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ABSTRACT

Seagrass communities in tropical reef systems are situated in a distinct environmental setting than other seagrass
beds around the world: they are exposed to high light intensities and low nutrient concentrations in carbonate sedi-
ments. Little is known about the forces which determine the community dynamics in these systems. Here we review
studies realized over the last two decades at Puerto Morelos reef lagoon, Mexican Caribbean (Latitude 20°52°N) which
highlight the dynamics of seagrasses and rooted macroalgae at time distinct frames. Daily fluctuations in physiology,
growth and release of gametes or pollen are driven by light and possibly by herbivore pressure. Growth and sexual
reproduction of the seagrasses and algae show seasonal patterns driven by the annual solar cycle. The temporal dy-
namics of the algae are more intense than those of the seagrasses, possibly due to their respective clonal expansion
strategies and rates. Sexual recruitment serves to colonize cleared areas and maintains high genetic variability within
populations as was shown for Thalassia testudinum. Hurricanes have a small effect on the seagrass-algal community,
selectively removing certain species, but the foundation species T. testudinum and the main producer of calcareous
sand Halimeda incrassata are resistant to hurricanes and full community recovery occurs within 2-3 y. Gradual but
persistent changes in community structure (relatively more investment in above-ground biomass) and composition
(higher relative dominance of faster growing species) reveal increasing input of nutrients in this originally considered
pristine and oligotrophic habitat.
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RESUMEN
Las condiciones ambientales de las comunidades de pastos marinos en sistemas arrecifales tropicales son distintas a
las de otras praderas del mundo. En este ambiente estan expuestas a altas intensidades de luzy bajas concentraciones
de nutrientes en sedimentos carbonatados. Se sabe poco sobre la dindmica de los pastos marinos y sus macroalgas
asociadas en las lagunas arrecifales. En esta revision bibliografica, se resumen estudios que abarcaron la dindmica
comunitaria de los pastos marinos y macroalgas durante las Gltimas dos décadas en Puerto Morelos, Caribe mexicano
(Latitud 20°52°N). Las fluctuaciones diurnas en el crecimiento, la fisiologia y la liberacion de gametos o polen estan in-
fluenciadas por el ciclo diurno de luz, y posiblemente por la presion de los herbivoros. El crecimiento y la reproduccion
sexual muestran patrones estacionales relacionados con los ciclos solares anuales. La dindmica temporal de las ma-
croalgas fijas al substrato, es mas intensa que la de los pastos marinos, lo cual se relacione con sus tasas y estrategias
de expansion clonal. El reclutamiento sexual sirve para colonizar areas perturbadas, y para mantener la variabilidad
dentro de las poblaciones, tal y como se demostré para Thalassia testudinum. Los huracanes tienen un efecto pequefio
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sobre la comunidad pasto-alga, eliminando selectivamente ciertas especies, pero la especie dominante, T. testudinum
y la principal productora de arena calcarea Halimeda incrassata, resisten los disturbios causados por los huracanesy
la comunidad se recupera en 2-3 afios. En las (ltimas dos décadas se han producido cambios paulatinos en la estructu-
ra (relativamente mas biomasa de partes de plantas por arriba del sedimento) y composicion de la comunidad (con una
mayor dominancia relativa de las especies de crecimiento rapido), que son indicadores de incrementos en nutrientes
en este sistema arrecifal que originalmente fue considerado como oligotréfico y pristino.

Palabras clave: Pastos marinos, algas, laguna arrecifal.

INTRODUCTION

Many tropical reef systems are composed of a mosaic of the in-
terconnected mangrove forests, seagrass beds and coral reefs
extending from the shoreline to the open ocean (Ogden & Gladfel-
ter, 1983; Moberg & Folke, 1999). Coral reefs are the best-known
and most widely studied of these three components, because of
their beauty, high biodiversity, economic importance, and their
high susceptibility to human-induced changes including glo-
bal climate change (Hughes, 1994; Hoegh Guldberg et al., 2007).
Fewer studies exist on the threatened mangrove forests (Valiela
et al., 2001), but the extensive seagrass beds covering the sedi-
ments of the shallow reef lagoons between the crests of fringing
or barrier reefs and the shoreline have received even less atten-
tion of the scientific community and general public, which Duarte
et al. (2008) attributed to a reduced “charisma”, greatly under par
to its ecological importance.

Seagrasses are marine flowering plants with global distri-
bution that form extensive meadows and are amongst the most
productive ecosystems on Earth (Mateo et al., 2006), sustaining
a diverse fauna (Green & Short, 2003) and large fishery industries
(Gillanders, 2006). Amongst their ecosystem services are carbon
sequestration (Mateo et al., 2006), cycling of nutrients (Romero
et al., 2006), nursery habitat (Heck et al,, 2003) and protection of
coastal areas through stabilization of sediments (Madsen et al,
2001). Coral reef systems obtain their optimal development in the
warm oligotrophic coastal waters. In these tropical or subtropical
waters, in contrast with temperate ones, seasonal changes are
less prominent or absent (Kain, 1989). But on the other hand, many
tropical systems are subject to major periodical disturbances by
hurricanes (cyclones or typhoons). The transparent waters pro-
vide a high light environment in contrast with many other more
turbid coastal waters where the seagrasses are found (Dennison
& Alberte, 1985; Zimmerman et al., 1991, Carruthers et al,, 2002).
Nutrient concentrations are generally low in reef systems (Carru-
thers et al., 2002) and the carbonate sediments of these systems,
in contrast with terrigenous ones, tend to have lower availability
of nutrients in their pore-water due to distinct biogeochemical
interactions (Erftemeijer & Middelburg, 1993; Van Tussenbroek
et al,, 2006a). In the reef systems, multiple interactions exist bet-
ween the interconnected mangrove forests, seagrass beds and
coral reefs (Ogden & Gladfelter, 1983; Dahlgren & Marr, 2004). The

coral reefs function as natural breakwaters, mitigating 75-90% of
the wave energy under normal conditions (Brander et al,, 2004),
favouring the development of mangrove and seagrasses in calmer
waters. The geological reefs and sediments can be considered as
by-products of calcium carbonate produced by reef organisms of
the reefs and the calcareous algae in the reef lagoons (Hubbard
et al, 1990). The seagrass and mangrove communities support
the existence of the reefs through the export of organic materials
and protection of the reefs from direct terrestrial runoffs (Alongi
& McKinnon, 2005) and providing nurseries for coral reef fishes
and other reef fauna (Nagelkerken et al, 2000, 2001; Verweij et
al., 2006; Unsworth et al,, 2008). The biodiversity of seagrass beds
near the reefs is high, supporting a rich flora (UNESCO, 1998,
Van Elven et al., 2004) and fauna (e.g. Monroy-Velasquez, 2000;
Eggleston et al, 2004). However, a comprehensive database of
fauna associated to seagrass beds in reef systems is lacking, thus
absolute comparison with other seagrass communities is not pos-
sible. A typical flora associated to seagrasses in reef lagoons is
the abundant and diverse community of rooted (rhizophytic) algae
(UNESCO 1998; Cruz-Palacios & Van Tussenbroek, 2005). Most of
these algae are calcareous and they are important producers of
calcareous sand (Van Tussenbroek & Van Dijk, 2007).

The distinct setting of seagrass communities in reef systems,
compared to other coastal seagrass beds around the world, most
likely has repercussions on the ecosystem dynamics and functio-
ning. The aim of the present work is to highlight the dynamics of
the rooted plants which inhabit the shallow reef lagoons at dis-
tinct time frames, in order to obtain a better understanding of the
forces which determine their community structure. The seagrass
community in Puerto Morelos reef system has received relatively
more attention than many similar communities, due to the presen-
ce of various marine research institutes, resulting in a concentra-
tion of research efforts of resident and visiting scientists, and will
therefore be used as a case study in this review.

PUERTO MORELOS REEF LAGOON: GENERAL
DESCRIPTION

The Puerto Morelos reef system on the NE coast of the Yucatan
Peninsula (Fig. 1a-c) is an open-ocean connected highly flushed
coastal system with a water residence time of 3 h under normal
wave conditions (Coronado et al, 2007). It is situated in the nor-
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Figure 1a-d. a-c) Geographical position of Puerto Morelos reef lagoon. d) A conceptual diagram of the reef system at Puerto
Morelos (after Carruthers et al., 2002). In figure C, T: Transect from coast to Reef, H1-2: sites of the simulation experiments of
hurricanes, C1-4: sites of CARICOMP monitoring: C1: Back-Reef, C2: Lagoon1, C3: Lagoon2, C4: Coast.
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thern part of an extensive barrier-fringing reef complex that ex-
tends from Belize to the Strait of Yucatan. An extended fringing
reef forms a 2-4 m deep reef lagoon, characterized by calcareous
sand that is stabilized by the seagrass meadows. Inland wetlands
are separated from the sea by a 2-3 m high and 100-200m broad
sand bar (Fig. 1c). Mean surface-water temperatures vary bet-
ween 25.1 °C in mid winter and 29.9 °C in late summer (monthly
averaged temperature from 1993 until 2005 (Rodriguez-Martinez
et al,, 2010). From November until April cold fronts or “Nortes”
produce decreases in air and seawater temperature. The average
rainfall is 1060.6 mm y~' (data from 1993 to 2004), without a clearly
defined dry or wet season. During periods of exceptionally heavy
rains, overflow of mangrove wetlands bring brackish tannin co-
lored waters into the lagoon. The Yucatan limestone is extremely
karstic and rainwater rapidly infiltrates into the aquifer, resulting
inthe absence of surface drainage or rivers and the water passes
through animmense network of underground caves and channels
to vent into the marine coastal areas through submarine springs
(“Ojos de agua”) and fissures (Fig. 1¢). Thus, the lagoon environ-
ment s principally governed by marine conditions and the salinity
varies little throughout the year (between 35.8 and 36.2%). The
hurricane season extends from June to November, peaking bet-
ween August and October. The main hurricanes directly affecting
this area over the last 25 y were Gilbert (hurricane force 5, Octo-
ber 1988) and Wilma (hurricane force 4, October 2005) and other
five hurricanes passed close to the study area, but did not have
a major impact on the biota (Rodriguez-Martinez et al., 2010). The
mean tidal range is very small (~17 ¢cm) with a maximal variabili-
ty in sea level of 32 cm (Coronado et al., 2007). The water in the
lagoon is typically oligothrophic with low mean nitrite (0.06 pM),
nitrate (13.9 uM) and phosphate (0.46 uM) concentrations (1982-
1983, Merino & Otero (1991). Likewise, porewater nutrient con-
centrations within the Puerto Morelos Reef Lagoon (NH,* 1.2-3.42
uM, DIN 2.8-5.1 uM and PO, 1.0-2.7 yM (Duarte et al,, 1995; Ca-
rruthers et al,, 2005) are low compared to global mean values for
seagrass meadows of 86uM-NH,* and 12 uM-P0,~3 (Hemminga &
Duarte, 2000). Puerto Morelos was a small fishing village until the
early 1980's, but since it has developed rapidly as tourism has be-
come the main economic activity. Amongst the major attractions
are the crystal clear seas, the white-sanded beaches and the reef
ecosystem. The initial population of <1,000 inhabitants in the ear-
ly 1980s developed into a rapidly growing community of ~15,000
inhabitants in 2008, and the number of hotel rooms experienced
a exponential increase from ~400 rooms in 1998 to ~6,500 in 2008
(source INEGI, Mexico). In 1998, Puerto Morelos reef was decla-
red a marine protected area and in average it receives ca. 200,000
visitors per year (http://www.conanp.gob.mx).

In this park, three seagrass species (Ruiz-Renteria et al,
1998) and 213 (Dreckmann et al., 1996) or 245 (Collado-Vides et
al, 1998) macro-algal species have been found. Collado-Vides et
al. (1998) discerned a significantly distinct phycoflora on the reef
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than in the reef lagoon, the sandy bottom of the reef lagoon being
characterized by the dominance of green coenotic (siphonous)
algae. The fauna assemblage in the reef system is diverse and in
total 669 species of marine invertebrate and vertebrate fauna ha-
ve been recorded (INE 2000). Specific diversity of various faunal
groups in the reef lagoon have been studied, including copepod
crustaceans (48 species, Alvarez-Cadena et al., 1998), decapod
crustaceans (120 species, Monroy-Velazquez, 2000; Briones-
Fourzan et al,, 2003), molluscs (48 species, Briones-Fourzan et
al,, 2003), sea-urchins (11 species, Bravo-Tzompantzi, 1996) and
fish (43 species, Alvarez-Guillén et al,, 1986). The majority of these
studies were not exhaustive and biodiversity of fauna in the reef
lagoon most likely is much higher.

The rooted vegetation in the reef lagoon is largely comprised
of the foundation species (dominant primary producer in terms
of influence and abundance) Thalassia testudinum Bank ex Ko-
nig, accompanied by the seagrass Syringodium filiforme Kiitzing
or Halodule wrightii Ascherson and the rhizophytic green algae.
The densities of S. filiforme or H. wrightii are usually small when
growing intermixed with T. testudinum, but these seagrasses can
attain high biomass (> 500 g dry m™%) in narrow coastal fringes
(Gallegos et al. 1994; Van Tussenbroek 1994a; Ruiz-Renteria et al.
1998). Sexual reproduction is common for all seagrass species
(Van Tussenbroek 1994b, unpublished data; Muhlia-Montero,
2011) and the calcified rhizophytic algae (Van Tussenbroek et al,,
2006b, Van Tussenbroek & Barba-Santos, 2011).

Plants in the reef lagoon most likely do not suffer from low
light stress throughout their principal depth distribution range.
The waters are relatively clear (Light extinction coefficient K; =
0.19-0.47 m~', Enriquez & Pantoja-Reyes, 2005). On sunny summer
days maximal irradiance at the water surface reaches ~2000 pmol
quanta m~' s~' (Enriquez et al., 2002) and a typical T. testudinum
canopy near the reef at a depth between 2.6-3.0 m receives max.
~800 and 1300 pmol quanta m~' s~"in the winter and summer, res-
pectively (Van Tussenbroek, unpublished data). Carbonate coral
sediments typically have small iron pools (Duarte et al., 1995) and
artificial addition of iron to T. testudinum in Puerto Morelos reef
lagoon resulted in higher concentrations of chlorophyll a in the
leaves and increased leaf growth, suggesting that this element
was limiting optimal development of the seagrass (Duarte et al,
1995). In this oligotrophic system the low leaf tissue concentra-
tions of nitrogen (1.8-2.2 % of total dry weight) and phosphorus
(0.13-0.19 % of total dry weight, Duarte et al., 1995; Gallegos et al.,
1993; Carruthers et al., 2005) indicate deficiency of these elements
according to the nutrient limits established by Duarte (1990).

RESULTS AND DISCUSSION

The continuous seagrass-algal vegetation extending along the ki-
lometres-long stretch of coastline of Puerto Morelos reef lagoon
may appear stable and rather uniform through time at first glance,
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butthe structure of the community ata certaintime and place is the
result of dynamic processes. Knowledge concerning the dynamics
at distinct time frames aid in understanding the underlying pro-
cesses and driving forces of this apparently stable community.

Diurnal cycles. Fluctuations on a daily basis in Puerto Morelos
reef lagoon are mostly determined by day-night cycles of irradian-
ce because the tidal amplitude is very low. During at least a part
of the day, the seagrass canopies are exposed to radiation inten-
sity higher than that required for maximal rates of photosynthe-
sis. Seagrasses have the ability to tolerate high light during solar
noon by down-regulating their photosynthetic apparatus through
dissipation of excess irradiance as heat (Larkum et al. 2006). In
the absence of heat dissipation, the photosynthetic apparatus
(particularly Photosystem 1l) is damaged (photoinhibition). But
the light climate within the canopy of T. testudinum decreases
through self-shading and the K, within the canopy varies between
2.1 and 11.5 m™" (Enriquez et al,, 2002; Enriquez & Pantoja-Reyes,
2005). The leaves of T. testudinum have a relatively high elonga-
tion rate (~0.25-0.49 c¢m leaf™" d~'; annual means 1990-1992, Van
Tussenbroek 1995), thus a basal leaf section experiences a 2%
daily increase in photonflux density as it elongates (Enriquez &
Pantoja-Reyes, 2005). The photosynthetic capacity along the lea-
ves changes accordingly, increasing at first from the base (near
the sheath with low chlorophyll concentration) to a certain length
(various cms) and then decreasing again towards the apex, whe-
re the leaves suffer from photodamage (Enriquez & Pantoja-Re-
yes, 2005). The apical sections of the leaves, exposed to the high
irradiance, show reduced pigment content, leaf absorptance and
reductions in the quantum yield of Photosystem II, which are indi-
cations of photoinhibition. Photosynthesis by the leaves supports
aerobic respiration in the rhizomes and roots of the seagrasses,
but the transport of oxygen often exceeds the respiratory requi-
rements of the below-ground tissue and 0, is released from the
roots into the sediments (Smith et al., 1984). Thus, apart from the
deposition of organic matter, the seagrasses affect biogeoche-
mical condition of the sediments through the release of 0, and
exudates from the roots, stimulating a diverse bacterial communi-
ty (Moriarty & Boon, 1989). This influence on biogeochemical pro-
cesses in the sediments depends on the photosynthetic activity of
the seagrasses, which is reflected in the redox potential of the se-
diments. The redox potential in a well-developed bed of T. testudi-
numin Puerto Morelos is on average 211 mV higher than adjacent
sediments without vegetation and the oxidizing capacity of the se-
agrasses is highest at the depths with maximal below-round bio-
mass (Enriquez et al,, 2001). The redox potential in the rhizosphere
declines 45 mV when the incoming irradiance is lowered to 27%
of ambient light by experimental shading (Enriquez et al,, 2001).

The seagrasses show a clear diurnal pattern in physiology
(Smith et al., 1984) and growth (Williams & Dennison, 1990) re-
lated to photosynthetic activity, and likewise the calcification of
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the calcified rhizophytic algae only occurs during light when the
algae are photosynthesizing (Van Tussenbroek & Van Dijk, 2007).
But the rhizophytic algae may maintain high grow rates during
the night, which has been shown for Caulerpa cupressoides by
Williams and Dennison (1990). New segments of Halimeda incras-
sata (Ellis) Lamouroux are formed in the dark and obtain their full-
grown size in ~24 h, calcifying during daylight (Hay et al,, 1988,
Multer, 1988, Van Tussenbroek & Van Dijk, 2007). This has also
been observed for other Halimeda spp. (Hay et al., 1988; Drew &
Abel, 1990; Larkum et al,, 2011) and it is thought to be an adap-
tation to avoid consumption by juvenile parrotfish that are only
active during daylight (Helfman, 1993; Bruggeman et al,, 1994). The
siphonous green algae also move their chloroplasts away from
the periphery during the night when they become considerably
paler. Such circadian migration of chloroplasts has been studied
in Bryopsis sp. (Menzel & Schliwa, 1986), Caulerpa sp. (whitening
of the tips of young growing lamina; Dawes & Barilotii, 1969) and
the segments of an opuntoid species of Halimeda spp. (Drew &
Abel, 1990). Drew and Abel (1990) hypothesized that the retraction
of these vital organels from the plant surface may be a protec-
tion from mesograzers such as small green sacoglossan molluscs
(Fig. 2) at times when they serve no purpose.

Remarkable are the processes of release of gametes of the
rhizophytic calcareous algae or the pollen grains of the seagrass
T. testudinum in synchrony with cycles of daylight. Rhizophytic
algae of the genera Halimeda, Penicillus, Rhipocephalus and
Udotea produce biflagellate gametes by transporting all cellular
contents into terminally-located gametangia (Fig. 2). Clifton (1997)
and Clifton and Clifton (1999) have reported that the release of ga-
metes occurs early in the morning just after dawn and only lasts
for 15-30 min in Panama, and we have observed similar timing
of gamete release for the same genera in Puerto Morelos. After
release of the gametes, only the white calcareous skeleton with
empty gametangia remain (Fig. 2). Dehiscence of the male flowers
of the seagrass T. testudinum is also synchronized but occurs at
night when the ripe primordia open at dusk and release all pollen
within 1-2 h (Fig. 2, Van Tussenbroek et al., 2008a, 2009). Daily syn-
chronized release of gametes (of the algae) or pollen (of T. tes-
tudinum) are typical for coral reef environments and may or may
not occur in other habitats. Synchronization may be a mechanism
of concentration of gametes (of the algae) or pollen (of T. testudi-
num), but alternatively may be a response to avoid consumption
by nocturnally active zooplankton (Hay, 1997) or daily active pa-
rrotfish (Van Tussenbroek et al,, 2008a), respectively.

Seasonal variability. The growth rates of the seagrass Thalassia
testudinum and the alga Halimeda incrassata in Puerto Morelos
reef lagoon vary seasonally (Fig. 3). Puerto Morelos, at <21° latitu-
de, experiences a difference of ~2.5 h in daylight and ~5 °C tempe-
rature hetween winter minima and summer maxima (Fig. 3). Most
likely light and the solar cycle are the driving forces of seasonal
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Figure 2A-H. A-D Pollen release of Thalassia testudinum. E-H) Release of gametes by Halimeda incrassata at Puerto Morelos
reef lagoon. A) Male flower bud at anthesis 11 May 2009 at 6:57 PM, B) Flower after pollen release on 111" May at 8:31PM, C)
detail of anther flower with pollen, D) Male flower bud consumed by parrotfish, E) Thallus with gametangia on 8th May 2011 6:30
A.M.,, F) Thallus after release of gametes on 8th May at 6:45 A.M., G) Detail gametangia, H) Nocturnal feeding of nudibranchs

(Elysia sp.) on gametangia.

3.0 114 131 ©

130 @

2

— 7295

2 S 282

2 o = £

G E £ 72

25 >~ 126 &

S

o2 a 725;

124

+ T testudinum at C3 (1991)

— - Daylight

O H. incrassata at C1 (1998) calcified weight -—-T (Avg '93-'05)

Figure 3. Seasonal variation in productivity of the seagrass Thallasia testudinum and the calcareous rhizophytic alga Halimeda
incrassata at Puerto Morelos reef lagoon. Data from Van Tussenbroek (1995) and Van Tussenbroek & Van Dijk (2007). Data on

temperature (T) courtesy of SAHP, UNAM.

changes in the open-ocean connected reef lagoon and there are
only few reports of solar-related seasonal fluctuation this far south
(Van Tussenbroek 1995; Van Tussenbroek & Van Dijk, 2007). The
magnitude of the seasonal variations in growth rates are reflected
in minor fluctuations in the dry weight of the seagrass shoots or
thalli (Van Tussenbroek 1994a, 1995; Van Tussenbroek & Van Dijk,
2007). But at the level of community, seasonal changes in stan-
ding crop are not obvious as is indicated by the following study.

From June 1990 until October 1991, the above-ground biomass of
seagrasses and algae was determined at monthly or bimonthly
intervals (and once at an interval of three months) at 11 stations
from coast to reef following the protocol described by Van Tus-
senbroek & Van Dijk (2007) for H. incrassata. The vegetation was
divided into large morphological groups being: the seagrasses
Thalassia testudinum and Syringodium filiforme, Halimeda spp.,
other calcareous algae (Penicillus spp., Rhipocephalus spp., Udo-
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Table 1. Seasonal variability in above-ground biomass of vegetation groups (see Fig. 4) in Puerto Morelos reeflagoon from July 1990 until Dec-
ember 1991 tested with Two-Way ANOVA with sampling time (Time, N 11) and station (N 11) as fixed factors (c. 0.01 after Bonferroni correc-
tion). The Spongy algal group is not included because of significant deviations from normality and homoscedasticity. Tukey Poshoc analy-
ses are realized after grouping sampling times in seasons which are listed in ascending order of biomass; the parenthesis indicate groups
with significant difference. Wi = winter, Sp = Spring, Su = Summer, Au = Autumn, * p < 0.001, ns = not significant, na = not applicable.

Time Station Time x Station ~ Tukey Poshoc
Thallasia testudinum 7.920 % 97.551* 2.887* (Au Su) (Wi Sp)
Syringodium filiforme 6.578* 50.779* 2.704* (Au Wi Sp Su)
Halimeda spp. 1.036 "s 62.777* 2.326* na
Other calcareous algae 1.081ns 92.703* 2.153* na
Drift algae 5.307* 244.203* 4.294* (Wi Sp) (Au Su)

tea spp.), Spongy algae (Avrainvillea spp., Cladocephalus spp.)
and drift algal groups (mainly Lobophora spp. with less Laurencia
spp.). The calcareous algae do not show significant seasonal va-
riations (Table 1), and even though above-ground biomass of the
seagrasses varies with time, maximal summer or minimal winter
values are not obvious (Fig. 4, Table 1). At this level of commu-
nity organisation, the effects on population densities of grazing,
competition for light with drifting algal masses, storms, biotur-
bation, natural recruitment or death may be of more influence
to total standing crop than individual growth rates and weights
of the plants. The drifting algal group is an exception, and these
algae attain their maximal biomass during late Summer-Autumn
and minimal abundance in the Winter-Spring (Fig. 4, Table 1). Ro-
driguez-Almazan (1997) reports that the cover of masses of the
dominant drifting brown alga Lobophora variegata (Lamouroux)
Womersly (ruffled form) is related to periods of heavy wave-ac-
tion caused by during periods of northern winds in Winter and
Spring or tropical storms (which did not occur in 1990-1991). The
drifting algae may play an important role as a habitat to meiofau-
na, including the juvenile spiny lobster (Panulirus argus Latreille,
1804; Briones Fourzan & Lozano-Alvarez, 2001), thus variations in
their abundance affect the diversity and abundance of associated
fauna (Estrada-0livo, 1999).

Both the seagrasses and the rhizophytic algae in the reef
lagoon have a well-defined seasonal reproductive period. The
reproductive season of the rhizophytic calcareous algae typically
occurs from late winter to late summer, with clear peaks at the
beginning (February) and the end (September) of the reproductive
season (Van Tussenbroek and Van Dijk, 2007; Van Tussenbroek
et al,, 2006b). Flowering of T. testudinum occurs from March until
May with fruit-set from June until September (Van Tussenbroek,
1994b) and H. wrightii and S.filiforme reproduce from February
until April or May (Muhlia-Montero, 2011). The onset of the repro-
ductive season of the seagrasses varies by 1to 3 weeks between
years (Van Tussenbroek, unpublished data) and local fluctuations
in water temperature and light regime (intensity or photoperiod)
are thought to be the main factors influencing the induction of the
flowering season of seagrasses in general (McMillan,1976, 1982,
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Inglis & Lincoln Smith, 1998; Walker et al,, 2001). But in Decem-
ber 2005, 5-6 weeks after the passage of major hurricane Wilma,
unusual mass-reproduction rhizophytic algae and fruit-set of S.
filiforme were reported (Van Tussenbroek et al., 2006b). The re-
productive cycle of T. testudinum also initiated unusually early
(January) in the following year (Van Tussenbroek, unpublished
data). Oceanographic equipment (Awac Acoustic Doppler Profi-
ler, Nortec AS, Norway) located on the fore reef at 20 m depth re-
gistered a drop in seawater temperature from 29 to 19°C within 12
h during the passage of the hurricane. The reduced temperature
event lasted ~18 h, followed by rapid recovery to 25-26°C once the
hurricane had passed (Escalante-Mancera et al,, 2009). Tempera-
tures below 25°C are not registered under usual conditions in this
lagoon (Rodriguez-Martinez et al., 2010) and the thermal anomaly
registered during Wilma, may have been the trigger for the unusual
mass spawning of the green algae and premature flowering of
the seagrasses. Reproductive thalli and reproductive shoots of
seagrasses S. filiforme and T. testudinum have been found at all
times of the year since, until 2010-2011 (Van Tussenbroek & Bar-
ba-Santos, 2011; Van Tussenbroek, unpublished data). After the
unusual reproductive events following hurricane Wilma, Halime-
da incrassata likely produced viable zygotes (Van Tussenbroek &
Barba-Santos, 2011) and S. filiforme (Guzman-Trampe, 2009) and
T. testudinum (Troyo-Ballina, 2009) showed viable fruit- and seed-
set, indicating that the environmental conditions are favourable
for the development of reproductive structures throughout the
year in this tropical lagoon. Thus, wether the seasonal patterns
of sexual reproduction of the seagrasses and rhizophytic calca-
reous algae are a collective response to environmental cues or a
strategy of reproductive assurance remains to be investigated.

Inter-annual stability. A remarkable trait of the rooted vegetation
in the reef lagoon is that all plants are clonal. The vegetative clo-
nal growth occurs through multiplication of the ramets on below-
ground runners, which are rhizomes in the case of seagrasses
(e.g. Gallegos et al., 1993, 1994; Van Tussenbroek et al., 2006a),
the rhizoids of the rhizophytic calcareous algae (Van Tussenbroek
& Barba-Santos, 2011). The stalked lamina of the spongy-like al-
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Figure 4a-f. Biomass of the seagrasses (a, b) and algae (g dry m% calcified dry weight of calcareous algae Halimeda spp. (c) and
other calcareous algae (d) sampled at monthly (1990) or bimonthly (1991) intervals from July 1990 until December 1991 (except
for August 1991) at 11 stations along a transect (T in Fig. 1) from the coast (station 1) to the reef crest (Station 11) in Puerto Mo-
relos reef lagoon. Each point represents the average biomass per sampling station (N 5 quadrats of 0.3 x 0.3 m per sampling per
station). d) Other calcareous algae: Penicilus spp. Rhipocephalus spp. and Udotea spp., e) Spongy algae: Avrainvillea spp. and
Cladocephalus spp., f) Drift algae: Lobophora variegata (~90%) and Laurencia sp. (~10%). Note differences in ordinate scales.

gae Avrainvillea and Cladocephalus spp. in contrast, arise from
a large amorphous below-ground holdfast (Littler & Littler 1999),
and the drift algae tend to multiply through fragmentation (Ro-
driguez-Almazan, 1997). The clonal growth allows for long-term
permanence of the species, and the plant communities in the reef
lagoon appear very constant throughout the year and between
years when major disturbances are absent.

The ramets of the clonal seagrasses and rhizophytic algae
are the units of interaction with the neighbours and the environ-

ment (Harper, 1985) and the population cycles of these ramets
define the dynamics and structure of the community. Interannual
stability of the populations of the seagrass and rooted algal spe-
cies groups and drift algae from 1990 until 1996 (excluding 1995)
has been determined along a transect from the coast to the reef,
as described above for the seasonal variations in biomass. The
interannual coefficients of variation (CV) were smallest for the
seagrass species (especially T. testudinum), they were higher for
the rhizophytic calcareous algae (Halimeda spp. and other cal-
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Figure 5. Interannual variability (CV: SD/total average x 100%)
of the biomass of the seagrasses and algal groups sampled
in the summer months of 1990-1996 (excluding 1995) at 11 sta-
tions along a transect (T in Fig. 1) from coast to reef in Puerto
Morelos reef lagoon. Each point represents a sampling sta-
tion. Data in parenthesis indicate biomass (g dry m?) of the
species groups (calcified dry weight for the calcareous algal
groups Halimeda spp. and Other Calc.: ~85-90% of dry weight
is CaC0s). Other Calc.: Other calcareous algae. See legend in
Fig. 4.

careous algae) and they were exceptionally high for the spongy
algae (mainly Avrainvillea spp.) and drift algae (Fig. 5). Seagras-
ses, in contrast to the clonal rhizophytic algae, maintain physical
contact with the juvenile shoots and they show physiological in-
tegration (Tomasko & Dawes, 1989; Marba et al., 2002). Such phy-
siological integration results in low mortality of the newly formed
shoots (Gallegos et al,, 1994, Van Tussenbroek, 2002), which is an
indication of support from the older ones (Van Tussenbroek, 2002).
Seagrass populations, and especially those of T. testudinum, the-
refore, tend to be stable through time, in the absence of major
disturbances (Fig. 5, Van Tussenbroek, 2002). The thalli (ramets)
of H. incrassata, in contrast, have a relative high juvenile morta-
lity (19%), most likely because the juvenile thalli do not maintain
physical contact with the older ones (Van Tusssenbroek & Bar-
ba-Santos, 2011). The shoots (ramets) of the foundation seagrass
T. testudinum attain a high age of 9y (Gallegos et al., 1993) or >
20 y (Van Tussenbroek, 1994b) depending on the site within the
lagoon. The ramets of the seagrasses H. wrightii (max. 1.2 y, Ga-
llegos et al,, 1994) and S. filiforme (max. 2.8 y, Gallegos et al,, 1994)
are much shorter and comparable with the maximal age of the
thalli of the calcareous alga H. incrassata (2 y, Van Tussenbroek
& Barba-Santos, 2011). Thus, the more intense dynamics of the
ramets of the rhizophytic algae (in comparison with S. filiforme,
Fig. 5) can thus most likely be attributed to the absence of physio-
logical integration and not to their maximal life-span. Much less
is known concerning the population dynamics of the (holdfasts
of the) spongy algae, but Avrainvillea longicaulis (Kuetzing) Mu-
rray & Boodle can form full proliferations on a holdfast within 3 d
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through rapid siphon extension (Littler & Littler, 1999). These au-
thors suggest that this rapid proliferation and blade abandonment
is a strategy to get rid of epiphytes. In this context, it is interesting
to note that few fronds of the drifting algae Lobophora variegata
in Puerto Morelos reef lagoon persist after storms as epiphytes on
the spongy algae followed by rapid population expansion (Rodri-
guez-Almazan, 1997).

Co-existence of the different seagrass species and rooted
algae in the tropical seagrass systems, of which the reef syste-
ms are an example of excellence, has been an enigma, because
in these oligotrophic systems where competition for nutrients
is most severe (Williams, 1987, 1990; Davis & Fourqurean, 2001),
the seagrass T. testudinum is competitively superior and should
thus eventually exclude all other species in due course of succe-
ssion through facilitation (Williams, 1990). But in oligotrophic reef
systems the seagrass and algal species always grow intermixed
without forming clear patches with intermediate succession spe-
cies. Co-existence of early and late-colonizers in stable well-de-
veloped seagrass communities has been explained by niche diffe-
rentiation (e.g. different rooting depths, Williams, 1990; Duarte et
al., 1998) or differential resource exploitation during succession
(Williams, 1990). But the temporal heterogeneity in clonal spread
and resource capture by the rooted plants may also play a role in
the maintenance of diversity of the seagrass-algal communities
in the Caribbean reef lagoons. The late-colonizing and foundation
seagrass T. testudinum has a centrifugal “guerrilla-type” clo-
nal growth form (Marba & Duarte, 1998; Valdivia- Carrillo, 2011),
which is not very typical for a climax species. Lovett-Doust (1981)
described the guerrilla growth form as an “opportunistic strategy
of rapid spread and sampling of the environment” in contrast with
the “phalanx strategy” which is characterized by “consolidation
of scarce resources and slow radial spread”. Clonal plants that
exhibit guerrilla-type growth forms leave unoccupied zones with
resources (Harper 1985). T. testudinum produces new shoots in
the order of months (Gallegos et al., 1994; Van Tussenbroek, 1998).
But rapid growing seagrasses such S. filiforme (Gallegos et al,,
1994) or rhizophytic algae such as H. incrassata produce ramets
in the order of weeks (Van Tussenbroek & Barba-Santos, 2011)
and can thus quickly usurp the unoccupied resource-depletion
zones left by T. testudinum, and thus allowing for co-existence of
seagrasses and algae.

Clonal growth patterns determine the persistence, prolife-
ration and distribution of the genets (sexual individuals that are
originated from seeds or zygotes) in the populations, but the
richness of the genets depends on sexual recruitment. T. testu-
dinum at a coastal zone in Puerto Morelos reef lagoon consists
of many single genotypes with a high clonal richness (R) of 0.79
(proportion of genetically unique individuals, max. = 1, Van Dijk &
Van Tussenbroek, 2010). Between 85-90% of the fruits dehisced
in situ followed by limited seed dispersal (<1-10 m, Van Dijk et al.,,
2009). Thus, at least for T. testudinum, sexual reproduction plays
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an important role in maintaining within population genetic variabi-
lity. Sexual recruits are also important for long distance dispersal
(Van Dijk et al,, 2009) and for recolonization of denuded areas af-
ter major disturbance within the reef lagoon (see below).

Major disturbances 1: Hurricanes. The seagrass-algal communi-
ty in Puerto Morelos reef lagoon is surprisingly resilient to the im-
pact of hurricanes and most likely the reef barrier functions as a
major protection structure. For example, during hurricane Wilma
(October 2005, force 4, winds ~240 km h~', duration ~63 h) waves
attained a mean peak height of ~11 m outside the reef tract (Es-
calante-Mancera et al., 2009), which were reduced to ~3 m within
the reef lagoon (Hydrological and Meteorological Service, Unidad
Académica Puerto Morelos, unpublished data). Major hurricane
Gilbert (force 5) passed over Puerto Morelos in September 1988
with winds ~300 km h~' (duration ~8 h) and its impact on T. tes-
tudinum was evaluated by means of retrospective analysis. Most
populations of this seagrass suffered from either sediment burial
or erosion (Marba et al,, 1994; Van Tussenbroek, 1994c), but de-
pending on environmental settings the population sizes decreased
only slightly, and when decreases were more substantial, reco-
very was initiated after 1-2 y (Van Tussenbroek, 1994c). Passage
of hurricane Wilma (October 2005) over Puerto Morelos, Mexican
Caribbean, caused significant decrease in population density of
the seagrass Syringodium filiforme and rhizophytic calcareous
algae, whereas populations of the seagrass Thalassia testudinum
and Halimeda spp. were almost unaffected (Van Tussenbroek et
al., 2008b). These impacts of the hurricane supported the results
of earlier experiments simulating sediment removal and burial by
hurricanes (Cruz-Palacios & Van Tussenbroek, 2005). Thus, apart
from obvious impacts such as destruction of seagrass beds, hu-
rricanes may also change the community structure of persistent
beds through species-specific elimination. In the later case, reco-
very of the community may be relatively fast. Experimental burial
and sediment removal resulted in a distinct community (Cruz-Pa-
lacios & Van Tussenbroek, 2005), but the differences in species
composition between the experimental and control plots was
inexistent after three years (Fig. 6). Hurricane Wilma eliminated
the lush vegetation of a coastal fringe of 10-60 m by deposition
of a 0.5-1.0 m thick layer of sand. At present, primary succession
in this zone follows classical pattern of succession through faci-
litation (Williams, 1990; Van Tussenbroek et al,, 2006a). The early
arrivers were seedlings of Halodule wrightii (after ~6 months) and
Syringodium filiforme (after ~1y, Van Tussenbroek, unpublished
data) and rhizophytic algae. First recruits of H. incrassata in the
denuded coastal area after hurricane Wilma were found 8 months
after passage of the hurricane at an average density of 1.3 juve-
nile or young thalli per 100 m2, and were most likely from sexual
origin (Van Tussenbroek & Barba-Santos, 2011).

In addition, a sudden drop in seawater temperature during
hurricane Wilma (October 2005) most likely caused loss of syn-
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chronization in sexual reproduction of the seagrasses and algae
(see section Seasonal variability). This sudden decrease in tem-
perature was due to upwelling during the hurricane which brought
sub-superficial waters from deeper zones to the surface in order
to restore normal sea levels and hydraulic balance (Escalante et
al., 2009). The colder and nutrient-enriched water likely replenis-
hed Puerto Morelos reef lagoon with essential trace metals and
T. testudinum leaf tissue concentrations of Zn increased from 8.3
to 41.9 ug dry g~' and concentrations of Fe rose from 24.0 to 78.1
ug dry g~ (Whelan et al,, 2011).

Major disturbances 2: Eutrophication. Overthe lastthree decades,
the urban development of Puerto Morelos has increased conside-
rably, with a ten-fold increase in population and establishment of
several major hotel complexes. Potential sources of nutrients into
the sea are hotels (e.g. from fertilizers for the golf-courses), inten-
sive farming, rubbish disposal and residential sources. The village
of Puerto Morelos has no central sewer system and wastes are
discharged into septic tanks or directly into the aquifer (see also
Fig. 1). The reef system thrives under low natural nutrient con-
centrations and eutrophication may cause drastic changes in
this coastal ecosystem. The seagrass-algal community in the reef
lagoon has undergone gradual, almost imperceptible changes
over the last decades (Rodriguez-Martinez et al.,, 2010). Nutrient
availability to seagrasses may be derived from C:N:P ratios in the
leaf tissues (Duarte, 1992; Fourqurean et al.,, 1992). Carbonate sys-
tems, such as Puerto Morelos reef lagoon, are phosphorus limited
(Short et al., 1990; Fourqurean et al,, 1992; Carruthers et al., 2005)
and the C:P ratio contents in T. testudinum leaves sampled at se-
veral sites within the reef lagoon gradually decreased from 1991
to 2005 from average 731:1 to 564:1 (N 4 stations) respectively,
indicating increasing availability of phosphorus (Rodriguez-Mar-
tinez et al, 2010). The seagrasses T. testudinum and S. filiforme
showed a gradual shift to relatively higher biomass invested in
above-ground tissues (Rodriguez Martinez et al., 2010), which is
consistent with an increasing nutrient load (Zieman & Wetzel,
1980; Erftemeijer & Middelburg, 1993). The total above-ground
biomass of the community increased from 1991 to 2005, whereas
that of T. testudinum remained constant (Rodriguez-Martinez et
al, 2010). Thus, the relative biomass of T. testudinum decreased
during that period whereas that of the faster-growing S. filiforme
and fleshy and drift macroalgae increased, although these ten-
dencies varied within and between the seagrass and algal groups
according to environmental setting and total community biomass
(Fig. 7). The calcareous rhizophytic algae, however, showed a dis-
tinct tendency with nutrient increase than the other algal groups
and their relative abundance decreased when conditions became
more eutrophic (Fig. 7). A possible reason may be that at higher
densities, light extinction in between the canopy increases (En-
riguez & Pantoja-Reyes, 2005) and rhizophytic algae, which are
smaller than the seagrass leaves (Cruz-Palacios & Van Tussen-
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Figure 6a-h. Multi Dimensional Scaling (MDS) plots of the species composition after experimental simulation of the effects of hu-
rricanes in a seagrass-algal community at two sites (H 1,2 in Fig. 1) in Puerto Morelos reef lagoon, with the enclosures indicating
the clusters determined by ANOSIM analysis (Primer v.5, Clarke & Warwick, 2001). a) 2002: within 2 months of the experimental
treatments. b) 2005: three years after the experimental treatment when no differences in species composition were detected
between the treatments. C: Control, B1: Burial level 1, B2 Burial level 2, SR1 Sediment removal level 1, SR2: Sediment removal
level 2, the last number indicates the number of replicate (see Cruz-Palacios & Van Tussenbroek, 2005 for further information).

broek, 2005), are likely overshadowed by the seagrasses. Only
at the extreme oligotrophic back-reef an increase in the relative
abundance of the calcareous increase is observed (Fig. 7). These
changes in the community structure also demonstrate that popu-
lations of the macroalgae (and fast growing seagrass species) are
more dynamic than those of the dominant but slow-growing T. tes-
tudinum (see section inter-annual stability). Thus, at a community
scale, the algae (and possibly also the faster growing seagrass

Vol. 21 No. 32011

species) may be better indicators of change than the foundation
seagrass T. testudinum. This gradual shift in community structure
is consistent with the relative dominance model which predicts
that the competitive superiority tends to favor species with faster
relative growth rates at increasing nutrient availability (Fourqu-
rean et al., 1995; Rose & Dawes, 1999; Fourqurean & Rutten, 2003).
Thus, there are strong indications that Puerto Morelos reef lagoon
is slowly changing from a pristine to a more eutrophic system.



304

Faster relative growth rate

Seagrass

Algae

T. testudinium

S.filiforme

Relative above-ground biomass (%)

Calcareous

Spongy

Drift

van Tussenbroek B. I.

Increasing total community biomass

v

80

60

40

20

40

30

20

40

30

2

o

80

60

40

20

N

Back-Reef , Lagoon 1 Lagoon 2 Coast
62.8g dry m 104.5 g dry m*® 126.7 g dry m® 325.9 g dry m?
C:N 23.2 C:N 215 C:N 19.1 C:N 18.0
C:P730.8 C:P 698.5 C:P 546.3 C:P 4401
ol | N *Lllmvﬁ (il
H ‘ [[ITRY
High
hydrodynamic
regime
. L || II‘ Al |
R I I CAREC A i ST N
Year

Increasing nutrient input into the system
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Dynamics of seagrass communities in tropical reef lagoons in
general. The present state and dynamics of the seagrass com-
munity at Puerto Morelos reef lagoon are in many ways repre-
sentative of other seagrass systems from similar areas, but se-
veral major differences in environmental settings and dynamics
are obvious. Other reef systems may receive intermittent nutrient
inputs from terrestrial runoff (Gabric & Bell, 1993), or upwelling
possibly in combination with tides (Wolanski et al., 1988; Smith et
al.,, 2004). Thus, in many tropical reef systems at similar latitudes
or more towards the tropics, other factors than incoming radiation
may mask the signal of solar radiation and intra-annual changes
in productivity can be forced by upwelling events or increased
nutrient input and turbidity during rainy seasons (Day et al,, 1982,
Flores-Verdugo et al,, 1988; Carrurthers et al,, 2002). Tidal differen-
ces are generally small in the tropical Atlantic, but they are more
obvious in many places in the Indo-Pacific and the time of the day
when the beds fall dry is of great influence for seagrass biomass
and functioning (Erftemeijer & Herman, 1994; Stapel et al,, 1997)
and the timing of sexual reproduction (Pettitt, 1980, 1984; Cox &
Knox, 1989; Cox, 1991). Elsewhere, grazing by sea urchins may
play an important role in community structure of tropical beds
(Klumpp et al., 1993; Valentine et al., 2000) and excessive grazing
by fish may leave areas devoid of seagrasses near the reef (Ran-
dall, 1965). These processes are not obvious in Puerto Morelos.
Tropical seagrass beds are feeding grounds for marine turtles
(Williams, 1988; Moran & Bjorndal, 2005; Murdoch et al., 2007),
manatees or dugongs (Preen, 1995; Marshall et al,, 2000). But si-
milar to most tropical systems (Jackson, 1997; Valentine & Duffy,
2006), the abundance of these large herbivores are greatly redu-
ced in Puerto Morelos at present. Excessive grazing of sea turt-
les may cause total collapse of seagrass beds (Fourqurean et al.
2010) and the actual virtual absence of the large herbivores may
be unprecedented for the tropical seagrass beds (Jackson, 1997;
Valentine & Duffy, 2006). The structure of what we call “pristine”
beds at the moment may have been completely different before
these animals were hunted down by humans.

On a world-wide scale, seagrass communities suffer from
reduction in coverage on a global scale due to human-impacts
such as eutrophication, siltation, fisheries (resulting in modifica-
tion of food webs), introduced invasive algae, dredging, and land
reclamation (Short & Wyllie-Echeveria, 1996; Duarte, 2002; Orth et
al., 2006; Waycott et al,, 2009; Short et al., 2011). But much of the
current knowledge on seagrass communities is based on studies
in coastal bays (mostly temperate and subtropical), estuaries or
other wave-protected areas (e.g. most data used by Waycott et
al.,, 2009 on world-wide loss of seagrass beds are from studies
in temperate regions) and less is known concerning the actual
state of the seagrasses that occupy the reef lagoons (see also
Carruthers et al, 2002). Seagrass communities in reef systems
throughout the Greater Caribbean have been monitored as part
of the Caribbean Coastal Marine Productivity (CARICOMP) Pro-

Vol. 21 No. 32011

305

gram, which is a mangrove, seagrass and coral monitoring net-
work initiated in 1993 (UNESCO 1998). Throughout this area, na-
tural disturbances such as hurricanes, earth quakes or excessive
rainfalls cause declines in seagrass cover, but the communities
usually recover within 6 mo to 3 y (CARICOMP 2004). However,
after > decade of observations, there is a general agreement that
many coastal systems of this monitoring network have undergone
changes for the worse due to increased human pressure. Increa-
sed nutrient loading from sewage or sedimentation are amongst
the major causes (CARICOMP 2004) and in this respect Puerto
Morelos reef lagoon, regrettably, shares the fate of many other
Caribbean coastal reef systems. Understanding the dynamics of
the foundation and ecologically important species which occupy
these diverse coastal reef lagoons may provide accurate indica-
tors of change for monitoring purposes and thereby providing a
tool in mitigating the effects of the increasing human presence
along the coasts of the greater Caribbean.
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