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FIGURE 1. Map of research area. The Twin Cays and Pelican Cays ranges are circled.
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MATERIALS AND METHODS
EXPERIMENTAL DESIGN

Sampling of Pelican Cays and Twin Cays was con-
ducted during May 2008. The sampling design was a split-
plot in which the main plot was disturbance type (fixed
effect) and the subplot was spatial position relative to the
shoreline (fixed effect). Two disturbance levels were desig-
nated: undisturbed and disturbed. Undisturbed, reference
areas exhibited no visible signs of human activity. Disturbed
areas were characterized by removal of mangroves by clear-
cutting followed by deposition of dredged marine sediment.
Islands with a disturbed area of this type were identified
initially by aerial photography. Four islands were selected
for soil sampling based on disturbance history and acces-
sibility: one in the Twin Cays range (East Island) and three
in the Pelican Cays range (Manatee, Fisherman’s, and Ridge
Cays). Extent of natural and disturbed areas at each study
location was estimated from satellite imagery (Landsat 7,
May 2008; http://landsat.usgs.gov) and aerial photographs
(April 2006, 2007; 1. C. Feller, unpublished) and confirmed
by ground-truthing (May 2008).

At each island, two transects were established per-
pendicular to the shoreline and traversing the island to a
distance of 100 m inland. One transect was located in the
disturbed area and the other in an adjacent undisturbed
forest. Fourteen to sixteen sampling stations were prese-
lected along each transect in a stratified-random design;
that is, two to four stations occurred within each of five
intervals (0-10, 11-30, 31-50, 51-70, and 71-100 m
from the shoreline). In the disturbed areas, some portions
were not clear cut (but may have been buried by dredged
fill) or were clear cut and remained free of dredged fill;
these zones were sampled as well. The reference transect
originated along the same shoreline and was oriented in
the same direction as the disturbed transect, although the
length was not always the same (as a consequence of vari-
ation in island configuration). Each island was considered
to be a replicate block.

At each sampling station, percent cover of herbaceous
vegetation and mangrove canopy was estimated visually.
The following soil variables were measured: bulk density,
texture, shear strength, organic matter content, particle
size distribution, and aggregate stability (as described be-
low). A surface core (30 cm depth) was also collected at
each disturbed island to determine the thickness of dredged
material. Also, deeper cores were collected at one island at
Twin Cays (West Island) and one undisturbed island in the
Pelican Cays (Cat Cay) to determine the stratigraphy and
composition of deposits beneath these islands.
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ANALYSES
Soil Shear Strength

Soil shear strength was determined with a Torvane de-
vice (H-4212 1, Humbolt Manufacturing Company, Dur-
ham Geo-Enterprises), which measures the torque required
to shear or deform the soil (McGinnis, 1997). Soil strength
was measured at the soil surface, and the only selective
criterion was flatness, because the Torvane required a flat
or nearly flat surface for accurate measurements. Five rep-
licate measurements were made at each sampling station
and averaged.

Soil Aggregate Stability

Duplicate soil cores (2 cm diameter X 10 cm long)
were collected at each station. The cores were carefully
extruded onto a board, and the upper 1 cm was severed
with a knife, providing a total soil volume of 3.14 cm? per
sample. One core was used for stability testing and the
other was placed into a Ziplock bag for determination of
soil bulk density and texture (described below).

Soil aggregate stability was determined based on a
modification of standard methods (Angers and Mehuys,
1993; Herrick et al., 2001) to better assess the substrates
(peat, marine sediment) and the types of erosive forces
(waves, currents) typical of the mangrove habitat. In the
field, cores were placed in collection boxes, which pro-
tected them from disturbance until processing. Because
the soils in this study were naturally moist to saturated,
samples were not dried before measurement. Each core
was transferred to a sieve (#20 mesh, 850 pm) and gen-
tly lowered into a container of water, then scored as to
initial structural integrity. The core was then gently agi-
tated by repeated dipping (five times) in water and again
assessed. Initial stability (based on slaking or disintegra-
tion of the core) was scored as 0 (soil too unstable to
sample), 1 (50% of structural integrity lost upon im-
mersion or less than 10% of soil remained on sieve after
five dips), 2 (10%-25% of soil remained), 3 (25%-75%
of soil remained), or 4 (75%-100% of soil remained).
After initial assessment, 200 mL water was poured over
the sample; the material remaining on the sieve and that
washed through the sieve (including the portion from
the initial assessment) was transferred to separate bags
for drying and weighing. Samples were oven dried at
60°C for 24 h and weighed. The percent by weight of
material retained on the sieve was calculated. These two
measures were designated as Stability Index 1 and 2,
respectively.



Soil Water Content, Bulk Density, and Texture

At the laboratory, the soil was weighed wet, dried at
60°C to constant mass, and reweighed to determine mois-
ture content (percent water in soil sample). Dry bulk den-
sity was calculated by dividing the dry mass by the vol-
ume (g cm™3). The dried soil was ashed at 550°C for 6 h
to determine mineral mass after organic loss on ignition.
Percent organic matter content was calculated as 100 mi-
nus the percent ash. Particle size distribution (PSD) was
determined (only for mineral sediments) based on a mi-
cropipette method (Burt et al., 1993). Subsamples (three
or four) collected within each zone along a transect were
combined to provide sufficient mass for PSD.

Peat Coring

Deep cores were collected to the point of refusal with
a Russian peat corer, which extracts uncompressed cores
in sections 0.5 m long (McKee et al., 2007a). At Twin
Cays, seven cores were collected across a transect travers-
ing West Island (west to east) to depths to 10.8 m. At Cat
Cay, nine cores were similarly collected, but the maximum
depth was 1.5 m because the peat layer was thinner. A
deep core was also collected at Manatee Cay (disturbed
area). Each core was extracted and transferred to a half-
section of polyvinyl chloride (PVC) pipe, wrapped with
plastic wrap, and refrigerated until processing. At the field
station, each core section was logged, photographed, and
thicknesses of major strata measured. Subsamples were
taken at intervals of approximately 10 cm and washed
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on a 1 mm mesh sieve; plant fragments were identified to
species using a key as described previously (McKee and
Faulkner, 2000). At all disturbed sites, shallow cores (5 cm
diameter X 30 cm deep) were collected with a piston corer
to determine the thickness of the dredged fill.

RESULTS
GENERAL OBSERVATIONS

Large areas of Twin Cays, Fisherman’s Cay, Manatee
Cay, and Ridge Cay were clear cut (Table 1), and marine
sediment had been dredged from a nearby reef flat and
pumped to the island interior. Scars on the seafloor were
visible from the air (Figure 2), showing that large areas
(0.6 to 1.0 ha) of reef flat had been disturbed. The man-
grove areas disturbed at these four study sites varied from
1.0 to 6.2 ha, accounting for up to 34% of the mangrove
area per island (Table 1). In most cases, the woody de-
bris from clear-cutting had been burned and only stumps
remained to mark the past presence of mangrove trees.
All four disturbed sites had received varying amounts of
dredged marine sediment that had created a relatively flat,
homogeneous landscape of dry, highly reflective, inorganic
substrate (Figure 3). The dredged material varied in depth
from 12 to 25 cm and contained coral, shells, and sand
that indicated the marine origin of the materials. All the
sites examined at the Pelican Cays were filled with material
dredged from nearby reef flats, as evidenced by the pres-
ence of carbonate sand (Halimeda spp.), shells, and coral
fragments. At Twin Cays, the dredged fill was composed of

TABLE 1. Summary of natural and disturbed mangrove areas at two island ranges: Twin Cays (East
and West) and Pelican Cays (Manatee Cay, Fisherman’s Cay, and Ridge Cay). A dash (=) indicates data

were not obtained.

Twin Cays Pelican Cays

Measurement East Island ~ West Island  Manatee Cay  Fisherman’s Cay  Ridge Cay
Total island area (ha) 41.4 17.6 12.6 24.3 3.4
Undisturbed area (ha)

Natural ponds 9.8 2.0 4.3 6.2 0.1

Mangrove 28.7 13.0 6.3 11.9 2.3
Disturbed area (ha)

Clear-cut only 1.2 1.4 - - -

Clear-cut + filled 1.7 1.2 2.0 6.2 1.0
Percent disturbed area

Island 7% 14% 16% 26% 29%

Mangrove only 9% 17% 24% 34% 30%
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FIGURE 2. Aerial photograph of Fisherman’s Cay and Manatee Cay in April 2007 showing mangrove areas
that were clear cut and filled with marine sediment dredged from an adjacent reef flat (indicated by red circle

and arrow pointing to white filled area on the cay). (Photograph by 1. C. Feller.)

quartz sand, indicating a mainland origin. With the excep-
tion of a narrow fringe of uncut trees and occasionally a
lone tree, no mangrove canopy remained in these disturbed
areas. In some cases, dredged material had buried the aer-
ial roots of intact trees along some shorelines, and these
trees had subsequently died (Figure 4). At all disturbed
sites, mangrove associates (Conocarpus erectus) and com-
mon coastal beach species were present, but total cover
was low (<10%). The most common herbaceous species
included Batis maritima L., Sesuvium portulacastrum (L.)
L., Distichlis spicata (L.) Greene, Paspalum distichum L.,
Salicornia virginica L., Spartina spartinae (Trin.) Merr. ex
A. S. Hitchc., Rhabdadenia biflora (Jacq.) Muell.-Arg.,
Cyperus spp., Ipomoea pescaprae ssp. Brasiliensis (L.) van
Ooststr., Ageratum littorale Gray, and Typha sp. In unveg-
etated areas, a biological crust of unidentified composition
had sometimes formed a thin surface layer on top of the
dredged fill.

In contrast, the reference sites contained intact man-
grove canopy (dominant species = R. mangle with sub-
dominants = Avicennia germinans (L.) L. and Lagun-

cularia racemosa (L.) Gaertn. f.), low herbaceous cover
(<5%; most commonly B. maritima), and undisturbed
substrate that was dark in color, saturated with water, and
composed of live and dead mangrove roots and other or-
ganic matter. Abundant aerial roots of intact mangrove
vegetation (prop roots and pneumatophores) formed an
interlacing network that contributed to the overall struc-
tural integrity of the reference areas and also served as sub-
strate for a variety of epiphytes and epibionts. The forest
floor was usually covered by algal-microbial mats (Rho-
dophyta, Chlorophyta, Cyanophycota, Bacillariophyta),
typical of mangrove forests in this region (K. L. McKee,
unpublished data).

SURFACE SoIL CHARACTERISTICS AND EROSION POTENTIAL

Major differences in surface soil characteristics and
potential for erosion occurred between reference and
disturbed areas (Table 2). The surface soil of reference
forests was peat composed of a matrix of live and dead
mangrove roots, filamentous algal-microbial mats, and
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FIGURE 3. Views of disturbed (upper panels, A and B) and reference (lower panels, C and D) areas showing
detail of soil surfaces. A circular quadrat in panel D (0.1 m?) provides scale.

trapped organic matter that retained its structural integ-
rity even when disturbed by sampling. Bulk density was
low (0.17 g cm™3), and water (68 %) and organic contents
(60%) were high. Despite its organic nature, the reference
soil (peat) had high shear strength (overall mean, 0.084
kg cm?), which varied little spatially (Figure 5). Core sam-
ples retained their shape and showed little or no slaking
upon immersion in water (Stability Index 1 = 3.98) and
little loss of material upon repeated agitation (Stability
Index 2 = 87%). When stability indices were plotted as
x—y coordinates, the reference sites grouped together, in-
dicating little difference among islands (Figure 6).

In contrast, the surface soil in disturbed areas was
composed of inorganic carbonate particles derived pri-
marily from calcareous algae (Halimeda spp.), coral frag-
ments, and shells (PSD showed that >90% of the mass
was sand or larger particles). This material had a high bulk
density (0.72 g cm™3) and low water content (30%) and
organic content (9%). Soil shear strength (0.044 kg cm?)
in disturbed areas was lower overall compared to refer-
ence areas and varied spatially (see Figure 5). Aggregate
stability was lower overall (Stability Index 1 = 2.14, Sta-

bility Index 2 = 47%), and differed among island loca-
tions (see Figure 6). Many cores were friable and readily
disintegrated when disturbed mechanically. Where vegeta-
tion or biological crusts had developed on the dredged
material, the shear strength was higher, but aggregate sta-
bility remained low; that is, cores typically did not retain
their integrity and exhibited a high degree of slaking in
water. The mass retained on the sieve was composed of
particles greater than 1 mm in diameter (Halimeda chips,
coral fragments, shells). Shear strength increased overall
with increasing distance along some disturbed transects
because of the absence of dredged fill at interior stations
where the old peat surface remained exposed (e.g., Twin
Cays). In such cases, the exposed peat substrate retained
high shear strength and high aggregate stability despite the
removal of the mangroves.

PEAT STRATIGRAPHY
Mangrove islands in the Twin Cays and Pelican Cays

ranges were underlain by deposits of peat, varying in
maximum thickness from 1.5 m (Cat Cay and Manatee



422 o

i 8 ‘." ]
&m’ir
AN s

Live Fringe

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

FIGURE 4. Red mangrove trees along the shoreline of disturbed areas: some trees died as a result of burial

with dredged fill (right).

Cay) to more than 10 m (Twin Cays) (Figure 7). At Cat
Cay, a series of cores traversing the island showed that peat
thickness was greatest on the southern, leeward side and
decreased toward the northern, windward shore. Botanical
matter in the peat consisted predominately of mangrove
roots with fragments of leaves and wood. Beneath the peat

layer was sand and/or coral. Deeper peat layers were domi-
nated by R. mangle, whereas upper layers (0-50 cm) in
the island interior contained remains of A. germinans. At
Twin Cays, cores across an east—west transect were 7.5 to
10.8 m thick, with two of the cores reaching the limestone
platform underlying this range. These cores also consisted

TABLE 2. Summary of analysis of variance (ANOVA) results for soil characteristics. The main plot factor (disturbance) was tested with
within-subject error (island); subplot factor (spatial position) and interactions were tested with residual error. Values are the F ratio;
significance: *P = 0.05, **P = 0.01, ***P = 0.001, ****P = 0.0001, ns = not significant.

Aggregate stability

Vegetative cover

Source Shear Bulk Organic Water

of error strength Index 1 Index 2 density matter content Herbaceous  Mangrove
Disturbance 50.24% %> 86.4% % 184.0** 353.2% %% 350.0%*** 6.78* 191.3%%**
Island (block) 6.23%%% e 1.93n8 21.2%%%* §.52%% 2.4208 7.80% % ** 7.95% %
Position 1.3618 4.85%* 3.53%* 1.23 108 0.68 18 3.02% 1.8718 1.9918
Disturbance X position 5.70%** 3.95%* 1.291s 6.58%*** 2.82% 8.67* % 1.701s 1.591n8
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FIGURE 5. Spatial variation in soil shear strength (A), organic matter (B), bulk density (C), and water content
(D) in reference (squares) and disturbed (circles) mangrove areas. Values are the mean * SE (note some SE

bars are smaller than the symbols).

of mangrove peat, predominately R. mangle. In the is-
land interior, surface layers of A. germinans peat varied
in thickness from 50 to 100 cm, similar to the pattern ob-
served at Cat Cay.

DISCUSSION

The MBRS is a unique and valuable resource to the
Central American countries of Belize, Honduras, and
Guatemala (www.mbrs.org.bz; accessed 11 June 2008).
Destruction of mangrove islands has rapidly accelerated
in this system as a result of attempts to transform these
sensitive and fragile habitats into environments more at-
tractive to tourists. Because there are few sand-based
islands underlain by shallow limestone platforms and

suitable for development, mangrove-dominated islands
have been targeted for conversion. In addition to the two
ranges included in this study (Pelican Cays, Twin Cays),
other mangrove ranges in the vicinity also have undergone
similar mangrove clearing and filling (e.g., Blue Ground
Range, Tobacco Range, Coco Plum) (K. L. McKee, per-
sonal observation). Survey lines found during this study
indicate plans for further development at many of these
island ranges.

EFFECTS OF MANGROVE REMOVAL
AND DREDGED FiLL ON EROSION

Although the direct and indirect effects of mangrove
clear-cutting and marine dredging are many and varied, our
study focused on the specific consequences for erosion and
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FIGURE 6. Aggregate stability of soils from reference sites (closed
symbols) and disturbed mangrove areas (open symbols) at Twin
Cays (diamond), Fisherman’s Cay (square), Manatee Cay (triangle),
and Ridge Cay (circle). Stability indices (mean * SE) are based on
maintenance of soil structure upon immersion in water (Index 1) and
percent of soil retained on a 850 wm sieve (Index 2). Probability el-
lipses (90% confidence curves) are drawn for each group.

long-term loss of elevation. Removal of mangroves and
alteration of the soil surface by dredged fill significantly
altered the potential for erosion and substrate stability at
Twin Cays and the Pelican Cays. The natural substrate in
undisturbed mangroves comprised a strong matrix com-
posed of living and dead fibrous roots as well as filamen-
tous algae, which formed mats on the soil surface. This
material was extremely resistant to shearing and retained
its integrity even when repeatedly agitated by submersion
in water (see Figure 6). Although some interior areas con-
tained natural deposits of flocculent material (e.g., micro-
bial mats) that were soft and friable, they were underlain by
solid peat. Work in other locations, such as the Bay Islands
of Honduras, found similarly high resistance of mangrove
peat soils to shearing (McKee and McGinnis, 2002; Cahoon
et al., 2003). These results demonstrate the high resistance
to soil erosion afforded by intact mangrove peat.

Removal of mangroves by clear-cutting did not by itself
appear to have an immediate effect on soil shear strength
or aggregate stability in the areas sampled. In a few cases,
clear-cut areas that were not covered by dredged material

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

were encountered during surveys (e.g., at Twin Cays), and
here shear strength was equal to that in reference areas;
these were all areas that had been previously occupied by
R. mangle and had only been altered by removal of trees.
Similarly, some mangrove areas in the Bay Islands of Hon-
duras killed by Hurricane Mitch retained shear strength
up to two years following mortality because of the strong
matrix of R. mangle roots forming the peat substrate (Ca-
hoon et al., 2003). However, those areas that had been
dominated by Avicennia germinans lost soil integrity and
collapsed following mortality of the trees. Eventually,
however, the lack of live roots and algal mats may lead
to loss of shear strength wherever mangroves have been
removed.

A review of sediment burial effects on mangroves sug-
gests that some species are more sensitive and may suffer
mortality when subjected to excessive rates of sedimen-
tation (Ellison, 1998). We also found that live trees (R.
mangle) exposed to dredged fill often died—presumably
the result of smothering of aerial roots. This outcome was
particularly evident where a narrow (<10 m wide) fringe
of trees was left intact along the shoreline and the dredged
material overflowed into this zone (see Figure 4). In cases
where the shoreline tree zone was wider (20-30 m), there
was a higher survival. Without a protective mangrove buf-
fer along the shoreline, these islands may rapidly erode.
Observations at older sites (Twin Cays) showed rapid
shoreline retreat (up to 0.3 m per year) where mangroves
had been removed in 1992 (McKee et al., 2007b).

LoNG-TERM CONSEQUENCES FOR ISLAND STABILITY

Oceanic islands are generally vulnerable to distur-
bance because of their low-lying position and potential for
submergence as well as exposure to tropical storms, hur-
ricanes, and tsunamis that generate strong erosive forces.
Mangrove islands in the MBRS have developed and built
vertically over thousands of years through deposition of
peat derived from mangrove organic matter (McKee and
Faulkner, 2000; McKee et al., 2007a). This process occurs
in the intertidal zone where abundant mangrove roots are
produced and accumulate biomass because of their slow
decomposition in the anaerobic environment (Middle-
ton and McKee, 2001). Other biogenic processes include
formation of algal and microbial mats on the soil sur-
face (intertidal and subtidal) and carbonate sand formed
from calcareous algae (subtidal) in mangrove ecosystems
(McKee et al., 2007a; McKee, unpublished data). Growth
of mangrove root-algal mats and other biofilms not only
contributes to vertical accretion but also stabilizes islands
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by trapping and consolidating organic and inorganic sedi-
ment that is deposited.

To persist, such oceanic islands must accrete verti-
cally to counterbalance both sea-level rise and local rates
of subsidence, which vary depending on geomorphology,
isostacy, and tectonic movements. Mangrove-dominated
islands have the capacity to self-adjust to subsidence and
sea-level rise through peat formation. Previous work has
shown that mangrove islands in Belize and other Caribbean
areas have kept up with changing sea level for thousands
of years through the slow accumulation of mangrove roots
and other organic material and that vertical building rates
are determined by the health and productivity of the man-
grove community (McKee and Faulkner, 2000; Middleton
and McKee, 2001; McKee et al., 2007a). Peat subsidence
rates determined at Twin Cays in vegetated areas averaged
7 mm year~! (McKee et al., 2007a). Similar rates of sub-
sidence were found in the Bay Islands, Honduras (Cahoon
etal., 2003). Island subsidence combined with eustatic rise
in sea level (3.5 mm year™!; Rahmstorf, 2007) means that
the relative rise in sea level in this area is at least 10.5 mm
year™! (assuming negligible deep subsidence). On undis-
turbed cays with intact mangroves, vertical building from
peat accumulation should maintain surface elevations
within the intertidal zone, unless sea-level rise accelerates
beyond the capacity of the system to compensate.

Removal of mangroves by clear-cutting eliminates the
main mechanism of peat formation and also may alter the
environmental conditions necessary for the survival of al-
gal and microbial mats that contribute to sediment trap-
ping and resistance to erosion. Cays disturbed by man-
grove clearing and dredged fill deposition will continue to
subside, but peat formation will cease. Even if these areas
become revegetated with coastal beach vegetation, peat
cannot form because of oxidizing conditions (caused by the
higher elevations) and lack of the primary peat builder—R.
mangle. Although disturbed island surfaces have been tem-
porarily raised by dredged fill, the inexorable subsidence of
underlying peat and rising seas will lead to submergence.
At current rates of peat subsidence and sea-level rise, the el-
evation gain from dredging will be offset within 20 years.

[MPLICATIONS FOR SUSTAINABLE ECOTOURISM

The Caribbean Region, and in particular the MBRS, is
a major destination for “eco-tourists,” who are attracted
to the tropical climate, clear waters, and abundant marine
life (Uyarra et al., 2005; Diedrich, 2007). A prerequisite
for sustainable ecotourism is maintenance of a pristine
natural environment and protection of all biophysical
components necessary for healthy ecosystems and habitat
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stability (Casagrandi and Rinaldi, 2002). Unregulated eco-
tourism enterprises threaten the very features that under-
pin this industry and, in addition, lead to the degradation
of natural resources essential to the livelihood of citizens
(e.g., sport and commercial fisheries) (Burger, 2000; Hall,
2001). Although “charismatic” ecosystems such as coral
reefs receive much attention by conservationists and tour-
ism regulators (Diedrich, 2007), less emphasis is placed
on mangroves. The mangrove destruction occurring in
the Belize reef system likely reflects a general mispercep-
tion that the land beneath mangrove-dominated islands is
stable, as well as a failure to recognize mangroves as es-
sential components contributing to habitat stability and
marine biodiversity—which is what attracts eco-tourists
in the first place (Uyarra et al., 2005).

Our work suggests that the alterations occurring on
mangrove islands in the MBRS are inconsistent with sus-
tainable ecotourism. In their natural state, mangroves
build a peat substrate that is resistant to erosion and
counterbalances subsidence and sea-level rise. In fact, this
dynamic peat-building process has allowed mangrove is-
lands such as Twin Cays to persist for the past 8,000 years
(Macintyre et al., 2004a, 2004b; McKee et al., 2007a).
Attempts to convert mangrove islands to sand islands,
with white beaches and coconut palms, will ultimately
fail because the underlying peat subsidence and rising seas
will eventually prevail. Filling with marine sediment tem-
porarily raises elevations, but without repeated dredging,
eventually these cleared areas will become submerged,
ultimately reducing the total land area of islands in the
MBRS.

Aerial roots of mangroves additionally provide one of
the few natural hard substrates for growth of many marine
organisms in the MBRS (Ellison et al., 1996; Goodbody,
2000; Macintyre et al., 2000) and also create a permeable
barrier that dampens wave energy, decreasing shoreline
erosion (Alongi, 2008). Loss of mangrove fringes directly
decreases the abundance of marine organisms dependent
on mangrove roots for substrate as well as that of reef
species dependent on the mangroves as nurseries (Mumby
et al., 2004). Although the direct and indirect effects of
dredging on reef flats and seagrass beds were not exam-
ined in this study, these effects are likely to be substantial,
given the sensitivity of such systems to disturbance and
sedimentation (Nugues and Roberts, 2003; Erftemeijer
and Lewis, 2006).

Future work should examine the long-term conse-
quences of human activities on the resilience of mangrove
islands to global change and the contribution of man-
groves to terrestrial and marine biodiversity and fishery
productivity. In addition, cost-benefit analyses of man-



grove clearing and dredging and the consequences for
sustainable ecotourism should be conducted to provide
economic rationales for conservation and management of
mangroves and associated habitats.
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ABSTRACT. Populations of Sorites dominicensis, an epiphytic foraminiferan that pos-
sesses dinoflagellate endosymbionts (Symbiodinium), were sampled from seagrass mead-
ows located in Florida and Belize and surveyed for evidence of bleaching. Symbiont
bleaching was first documented in S. dominicensis populations in the Indian River La-
goon, Florida, in August 2003. Subsequent surveys indicated high rates of bleaching in
August 2004, followed by a near eradication of the epiphytic foraminiferal population as
a result of the 2004-2005 hurricane seasons. Two contrasting sites in Belize, seagrass beds
on the reef flat at Carrie Bow Cay and in Boston Bay, Twin Cays, were surveyed in 2005
and 2006. High rates of bleaching characterize the S. dominicensis populations living on
turtle grass on the reef flat off Carrie Bow Cay, although freshwater runoff from summer
storms during the rainy season may trigger localized bleaching events. Moderate rates of
bleaching were also observed in S. dominicensis populations in Florida Bay in July 2007.
Symbiont bleaching in S. dominicensis appears to be triggered by multiple environmental
factors: increased water temperatures, high levels of irradiance, and influx of freshwater
during storm events. Seasonal summer bleaching events may leave already compromised
S. dominicensis populations vulnerable to periodic disturbance by hurricanes.

INTRODUCTION

Sorites dominicensis Ehrenberg, 1839, is one of several living foraminiferal
species that are host to algal endosymbionts (Hallock, 1999; Lee et al., 1979).
Benthic foraminiferans with algal symbionts occur in several different clades
(Soritacea, Alveolinacea, Nummulitacea, Calcarinidae, and Amphisteginidae)
and are widely distributed in shallow-water, tropical to subtropical reef-associated
marine ecosystems (Langer and Hottinger, 2000). As a group, foraminiferans
host a diverse array of endosymbionts, most of which are microbial eukary-
otic taxa, including stramenopiles (diatoms and chrysophytes), unicellular rho-
dophytes, unicellular chlorophytes, and alveolates (dinoflagellates) (Lee, 2006;
Hallock, 1999). Cyanobacterial endosymbionts have also been isolated from
two different soritid taxa collected from the Red Sea and the Great Barrier Reef
(Lee, 2006). Foraminiferans with photosymbionts possess enhanced calcifica-
tion rates, as well as endogenous sources of nutrition (algal photosynthates)
that allow them to allocate more of their energy resources to cell growth and
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maintenance (Lee, 2006; Hallock, 1999; Duguay, 1983;
Kremer et al., 1980; Lee and Bock, 1976). The algal endo-
symbionts presumably benefit from the mutualism as well,
gaining access to nutrients that are scarce in oligotrophic
environments and to refuge from predation (Lee, 2006;
Hallock, 1999).

The mutalistic association of Sorites and other taxa in
the more inclusive foraminiferal clade Soritida, with dino-
flagellate endosymbionts in the Symbiodinium clade, is
of particular interest to the marine biological community
because this clade comprises the zooxanthellae in stony
corals, soft corals, gorgonians, anemones, jellyfish, bivalve
mollusks, nudibranchs, sponges, and ciliates (Baker, 2003;
Douglas, 2003; Glynn, 1996). Originally considered to be
a single pandemic species that was symbiotic with a broad
range of marine taxa, Symbiodinium microadriaticum is
now known to be part of a more inclusive and genetically
diverse clade composed of eight major subclades, identified
by the letters A-H (Pochon and Pawlowski, 2006; Coffroth
and Santos, 2005; Baker, 2003; Rowan, 1998; Rowan and
Powers, 1991, 1992). Symbiodinium symbionts from fo-
raminiferal hosts are found in clades C, D, F, G, and H,
with clades F and H being composed almost exclusively of
Symbiodinium isolated from soritid foraminiferans (Garcia-
Cuetos et al., 2005; Pochon and Pawlowski, 2006; Paw-
lowski et al., 2001; Pochon et al., 2001, 2004, 2006; Ro-
driguez-Lanetty, 2003). Although there is relatively high
specificity between Symbiodinium clades F, G, and H and
Foraminifera, there appears to be very little congruence
between host and symbiont phylogenies, indicating that
coevolution has not taken place, at least not at the taxo-
nomic levels sampled to date (Garcia-Cuetos et al., 20035;
Pochon and Pawlowski, 2006; Pawlowski et al., 2001; Po-
chon et al., 2001, 2004, 2006). Although DNA sequences
have not yet been obtained from the endosymbionts of ei-
ther the Belizean or Indian River Lagoon populations of
Sorites dominicensis, Symbiodinium sequences from Flor-
ida Keys specimens fall within either clade F (subclade F4)
or H (Garcia-Cuetos et al., 2005; Pochon and Pawlowski,
2006; Pochon et al., 2006). In all phylogenies published
to date, clade H, the dominant phylotype isolated from
the Florida Keys, branches as the sister group to clade C,
a clade that is widely distributed in the Indo-Pacific, and
exhibits more sensitivity to bleaching than the other Sym-
biodinium clades (Garcia-Cuetos et al., 2005; Pochon and
Pawlowski, 2006; Pawlowski et al. 2001; Pochon et al.,
2001, 2004, 2006; Rowan, 1998, 2004).

The morphological characteristics of Symbiodinium
symbionts isolated in culture from specimens of Sorites
dominicensis collected from the Florida Keys have been

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

described by Lee et al. (1979, 1997). Symbionts are dis-
tributed throughout the foraminiferal cytoplasm, with the
highest densities occurring in the intermediate chambers
and the lowest densities occurring in the outer chambers
where the digestive vacuoles are concentrated (Richard-
son, 2006; Miiller-Merz and Lee, 1976). Similar to other
species of foraminiferans, S. dominicensis is multinucle-
ate and possesses two different types of nuclei: generative
nuclei that participate in reproduction only, and vegeta-
tive nuclei that are transcriptionally active and coordinate
the day-to-day activities of the cell (Miller-Merz and Lee,
1976). In S. dominicensis, the generative nuclei are local-
ized in the central initial chambers of the test (external
shell), which are the chambers with the lowest densities of
dinoflagellates, whereas the transcriptionally active foram-
iniferal nuclei are distributed throughout the cytoplasm
in regions with the high symbiont densities (Muller-Merz
and Lee, 1976).

Estimates of symbiont population size per cell vary
depending on the methodology employed (Richardson,
2006; Doyle and Doyle, 1940). Doyle and Doyle (1940)
estimated the population of dinoflagellates in a 2-mm
sized individual of S. dominicensis to be approximately
1.6 X 10* using light microscopy. In contrast, confocal
microscopy of a 2-mm sized individual of S. dominicensis
collected from Jupiter Sound yielded an estimated 4 X
103 dinoflagellates, equivalent to a density of 1.27 X 10°
endosymbionts cm™2 of cytoplasm (Richardson, 2006)
(Figure 1). Hemacytometer estimates of endosymbiont
densities in live individuals of S. dominicensis collected
from Jupiter Sound indicate that symbiont densities range
from 6.1 X 102 to 4.8 X 10° dinoflagellates cm~2, with an
average of 6.5 X 10* dinoflagellates cm™ (z = 85,0 = 7.9
X 104 o = 6.2 X 109) (Ross and Richardson, unpub-
lished data). Endosymbiont populations linearly increase
with test size: the average number of symbionts per foram-
iniferal cell is estimated to be 1,469 (n = 85, s = 2,919,
s% = 8,523,907) for an individual with a test diameter of
1.42 mm (n = 85, s = 0.62, s> = 0.39) (Ross and Rich-
ardson, unpublished data).

Live individuals possess a dark yellowish-brown col-
oration to their cytoplasm as a result of the dense popula-
tions of Symbiodinium in each cell (Figure 2). In healthy
individuals, the coloration is evenly distributed through-
out the test, except for the outer chambers, which appear
colorless because of the low density or absence of endo-
symbionts from the zone of cytoplasm where digestion
takes place (Figure 2). The distinctive coloration of the fo-
raminiferal cytoplasm makes it easy to recognize bleached
or mottled individuals, as described below.



FIGURE 1. Confocal image of live individual of Sorites domini-
censis from Jupiter Sound, Florida. The foraminiferal test is sub-
divided into hexagonal chamberlets. The dinoflagellate endosym-
bionts are most densely packed into the intermediate chambers.
Scale bar = 200 pm.

FIELD OBSERVATIONS OF BLEACHING
IN SORITES DOMINICENSIS

Symbiont bleaching has been observed in field surveys
of epiphytic foraminiferal populations from Florida (In-
dian River Lagoon and Long Key, Florida Keys) and Be-
lize (Carrie Bow Cay and Twin Cays). Bleaching in Sorites
dominicensis was first documented in epiphytic popula-
tions attached to Thalassia testudinum (turtle grass) grow-
ing in Jupiter Sound in August 2003 and August 2004,
followed by field surveys of populations in Belize in July
2005 and July 2006. Bleaching was also observed in epi-
phytic populations of S. dominicensis surveyed from the
Florida Keys in July 2007 (Richardson, unpublished data).
Although each of the collecting sites studied hosts seagrass
meadows dominated by T. testudinum, each locality is
subject to different physical factors (salinity, temperature,
water clarity, and subaerial exposure), as well as differing
levels of anthropogenic impact. Detailed descriptions of
the field sites in Florida and Belize are given by Richardson
(2006). Although experimental studies of bleaching in S.
dominicensis have yet to be carried out, field observations
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indicate that symbiont bleaching may occur in response to
a number of environmental stressors, including increased
water temperature, freshwater influx, subaerial exposure
during extreme low tides, and periodic disturbance by
hurricanes.

FIELD METHODS

Only epiphytic specimens of the foraminiferan Sorites
dominicensis that were attached to blades of the seagrass
Thalassia testudinum were examined in the studies described
below. Blades of T. testudinum were harvested by wading or
snorkeling. Seagrass leaves were removed at the base of the
blade, submerged in seawater in a Ziploc bag, and stored in a
cooler until return from the field. Both sides of each seagrass
blade were examined for the presence of epiphytic forami-
niferans using a binocular dissecting microscope (Leica M5).
All specimens of the species S. dominicensis were removed
from the blade using a fine paintbrush or dental pick, mea-
sured, and stored on cardboard microslides for additional
study and reference material. The cytoplasmic condition
(healthy, pale, mottled, totally bleached) and reproductive
state (nonreproductive, presence of brood chambers, pres-
ence of embryos in brood chambers, or postreproductive)
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FIGURE 2. Live specimens of Sorites dominicensis from Belize, Cen-
tral America. The two individuals in the upper part of the image
show patches of bleached cytoplasm. Note that all specimens, except
for the individual in the lower left, possess few, if any, endosymbi-
onts in the outer two or three chambers. The specimen in the lower
left is a reproductive individual preparing to undergo multiple fis-
sion. The specimen on the upper right is approximately 2 mm in
diameter.
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of each specimen were noted. Specimens were measured
using an optical micrometer calibrated to a stage microm-
eter. Micrographs of representative individuals (healthy,
mottled, and bleached) were taken using a Nikon Coolpix
camera with an MCool (Martin Optics) phototube.

Live individuals were recognized by their distinctive
cytoplasmic coloration as described below, and/or by the
presence of pseudopodial arrays emanating from around the
periphery of the protist’s test. Bundles of bifurcating pseu-
dopodia in live individuals are usually covered with a light
dusting of fine-grained sediment, giving the specimens a star-
shaped appearance. Individuals were recorded as having
healthy cytoplasm if the cytoplasm possessed an evenly dis-
tributed, yellowish-brown coloration (see Figure 2). Individ-
uals were recorded as having a mottled cytoplasm if the cy-
toplasm contained white-colored patches, interspersed with
yellowish-brown sections of cytoplasm (Figure 2). Mottled
individuals contained patches of white cytoplasm that were
visible on both sides of the disk-shaped test. Specimens were
recorded as being totally bleached if the test was completely
white. The tests of postreproductive individuals, that is, in-
dividuals that had undergone reproduction by multiple fis-
sion, were not included in the tallies of bleached specimens.
Postreproductive tests are easily distinguished from bleached
tests by the presence of fragmented brood chambers, undis-
seminated embryos, and clusters of dispersed juveniles in
close proximity to the parental test. It is assumed that few, if
any, of the totally bleached tests had undergone gametogen-
esis, as microspheric tests (tests formed by syngamy) have
never been observed in any of the populations of this species
surveyed by the author.

WATER TEMPERATURE AND BLEACHING

Studies conducted at both the Jupiter Sound and Belize
sites indicate that elevated water temperature, or a combina-
tion of elevated water temperature and subaerial exposure,
can induce symbiont bleaching in S. dominicensis. Bleach-
ing was first observed in the Jupiter Sound populations in
2003 during August (Table 1), when water temperatures
are typically at their maximum, often reaching extremes as
high as 31°C (RiverKeeper Data, Loxahatchee River Dis-
trict). A relatively low abundance of bleached individuals
was recorded in late July 2004; however, a resampling of
the site a few weeks later in August indicated that the in-
cidence of bleaching had risen 14 fold (Table 2). In July
2004, water temperatures recorded at the Jupiter Sound site
ranged from 30° to 31°C between 1:00 pm and 3:30 pm dur-
ing an extremely low spring tide that resulted in the subaer-
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TABLE 1. Relative abundance of bleached individuals of Sorites
dominicensis from Jupiter Sound, Florida, during August 2003
(n = total number of tests examined).

Percent of tests

2 Aug 2003 12 Aug 2003
Test condition (n = 580) (n = 147)
Mottled cytoplasm 1.0% 1.0%
White cytoplasm 15% 12%
Total bleached 16% 13%

ial exposure of major portions of the seagrass bed. No water
temperature data are available for Jupiter Sound in August
2004, although the water was uncomfortably hot to the
touch at the time of collection (Richardson, unpublished).
Bleaching was undetectable in surveys of the S. dominicensis
populations conducted at other times of the year in both
2003 and 2004 (Richardson, unpublished data).

In Belize, water temperatures were recorded using
HOBO Tidbit (Onset) submersible temperature loggers
deployed for three days in July 2005. One logger was de-
ployed on the reef flat at Carrie Bow Cay and the other in
Boston Bay, Twin Cays. The range of water temperatures
recorded for both sites are listed in Table 3 and Figure 3.
Although the overall mean temperatures were identical for
both sites (s = 32°C), the reef flat off Carrie Bow Cay
experienced a wider range of temperatures (29°-40°C),
with higher maximum temperatures recorded during the
late afternoon and lower minimum temperatures recorded
at night (Figure 3; Table 3). Correspondingly, the rate of
bleaching recorded from the reef flat at Carrie Bow Cay
was almost five times higher than that observed in Bos-

TABLE 2. Relative abundance of bleached individuals of Sorites
dominicensis from Jupiter Sound, Florida during July and Au-
gust 2004 (n = total number of tests examined).

Percent of tests

29 Jul 2004 19 Aug 2004
Test condition (n = 446) (n = 14)
Mottled cytoplasm 2.0% 29%
White cytoplasm 0% 0%
Total bleached 2.0% 29%
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TABLE 3. Characteristics of two collecting sites in Belize.

Characteristic Carrie Bow Cay Twin Cays

Water depth <0.5m 1.0 m

Exposure Exposed during low tides Subtidal

Water clarity Very clear High tannins and mangrove detritus
Water movement Swift current Sheltered with slower current
Temperature range (1-4 July 2005) 30°-35°C 29°-40°C

ton Bay, Twin Cays (Table 4). Although the water tem-
peratures recorded in Boston Bay, Twin Cays, were not
as extreme as those recorded off Carrie Bow Cay, they
still were higher than the HotSpot (28.9°C) and bleaching
(HotSpot + 1°C) thresholds derived by NOAA/NESDIS
for Glovers Reef (Opishinski, 2006). The same sites were
resurveyed in July 2006, and the incidence of bleaching
on the reef flat at Carrie Bow Cay was observed to be 11
times higher than the incidence of bleaching recorded in
Boston Bay, Twin Cays, which exhibited almost negligible
levels of bleaching (Table 5).

FRESHWATER INFLUX AND BLEACHING

In July and August 2006, continued sampling of the
Carrie Bow Cay and Twin Cays field sites in Belize yielded
results that indicate that symbiont bleaching in S. domi-
nicensis can also be triggered by an influx of freshwater
during storm events. In July 2006, field collections were
suspended during a three-day period of intense rain then
restarted after the storms subsided. After the rainstorms,
the incidence of bleaching recorded at both sites rose in
all three categories (pale cytoplasm, mottled cytoplasm,
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FIGURE 3. Water temperature variations on the reef flat at Carrie Bow Cay and in Boston Bay, Twin Cays,
Belize, as measured at noon and every 2.5 hours thereafter during 1-4 July 2005.
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TABLE 4. Relative abundance of bleached individuals of Sorites
dominicensis from two localities in Belize during July 2005 (n =
total number of tests examined).

Percent of tests

Carrie Bow Cay  Boston Bay, Twin Cays

Test condition (n=797) (n = 685)
Mottled cytoplasm 4.3% 2.5%
White cytoplasm 14% 1.5%
Total bleached 19% 3.9%

TABLE 5. Relative abundance of bleached individuals of Sorites
dominicensis from two localities in Belize during July 2006 (n =
total number of tests examined). All specimens were collected
before a three-day period of intense rain.

Percent of tests

Carrie Bow Cay, Boston Bay, Twin Cays,

21 Jul 2006 23 Jul 2006
Test condition (n = 62) (n = 349)
Pale cytoplasm 0% 0%
Mottled cytoplasm 3.2% 0.29%
White cytoplasm 4.8% 0%
Total bleached 8.1% 0.29%

TABLE 6. Relative abundance of bleached individuals of Sorites
dominicensis from two localities in Belize during July and Au-
gust 2006 (7 = total number of tests examined). All specimens
were collected after a three-day period of intense rain.

Percent of tests

Carrie Bow Cay, Boston Bay, Twin Cays,
1 Aug 2006 27 Jul 2006
Test condition (m = 132) (n = 369)
Pale cytoplasm 1.5% 0.27%
Mottled cytoplasm 0.76% 2.4%
White cytoplasm 8.3% 16% 2
Total bleached 11% 19%

a20f 60 individuals, 34 were juveniles from the same brood.
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and white cytoplasm) (Table 6). Although bleaching on
the reef flat at Carrie Bow Cay was slightly higher than
the prestorm levels (11% vs. 8.1%), the total poststorm
incidence of bleaching in Boston Bay was observed to be
more than 65 times higher than that observed just a few
days earlier (Table 6). Although the waters in Boston Bay
are normally of open ocean marine salinities, during heavy
rains and slack tides cold, brackish water drains off Hid-
den Lake in the Twin Cays and empties into Boston Bay
through Hidden Creek (Riitzler et al., 2004). Interestingly,
juveniles were disproportionately impacted by the bleach-
ing event: 34 of 60 of the tests with white cytoplasm ap-
peared to be individuals from the same brood (Table 6).

IMPACT OF HURRICANES AND RECOVERY

Seasonal bleaching events cause increased mortality in
S. dominicensis, resulting in compromised populations that
are more sensitive to periodic disturbance by hurricanes.
Monthly surveys in 2001, 2003, and 2004 indicate that
S. dominicensis populations normally plummet in the late
summer, stay low throughout the winter, and eventually
recover and bloom the following spring in late April and
May (Richardson, unpublished data). In September 2004,
the Jupiter Sound site was traversed by two hurricanes,
Jeanne and Frances (Beven, 2005; Lawrence and Cobb,
20035). The Jupiter site was situated in the south eyewall
for both storms, and experienced high winds and storm
surges and extensive freshwater inundation. Dark, cloudy,
turbid water continued to characterize the site for several
months following the hurricanes. Other impacts included
loss of shading because of downed trees and overgrowth
of the seagrass by cyanobacterial blooms. The entire epi-
phytic foraminiferal community at the Jupiter Sound site
was impacted by the 2004 hurricane season (Richardson,
unpublished data). Initially, a dramatic reduction in species
diversity and abundance was observed, with two species
comprising 92% of the community in April and May 2005.
By August 2005 the community had rebounded to 2001
levels of species diversity and density, with the exception
of the apparent local eradication of S. dominicensis (Rich-
ardson, unpublished data). Sorites dominicensis is the only
species at this site to possess photosynthetic endosymbi-
onts and thus is sensitive to the reduced transmission of
light in the water column that resulted from the months of
increased turbidity following the 2004 hurricanes.

In October 2005, Jupiter Sound was impacted by
Hurricane Wilma (Pasch et al., 2006), although this time
the region experienced the high winds of the north eye-



TABLE 7. Relative abundance of bleached individuals of Sorites
dominicensis from Jupiter Sound, Florida, 4 April 2008, as de-
termined from examination of 446 tests.

Test condition Percent of tests (7 = 446)

Pale cytoplasm 5.9%
Mottled cytoplasm 7.8%
White cytoplasm 9.8%
Total bleached 24%

wall of the storm. Individuals of S. dominicensis were not
recovered from the Jupiter Sound site until the summer of
2007 and did not reach their pre-hurricane densities until
April 2008 (Richardson, unpublished). A survey of 446
individuals of S. dominicensis, collected in April 2008,
yielded a high incidence of bleached individuals (24% to-
tal), an unusual event for the spring (Table 7). The trigger
for this event is unknown; the rainfall during this period
was below average as the region was experiencing an ex-
tended seasonal drought. It is also not known whether the
population recovered through the reproduction of relict
populations of S. dominicensis that survived the hurri-
canes of 2004 and 2005 or whether the site was repopu-
lated through immigrants transported by the Gulf Stream
from the Florida Keys and/or the Caribbean.

DISCUSSION

The results from the field studies described above doc-
ument the occurrence of bleaching in Sorites dominicensis,
a dinoflagellate-bearing foraminiferan, and delineate some
of the environmental stressors that trigger bleaching. As
has been observed in corals, bleaching in epiphytic speci-
mens of S. dominicensis may be triggered by multiple en-
vironmental factors, such as increased irradiance during
subaerial exposure at low tide, increased water tempera-
tures, influx of freshwater runoff during storm events, and
catastrophic disturbance during hurricanes. The symp-
toms of bleaching in S. dominicensis include decrease in
intensity of coloration (pale appearance), the patchy loss
of cytoplasmic coloration (mottled appearance), and the
total loss of cytoplasmic coloration (white tests). Symbi-
ont bleaching in S. dominicensis can be distinguished from
the loss of cytoplasmic coloration that occurs during the
process of reproduction through multiple fission as the
symbiont-rich cytoplasm moves from the central region of
the test to the periphery where the brood chambers and
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embryos will form. Studies are currently underway to link
qualitative observations of bleaching in S. dominicensis to
quantitative studies of symbiont density in bleached speci-
mens using staining techniques that differentiate necrotic
or apoptotic algal cells.

The relatively high water temperatures recorded on the
reef flat at Carrie Bow Cay in July 2005 are not unusual
for tropical seagrasses, which may experience annual fluc-
tuations in seawater temperatures ranging from 19.8° to
41°C (Campbell et al., 2006). Unusually high water daily
temperatures (40°-43°C) have been recorded in seagrass
beds growing in shallow water off Papua New Guinea
(Fred Short, University of New Hampshire, personal com-
munication, January 2006). In addition to high tempera-
tures, tropical seagrasses growing in shallow-water pools
in the intertidal zone are subject to desiccation, extremely
high levels of photosynthetically active radiation, and high
levels of ultraviolet radiation (Campbell et al., 2006; Du-
rako and Kunzelman, 2002).

Although the underlying mechanisms of bleaching in
S. dominicensis are unknown, it is hypothesized that sev-
eral of the proposed mechanisms for bleaching in corals
may function in foraminiferans as well, such as reduced
efficiency of photosystem II resulting from increased ir-
radiance (Venn et al., 2008; Smith et al., 2005), and the
production of damaging reactive oxygen species via several
different pathways (Lesser, 2006; Smith et al., 2005).

Soritid foraminiferans have the potential to serve as a
model system for bleaching, the need of which was recently
emphasized by Weis et al. (2008). Not only do S. domini-
censis and other soritids possess Symbiodinium endosym-
bionts that are closely related to the zooxanthellae in corals
and other metazoans, but the small size of S. dominicensis
facilitates investigation of symbiont bleaching in hospite,
using methods such as in situ hybridization, immunofluo-
rescence, and other imaging techniques. Future research
will focus on developing culture methods for S. domini-
censis and on exploring cytological methods that will fa-
cilitate the visualization of the cell processes underlying the
bleaching response in foraminiferans.
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ABSTRACT. Coral mortality has increased in recent decades, making coral recruitment
more important than ever in sustaining coral reef ecosystems and contributing to their
resilience. This review summarizes existing information on ecological factors affecting
scleractinian coral recruitment. Successful recruitment requires the survival of coral off-
spring through sequential life history stages. Larval availability, successful settlement,
and post-settlement survival and growth are all necessary for the addition of new coral
individuals to a reef and ultimately maintenance or recovery of coral reef ecosystems. As
environmental conditions continue to become more hostile to corals on a global scale,
further research on fertilization ecology, connectivity, larval condition, positive and nega-
tive cues influencing substrate selection, and post-settlement ecology will be critical to
our ability to manage these diverse ecosystems for recovery. A better understanding of
the ecological factors influencing coral recruitment is fundamental to coral reef ecology
and management.

INTRODUCTION

Coral reefs are facing unprecedented human impacts and continuing acute
and chronic threats that can impact community structure (Nystrom et al.,
2000). Their ability to resist such changes or to recover from them defines their
“resilience” (sensu Holling, 1973). Unfortunately, coral reef ecosystems can be
resilient in either the more desirable coral-dominated phase or in the less desir-
able algal-dominated phase (Hughes et al., 2005). Although we know much
about what causes undesirable “phase shifts” (Done, 1992; Hughes, 1994;
Pandolfi et al., 2005), we know relatively little about what drives coral com-
munity recovery (Connell, 1997).

Scleractinian corals are uniquely important to coral reef ecosystems as
ecosystem engineers that structure the habitat (Jones et al., 1994, 1997). The
abundance of live coral drives key ecological processes in the wider coral reef
community, such as providing recruitment habitat for reef fish, lobsters, and
sea urchins (Lee, 2006; Mumby and Steneck, 2008). In the past 30 years, the
percent cover of live coral has decreased on a global scale (Gardner et al., 2003;
Bruno and Selig, 2007), raising the question: How can we increase the number
of corals in these ecosystems for recovery?
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Larval settlement (when they first attach to the ben-
thos) and subsequent survival (recruitment) are processes
that can control marine population dynamics (Gaines and
Roughgarden, 1985; Doherty and Fowler, 1994; Palma et
al., 1999). Although corals can reproduce clonally (Fau-
tin, 2003; Baums et al., 2006), recruitment resulting from
sexual reproduction is the primary means of recoloniza-
tion for most species (Connell et al., 1997) and adds ge-
netic variation to coral populations, which may increase
survival of a species. Coral settlement followed by subse-
quent recruit survival and growth maintains coral popula-
tions and is necessary for coral reef recovery. For this cycle
to occur on any given reef, larval survival and recruitment
are dependent on a sequence of three phases: (1) larval
availability, which integrates gamete production, fertil-
ization success, and connectivity; (2) settlement ecology,
which relates to larval condition and substrate selection
behavior; and (3) post-settlement ecology, including sub-
strate-specific survival and growth (Figure 1).

This review summarizes existing information on eco-
logical factors affecting scleractinian corals during these
first three phases of their life, covering the period from
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gamete release to juvenile coral colonies (typically de-
scribed as <40 mm). We discuss factors that are critical for
coral recruitment success, and where insufficient data exist,
we draw parallels to concepts that have been developed for
other marine larvae or adult corals and briefly discuss their
relevance for the early life history stages of corals.

LARVAL AVAILABILITY

Larval supply to a reef depends on sequential pro-
cesses of gamete production, fertilization success, and lar-
val transport (i.e., larval dispersal and connectivity). Basic
life history traits of corals can greatly influence the range of
strategies that are used to ensure larval availability. Scler-
actinians have two main reproductive modes: brooding,
where sperm are released into the water column and taken
in by conspecifics for internal fertilization, and broadcast
spawning, wherein both egg and sperm are released into
the environment so that fertilization occurs externally, that
is, in the water column (Figure 2; Fadlallah, 1983; Szmant,
1986; Richmond and Hunter, 1990; Richmond, 1997).

Fertilization

occurs

Gamete bundles
break apart

¢
s o
Gamete bundles L
float to sea surfaces
*

e  LARVAL

AVAILABILITY

Juvenile

POSTSETTLEMENT
ECOLOGY

-

Planula larva

SETTLEMENT
ECOLOG)

Recruit

FIGURE 1. Three sequential phases necessary for successful coral recruitment starting with larval availability,
progressing to settlement ecology, and ending with post-settlement ecology. (Drawn by Mark Vermeij.)
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FIGURE 2. Different modes of reproduction influence larval supply in coral species. a, Female
Stephanocoenia intersepta, a gonochoric spawner, releases eggs. b, A male S. intersepta releases
sperm. ¢, The hermaphrodite Montastraea faveolata releases eggs and sperm as bundles that
float to the surface, where they break apart for fertilization. d, For Acropora palmata (and other
spawners), fertilization of coral eggs occurs in the water column. e, A larva of Acropora pal-
mata completes development in the water column. f, In contrast, a larva of Porites astreoides
(a brooder) is fully developed when it is released from its parent and contains zooxanthellae.
(Photographs a, b, by Mark Vermeij; ¢, e, f, by Raphael Ritson-Williams; d, by Nicole Fogarty.)
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A minority of reef-building coral species worldwide are
brooders, but brooding is the dominant reproductive mode
found in the Caribbean Sea (Szmant, 1986; Richmond and
Hunter, 1990; Smith, 1992). Broadcast spawning is a more
common reproductive mode in coral species, and in Aus-
tralia more than 100 coral species may spawn on a single
night (Harrison et al., 1984; Willis et al., 1985; Babcock
and Heyward, 1986). Species representing these modes
differ in colony size, gametic cycles, larval competency,
dispersal distance, and zooxanthellae transmission (Rich-
mond and Hunter, 1990). Brooders are typically smaller
than spawning corals and have multiple planulating cycles
per year, as opposed to one or two cycles in broadcast
spawners (Szmant, 1986).

FECUNDITY

Reproductive mode determines the frequency of lar-
val release; however, both abiotic and biotic factors can
influence the amount of gametes produced in corals. The
production of gametes is only possible when a coral has
reached an age, and perhaps more importantly a size, ca-
pable of reproduction (Hughes, 1984; Szmant, 1986). It is
difficult to measure the impact of stressors on gamete pro-
duction because it is naturally variable both temporally
and between individuals within a species (Chorneskey and
Peters, 1987). As coral cover declines in both the Caribbean
Sea and the Pacific Ocean (Gardner et al., 2003; Bruno
and Selig, 2007) there are fewer and often smaller adult
colonies. This change could reduce coral fecundity be-
cause small body size reduces gamete production (Szmant,
1986) and low population densities reduce fertilization
success (see Fertilization section, below). Even with rela-
tively high adult coral densities the fecundity of individual
colonies can be decreased by many stressors before and
during gametogenesis.

Coral bleaching has been observed to stop gameto-
genesis (Szmant and Gassman, 1990), reduce the number
of gametes produced (Fine et al., 2001), and decrease fer-
tilization rates in Acropora corals (Omori et al., 2001).
Nutrients added to the water column decreased the num-
ber of successfully developed embryos that were formed in
the corals Acropora longicyathus and A. aspera (Koop et
al., 2001). Changes in salinity and sedimentation can also
reduce gamete production and fertilization success in cor-
als (Richmond, 1993a, 1993b). Guzman et al. (1994) sug-
gested that the increase in injury levels and slower growth
in corals exposed to an oil spill further reduced gamete
size, viability, and fecundity. The presence of macroalgae
adjacent to coral colonies can decrease fecundity (includ-
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ing the number and size of eggs) in the corals Montastraea
annularis and Montipora digitata (Hughes et al., 2007;
Foster et al., 2008). Impacts on fecundity are perhaps best
summarized by Rinkevich and Loya (1987), who sug-
gested that because reproductive activity involves such
high energy expenditure, any stress that diminishes energy
reserves will have an effect on adult fecundity.

FERTILIZATION ECOLOGY

Because broadcast spawners only have one or two
planulating cycles a year, it is imperative that fertiliza-
tion be successful. In any broadcast species, fertilization
success is highly variable and largely depends on the
synchronization of gamete release, gamete compatibility
(Palumbi, 1994; Levitan et al., 2004), gamete age (Oliver
and Babcock, 1992; Levitan et al., 2004), and abundance
of spawning adults (Levitan et al., 1992, 2004). However,
the health of the spawning colony and environmental con-
ditions during the spawning event also affect fertilization
success (Richmond, 1997; Humphrey et al., 2008).

During multispecies spawning events, synchronized
gamete release and species-specific gamete recognition
are critical for fertilization success and reducing the prob-
ability of interspecific fertilization (hybridization), which
may result in reduced offspring fitness (Mayr, 1963);
however, Willis et al. (2006) suggest a role for hybrid-
ization in range expansion and adaptation to a changing
environment. Species with overlapping spawning times
typically display low interspecific fertilization success in
laboratory crosses (Willis et al., 1997; Hatta et al., 1999;
Levitan et al., 2004). Interspecific fertilization success is
usually higher among morphologically similar species,
suggesting they are more closely related or possibly the
same species (Willis et al., 1997; Hatta et al., 1999; Wol-
stenholme, 2004), but interspecific fertilization can also
occur between Acropora species that have very different
branching morphologies (Hatta et al., 1999). Fertiliza-
tion success during a mass spawning event could be the
result of sperm attractant molecules produced by coral
eggs (Coll et al., 1994; Babcock, 1995) but could also be
regulated by gamete recognition proteins, such as those
that ensure species-specific fertilization in spawning sea
urchins (Zigler et al., 2005).

If coral colonies spawn asynchronously or encoun-
tered gametes are not compatible, eggs may go unfertilized
for extended periods of time or sperm may lose its viabil-
ity. The effect of age on gamete viability and fertilization
success differs among coral species; Platygyra sinensis
showed reduced fertilization after three hours (Oliver and



Babcock, 1992), but in Acropora spp. reduced fertiliza-
tion success occurred after seven to eight hours (Willis et
al., 1997; Omori et al., 2001). With increasing gamete
age, fertilization success is reduced in conspecific crosses,
but aging effects on gamete viability differ between sperm
and eggs. Montastraea spp. sperm lose viability after two
hours but eggs stay viable for more than three hours (Levi-
tan et al., 2004). Another consequence of gamete aging is
an increase in the likelihood of interspecific fertilization.
Hybridization rates between Montastraea faveolata eggs
and M. annularis and M. franksi sperm increased when
eggs had aged at least 75 minutes (Levitan et al., 2004).
Increased interspecific fertilization may be caused by a
breakdown in gamete recognition proteins, but the specific
mechanisms remain to be determined.

The density of spawning individuals plays a critical
role in fertilization success. If reproductive individual
densities are too low, fertilization success will be limited
(also referred to as the allee effect) (Levitan and McGov-
ern, 2005). Coma and Lasker (1997) found that fertiliza-
tion success in gorgonians was influenced by the density
of gametes, which was determined by nearest neighbor
distances (approximately 10 m), synchronous gamete re-
lease, or hydrodynamic processes. These factors probably
influence scleractinian fertilization success; however, it is
difficult to directly measure species-specific sperm concen-
trations in situ because a number of coral species spawn
synchronously. Field studies examining sperm concentra-
tions have used either of two methods: (1) measuring the
percent of fertilized eggs collected at different times and
locations on the reef or (2) determining the fertilization
potential of collected surface water samples by adding
them to unfertilized eggs and recording the proportion of
eggs fertilized (Oliver and Babcock, 1992; Levitan et al.,
2004). When lower production or dilution resulted in
locally lower than normal sperm concentrations, fertil-
ization success was reduced (Oliver and Babcock, 1992;
Willis et al., 1997; Omori et al., 2001; Levitan et al.,
2004). These studies showed peak fertilization potential
during or shortly after coral species spawn (Oliver and
Babcock, 1992; Levitan et al., 2004). Hence, synchronized
gamete release is a mechanism for the high gamete density
needed to ensure fertilization success.

High gamete concentration brings with it a potential
risk as well; as sperm densities increase so does the prob-
ability of polyspermy, whereby eggs become fertilized by
more than one sperm cell, which results in lowered fertil-
ization rates and developmental failure (Styan, 1998; To-
maiuolo et al., 2007). Reduced fertilization success at high
sperm concentrations has been described for several coral
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species (Oliver and Babcock, 1992; Willis et al., 1997;
Levitan et al., 2004), suggesting polyspermic fertilization
can occur in scleractinian corals. These findings suggest a
trade-off between spawning synchronously (i.e., high gam-
ete density) with other conspecifics to increase fertilization
and the potential risk of polyspermy. Polyspermy may
therefore act as a negative density-dependent mechanism.
Despite the evidence for polyspermy in coral laboratory
crosses, field fertilization rates never reached 100% dur-
ing mass spawning events (97% maximum; Levitan et al.,
2004), suggesting that polyspermic conditions are unlikely
to occur in nature. In light of recent decreases in adult
coral populations, reduced adult density and gamete aging
are perhaps the greatest threats to larval production.

LARVAL TRANSPORT: DISPERSAL AND CONNECTIVITY

After gamete fertilization, developing planula larvae
transport typically away from reproductive populations
(called “dispersal”) and to reefs where they recruit (called
“connectivity”) (Levin, 2006). The density of planulae ar-
riving to a reef determines recruitment strength. Larval
survival during dispersal varies by means of a combina-
tion of hydrodynamic processes, larval energetics, preda-
tion pressure (Fabricius and Metzner, 2004), and water
quality (Richmond et al., 2007).

Reproductive modes can provide insight into dispersal
potential, even though the planktonic duration of coral
species can be highly variable and remains undocumented
for the majority of scleractinian species. For example,
brooders generally settle within hours after release (Carlon
and Olson, 1993), whereas broadcast spawners such as
Acropora spp., Goniastrea spp., Platygyra spp., and Mon-
tastraea spp. have planktonic period of 4 to 7 days before
they are competent to settle and metamorphose (Babcock
and Heyward, 1986; Szmant, 1986). Larvae of the broad-
cast spawners Acropora muricata and A. valida settled
within 9 to 10 days (Nozawa and Harrison, 2008), but
larvae of the spawning corals Platygyra daedalea and Go-
niastrea favulus can settle between 2 and 3 days after fer-
tilization, which is sooner than some brooding corals, sug-
gesting that dispersal of these species might be of shorter
duration than has been assumed from survival estimates
(Miller and Mundy, 2003). In the absence of settlement
substrate, a small percentage of Acropora latistella, Favia
pallida, Pectinia paeonia, Goniastrea aspera, and Montas-
traea magnistellata larvae survived for 195 to 244 days in
the water column (Graham et al., 2008). Planulae larvae
can probably survive drifting in the plankton for long du-
rations until they encounter suitable settlement substrate;
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however, the length of the planktonic period will partially
depend on whether the larvae have acquired zooxanthel-
lae, which give them additional energy reserves, from the
parent colony (Richmond, 1987).

The frequency of recruitment as a function of dis-
tance from a reproductive source population is called a
“dispersal kernel” (Steneck, 2006). For most planktonic
larvae it was assumed that relatively long larval survival
potential in combination with oceanographic transport
would generally prevent settlement close to a reproductive
source (Cowen et al., 2006). Recent reviews suggest that
even though many marine invertebrate larvae have the po-
tential (energy reserves) for long-distance dispersal, they
often settle locally because of a combination of oceano-
graphic conditions, larval behavior, and increasing mortal-
ity associated with planktonic conditions (Cowen et al.,
2000; Strathmann et al., 2002; Levin, 2006). The shape
of most dispersal kernels is now thought to be skewed to-
ward the reproductive source, that is, increased rates of lo-
cal recruitment (Figure 3; Steneck, 2006). Most dispersal
and connectivity research to date has focused on fishes;

A. Dispersal Kernel for Ecological and Evolutionary Connectivity

Ecologically important
(to sustain local populations)

Number of recruits to counteract local mortality

Evolutionarily important
(to prevent local extinction)

Number of successful recruits

Distance from larval source

B. Coral Mortality Shrinks Connectivity

Coral mortality (fewer reproductive adults)

Distance from larval source

Shrinks ecological connectivity distance

Number of successful recruits

FIGURE 3. Dispersal kernels determine potential connectivity dis-
tance between reproductive populations and offspring. A, Distinc-
tion between ecologically important recruitment necessary to balance
against local mortality and evolutionarily important recruitment to
balance against local extinction. B, Shrinking dispersal kernels result-
ing from adult coral mortality. (After Steneck, 2006.)
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however, one study measured ecological connectivity of
coral larvae via a field experiment conducted around the
isolated Helix Reef in Australia (Sammarco and Andrews,
1988). They reported that 70% of coral recruitment oc-
curred within 300 m of the larval source and that rates
of recruitment declined with distance downstream from
the reef (Sammarco and Andrews, 1988). Further, as ex-
pected, broadcasters dispersed farther than did species of
brooding corals, but the estimated ecologically relevant
dispersal kernel for both species was remarkably local. A
recent review discusses the limited dispersal kernel of coral
planulae (Steneck, 2006); however, there is little experi-
mental evidence for the mechanisms that determine coral
ecological connectivity.

Recruitment rates must equal or exceed rates of adult
mortality to sustain a local population. Most dispersal ker-
nels show high rates of recruitment near the reproductive
source, with recruitment decreasing as distance increases
(Figure 3). Although that tail is important for gene flow,
that low density of settlement is not sufficient to sustain
populations. That is, the ecologically relevant portion of
a dispersal kernel reflects the sustained rate of recruitment
necessary to compensate for rates of mortality. The critical
level of settlement to sustain populations (i.e., horizontal
line above each shaded half of Figure 3) is not known; how-
ever, colonization rates of the introduced orange cup coral
Tubastraea coccina can provide some real-world insights
into the scale of ecological and evolutionary connectivity.
This brooding species was first introduced to the Nether-
lands Antilles in 1943 and then spread from island to is-
land through the Caribbean, taking 50 years to reach the
Bahamas and 60 years to reach Florida (Fenner and Banks,
2004). Once in a region, local populations grew rapidly.
This finding is consistent with the concept that the biogeo-
graphic spread results from the evolutionarily important
“long tail” of the dispersal kernel, whereas the ecologically
and demographically significant portion of the dispersal
kernel controlling local colonization is much smaller and
more local (Figure 3A). Observations of the spread of T.
coccina are conservative because some of the spread of
this species probably resulted from colonized ships moving
among the regions (Fenner and Banks, 2004).

Ecological connectivity necessary to sustain popula-
tions against chronic mortality is much more difficult to
measure than is evolutionary connectivity. Evolutionary
or genetic connectivity can be directly measured using a
variety of molecular genetic techniques (reviewed in Hell-
berg, 2007). In Japan, gene flow between islands 30 to
150 km apart was determined to be consistently higher
for the spawner Acropora tenuis than for the brooding



species Stylophora pistillata, but both coral species had
unique genotypes across islands separated by 500 km (Ni-
shikawa et al., 2003). In the Caribbean, a genetic break
was detected for Acropora palmata, roughly dividing pop-
ulations from the Greater Antilles and western Caribbean
from populations in the Lesser Antilles and the southern
and eastern Caribbean (Baums et al., 2005). On the rela-
tively contiguous Great Barrier Reef (GBR), high rates of
genetic connectivity were observed for both brooders and
spawners. For example, gene flow was detected in all the
spawners and three of the five brooders despite being sepa-
rated by 500 to 1,200 km (Ayre and Hughes, 2000). How-
ever, the same species of corals were genetically distinct
on Lord Howe Island, which is separated from the GBR
by 700 km (Ayre and Hughes, 2004). This observation
suggests that coral larvae can use islands within the evolu-
tionarily important tail of the dispersal kernel as “stepping
stones” to maintain genetic connectivity between distant
reefs separated by long distances (Steneck, 2006).

Although dispersal kernels are useful for visualiz-
ing how larval availability declines with distance from a
source, their ecological effect can be variable. For example,
without changing the shape of the kernel but reducing the
number of recruits as a consequence of reduced reproduc-
tive output following an adult mortality event (Figure 3B),
the range of both the ecological and evolutionary parts of
the kernel can shrink. If this happens, connectivity among
distant reefs could sever, making recovery following an
acute disturbance difficult or impossible.

SETTLEMENT ECOLOGY

As local and global threats continue to decrease coral
cover, it is likely that fewer coral larvae will be supplied
to reefs that may or may not have appropriate settlement
habitat. For corals, the transitional stage from planktonic
planula larvae to sessile benthic juveniles involves a two-
step process of settlement and metamorphosis. Settlement
is the behavioral response of a larva when it stops disper-
sal and selects substrate for recruitment. Metamorphosis
includes the subsequent morphological and physiological
changes that pelagic larvae undergo to become benthic
juveniles. Settlement of coral larvae can be influenced by
habitat qualities that facilitate or inhibit settlement and
metamorphosis of larvae supplied to a reef (Figure 4).
Larval settlement behavior can be determined by the con-
ditions the larvae experienced in the plankton or by the
presence of positive or negative cues on the benthos or in
the water overlying the reef.
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LARVAL CONDITION UPON ARRIVAL

As coral larvae disperse in the plankton they are ex-
posed to water quality conditions that may affect larval
health, behavior, survival, and settlement success (Vermeij
et al., 2006). Experiences during early life stages (i.e., de-
pleted energy reserves, nutritional stress, environmental
stressors, and pollutant exposure) have latent effects on
later life stages in numerous marine larvae across differ-
ent phyla (reviewed in Pechenik, 2006). Even short-term
exposure to stressors or a slight delay in metamorphosis
can reduce fitness in juveniles and adults (i.e., decrease
growth rate, lower competitive ability, reduce survival,
and decrease fecundity) (Pechenik, 2006). Although the
mechanisms through which latent effects are mediated are
not known, it is suspected that transcriptional or trans-
lational processes or direct DNA or key enzyme dam-
age are responsible (Pechenik et al., 1998; Heintz et al.,
2000; Pechenik, 2006). As very few studies have tested
latent effects in coral larvae, we describe some of the pat-
terns found in other marine organisms to highlight how
pre-settlement stress might impact post-settlement coral
growth and survival.

Marine invertebrate larvae often rely on external cues
to trigger metamorphosis. Without these cues, the larval
period can be prolonged (reviewed in Pechenik, 1990),
and post-settlement fitness may be reduced (Pechenik,
2006). For some invertebrates, including abalones, tu-
nicates, and bryozoans, delayed metamorphosis slowed
post-metamorphic development (Wendt, 1998; Roberts
and Lapworth, 2001; Marshall et al., 2003). Depleted
energy resources during the larval stage may also be an
important contributor to post-settlement growth and sur-
vival. Bennett and Marshall (2005) found that depleted
energy reserves caused by increased activity in larvae of
the ascidian Diplosoma listerianum were more costly en-
ergetically than extending the larval period or completing
metamorphosis. Food limitation during the larval period
can reduce size, total organic content, energy reserves of
metamorphosed animals, juvenile growth rates, and sur-
vival (Miller, 1993; Pechenik, 2002; Thiyagarajan et al.,
2003; Chiu et al., 2007, 2008).

Water quality conditions can directly reduce coral
larval survival and settlement but also may cause latent
effects for new recruits. Salinity reductions during pre-
settlement periods can reduce post-metamorphic growth
rates and survival for various marine invertebrates (Pech-
enik et al., 2001; Thiyagarajan et al., 2008). Vermeij et
al. (2006) tested salinity stress on Montastraea faveolata
larvae and how that influenced subsequent post-settlement
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FIGURE 4. Coral larval substrate selection is critical to post-settlement survival. a, Favia fragum
larvae explore the benthos for a suitable settlement site; some larvae have already attached and
are beginning to metamorphose. b, Acropora cervicornis settlers are attached to Titanoderma
prototypum and have metamorphosed. ¢, A new recruit of Montastraea faveolata has settled on
coralline algae, which has started to slough its outer layer of tissue, knocking the coral recruit
off the substrate. d, Montastraea faveolata recruits are being overgrown by a coralline alga. e,
Montipora capitata larvae have settled on Ulva sp., an ephemeral substrate. f, A Siderastrea
radians recruit has settled in a high-sedimentation environment. (Photographs a, b, by Raphael
Ritson-Williams; ¢, d, by Nicole Fogarty; e, f, by Mark Vermeij.)




performance. Lower than normal seawater salinity caused
increased pre- and post-settlement mortality and increased
the mobility of coral planulae. It was suggested that the
increased activity of the larvae in the lower salinities was
an attempt to escape the unfavorable conditions. With
increased activity, energy reserves were depleted, which
was suggested to be the cause of pre-settlement mortal-
ity, smaller post-settlement size, and lower post-settlement
survival. Planulae in the lower-salinity treatments settled
on a greater range of substrate types. This study empha-
sized the importance of planktonic conditions on the per-
formance of settling coral larvae, which could then influ-
ence post-settlement ecology.

LARVAL BEHAVIOR IN OVERLYING WATER

Coral larvae possess a wide array of behaviors that
allow them to enhance the likelihood of successful settle-
ment, including, but not limited to, sensitivity to light
(Lewis, 1974; Mundy and Babcock, 1998), depth (Car-
lon, 2001, 2002; Baird et al., 2003; Suzuki et al., 2008),
and chemical cues (Morse et al., 1994). One field study
showed that multiple behavioral choices determined the
larval settlement site of the Caribbean brooder Agaricia
humilis (Raimondi and Morse, 2000). The larvae swam
down when restricted to 3 and 8 m but swam toward the
surface when restricted to 25 m. In further field experi-
ments, larvae settled in response to the coralline alga Hy-
drolithon boergesenii but would only settle directly on the
coralline alga when it was on the underside of a settlement
tile. This study showed that coral larvae are capable of
complex behaviors, which are determined to some extent
by their ability to detect and discriminate between positive
and negative settlement cues in their habitat.

PosITIVE SETTLEMENT CUES

Many marine invertebrate larvae use chemical cues to
determine the appropriate habitat for settlement (Pawlik,
1992; Hadfield and Paul, 2001). Chemical cues are impli-
cated for both settlement and metamorphosis of corals and
may be released by conspecifics and other organisms that
indicate appropriate habitat for survival and growth. Re-
search in the Caribbean showed that a membrane-bound
carbohydrate complex from the coralline red alga Hydro-
lithon boergesenii induced settlement and metamorphosis in
the brooded larvae of Agaricia humilis (Morse and Morse,
1991; Morse et al., 1994). It was suggested that many corals
require an algal cue for the induction of settlement, indicat-
ing a common chemosensory mechanism for settlement and
metamorphosis among coral larvae (Morse et al., 1996).
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Both the larvae of Acropora millepora, a common
Indo-Pacific coral species, and coral larvae collected from
natural slicks after mass spawning events used coralline
algae for settlement and metamorphosis (Heyward and
Negri, 1999). Four species of crustose coralline algae,
one non-coralline crustose alga, two branching coralline
algae, and the skeleton of the massive coral Goniastrea
retiformis induced metamorphosis. Chemical extracts
from both the crustose red alga Peyssonnelia sp. and the
coral skeleton were highly active, inducing up to 80%
larval metamorphosis. Coral larvae can also distinguish
among species of coralline algae. The Australian spawning
coral Acropora tenuis had different rates of settlement in
response to different species of coralline algae (Harrington
et al., 2004). Settlement choice resulted in higher rates of
post-settlement survival on the preferred coralline algae,
illustrating the recruitment consequences of larval selectiv-
ity. Chemical cues appeared to be involved in this selective
behavior, because methanol extracts of the coralline red al-
gae Titanoderma prototypum and Hydrolithon reinboldii
both induced metamorphosis of A. tenuis.

Comparative studies have revealed that settlement
and metamorphosis in response to crustose coralline algae
is not an obligate trait of all coral species. Two brood-
ing Australian corals were compared for their settlement
selectivity (Baird and Morse, 2004). Acropora palifera lar-
vae only metamorphosed in the presence of coralline red
algae, but Stylophora pistillata larvae showed some meta-
morphosis in unfiltered seawater and also metamorphosed
onto glass coverslips. A study in Guam found that larvae
of the spawning species Goniastrea retiformis preferred
substrate covered with crustose coralline algae (CCA), but
the reef-flat brooding coral Stylaraea punctata preferred
biofilmed rubble (Golbuu and Richmond, 2007).

Coralline algae have been identified as a positive set-
tlement cue for some corals, but it is unclear if the biofilms
present on these algae or the algae themselves are respon-
sible for the observed settlement behavior (Johnson et al.,
1991; Webster et al., 2004). Biofilms were isolated from
the coralline alga Hydrolithon onkodes, and one strain
of bacteria alone was enough to induce settlement and
metamorphosis of Acropora millepora larvae (Negri et al.,
2001). When H. onkodes was sterilized in an autoclave
and treated with antibiotics, it still induced significantly
more settlement and metamorphosis than seawater or ter-
racotta tiles. Additionally, coral larvae can distinguish be-
tween tiles conditioned at different depths, which could be
related to depth-related differences in bacterial commu-
nity composition of biofilms that formed on tiles (Webster
et al., 2004). Whether the coralline algae or its biofilm is
producing the inductive compound(s) may depend on the
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coral and the coralline algae species tested. The specificity
of bacterial communities to different coralline algal species
has rarely been investigated (Johnson et al., 1991). With
the recent development of more refined genetic techniques
it is possible to compare different microbial communities,
which might enable the identification of the microbe(s) that
can induce coral larval settlement and metamorphosis.

NEGATIVE SETTLEMENT CUES

Water quality and substrate conditions impact fertiliza-
tion rates and also may inhibit some coral larvae from nor-
mal settlement and metamorphosis. Low coral recruitment
is commonly documented in the field, yet surprisingly few
studies have experimentally tested which substrate char-
acteristics might deter coral larval settlement. Coral larval
survival and settlement can be reduced by many environ-
mental stresses, such as elevated temperatures (Edmunds
et al.,, 2001), variation in salinity (Vermeij et al., 2006),
sedimentation (Hodgson, 1990; Gilmour, 1999), and UVB
radiation (Kuffner, 2001; Gleason et al., 2006). Survival
and settlement are reasonable ecological metrics for the ef-
fects of stress, but an important gap in our knowledge is
how sublethal stress influences larval behavior and post-
settlement health and success (Downs et al., 2005). New
techniques including cellular biomarkers and differential
gene expression using microarrays should provide impor-
tant techniques to measure sublethal stress in coral larvae.

Water quality conditions that are known to impact
adult corals also have dramatic effects on larval supply
and settlement. Of the physical conditions that negatively
influence larval settlement, elevated temperature has re-
ceived the most attention and has the potential to increase
in frequency and duration as ocean temperatures continue
to warm. Larvae of the Caribbean brooding coral Porites
astreoides were killed and had low densities of zooxan-
thellae when exposed to elevated temperatures for 24
hours (Edmunds et al., 2001, 2005). High temperatures
(36°C) killed Acropora muricata larvae within 40 hours
(Baird et al., 2006), and temperatures of 32°C killed Dip-
loria strigosa larvae and reduced their settlement (Bassim
and Sammarco, 2003). However, at elevated temperatures
(29°C) larvae of Stylophora pistillata had the same settle-
ment as at 25°C (Putman et al., 2008), and more larvae
settled on the CCA in 25°C than in 23°C. Many of these
studies used different experimental conditions, making it
difficult to compare the effects of temperature on different
species of coral larvae. Temperature is one stress that is
relatively well studied, but more research is necessary to
understand other physical stressors, such as ocean acidifi-
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cation (Albright et al., 2008), that will affect coral larvae
in the future.

Larval interactions with the biological inhabitants
of reef communities can also reduce larval settlement.
Algal turfs, macroalgae, and benthic cyanobacteria can
negatively impact the settlement of coral larvae (Kuffner
and Paul, 2004; Birrell et al., 2005; Kuffner et al., 2006;
Birrell et al., 2008a). In the Florida Keys, two brown al-
gae, Dictyota pulchella and Lobophora variegata, reduced
the total number of Porites astreoides settlers (Kuffner et
al., 2006). In the Philippines, the algae Sargassum polycys-
tum and Laurencia papillosa decreased larval settlement
of Pocilloproa damicornis, but water conditioned with
these algae increased settlement over the seawater controls
(Maypa and Raymundo, 2004). In Australia, water con-
ditioned with the foliose brown alga Padina sp. reduced
larval settlement of Acropora millepora; however, water
conditioned with the brown alga Lobophora variegata
increased settlement (Birrell et al., 2008a). The cyanobac-
terium Lyngbya majuscula reduced the survivorship of
Acropora surculosa larvae and settlement and metamor-
phosis of Pocillopora damicornis in studies conducted on
Guam (Kuffner and Paul, 2004), and in Florida, the cya-
nobacterium Lyngbya polychroa caused Porites astreoides
to avoid settling adjacent to it on settlement tiles (Kuffner
et al., 2006). Some macroalgae and cyanobacteria can act
as settlement inhibitors for coral larvae, but this was not
true for all the algae tested. A surprising contrast was ob-
served for Favia fragum larvae, which had high rates of
settlement and metamorphosis onto live Halimeda opun-
tia when offered with coral rubble (Nugues and Szmant,
2006). Coral larvae of Montipora capitata were observed
to settle onto Ulva sp. (Figure 4e; Vermeij et al., 2009).
Why these larvae would settle directly onto blades of algae
is unclear as this substrate is ephemeral, thus probably in-
creasing post-settlement mortality. Little research has been
done on the mechanisms that algae use to inhibit settle-
ment, but algal qualities such as natural products, shading
and abrasion, serving as vectors of bacteria, and releasing
dissolved organic matter may contribute to the negative
impacts of algae on larval settlement.

Competition from other members of coral reef com-
munities also influences larval behavior. Tissue of the scler-
actinian coral Goniopora tenuidens suspended in seawater
inhibited metamorphosis of Pocillopora damicornis larvae
and reduced the growth of new recruits over seven days
(Fearon and Cameron, 1996). The tissue from Goniopora
tenuidens also caused increased mortality of larvae from
P. damicornis, Platygyra daedalea, Fungia fungites, and
Oxypora lacera. Increased research on the types of benthic



organisms and the mechanisms they use for competition
with coral larvae is an important area for further study.
An integrated approach to larval stress, physiology, and
the physical and biological characteristics of settlement
substrata will reveal the impact of benthic organisms on
coral larval behavior, settlement, and post-settlement sur-
vival. Determining what benthic habitat characteristics are
necessary for increased settlement will be a critical step for
managing reef habitats for increased coral recruitment.

POST-SETTLEMENT ECOLOGY

Corals, and most benthic marine organisms, suffer
high rates of mortality soon after settlement because they
are small and vulnerable. Post-settlement processes from
the time corals settle (i.e., attach to the benthos) to recruit-
ment (i.e., survive to some later phase) determines much of
coral demography (Vermeij and Sandin, 2008). This con-
cept is consistent with the tenet of clonal population biol-
ogy that states as clonal organisms grow the probability of
their death declines but the probability of injury increases
(Hughes and Jackson, 19835). Thus, the two rates of early
post-settlement mortality and growth can strongly influ-
ence the local abundance of corals.

POST-SETTLEMENT MORTALITY

Coral recruits can die from a myriad of causes includ-
ing chronic disturbances such as competition and preda-
tion and pulse disturbances such as bleaching and disease.
However, the chronic disturbances probably drive most
post-settlement mortality and thus are serious impedi-
ments to reef recovery. Caribbean reefs are a case in point,
with incidences of recovery much lower than Indo-Pacific
reefs as a result of setbacks from chronic disturbances
(Connell et al., 1997).

Algae, encrusting invertebrates, and sediment have all
been shown to have deleterious effects on newly settled cor-
als (Figure 5; Rylaarsdam, 1983). Settling corals, with lim-
ited stores of energy to invest in competitive interactions, are
particularly vulnerable when faced with a well-developed
benthic community structure and limited space (Jackson and
Buss, 1975; Sebens, 1982; Connell et al., 1997). However,
the mechanisms, or causes, of reduced growth and mortality
of newly settled larvae, recruits, and juveniles have, for the
most part, only recently been investigated.

Encrusting invertebrates (particularly sponges) can be
especially inhospitable for newly settled corals. In cryp-
tic habitats, newly settled corals are likely to lose out by
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overgrowth of fast-growing heterotrophic groups such as
sponges, bryozoans, and bivalves (Vermeij, 2005). Aerts
and van Soest (1997) determined the impact of sponges on
coral survival to be greatly species specific. Physical, chem-
ical, and biological properties of benthic invertebrates
may inhibit coral growth and survival. Some studies used
chemical extracts of sponges (Sullivan et al., 1983; Pawlik
et al., 2007) to show that allelopathy can negatively im-
pact adult corals. Coral recruits are even more susceptible
to stress, yet surprisingly few studies have examined sec-
ondary metabolites for their impact on the early life history
stages of corals. A field study by Maida et al. (1995) sug-
gested that allelopathy reduced recruitment of corals adja-
cent to the octocorals Sinularia flexibilis and Sarcophyton
glaucum, and both the live octocorals and settlement plates
with dichloromethane extracts of S. flexibilis inhibited coral
settlement and survival. More long-term, small spatial scale
(millimeters to centimeters) studies are needed to determine
the effect of benthic invertebrates on post-settlement sur-
vival (Edmunds et al., 2004; Vermeij, 2006).

Areas of high algal biomass are known to be poor nurs-
ery habitats for settling corals (Birkeland, 1977; Bak and
Engel, 1979; Harriott, 1983; Birrell et al., 2008b; Vermeij
and Sandin, 2008; Vermeij et al., 2009). There are several
mechanisms by which algae may be deleterious to corals.
Algae may interfere with larval settlement by simply pre-
empting available settlement space (Mumby et al., 2006;
Box and Mumby, 2007). At least one species of turf algae
alone (without sediment) has reduced settlement of corals
in laboratory experiments (Birrell et al., 2005). More direct
physical interactions including algal shading, abrasion, or
basal encroachment can result in reduced coral growth or
increased mortality (Lirman, 2001; McCook et al., 2001).
Shading by the encrusting brown alga Lobophora variegata
over six months caused a 50% increase in morality of ju-
venile Agaricia agaricites (less than 20 mm diameter), and
the mere presence of L. variegata around the coral reduced
colony growth by 60% (Box and Mumby, 2007). However,
shading by Dictyota pulchella resulted in no direct mortality
but caused a 99% decrease in coral growth. Other studies
have determined that Lobophora variegata (in the absence
of grazing) is a superior competitor to Caribbean corals,
including A. agaricites, A. lamarcki, Meandrina meandrites,
Mycetophyllia aliciae, and Stephanocoenia intersepta, and
to at least one species of Pacific coral, Porites cylindrica (De
Ruyter van Steveninck et al., 1988; Jompa and McCook,
2003). Thus, it is likely that community phase shifts to high
algal biomass decrease recruitment by reducing larval set-
tlement and post-settlement survival (Hughes and Tanner,
2000; Kuffner et al., 2006).
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FIGURE 5. Macroalgae can be a dominant space occupier on degraded reefs and can inhibit coral recruit-
ment at multiple life history stages. a, The macroalgae Dictyota spp. and Halimeda opuntia covered most
of the benthos on this Belize reef, potentially inhibiting coral settlement. b, Recruits of Acropora palmata
surrounded by Dictyota sp. ¢, A new recruit of Diploria sp. surrounded by Gelidiella, Jania, Dictyota, and
the cyanobacterium Dichothrix sp. d, Montastraea annularis overgrown by Halimeda sp. (All photographs

by Raphael Ritson-Williams.)

Reduced coral recruitment in algal-dominated reefs (Ed-
munds and Carpenter, 2001; Birrell et al., 2005) is thought to
be in part the consequence of chemically induced mortality
or the increased biomass of fleshy algae actually functioning
as a reservoir for coral pathogens (Littler and Littler, 1997;
Nugues et al., 2004). Bak and Borsboom (1984) proposed
that the reduction in water flow adjacent to macroalgae
could cause increased coral mortality through changes in the
flow regime and increased allelochemical concentrations.
Most recently, enhanced microbial activity caused by algal

exudates has been proposed as a mechanism of competition
(Smith et al., 2006; Vermeij et al., 2009). Kline et al. (2006)
determined that elevated levels of dissolved organic carbon,
which can occur in areas of high algal biomass, increased the
growth rate of microbes living in the mucopolysaccharide
layer of corals. These studies all suggest that the detrimental
effect of algae on corals could be mediated by several prop-
erties of macrophytes.

On modern reefs, algal-related post-settlement mor-
tality probably decreases the population density of coral



recruits. Vermeij (2006) compared his recruitment study
in Curacao from 1998 to 2004 to that of Van Moorsel
(1989) from 1979 to 1981, using the same method in the
same location. Recruit densities on the topsides of settle-
ment panels in the more recent study were 5.16 times
lower and recruitment on the undersides was 1.14 times
lower than the 1979-1981 study. Macroalgae had re-
placed CCA as the dominant topside space occupier, cre-
ating a less-suitable habitat for coral recruitment com-
pared to the crustose algae that had dominated the same
site roughly 20 years earlier. In places where Diadema ur-
chin recovery and grazing have reduced algal abundance,
the population density of juvenile corals has increased
(Edmunds and Carpenter, 2001; Aronson et al., 2004;
Macintyre et al., 2005).

While herbivory can improve the recruitment poten-
tial by keeping reefs relatively free of algae, it can also be a
potential cause of mortality for newly settled corals. Graz-
ing rates on exposed outer surfaces of shallow reefs are ex-
tremely high, exceeding thousands of bites per square me-
ter per day (Carpenter, 1986; Steneck and Dethier, 1994;
Steneck and Lang, 2003). Bites, especially from parrotfish
that graze deeply into carbonate substrates, would easily
kill a newly settled coral. Few studies have documented
recruit mortality resulting from fish grazing (Mumby et
al., 2006), although it has been suggested as the cause of
the low number of recruits observed on the top surface
of settlement plates (Adjeroud et al., 2007). The herbiv-
orous sea urchin Diadema antillarum was shown to be
a significant agent of mortality for newly settled corals
(Sammarco and Carleton, 1981). The highest mortality of
newly settled corals is likely to occur on outer exposed
surfaces where algal growth rates and herbivore grazing
rates are greatest and rates of sedimentation are highest.
In shallow reef habitats where algal growth and herbivory
rates are greatest, coral recruitment is greater in subcryp-
tic microhabitats (Bak and Engel, 1979). However, which
microhabitats increase post-settlement survival has rarely
been tested (but see Babcock and Mundy, 1996).

PosT-SETTLEMENT GROWTH RATES

Given the vulnerability of small size classes, the adap-
tive advantages of rapid growth rates are obvious. Coral
recruit survival is not merely a function of the attributes
of the settlement substrate but also of the coral’s ability
to resist overgrowth by neighboring encrusting inverte-
brates and algae (Richmond, 1997). As new corals grow,
their mortality rates decline (Vermeij and Sandin, 2008),
and they are less likely to be overgrown by competitors
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(Hughes and Jackson, 1985). Often, however, the slow
growth rates of newly settled corals make this a losing
battle, and early post-settlement mortality is generally
high (Figure 6; Bak and Engel, 1979; Edmunds, 2000; Ver-
meij and Sandin, 2008). Even in a controlled environment,
laboratory studies showed that a coral that remains less
than 3 mm in diameter for two or three months has only a
20% chance of survival (Rylaarsdam, 1983). Field studies
report a huge amount of variance in early post-settlement
mortality. Babcock (1985) found post-settlement survivor-
ship over the first three to six months ranged from 16%
to 71%, whereas more recently Box and Mumby (2007)
determined a monthly estimated mortality rate for Agari-
cia agaricites to be 3.5% per month. Annual juvenile coral
survivorship estimates range from 0% to 77% (Smith,
1992; Wittenberg and Hunte, 1992; Maida et al., 1994;
Smith, 1997; Edmunds, 2000).

Different species of corals have distinctly different
rates of growth and ability to recover following a distur-
bance (Wakeford et al., 2008). Specifically, some of the
Indo-Pacific acroporid corals (e.g., Acropora tenuis) are
extremely “weedy” and are capable of growing nearly
6 cm in 1.5 years (Omori et al., 2008); this translates to
an average growth rate of 3.2 mm/month compared to
the much slower growth rates reported for Oxypora sp.
as ranging between 0.2 and 0.5 mm/month (Babcock and
Mundy, 1996).

Settlement habitat also influences growth rates of
newly settled corals. Subcryptic habitats protect coral re-
cruits from stresses and disturbances common on outer reef
surfaces, but they will invariably have lower productivity
potential. Diameters of Platygyra sp. and Oxypora sp. set-
tlers increased one-quarter to one-half as fast in cryptic
undersides than they did on upper exposed surfaces for the
two species, respectively (Babcock and Mundy, 1996). Im-
portantly, however, new recruits that selected subcryptic
microhabitats had higher survivorship despite their slower
growth rates (Babcock and Mundy, 1996).

VARIABILITY OF POST-SETTLEMENT
SURVIVAL AND GROWTH:
THE ROLES OF BIODIVERSITY
AND LIFE HISTORY STRATEGIES

Before the disease-induced Acropora spp. decline in the
Caribbean, fundamental differences existed between acro-
porid-dominated reefs of the Caribbean and Indo-Pacific
regions. Caribbean reefs are largely built by two species of
Acropora. Both species recruit rarely (Rylaarsdam, 1983;
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FIGURE 6. A time series of the growth of Agaricia sp. settled on a terracotta tile in Bonaire over 3.75 years.
After March 2007 (e), this recruit is being overgrown by the coralline alga Titanoderma prototypum, a
known settlement-facilitating species, illustrating just how hazardous the settlement environment can be.
a, June 2004, recruit diameter is 1.3 mm; b, March 20035, 3.4 mm; ¢, July 2005, 8.4 mm; d, June 2006,
15.2 mm; e, March 2007, 16.0 mm; f, March 2008, 12.0 mm. One segment on the scale bar = 1 mm. (All

photographs by Suzanne Arnold.)

Sammarco, 1985), but their clonal growth created massive
monocultures of rapidly growing reefs capable of keeping
up with rising sea level (Adey, 1978). In contrast, there
are two orders of magnitude more species of Acropora on
Indo-Pacific coral reefs, and the population density of their
recruits are also orders of magnitude greater on Indo-Pacific
reefs than on Caribbean reefs (Hughes et al., 1999).
Although the high diversity of acroporid corals in
the Pacific spans the spectrum of life history characteris-
tics from weeds (i.e., high reproductive output and rapid

growth rate; Omori et al., 2008) to trees (i.e., competitively
dominant, large colonies; Baird and Hughes, 2000), the two
acroporid species comprising Caribbean reefs require long
adult lives and considerable clonal propagation. However,
since the acroporid die-off in the early 1980s, Caribbean
reefs have fundamentally changed. Because of the resul-
tant algal phase shift (Hughes, 1994), acroporid reefs have
become hostile to the rare acroporid recruits, and they
have lost their receptivity for reattachment of encrusting
fragments (Williams et al., 2008). These changes on many



Caribbean reefs may be the primary reason why they ap-
pear less capable of recovering from widespread distur-
bances such as coral disease and bleaching.

The massive, slow-growing coral Montastraea annu-
laris is also a broadcast spawner and framework builder
in the Caribbean. It also has very low rates of recruitment
(Hughes and Tanner, 2000) and thus requires long adult
life to establish its dominance. Although it dominates Ca-
ribbean reefs today (Kramer, 2003) and is relatively hardy,
it too has shown elevated levels of disease in recent years
(Pantos et al., 2003) and has increased susceptibility to dis-
ease after bleaching (Miller et al., 2006). Again, the long-
term prognosis for this Caribbean reef builder is poor.

Weedy, brooding species such as Agaricia spp. and
Porites spp. are the thrust behind the current rates of coral
recruitment in the Caribbean. The Caribbean brooder
Agaricia agaricites is often the most abundant recruit on
Caribbean reefs in recent times (Bak and Engel, 1979).
This species has well-documented high rates of recruit-
ment and adequate sediment-rejection capabilities yet re-
generates poorly from lesions and is often outcompeted by
other corals (Bak and Engel, 1979). In the past 30 years
Agaricia tenuifolia has replaced other corals to dominate
the community on two reefs that had historically differ-
ent community compositions (Aronson et al., 2004).The
increasing community dominance observed for Porites as-
treoides at six sites in the Caribbean is being driven by a
constant recruitment rate coinciding with reduced percent
cover of other coral species (Green et al., 2008).

It is possible that these life history-related differences
are fundamentally changing Caribbean reefs. Are Carib-
bean reefs today following the paths of forests and other
marine ecosystems in their shift to weedy, stress-tolerant
species? (see Knowlton, 2001). A recovery such as seen in
Palau following the 1998 bleaching event, where sexual
recruitment and remnant regrowth were equal contribu-
tors (Golbuu et al., 2007), has yet to be recorded in the
Caribbean. Success stories of Caribbean recoveries led by
broadcast spawning species are scarce (but see Idjadi et
al., 2006). Thus, the relative importance of sexual versus
asexual reproduction to recovery in the Caribbean needs
to be addressed by long-term observations with particular
focus on recovery following large-scale disturbances such
as major storms and bleaching events.

Thus, it seems that Caribbean reefs were built by
corals that have been successful since the Pleistocene
(Pandolfi and Jackson, 2006) with a strategy of low re-
cruitment, considerable clonal growth, and low post-
settlement mortality. However, that strategy may not be
broadly viable today, given the global climate trajectory
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(Hoegh-Guldberg et al., 2007) and patterns of human
activities. While Indo-Pacific reefs are not immune to de-
clines in rates of coral recruitment in recent years (Wake-
ford et al., 2008), the higher biodiversity and range of re-
cruitment and post-recruitment strategies (e.g., high rates
of growth) allow reefs there to be more resilient.

CONCLUSIONS

Coral mortality has increased in recent decades, mak-
ing coral recruitment more important than ever before in
sustaining coral reef ecosystems and contributing to their
resilience. We identified three critical sequential phases to
the recruitment process of corals: larval availability, larval
settlement, and post-settlement ecology. All three factors
are necessary for coral recruitment and, ultimately, for
maintenance or recovery of coral reef ecosystems.

Most coral planulae available for recruitment are
probably from relatively local reproduction and relatively
short-distance connectivity. As adult coral abundance de-
clines, both fertilization success and the effective disper-
sal distance of corals (see Figure 3B) will likely decline as
well. Physiological stress on reproducing corals might also
result in fewer and possibly weaker coral larvae arriving,
thereby reducing the per capita rate of settlement success.

Once in the vicinity of a coral reef, settling corals re-
spond to a hierarchy of environmental cues both in the
water and from the reef. Several studies have identified or-
ganisms that facilitate or inhibit the settlement and meta-
morphosis of corals. Crustose coralline algae can facilitate
coral settlement but, disturbingly, this group of algae is
becoming rarer on coral reefs as macroalgae become in-
creasingly dominant. Macroalgae are known inhibitors of
settlement, which may result from their ability to rapidly
occupy settlement habitat, their suite of secondary metab-
olites, their microbial communities, or a combination of
some or all of these mechanisms.

Stressors that impact multiple life history stages of corals
have the most potential to greatly reduce coral recruitment.
Poor water quality (such as sedimentation and increased
temperatures) and the increased abundance of macroalgae
are known to decrease coral recruitment and negatively
impact corals at many different life history stages. Human
impacts on the water quality of marine systems continue to
grow, and few locations remain untouched (Halpern et al.,
2008). These and other stressors may decrease the reproduc-
tive output of corals, physiologically stress the larvae, block
subcryptic nursery habitats, create negative settlement cues,
and result in increased post-settlement mortality.
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Globally, many Indo-Pacific reefs have higher rates of
settlement, recruitment, and recovery from disturbances,
which could be the result of higher biodiversity in the region.
In contrast, Caribbean reefs may have evolved a strategy of
low recruitment and considerable clonal growth, with low
post-settlement mortality for its few reef-building acropo-
rid corals. Unfortunately, that strategy may be ineffective
in the future given the global climate trajectory of higher
ocean temperatures, acidification, and greater disturbance
from tropical storms, which will continue to physiologically
stress corals. Because Indo-Pacific reefs have two orders of
magnitude more acroporid species, weedy and potentially
resilient strategies could succeed. If current trends continue
on modern reefs, it is possible that reefs in the future will
differ from those of the recent past.
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ABSTRACT. Quantitative sampling of fiddler crabs was performed in June-July be-
tween 1992 and 1994 along transects at three St. Lucie County mosquito impoundments,
Florida, running from the Indian River Lagoon (IRL) shore and across the impoundment
perimeter dikes, and in one impoundment across the perimeter ditch. A total of 929 spec-
imens representing four species were found: Uca pugilator, Uca rapax, Uca speciosa, and
Uca thayeri. The quantitative sampling showed that there was no correlation between the
number of Uca burrow openings on the sediment surface and the actual number of crabs
in the sediment. Differences were recorded in abundance and distributional patterns be-
tween impoundments, but no correlation was recorded between substrate organic con-
tent and species distributional patterns. The male/female ratio was close to 1 for all spe-
cies, except for U. thayeri; the males dominated for this species (ratio, 1.8:1). High water
temperatures potentially lethal to fiddler crabs occurred in the impounded marsh in the
summer. U. pugilator and U. rapax were unlikely to be impacted by the impoundment
flooding as they are highly motile and not very site specific. U. speciosa and U. thayeri
were more restricted to the very soft, dark, and wet substrate along perimeter ditch banks
and may therefore be impacted during periods of flooding because they are dependent on
nonflooded areas for feeding and reproduction.

INTRODUCTION

Burrowing crustaceans, such as fiddler crabs, impact the ecology of associ-
ated infaunal communities and, consequently, the ecosystem as a whole (Crane,
1975; Montague, 1982; Dittman, 1996). According to Montague (1980), fid-
dler crabs are the most abundant macrobenthic crustacean inhabitants of North
American estuaries. Their impacts on bioturbation activity and oxygenation of
the substrate are considerable (Bertness, 1985). Fiddler crabs may also play an
important role in recycling nutrients (Macintosh, 1982; Bertness, 1985). They
feed by scraping up and ingesting surface sediment (Crane, 1975; Kraeuter, 1976;
Heard, 1982; Macintosh, 1982; Weis and Weis, 2004) and are in that respect
very important in overturn of substrates. Fiddler crabs are also an important
food source for birds, fish, and mammals (Peterson and Peterson, 1979; Mon-
tague, 1980; Grimes et al., 1989; Gilmore et al., 1990). There is a relatively di-
verse Uca species assemblage within the Indian River Lagoon (IRL) region, with
seven species reported in the IRL (Salmon, 1967; Kerr, 1976; M. Salmon, Florida
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Atlantic University, personal communication, 1992), four
tropical species, Uca rapax (Smith), Uca thayeri Rathbun,
Uca speciosa (Ives), and Uca mordax (Smith), and three
temperate species, Uca pugnax (Smith), Uca pugilator
(Bosc), and Uca minax (Le Conte). Only four species were
found during these studies: Uca pugilator, U. rapax, U.
speciosa, and U. thayeri.

That the impoundment of 90% of the marginal wet-
lands (primarily for mosquito control) of the IRL has a
potential negative impact on regional Uca populations has
been a controversial issue for many years. Each impound-
ment and the management procedures are described in
detail in Rey and Kain (1991). Preliminary studies by Gil-
more et al. (1991) revealed that no Uca spp. were observed
from marsh-mangrove habitats in flooded (short-term and
long-term) impoundments, while they were present in large
numbers at unimpounded sites adjacent to impoundments.
This difference could be associated with a number of fac-
tors, because many aspects of the reproduction of Uca (in-
cluding courtship, female receptivity, egg maturation, and
hatching) are closely synchronized with the semidiurnal
and semilunar tidal cycles (Fingerman, 1957; Barnwell,
1968; Wheeler, 1978; Zucker, 1978; Montague, 1980; De-
Corsey, 1983; Salmon et al., 1986). However, according
to Fingerman (1957), the tidal rhythm differs between
species (U. pugilator and U. speciosa). The exclusion of
natural tidal cycles within several impoundments may
therefore have serious impacts on populations of Uca
spp. In addition, prolonged periods of inundation that
usually occur from May to September (management for
mosquito control) may displace Uca spp., which need
periods of exposure of the burrow entrances for sur-
vival. Periods of heavy precipitation, mainly during the
summer, may also drastically reduce the salinity within
these impoundments.

The main objectives of this study were (a) to evaluate
survival and adaptation of Uca populations to manipu-
lated ecological conditions along the impoundment perim-
eter ditches (compared with the natural IRL conditions),
(b) to determine if these potential adaptations differed
among species, and (c) to elucidate zonation patterns of
each species (from the IRL shore, across the dike road,
down to the impoundment ditch).

METHODS

Figure 1 shows the location of the three studied im-
poundments, which are described in detail in Rey and
Kain (1991). Blue Hole Point (impoundment [Imp.] #23)
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FIGURE 1. The three sampling impoundments (Imp) within St. Lu-
cie County, Florida; SMS = Smithsonian Marine Station.

is a 122 ha breached impoundment. The 20 m breach in
the western dike allowed natural tidal access between the
impoundment and the IRL. This breach was a result of a
severe 1981 winter storm and was left open to the natural
tidal cycles of the IRL. The main reason for not repairing
the breach was that this impoundment could be used as a
reference/control site for numerous impoundment studies
(James R. David, St. Lucie County Mosquito Control Dis-
trict, personal communication, 1992). Jack Island State
Preserve (Imp. #16A) is a 161 ha impoundment divided
into four cells. This impoundment was open via culverts
to the IRL during the winter months but was artificially
flooded during the summer months (early May through
August). Bear Point (Imp. #1) is a 255 ha impoundment.
Since August 1993, the culverts here were left open to tidal
exchange.

Quantitative sampling was performed in these im-
poundments, Imp. #23 and Imp. #16A in June-July 1992,



1993, and 1994 and Imp. #1 in July 1994 along a portion
of transect lines previously established for burrow counts
(Gilmore et al., 1991). One transect line had been estab-
lished in each impoundment. These transects ranged from
the edge of the IRL (0 m), continued across the artificial
dike, and ended at the impoundment perimeter ditch (Fig-
ure 2). Four permanent metal stakes indicated the sam-
pling sites (see below). Because of the very hard substrate
on top of the actual dike (the road), it was impossible to
sample these sites (10 m and 15 m) quantitatively (see
below). The 0 m stake was placed at the waterline (low
tide) on the IRL side, and the other three stakes (markers)
were placed at 5 m intervals across the dike, with the 0 m
stake as the starting point. The 15+ m site was between
the 15 m stake and the upper bank of the perimeter ditch
(Gilmore et al., 1991; see Figure 2). Additional sites were
also established for the studies: site A was at the edge of
the water (low tide) on the dike side of the perimeter ditch
and site B in the corresponding area of the impoundment
marsh side of the ditch (Figure 2). It was not possible to
establish a site B in Imp. #16A, because of the summer
artificial flooding, or in Imp. #1, because it was flooded
naturally. The width of the perimeter ditches was about §
to 6 m. The ditch shores in all impoundments had a very
dense (but only about 1.5 to 2 m wide) mangrove vegeta-
tion (primarily Rhizophora mangle). Two additional sites
were established in Imp. #23: site C, about 2 m into the
impoundment marsh from site B, immediately behind the
dense mangrove vegetation along the ditch shore (see Fig-
ure 2), and site D on the sand flat within the marsh (25 m
from the ditch). The distance from site 0 m to site C was
about 25 m and to site D about 47 m. The sampling sites
were 2 X 2 m permanent squares situated at each marker
(sites 0 m, 15+ m, C, and D), within which four repli-
cate samples were randomly collected on each sampling

DIKE

5m
IRL

Om

FIGURE 2. Cross section of a typical mosquito impoundment in the
Indian River Lagoon (IRL), showing locations of the fiddler crab
sampling sites. The dike road was approximately 1.5 m above low
tide level in the IRL at three investigated sites (site D is not shown).
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date. Sites A and B were sampled the same way (on the
exposed substrate at low tide) close to the dense man-
grove vegetation at each side of the perimeter ditch. The
Imp. #23 impoundment marsh was never flooded dur-
ing my studies. The random sampling was performed by
means of a stainless steel cylinder (0.1 m?, 40 cm high)
with a sharpened bottom edge. Sampling was always per-
formed at low tide and when no, or very few, specimens
were observed on the sediment surface. Sampling was
never performed when many crabs were observed out of
their burrows. Sampling at such times would have re-
sulted in erroneous quantitative results because Uca spp.,
when disturbed on the sediment surface, seek shelter in
the closest burrow or even migrate out into the water.
The cylinder was forced down to a sediment depth of
at least 25 cm. The number of Uca burrows within the
cylinder area was recorded, and then the sediment was
removed with a shovel (with a straight edge). The up-
permost fraction (0-10 ¢cm) was sieved (in the field) in
seawater through a 2 mm stainless steel mesh sieve. In the
remaining fraction (10-25 c¢cm) the crabs were removed by
hand in the field. This procedure was deemed acceptable
as small crabs only occurred in the uppermost layer of
the sediment. The specimens were transferred to plastic
bags and kept in a cooler in the field. In the laboratory,
the samples were either processed immediately or stored
in a freezer for later processing. The crabs were sorted by
hand in a tray filled with seawater. They were then placed
in labeled glass jars in a solution of 5% borax-neutral-
ized formalin, diluted in seawater. After 4 to 5 days the
formalin was replaced with 70% ethanol. All specimens
larger than 5 mm carapace width (CW) were later iden-
tified and weighed (wet weight) and have been archived
for possible future studies. All individuals smaller than 5
mm were regarded as “juveniles.” It was not possible to
identify these to species level with certainty. The litera-
ture sources used for species determination were Tashian
and Vernberg (1958), Salmon (1967), and Crane (1975).
A total of 140 quantitative samples were collected dur-
ing the entire study period: 84 in Imp. #23, 40 in Imp.
#16A, and 16 in Imp. #1.

Water temperature was measured midafternoon on 26
July 1993 and 1 August 1994 within the marsh of Imp. #16A
(which was artificially flooded), in the middle of the adjacent
perimeter ditch, and in the IRL (about 5 m from the shore).
The measurements were taken at 5 cm water depth.

Because many impoundments are closed for natural
tidal exchange to the estuarine waters of the IRL during
the artificial flooding periods (impoundment pumps), sa-
linity may drop rapidly during periods of heavy rainfall.
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An experiment was therefore performed to investigate toler-
ance to rapid salinity changes among the four Uca species.
The laboratory setup consisted of twenty 2 L round plas-
tic containers equipped with a lid. A separate air supply
was provided to each container. Four treatments and one
control (four replicates per treatment) were established:
100%, 75%, 50%, 25%, and 0% seawater. Laboratory-
supplied seawater was diluted with distilled water. The
salinities of the different treatments were 100% = 36-37
ppt (parts per thousand), 75% = 27-29 ppt, 50% = 19
ppt, 25% = 9-10 ppt, and 0% = 0 ppt, measured with an
ocular refractometer. The water temperature was very sta-
ble during the experimental period, 24.0°-26.0°C. Each
experiment lasted for seven days. The crabs were collected
48 hours before each experiment and acclimated in 100%
aerated seawater during this period. Seven randomly se-
lected female crabs of each species were placed in each
experimental container. It was not possible to find enough
specimens of U. thayeri during the period for these stud-
ies. Therefore only 25% and 0% seawater were used as
treatments, and each replicate contained five crabs. The
experiments were monitored twice a day, and any dead
crabs were removed. Water was changed only in the con-
tainers where dead crabs were found. These experiments
were performed between 4 July and 27 July 1994.

Sediment samples for analysis of organic content (loss
on ignition) were collected in 1994 along the three tran-
sects. Three sediment cores (inner diameter, 30 mm) were
collected to a depth of 5 cm at randomly chosen points at
each site. As stated above it was not possible to establish
a site B in Imp. #16A or in Imp. #1. The sediment was
treated in the laboratory according to the procedures de-
scribed in Holme and McIntyre (1971).

A one-way analysis of variance (ANOVA) (Holm-Sidak
method) was performed to compare the respective moni-
tored sites in the three impoundments regarding organic
content (LOI) in the sediment (Table 1).
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RESULTS
ABUNDANCE

Abundance data from the three transects sampled in
1992, 1993, and 1994 at Imp. #23 and Imp. #16A are pre-
sented in Figures 3 and 4, and the one transect sampled in
1994 at Imp. #1 in Figure 5. High water levels prevented
sampling 0 m (IRL) at Imp. #16A in 1992 and site A (ditch
shore) in 1994.

The results from Imp. #23 were similar the three sam-
pling years (Figure 3). U. pugilator and U. rapax were
relatively evenly distributed across the transect, and a few
specimens of U. rapax were sometimes observed on the
dike road (DIKE; see Figure 2). U. speciosa, the dominant
species, was found only at site 0 m, and in very high den-
sities in the wet, soft, and dark mud on both sides of the
perimeter ditch (sites A and B). U. thayeri was also found
on both sides of the perimeter ditch (sites A and B), in ad-
dition to a few specimens at site 0 m in 1992.

In contrast, at Imp. #16A (Figure 4), U. pugilator
dominated in abundance at site 5 m whereas U. rapax was
most abundant at site A (perimeter ditch shore). U. spe-
ciosa was almost exclusively found at site A and U. thayeri
at site 0 m.

At Imp. #1 the distributional patterns were similar
to the other impoundments. However, U. pugilator was
found in comparatively low densities, whereas U. rapax
was abundant at both sites 0 m and 5 m. U. speciosa was
found in high densities in the wet muddy areas at site 0 m
and at site A. U. thayeri was found at the 0 m site and to
even a greater extent at site A (dike side of the ditch).

No statistical tests were performed to elucidate any
potential difference between years at each site, but it was of
higher interest to statistically compare abundance patterns
between impoundments. Therefore, correlation analyses

(Pearson product moment correlation) were performed on
the mean abundance data (1992, 1993, 1994) for sites 0 m

TABLE 1. One-way analyses of variance (Holm-Sidak method) concerning differences in organic con-

tent (LOI) between the different impoundment and sampling sites. Significant differences (P values) are

in bold italic.

Site
Impoundment no. 0m Sm 15+ A C D
23 vs. 16A 0.025 0.068 0.158 0.0002 0.0001 0.001
23 vs. 1 0.148 0.044 0.123 0.124
16A vs. 1 0.004 0.003 0.014 0.00006
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FIGURE 3. Abundance and biomass (wet weight) between 1992 and 1994 of the four fiddler crab species along the impoundment #23

transect. Error bars represent + standard error values (N = 4). Note the different scaling on the y-axes.
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FIGURE 5. Abundance and biomass in 1994 of the four fiddler crab species along the transect within impoundment #1. Error bars represent

+ standard error values (N = 4).

to A for each of the four species separately between Imp.
#23 and Imp. #16A. However, no correlation (P > 0.05)
could be found for any of the species. The same analyses
were performed for the 1994 data from Imp. #23, Imp.
#16A, and Imp. #1. The only correlation (positive) found
was for U. thayeri between Imp. #23 and Imp. #1 (correla-
tion coefficient, 0.968; P value, 0.031).

BiomAss

The biomass (g wet weight) measurements are pre-
sented in Figures 3—5. No significance tests were performed
concerning the biomass difference among the three years
for each species.

However, the biomass calculations for the three years
in Imp. #23 (Figure 3) indicate that changes took place, but
these changes are based on subjective observations. High
biomass values were recorded for U. pugilator in 1992 at
site C and in 1993 and 1994 at site 0 m. High values were
recorded for U. rapax throughout the entire transect, espe-
cially in 1993 and 1994, except at site D. The highest bio-
mass values for U. speciosa were recorded on both sides of
the perimeter ditch (sites A and B), especially on the marsh
side of the ditch (site B). High U. thayeri biomass values
were recorded along the perimeter ditch (sites A and B).

At Imp. #16A the biomass values for U. pugilator
were high at site 5 m all three years (see Figure 4). Rela-
tively high biomass values were recorded for U. rapax at
sites 5 m and A in 1992. However, data for site A in 1994
are not available. Low biomass values were recorded for
U. speciosa at site A in 1992 and 1993. U. thayeri was
only recorded at low biomass values at site 0 m in 1993
and 1994 and at site A in 1993 and at site 0 m in 1994.

At Imp. #1 low values were observed for U. pugilator
throughout the transect (see Figure 5), but U. rapax was,
by far, the most dominant (biomass) species across the en-
tire transect. The only exception was site A, where the val-
ues for U. speciosa and U. thayeri were somewhat higher.

REPRODUCTION AND SEX DISTRIBUTION

The percentage of “juveniles” found in 1993 and
1994 at the different sites within Imp. #23 and Imp. #16A
is presented in Figure 6. More juveniles were found at
site 0 m at Imp. #16A compared with Imp. #23. Many
juveniles were also recorded along these impoundment
ditch shores (sites A and B in Imp. #23 and site A in Imp.
#16A). The sex distribution among adults of the four spe-
cies from the 1992, 1993, and 1994 (combined) collec-
tions (June—July) is presented in Figure 7 with the number
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the actual number of crabs found within each sample
in 1992 and 1993 is presented in Figure 8. A Wilcoxon
signed-rank test showed that there was no correlation
between these two parameters: P = 0.097 (linear regres-
sion: R? = 0.02, P [analysis of variance] = 0.23). This
finding has also been reported by Colby and Fonseca
(1984). The same lack of correlation was also found by
the author in a larger and more detailed multiyear study
at Merritt Island impoundments (close to Cape Canav-
eral, eastern Florida.).
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FIGURE 7. Sex distribution of all fiddler crab individuals larger than
5 mm collected during 1992-1994 combined within impoundments
#23, #16A, and #1. The bars show sex distribution for each species
found throughout the study period; PUG = Uca pugilator; RAP =
U. rapax; SPE = U. speciosa; THA = U. thayeri.
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of fiddler crabs found in each quantitative sample.

Table 1). The lowest values on the IRL side (site 0 m) were
recorded from Imp. #1 and the highest from Imp. #16A.
At the ditch (site A) the highest organic value was recorded
at Imp. #16A and the lowest at Imp. #1. Within the marsh
(site C) (Imp. #23 and Imp. #16A only), the loss on igni-
tion was very high within Imp. #16A and very low within
Imp. #23. As indicated in Table 1, Imp. #16A deviated
significantly the most from the other two impoundments,
with generally the highest organic content (LOI).

TABLE 2. Water temperatures (°C, 5 cm water depth) at im-
poundment site #16A, measured in midafternoon during July
1993 and July 1994.
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FIGURE 9. Percent survival in fresh (distilled) water of the four fid-
dler crab species. Error bars represent standard error values (N = 4).
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Location 2 1993 1994 Mean
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a Marsh = impoundment marsh; ditch = impoundment perimeter ditch; IRL =
Indian River Lagoon.

FIGURE 10. Sediment organic content (percent weight loss on igni-
tion) at the sampling sites within the three impoundments in 1994.
The error bars represent standard error values (N = 3). Note differ-
ent scaling on y-axes.
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Pearson product moment correlation tests were used
to elucidate any potential correlation between the organic
content of the sediment (LOI) and the distributional pat-
tern (along the transects) of the four different species. All
tests were performed on the mean values of each param-
eter. Only transects where a significant amount of infor-
mation was available were used for these tests: Imp. #23
in 1993 and 1994, and Imp. #16A in 1994 (see expla-
nation above). No significant correlation (P > 0.05) was
recorded for any species between abundance and organic
content, except for U. pugilator at Imp. #23 in 1994, with
a correlation coefficient of 0.797 and a P value of 0.032.

DISCUSSION

Different species of fiddler crabs prefer different sub-
strates and salinities for reasons of their specific physiolog-
ical tolerances and environmental preferences (Teal, 1958;
Vernberg et al., 1973). However, the artificial environment
of the impoundments in the IRL, with the perimeter ditch
and dike, poses a completely new, different type of envi-
ronment for the Uca populations. The occurrence and dis-
tributional patterns of the different species of fiddler crabs
in these impoundment dikes and perimeter ditches have
not been investigated earlier, so this is a first basic study
on these populations. The results from this study indicate
that more detailed studies are needed in the future in these
very extensive artificial environments in the IRL.

Uca speciosa and U. thayeri were the most “site- and
substrate-specific” species within these environments,
whereas U. pugilator, and in some cases also U. rapax,
were more “generalists.” Uca speciosa and U. thayeri were
almost exclusively found in the very soft, black, and wet
substrate close to the water (primarily sites A and B),
which is clearly demonstrated by the data presented from
Imp. #23. The highest abundances of U. speciosa were here
recorded on the perimeter ditch “shores” (sites A and B).
Given the rich mangrove vegetation, it was expected that
the very fine, wet, and muddy sediment on the ditch pe-
rimeter shores (sites A and B) would have a comparatively
high organic content, but this was not the case (see Figure
10). Because no correlation between the organic content
of the substrate and the abundance pattern of the different
species were found, the grain-size distribution, water con-
tent, the chemical content of the sediment, root mat den-
sity, physiological tolerances, and interspecific interactions
may be more important factors in fiddler crab distribu-
tional patterns (Teal, 1958; Ringold, 1979; Bertness and
Miller, 1984). No root mat areas were investigated in this
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study. The large differences in substrate organic content
(LOI) between Imp. #23 and Imp. #16A are noteworthy
(see Table 1).

Large numbers of U. rapax (and to some extent also
U. pugilator) were quite often observed on the dike roads,
but U. speciosa and U. thayeri were never seen there.
Thompson et al. (1989) have also demonstrated that some
species of desiccated fiddler crabs, among these U. pugila-
tor, can rehydrate on damp sand.

When the impoundments are being flooded, it appears
that U. rapax, and most likely also U. pugilator, are able
to migrate under water, across the perimeter ditch (often
anoxic and with H,S in the sediment), to more suitable
areas. It is, however, important to note that this has so far
been confirmed only for U. rapax. Therefore, the ability
to relocate to more suitable habitat may be the decisive
factor in survivorship among Uca species. The banks of
the perimeter dike (immediately above site A) may there-
fore act as a temporary “refuge” for some species dur-
ing periods of impoundment flooding. It is also possible
that further migration takes place toward the IRL shores
(U. rapax, U. pugilator). However, this question does not
apply to the rim and road of the dike because of the un-
suitable substrate. Furthermore, the distance to the water
table is also too great (at least 1 m).

The two species U. rapax and U. pugilator are probably
not adversely affected by impoundment management. Visual
observations, and also in situ experiments, have revealed
that these species are highly motile within the impoundment
areas. According to Thurman (2003) U. rapax is typically
collected in brackish water. Yoder et al. (2005) have also
found that the “herding behavior” in U. pugilator is a water-
conserving group effect, and this behavior makes them less
vulnerable to desiccation. Many specimens of U. pugilator
and U. rapax have been observed (by the author) to migrate
over long distances within and outside the impoundments
(marked individuals, not reported here). However, further
studies need to be performed to clarify these patterns.

Although U. pugilator and U. rapax thrive in these
areas, the fate of the other two species is more uncertain.
According to the quantitative sampling results and inten-
sive visual in situ studies, U. speciosa and U. thayeri are
confined to substrate-specific areas of the impoundments,
and this may have a negative effect on the populations of
these species when the impoundments are being managed
(flooded). However, the results from Imp. #16A, which
was flooded frequently for mosquito control, seem to con-
tradict this assumption. In spite of this management, a rich
community of U. speciosa was recorded on the ditch shore
(site A), but with low densities of U. thayeri.



Even though the data on the occurrence of juveniles
are limited, they indicate that fiddler crab reproduction
(species unknown) occurs also in the impoundment perim-
eter ditch (site A and B). As shown in Figure 6, juveniles
were, as expected, mainly found close to the water (sites
0 m, A, and B).

The dilution experiments indicate that none of the
four species is sensitive to low salinities, a situation that
rarely occurs within the impoundments. During this ex-
periment U. pugilator was the most tolerant species.
Thurman, (2003) investigated the osmoregulation of eight
Uca species and found that U. speciosa and especially U.
pugilator are able to withstand high “osmotic challenge.”
Additionally, Thurman (2005) reported that U. rapax is
best equipped for living in brackish habitats and that U.
thayeri and U. speciosa are best suited physiologically to
inhabit low and moderately saline habitats. This obser-
vation may explain why the latter two species are able
to successfully inhabit the impoundment ditch “shores”
(sites A and B). U. rapax, and most likely also U. pugi-
lator are, as discussed earlier, able to migrate over long
distances, for example, across the perimeter ditches (when
the impoundments are being flooded) and dikes (studies
by the author on ~1,200 of marked U. rapax individuals).
However, this is most likely not the case with U. speciosa
and U. thayeri. As U. speciosa is a comparatively small
species, it may therefore be more vulnerable to desiccation
than the other three species (Pellegrino, 1984).

High summer temperatures in the shallow impound-
ment water (see Table 2) pose a threat to the fiddler crab
populations. Even though the temperature measurements
only were performed twice within Imp. #16A (Table 2),
they show that the temperature in the shallow (flooded)
areas in the impoundment marsh may reach at least 44°C,
which is significantly higher than in the nearby IRL. Large
numbers of dead individuals were observed in very shal-
low water during these high temperature periods (within
the marsh of Imp. #16A), but never at lower temperatures,
and it was assumed that death was the result of short-term
hyperthermia. Replicated laboratory experiments on U.
pugilator and U. rapax collected inside Imp. #23 showed
that lethal water temperatures (LDs) on individuals from
this area are 41°-42°C. Teal (1958) reported a lethal tem-
perature (LDsg) between 39.5° and 40.0°C for U. pugila-
tor, U. minax, and U. pugnax, and Vernberg and Tashian
(1959) found that U. rapax was more resistant to tem-
peratures of 42°-44°C than was U. pugnax. Wilkens and
Fingerman (19635) performed a thorough study on lethal
temperatures for U. pugilator in both saturated and dry
air. LDs, in saturated air was reached at 40.7°C, which
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corresponds well to the results from my observations.
Powers and Cole (1976) have also demonstrated that bur-
row temperature decreased rapidly with depth, proving
the major heat refuge for U. panacea on open sand flats
during a study on Mustang Island, Texas. Edney (1961),
in a study on a number of fiddler crabs at Inhaca Island,
Mozambique, found that the temperature within the bur-
rows during the warmer months was considerably cooler
than the sand on the surface. Preliminary results within
this study (not presented) also indicate that the tempera-
ture drops significantly with sediment depth in the mos-
quito impoundments.

Genoni (1985), on a study on U. rapax in Florida,
reported that there were more burrows than fiddler crabs
in the sediment. Even if there was no correlation between
fiddler crabs (all species) and burrows in the present study,
the results were often the opposite from the results by
Genoni (1985). Mouton and Felder (1996) investigated
the quantitative distribution of U. spinocarpa and U. lon-
gisinalis by quantitatively counting the number of Uca
burrows along transects in a Gulf of Mexico salt marsh.
However, no studies were performed regarding the num-
ber of individuals (and species) living in these burrows.
Excavating the substrate is a very labor-intensive proce-
dure but obviously necessary to be able to evaluate the
actual fiddler crab species distribution and abundance
within specific areas (see Methods, above). The studies
performed by the author in the three St. Lucie County
impoundments and at Merritt Island (Cape Canaveral)
impoundments (not reported here) did not produce any
correlation between burrows and number of Uca speci-
mens. Actually, in several cases when no burrows at all
were found on the sediment surface within the 0.1 m?
sampling area, large amounts of fiddler crabs were found
in deeper areas when excavating the substrate within the
sampling area according to the description above. There-
fore, only counting Uca burrows does not seem to give
correct data regarding Uca population abundance and
species distributional pattern. Further detailed studies are
therefore needed to elucidate this relationship.

In conclusion, these studies in the St. Lucie impound-
ments do not indicate that the construction and manage-
ment of IRL mosquito impoundments pose a serious threat
to fiddler crab populations. However, the impoundments
may change the distributional patterns of the different
species. It is important to note that new, highly suitable
habitats were created when the impoundments were con-
structed, such as the perimeter ditch margins (sites A and
B), especially preferred by U. speciosa and U. thayeri in
impoundments with tidal access to the IRL. However, the
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fate of these two species at the marsh side of the perimeter
ditch (site B) during the prolonged artificial summer flood-
ing is still unknown.
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ABSTRACT. The hydrology of an overwashed mangrove island is shown to be both
complex and dynamic, with a strong interaction between tide-induced flow and the resi-
dent red mangrove (Rhizophora mangle L.) root system. A topographic map of the tid-
ally flooded area of the island was made and related to the tide-induced water levels. The
flooded area approximately doubled during the usual tidal event. The bottom topogra-
phy is highly irregular with a maximum channel water depth of about 1.5 m, but much
of the flooded area experiences a water depth of less than 0.5 m. Water elevations were
recorded by automatic water level loggers for periods of time up to 9 months. The usual
symmetrical parabolic tide signal was transformed into a highly asymmetrical form as it
moved landward through the tangled root system of the red mangrove forest. A normal
tide range of 13 cm at the island margin attenuated to 3 ¢cm at a distance of 200 m
landward, with a lag time of 2 h for highs and 6 h for lows. Maximum flow velocities
of 5 cm/s were measured in the main channels with marked reduction in regions of
dense mangrove root and shallow water depth. The combined frictional resistance of the
bottom and associated mangrove roots is characterized by a Manning’s roughness coef-
ficient, n, that ranged from 0.084 to 0.445. The changing flow pattern within the flooded
mangrove swamp was mapped during a 7 h high-to-low tide period using aerial photog-
raphy to track the movement of slugs of visible dye placed at three locations. Analysis
of the sequential time-related photos showed limited lateral dispersion in the tortuous
main channel but strong tidally controlled flow direction changes and dispersion along
the channel axis. A strong circulatory pattern is observed in a shallow pond at the south
central terminus of the tidally affected flow system. This large shallow pond is sparsely
populated by dwarf red mangrove and is some 350 m from a primary connection with
the surrounding lagoon. Poor flushing of the pond creates water temperatures ranging
from 25°C in the winter to 40°C in the summer. High surface water evaporation creates
a hypersaline condition of 45 ppt salinity in summer. In winter, with the infusion of fresh
rainwater, salinity of surface water in the pond can be less than 5 ppt. Because of its role
in the transport of nutrients and detritus, and its flushing action, the dynamic hydrological
system of the mangrove island is a highly important ecological feature of the overwashed
mangrove island.

INTRODUCTION

Mangrove forests are tropical wetlands with a specialized vegetation adapted
to waterlogged and saline conditions (Lugo and Snedaker, 1974; Hutchings and
Saenger, 1987; Ball, 1988). These forests provide energy-absorbing buffers from
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hurricane-driven seas, prevent coastal erosion, provide
a protective habitat for many fish juveniles, and are a
nutrient source for the surrounding waters (Odum and
Heald, 1972, 1975; Twilley, 1988; Danielson et al., 2003;
Barbier, 2006, Constanza et al., 2008), as well as a filter-
ing mechanism for sediments and pollution (Alongi and
McKinnon, 2005). Under natural conditions mangroves
live in a highly dynamic environment and in synergistic
balance with their natural neighbors. Mangroves have
evolved features that enable them to cope with an ever-
changing regime of tidal water ranges, variable salinity and
temperature, and anoxic soil conditions, but within limits
(Tomlinson, 1986). The biggest enemy appears to be man,
who can directly or indirectly destroy, in days, whole man-
grove communities that have taken thousands of years to
develop (Alongi, 2002; Macintyre et al., 2004; Rodriguez
and Feller, 2004; Taylor et al. 2007; Duke et al., 2007).

It is widely recognized that hydrological patterns de-
termine mangrove structure and function at the ecosystem
scale (Lugo and Snedaker, 1974; Forman and Godron,
1986; Twilley, 1995), and general models of mangrove hy-
drodynamics have been developed (Wolanski et al., 1992).
In these coastal wetlands, tidal flooding and surface drain-
age influence many ecological processes, including habitat
quality, water movement, filtration, and nutrient cycling
(Forman and Gordon, 1986). Water flow also influences
the dispersal and establishment of mangrove propagules
(Mazda et al., 1999).

The significant role of vegetation and the effect of in-
tertidal root density on tidal movement in mangrove chan-
nels has been described by Wolanski et al. (1980) and over
the broader mangrove swamp environment by Wolanski
et al. (1992), Furukawa and Wolanski (1996), Mazda et
al. (1997), and Mazda et al. (2005). Thus, there is a syn-
ergistic relationship for the development and growth of a
mangrove forest that depends on the dynamics and mag-
nitude of tidal inundation into the swamp. Concurrently,
the frictional resistance of the mangrove roots controls the
degree of tidal inundation and patterns of movement in
the mangrove swamp (Wright et al., 1991).

Based on long-term experiments on offshore man-
grove islands in Belize, hydrodynamics have been linked
to distinct patterns of nitrogen (N) and phosphorus (P)
limitation across the intertidal flow system (Feller et al.,
2003). Lovelock (2008) suggested that differences in tidal
inundation also influence soil respiration and below-
ground carbon sequestion via root production, which is
the source of the deep peat deposits underlying these is-
lands. McKee et al. (2007) predicted that the ability of
islands such as Twin Cays to keep pace with rising sea
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levels is dependent on the tight coupling between peat for-
mation and hydrology.

Although these and other studies based at Twin Cays
have identified tidal flooding as an important drive of eco-
logical processes, there is limited knowledge on the spe-
cific pattern of water movement across these islands. Thus
the objective of this research was to conduct a detailed
analysis of tidal characteristics and flushing patterns of
West Island, the smaller of the two main islands in the
Twin Cays Archipelago.

LocATION

The Twin Cays Archipelago lies some 22 km off the
coast of Belize (Figure 1) on the edge of the Belizean Bar-
rier Reef (16°50'N, 88°06'W). Islands of the Barrier Reef
and its surrounding waters have been the locations for
scientific ecosystem studies by the Smithsonian Institu-
tion since 1972 (Rutzler and Macintyre, 1982). Because of
their pristine condition and relative isolation from anthro-
pogenic effects, the islands and contiguous waters of Twin
Cays were selected for detailed scientific research of oce-
anic mangroves and associated marine ecosystems (Rutz-
ler and Feller, 1996). Field studies of the dynamic hydrol-
ogy of the Twin Cays mangrove ecosystems were begun in
1986 and have continued since that time. This particular
study focuses on the surface hydrology of West Island of
Twin Cays (Figure 1), a 21.5 ha kidney-shaped landmass
approximately 900 m long and 400 m wide. According to
the classification of Lugo and Snedaker (1974), the island
is an “overwashed mangrove island,” one frequently over-
washed by tides and with high organic export.

ISLAND CHARACTERISTICS

The land cover on West Island and effect of man are
shown in Figure 2, which depicts the natural mangrove
growth and the man-made clear-cut and dredge-fill as
mapped by I. C. Feller of the Smithsonian Institution
in 2002. Since then even more mangrove destruction
has occurred on the east side of the island. The island
is dominated by the red mangrove, Rhizophora mangle
L., with black mangrove (Avecennia germinans L.) on
somewhat higher topography in the intertidal zone and
white mangrove (Laguncularia racemosea L.) above
the intertidal zone (Riitzler and Feller, 1988; Rodriguez
and Feller, 2004). It is to be noted that the density of
the mangrove is far from uniform, with sparse dwarf
red mangrove dominating the interior, and much more
vigorous red mangrove growth on the island perimeter
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FIGURE 1. Location map of Twin Cays, Belize, Central America. (Adapted from Riitzler and Macintyre,

1982.)

and in areas of greater tidal movement. Figure 3 is a
photograph taken from the island interior showing the
dwarf red mangrove in the foreground and the distant
background of taller dense red mangrove growth that
characterizes the island perimeter. Figure 4 provides a
botanical rendering of the cross section of the scrub red
mangrove, showing the relationship between mangrove
foliage, stem and root structure, average tidal range, and

hydrogeologic strata. It is to be noted that the typical
low tide level is near the top of the organic ooze.

The mangroves of Twin Cays have developed on
an ancient limestone plateau over the past 8,000 years
(Macintyre et al., 2004). During this time 9-12 m of
Holocene mangrove deposits have accumulated on the
underlying limestone substrate and kept pace with ris-
ing sea level (Toscano and Macintyre, 2003; Macintyre
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FIGURE 2. Land cover characteristics of West Island, Twin Cays, Belize, based on aerial photographs taken
in 2002 that show mangrove density and clear-cut areas. (Drawn by Molly K. Ryan of the Smithsonian
Institution in 2002.)




FIGURE 3. Photograph of West Island, Twin Cays, showing dwarf
red mangrove of island interior with much more vigorous fringe red
mangrove growth in distance along periphery of the island.

et al., 2004; McKee et al., 2007). Macintyre and Toscano
(2004) found Pleistocene limestone at depths of 8.3 to
10.8 m below mean sea level in cores at West Island. As
sea level rose to cover a subaerially eroded limestone
plateau fringing the coastline, mangrove peat appears in
the stratigraphic record. The highest topography of the
island is on the seaward side where deposited sand is no
more than 1 m above mean sea level. The limestone is
now found at depths of 9 to 10 m below present sea level
(Macintyre et al., 2004). The swamp bottom is com-
posed largely of soft silty organic detritus. Exceptions of
harder bottoms are found in the nearshore swamp chan-
nels where stronger tide-induced velocities have scoured
the channel bottoms.

The climate of Twin Cays is marine tropical with air
temperatures ranging during the year from 24°C in Janu-
ary to 29°C in June; humidity averages about 78% (Riitz-
ler and Ferraris, 1982). Lagoon water temperatures range
from 23°C in the winter to 31°C in the summer. The mi-
croclimate of West Island, particularly that of the interior
water, has a much greater range. The estimated annual
precipitation at Twin Cays is about 1,885 mm, based on 4
years of complete records at the climatological station on
Carrie Bow Cay, 4 km away. This precipitation is about
80% of the annual precipitation of the nearest mainland
climatological station, the Melinda Forest Station, 30 km
to the northwest. The monthly pattern is much the same
for both stations. Hurricanes cause seawater to completely
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overwash the low-lying island. However, the natural man-
grove ecosystem seems resilient and well suited to survival
from natural events, viz. hurricanes. No significant adverse
effects have been observed on Twin Cays; the same can-
not be said for the response to man-made features, where
mangrove clearing results in severe coastal erosion.

Tides in the lagoon area surrounding the island are
microtidal with an average range of about 15 ¢m and
are of the mixed semidiurnal type (Kjerfre et al., 1982).
The tides exhibit semidiurnal high and lows with a tidal
cycle periodicity of approximately 12 h and 25 min, but
display a marked asymmetry with a large tide range fol-
lowing a smaller one. In some cases the larger range is as
much as 40 cm, followed by a range of only 10 cm. At
times the smaller range is so small as to appear nonex-
istent. In other cases certain components of the tide oc-
cur simultaneously and create a range as great as 50 cm.
Once the tidal signal enters the tangled root system of
the mangrove, the signal changes from a form that is
approximately parabolic to a highly asymmetrical pat-
tern, in which the rising limb of the flood tide is much
steeper than the falling limb. Concurrently the amplitude
is attenuated, and the highs and lows of the tidal signal
lag the open lagoon tide. The spring—neap tidal cycle is
about 29.5 days and can cause monthly tidal ranges that
completely “dry up” the interior of the island.

HIGH TIDE —
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FIGURE 4. Botanical rendering of cross section of dwarf red man-
grove showing relationship between mangrove foliage, stem and
root structure, average tide range, and hydrogeologic strata. (Drawn
by Molly K. Ryan of the Smithsonian Institution in 1989.)




478 o

METHODOLOGY

The information required for a study of the dynamic
hydrology of West Cay encompassed both spatial and
temporal data and a wide variety of methods. These meth-
ods included field surveying techniques for obtaining the
island topography and bathymetry, automated water level
recorders for water levels, automated temperature loggers,
electromagnetic water current meters, conductivity meters
for determination of water salinity, and aircraft for pho-
tographic recording of dye flows, among a host of lesser
equipment and measuring devices that were employed
over the study period of 18 years (1988-2006).

TOPOGRAPHY

Topography was determined for the tidal flood region
extending from open lagoon water at the west side of the
island along the 350 m long channel and the southern in-
terior pond (Urish et al., 2003; Wright et al., 1991). Some
36 semipermanent monitor locations were established in
1988 in the intertidal swamp to obtain water level and wa-
ter quality measurements. The locations were marked with
2 c¢m diameter polyvinyl chloride (PVC) pipes driven into
the ground in a grid pattern. Horizontal control was es-
tablished by field measurement with a 35 m long tape and
conventional level and transit surveying techniques (Wolf
and Ghilani, 2006), later located with Global Positioning
System (GPS) technology using a Garmin GPS 76. These
data were later used for georeferencing of all island features
(Rodriguez and Feller, 2004). Vertical control for land and
water measurements was determined from a primary da-
tum reference point on the east side of the island to which
an arbitrary datum was assigned. The initial elevation as-
signed to this reference point was 3.05 m with all readings
later adjusted to an approximate mean lower low water
(MLLW) after several years of time segments of about 2
weeks; one long record of 9 months of tidal data was ob-
tained. A datum lower than the typical terrestrial datum of
“mean sea level” was used to maintain both topography
and water level values positive to the extent possible.

Two principal surveying transects across the island
were established: (1) from the lagoon to the bend in the
channel along an east-to-west run including 6 points (F1
to A1) and (2) from the bend in the channel to the south
pond along a north-to-south run of 12 more points (A1l
to A12). In addition, 3 to 5 points were determined per-
pendicular to each transect point. These secondary points
were spaced approximately 15 m apart. These established
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points, as located on Figure 5, were the primary location
references for all subsequent data collection.

Automated pressure transducer water level loggers
(In-Situ Environmental Data Logger Model SE 1000c
with pressure transducer probes) were employed at five
locations for short-term (1-2 weeks) measurements.
These units were vented to automatically compensate for
ambient atmospheric pressure. Later in the study period
12 of these locations became long-term monitoring sta-
tions with automated self-contained water level loggers
(Remote Data Systems, Navassa, N. C.) that remained in
place for as long as 12 months to record data at 30 min
intervals with an accuracy of about 3 mm. Self-contained
automated temperature loggers (Optic Stowaway by On-
set Computer Corporation) were also deployed to record
temperatures at 30 min intervals for as long as 9 months.
In addition to the monitor locations, stilling wells consist-
ing of slotted 15 cm diameter PVC pipe for both manual
and instrumented tide measurements were established at
both shorelines of the island, and later in the study these
were correlated with a primary oceanographic/climatolog-
ical data collection station established at the Smithsonian
Research Station on Carrie Bow Cay, 4 km southeast. The
tops of the stilling wells were initially assigned an eleva-
tion based on the same arbitrary datum as used at the key
datum reference points. Elevations were established on
the tops of all reference station pipes using survey level-
ing techniques with a Topcon Automatic Level (model
ATF-1A). The coordination of tides at West Island and
Carrie Bow Cay was accomplished by comparison of a
series of six separate short-term tidal cycle measurements
taken concurrently at both stations.

HYDROLOGY

Water flow direction and velocities during various posi-
tions of the tide cycle were determined using conventional
stream gauging techniques along channel cross-sections, or
“reaches:” section A—A’ was defined between survey points
A1 and D1 and reach B between survey points D1 and E1.
The measurements were taken at various times during the
tidal cycle using a Marsh-McBirney electromagnetic current
velocity meter and standard stream channel cross-sectioning
methods (Watson and Burnett, 1995). Velocities and water
depths were measured at 0.6- to 1.5 m intervals perpendicu-
lar to the flow to provide 25 to 50 individual measurements
at each cross section. These measurements were then plot-
ted to determine flow volumes and flow friction factors and
to examine trends.



NUMBER 38
A o /§
7 5 £
B s e .
RONR NN NS / e
"11\\\\\ \\ N /5
1"‘~,\\\\ N /&
£l NN\ /6{
1\ ——,
W\ -~ 9 N /f
_\\\ —~ > N\ ¢ 761
ng* @ £V S ‘ e 81 o\ g e
LAGOON NS 7 A o\ ’2 0 30 60 m
51// / //’\s . ot \\3 CONTOUR INTERVAL: 6 cm
/ -~ -
& / ,’//'— 217\ Q F " \\\\i LEGEND
il \W\ N\, sHORELINE
i \\ I\ \\y ® KEYMONITOR STATIONS
L \\ \\\\ A
> N
\
rr"'rf \ \\¥_\> HIGH TIDE
el 9= 5& " OVERFLOW
s 2 CHANNEL
%
f \ (\ \“'&%
& T,
$ \ \\ N &,
3 AN \ %

g AN \ %
% \\ N\ I
Z, \\ \97_// \}
{ \ ;‘f
T \ ¢

* / HIGH TIDE
S / $= overrLow
™ N,
™ a4 \\§
o /8y
. . H
W < \// / |g
™, £, — s
# ., " ‘4
Yo o 3 %
3 owF 2 w,
L ? i
T e £ o
kS rrﬂ:"
s - o
7’3"’ Pt

FIGURE 5. Topographic contour map of interior of West Island showing locations of key monitoring sta-
tions and representative channel cross section A-A’. Elevation datum = mean lower low water (MLLW).

Contour interval = 6 cm.
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Water salinity (=0.1 ppt), conductivity (0.1 uS), and
temperature (=0.1°C) were measured with a YSI 30 S-C-T
(Yellow Springs, OH) in the field and in the laboratory.
Salinity measurements were also made in the field using
a refractometer (model 366ATC; Vista) with an accuracy
of =1 ppt.

Flow patterns were also observed and evaluated by
use of dye studies, both at the surface water level and by
helium balloon low-level photography in 1990 and 1991,
and later by high-level aircraft photography during a tidal
cycle in 1993. Although the balloon photography was only
of limited value because upper air wind currents caused the
balloon to drift off the island, aircraft photography was
highly successful. Large targets, approximately 1 X 2 m
in size, were marked and placed at each station for dye
movement referencing. Continuing runs at 0.5 h intervals
were made across the island on the same flight path at an
altitude of 150 m. Photographs were taken during each
run with a SLR camera with AF Zoom 35-70 mm lens
(Minolta 5000 MAXXUM), thus enabling both the flow
directions and dispersion within the mangrove system to
be observed. Slugs of Rhodamine fluorescent dye, a highly
visible but nontoxic dye, were placed at three stations
at the start of the observation period. The dye remained
highly visible during one tidal cycle. Continuing, but di-
minishing, levels of the fluorescence were measured in the
laboratory on water samples taken during three subse-
quent tidal cycles. The series of photographs taken from
the aircraft runs were reduced to a time sequence of plots
and then used by George L. Venable of the Smithsonian
Institution to produce an animated video of the dye move-
ment for further study.

RESULTS
TOPOGRAPHY

A topographic map of the intertidal flood zone region
of West Island is shown as Figure 5. The highly irregular
nature of the bottom is evident by inspection of the con-
tour pattern. The region of tidal flow and flooded area is
characterized by relatively flat areas with water depths fre-
quently only about 25 c¢cm over much of the flow system,
but highlighted by sections more than 1 m in depth, such
as occur between stations A4 and AS. Such deep holes are
not necessarily coherent with the main flow channel. A
cross-section (A—A’) plot (Figure 6) at station A5 depicts
the extreme changes in channel bottom that exist at this
location. In contrast, the other significant feature of the
system is a very large shallow pond of about 2.2 ha at sta-
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tions A10 to A12 at the south central part of the island.
This region contains only sparse dwarf red mangrove with
a flooded depth of about 0.25 m. Additionally, examina-
tion of the topographic map shows ground level at the east
shoreline of this pond is about 6 cm lower than the rest
of the island periphery. At high tides these limited lower
topographic zones allow lagoon water from outside to en-
ter the internal swamp flow system. In particular, high tide
waters overtop the island perimeter at two other locations
on the east side into the central region, causing short-term
hydrological anomalies of temperature and salinity, as well
as a somewhat irregular tidal signal, in the system.

HYDROLOGY

Figure 7 is a five-day plot showing the typical tidal
signal as it enters the swamp system at TG2. As the signal
enters the mangrove system, the frictional resistance of the
roots cause attenuation in tide amplitude as well as a time
lag in the highs and lows.

The unique hydrological nature of the flow in the
mangrove ecosystem is characterized by a very shallow
water depth that averages only about 0.5 m at low tide
to 0.67 m at high tide, although great variations exist.
However, because of the very flat topography, even this
low tidal fluctuation causes an extensive and significant
hydroperiod of wetting and drying with important impli-
cations to the mangrove ecosystem. As depicted on Fig-
ure 8, the area typically covered by water during high tide
is about double that covered by water during low tide.
Doyle (2003) states that his controlled field experiments
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FIGURE 6. West Island cross section A-A’ at station A5 showing
relative relationship of high and low tides to bottom contours. Green
= range of flooding from the tide; blue = low tide flow. Elevation
datum is arbitrary.
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FIGURE 7. Plot of five-day tide sequence showing relative ranges and
asymmetry of the tide at West Island. Elevation datum = approxi-
mate mean sea level.

“suggest that the hydroperiod—the rate and level of tidal
exchange—plays a much more important role in determin-
ing mangrove growth and success than previously docu-
mented.” Figure 9 presents a conceptual plot showing
the wetting—drying cycle during the sequential phases of
the tide. Perhaps even more important, the tide range is
sufficient to cause reversal of flow direction and velocity
throughout the system during each cycle.

Figure 10 shows the changing characteristics of the
tidal signal at three stations as it moves inland in a tortu-
ous path through the mangrove ecosystem. A tide range
of 13 cm at the island margin is attenuated to 8 cm at a
location 50 m landward and to 3 cm at a location 200 m
landward in the main flow channel. Concurrently, there is
a lag time of 1 h for high tide and 2 h for low tide at 50 m
landward, and of 2 h for high tide and 6 h for low tide at
200 m landward. The great difference in lag time between
highs and lows is caused by the much greater influence of
root density during a receding tide; this is also illustrated
by the asymmetrical characteristic of the tidal signal as it
transposes landward.

The seasonal climatic variations had a profound effect
on the monthly hydrological budget, especially when the
high evapotranspiration was considered. Figure 11 shows
the approximate seasonal relationships of precipitation,
surface water evaporation, and vegetation transpiration
(evapotranspiration), assuming a total annual rainfall of
1,885 mm. This value and the estimated monthly values
are based on limited (about 5 years) available data that
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FIGURE 8. Plan of West Island showing aerial extent of tidal flood-
ing between average daily low and high tides. Stippling on map
shows relative density of vegetation. (Adapted from drawing by
Molly K. Ryan of the Smithsonian Institution in 2002.)

have been collected at Carrie Bow Cay and correlated
with the longer-term record at the mainland Melinda
Forest Station. The potential evapotranspiration values
for each month were calculated from the Thornthwaite
equation (Dunne and Leopold, 1978; Thornwaithe and
Mather, 1987) using a partial record of temperature and
solar radiation available for Carrie Bow Cay. Examina-
tion of the water budget shows a deficit of precipitation as
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FIGURE 9. Conceptual plot of tidal phases during mixed semidiur-
nal hydroperiod event. (Adapted from Boulton and Brock, 1999.)

compared with evapotranspiration February through June
during the “dry” season and a surplus during the “wet”
season months from July through January. This “dry” sea-
son water deficit has an extreme effect on the surface wa-
ter in the semienclosed interior swamp system, especially
in the poorly flushed shallow pond at the south end of the
island. Figure 12 is a composite plot of water temperature
and salinity measured along the main flood channel over
several years during the “dry” and “wet” seasons. Near
the inflowing/outflowing location at station F1 the values
approach those of lagoon water at the periphery of the
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island, but in the shallow pond the value ranges are much
more extreme, with salinity ranging from 5 to 45 ppt and
temperatures ranging from 25°C to 40°C. Some tempera-
ture and salinities even exceed these values in particularly
isolated locations.

The elevations of the water surfaces and velocities at
three stations within the first 150 m inland from the shore,
as compared with the primary tide signal at shore station
TG2, are shown in Figure 13. It is to be noted that at all
stations the maximum velocities occur during the middle
of the falling tide, with the highest velocities found nearest
shore. This pattern is comparable with the tidal asymme-
try and velocity patterns found by Bryce et al. (2003) in
mangrove creek systems in Australia. The distribution of
flow and variations of velocity for a typical channel sec-
tion are illustrated in Figure 14 for a cross section at sta-
tion A4. The data were acquired during a mid-tide flood
tide at a time of maximum velocity. The upper part of Fig-
ure 14 shows depths of water across the section at the spe-
cific time of the velocity measurements shown in the lower
part. The velocities shown are an average determined from
a series of velocities measured at a series of depths over
the shortest time period possible. As indicated the velocity
changes dramatically, from 2.0 to 0 cm/s, across the sec-
tion, although there is a general pattern of greater velocity
at the deeper parts. However, this is contradictory to the
observation that the deeper part on the right side does not

50 METERS

FIGURE 10. Tidal fluctuation plots at three interior monitoring stations—T1G2, A, and B, as shown on pho-
tograph at right—during maximum velocity of flood tide on 27 May 1988. Yellow dots on the photograph
are locations of monitor stations. Elevation datum is arbitrary.
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FIGURE 11. Hydrological budget for West Island showing an-
nual pattern of precipitation, evapotranspiration, and temperature.
Shaded orange area = the “dry season” with net deficit of water
from evapotranspiration; blue shaded area = the “wet season” with
a surplus of precipitation.

have a high velocity. Inspection of the topographic plan (see
Figure 5) provides the explanation: The deeper right-hand
feature is a part of a closed depression, whereas the deeper
part on the left is continuous with the main channel flow.
The average flow velocity between points in the swamp
is reflective of both the tortuous path of flow through the
mangroves and the frictional resistance of the mangrove
root system and the channel bottom. This resistance can
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be quantified by inverse calculation of the Manning equa-
tion for stream flow (Watson and Burnett, 1995). Al-
though the Manning equation was originally developed
for stream flow, it has a logical deterministic relationship
that has been used successfully by other researchers for
mangrove flow characterization and modeling (Wolanski
et al., 1980). The Manning equation in MKS unit format
(Lindsley and Franzini, 1979) is

V=1nR> §',

where V is the average velocity, n is the Manning rough-
ness coefficient, R is the hydraulic radius (cross-section
area divided by wetted perimeter), and S is the slope, or
hydraulic gradient, of the water surface.

Manning’s roughness coefficient, n, was determined at
various locations in the flow system and at various times
in highly fluctuating stream depth and current direction.
The determined values of n for these measurements ranged

MONITOR STATION
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FIGURE 12. Plot showing ranges of salinity (black dots) and tempera-
ture (circles) during “dry” and “wet” season conditions at the south-
ern shallow pond on West Island. Monitoring stations (see Figure )
with distances from the open water lagoon at the west periphery of
the island are indicated.
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FIGURE 14. Water depths and velocities at cross-section A-A’, at
monitoring station A4 (see Figure 5) during a flood tide with maxi-
mum velocities, on 27 May 1988.

from 0.084 to 0.445, far higher than the typical 0.035
found even for natural channels with stones and weeds.
These values however are comparable to those ranges of
0.2 to 0.7 determined by Wolanski et al. (1992) for flow in
southern Japan mangrove systems. Based on earlier stud-
ies, Wolanski et al. (1980) had earlier suggested that n is of
the order of 0.2-0.4 in mangrove swamps. Table 1 shows
the parameters and results for calculation of the Manning
coefficient for section A—A’, with depth and velocity char-
acteristics as depicted in Figure 14. It is to be noted in
Table 1 that the value of n is greatest at shallow water
depth and lower velocities. Again, this is comparable to
the findings of Wolanski et al. (1992).

TABLE 1. Summary of hydraulic parameters for cross-section A-A’ at Station A4 (see Figure 5).

Average water

Hydraulic slope,

Average Manning’s

Observation 2 depth (cm) S (m/m) velocity (cm/s)  Flow (m3/s)  coefficient, n
1 11.9 0.000117 0.6 0.034 0.415
2 13.4 0.000110 0.6 0.037 0.445
3 14.3 0.000102 1.3 0.085 0.206
4 14.6 0.000098 1.1 0.069 0.261
5 16.4 0.000086 1.3 0.097 0.210
6 20.3 0.000055 1.6 0.145 0.159

@ Each observation with the associated calculations is based on 30 measurements across cross-section A—A’ as detailed in Figure 14.



A dye flow study was accomplished during a high tide
period on 5 June 1993. Single slugs of Rhodamine fluo-
rescent dye, which produced a distinctive red color, were
placed at three locations (monitor stations D1, A6, and
A10; see Figure 5) along the main channel early in the
morning. Large visual targets were placed at the monitor
stations in the mangrove swamp to enable referencing the
dye positions during movement.

The movement of dye was documented by aerial pho-
tography from an aircraft flown in a fixed flight pattern,
and at a fixed altitude of 150 m (500 ft.), Runs were made
at 0.5 h intervals. Figure 15 is a series of drawings made
from 11 of these runs, depicting the leading edge of the dye
with time. The 7 h period of measurement relative to the
position of the tide at the exterior lagoon is depicted on
the inset tide plot of Figure 15. Figure 16 is a high oblique
photograph of West Island taken from an altitude of about
600 m (2,000 feet) showing the position of the dye at 9:10
AM, shortly after high tide. The aircraft run pattern starts
over monitor station TG 2 and progresses east, turning
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south to proceed over the large pond at the south end of
the island. The series of photographs have been converted
to an animated visual program by George L. Venable of
the Smithsonian Institution (URL http://www.uri.edu/cve/
dye.mov) that clearly shows the oscillation of the water
of the mangrove swamp water as the dye at station D1,
some 70 m from the lagoon, first went to the east, then re-
versed to finally discharge into the lagoon. The dye flow at
station A6 also oscillated, then merged with the outgoing
dye from station A10 approximately 120 m south of A6,
toward the pond. Interestingly, the dye placed at A10, at
the north margin of the pond, also moved into the pond
and then flowed in a circulatory pattern. This pattern may
be caused by new lagoon water overflowing the rim of
the pond to the east because the tide during the period of
observation was a relatively high spring tide. Finally the
dye from D1 discharges into the lagoon, and the merged
A6/A10 dye moves north. Previous water level studies with
measured levels of fluorescent dye indicated that this dye
persists at continuing reduced levels in the central locations
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FIGURE 15. Sequential plots of dye flow patterns over a 7 h period from high tide through low tide, during
dye flow test on 5 June 1993. The plot in the lower right-hand corner shows the relative time position of runs

with tide levels at station TG2.
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FIGURE 16. Aerial photograph of West Island looking to the northwest from an altitude of 600 m during the
5 June 1993 dye flow test, corresponding approximately to the time of run 4 of Figure 15. The dye is evident

as the red configuration in the south pond.

for several tidal cycles before finally being flushed and dis-
sipated into the lagoon.

DISCUSSION

An intimate knowledge of the topography of the flow
and flood area is essential to an understanding of the eco-
system of a semiclosed mangrove hydrosystem such as
West Island. The interior water system of West Island is
primarily tide-induced flow, with modifications caused by
precipitation and seasonal climatic change. Hence, it is
also very important that the climatic factors be considered
in conjunction with the hydrographic characteristics.

The tidally induced hydrodynamics of the water flow
in tidal channels and ponds of an overwashed mangrove
island, in conjunction with the topography, greatly affect
the ecosystem and vitality of the resident mangrove sys-
tems. Analysis of the temporal and spatial characteristics

of a 21.5 ha island hydrological flow system shows that
where flooding and current flow becomes more vigorous,
the growth of the red mangrove is enhanced. It was found,
during the 18-year period of this study, that hydrological
changes such as increased tidal flow, from anthropogenic
as well as natural causes, enhanced the growth of the red
mangrove. On the other hand, observations of relict tree
remains indicate that historically the interior of the island
experienced a transition in mangrove species from black
mangrove to dwarf red mangrove, possibly because of
higher water levels and with poor flushing in the island
interior. This concept is in concurrence with findings of
Knight et al. (2008) in studies of patterns of tidal flooding
within a mangrove forest in Southeast Queensland, Aus-
tralia, that “mangrove basin types represent a succession
in mangrove forest development that corresponds with in-
creasing water depth and tree maturation over time.”
Detailed mapping of the topography of the intertidal
interior region of the island reveals poorly defined flow



channels that vary greatly in depth and width. Within this
system anomalous deep sections exist, further contribut-
ing to the complexity of flow. The root structure of the
mangroves and the irregular bottom result in a frictional
resistance to the flow, quantified by Manning’s n as being
as much as 10 times greater than that of conventional ter-
restrial stream channels. In studies in mangrove swamps
on Iriomote Island, Japan, Kobashi and Mazda (2005)
stress the importance of the hydraulic resistance of man-
grove vegetation in determining the flow patterns, espe-
cially in reducing the velocity component perpendicular
to the main channel. Accordingly, the interaction of the
mangrove itself is a determinate factor in stream flow and
the resulting flushing action, important to the vitality of
the mangrove. It appears to be particularly relevant to the
transport of nutrients and other physicochemical condi-
tions important to the growth of the mangrove. The driv-
ing force for the flow within the mangrove hydrosystem is
the ever-changing hydraulic gradient induced by the tide.
Accordingly, the flow moves, at varying velocities, in and
out of the interior mangrove swamp with the tide. As a
result the seawater entering the mangroves not only fol-
lows a constantly changing path, but is regularly reversed
in direction, and consequently it takes at least several tidal
cycles for flushing of the island interior. There are indica-
tions that the central part of West Island is flooding more
over a span of years, causing commensurate changes in
the mangrove types capable of surviving in the changed
regime, a process described by Knight et al. (2008). In
other areas the geomorphology of the land is changing
consequent to sediment transport, detrius deposition, and
subsidence from peat compaction. In this regard Bryce et
al. (2003), in studies of a small mangrove creek system
near Townsville, Australia, evaluated the role of hydro-
dynamics in the sediment transport process. Importantly
they observed that sediment transport appears to be a
seasonal phenomenon, with net flux going either land-
ward or seaward, but they conclude that the net sedi-
ment transport for the overall system may be close to
long-term equilibrium. They do state that mangrove
swamp areas (in the tidal overflow regions) are most
likely to be places of sediment accumulation; if so, the
more shallow areas of West Island, when flooded at high
tide, may experience accumulation from redistribution
of sediment within the system as well as from direct leaf
drop and in situ detritus accumulation.

The data showed that the annual pattern of precipita-
tion and temperature greatly affects temperature and sa-
linity in the poorly flushed interior pond. On an annual
basis there was a net discharge of water from island to the
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exterior lagoon because of precipitation. However, when
the monthly climatic factors are considered it is apparent
that during the “dry period” of February to May there is a
net loss of freshwater in the island water budget, with high
evaporation creating high-temperature hypersaline water
in the interior. When the island is in the rainy season, July
through December, the reverse is true, with the interior
water becoming cooler and fresher from the rains (see
Figure 12). In the extreme case, as described by Wolanski
et al. (1992) for tropical mangrove systems on the coast
of northern Australia, “The balance between rainfall and
evaporation, in conjunction with tidal variations, is the
key factor in determining if the upper levels of the swamp
are (tidally flushed) swamp or (hypersaline) tidal flat.” A
further important implication for the shallow pond in the
south part of West Island is, as stated by Wolanski et al.
(1992), “rainfall significantly affects porewater salinity
and it is likely that it also affects nutrient levels within
the swamp substrate, particularly in areas where regular
flooding by the tides does not occur.” On West Island,
during the “dry period” of February through May, evapo-
transpiration is approximately three times that of precipi-
tation. However, during the “wet period” of June through
December, conditions are reversed with evapotranspira-
tion being approximately one-half that of precipitation
(see Figure 11). Thus, the net effect on the poorly flushed
interior areas of the West Island mangrove system is that
of greatly increased salinity during the “dry season” and
short periods of nearly fresh water from rain storms in the
wet season (see Figure 12).

The effects of human intrusion into the natural eco-
system are illustrated by Figure 17, an aerial photograph
showing the survey lines newly cut in 1993. At that time
the strongest flow from the coastal seawater was some
25 m south of the west—east running survey cut, as identi-
fied by the darker, more vigorous vegetation. By 2003 the
main flow had moved north to the survey cut itself as the
cutting as well as foot traffic in the cut had deepened that
area. During the course of the investigations, it was ob-
served that the previous dwarf red mangrove trees along-
side these survey lines initiated signs of vigorous growth
as a result of the increased flushing, as illustrated by the
photograph in Figure 18.

Although previous studies have shown that for the
past 8,000 years the mangrove growth has managed to
keep up with rising sea level because of peat accretion, the
future may be in doubt because of anticipated greatly in-
creasing sea-level rise rates (Mckee et al., 2007). The abil-
ity of the island to adjust to rising sea level has important
implications for a future that will include sea levels rising
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FIGURE 17. Aerial photograph taken in 1993 (looking south) showing survey lines that were newly cut in
1993. The original principal tidal flow path is evident as the darker green vegetation approximately 30 m

south of the 1993 east—west survey line.

at a rate much greater than that experienced over the past
8,000 years when mangroves first appeared and flourished
on Twin Cays. As McKee et al. (2007) have stated, “Rates
of subsurface plus subsurface (root) accretion in fringe,
transition and interior zones at Twin Cay were 10.4, 6.3,
and 2.0 mm/year. Fringe mangroves have kept up and could
accommodate eustatic sea level rise of 4 mm/year if current
rates of accretion were maintained. If eustatic rates exceed 5
mm/year then these mangrove islands would not be likely to
persist, assuming all other conditions remain unchanged.”
The islands of Twin Cays, with a history of compre-
hensive ecological research, remain an important location
for measuring and evaluating changes in the mangrove
and associated ecosystems because they occur in a world
of dramatic coastal change. Much analytical work re-
mains to link the dynamic hydrology of the mangrove is-
land to the physiological parameters essential to mangrove
growth. The research site of Twin Cays, with three decades
of baseline data and research, is a very important asset for
better understanding the ecosystem of the mangrove. It is
very important that this work continue and build on the
substantial foundation of information that now exists.

CONCLUSIONS

Overwashed mangrove islands are extremely complex
ecosystems. They are essentially self-dependent, and the vi-
tality of the resident mangrove species is primarily a result
of the tide that produces the essential hydrological func-
tions of flushing and nutrient transport. The topography,
the geomorphology, and even the existence of a mangrove
island are products of the island vegetation itself. This in-
teraction affecting the island configuration is constantly
changing as the mangrove forest with its multiple species
adjusts to higher sea levels and the resultant changes in
hydrological flow and flooding parameters.

The interior of the island is subject to extremes of tem-
perature (20°-40°C) and salinity (5—45 ppt) with limited
flushing that may adversely affect the vitality and existence
of the mangrove, as well as the natural selection of man-
grove species. A comparison of the hydrological parameters
and flow regimes in the regions of vigorously growing red
mangrove with that of dwarf red mangrove strongly suggests
that enhanced communication with external lagoon water is
best for the vitality of the red mangrove on Twin Cays.



Pre-
channel

FIGURE 18. Photograph of red mangrove branch taken in 2003
near monitoring station D1 (see Figure 5) showing progressive in-
crease of growth between sequential growth rings after survey lines
were cut approximately 10 years previously. Note that the tape is
marked decimally in feet.

The flow within the island is strongly influenced by
the substantial frictional resistance of the mangrove root
system. This dense root system serves to greatly attenuate
the tidal amplitude as it progresses into the island, creat-
ing a reduced hydraulic gradient for water movement. The
resultant reduced flow creates a poorly flushed island inte-
rior with poor mangrove growth.

Extensive land clearing, especially along the coastal
margins, has long-term continuing effects of mangrove
loss from which the island may never recover (Macintyre
etal., 2009). In contrast, limited incursions such as the ob-
served survey line cutting may shift, but enhance, channel
flow, promoting more vigorous red mangrove growth. In
extensive field research (Feller et al., 2003), it was found
that the patterns of nutrient availability within and among
mangrove ecosystems are complex. Feller et al. (1999)
showed the dramatic effects of nutrient enrichment on
mangrove growth as well the changes in nutrient limita-
tions that can take place within relatively short distances
in swamp ecosystems. At least in the case of the nutrient-
poor (P-limitation) condition of the sparse red mangrove
in the interior of the island, the cause of nutrient limitation
seems to be poor flushing, which limits the refreshing of
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the system with phosphorus-rich lagoon water from tidal
flooding.

A further concern is that of the effect of rising sea
level on the ability of the mangrove to survive. The hydro-
dynamics of the mangrove system greatly influences the
mangrove ecosystem both by transport of nutrients and
sediment and by the direct ability of the geomorphology of
the island to develop to keep pace with rising sea level as it
has in the past (McKee et al., 2007). At the least it appears
that differential growth of mangroves will occur as flood-
ing occurs and the hydrodynamics of the system changes.
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ABSTRACT. Batis maritima, a low-growing perennial species with woody stems and
succulent leaves, occurs in mangroves and, to a lesser degree, in salt marshes in the
Neotropics. It spreads by clonal growth, occurs in a wide range of habitats, and at times
forms monotypic stands. Sites that are permanently flooded or are flooded regularly by
tides and salt pans are the only mangrove habitats in which B. maritima does not occur
or occurs as a few scattered plants. On mangrove-dominated islands in Belize, the cover-
age and height of B. maritima were highest in open habitats, including sites disturbed by
human activities. In a mangrove-dominated mosquito impoundment in Florida, B. mari-
tima occurred in all habitats sampled and, similar to observations in Belize, coverage and
height were greatest in the most open habitats. The abundance and, at times, dominance
of B. maritima suggests that it may play an important role in the dynamics of mangrove
ecosystems, especially in the recruitment and establishment of mangrove seedlings. Man-
grove seedlings and saplings were present in most of the plots that were sampled in Belize
and Florida, but there was no relationship between the percent cover of B. maritima and
the density of seedlings and saplings.

INTRODUCTION

Batis, the only genus in the family Bataceae, has two species. Batis maritima
L. occurs in the Neotropics in coastal salt marshes and mangroves from Georgia
and Brazil on the Atlantic coast and California to Peru on the Pacific Coast of
North and South America. The species is widely distributed in the Caribbean
basin. The second species, Batis agrillicola P. Royan, is endemic to coastal areas
of northern Australia.

Batis maritima, a low-growing C; perennial species with woody stems and
succulent leaves, is associated with saline soils and has been described as a spe-
cies that responds to disturbance in mangroves and salt marshes (Rey et al.,
1990; Pennings and Richards, 1998; Pennings and Callaway, 2000). An im-
portant ecophysiological characteristic of B. maritima is the ability to adjust
photosynthetic rates to increasing soil salinity by making adjustments to leaf sap
osmolalities (Luttge et al., 1989). The ability to propagate clonally (Pennings
and Callaway, 2000) is another characteristic that enables it to respond rapidly
to altered environmental conditions.
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Despite its widespread distribution, there have been
relatively few ecological studies of B. maritima. In Georgia
salt marshes, Pennings and Richards (1998) found a posi-
tive relationship between the presence of wrack (accumu-
lated litter) and the abundance of B. maritima. Pennings
and Callaway (2000) found that clonal integration was an
important factor in the ability of the species to colonize
bare salt pans. The responses of B. maritima to altered
hydrological conditions appear to vary with differing en-
vironmental settings. In hypersaline coastal wetlands in
Texas, B. maritima cover expanded following inundation
with freshwater (Alexander and Dunton, 2002). Con-
versely, the opposite occurred in Baja California (México)
where its cover increased following the construction of a
dike that eliminated tidal flooding and increased soil sa-
linity (Ibarra-Obando and Poumian-Tapia, 1991). Batis
maritima cover was also dynamic in mangroves in Florida
that were impounded for mosquito control. The cover of
all herbaceous halophytic species, including B. maritima,
decreased following the construction of dikes and the sub-
sequent impoundment and flooding of mangroves in the
Indian River (Rey et al., 1990). Several years later, when
tidal exchange between the impoundment and estuary
was restored, B. maritima recolonized areas that were no
longer flooded continuously. Another important ecologi-
cal feature of B. maritima is its inability to tolerate pro-
longed periods of shade in mangrove-dominated wetlands
(Lopez-Portillo and Ezcurra, 1989). Along Florida’s Gulf
Coast, Milbrandt and Tinsley (2006) observed a greater
number of black mangrove (Avicennia germinans (L.)
Stearn) seedlings in existing B. maritima patches compared
to surrounding mudflats. They hypothesized that this im-
proved seedling success was the result of a slight increase
in elevation provided by the B. maritima root system. In
contrast, McKee et al. (2007) found that on offshore is-
lands in Belize B. maritima did not appear to have an ef-
fect on recruitment of red mangrove (Rhizophora mangle
L.) seedlings.

Other than the experimental research on coastal salt
marshes (Pennings and Richards, 1998; Pennings and Cal-
laway, 2000), little is known about the ecological role of
B. maritima in coastal wetlands, especially in mangroves
where it most frequently occurs. Is it a fugitive species
that only persists because it is capable of responding to
changing environmental conditions? Alternatively, is it an
important species in mangroves because of its impact on
patterns of nutrient cycling or its ability to influence the
establishment of mangrove trees (i.e., R. mangle, A. germi-
nans, Laguncularia racemosa (L.) Gaertn. f. [white man-
grove|, Conocarpus erectus L. [buttonwood])? Although
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B. maritima is a common component of mangrove forests
throughout the Neotropics, there is limited knowledge on
distribution patterns within the intertidal landscape or on
the ecological roles of this species across a range of man-
grove habitats.

Our objective was to describe the distribution of B.
maritima in Florida and Belize as part of our overall goal
to determine its ecological role in mangrove ecosystems.
Here we describe our initial efforts to characterize the
ecology of B. maritima at two of the Smithsonian’s long-
term research sites (Figure 1) that also represent the range
of conditions (subtropical and tropical) where this species
associates with mangroves. For Florida (subtropical), we
focus on B. maritima in four habitats in a mangrove-
dominated impoundment along the Indian River Lagoon
(IRL) that has a history of intervention for purposes of
mosquito control (Rey et al., 1990). For Belize (tropical),
we focus on B. maritima in disturbed and undisturbed
sites on offshore mangrove islands. For both sites, we also
present data on the relationships between percent cover of
B. maritima and the density of mangrove seedlings.

STUDY SITES
BELIZE

Twin Cays is the focus of our B. maritima studies
in Belize. Twin Cays (91.5 ha) is an archipelago of peat-
based mangrove islands (Figure 1) located near the crest
of the barrier reef of central Belize. These islands are lo-
cated approximately 17 km east of the mainland, and the
only source of freshwater is precipitation. Vegetation on
Twin Cays is dominated by the mangroves R. mangle, A.
germinans, and L. racemosa. The forest structure is het-
erogeneous and characterized by gradients in hydrology
and tree height that include a seaward fringe of R. mangle
around the periphery of the islands, along tidal creeks, and
in perennially flooded ponds (Feller et al., 1999). Avicen-
nia germinans and L. racemosa primarily occur in habitats
that are not water covered at low tide. Vegetation patterns
on Twin Cays are complex, and the dynamics have been
the focus of many studies (Feller, 19935; Feller and McKee,
1999; Rodriguez and Feller, 2004; Lovelock et al., 2006a).
However, none of the previous research has focused on
the distribution or ecology of B. maritima even though it
occurs in almost all habitats except those that do not expe-
rience prolonged flooding (D. Whigham, personal obser-
vation). Human activities have altered parts of Twin Cays
(Rodriguez and Feller, 2004; McKee et al., 2007), and
the primary anthropogenic activity has been the clearing
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Mangrove-dominated wetland (SLC 24)
Indian River Lagoon, Florida
IKONOS 2005 (UTM Zone 17N)
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FIGURE 1. Approximate locations of SLC24 and Twin Cays (inset map) and IKONOS images of the two study sites. For SLC 24, the white line
that is seen around the impoundment is a dike. Dark areas within the impoundment are dredged from adjacent subtidal habitats. Darker areas
on the two large islands are internal tidally influenced ponds that are most often shallowly water covered.
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of mangroves with or without the addition of sediments
dredged from nearby subtidal habitats. In this study, we
compared the distribution of B. maritima in disturbed and
undisturbed mangrove habitats at Twin Cays (described in
further detail below).

FLORIDA

An impounded, mangrove-dominated wetland (SLC
24) in St. Lucie County in the IRL is the focus of the
Florida studies (see Figure 1). SLC 24 has been managed
in a variety of ways since it was diked in 1970. Rey et
al. (1990) describe management activities and patterns
of vegetation change in SLC 24 between 1970 and 1987.
SLC 24 was hydrologically isolated from the IRL by a dike
(Figure 1) until 1985 when a culvert was installed to re-
move excess water deposited during two tropical storms.
Once water levels were lowered, the culvert was sealed,
and the impoundment remained isolated until 1987 when
the culvert was reopened and other culverts were installed.
The cover of all vegetation decreased from 75% to near
30% following construction of the diked impoundment
in 1970. Over subsequent years, the cover of herbaceous
halophytes, including B. maritima, changed in response to
variations in the timing and duration of flooding and the
establishment and growth of mangroves. Rey et al. (1990)
concluded that a steady decline in the cover of herbaceous
halophytes after 1984 was primarily caused by shading
as the canopies of mangroves developed. Vegetation pat-
terns are also complex in the numerous impoundments
that have been established in the IRL, and they have been
the focus of several studies focused primarily on nutrient
limitation within mangroves (Feller et al., 2003; Lovelock
and Feller, 2003; Lovelock et al., 2006b). We sampled B.
maritima in three mangrove-dominated habitats and areas
associated with salt pans where dwarf A. germinans (sensu
Feller et al., 2003) occurs as scattered individuals or in
patches with almost continuous cover. Details of sampling
locations and methods are given below.

METHODS
BELIZE

We sampled B. maritima in two disturbed sites and six
undisturbed sites on Twin Cays. One disturbed site is a 2
ha area on West Island that was cleared of mangroves and
burned in 1991 and covered with material dredged from
the adjacent subtidal area in 1995 (Rodriguez and Feller,
2004; McKee et al., 2007). The other disturbed site was
clear cut in 2004, but no dredged material was added. In
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both disturbed sites, we sampled B. maritima in 10 ran-
domly located plots (each 1 X 1 m) in which we made
visual estimates of its cover, measured its height at five
randomly chosen locations in each plot, and identified
and counted all mangrove seedlings and saplings. Seed-
lings of A. germinans and L. racemosa had cotyledons
present. Seedlings of R. mangle were individual, with no
more than one pair of true leaves. Saplings were defined
as individuals less than 50 ¢cm in height with no cotyle-
dons present, or with more than one pair of true leaves in
the case of R. mangle.

For our undisturbed sites at Twin Cays, we sampled
B. maritima in three forested habitat types (Fringe, Transi-
tion, Interior), which were located at different distances
from the ecotone between the mangrove forest and open
water. Fringe habitats, which were dominated by trees 4 to
5 m tall, were at the outer boundary between mangroves
and open water, either along ponds located in the interior
of Twin Cays or along the ocean. Avicennia germinans was
the dominant tree in the three Fringe habitats adjacent to
interior ponds. Rhizophora mangle was the dominant tree
in the three Fringe habitats adjacent to the ocean. Transi-
tion and Interior habitats were all dominated by A. ger-
minans. Transition habitats were located approximately
15 m further into the mangrove forest from the Fringe
habitats, and Interior habitats were located approximately
an additional 15 m beyond the Transition habitats. We
sampled 5 randomly located plots (same procedures as de-
scribed above) in each of the 90 plots (5 plots X 3 habitat
types X 6 sites) in undisturbed mangrove.

FLORIDA

We sampled B. maritima in SLC 24 in four habitat
types (Fringe = R. mangle, Dense = A. germinans, Sparse
= A. germinans, Dwarf = A. germinans). The Fringe habi-
tats, dominated by R. mangle 4 to 6 m tall with scattered
A. germinans, were located at the boundary between man-
groves and open water. The two habitats dominated by
taller (3—6 m) A. germinans (Dense, Sparse) differed in the
size and spatial configuration of the dominant trees. The
Dense A. germinans habitat had trees that were mostly 4
to 6 m tall and formed a continuous canopy dominated
by A. germinans. The Sparse A. germinans habitat was
also dominated by A. germinans but the trees were usually
shorter (3-5 m) and were more widely spaced, resulting
in a more open canopy. The Dwarf A. germinans habitat
was always adjacent to salt pans that were mostly unveg-
etated or only had a few scattered dwarf trees (usually less
than 1 m tall). We sampled B. maritima in one randomly
located plot in each of the replicate sites for each habitat



type. In each 1 X 1 m plot, we made the same set of mea-
surements as described above for Belize.

DATA ANALYSIS

Because of the different sampling regimes, we made
separate statistical comparisons for the Belize and Florida
data sets. Based on initial screening of the data (Proc Uni-
variate; SAS Institute, 1990), we determined that none of
the data were normally distributed either in their original
form or any of the possible transformations. We used the
nonparametric PROC NPARTWAY (SAS Institute, 1990)
to make comparisons of B. maritima data (percent cover,
height) and the number of mangrove seedlings + saplings
for the different habitat types at both locations.

RESULTS
BELIZE

Percent cover of B. maritima differed (Figure 2a)
significantly (df = 4, chi-square for Kruskal-Wallis test
= 27.9272, P < 0.0001) among the sites on Twin Cays.
Mean percent cover ranged from 50% to 53% for the two
disturbed sites and the undisturbed Fringe habitat. Percent
cover decreased from the Fringe to the Transition ([mean
+ 1SE] = 35.5% * 4.7%) and Interior (16.9% * 2.9%)
undisturbed sites. The average height of B. maritima also
differed significantly between sites (Figure 2b; df = 4, chi-
square for Kruskal-Wallis test = 29.0273, P < 0.0001).
Heights were similar at the two disturbed sites (24.4 + 2.3
cm = clear-cut + fill; 26.4 = 1.0 cm = clear-cut). At the
undisturbed sites, height was greatest at the Fringe habitat
(61.7 = 18.5 cm) and decreased toward the interior of the
mangrove forest (40.4 £ 2.2 = Transition; 34.7 = 2.0 =
Interior).

The number of mangrove saplings + seedlings also
differed across sites (Figure 2c), and there were significant
differences for all three species and for the total of all spe-
cies (df = 4, chi-square for Kruskal-Wallis test = 38.9958,
P < 0.0001; 12.5551, P > 0.0137; 11.3187, P < 0.0232;
15.5953, P < 0.0036 for R. mangle, A. germinans, L. rac-
emosa, and total mangroves, respectively).

The total number of mangrove saplings + seedlings
was higher at the clear-cut and filled site (24.6 + 13.8 m™2)
compared to the clear-cut site (2.5 * 0.8 m~2) and undis-
turbed mangrove habitats (mean for all three undisturbed
sites was 7.3 * 1.2 m™2). Avicennia germinans saplings +
seedlings at the clear-cut and filled site were less than 1 m~2
(Figure 2¢). Rhizophora mangle was the most abundant
species at the Fringe habitat, whereas A. germinans was
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the most abundant species at the Transition and Interior
habitats.

FLORIDA

Percent cover (df = 3, chi-square for Kruskal-Wallis
test = 38.9252, P < 0.0001) and height (df = 3, chi-
square for Kruskal-Wallis test = 33.0923, P < 0.0001)
of B. maritima differed between the four habitat types in
SLC 24 (Figure 3a). There was no B. maritima in the plots
that were sampled in the Fringe R. mangle habitat, and
the cover (2.8% = 1.2%) was very low in the Dense A.
germinans habitat. Percent cover was 42.9 * 8.1 and 27.8
*+ 4.6 in the Sparse and Dwarf A. germinans habitats, re-
spectively. Height differences (Figure 3b) among the four
habitats had the same pattern with the tallest plants occur-
ring in the Sparse A. germinans habitat (48.9 = 4.5) and
shortest in the Dense A. germinans habitat (13.1 £ 5.4).
The total number of saplings + seedlings and the means
for each mangrove species also differed significantly (Fig-
ure 3¢) among the four habitat types (df = 3, chi-square
for Kruskal-Wallis test = 11.5483, P < 0.0091; 12.7678,
P < 0.0052; 16.4377, P < 0.0009; 13.4660, P < 0.0037
for R. mangle, A. germinans, L. racemosa, and total man-
groves, respectively).

DISCUSSION

The objective of this initial investigation of Batis mari-
tima was to quantify aspects of its distribution in a va-
riety of habitats in mangroves at long-term Smithsonian
study sites in Belize and Florida. The impetus for the re-
search was the observation that B. maritima is widespread
in mangroves and, in some habitats, its high abundance
and cover suggest that it potentially plays an important
role in these systems. There have, however, been few stud-
ies that shed light on its possible ecological importance in
mangroves. Studies in salt marshes near its northern limit
found that it was not a dominant species and did not com-
pete well with other marsh plants (Zedler, 1977). There is
some suggestion that B. maritima may be a fugitive species
because it is common in disturbed sites (Milbrandt and
Tinsley, 2006). Pennings and Richards (1998), for exam-
ple, found that stands of B. maritima were associated with
areas that were disturbed by wracks of litter in a Georgia
salt marsh.

Batis maritima has been described as a species that
does not do well in shaded conditions or under conditions
of continuous flooding (Rey et al., 1990; Alexander and
Dunton, 2002). However, Keer and Zedler (2002) found
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that it can tolerate prolonged flooding, and it does well in
waterlogged conditions when light is not limiting (Zedler,
1980). It also responds positively to increasing salinity
(Ibarra-Obando and Poumian-Tapia, 1991) but is elimi-
nated under hypersaline conditions (Zedler et al., 1986;
Dunton et al., 2001).

The only long-term study of B. maritima in chang-
ing environmental conditions occurred in one of our
study sites, SCL 24 in Florida. Rey et al. (1990) exam-
ined a sequence of aerial photographs taken over a period
of time when hydrological conditions varied from years
when there was continuously flooding, to years when the
impoundment was drained, and to years when there was
partial tidal exchange with the IRL. Vegetation almost
completely disappeared when the impoundment was con-
tinuously flooded. Once the impoundment was opened to
limited tidal exchange, herbaceous halophytes increased in
abundance and cover and B. maritima eventually became
the dominant species. Over time, mangroves recruited and
eventually dominated the vegetation in most parts of the
impoundment. As the abundance and size of mangroves
increased, B. maritima declined along with other herba-
ceous halophytes in response to increased shading by man-
groves (Rey et al., 1990).

Results of our surveys support several of the earlier
studies and suggest that light levels, regular tidal flood-
ing, and soil salinity are three important factors that de-
termine where B. maritima occurs and how abundant it is.
There have been at least two studies (Pennings and Rich-
ards, 1998; Milbrandt and Tinsley, 2006) suggesting that
B. maritima is a fugitive species that colonizes high-light
disturbed sites. In Belize, the highest percent cover was at
the two disturbed sites and the Fringe habitat in the undis-
turbed mangroves (see Figure 2a). Even though the mean
cover of B. maritima in the undisturbed sites on Twin Cays
was lower (34.3% =+ 3.1.9%) than the disturbed sites, the
highest B. maritima cover (80.3% = 2.6%) of any of the
habitats sampled was in the three Fringe habitats that
were associated with interior ponds. Edge habitats asso-
ciated with interior ponds are mostly in full sun and are
exposed to tidal flooding, but the flooding is rarely more
than a few centimeters deep (D. Whigham, personal obser-
vations). The substrates are almost always waterlogged,
and the sediments are soft, mostly composed of floc that
accumulates on the downwind side of the interior ponds.
The highest B. maritima cover in SLC 24 in Florida also
occurred at sites that had no overhead mangrove canopy
or only a discontinuous canopy.

The mean cover of B. maritima was least in the shaded
habitats in Florida and Belize, supporting the suggestions
of Lopez-Portillo and Ezcurra (1989) that low light levels
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can limit its abundance and distribution. The absence of
B. maritima in the sample plots at the Fringe habitat asso-
ciated with SLC 24 and the lower cover in the Fringe habi-
tats closest to the ocean on Twin Cays (20.9% = 2.9%)
also support the suggestions that regular inundation by
tidal flooding has a negative effect on the species (Alexan-
der and Dunton, 2002).

The mean height of the B. maritima canopy also var-
ied among habitats, and the patterns are most likely the re-
sult of variations in light and salinity (Zedler et al., 1986;
Dunton et al., 2001). In SLC 24, mean height decreased
from the more open Dwarf and Sparse A. germinans habi-
tats to the shadier Dense A. germinans habitat (Figure 3b).
At the undisturbed sites in Belize, mean height decreased
from the Fringe to the Interior, most likely in response to
decreasing light. The height of the plants was greatest in
the Fringe habitat associated with the Edge sites that were
closest to the Interior ponds. Mean height at the Fringe
habitats associated with the ponds was 85.4 = 27.1 cm
compared to 40.4 = 2.2 at the more shaded Fringe habitats
closest to the ocean. Taller average height associated with
the Edge habitats may be the result of higher phosphorus
concentrations in the sediments. In a separate fertilization
experiment, we found that B. maritima responded signifi-
cantly to the addition of phosphorus at all the undisturbed
sites on Twin Cays, but the smallest response was at the
Edge habitat associated with interior ponds, suggesting
that phosphorus was more available in those sediments
(D. Whigham, unpublished data). Compared to the Fringe
habitats on Twin Cays and the Sparse A. germinans habitat
in the SLC 24, mean height decreased toward the sites with
no mangrove canopy (Dwarf A. germinans habitat in SLC
24 and the two disturbed sites at Twin Cays). Lower mean
height at the open sites is likely the result of increased salin-
ity as the Dwarf A. germinans site in SLC 24 is hypersaline
(i.e., soil salinity as high as 100%0; D. Whigham unpub-
lished data). In addition, soil salinity at the clear-cut and
filled site on Twin Cays, while variable during an annual
cycle, can be more than 60%. (McKee et al., 2007).

Mangrove seedlings are widely dispersed, and their oc-
currence varies spatially in response to light levels and their
ability to withstand flooding, salinity, and attacks from
herbivores (Ellison and Farnsworth, 1993; Olusegun and
Creese, 1997). If B. maritima facilitates the establishment
of mangrove seedlings, we would expect a positive rela-
tionship between percent cover and the number of seed-
lings + saplings for one or more of the mangrove species.
Milbrandt and Tinsley (2006) found that the presence of
B. maritima had a positive effect on the survival of A. ger-
minans seedlings. McKee et al. (2007), however, found that
B. maritima had no effect on the recruitment and survival
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of mangrove seedlings, even though mangrove seedlings
benefited by the presence of other herbaceous species (i.e.,
Distichlis spicata, Sesuvium portulacastrum) at clear-cut
and filled sites sampled in this study. Although there were
habitat differences in the number of seedlings + saplings,
the presence of seedlings + saplings in 88% of the plots
sampled in Belize and 55% of the plots in Florida indi-
cated that mangrove establishment may have been facili-
tated by B. maritima. We found no relationship, however,
between the amount of B. maritima cover and the density
of seedlings + saplings for any of the mangrove species
(Figure 4). The potential for B. maritima to influence the
distribution and growth of mangroves trees and other
mangrove plants and animals remains unknown. But,
given the abundance of the species across a range of habi-

1000
@® R. mangle

0 L. racemosa

A A. germinans

100

Number of seedlings+saplings

b
(2]
(=]
£
°
©
$
b 100 -
£ -
s
[
[
(7]
2
]
N
2 A
E 10 e
> 0 O
= A = O
A
A A
A °
SRS A
1 A—O ‘ o=
0 20 40 60 80 100

Percent Cover

FIGURE 4. Number of mangrove saplings + seedlings (# m=2) plot-
ted against percent cover of Batis maritima for 1 X 1 m plots sam-
pled in Belize (a) and Florida (b) study sites.

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

tats, the potential seems high, especially in areas where it
is the dominant species.

In summary, B. maritima was widespread in most
mangrove habitats at both our study locations, and there
were significant interhabitat differences in all the variables
measured. Mangrove seedlings and saplings were com-
mon in areas occupied by B. maritima, but we found no
evidence that the establishment of mangroves benefited
by increasing cover of this common halophytic species.
The ubiquitous distribution of B. maritima at all the sites
sampled, however, indicates that its role in mangrove eco-
systems deserves further consideration.
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ABSTRACT. Descriptions of the rich sponge faunas inhabiting mangrove roots at various
Caribbean sites are unanimous in pointing out the heterogeneity of species distribution
and abundance patterns at all scales, from different portions of a single root to geographic
subregions. Abiotic factors have often been implicated by correlation, but ecological in-
teractions, and the life history and morphological characteristics of the sponge species,
may also play key roles. Published studies vary widely in methods used, hampering direct
comparisons of results, and raising the possibility that conclusions might be influenced
by methods. I have been exploring the processes underlying distribution and abundance
patterns by applying identical methods to studying community composition and dynam-
ics at two sites in Belize (Twin Cays) and one site in Panama (Bocas del Toro). Established
communities on roots have been fully censused, by volume and numbers of individuals,
yearly for three years (i.e., four censuses). Community composition, when evaluated in
terms of total volume of component species, is very similar at these three sites, although
abiotic factors differ and geographic distances between sites range from 330 m to 1,200
km. The nine species found on censused roots at all three sites constituted a total of 89%,
84%, and 73%, respectively, of the total sponge volume at these sites. In general, species
exhibited similar patterns of growth, size decrease, and mortality at all sites where they
were found, suggesting that these are species-level characteristics. Numbers of individu-
als and volume provide very different assessments of the relative importance of different
species in these communities. Community change over time appeared to be substantial,
when measured in terms of shifts in total numbers of individuals or total sponge volume.
However, taking into account dynamics of individual species provides a very different
view, as most large changes in numbers or volume were not community wide but tended
to reflect life history characteristics typical of early successional stage species or idiosyn-
cratic responses of one or a few species to particular environmental circumstances.

INTRODUCTION

Organisms that live in habitats consisting of discrete patches within an unin-
habitable matrix have fascinated biologists who are simultaneously attracted to
community ecology and to life history evolution. A rich set of conceptual frame-
works has developed to explain the dynamics of community assembly and de-
velopment within each patch in the context of interconnections among patches.
Theories of, for example, island biogeography (MacArthur and Wilson, 1967),
multiple stable points (Sutherland, 1974), competitive networks (Jackson and
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Buss, 1975), the intermediate disturbance hypothesis (e.g.,
Connell, 1978), and meta-communities (e.g., Mouquet
and Loreau, 2002) have helped us understand community
dynamics in patchy habitats ranging from oceanic islands
and tropical mountaintops to badger mounds, holes in
mussel beds, and ponds.

Prop roots of Caribbean red mangrove (Rhizophora
mangle) trees are easily accessible, experimentally trac-
table, and extraordinarily colorful examples of inherently
patchy communities. The sessile inhabitants that cover the
root surfaces colonize in the form of water-borne propa-
gules, and most of them are thereafter confined to the root
on which they landed. Although post-recruitment interac-
tions with neighbors and consumers may have relatively
deterministic outcomes, a stochastic element, contributed
by the uncertainty that any particular species will land on
a particular root, is ever present. Throughout the wider
Caribbean region sponges are prominent members of the
prop root communities, and their abundance and diver-
sity of species, color, and forms have inspired time-series
monitoring and experimental manipulations as well as
comparative faunal studies (e.g., Sutherland, 1980; Elli-
son and Farnsworth, 1992; Bingham and Young, 1995;
Rutzler, 1995; Farnsworth and Ellison, 1996; Riitzler and
Feller, 1996; Riitzler et al., 2000; Diaz et al., 2004; Diaz,
2005; Wulff, 2000, 2004, 2005; Engel and Pawlik, 2005).
Specific conclusions relating to how dynamic these sponge
communities are, and what processes drive the dynamics
and influence distribution and abundance patterns, have
differed widely among studies, but a consistent theme is
that the resulting distribution and abundance patterns are
highly heterogeneous on scales ranging from within indi-
vidual roots to between geographic subregions.

Sutherland (1980) complemented repeated monitor-
ing of natural communities on prop roots with a study
of community development on flat settlement panels sus-
pended among the roots in Venezuela. He concluded that
these sponge-dominated communities are relatively stable
over time, and that high diversity could be maintained
by a trade-off between competitive ability and coloniza-
tion efficiency, combined with the continued addition of
fresh roots that provide refuges for inferior competitors.
Farnsworth and Ellison (1996) surveyed prop root com-
munities of mangroves in a variety of abiotic settings in
Belize, focusing on spatial scales of distribution patterns.
They were able to identify scales of heterogeneity that in-
cluded backs versus fronts of individual roots, leeward
versus windward shores, and coastal versus island man-
gal. At the 11 sites where they sampled twice, their data
corroborated Sutherland’s (1980) conclusions that com-
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munity change is minimal. Bingham and Young (1995)
concluded very differently, from their work in the Florida
Keys, that dynamics of sponges on mangrove roots can
be extreme, influenced by perturbations from physical
disturbance, predators, and asexual recruitment. They at-
tributed differences in community dynamics between sites
in the Florida Keys and Venezuela to differences in sea-
sonality (subtropical versus tropical) and abiotic stressors,
and suggested that the differences between their study and
Sutherland’s (1980) study could be explained by equilib-
rium versus non-equilibrium situations, with the Venezu-
elan mangrove communities primarily structured by com-
petitive interactions.

Disentangling the effects of biogeography and differ-
ent suites of abiotic factors by making direct comparisons
among studies is hampered by the wide variety of ap-
proaches that have been applied. Published studies differ
with respect to units of study, time course and frequency
of monitoring, and metrics for evaluating abundance. To
control for technique, I used identical methods to evaluate
sponge community composition and dynamics for three
years on mangrove prop roots at three sites in Belize and
Panama. Following the fates of individual sponges was a
priority, because my chief interest was in how the morpho-
logical and life history strategies of the different sponge
species constrain or enhance their ability to coexist on the
prop roots. Rather than focusing on community-level met-
rics, such as species diversity or primary space occupancy,
I recorded survival and changes in volume of the same in-
dividuals over time and attempted to identify the causes of
size decrease, fragmentation, or mortality. Two sites near
each other in Belize differed in abiotic conditions, and a site
in Panama provided a geographic comparison. My goals
included (1) assessing the similarity of species composition
among sites differing in abiotic factors and geographic dis-
tance, (2) comparing community dynamics among sites,
with respect to both numbers of individuals and volume,
and (3) exploring the possibility that each mangrove sponge
species adheres to a characteristic approach for maintain-
ing its representation in this community, regardless of the
specific abiotic context and other species present.

METHODS

Three sites characterized by well-developed mangrove
prop root epiphytic communities were chosen for yearly
censuses. The three sites were chosen primarily because
experiments had been established at each several years be-
fore, and so regular visits were already required for moni-



toring. Top priorities in initial site choice had been easy
access and sufficient sponge individuals for experimental
manipulations; species composition was secondary. The
two Belize sites, both at Twin Cays, near the Smithson-
ian Institution’s Carrie Bow Cay research station (map
and further site descriptions in Riitzler et al., 2004; Diaz
et al., 2004), allow comparison of a main channel versus
a tidal creek near each other (330 m). The Panama site,
directly across the channel from the Smithsonian Tropi-
cal Research Institute marine laboratory on Isla Colon in
Bocas del Toro (map coordinates and description of the
overall area are found in Diaz, 2005), adds a geographic
comparison (1,200 km distant) between two main chan-
nel sites. The submerged portions of the prop roots (i.e.,
the portion on which sponges could grow) were from 24
to 143 cm long, with the majority between 40 and 80 cm
in length.

At each site, mangrove roots or root clusters were
chosen that appeared to be healthy (i.e., no signs of rot
or incipient breakage) and on which it was possible to
identify and measure all sponges on all sides of each root.
Root clusters were added to the initial census at each
site until species accumulation curves had leveled off for
sponges, and at least 163 sponge individuals (the num-
ber of sponges in the first census at the first site) were in-
cluded: a total of 10 clusters, 1 to 5 roots each (24 roots
initially) at Hidden Creek; 13 clusters, 1 to 4 roots each
(37 roots initially), at Sponge Haven; and 15 clusters, 1 to
3 roots each (42 roots initially), at the Bocas del Toro site.
Roots were labeled with small plastic tags, coded by color
and shape, on narrow (1 mm) beaded nylon cable ties. Full
censuses were made at approximately 1 year intervals, for
a total of 3 years (i.e., four censuses at each site, except for
Bocas del Toro, where the 2nd year census was skipped),
beginning in March 2004 at both Belize sites and in June
2003 at the Panama site. At each census, every root or
root cluster was drawn and root lengths measured. Every
sponge was drawn to scale, in place on the root draw-
ings, and sufficient dimensions measured to accurately
estimate volume by conglomerations of appropriate geo-
metric solids. In this way, every sponge could be followed
for survival, growth, decrease in size, and fragmentation.
New recruits were added to the root maps as they were
discovered (recruitment data will be reported in a sepa-
rate publication), and notes were made on interactions be-
tween neighboring sponges and other sessile organisms, as
well as damage caused by physical disturbance, predation,
and disease. Some roots at each site were lost by breakage
during the 3 years. To be able to interpret the time-series
data clearly, only roots for which at least some portion
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persisted throughout the study were included in the time-
series data analysis, and the only roots added to the study
were those that branched directly off subtidal portions of
the originally censused roots.

RESULTS

SPECIES COMPOSITION AND RELATIVE ABUNDANCE,
BY VOLUME AND NUMBER OF INDIVIDUALS

A total of 21 sponge species were represented by at
least 0.1% of the total sponge volume on censused roots at
one or more sites (Table 1). These species represent the de-
mosponge orders Poecilosclerida (8 species), Haplosclerida
(6 species), Halichondrida (4 species), and Dictyoceratida
(3 species), in a variety of colors, and with growth forms
ranging from thinly encrusting to irregularly branching to
clusters of volcanoes (Figure 1). Of these most abundant
21 species, 9 were found on censused roots at all three
sites, and another 6 were found on censused roots at two
of the three sites (Figure 2). Many of the sponge species
are relatively rare, and so were present at a site but not on
a censused root. Adding three cases in which species were
found at a second or third site on roots directly adjacent to
at least one censused root increases the number of species
shared by all three sites to 10, with an additional 7 spe-
cies shared by two of the three sites. Geographic distance
was not a strong predictor of the percent of species shared.
Sponge Haven and Hidden Creek, only 330 m apart, shared
74% (14/19) of their most common species, and Sponge
Haven and Bocas del Toro, 1,200 km apart, shared 60%
(12/20) of their most common species (comparisons not
significantly different by the G test: 0.1 < P < 0.5). The
Hidden Creek and Bocas sites, geographically distant from
each other and also differing in abiotic factors, shared 55%
(11/20) of their most common species (comparison with
the proportion of species shared by Hidden Creek-Sponge
Haven by the G test: 0.05 < P < 0.1).

Census data from all years at each site were added
together for an average relative representation of species,
with respect to both volume and number of individu-
als (Figure 3). At all three sites the most abundant spe-
cies by volume, Tedania ignis, accounted for about half
(49%—-57%) of the total sponge volume. The nine species
found on censused roots at all three sites contributed a
total of 89%, 84%, and 73% of the total volume at, re-
spectively, Hidden Creek (HC), Sponge Haven (SH), and
Bocas del Toro (BT). Similarity of species representation
at these sites is also borne out by Morisita’s index of com-
munity similarity (using volume as abundance measure),
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TABLE 1. Sponge species on censused roots at Hidden Creek and Sponge Haven, both at Twin Cays, Belize; and at Isla Colon, Bocas

del Toro, Panama. A total of 21 sponge species were represented by at least 0.1% of the total sponge volume on censused roots at one

or more sites. Species that rank in the top half of the species on censused roots at a site, with respect to volume, are indicated by “XX”,

and those that rank in the bottom half are indicated by “X”. Species that occurred on censused roots at one site but were only seen on

@,

a root or roots directly adjacent to at least one censused root at another site are indicated by “x”. A dash () indicates species was not

found at a site.

Location
Sponge taxon Hidden Creek Sponge Haven Bocas del Toro
Order Dictyoceratida
Dysidea etheria de Laubenfels, 1936 X X X
Spongia tubulifera Lamarck, 1814, and S. obscura Hyatt, 1877 XX XX XX
Order Halichondrida
Amorphinopsis sp. XX - -
Halichondria magniconulosa Hechtel, 1965 XX XX XX
Halichondria sp. - XX -
Scopalina ruetzleri (Wiedenmayer, 1977) X X -
Order Haplosclerida
Chalinula molitba (de Laubenfels, 1949) XX - X
Haliclona curacaoensis (van Soest, 1980) X X -
Haliclona implexiformis (Hechtel, 1965) XX X X
Haliclona manglaris Alcolado, 1984 X X X
Haliclona sp. a X X -
Haliclona sp. b - - XX
Order Poecilosclerida
Biemna caribea Pulitzer-Finali, 1986 XX X X
Clathria campecheae Hooper, 1996 X X -
Clathria schoenus (de Laubenfels, 1936) - - XX
Clathria venosa (Alcolado, 1984) X X X
Lissodendoryx isodictyalis (Carter, 1882) XX XX X
Mycale microsigmatosa Arndt, 1927 - XX XX
Tedania ignis (Duchassaing and Michelotti, 1864) XX XX XX
Tedania klausi Wulff, 2006 - XX XX

with similarities of HC-SH = 0.977, SH-BT = 0.971, and
HC-BT = 0.957. These index values are strongly influ-
enced by the similar dominance of T. ignis at all three sites,
but other species were also consistently either relatively
abundant or rare at all sites. When sponge species at each
site are divided into those that rank in the top half by vol-
ume versus those that rank in the bottom half, pairwise
comparisons between sites (see data in Table 1) yield 23
site pairs in which a species was ranked in either the top
half or bottom half at both sites and only 7 pairs in which
a species was ranked in the top half at one site and in the
bottom half at the other site (significantly different from
an even distribution by the G test at P < 0.005).

At each site species were present on censused roots
that were represented by volumes of less than 0.1% of
the total. Among these species were Scopalina ruetzleri
(Wiedenmayer, 1977) at Hidden Creek, Clathrina coriacea

(Montagu, 1818) at Hidden Creek and Sponge Haven, and
Mycale magnirhaphidifera (van Soest, 1984) at Sponge
Haven; and Hyrtios violaceus (Duchassaing and Miche-
lotti, 1864), Haliclona vansoesti (de Weerdt, de Kluijver,
and Gomez, 1999), Haliclona caerulea (Hechtel, 1965),
and Tethya actinia (de Laubenfels, 1950), all at Bocas del
Toro, as well as several as yet unidentified species.

In general, number of individuals and total volume
provide very different views of the relative importance
of the species in these communities (see Figure 3). This
discrepancy is strikingly illustrated by the high represen-
tation by numbers of individuals of Haliclona manglaris
(15.2%, 27.9%, and 50.1% at HC, SH, and BT, respec-
tively), which also consistently contributed minimal vol-
ume (0.06%, 0.08%, and 0.37%). By contrast, Tedania
ignis, which contributed half the volume at each site, con-
tributed only 8.4% to 20.4% of the individuals.



FIGURE 1. Photographs of some of the most common sponge species inhabiting mangrove prop roots at Hidden Creek and Sponge Haven,
Twin Cays, Belize, and across the channel from the STRI Bocas del Toro Marine Station, Isla Colon, Panama. Top row, from left to right:
Clathria venosa, Haliclona curacaoensis, Haliclona manglaris (turquoise) and Haliclona sp. b (purple), Dysidea etheria (ethereal blue). Second
row: Chalinula molitba, Mycale microsigmatosa, Biemna caribea, Tedania ignis (three individuals). Third row: Lissodendoryx isodictyalis,
Tedania klausi, Haliclona sp. a. Bottom row, from left: Halichondria magniconulosa, Haliclona implexiformis (purple). Authors of species are
given in Table 1.
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FIGURE 2. Diagram showing sponge species shared among two sites
in Belize (Hidden Creek and Sponge Haven) and one site in Panama
(Bocas del Toro). Only the 21 species that each constituted at least
0.1% of the total sponge volume on censused roots at a minimum of
one of the three sites are included.

Mean density of numbers of sponge individuals per
unit length of subtidal prop root was similar for all three
sites (15, 11, and 15 individuals per meter length of root
for Hidden Creek, Sponge Haven, and Bocas del Toro, re-
spectively). Reflecting a relative preponderance of small
individuals at the Bocas del Toro site, sponge density mea-
sured as volume per unit length of subtidal prop root was
only 5.7 cm’/cm at Bocas, compared with 20.8 cm’cm
at Hidden Creek and 15.7 cm’/cm at Sponge Haven. Al-
though variation in root diameter renders root length im-
precise as a measure of substratum area monitored, length
was deemed a better measure than number of roots be-
cause of the sixfold variation in root lengths (i.e., from 24
to 143 cm).

SPONGE CoMMUNITY DYNAMICS COMPARED WITHIN AND
BETWEEN SITES, BY VOLUME AND NUMBER OF INDIVIDUALS

During the three years of monitoring, the largest dif-
ference between the highest and lowest total sponge vol-
ume was 12%, 35%, and 27% at, respectively, Hidden
Creek, Sponge Haven, and Bocas del Toro; and the larg-
est difference between the highest and lowest number of
sponge individuals was 50%, 34%, and 39 %, respectively
(Figure 4). Based on these total abundance values, com-
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munity-wide change appears to be substantial. However,
comparison over time of abundance of individual species,
with respect to both volume and numbers of sponge in-
dividuals, sheds light on the components of change and
provides a very different picture. In many cases, large
overall changes in total volume or numbers in the course
of a particular year reflect changes in just one or a few
species. For example, the drop in total sponge volume be-
tween 2005 and 2006 at Sponge Haven (see Figure 4) was
mostly caused by losses from Halichondria sp., Halichon-
dria magniconulosa (almost to the point of elimination),
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FIGURE 3. Sponge species assemblage composition, with respect to
total volume contributed by each species, and with respect to the to-
tal number of individuals of each species, on mangrove prop roots at
three Caribbean sites. These average relative abundances were calcu-
lated by adding together the volume or numbers of individuals for all
four yearly census dates (three dates in the case of Bocas del Toro).
See Table 1 for complete spelling of species names.
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FIGURE 4. Community dynamics for sponges on mangrove prop roots at three Caribbean sites. Relative abundance of the species is represented
by both total volume and total numbers of individuals. See Table 1 for complete spelling of species names.
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and T. ignis. For the second and third species these losses
primarily consisted of size decreases and fragmentations
of sponges that were subsequently able to regenerate; and
thus for both of these species, abrupt and dramatic changes
in volume between the second and third censuses are not
reflected in tandem changes in numbers of individuals
(e.g., H. magniconulosa was represented by 12 individuals
of total volume 5,518 cm? in 2003, 14 individuals of total
volume 187 cm? in 2006, and 9 individuals of total vol-
ume 225 cm? in 2007). Large differences in maximum size
achieved by sponges of different species further promote
asynchronous changes in overall volume and numbers of
individuals. For example, during this same year in which
total sponge volume at Sponge Haven decreased by 35%,
the number of individual sponges there increased by 13 %,
largely the result of a doubling of the number of Haliclona
manglaris individuals. Yet each H. manglaris individual is
so small that, even in the aggregate, they scarcely register
in the overall volume tally (0.2% for the June 2006 cen-
sus; see Figure 4).

Similarly, progressive loss of individuals of Biemna
caribea and Haliclona curacaoensis at Hidden Creek re-
sulted in decreases in total numbers of individuals by more
than half in the course of three years (Figure 5). If these
species are removed from the “Hidden Creek census — In-
dividuals” graph in Figure 4 (along with the very small
bodied H. manglaris), the community can be seen to oth-
erwise remain very similar throughout the three years with
respect to relative representation of the component species
by numbers of individuals. During this same time period,
the total volume of all sponges at this site remained very
similar, although there were large volume changes for indi-
vidual species (see Figure 4). The Sponge Haven data show
the same pattern of progressive loss of H. curacaoensis
(see Figure 5) and also B. caribea, although the latter spe-
cies was not as abundant to begin with at this site.

Not all changes in abundance of particular species
were abrupt or negative. Volume of Spongia spp. steadily
increased at all sites (see Figure 5), with little increase in
numbers, reflecting high survival of the individuals that
were present at the first census. Illustrating a third pattern
of dynamics, the volume of T. ignis fluctuated at all three
sites, but at the end of the three years the total volume of
this species at each site was similar to what it was at the
start of the study (Figure 5).

Portions of many roots were lost during the three
years of the study, but new roots sprouting from subtidal
portions of censused roots nearly balanced the losses dur-
ing some time periods. Thus the total length of prop roots
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FIGURE 5. Representative population dynamics graphs for three
sponge species inhabiting mangrove prop roots at sites where yearly
censuses were made (HC = Hidden Creek; SH = Sponge Haven;
BC = Bocas del Toro). Total volume of Spongia spp. consistently
increased between monitoring periods at all three sites; volume of
Haliclona curacaoensis decreased between monitoring periods at
both sites in which it was found; Tedania ignis total volume fluctu-
ated over time but ended up very similar to what it had been at all
three sites at the start of the study three years earlier.




included in the census was very similar for the first three
censuses at Hidden Creek, and for the first two censuses
at Bocas del Toro and Sponge Haven, and then, after a
decrease, also for the final two censuses at Sponge Haven.
Total length (in ¢cm) for the four censuses at Hidden Creek
was 968, 896, 995, and 562; for Sponge Haven, 1,847,
1,787, 1,162, and 1,179; and for Bocas del Toro, 1,483,
1,583, and (after two years) 1,203. Substratum available
was not necessarily related to sponge abundance with
respect to either numbers of individuals or total volume
(compare abundance measures reported in Figure 4 with
total root lengths censused); for example, sponge volume
and total root length were inversely associated over the
three years at the Bocas del Toro site.

VARIATION AMONG SPONGE SPECIES
IN INDIVIDUAL PERSISTENCE

Because individual sponges were mapped and mea-
sured, their fates from one census to the next could be
recorded as (a) increased in size, (b) fragmented, (c) de-
creased in size, or (d) disappeared. To characterize each
species at each site independently of environmental cir-
cumstances during a particular time interval, data from all
1 year intervals between censuses (and one 2 year interval
in the case of the Bocas del Toro site) were added together
in Figure 6. Three patterns emerge from these graphs. First,
fragmentation and size decrease are important aspects of
persistence for many of these species. The only species rep-
resented entirely by individuals that increased in size or
vanished (i.e., none decreased in size or fragmented) be-
tween censuses were Spongia spp. and Amorphinopsis sp.
Second, at each site variation among species in the degree
to which individuals persisted was clear. Yearly rates of
loss ranged from 0% (e.g., Spongia spp.) to 100% (e.g.,
Chalinula molitba). Third, many species exhibited the
same characteristics at each site where they occurred. For
example, a set of species characterized by at least 40% of
the individuals increasing in size from one yearly census to
the next were evident at each site: Tedania ignis, Haliclona
implexiformis, Spongia spp., Lissodendoryx isodictyalis,
and Halichondria magniconulosa. The only exceptions
were Haliclona implexiformis in Bocas del Toro and Hali-
chondria magniconulosa at Sponge Haven. The reason for
the H. implexiformis difference at the Bocas site was not
obvious, but individuals of this species were always very
small there. At Sponge Haven, both H. magniconulosa
and T. ignis suffered high rates of size decrease and frag-
mentation between the second and third censuses. These
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FIGURE 6. Proportions of sponge individuals of each species that in-
creased in volume, fragmented, decreased in volume, or disappeared
entirely between yearly census dates at three Caribbean mangrove
sites. Although the fate of each individual was recorded in a single
category at the time of observation, the distinction between “frag-
mented” and “decreased” can be fuzzy, as it depends on whether or
not fragments generated survive until the time of observation. See
Table 1 for complete spelling of species names.
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departures from their usual pattern (i.e., most individuals
increasing in size during a year) coincided with the un-
usual and fleeting presence of a couple of French angelfish
just before the third census. French angelfish have been
demonstrated to readily consume these two species (Wulff,
2005) and Halichondria sp. (in preparation), which also
decreased in volume during the same time interval. Spe-
cies that only occurred at two sites also exhibited similar
characteristics with respect to persistence at both sites. For
example, no Chalinula molitba individuals increased in size
from year to year at either Hidden Creek or Bocas del Toro,
and Haliclona curacaoensis, H. manglaris, and Biemna ca-
ribea had consistently low survival at each site. In contrast,
Tedania klausi survived well at Sponge Haven, but suffered
an extreme decline on censused roots at the Bocas del Toro
site, coinciding with observed high losses of only this spe-
cies throughout the site to disease (Wulff, 2006).

DISCUSSION
ComMUNITY COMPOSITION

These three sites that differ in abiotic factors and in
geographic distance from each other have very similar
species compositions, not only with respect to species
present but also with respect to their relative abundance.
The 9 species that are shared by all three sites constituted
89%, 84%, and 73% of the total sponge volume at, re-
spectively, Hidden Creek, Sponge Haven, and Bocas del
Toro. The ubiquity and consistent local dominance of the
fire sponge Tedania ignis contributes heavily to similar-
ity among these sites. Previous studies also concur that T.
ignis is a signature species for this ecosystem throughout
the wider Caribbean region, and it was the sole species,
of 23, that was recorded in all eight prop root faunal sur-
veys compiled by Wulff (2000) and in four of five of the
studies compared by Diaz et al. (2004). Not only does it
occur at most sites, it tends to be among the most abun-
dant species by any metric. At five sites in Belize (includ-
ing Hidden Creek and Sponge Haven), Diaz et al. (2004)
recorded T. ignis as present on 11% to 34% of the roots,
in the top 3 species ranked by frequency of occurrence.
By measuring area covered from photographs, Bingham
and Young (1995) estimated that 16.7% of the root area
at their Florida Keys site was covered by T. ignis. Using
line transects, along which the length of root covered by
each sponge was measured, Sutherland (1980) estimated
5%-12% coverage by T. ignis in Bahia de Buche, Venezu-
ela. Evaluating abundance by volume boosts the propor-
tional representation of this species because of its massive
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growth form, and thus in this study T. ignis constituted
from 49% to 57% of the total sponge volume on censused
roots. This species not only holds a large proportion of
the primary substratum space, but it also participates in a
mutualism with the mangroves, enhancing the persistence
and health of the entire ecosystem by protecting the roots
from attacks by boring isopods (Ellison and Farnsworth,
1990; Ellison et al., 1996).

Tedania ignis is not the only species that is both nearly
ubiquitous and locally abundant, although it stands out as
the most extreme. Consistently Lissodendoryx isodictya-
lis, Halichondria magniconulosa, Spongia spp., Haliclona
implexiformis, Haliclona manglaris, and Dysidea etheria
appear on faunal lists and, where authors indicate relative
abundance, by whatever metric, they rank highly (Wulff,
2000; Diaz et al., 2004).

Although the three sites in this study are similar with
respect to these widespread typical mangrove root sponge
species, there are two types of differences among the sites:
(1) a few species that are abundant at one site but do not
occur elsewhere (e.g., Amorphinopsis sp. at Hidden Creek),
and (2) many rare species that appear to differ among sites.
The virtual lack of overlap of these rarer species on spe-
cies lists from different sites does not necessarily indicate
constrained distribution but may simply reflect their rare-
ness. Diaz et al. (2004) discuss this sampling issue with
the highly diverse Caribbean mangrove root sponge fauna
and illustrate it well with their data. Diaz et al. (2004)
also point out the great degree to which community com-
position can vary along a particular mangrove fringe. The
three sites in the present study are known to share addi-
tional sponge species if entire contiguous stretches of man-
grove are included (Ritzler et al., 2000). For example, at
Sponge Haven, Clathria schoenus is not found near the
censused roots but appears on roots at this site that are
further toward the mouth of the main channel.

Sponge species composition differences among sites
characterized by very different abiotic circumstances have
been well documented, and some sites are sufficiently ex-
treme in abiotic factors that sponges are scarcely present
(Farnsworth and Ellison, 1996) or succumbed to unfavor-
able conditions while being studied (Pawlik et al., 2007).
At least some of the differences in species composition
between Hidden Creek and Sponge Haven, only 330 m
apart, have already been ascribed to less hospitable abiotic
factors in the narrow, tidal Hidden Creek. Transplants of
5 species that are conspicuous at Sponge Haven thrived
initially in Hidden Creek, but nearly all (61/63) died over
the course of one year (Wulff, 2004), possibly implicating
episodically wide fluctuations in temperature and salinity.



The similarity between the three sites in this study is espe-
cially interesting, considering that they were chosen for ac-
cessibility and overall sponge abundance, rather than for
species composition, and that they have demonstrated dif-
ferences in abiotic factors and span a geographic distance
of 1,200 km.

METHODS FOR STUDYING SPONGES ON MANGROVE
ProP RooTs CAN INFLUENCE EVALUATIONS
OF COMMUNITY SIMILARITY BETWEEN SITES
AND COMMUNITY STABILITY OVER TIME

Methods of studying composition and dynamics of
sponge communities on mangrove roots have varied with
respect to metrics for evaluating abundance, sampling unit,
choice of which units to sample, time interval of sampling,
and materials, size, and shape of recruitment surfaces.
This variety reflects the many different questions posed by
researchers, and the difficulty of quantifying sponges; but
methods may also influence conclusions.

Methods for evaluating abundance have included
analysis of photographs for percent cover, line transects
down roots with distance covered by each species recorded,
point counts through acetate sheets, and presence/absence
on each root, as well as the total numbers of individuals
and volume of each individual. The advantages and dis-
advantages of evaluating sponge abundance with respect
to volume, area covered, or numbers of individuals have
been previously compared in the context of coral reefs
(Riitzler, 1978; Wulff, 2000, 2001). Choice of metric is
influenced by expediency in the field, and also by whether
functional roles, life histories, species diversity, or some
other aspect of these communities is the central focus of
a study. One advantage to measuring sponge abundance
by volume is that growth rates can then be calculated if
the same sponge individuals are followed over time. As
well, functional roles related to trophic interactions, such
as filtering food particles from the water column and pro-
vision of food to spongivores, probably scale with volume.
Unfortunately, sponge volume is time consuming to mea-
sure nondestructively in the field, decreasing the number
of individuals that can be monitored.

Area can be a problematic measure of sponge abun-
dance, as the amount of sponge tissue under a particular
point can range over orders of magnitude. At these three
sites, for example, sponges on prop roots varied in thick-
ness 150 fold, from 0.1 to 15 cm. Evaluating mangrove
sponge abundance in terms of area is further complicated
by the prevalence of epizooism, which results in points
falling simultaneously over more than one sponge species.
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At least one functional role of sponges in mangroves may
be related to substratum area covered: protection of man-
grove roots from boring isopods (Ellison and Farnsworth,
1990, 1992).

Numbers of individuals are difficult to interpret in the
contexts of sponge population dynamics and functional
roles, as numbers can increase either by recruitment or
fragmentation, and individual size can vary over many
orders of magnitude. The lack of concordance between
population dynamics of individual species measured
in terms of numbers of sponges versus total volume on
the same roots (see Figure 4) underscores how divergent
conclusions can be when different metrics are chosen for
evaluating sponge abundance. Evaluating abundance us-
ing two or more metrics at the same site can strengthen
understanding of processes underlying the dynamics. For
example, data indicating a small increase in numbers of
individuals of Halichondria magniconulosa at Sponge Ha-
ven allowed the coincident large decrease in volume to be
interpreted as extensive partial mortality and some frag-
mentation, rather than heavy losses of individuals.

An abundance measure that lends itself well to bio-
diversity surveys in this inherently fragmented habitat is
presence/absence of a species on each root. Diaz et al.
(2004) evaluated relative abundance of sponge species at
Hidden Creek and Sponge Haven by prevalence on roots.
Specific ranks of the species by prevalence were differ-
ent from ranks assigned by volume in this study, but the
match between the 10 most abundant species with respect
to percent of prop roots inhabited (Diaz et al. 2004) and
the 10 most abundant species with respect to volume (this
study) is 80% at Hidden Creek and 60% at Sponge Ha-
ven. Resolution of systematic challenges may increase the
match; for example, a second species of Tedania was only
formally identified (Wulff, 2006) at Sponge Haven after
the study by Diaz et al. (2004) was published.

Evaluating abundance by presence/absence can also
address an important community assembly issue: the
probability that the community on a root will include a
particular species. Sutherland (1980) pointed out the great
importance of habitat division into small discrete patches
by explicitly comparing the course of community develop-
ment on prop roots versus on the 20 X 122 c¢m asbestos
panels he deployed for evaluating recruitment. The larger
area of the panels increased the probability that the com-
petitively dominant, but inefficiently recruiting, Tedania
ignis recruited onto every physically separated substratum
patch. Once settled on a panel, this species was able to
continue its growth in every direction, and each panel be-
came quickly dominated by it. Each root had much less
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surface area, providing a smaller target for settling larvae
of competitively dominant species. As predicted, if the
roots are therefore more reliable refuges for competitively
inferior species, the species composition on the roots was
far more heterogeneous (Sutherland, 1980).

For ranking species by relative abundance, the great-
est discrepancies between abundance measures (i.e., vol-
ume, area, number of individuals, and percent of roots)
emerge when applied to thinly encrusting species, as their
volume can be trivial even when they cover large areas
(e.g., see Wulff, 2001, for an explicit comparison in a coral
reef sponge community). The possibility that encrusting
species may be relatively ephemeral because they are eas-
ily overgrown is supported by a comparison between the
pattern of recruitment of the thinly encrusting species
Clathria campecheae onto initially bare polyvinyl chloride
(PVC) pipes at Hidden Creek (Wulff, 2004) and its abun-
dance in the established community on prop roots. This
species was described from coral reefs and had not been
reported from mangroves, and yet it distinguished itself by
occurring on more pipes (7/8) than any other species at 20
months after they were suspended among the mangrove
roots. Once the possibility of its occurrence on mangrove
roots was raised, it was discovered at a very low level on
prop roots at Hidden Creek and Sponge Haven.

This finding raises the question of how the succes-
sional stage of communities on censused roots might
influence the evaluation of similarity of assemblages be-
tween sites and over time. Sutherland (1980) labeled 116
roots that had not yet entered the water, in addition to
260 roots that had already been colonized below the wa-
ter surface. Sponge species that specialize on colonizing
fresh roots would have therefore been included in his as-
sessment of the total fauna. Because I followed roots with
already established sponge faunas, and only added new
roots that sprouted from subtidal portions of previously
included roots (i.e., new roots that could be colonized by
sponge growth from already censused portions), the earli-
est successional stages were not included in my assessment
of community dynamics. Clathria campecheae, mentioned
above, was not the only species that was disproportion-
ately well represented on PVC pipes deployed for recruit-
ment at Hidden Creek 20 months earlier. Haliclona cura-
caoensis, Biemna caribea, and Haliclona manglaris were
also conspicuous with respect to numbers of individuals,
percent of pipes colonized, and (for H. curacaoensis and
B. caribea) volume, in this relatively early stage of com-
munity development on initially bare pipes (Wulff, 2004:
fig. 3). The pattern of loss of these species from one census
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to the next (see Figures 4-6) is consistent with the possibil-
ity that these are early succession species that are progres-
sively lost from roots as sponge species that are superior
competitors accumulate over time. These data support
Sutherland’s (1980) suggestion that the mangrove root in-
habitants illustrate a trade-off between colonization rate
and ability to persist in the community, and raise the pos-
sibility that stability of these communities, if measured as
change over time, will depend on the successional stage
on the monitored roots. The earlier in succession the as-
semblage on a root is, the more likely that subsequent cen-
suses will reveal changes in species composition. Apparent
instability will be further magnified if percent cover is the
metric chosen for abundance, as thinly encrusting species
that are efficient recruiters, but may be eliminated as supe-
rior competitors recruit, will initially have very high abun-
dances with respect to area covered.

Observational units in previous studies have ranged
from camera framer-length segments of roots to root clus-
ters. Bingham and Young (1995) monitored 21 cm long
root segments at 1 and 2 month intervals. Their analysis re-
vealed how changes in abundance appear at different mon-
itoring intervals, providing insight into the complex and
rapidly changing dynamics of these communities at par-
ticular locations on roots. Their spatial position-focused
analysis is complementary to the individual organism-
focused analysis in the present study. Because the position
of sponge individuals can shift along the prop roots as
they increase and decrease in size, it is possible for them
to move into a particular root segment without a recruit-
ment event and to move out of a root segment while still
persisting on the root. Thus a sponge assemblage within a
root segment may appear less stable than the assemblage
on that entire root. Differences in conclusions of Suther-
land and Bingham and Young were attributed by the latter
authors to greater influence of physical disturbance and
seasonality on a subtropical site (Florida Keys) relative to
a tropical site (Venezuela), but it is possible that difference
in choice of observational unit might have also influenced
evaluations of stability.

The balance between numbers of individuals moni-
tored, frequency of monitoring, and method of evaluating
abundance must be struck with the ultimate aim in mind.
Following individual sponges over time and evaluating
their size with respect to volume were essential to the aims
of this study, which were to understand the life history
and morphological strategies employed by each species.
Inevitably the number of individuals and roots that could
be followed in such detail suffered, as did the frequency of



monitoring. Some compensation for these failings is made
by the detail of the time-series drawings of entire roots.
Detailed maps of the location of each sponge and com-
ments about its shape and size at each census allowed frag-
mentation, size decrease, and addition of new recruits to
be unambiguously distinguished, even when the causes of
size change were not obvious. It is likely that new sponges
recruited and vanished, and resident sponges changed in
size in multiple ways, during the year-long intervals be-
tween censuses, and so my data only indicate the net result
of months of unmonitored dynamics.

SIGNIFICANCE OF ECOLOGICAL
CHARACTERISTICS OF SPONGE SPECIES

Proportions of sponges that increased, decreased,
fragmented, or disappeared were similar for given species
among sites, suggesting that these may be species-level
characteristics. With a few exceptions, the set of species
that reliably exhibited 40% to 100% of individuals in-
creased between censuses were the same at all three sites
(Tedania ignis, Haliclona implexiformis, Lissodendoryx
isodictyalis, Spongia spp., Halichondria magniconulosa),
and constituted large proportions of the total sponge vol-
ume (85%, 82%, and 72% at HC, SH, and BT, respec-
tively) at each site. Numbers of individuals of these species
found on eight initially bare PVC pipes 20 months after
they were suspended among prop roots at Hidden Creek,
ranged from 0 (T. ignis, H. implexiformis, and Spongia
spp.) to 7 (L. isodictyalis) (Wulff, 2004). By contrast, the
set of species for which only 0% to 30% of the individuals
increased in size between censuses (i.e., B. caribea, H. cu-
racaoensis, H. manglaris, Clathria campecheae) were each
represented on the recruitment pipes by 11 to 14 individu-
als (Wulff, 2006). These patterns hint at the possibility
of integrated sets of ecological characteristics that help to
maintain all these species in the mangrove prop root sys-
tem. Population dynamics of at least some of the typical
mangrove root sponge species may be tied to their each be-
ing most suited to a particular time period in community
development.

Overall community change, measured by total biomass,
species diversity, numbers of individuals, and space occu-
pied, can be functionally of great importance on an ecosys-
tem level. However, an exclusive focus on these community-
level metrics can obscure the components of community
change—that is, changes in the component species—and
therefore hamper our understanding of underlying pro-
cesses. Consideration of the characteristics of individual
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species, such as their probability of persisting from year to
year; their efficiency at recruiting; susceptibility to particu-
lar biotic mortality sources such as predators, competitors,
or pathogens; and the frequency with which they fragment
or suffer partial mortality, may explain much of the com-
munity dynamics. Combining these new data on persistence
with previously reported recruitment data (Wulff, 2004) in-
dicates that some of the heterogeneity in space and time
among mangrove prop root communities may be the re-
sult of the community on each root progressing indepen-
dently through a successional sequence that is mediated,
at least in part, by an inverse relationship between ability
to hold space on mangrove roots and recruitment into the
community that was first suggested by Sutherland (1980).
Adding to these life cycle-mediated patterns the observed
idiosyncratic responses of particular species at a particular
site, such as Tedania klausi succumbing to disease at the Bo-
cas del Toro site or Halichondria magniconulosa targeted
for consumption by a pair of French angelfish at Sponge
Haven, allows community dynamics to be understood as
the result of a complex set of interactions among individual
sponges representing species that are characterized by spe-
cific physiological tolerances and morphological and life
history traits.
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water quality of, 380, 385, 389, 433
water temperature and tidal elevation, 388
wind conditions, 385
Carybdea, 143.
Cassiopea, 143.
Caulerpa verticillata, 156. See also sponge(s)
Caulibugula armata, 232, 233, 236-237, 237, 238. See also
bryozoans
cave fish Typhliasina pearsei, 274
caves
adaptations to, 277-278
anchialine (see anchialine cave(s))
in Bermuda, 278
limestone, 272
marine, 269
Yucatan, 269, 271, 272,275,276
Celleporaria, 235,237-238
sherryae, 238
See also bryozoans
Celleporina hassalli, 232, 233
Census of Marine Life (COML), 85
Chalinula molitba, 155, 157, 161, 164, 165, 168, 504, 505,
509-510. See also sponge(s)
Charybdis hellerii 182, 183, 184. See also crabs
Chelonibia patula, 108. See also barnacles
Chesapeake Bay, 2, 4, 6, 12, 13, 16, 16-18, 19-20, 33, 66, 248,
250, 360, 369, 370, 371, 375, 392. See also Rhode
River, Chesapeake Bay
Chironex, 143.
chironomid insect larvae, 53
chlorophyll a, 53, 323, 325-333, 335, 337-338, 339, 340, 342,
360, 364, 371, 372, 372-373, 406, 409
Chondrilla, 60, 68, 68, 159, 167, 315, 405
caribensis, 167
aff. nucula, 315
See also sponge(s)
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Chrysaora, 143
quinquecirrha, 370-372, 372, 374-376
See also jellyfish
ciguatera fish poisoning (CFP), 301, 302, 306, 307
ciguatoxins, 301
citrate synthase (CS), 278
Cladonema, 143.
Clathria
campecheae, 504, 512-513
microchela, 160, 167
schoenus, 157, 160, 163, 164, 165, 166, 167, 168, 169,
504, 510
venosa, 160, 179, 504, 505
See also sponge(s)
Clathrina
coriacea, 504
primigenia, 167
venosa, 167, 505
See also sponge(s)
Clavelina, 60
puertosecensis, 159, 284
See also ascidians
climate change. See global warming
Cliona, 67. See also sponge(s)
closed-circuit rebreather, 271
cnidarian worms
current classification of, 146
diversity, 139
evolutionary relationships in, 140, 141, 143-146
subclades of, 140
See also coral; specific species
coastal area(s), 11-12, 19, 30, 356, 359
erosion of, 45, 51, 63,477
mangrove forests and, 474 (see also mangrove forest(s))
overfishing and, 16
pollution and, 16
tectonic faults in, 272
Coastal Ecosystem Protection Committee, 243
Codium, 232. See also algae
COI
analysis, 119
sequence, 113,123,129, 132, 221
Coiba National Park, 83, 87-88
Colombia, 53, 87-88, 152, 174, 176
colonial ciliates, 67
Colpophyllia natans, 318. See also coral
competition-based relative dominance model, 403
Comprehensive Everglades Restoration Plan (CERP), 35
confocal laser scanning microscopy (CLSM), 28, 31
Conocarpus erectus, 420, 492
Conopeum tenuissimum, 234, 236, 294. See also bryozoans
conservation
of cave species, 278-279
coastal, 81
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sea turtle, 8, 242-244
Consortium for the Barcode of Life (CBOL), 85
Convention on Biological Diversity (CBD), 243
Convention on International Trade in Endangered Species of

Wild Fauna and Flora (CITES), 243
Convention on the Conservation of Migratory Species of Wild
Animals (CMS), 243

Coolia, 286, 302, 303. See also dinoflagellates
copepods, 53,271,273, 275-276
coral

bleaching (see bleached coral)

broadcast spawning by, 440-441

brooding, 445

clonal growth of, 438, 447, 450-452

Diploria, 67

diseases, 405, 408

egg/sperm, 261

elkhorn, 50, 51, 260, 261, 266, 314

fecundity of, 440

fertilization ecology of, 36, 348, 439, 440

fire, 50, 51

gametogenesis in, 33, 432, 440

growth, 443

hard, 313

larvae, 35, 260-261, 263, 266, 408, 438, 442-443, 444,
445-447, 451

metamorphosis, 445

mortality, 263, 313-314, 443, 449, 451

pathogens, 448

planulae, 409, 442, 445, 451

Porites, 67

post-settlement biology of, 445-451

recruitment, 438, 440-441, 451

reefs (see coral reef(s))

reproduction, 438, 439

self-fertilizing, 314

settlement, 438, 443-447, 450

skeletons, 315, 317

soft, 231-232

staghorn, 266, 282, 314-315, 317, 318, 319, 444

white-band disease (WBD) of, 314-315
Coralaxius nodulosus, 185, 186
Corallianassa longiventris, 184-185. See also crabs
coral reef(s)

assessment protocols for, 409

biodiversity, 451 (see also biodiversity)

challenges to, 437

characteristics of, 6, 44, 259

cores, 318

cyanobacteria and 446

disturbances of, 380

ecosystems, 44, 313, 402, 409

eutrophication and, 404
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Florida, 35
irradiance, 382, 383, 386, 387
management, 403-407, 410
nutrient concentrations in, 402
recovery, 35
reproduction, 439
rhomboid shoals and, 314-315, 319, 319
sponges in, 159, 511, 512
structure, 44
upwelling and, 336
water quality and, 324
Coral Reef Development in the Tropical Eastern Pacific (TEP),
81-82
Coryphopterus, 116, 121
alloides, 112-113, 125, 130, 138
bol, 112-113, 115, 123
dicrus, 125, 126, 127, 130
eidolon, 112-113, 126, 128, 129-130, 137
glaucofraenum, 112-113, 115, 119, 120, 121, 125, 126,
129-130, 132, 135
byalinus, 112-113, 115, 121, 129, 134
kuna, 112-113, 125, 129-130, 131, 138
lipernes, 112-113, 115, 117, 130, 134
personatus, 112-113, 115, 117, 121, 129, 134
punctipectophorus, 125,129, 130, 131
thrix, 125,126, 127, 130
tortugae, 112-113, 115, 118, 119, 121, 123, 125, 126,
129-130, 132, 135
venezuelae, 112-113, 115, 119, 121, 123, 123, 124, 125,
129-130, 132-133, 136
western Atlantic, 114, 119, 125, 129, 133
western Caribbean, 112
See also fish
Costa Rica, 83, 87-88
crabs
abundance of, 466
fisheries, 17, 18
intertidal (see Uca)
nursery habitats for, 16
nutrient recycling by, 459
swimming, 182, 183, 183
Crangon crangon, 96. See also crabs
Crepidula cf. nivea, 191, 191,192, 193, 194, 190
Crisia, 232,233, 234, 235
elongata, 232, 233, 234
See also bryozoans
Cronius
ruber, 184
tumidulus, 184
See also crabs
crustaceans, 273, 275-276. See also crabs; isopods; shrimps
Cryptocorynetes longulus, 274. See also remipedes
Cryptosula pallasiana, 233, 234, 235, 237
Cuba, 152,159
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Cubozoa, 145, 147.

Culebra Island Education Center, 86

Curacao, 113, 119, 123, 125-126, 128-129, 449

cyanobacteria, 35, 152, 404-405, 408-409
endosymbionts, 429
mats, 57, 154, 155

Cycloporus variegatus, 31

Cyperus spp, 420

cytochrome ¢ oxidase, 113, 116, 134

Danielopolina, 276. See also ostracods
data loggers, 343, 381
decapod crustaceans, 95, 275-276. See also crabs; shrimps
Deeveya, 276. See also ostracods
deforestation, 325
denaturing gradient gel electrophoresis (DGGE), 174-175, 175,
176
Dendronephthya, 142.
Diadema antillarum, 78-79, 385, 406, 449. See also fish
Dichothrix, 448. See also cyanobacteria
Dictyoceratida, 503, 504
Dictyosphaeria cavernosa, 31
Dictyota
caribaea, 284, 448
pulchella, 447
See also algae
dinoflagellates, 5-6, 33, 63, 283, 286-288, 301-302, 302, 303,
304, 429-430, 431, 435
Diploria, 448
strigosa, 266, 446
See also coral
Diplosoma listerianum, 253, 443. See also ascidians
dispersal kernels, 442-443
dissolved oxygen, 4, 16-17, 269-270, 272-273, 278-279, 326,
327,337,339, 369, 371, 372, 375, 382
Distichlis spicata, 392, 396, 420, 498
DNA
analysis, 34
barcoding, 34, 111, 112, 132
extraction, 220
mitochondrial, 176, 184, 220-221, 223, 224, 225, 226,
227
Dominican Republic, 83
dredging operations, 284, 286
dwarf red mangrove, 474, 477, 486, 488. See also mangrove
forest(s)
Dysidea etheria, 161, 162, 163, 164, 165, 167, 168, 504, 505,
510. See also sponge(s)

Echinometra viridis, 315, 317
ecology
analysis of, 48, 52
connectivity measurement, 442
diversity patterns in, 247

long-term studies of, 229
recruitment and, 442
eco-tourism, 243, 426. See also tourism
Ecuador, 83, 88
Electra bellula, 235, 236, 236. See also bryozoans
El Nino-Southern Oscillation (ENSO), 7, 74, 260, 380
ENCORE, 405, 408
Encyclopedia of Life (EOL), 86
Endangered Species Act, 260, 266, 314
endemism, 198, 202
endosymbiont densities, 430
Environmental Protection Agency, 16, 28, 76
environmental research, grand challenges in, 12-19
epifauna
community development, 248, 253, 256, 257
growth rates, 255
recruitment of, 248-249, 252, 254
spatial variability in, 249
temporal patterns of, 249
Eretmochelys imbricata, 242. See also turtles
Escharoides costifer, 235, 237-238. See also bryozoans
Eucalliax, 183, 184-185
Eudendrium carneum, 232
eutrophication, 2, 16-17, 66, 288, 332-333, 359-360, 366,
391, 402-406, 408, 410
evapotranspiration, 36, 481, 483, 487
EvoDevo, 210
evolutionary connectivity, 442
Excirolana
antillea, 232, 233, 234, 235,238
braziliensis, 219-220, 221, 222, 223, 224, 225, 226, 227
mayana, 221
oplophoroides, 104, 106
See also isopods
Exechonella antillea, 232, 233, 234, 235, 238. See also
bryozoans
Exhippolysmata, 96-98, 101-102, 104, 105, 106, 108. See also
shrimps
external transcribed spacer (ETS), 173

Favia
fragum, 444, 446
pallida, 441
See also coral
fertilizer, 349-350, 380, 396
fiddler crab. See crabs; Uca
fire coral, 50, 51. See also coral
fish
nursery habitats for, 16
of Panama, 80
Shorefishes of theTropical Eastern Pacific Online
Information System (SFTEP) and
stygobitic anchialine, 269-270, 273, 277-278
FishBase, 112, 202



fisheries bycatch, 243
Fistulobalanus pallidus, 293. See also barnacles
flagship species, 241-242, 244-245
flatworms, 31, 33
fleshy algae, 403, 404, 407-409, 448
Florida, 446

Atlantic coast of, 36, 230

coral reefs in, 35

impoundments, 460

PAR of, 366

seagrass in, 365 (see also seagrass)

surface water absorption spectra, 364
Florida Bay, 28

Florida Keys, 2, 28, 36, 405, 430-431, 435, 446, 502, 510, 512

Flower Garden Banks (FGB), 314
Foraminifera. See sponge(s)
Fungia

fungites, 446

larvae of, 263

scutaria, 261, 263, 264

See also coral

Galapagos Islands, 269, 271-273, 276
Galeta Point Marine Laboratory, 76, 86
Gambierdiscus, 286, 302, 303, 304. See also dinoflagellates
gametes, 211
gametogenesis, 33, 432, 440
gastropods, 191

salinity and, 375

temperature and, 375

See also snails
Gelidiella, 448
gene flow, 219, 220, 226-227, 442
Gesiella jameensis, 273. See also polychaete worms
global warming, 2, 44, 238, 314, 315, 323
Glovers Reef, Belize, 45, 389, 433
Glypturus acanthochirus, 182, 184-185
Golfingia vulgaris, 210. See also sipunculans
Goniastrea

aspera, 441

favulus, 441

retiformis, 445
Gonionemus, 143.
Goniopora tenuidens, 446. See also coral
Gorgonia mariaei, 174-175. See also coral
Great Barrier Reef, 405, 429, 443
greenhouse gases, 260, 410
Guadalupe, 152, 159
Guam, 292, 445-446
Guatemala, 287
Gulf of Chiriqui

chlorophyll a values in, 339

habitat, 7, 337

location, 324, 336
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NP ratios in, 343
oxycline in, 343
seasonal nutrients in, 341, 342
SST in, 343
thermocline in, 336
thermohaline structure of, 338
upwelling in, 336, 343
water characteristics of, 338, 339-340, 340, 341
See also Gulf of Panama; Panama
Gulf of Honduras, 287, 380, 389
Gulf of Mexico, 8, 105, 125, 129, 131, 238, 314, 469
Gulf of Panama, 74, 82, 87, 335-336, 342-343
dry seasonal nutrients in, 341, 342, 342
NP ratios in, 343
rainfall patterns in, 337
thermohaline structure of, 338
upwelling in, 342-343
water characteristics of, 338-339, 340
water clarity in, 341
See also Panama
Gulf Stream, 6-7, 34, 73, 435

Halammobydra, 143.
Halichondria magniconulosa, 160, 165, 167, 503, 504, 505,
506, 508-511, 513
Haliclona, 55,152, 161, 165, 168, 504, 505, 508
caerulea, 161, 164, 504

curacaoensis, 159, 161, 162, 164-165, 167, 504, 505, 508,

510, 512-513
implexiformis, 161, 165, 167, 513, 504, 505, 509, 510, 513
manglaris, 157, 161, 163-165, 167, 504, 505, 508, 510,

512-513
tubifera, 161, 164, 167
vermeuleni, 157, 161, 162, 164, 165
See also sponge(s)

Haliclystus, 142
Halimeda, 156, 404, 408, 419, 421, 446, 448
opuntia, 446, 448
See also algae: macro-
Halisarca, 155, 167
caerulea, 162, 168
See also sponge(s)
Halocordyle disticha, 232
Halodule wrightii, 360, 363
Halophila decipiens, 363, 365. See also seagrass
Halosbaena, 276
Haplosclerida, 152, 157, 503, 504
Harbor Branch Oceanographic Institute (HBOI), 26, 33, 35
Hawaii, 60, 260-261, 271, 276, 292, 404-405, 407
hawksbill turtle, 242
herbicides, 380
herbivory
coral reef community and, 35
positive effects on reefs of, 449
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hermaphroditism, 96, 98, 105, 106, 108
in shrimps, 96, 106, 108
simultaneous, 96, 106, 108

Hexacorallia, 140, 142, 144.

Hippolyte, 106
inermis, 98
obliquimanus, 95
williamsi, 95, 98
See also shirmps

Hippopodina, 234
irregularis, 238
verrilli, 233, 236, 237
See also bryozoans

Hipporina, 253. See also bryozoans

historical contingency hypothesis, 98

Honduras, 51, 287

human disease, 35

hurricanes
Belize and, 51
coral mortality and, 406
damage from, 380
effects, 36
Honduras and, 51

Hydra, 146

hydrogen sulfide, 59, 66-67, 272,278

Hydrolithon
boergesenii, 445
onkodes, 445
See also algae: coralline

Hydrozoa, 143, 145.

Hyrtios proteus, 154, 161, 164, 165, 167, 168. See also

sponge(s)

imposex

definition of, 189, 194

distribution of, 190-191, 194

TBT detection with, 195
incident irradiance, 360, 362, 382-383, 385, 386, 387-388
Indian River Lagoon (IRL)

ecosystems, 38

fiddler crab species of, 459 (see also Uca)

habitat, 347

hydrogeomorphic characteristics of, 347, 467

impoundment, 461, 461, 468, 496

location, 230, 361

mangroves in, 347, 348, 350, 352, 354 (see also mangrove

forest(s))

nutrients in, 352, 353

PAR in, 365

resorption efficiences, 352

seagrasses in, 234, 236, 360, 361 (see also seagrass)

sediments, 35

Smithsonian Marine Station at Fort Pierce and 6, 28, 35
Indian River Lagoon Species Inventory, 36

Inter-American Tropical Tuna Commission (IATTC), 243
intermediate disturbance hypothesis, 502
internal transcribed spacer (ITS), 173-174, 175, 176, 177, 202
International Biogeographic Information System, 202
International Taxonomic Information System, 202
International Union for Conservation of Nature (IUCN),
87-88,202,278, 314

International Year of the Reef, 7, 62, 74
interspecific fertilization, 440-441
inter-tropical convergence zone, 74, 337, 383
Intracoastal Waterway, 238
invasive species

Chesapeake Bay and, 19

marine, 8

Northeastern Pacific and, 292

Panama Canal and, 293

recruitment of, 249-250, 253, 256-257

research challenges and 18
Iotrochota birotulata, 159. See also sponge(s)
Ipomoea pescaprae, 420
island biogeography, 501
Isochrysis galbana, 191, 219, 220, 274. See also isopods
isopods, 53, 101, 220-222, 226,273, 275, 510-511
Isthmus of Panama, 2, 7-8, 30, 78-79, 83-84, 295, 297, 336.

See also Panama

Jamaica, 7, 54, 83, 152, 159, 275, 315, 405
Jania, 448

Japan, 142-143, 216, 273,275, 442, 484, 487
jellyfish, 145, 370

Johnson, Seward Sr, 26

keystone fish, 410
KRE (potassium resorption efficiency), 349, 351, 354

lactate dehydrogenase (LDH), 278
Laguna de Chiriqui, 324
Laguncularia racemosa (white mangrove), 347, 348, 420, 474,
492. See also mangrove forest(s)

larva(l)

behavior, 445

brachiolarian, 33

brachiopod, 33

coral reefs and, 438

dispersal of 277, 441, 443

fish, 67

rearing, 262

settlement, 53, 408, 438, 443-447, 450

ocean acidification and, 446

oceanic, 33

survival and recruitment, 438

temperature effects on, 446
Lasionectes, 276. See also remipedes
Laurencia papillosa, 446. See also algae



Lepidophthalmus richardi, 184, 186
Lichenopora, 235, 237. See also bryozoans
Lindra thalassiae, 31
Link, Edwin, 26
Lissoclinum fragile, 234. See also ascidians
Lissodendoryx, 152
colombiensis, 160, 164
isodictyalis, 152, 160, 165-167, 504, 505, 509, 510,
513
See also sponge(s)
Lobophora variegata, 446-447. See also algae
Lyngbya
majuscula, 446
polychroa, 446
See also cyanobacteria
Lysmata
amboinensis, 96, 98, 104
anchisteus, 101, 104
ankeri, 98, 104, 106
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racemosa, 492, 494-496
rathbunae, 101, 103, 105
seticaudata 98, 105
phylogeny, 107
trisetacea, 101, 103, 105
vittata, 101, 103, 105
wurdemanni, 96, 105, 106, 108
See also shrimps
Lytocarpia, 143.

Madracis auretenra, 318. See also coral
malate dehydrogenase (MDH), 278
Manania, 142.
manatee grass, 234, 360
mangrove crab, 58
mangrove forest(s)
in Belize, 36, 164-165
black, 36, 474, 347, 348, 420, 424, 492, 494, 495
channel bottom, 58
characteristics, 348, 473
clear cutting, 285, 287, 416, 420, 423, 426-427, 477
coastal erosion and, 423, 474
dwarf, 36, 474, 477, 486, 488
ecosystems, 345, 480
epifauna of, 168 (see also epifauna)
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peat, 66-67, 284-287, 348, 355, 416, 419, 421, 423-424,

425,477
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pollution and, 474
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surveys, 492, 496
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Twin Cays and, 282, 419, 475

white, 347, 348, 420, 474, 492
mangrove oyster, 58
Manning equation, 483
Manning roughness coefficient, 483-484, 484
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caves, 269 (see also caves)

ecology, 35-56
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natural products, 32, 35

turtles (see marine turtle(s))

See also ocean; sea
Marine Environmental Sciences Program (MESP) 76
Marine Protected Areas, 410

Marine Science Network (MSN), 1, 2, 4-6, 8, 19, 30, 36, 66,

360
marine turtle(s)
conservation, 242-244
endangered, 242
as food source, 242
outreach and public education, 243
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research, 242-244
marine zooarchaeology, 80, 87
Markov chain Monte Carlo (MCMC) methods, 98
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Meandrina meandprites, 447
Medusozoa, 140, 143-145
Melinda Forest Station, 477, 481
Menippe, 182,183
nodifrons, 183
See also crabs
Merguia, 98, 108
rizophorae, 98
See also shrimps
Merhippolyte, 108. See also shrimps
Mesoamerican Barrier Reef System (MBRS), 2, 6, 416, 423—
424,426
mesozooplankton, 371, 372, 374-375
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Mictaxius thalassicola, 185. See also crabs
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Millepora, 50, 51, 238, 314
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See also coral
Mimocaris, 108. See also shrimps
Mithrax, 182-183. See also crabs
Mmnemiopsis leidyi, 369, 371-372, 372, 374-375
Mogula manhattensis, 253. See also tunicates
molecular evolution, 8, 80, 82, 145,173
Monanchora, 60. See also sponge(s)
Montastrea, 80, 266, 318, 440, 441
annularis, 318, 408, 440-441, 448, 451
faveolata, 266, 439, 441, 443, 444
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leidyi, 369-374, 375-376
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capitata, 444, 446
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Morone americana, 21. See also fish
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Mozambique, 469
Munidopsis polymorpha, 270, 275,277, 279.
See also crabs
muricids, 189-190, 191, 192, 192, 194
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carmigropila, 160, 162, 164
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magnirhaphidifera, 167, 504
microsigmatosa, 157, 160, 162-163, 164, 165, 167, 168,
504, 505
See also sponge(s)
Mycetophyllia aliciae, 447
Myxobolus, 143.
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Myxozoa, 140, 143, 143, 145.
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See also crabs
Nephasoma pellucidum, 210-211, 212, 214, 215-216
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nitrogen
cycling, 36
discharge, 18, 21
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resorption proficiency of, 349
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pollution from, 346, 406, 409
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threshold hypothesis, 405, 407
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acidification, 260, 446
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upwelling, 335, 341
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Shorefishes, 87
Ophryotrocha puerulis, 108
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Paleontology Project (see Panama Paleontology Project)
seagrass in, 365 (see also seagrass)
shipping history of, 296 (see also Panama Canal)
Smithsonian Tropical Research Institute in (see
Smithsonian Tropical Research Institute (STRI),
Panama)
sponges in, 159, 166, 506
surface water absorption spectra in, 364, 366
water quality in, 363
Panama Canal, 7, 74, 80-81, 83, 88, 190
barnacles and, 296
construction of, 294
expansion, 296
marine invasions and, 291, 297
shorefishes and, 80
transiting, 295, 297
vessel transits, 80, 294
See also Panama
Panama Canal Authority, 296-297
Panama Canal Zone, 74
Panama Paleontology Project (PPP), 8, 83-85
Panulirus, 182
Papua New Guinea, 314, 435
Parabippolyte, 108. See also shrimps
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Parasmittina, 233, 234, 235, 237-238. See also bryozoans
Paraspadella anops, 273
Paraxiopsi spinipleura, 185-186
parrotfish, 34, 407, 408. See also fish
Paspalum distichum, 420
Pasythea tulipifera, 232, 233, 235
peanut worms, 209. See also sipunculans
peat. See mangrove forest(s): peat
Pectinia paeonia, 441
Pelagomacellicephala iliffei, 273, 274. See also polychaete
worms
pelagosphera, 33-34, 210, 212, 214-216
Pelican Cays, 60, 157, 281, 417
periwinkle, 58
pesticides, 380
Peyssonnelia, 445
Phascolion
cryptum, 33,215
strombus, 215
Phascolosoma, 215-216. See also sipunculans
phosphorous limitation, 346, 355, 404
photosynthetically available radiation (PAR), 360, 364-365,
365,365
photosynthetically usable radiation (PUR), 364-365, 365
Phragmatopoma lapidosa, 232. See also worms
Phragmites australis, 14, 18
physiological ecology, 80-81
phytoplankton, 62, 286, 323, 325-327, 332, 360, 406
biomass, 325, 332
dissolved nutrients and, 340
growth, 342, 343
thermocline influence on, 344
See also plankton; zooplankton
plankton
ciliates, 33
larvae, 248, 441-442
mesozoo-, 371, 372, 374-375
phyto- (see phytoplankton)
productivity, 16
200- (see zooplankton)
plate tectonics, 276
Platygyra, 440, 441, 449
daedalea, 441, 446
sinensis, 440
Plaxaura, 142
Pocillopora
damicornis, 408, 446
meandrina, 261, 264-265, 264
See also coral
Poecilosclerida, 152, 157, 503, 504
pollution, 474
polychaete worms, 53-54, 210, 234, 249, 253, 255
polychlorinated biphenyls (PCBs), 19, 21

polymerase chain reaction (PCR), 112, 174-175, 177, 220-221
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Polypodium, 142, 145, 147.
Pomatogebia operculata, 185-186
Pontonia margarita, 95. See also shrimps
Porifera. See sponge(s)
Porites, 285
astreoides, 283, 317, 318, 439, 446, 451
compressa, 408
cylindrica, 447
damicornis, 408
divaricata, 283, 314
furcata, 283, 314
porites, 283, 407
See also coral
potassium resorption efficiency (KRE), 349, 351, 354
Pourtalesella incrassata, 233, 235
Processa, 185. See also crabs
Prorocentrum, 286, 302, 303. See also dinoflagellates
protandric simultaneous hermaphroditism (PSH), 96-98,
102-106, 108
protogyny, 96
Pseudopterogorgia bipinnata, 174-176, 174,175,176, 177,
178. See also coral
public health 307
Puerto Rico, 119, 123, 136, 152, 238, 260-261, 324
Punta Culebra Nature Center (PCNC), 86
Punta Galeta Laboratory, 76
pyranometer, 382
Pyura chilensis, 108

radiative transfer modeling, 362

rainfall, temporal changes in, 330

Rancheria Island field station, 76, 83

rDNA, 66, 140, 143, 144, 145, 173-174

reactive oxygen species, 31, 435

rebreathers, 279

Red Sea, 104-105, 405, 429

red tide, 2, 35, 283, 286

relative dominance model (RDM), 402, 403, 405, 406, 408

remipedes, 273, 274, 275, 276

Reunion Island, 405

Rhabdadenia biflora, 420

Rbhizophora mangle, 54, 58, 151, 282, 346-347, 348, 349-350,
350, 354, 355-356, 416, 420, 422,422,424, 426,
461, 474, 492, 494-496, 502

rhodamine fluorescent dye, 480, 485

Rhode River, Chesapeake Bay, 4, 12-19, 13, 14, 15, 18,
370-371, 374-376, 392, 396

Rhbynchocinetes typus, 95. See also shrimps

Rypticus, 67. See also fish

Salicornia virginica, 420. See also saltmarsh
salt marshes, 12, 14, 15, 16, 18, 346, 399, 491-492, 496
San Blas Archipelago, 7, 75

San Blas islands, 76, 78
sand dollars, 32
Sarcophyton glaucum, 447
Sargassum, 404, 408
polycystum, 446
See also algae: macro-
Savignyella lafontii, 232, 233, 235, 236, 237. See also
bryozoans
scanning electron microscopy, 30, 51, 211
Schizoporella
floridana, 234, 236, 237
pungens, 238
unicornis, 232, 233, 234, 235
See also bryozoans
Schoenoplectus americanus (formerly Scirpus olneyi), 12, 15,
392,396
Scleractinian corals, 437-438. See also coral
Scopalina ruetzleri, 160, 284, 504. See also sponge(s)
Scripps Institution of Oceanography, 51, 138
Scrupocellaria
bertholletii, 234, 235, 236, 237
regularis, 232,233, 235
See also bryozoans
sea
grass (see seagrass)
level, 14, 315, 416, 450, 475, 487, 489
seasonal upwelling in, 335
-surface temperatures (SSTs), 260, 303, 338, 343, 376,
389
warming, 74
See also marine; ocean
seagrass
depth limits, 363, 365
importance of, 359
light absorption by, 360
light requirements of, 360, 366
temperature, 313
as water quality indicator, 359
sea urchin, 78, 406, 449
Secchi depth, 326, 327, 330-331, 333, 338
chlorophyll a concentration and, 332
climatic variables and, 329
factors affecting, 332
physical variables and, 330
temporal changes in, 328, 329, 330, 331, 331-332
See also water clarity
Secchi disc, 16
SECORE, 260
sediment(s)
characteristics of, 466-468
Gulf of Honduras and, 389
in mangroves, 474, 497
nutrient loads, 389



organic content, 462, 467
reefs and, 387
senescence, 350-351, 355
sequential hermaphroditism, 106
Sesuvium portulacastrum, 420, 498
Shorefishes of theTropical Eastern Pacific Online Information
System (SFTEP), 197, 198, 204, 206, 206, 207, 208
shrimps
abundance of, 101
geographic distribution of, 104
hermaphroditism in, 96, 106, 108
ovigerous, 97
population structure of, 101
reproductive organs of, 99
Siderastrea siderea, 283
Sinularia flexibilis, 447
Siphonosoma cumanense, 215
sipunculans, 33-34, 60, 209-211, 214-216. See also worms
Sipunculus, 215. See also peanut worms
Smithsonian Contributions to the Marine Sciences, 2
Smithsonian Environmental Research Center (SERC), 3, 4,
12, 14, 16-19, 30, 32, 60, 249, 250, 251-252,
370, 371
grand research challenges of, 12-19
Smithsonian Foundation of Panama, 86
Smithsonian Institution, 2, 5, 8, 25-26, 44, 79, 125, 138,
302-303, 307, 474, 476-477, 480
Smithsonian Institution Field Station (Belize), 381
Smithsonian Institution Tropical Environmental Sciences
Program, 76
Smithsonian Marine Science Network, 3
Smithsonian Marine Science Symposium, 1, 2
Smithsonian Marine Station (SMS), 249
equipment at, 28
at Fort Pierce (SMSFP), 3, 5-6, 25, 28, 30-36
at Link Port, 26
marine biodiversity surrounding, 32
Smithsonian Tropical Research Institute (STRI), Panama
bioinformatics office of, 87
coral reef research at, 74
educational programs in, 2, 8
facilities, 8, 76, 77
location, 3, 7, 324
marine invasion studies and, 80
Punta Culebra Nature Center of, 86
research vessels, 83
snails, 108, 193
software, 28, 63, 102, 175, 262, 265, 350
soil
characteristics of, 422
elevation, 394, 393, 394, 399
erosion, 416, 420
measurement, 418-419
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shear strength, 418, 423
stability, 424
surfaces, 421
solar radiation, 330
Sorites dominicensis, 429-430, 431, 432, 434-435. See also
sponge(s)
South Water Cay Marine Reserve (SWCMR), 283, 287, 288
Sparisoma viride, 408. See also fish
Spartina
patens, 12, 392, 396
spartinae, 420
Spelaeoecia, 276. See also ostracods
Speleophria, 276
spermatophore, 97, 101
spiny lobsters, 182. See also crustaceans
Spirastrella, 60
mollis, 159, 162-163, 164, 165, 168
See also sponge(s)

sponge(s)
abundance of, 164, 164, 167, 502, 503, 506,
508-512
disease, 67
distribution of, 159, 165, 166, 167
dredging and, 284

dynamics, 506, 508-509, 509
ecological characteristics of, 513
mangroves and, 50, 151, 164, 504, 505
methods for studying, 502, 511
population dynamics of, 508
species composition and relative abundance of, 502-506,
506, 507, 510-512
volume, 502-504, 506-513
Spongia, 154,157, 161, 163-165, 167-168, 508-510, 513. See
also sponge(s)
Sri Lanka, 244
staghorn coral, 266, 282, 314-315, 317, 318, 319, 444
stalactites, 272. See also caves
stalagmites, 272. See also caves
starfish, 33, 68
crown of thorns, 407
statistics. See ANCOVA; ANOVA
Stephanocoenia intersepta, 319, 439, 447
Stygiomysis, 274
stygofauna, 269-270, 273-278
stygoxenes, 270
Stylaraea punctata, 445. See also coral
Stylophora pistillata, 408, 443, 446. See also coral
surface elevation measurement, 394
Symbiodinium microadriaticum, 430
Synnotum aegyptiacum, 232, 233, 235
Syringodium, 234, 238
filiforme, 234, 360
See also seagrass
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TBT, 189, 190, 194, 195
Tedania
ignis, 157,159, 160, 162-163, 164, 165-166, 167,
168-169, 503, 504, 505, 508-510, 513
(see also sponge(s))
klausi, 504, 505, 510, 513
temperature loggers, 432, 478
Thais, 194
Thaisella kiosquiformis, 191. See also gastropods
Thalamoporella floridana, 232-233, 235
Thalassia, 182, 326
testudinum, 237, 283, 284, 360, 362-365, 431
See also seagrass
Thalassianthus, 142, 184.
Themiste
alutacea, 215
lageniformis, 215
pyroides, 215
See also sipunculans
Thermosbaenacea, 275. See also crustaceans
Thor, 106. See also shrimps
Thyroscyphus ramosus, 231, 232
Thysanocardia nigra, 215. See also sipunculans
tide
currents, 153, 269, 272,278, 389
cycle, 269, 477-478, 480
elevation, 388
fluctuation, 482, 484, 488
flushing, 346, 355
phases, 482
range, 416, 477, 481
wetlands, 391
See also sea
tourism, 11, 86-87, 243, 287, 289, 303, 325, 332, 380, 426
transmission electron microscopy (TEM), 28, 211, 271
Tributyltin (TBT), 189-190, 194-195
Trichoplax, 63
Trinidad, 152
Tubastraea coccina, 442. See also coral
Tulumella, 272, 274. See also shrimps
tunicates, 108, 253
Turbinaria, 404
turbinata, 404
See also coral
turtle grass, 182-183, 234, 283, 431
turtles
harvesting of, 244
hawksbill, 242
marine (see marine turtle(s))
Twin Cays, Belize
archipelago, 474
bleached coral in, 434
B. maritima studies at, 492, 494
climate, 477

hydrology 480-486
location, 157, 416, 417, 475, 493
mangroves on, 477
oceanographic conditions, 433, 484
research at, 56, 488
seasonal climatic variations, 481
sponges of, 505
topography, 476, 480
West Island, 418-419, 474, 476-478, 479, 480, 481, 483,
485, 486, 487, 494
two-way analysis of variance, 371, 395. See also ANCOVA;
ANOVA
Typha, 420
Typhlatya, 272, 276. See also shrimps
Typhliasina pearsei, 274

Uca, 81,459, 468, 469
abundance and biomass, 462, 463, 464, 465
biomass of, 465minax, 460
burrows, 466, 467, 467
fresh water tolerance of, 467
longisinalis, 469
mordax, 460
pugilator, 460, 466
pugnax, 460
rapax, 460, 462, 465, 466, 468, 469
sex distribution of, 465, 466
size distribution of, 466
speciosa, 460, 462, 465, 466, 468, 469
spinocarpa, 469
substrate and salinity preferences, 468
temperature tolerance of, 469
thayeri, 460, 462, 463, 465, 466, 468, 469
See also crabs
Ulva, 444, 446
UNESCO World Heritage List, 283
United Nations
Convention on the Law of the Sea (UNCLOS), 243
Educational, Scientific and Cultural Organization
(UNESCO), 51
Environmental Programme (UNEP) Regional Seas
convention, 243
Food and Agriculture Organization (FAO), 244, 303
United States
Antarctic Program (USAP), §
Army Corps of Engineers, 35
Convention for Migratory Species, 243
Environmental Protection Agency, 16, 28, 76
Geological Survey, 48, 86
National Oceanic and Atmospheric Administration
(NOAA), 302-303
National Science Foundation, 45, 182
University National Oceanographic Laboratory System
(UNOLS), 7



Upogebia, 185-186
acanthura, 186
corallifera, 186
missa, 186
vasquezi, 186
See also crabs

Uruguay, 220, 242

Vaughaniella, 404. See also algae: turf

Venezuela, 83, 118-119, 121, 123, 137-138, 151, 152, 159,
166, 324, 405, 502, 510, 512

Virginia Institute of Marine Science (VIMS), 249

water
absorption spectra, 364
clarity (see water clarity)
depths and velocities, 484
mangrove forests and, 485
temperature and bleaching, 432
water clarity, 16, 17,272, 325, 328, 333, 381, 383, 431
factors affecting, 332, 333
incident solar radiation and, 388
measurement, 361
phytoplankton and, 343
seagrass and, 359
significance of, 323
turbidity and, 387
watershed nutrient discharge, 4, 16
Watersipora, 232
subtorquata, 232, 233, 234, 235
See also bryozoans
wetlands
coastal, 474, 492
mangrove, 346
marginal, 460
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restoration 35
tidal, 391
tropical, 473
white mangrove. See mangrove forest(s): white
wind speed, 330
World Heritage Site, 6, 83, 87, 287, 288
World Register of Marine Species (WoRMS), 202
World Trade Organization (WTO), 244
worms
cnidarian (see cnidarian worms)
flat-, 80
nemertine, 44
peanut, 209
sabellariid, 58, 231-232, 269
sipuculan, 33-34, 60, 209-211, 214-216
tube (see worms: sabellariid)
WoRMS (World Register of Marine Species), 202

Xestospongia bocatorensis, 152

Yucatan, 324
Yucatan Peninsula, Mexico, 269, 271, 275, 278-279, 416

zooarchaeology, 82
Zoobotryon verticillatum, 233, 235, 236, 237. See also
bryozoans
zooplankton
egg production, 374-375
environmental conditions for, 372
gelatinous, 370-371, 376
polyps, 375
zooplanktivorous, 370
Zoothamnium, 67
zooxanthellae, 6, 82, 241, 265, 430, 435, 439, 440, 442, 446
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