penicillus and Riphocephallus.

A total of 1581 colonies of Scleractinian coral species were
recorded, with massive growth-forms being the most common
(83.8% of the total). Overall, mean colony density was 5.3 colonies
m~? (£2.6). Three coral species were dominant and contributed
61.4% of the total number of colonies recorded in the transects:
Sderastrea siderea (36.9% of the colonies; density=2.0%0.9 col
m %), Agaricia agaricites (14.4%; density=1.0+0.7 col m~?) and
Porites astreoides (10.5%; density = 0.620.3 col m~?). Subordinate
species included Diploria strigosa (7.6 %), Dichocoenia stokesit (6.0%), A.
tenuifolia (5.7%) and Montastraea cavernosa (4.7%). Key reef-building
species of the of the Montastraea annularis species complex were
present but relatively rare (1.7%), Acopora palmata was not observed
on the sampled transects and only three colonies of A. cervicornis
were present (Table 1).

The size-frequency distribution of the coral colonies was
strongly skewed, with >90% of the colonies smaller than 20 cm
(Figure 1) and with only three colonies larger than 50 cm in
diameter. The average diameter of coral colonies was 9.2 cm
(£7.9). A few relatively large (>1 m) colonies of A. palmata and M.
annularis species complex were observed in the study area but
outside the belt-transects. Of the 23 coral species recorded, 17 had
at least one juvenile (=5 cm diameter) within the transects
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(Table 1). Overall, 36.9% of the coral colonies were juveniles
(0.6 cm and =5 cm in diameter) and had an average age of
1.5%0.5 years (range: 0.3-2.5 years), assuming their growth rates
in diameter were on average 2.02 cm yr-~ ' (£0.68) [16]. Of the
juveniles in the assemblage, 36% belonged to brooding species,
while 49% belonged to S. siderea, a broadcast spawner.

Given the uniformity in size between the coral species, we
pooled them into 10 cm size-classes in order to examine the
relation between colony size and: (a) number of colonies, (b) partial
mortality, (c) coral diseases, and (d) competitive interactions with
TAS mats (Figure 1). The number of coral colonies was
significantly different between size classes (One way ANOVA
F4=68, p<0.001). A post-hoc analyses (Tukey’s HSD) showed
significant differences in all classes (p<<0.05) except between IV
and V (p =0.68).

Partial mortality of coral colonies was recorded in 18 of the 23
coral species and the mean values ranged from 4 to 36% (Table 1).
Overall, partial mortality was significantly different between size
classes (4 =254, p<<0.001, Figure 1), with coral colonies in the
smallest size class (<10 cm) having significantly lower mean values
(13.3%20.5%; Tukey’s HSD, p<<0.02) than those in the other size
classes (mean range: 19.9-31.5%), except for the largest size class
(p=0.86). The highest values of partial mortality (31.5%20.7%)
were recorded in the 3040 cm size-class (class IV; Figure 1). At
the species level, the highest percentages were recorded in M.
annularis (mean = 36%), M. faveolata (27%), M. cavernosa (24%),
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Table 1. Number of coral colonies (n), colony size (maximum diameter in cm), percent colony mortality and juvenile (colonies
<5 cm) contribution to the total number of colonies of each species in the coral-ground assemblage of Xcaret in 2005.
Species Code n Diameter (cm) Partial mortality (%) Juvenile
mean (+ SD) mean (+ SD) contribution (%)
Acropora cervicornis Acer 3 21.0 (1.7) 8.9 (15.4) -
Agaricia agaricites Aaga 255 9.2 (5.5) 10.2 (17.7) 22.7
Agaricia fragilis Afra 1 11.1 () 0 -
Agaricia humilis Ahum 3 11.2 (5.1) 0 -
Agaricia tenuifolia Aten 108 13.1 (10.9) 4.0 (11.3) 9.3
Diploria clivosa Dcli 1 30.8 (-) 0 -
D. labyrinthiformis Dlab 9 26.0 (11.4) 5.6 (8.4) -
D. strigosa Dstr 104 14.7 (9.8) 11.2 (16.3) 21.2
Dichocoenia stokesii Dsto 72 8.5 (4.4) 23.7 (27.6) 29.2
Isophyllastrea rigida Irig 3 4.9 (3.9) 6.4 (11.2) 66.7
Leptoseris cucullata Lcuc 4 10.0 (5.8) 0 -
Madracis decactis Mdec 22 5.4 (3.6) 23.7 (27.6) 50.0
Meandrina meandrites Mmea 13 16.3 (9.5) 6.6 (10.8) 154
Montastraea annularis Mann 5 14.7 (14.4) 35.5 (40.0) 20.0
M. faveolata Mfav 22 13.4 (6.9) 27.1 (26.5) 9.1
M. cavernosa Mcav 64 15.6 (10.2) 23.8 (29.6) 10.9
Porites astreoides Past 161 5.9 (3.5) 12.0 (19.3) 47.8
P. divaricata Pdiv 41 5.1 (4.1) 9.5 (19.2) 63.4
P. furcata Pfur 6 8.1 (4.2) 7.6 (8.4) 333
P. porites Ppor 94 10.5 (9.0) 8.8 (16.6) 309
Siderastrea radians Srad 10 2.6 (1.1) 0 90.0
S. siderea Ssid 556 7.6 (7.0) 224 (23.7) 52.0
Stephanocoenia intercepta Sint 24 4.8 (3.5) 18.6 (26.7) 66.7
Total 1581 9.2 (6.0) 15.8 (22.2) 65.6
doi:10.1371/journal.pone.0028461.t001
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Xcaret in 2005.

Table 2. List of non-scleractinian benthic fauna recorded in

Phylum CNIDARIA
Clase ANTHOZOA
Orden ACTINARIA
Condylactis gigantea
Lebrunia danae
Bartholomea annulata

Stichodactyla helianthus

Orden GORGONACEA
Briareum asbestinum
Eunicea calyculata
Eunicea laciniata
Eunicea mammosa
Eunicea tourneforti
Gorgonia flabelum
Muricea atlantica
Muricea muricata
Plexaura flexuosa
Plexaura homomalla
Plexaurella dichotoma
Pseudoplexaura porosa
Pseudopterogorgia americana

Pseudopterogorgia rigida

Orden MILLEPORINA
Millepora alcicornis

Millepora complanata

Orden STYLASTERINA

Stylaster roseus

Orden ZOANTHINIARIA
Palythoa caribaeorum

Zoanthus sociatus

Phylum PORIFERA

Clase DEMOSPONGIAE
Aiolochroia crassa

Agelas conifera

Agelas dispar

Aka brevitubulata

Aka coralliphaga
Amphimedon complanata
Amphimedon compressa
Aplysina cauliformis

Aplysina fistularis

Aplysina lacunosa
Callyspongia plicifera
Callyspongia vaginalis
Cinachyrella alloclada
Cliona delitrix

Cliona varians
Desmapsamma anchorata
Ectyoplasia ferox

Geodia neptuni

lotrochota birotulata

Ircina felix

Ircina strobilina

Mycale laevis
Myrmekioderma gyroderma
Niphates digitalis

Niphates erecta
Oceanapia bartschi
Plakortis angulospiculatus
Verongula gigantea

Xetospongia muta*

Phylum CHORDATA
Clase ASCIDIACEA

Trididemnum solidum

Species encountered outside the transects are included.
doi:10.1371/journal.pone.0028461.t002

Madracts  decactis (24%), D. stokesii (24%) and S. siderea (22%)

(Table 1).

In terms of coral diseases, 4.7% of the colonies had dark-spot

disease, 0.4% had yellow-band disease, 0.2% had white-plague
disease and 1.4% had tissue necrosis (Table 3). Mean prevalence
of coral diseases was relatively low (<10%) in colonies smaller than
30 cm in diameter (Classes I-11I) and increased to about 20% as
colonies grew (Figure 1). Differences in disease prevalence between
size classes were not statistically significant (Kruskal-Wallis test
Hu45=7.63, p=0.10) due to the high variability recorded
between transects (Figure 1). The highest discase prevalence
values per species were recorded in M. faveolata, where 27.3% of
the colonies had yellow-band disease, S. siderea, where 12.5% of the
colonies had dark-spot disease, and Porites divaricata, where 12.2%
of the colonies had tissue necrosis (Table 3).
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Figure 1. Coral colonies, diseases (%), coral-TAS mats compet-
itive interactions and partial mortality in relation to size.
Number of coral colonies (N), percentage of colonies with disease signs
(Dis) and involved in a competitive interaction with turf-algal sediment
mats (TAS) and percent colony mortality (PM) per transect (N=10) in
relation to size class (I: 0 to 10 cm diameter, n = 1037 colonies, Il: >10 to
20 cm, n=400 colonies, lll: >20 to 30 cm, n=104 colonies, IV: >30 to
40 cm, n=28 colonies, V: >40 cm, n=12 colonies) at Xcaret in 2005.
Means * Standard Error.

doi:10.1371/journal.pone.0028461.g001

Over 45% of the coral colonies had a competitive interaction
with algae, especially with turf-algae sediment (TAS) mats (33.3% of
the colonies) and macro-algae (11.7%) (Table 3). Coral interactions
with TAS mats were recorded in eleven species at the base of
colonies and at numerous points on the colony surface. The mean
percentage of coral colonies involved in an interaction with TAS
mats was significantly different between size classes (Kruskal-Wallis
test H 4, 45y= 19, p=0.0008), with significantly less coral colonies
being involved in an interaction in class V (14.3=11.8%) than in
classes I, II and IIT (mean range: 35.5-43.0%, Figure 1), based on
post-hoc multiple comparisons test (p<0.01). TAS mats were
particularly abundant in S. siderea (59% of the colonies), D. stokesi
(49%), M. decactis (41%) and Stephanocoenia intercepta (38%) (Table 3).
Competitive interactions between corals and macro-algae and
sponges were higher in coral colonies with massive forms,
particularly in M. faveolata and D. strigosa (Table 3).

Discussion

The low coral cover at Xcaret results from the rareness of large
colonies and the relatively high abundance of small colonies. The
average diameter of coral colonies (9.2 cm) was less than one third
of the average recorded on the entire Mesoamerican Barrier Reef
(33 cm [17]). With the exception of S. siderea, a spawner with adults
that can reach large sizes, the abundant small colonies are mainly
composed by species that are naturally small (<50 c¢cm) and brood
their larvae, such as A. agaricites and P. astreoides [18]. Other key
reef-building coral species are present at Xcaret, but have low
abundances and rarely exceed 80 cm in diameter, such as M.
annularis species complex and Acropora spp. The rareness of large
(>40 cm diameter) corals, alive or dead, implies that colonies may
be selectively removed once they reach a certain size.

In addition to the absence of large corals, Xcaret’s assemblage is
dominated by sediment-tolerant species, such as P. astreoides and S.
siderea [19], [20], therefore implicating sediment flux as a control.
High sediment flux also explains the major cause of coral tissue
death, encroachment by turf-algae sediment (TAS) mats. TAS mats
are known to flourish in areas of high sedimentation and to be able
to encroach a coral colony at a rate of 70 ecm? yr~ ' [21], [22].
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Even in the absence of high sediment flux, mortality in juvenile
corals is known to be high regardless of species composition due to
their inherent susceptibility to adverse interactions like predation
or biological disturbance [23], [24], [25], [26]. However, our data
show that as Xcaret corals grow larger than 40 cm, the proportion
of competitive interactions, particularly with TAS mats, and
partial mortality of colonies, diminish indicating that colonies
escape deleterious bottom effects [27]. Coral diseases, which have
increased considerably on Mexican Caribbean reefs in the last two
decades [6,22], do not appear to play a major role in the dynamics
of Xcaret’s coral assemblage, as their prevalence is low and similar
in all size classes. The high abundance of juvenile colonies in the
majority of species present allows for high population turnover and
the maintenance of a relatively diverse coral assemblage on the
Xcaret coral-ground.

The coral-ground at Xcaret is similar in species richness, density
and cover to coral-grounds reported from both reefal and non-
reefal areas in the region [6]. For example, coral-grounds have
been reported in areas where breakwater reefs are absent along the
narrow leeward shelves off Cozumel (Chankanaab) and Isla
Muyjeres (Punta Sur), and south from Xcaret to Xel-ha on the
mainland [6], [27], [28] (Figure 2a). In all these localities, the coral
assemblages develop along the edges of bedrock terraces. Their
coral species richness is also similar to Xcaret, but the assemblages
show some variation. For example, 23 coral species have been
reported for Chankanaab [29] and Xcaret (Table S1), but only 16
of them are shared. However 90% of the colonies at Chankanaab
had diameters less than 20 cm, coral cover was low (3.220.3%)
and dominant species (P. astreoides, S. radians and M. cavernosa) were
also sediment tolerant or opportunistic brooders [29]. A similar
coral-ground has been reported off Puerto Morelos, further to the
north (Figure 2a). Again this community is developed on the edge
of the rock terrace, but is adjacent to 1-2 km wide sand terrace. It
has a low scleractinian cover (3.1%£12%) and species richness (20
species) like Xcaret (5.9£2.2% and 23 species respectively). It is
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Table 3. Percentage of Scleractinian colonies affected by diseases (Dis) and involved in competitive interactions (Cl) in Xcaret in
2005.

Dis (%) Cl (%)
Code DS wpP YB Nec TAS Malg CCA Falg Gorg Spo
Species affected (n) 5 1 2 9 11 13 14 9 10 12
Colonies affected (%) 4.7 0.4 0.2 1.4 333 1.7 43 13 1.7 4.0
Dominant species
Aaga 1.6 1.2 19.2 133 35 1.6 3.1
Aten 0.9 0.9 0.9 5.6 4.6 1.9 0.9 1.9
Dsto 1.4 48.6 125 6.9 1.4 1.4
Dstr 24.0 21.2 29 1.0 3.8 10.6
Mcav 3.1 29.7 17.2 15.6 4.7 1.6 9.4
Mdec 40.9
Mfav 273 273 27.3 45 45 4.5 13.6
Past 1.9 273 6.8 37 1.2 1.9 6.2
Pdiv 12.2 7.3 24 24
Ppor 43 2.1 6.4 7.4 53 2.1
Sint 4.2 375 4.2 4.2
Ssid 121 0.4 0.5 59.0 12.6 29 0.7 1.8 2.7
Only species with more than 20 colonies are shown. WP: white-plague disease, DS: dark-spot disease, YB: yellow-band disease, Nec: necrosis, TAS: turf-algal sediment
mats, Malg: macroalgae, CCA: calcareous coralline algae, Falg: filamentous algae, Gorg: gorgonian, Spo: sponges. Species codes and sample size as in Table 1.
doi:10.1371/journal.pone.0028461.t003

also dominated by small colonies of sediment-tolerant species,
particularly M. cavernosa and S. siderea [30], [31].

The coral-grounds at Xcaret and other sites along the coast
clearly have similar characteristics: they are located on the edge of
the bedrock terrace adjacent to a slope break and they are
dominated by young, sediment-tolerant, coral communities in
which large old colonies are rare. Two processes therefore seem to
be prevalent in controlling these communities: periodic physical
removal of large colonies and a restriction of community
composition and colony age due to an elevated-sediment flux.

Rareness of large corals has commonly been attributed to
removal during tropical cyclones [32], which are frequent in the
area (see http://csc.noaa.gov/hurricanes). Wave sizes generated
during these storms commonly exceed 10 m [33] and plunge and
break in the depth range inhabited by the coral grounds (cf. [34]).
Wave breaking during storms might therefore be responsible for
physically removing the colonies above a certain size [32]. Periodic
storm disturbance could also explain the ecological character of
the coral community. For example, brooding species with high
recruitment rates, such as A. agaricites and P. astreoides [35], [36], are
known to be the first scleractinian species to recruit on disturbed
reefs [23], [37].High sediment flux during storms might also
restrict the development of the coral assemblage to the edge of the
rock terrace adjacent to the slope break. This ‘edge effect’ results
from the fact that slope breaks are less likely to be buried by
sediment deposits or impacted by bedload transport during storms
compared to the lower-gradient parts of the terrace [38], [39].
Indeed, satellite images from Xcaret, show inner parts of the rock
terrace covered by blankets of mobile sediment that move down
the coast from Playa del Carmen during North winds (Figure 3).

Although physical coral removal and elevated sediment flux
during high-energy wave events is consistent with the community
characteristics and location, storms and hurricanes are common
along the entire Mesoamerican Reef and therefore cannot be the
primary cause in preventing reef-framework development at these
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sites. An additional factor at Xcaret, however is the narrow shelf
width, which has been shown elsewhere to prohibit reef develop-
ment [34]. Around Grand Cayman, for example, breakwater reefs
do not develop where the rock terrace is less than the distance that
hurricane waves can carry large coral clasts (~250 m), because
clasts are thrown ashore rather than accumulating to form the
foundation for reef growth [34]. The rock terrace at Xcaret is
generally 250 m or less and so, if the width hypothesis is valid, it
may be unsuitable for reef development. Reef absence in turn
means that sediment cannot be impounded by a lagoon during
storms and can freely move freely across the flat terrace surface at
regular intervals, smothering incipient reef-building communities.
Only at the terrace edge are corals protected from sediment
smothering allowing coral grounds to develop.

In summary, the coral-ground community at Xcaret lacks large,
old corals and is dominated by small, sediment-tolerant and
brooding species which suffer high rates of mortality due to
interactions with turf-algal sediment mats. These attributes are
consistent with physical removal and high sediment flux during
storms. The community only survives these conditions due to its
slope-break location, which ensures lack of burial and continued
local recruitment. We hypothesize that the narrow width of the rock
terrace likely prevents the permanent accumulation of sediment,

@ PLoS ONE | www.plosone.org

thereby ensuring that communities cannot escape bottom effects
and develop into three-dimensional reef structures. The fact that
diverse coral-ground communities exist both within and between
Caribbean reef tracts therefore implies that three-dimensional reef
development is not just a simple balance between accretion and
erosion, but instead has specific substrate requirements determined
by the geomorphology and sediment dynamics of the shelf.

The hypothesis that reef development has specific substrate
requirements is testable because it predicts that coral grounds
should be largely restricted to narrow rocky shelves where reef tracts
are absent and sediment flux is high. It also predicts that where reefs
are present, and trap sediment in their lagoons, the reduction in
sediment flux should allow corals growing along shelf slope-breaks
to develop into framework and produce submerged reef structures.
As a consequence, future work on coral grounds should consider
substrate geomorphology as a fundamental control.

Materials and Methods

Study area

The coral-ground studied is located on the insular shelf fronting
Xcaret (20.58° 87.12°), a tourist park 7 km south of Playa del
Carmen in the NE Yucatan Peninsula, Mexico (Figure 2a). In this
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area the insular shelf is narrow (~500 m), and starts from the rocky
shore (Figure 2b) where a small coastal cliff' descends to 2 m below
sea level. At the cliff base, the seabed flattens into a narrow
(~250 m) rock terrace that gradually deepens with a slope of 25° to
a depth of 10 m. The terrace is a flat, largely barren, bedrock
substrate that has been sculptured by wave scour and is similar to
terraces reported elsewhere in the Caribbean [40]. The coral
ground is located on the edge of this terrace, which is marked by an
abrupt slope break or scarp that descends from 10 m to ca. 12-13 m
(Figure 2c). In some areas, the coral-ground community extends
down to the slope break, especially where it is sub-vertical. In others,
the break is steeper and forms a scarp that is indented by channels or
overhangs to form small caves. At its base, the scarp flattens into an
outer sand-covered terrace that slopes gently to 25 m (Figure 2c).
This terraced shelf configuration is common in the Caribbean and
in other areas with significant reef development and is related to
variation in the rate of Holocene sea level rise [40], [41].

In other locations along the coast, the bedrock terrace has been
confirmed to be composed of late Pleistocene limestone that has
been leached and subaerially altered changing some of the original

@ PLoS ONE | www.plosone.org

aragonitic mineral phase to calcite (Blanchon unpublished core
data). At Xcaret, although no core data are available, the bedrock
terrace was temporarily exposed in a trench cut for an aquarium
outfall, and is composed of the same leached and subaerially
altered limestone seen on the adjacent rocky coast [42]. This
evidence of subaerial exposure proves the bedrock is a Pleistocene
limestone, not a Holocene reef deposit. In addition, the bedrock
terrace also shows widespread signs of wave scour and marine
ravinement with erosional sculpturing and coastal cliffing into the
onshore reef deposits, which have been dated as last Interglacial in
age [43]. Thus, despite significant framework development during
the last Interglacial in the area, and the common presence of many
reef-building species elsewhere along the coast, there is no active
framework accretion on the shelf at Xcaret today, nor has there
been during the Holocene.

Survey method

In collaboration with Park staff, the site survey was conducted
from May to July 2005 using video-transects and photography.
Ten 30x1 m belt transects, centred on a measuring tape, were
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haphazardly positioned perpendicular to the edge of the terrace at
approximately 10-13 m depth over a linear distance of 400 m
(Figure 2b). The distance between consecutive transects ranged
from 5 to 30 m. All Scleractinian colonies within the belt-transect
were identified to species level i situ and inspected for coral
diseases and competitive interactions (whenever an organism
touched or encroached the border of the coral colony) with
macroalgae, calcareous coralline alga, turf-algal sediment mats,
sponges and ascidians. Close-up photographs, with a scale, were
taken of every coral colony and later analyzed to measure its size
and partial mortality using the program SigmaScan Pro Version
4.0 (SPSS, Chicago, IL). Each colony was defined as any
autonomous coral skeleton with living tissue, including those that
were divided by partial mortality into separate patches of living
tissue, but morphologically still one entity [44]. Ten transects were
found to be an adequate sample size based on performance of
species-area curves (i.e. cumulative species versus number of sites)
levelling-off after eight transects.

Coral diseases were assigned to one of four categories: white-
plague (WP), yellow-band (YB), dark-spot (DS) and black-band
(BB). The percent number of colonies with diseases and
competitive interactions was calculated for all Scleractinians. Data
are presented as means * standard deviation.

Bottom cover by benthic groups (coral, fleshy algae, calcareous
algae, turf algae, sponges, and abiotic substratum) was obtained
using video-transects [45]. The video-transect was centred on the
measuring tape and filmed from a distance of 40 cm above the reef
substratum, using a digital video camera (model Sony DSC-10)
and housing. The camera to surface distance was controlled by a
projecting aluminium rod that ended in a horizontal scale.
Transect width was 0.3 m and image resolution was in the order of
0.5 cm. The video was divided into ~80 non-overlapping
photographic frames per transect that were analyzed using the
software program Coral Point Count with Excel Extension (CPCe;
[46]). The percent cover of benthic groups was calculated by
counting 30 random points per frame. Multiple frames were
combined into a single transect dataset that were analyzed for
population estimates [46].
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Coral Ground Development

A single member of the dive team identified  situ the presence
of non-scleractinian benthic fauna in the area to the lowest
possible taxonomic level following Bayer [47] for Gorgonians and
Humann [48] for the orders Actinaria and Zoanthiniaria and for
the Class Ascidiacea. Taxonomic identification of sponge species
was done by a member of the Xcaret aquarium through spicule
and tissue preparations based on Hooper [49].

Coral colony number and partial mortality were analyzed for
differences between size classes using a one-way analysis of
variance with transects as replicates and size class as factor,
followed by post-hoc analyses (Tukey HSD). Data were checked
for homogeneity of variances with Leven’s test and for normality
using normal probability plots. Coral disease prevalence and
competitive interactions data were analyzed using non-parametric
Kruskal-Wallis tests.

Supporting Information

Table S1 Summary of the number of coral species,
mean bottom coverage (%) and dominant coral species
in terms of the total number of coral colonies sampled in
three coral grounds and three coral reefs in the Mexican
Caribbean.

(DOC)

Acknowledgments

We thank the Xcaret tourist park, especially E. Rios and R. Raigoza, for
logistic support to conduct this study and L. Vazquez-Vera, R. Rodriguez
and A. Naal for their assistance in the field work. This manuscript was
greatly improved by comments from E. Jordan-Dahlgren.

Author Contributions

Conceived and designed the experiments: RERM AGJG MAM.
Performed the experiments: RERM AGJG MAM. Analyzed the data:
RERM PB AGJG. Wrote the paper: RERM PB AGJG.

14. Hubbard DK (1985) What do we mean by reef growth? Proc 5th Int Coral Reef
Congr. pp 433-438.

15. Hutchings PA (1986) Biological destruction of coral reefs - a review. Coral Reefs
4: 239-252.

16. Van Moorsel GWNM (1988) Early maximum growth of stony corals
(Scleractinia) after settlement on artificial substrata on a Caribbean reef. Mar
Ecol Prog Ser 50: 127-135.

17. Garcia-Salgado MA, Nava-Martinez GG, Vasquez M, Jacobs ND, Majil I, et al.
(2008) Declining trend on the Mesoamerican Reef System Marine Protected
Areas. Proc 11th Int Coral Reef Symp. pp 838-894.

18. Szmant AM (1986) Reproductive ecology of Caribbean reef corals. Coral Reefs
5: 43-54.

19. Loya Y (1976) Effects of water turbidity and sedimentation on the community
structure of Puerto Rican corals. Bull Mar Sci 26: 450-466.

20. Cortes ], Fisk MJ (1984) El arrecife coralino del Parque Nacional Cahuita. Costa
Rica. Rev Biol Trop 32: 109-121.

21. Quan-Young LI, Espinoza-Avalos J (2006) Reduction of zooxanthellae density,
chlorophyll a concentration, and tissue thickness of the coral Montastraea faveolata
(Scleractinia) when competing with mixed turf algae. Limnol Oceanogr 51:
1159-1166.

22. Roy RE (2004) Akumal’s reefs: Stony coral communities along the developing
Mexican Caribbean coastline. Rev Biol Trop 52: 869-881.

23. Bak RPM, Engel MS (1979) Distribution, abundance and survival of juvenile
hermatypic corals (Scleractinia) and the importance of life history strategies in
the parent coral community. Mar Biol 54: 341-352.

24. Sammarco PW (1980) Diadema and its relationship to coral spat mortality: grazing,
competition, and biological disturbance. J Exp Mar Biol Ecol 45: 245-272.

25. Rogers CS (1990) Responses of coral reefs and reef organisms to sedimentation.
Mar Ecol Prog Ser 62: 185-202.

26. Box SJ, Mumby PJ (2007) Effect of macroalgal competition on growth and
survival of juveniles Caribbean corals. Mar Ecol Prog Ser 342: 139-149.

December 2011 | Volume 6 | Issue 12 | e28461



27.

28.

29.

30.

31.

32.

36.

37.

38.

Jordan-Dahlgren E (1989) Efecto de la morfologia del sustrato en el desarrollo de
la comunidad coralina. An Inst Cienc Mar y Limnol UNAM 16: 105-118.
SEMARNAT (1998) Programa de manejo Parque Marino Nacional Costa
Occidental de Isla Mujeres, Punta Canctn y Punta Nizuc. Instituto Nacional de
Ecologia, México 159 p.

Jordan-Dahlgren E, Rodriguez-Martinez RE (1998) Caracterizacién de la
comunidad coralina del Parque Chankanaab. In: Jordan-Dahlgren E, ed.
Ecologia del Ambiente Marino del Parque Chankanaab, Fundacion de Parques
y Museos de Cozumel A.C. — ICMyL, UNAM 62 p.

Jordan E (1979) Estructura y composicién de arrecifes coralinos en la region
noreste de la Peninsula de Yu catan, México. An Centro Cienc del Mar y Limnol,
UNAM 6: 69 86.

Rodriguez-Martinez RE, Ruiz-Renteria F, van Tussenbroek B, Barba-Santos G,
Escalante-Mancera E, et al. (2010) Environmental state and tendencies of the
Puerto Morelos CARICOMP site, Mexico. Rev Biol Trop 58: 23-43.

Massel SR, Done TJ (1993) Effects of cyclone waves on massive coral
assemblages on the Great Barrier Reef: meteorology, hydrodynamics and
demography. Coral Reefs 12: 153-166.

Silva-Casarin R, Mendoza-Baldwin E, Escalante-Mancera E, Marifio-Tapia I,
Ruiz-Renteria F (2009) Oleaje inducido por el huracan Wilma en Puerto
Morelos, Q. Roo, México. Ingenieria hidraulica en México 24: 93-109.

. Blanchon P, Jones B, Kalbfleisch W (1997) Anatomy of a fringing reef around

Grand Cayman: Storm rubble, not coral framework. J Sediment Res 67: 1-16.

. Rogers CS, Fitz HC, 111, Gilnack M, Beets J, Hardin J (1984) Scleractinian coral

recruitment patterns at Salt River Submarine Canyon, St. Croix, U.S. Virgin
Islands. Coral Reefs 3: 69-76.

Smith SR (1992) Patterns of coral recruitment and post-settlement mortality on
Bermuda’s reefs: comparison to Caribbean and Pacific reefs. Am Zool 32:
663-673.

Hughes TP (1989) Community structure and diversity of coral reefs: The role of
history. Ecology 70: 275-279.

Porter JW (1972) Patterns of species diversity in Caribbean reef corals. Ecology
53: 745-748.

@ PLoS ONE | www.plosone.org

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

Coral Ground Development

Hubbard DK (1986) Sedimentation as a control of reef development: St Croix,
U.S.V.I. Coral Reefs 5: 117-125.

Blanchon P, Jones B (1995) Marine-planation terraces on the shelf around
Grand Cayman: A result of stepped Holocene sea-level rise. J Coast Res 11:
1-33.

Blanchon P (2011) Geomorphic zonation. In: Hopley D, ed. Encyclopedia of
modern coral reefs: Structure, form and process Springer-Verlag Earth Science
Series. pp 469-486. DOI 10.1007/978-90-481-2639-2.

Blanchon P (2010) Reef demise and back-stepping during the last interglacial,
northeast Yucatan. Coral Reefs 29: 481-498.

Blanchon P, Eisenhauer A, Fietzke J, Liebetrau V (2009) Rapid sea-level rise and
reef back-stepping at the close of the last interglacial highstand. Nature 458:
881-884.

Meesters EH, Wesseling I, Bak RPM (1996) Partial mortality in three species of
reef-building corals and the relation with colony morphology. Bull Mar Sci 58(3):
838-852.

. Uychiaoco AJ, Alino PM, Atrigenio MP (1992) Video and other monitoring

techniques for coral reef communities. In: Chou LM, Wilkinson CR, editors.
Third ASEAN science and technology week, conference proceedings, marine
science: living coastal resources. National University of Singapore 6: 35-40.
Kohler KE, Gill SM (2006) Coral Point Count with Excel extensions (CPCe): A
Visual Basic program for the determination of coral and substrate coverage
using random point count methodology. Computers & Geosciences 32(9):
1259-1269.

Bayer FM (1961) The shallow water Octocorallia of the West Indian region
Martinus Nijhoff, The Hague. 373 p.

Humann P (1992) Reef Creatures Identification: Florida, Caribbean, Bahamas
New World Publications, Jacksonville, FL. 328.

Queensland Museum website. SPONGUIDE_3003.DOC. Available: http://
www.qm.qld.gov.au/Site+Tools/Search?query = Sponge+guide&site-search-
submit = Search. Accessed 2011 Nov 9.

December 2011 | Volume 6 | Issue 12 | e28461



