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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 (Rbhizophora 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 c¢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., 2005;
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 i1s 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 (Riitz-
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.

[SLAND 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 ¢cm 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.
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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.)
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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 cm 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 Al) and (2) from the bend in the channel to the south
pond along a north-to-south run of 12 more points (Al
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.

HyproLOGY

Wiater 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
Al 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.
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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 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 AS 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 ¢m 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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mag

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—TG2, 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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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 = ]an REB SUZ,

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
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FIGURE 13. Plot of relative elevations (arbitrary datum) and veloci-
ties during falling limb of tide at monitor stations C1, E1, and F1
(see Figure 5).

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 1l1l.&) 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
6 203 0.000055 1.6 0.145 0.159

#Each observation with the associared 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 § 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

Run
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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

Run 7/

Run
10

8

B

=3

o

RELATIVE WATER LEVEL (cm.)

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 $
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 (545 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.
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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
et al., 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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