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Figure 1. Geographical location of the study site in West Island, Twin Cays, Belize, Central America.
Sampling stations (i.e., 12 water level data loggers, L1 — L12, shown as points in the study area map)
were located along the main channel of the island. Tidal forcing enters the western side of the island and
continues all the way to the pond. The spatial extent of the area of analysis included up until L10.
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ABSTRACT

In mangrove forests, as in all intertidal systems the hydroperiod is of great
importance to the vitality of mangrove forests. Despite the importance of inundation
and drying periods in tidal ecosystems, spatially-explicit measurements of frequency of
ground exposure to air (the drying period) and its effect on mangrove forest cover have
rarely been quantified. An eight-month long study was conducted of the tidal regime
along a main channel in an overwashed island mangrove forest off the coast of Belize,
Central America. Cumulative frequency distribution of tidal data were integrated within a
geographic information system to model the spatial extent of ground exposure, and forest
cover was estimated using the normalized difference vegetation index (NDVI). Empirical
relationships between forest cover and exposure were quantified along seven cross
sections, and along 23 transects. On average, exposure accounted for 43% of the variance
in NDVI along cross sections. Composite data results for 23 transects showed a positive
linear response of NDVI to exposure along both right (R>=0.31) and left (R? = 0.14)
banks, with no response in the upper channel area. On average, exposure accounted for
33% of the variance in NDVI on the right bank, and for 13% of the variance on the left
bank. At a local scale, NDVI highest responses in the right bank ranged from R? = 0.44
to R?=0.71. Landscape variability in NDVI vs. ground exposure relationships may be
due to confounding effects from interactions with other biological and physical variables
such as: microbial mats, wind, sun shadows, spatial heterogeneity in topography, rainfall,
canopy structure, root density and distribution.

INTRODUCTION

Mangrove forests are distributed throughout tropical and subtropical regions
of the world. Globally, mangroves once occupied 75% of tropical coastlines, but due
to rapid coastal development, just 25% of the world’s tropical coastlines now support
mangroves (Ronnback, 1999). Mangrove wetlands are one of the most productive aquatic
ecosystems covering 240 x 10° km? of subtropical and tropical coastline characterized
by high number of primary producers, diversity of microhabitats, complex multispecies
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interactions, and intensive exchange of organic matter and organisms within and outside
the ecosystem (Day et al., 1989; Twilley et al., 1992).

Hydrologic events are among the determinant processes in the establishment
and maintenance of wetland ecosystems (Mitsch and Goesselink, 1993). The reverse
is also true, with ecological processes critical in determining the hydrological balance
(Hughes et al., 1998). Because of this intimate relationship, quantification of hydrological
parameters is of paramount importance in order to predict and manage change in wetland
environments. Environmental changes affecting wetland hydrology include: both long-
term and gradual changes (e.g., climate change and projected sea-level rise), sudden
changes from natural disturbances (e.g., hurricanes) and human interference (e.g.,
hydraulic modification of tidal flow).

In intertidal systems, hydroperiods (i.e., the temporal pattern of inundation and
exposure to air) influence water temperature, salinity, water oxygenation, and nutrient
flows (Van Diggelen, 1991; Heley et al., 1992; Gosselin and Chia, 1995; Leuschner et
al., 1998). Tidal inundation affects levels of water-logging, pH, redox potential in soil
and water, and vegetation zonation (Vince and Snow, 1984; Armstrong et al., 1985; Van
Diggelen, 1991; Pennings and Callaway, 1992; Bockelman et al., 2002). Hydroperiods
affect plant communities not only through length, but also through depth of inundation
(David, 1996; Newman et al., 1996; Baldwin et al., 2001; Steven and Toner, 2004).

Research in the Caribbean has described many of the mechanisms determining
nutrient availability in nutrient-poor mangrove systems (Feller, 1995; Downing et al.,
1999; Feller, 2002; Feller et al., 2003; Lovelock et al., 2004). Nevertheless, a great deal
of uncertainty still exists about changes in the rate and volume of nutrient subsidies being
delivered to these systems from natural (i.e., tidal sources, atmospheric deposition) or
anthropogenic disturbances within the hydrologic regime of the mangrove system itself.
Additionally, the impact that hydroperiod may have on growth patterns and the spatial
distribution of mangrove forest in the neotropics is not well understood.

In this study it is hypothesized that with a higher frequency of ground exposure
to the air (referred here as FOGE), resulting from periodic changes in water elevation,
higher values of an index of mangrove forest cover will be found at the local and
landscape spatial scales. It is assumed that in the process of de-watering during the tidal
flux, roots biochemistry and soil aerobic processes are increased thus enhancing plant
growth. On the other hand, in areas that are not routinely dewatered and have limited
flushing, the effect of high/low temperature and salinity can be enhanced creating a
detrimental environment for roots, thus reducing overall plant growth as represented
in zones of stunted or ‘dwarf” mangrove. These dwarf habitats are usually found in the
interior of overwash mangrove islands as well as coastal mangrove systems.

Ground exposure and its effect on mangrove forest growth and spatial patterns
has been rarely studied in tidal systems, especially in mangrove ecosystems with high
spatial variability as found in the offshore islands of Belize (Rodriguez and Feller, 2004).
The effect that drying periods and their spatial and temporal variability might have
on mangrove structure and function is a critical factor that could explain the present
spatial heterogeneity of mangrove communities on these islands. Few studies have
experimentally addressed the causes of zonation in mangrove forests (Chapman, 1976;
Smith, 1992; Ellison and Farnsworth, 2001).



The general understanding is that tidal regimes, with particular emphasis on the
inundation period, impact other environmental conditions that influence growth, sediment
flushing, and nutrient subsidies. These changes potentially alter patterns and rates of
growth in mangrove plants. For example, if tidal flow into a mangrove forest is limited,
reduced or inhibited, residence time of water in the hinterland increases, which may
lead to higher water temperatures and salinity (due to evaporation) in the summer and
diminished aeration of the substrate and nutrient replenishment. These factors have been
correlated with reduced primary production in mangroves (McKee, 1995). In contrast, if
flow into a mangrove forest is increased, enhanced flushing will moderate temperatures,
flush the soil, and deliver fresh supplies of nutrients from the surrounding open water. As
water reaches the interior of the island faster and more frequently, the soil surfaces and
the upper root structures of the mangroves are regularly dewatered. As water finds less
resistance and a greater hydraulic gradient, such conditions increase, enhancing plant
growth. In Twin Cays, Belize, a differential annual growth was observed in Rhizophora
mangle, represented by a greater distance in leaf scars, in response to increased water
volumes resulting from mangrove clearing for survey lines development by the year
1992. Separation between leaf scars increased from an average of 0.91 cm yr' before
survey line development to an average of 2.8 cm yr! after such hydrological disturbance.
The production of elongated internodes and frequent lateral branches indicates vigorous
growth conditions in Rhizophora mangle as has been shown by Gill and Tomlinson
(1991). This type of measurement can provide a long record of how anthropogenic
changes in the hydrology of the system can alter primary production and growth patterns.

Previous research on the hydrology and hydrogeology of an overwashed
mangrove forest (Urish and Wright, 1990; Wright and Urish, 1990; Urish, 1991; Wright
et al., 1991) has shown the complexity of tidal dynamics as it interacts with dense
mangrove root systems. The fieldwork was accomplished at a location where there has
been recent anthropogenic impact on intertidal dynamics. Previous research in mangrove
ecology suggests that frequency and extent of surface flows affect mangrove tree growth
and density (Woodroffe, 1995). In the past, some studies have concentrated on inundation
frequency and sediment transport (Bockelman et al., 2002; Doyle, 2003; Bryce et al.,
2003) and others have focused on restoration (Ball, 1980, Elster, 2000).

In this paper a spatially explicit model is developed to determine empirical
relationships between frequency of ground exposure to air (i.e., drying as opposed to
flooding) and forest cover in an intertidal mangrove island. Characterizing the spatial
heterogeneity of such hydrological-plant interactions is a crucial step to the mechanistic
understanding of some of the abiotic factors that determine the spatial distribution of
mangrove forests communities in the Caribbean region.

METHODS
Study Site

This study was conducted in the West Island of Twin Cays (Fig. 1), a peat-based,
92-ha archipelago (16°50'N, 88°06'W) of off-shore mangrove islands just inside the



crest of the barrier reef of central Belize, approximately 12 km from the mainland. The
Smithsonian Institution’s Marine Field Station on nearby Carrie Bow Cay, approximately
5 km from the study site, provided boats, laboratory, living accommodations, and
logistical support during the fieldwork (Riitzler et al., 2004). Twin Cays is built on a
carbonate substrate made up of a dense limestone formed by finger corals and mollusk
fragments overlaid by 8 to 12 m of peat that has accumulated over the past 8000 years
BP. Twin Cays receives no terrigenous inputs of freshwater or sediments (Macintyre

et al., 2004). The shoreline gradient is intertidal, but physiognomically varied and
interrupted by tidal creeks that bring water into the interior area of the island flats and
shallow ponds.

The vegetation is dominated by Rhizophora mangle L. (red mangrove) with lesser
amount of Avicennia germinans L. (black mangrove), and Laguncularia racemosa (L.)
Gaertn.f. (white mangrove). This paper will focus on the Rhizophora mangle L. within
the tidal zone. Forests on West Island are characterized by a tree-height gradient, which
parallels other gradients, such as productivity and tidal flushing. The tree-height gradient
can be subdivided into three zones. From the sea to landward, the seaward-most zone is a
narrow fringe of uniformly tall red mangrove trees (5-6 m). Next is a transition zone (2-4
m tall), where all three mangrove species are present, followed by a zone of uniformly
stunted, dwarf red mangrove trees (~1.5 m), which form vast stands in the interior of
West Island (Rodriguez and Feller, 2004). Since 1991, approximately 15 surveying
tracks, 1-2 m wide and 100-400 m long, have been cut into the island’s interior to explore
its potential for private development. Although the proposed developments were aborted,
the channels formed by the survey tracks have changed the flow patterns in the island
providing a more rapid and frequent renewal of ocean water.

The climate of Twin Cays is characterized as tropical with an annual rainfall of
about 180 centimeters (Walker 1973), and with a relative “dry” season from March to
June where the rainfall averages about 50% that of the other months. The average annual
air temperature is 27° C, ranging from 24° C in January to 29° C in June, with a humidity
averaging about 78%. The seawater temperature outside the islands changes from 23° C
in winter months to 31° C in the summer (Riitzler and Ferraris 1982; Wright et al. 1991).
Ponds in the interior of the island may reach temperatures as high as 40° C.

Tidal Data

A network of water level monitoring stations was used to determine the tidal
dynamics interior to West Island (Fig. 1). Approximately 124,000 tidal elevation data
points were collected at 30 minute intervals from 12 automatic water depth recorders
(Ecotone Remote Data Acquisition Systems) between January 14 and August 18, 2003.
A datum of Lower Low Water (LLW) was used. Mean Higher High Water (MHHW) was
equal to 0.1968 m. All recorders continually monitored at 30-minute intervals the surface
water depth or the groundwater elevation (i.e., where water drops below the surface).
The recorders were surveyed to a common datum of Mean Lower Low Water (MLLW),
computed as the mean of the lowest of the low water elevations of a daily tidal cycle
(NOAA, 2005). For the estimation of the spatial extent of land flooding and exposure in



the interior of West Island, one must consider the chances of tidal water elevation during
a sampling period (i.e., in this case from January — August 2003) being less than elevation
at which the ground is exposed. Frequency analysis of water elevation at the twelve data
stations provided a statistical approach to compute probabilities of exposure during the 8-
month sampling period.

Topography Data

The topography of the island interior was determined using standard land
surveying techniques with an automatic level (Wolf and Ghilani, 2006). The data
were then used to produce a topographic map with a 0.2-foot contour interval, with
measurements later converted to the international metric system (Urish and Wright,
1990; Urish, 1991). The original map was drawn by Urish (1991) from approximately
1200 data points located along 22 transects, using an automatic level to an accuracy of
+0.01 ft (+ 0.30 cm) and then field checked for veracity. All measurements are related
vertically to a MLLW datum as defined by the U. S. National Oceanographic and
Atmospheric Administration (NOAA, 2005). Horizontal locations were established by
global positioning system (GPS) measurements. Initially, an arbitrary datum was used to
establish a common datum for all vertical measurements. The datum was later converted
to MLLW, as a more extensive tidal record was determined for the local area. It should
be recognized that while this record is useful, it is based only on an eight-month record,
not the 19- year record prescribed by NOAA for long-term stations. No useful long-term
station exists in the region to provide a reliable correlation for the extrapolation of a more
extended tidal record.

Geospatial Models

Geospatial analysis of frequency of exposure and forest cover modeling consisted
of the following steps: First, the topographic paper map with 0.2 foot-contour lines
from survey data (Urish and Wright, 1990; Urish, 1991) was converted to a digital layer
and co-registered to an IKONOS image acquired in 2003. Second, contour lines were
digitized from this new coverage and used as input to ArcGIS-3D analyst to model the
topographic surface with a triangular irregular network (TIN). A new polygon layer
extending as far as the highest surveyed height was digitized and used as boundary
layer in the creation of the TIN surface. The boundary polygon covered an area of
approximately 91,509 m?. This TIN was subsequently transformed to a digital elevation
model (DEM). Thiessen polygons were computed to determine the most likely areas
related to the data at each of the 12 data logger stations. Thiessen-weighted average
involves a weighting factor that is proportional to the fraction of the drainage basin
represented by each data logger. This spatial weighting approach has been extensively
used in hydrology in the analysis of rainfall data distributed unevenly in space, and it is
also a well-defined application of proximity models in GIS.

Modeling the frequency of ground exposure at the landscape scale was based on
the interpolation of 260 points extracted from the previously created DEM layer from



the topographic map produced by Urish (1991). These points were digitized within the
boundary layer using a grid layer of 20 x 20 m cell size (ArcInfo Workstation, ESRI, Inc)
overlaid on the DEM. This systematic sampling scheme produced a density of sampling
points equal to approximately 28 points per hectare. In addition to elevation data, other
attributes were added to this new point data layer including: (i) percentages for frequency
of exposure and flooding derived from cumulative distribution functions corresponding to
the 12 depth recorders placed along the channel, and (ii) vegetation index values derived
from image analysis of satellite data. Interpolation of frequency of ground surface
exposure values from the 260 digitized sampling points was done using Inverse Distance
Weighting (IDW) and kriging interpolator algorithms from Geostatistical Analyst
(ArcGIS 9.2, ESRI, Inc). The IDW method assumes a distance decay function using a
linearly weighted set of sample points, so the influence of a point declines with increasing
distance from that point. The Krigging method includes the autocorrelation of the values
of the input points, and the creation of a surface of predicted variance (Bailey and Gatrell,
1995; Isaaks and Srivaastava, 1989; O’Sullivan and Unwin, 2002).

Different vegetation indices (VIs) from multispectral remotely sensed data have
been developed and used to quantify biological and physical parameters (Schultz and
Engman, 2000; Liang, 2004). In this study, forest cover estimates were derived from
IKONOS (Space Imaging, Inc.) satellite data acquired in 2003. From this multispectral
(blue, green, red, and near-infrared bands), high spatial resolution (1m pixel) imagery,
the Normalized Difference Vegetation Index (NDVI) for the study site was derived.
NDVI is a vegetation index widely used in various applications. NDVI responds to
changes in biomass (Tucker, 1979), chlorophyll content (Buschman and Nagel, 1993),
photosynthetic activity (Sellers, 1985), leaf area index (Asrar et al., 1984; Myneni
and Williams, 1994; Sellers et al., 1994; Franklin et al., 1997), foliar loss and damage
(Vogelman, 1990), phenology (Justice et al., 1985), and canopy water stress (Liang,
2004). NDVI is defined by the following equation:

NDVI — ION]R _pR (1)
Pnir T Pr

where, p, ., p, represent the reflectance of near infrared and red bands, respectively.

The range is theoretically between —1 and 1, but in practice the value of p is hardly ever
larger that the one for p ., which reduces the range to [0...1], with 0.1 representing very
low plant cover and 0.7-1.0 maximum plant cover. Image processing was done with
ERDAS IMAGINE 8.7 (Leica Geosystems GIS and Mapping, LLC).

To quantify FOGE-NDVI relationships along the main channel two sets of
analysis were carried out: In the first analysis, cross sections of the channel were
extracted from the DEM along seven transects having an average length of 99 m.
Sampling points averaged 13 per transect and were located approximately 5 — 10 m apart.
NDVI was extracted and then regressed against FOGE values taken at each sampling
point. The second analysis consisted of using twenty-three transects digitized along
areas modeled following a GIS suitability analysis for optimum placement of transects.
From this suitability model three predicted co-occurring classes were extracted: (1)



Low FOGE-Low NDVI, (2) Medium FOGE-Medium NDVI, and (3) High FOGE-High
NDVI. The second analysis provided an in-depth quantification of differences between
the right and left banks (i.e., going in a northerly direction) as well as the upper section,
the area close to the entrance of the channel. In the upper section of the channel, transects
averaged 106 m in length, and the average number of sampling points was 52 per
transect. In the left bank, transects averaged 58 m in length, and 30 sampling points per
transect. In the right bank, transects averaged 48 m in length, and 25 sampling points per
transect (Fig. 2). NDVI was extracted and then regressed against FOGE values taken at
each sampling point.
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Figure 2. Location of three groups of transects (A, B, and C) digitized in the upper section, left and right
banks along the main channel of West Island. Location of these 23 transects was based on GIS modeling
of co-occurring combinations of NDVI and frequency-of-ground-exposure (FOGE), i.e., low, medium,
and high. Values of FOGE and NDVI were extracted along these transects using the tool ‘extract values to
point’ from Spatial Analyst (ArcGIS 9.2, ESRI, Inc).



A frequency analysis approach was followed to define the nonexceedence
probability, which is the probability that the corresponding value of the random variable
will not be exceeded in any one-time period (McCuen, 1998). This scale extends from
0.01% to 99.99%. A frequency curve provides a probabilistic description of the likelihood
of occurrence or nonoccurrence of the variable. Thus, a cumulative frequency distribution
(cfd) function (Langbein 1960; Bedient and Huber 1992; Ott 1995) was computed
for time-series data for each of the twelve data logger locations. This information in
combination with topography data provided the means to calculate exposure or flooding
at other locations points used for the interpolation process. Cumulative frequency values
were obtained by ranking » tidal elevations values according to their size and by giving
the smallest elevation the rank m = 1. The percentage of all events less than or equal to
each tidal elevation value is given by the formula:

m
n+1

Fi= *100% )

where Fi is the cumulative percentage frequency of the variable, or the percentage of
days with a tidal elevation equal or less than a particular daily tidal elevation having rank
m. The percentage frequency of past events is taken as the probability (also in percent)
of future events. The data were not partitioned in weekly or monthly intervals, and
therefore, resulting values from this analysis were considered an annual representation of
probability events.

Statistical Methods

Regression analysis was used to determine the contribution of frequency-of-
ground-exposure to the overall prediction of NDVI. The test of significance (F-test) from
the regression determined whether the relationship between independent and dependent
variables was large enough to be measurable. We estimated overall local and scale
relationships by regressing NDVI vs. FOGE data extracted along a total of 30 transects
using SYSTAT 8.0 (SPPS, Inc). Landscape-scale relationships were estimated with the
entire interpolated surfaces and remote sensing derivatives using the GRID module from

Arc/Info software version 9.1 (Environmental Systems Research Institute, Redlands,
CA).

RESULTS
Tidal Dynamics
Asymmetry of tidal spatial displacement within the island was evident from
the cumulative frequency distribution analysis of water elevation (Fig. 3). Previous

dye studies (Urish et al., In press) have shown a very complex tidal movement as
water reaches the southern pond. This tidal asymmetry has also been shown to occur in



mangrove creek systems where it is dominated by the interaction of tidal hydrodynamics

and the intertidal storage effect of the mangrove swamps and salt flats (Bryce et al.,
2003).
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Figure 3. Cumulative distribution functions for some of the sampling stations showing the progression

of tidal movement as one moves from the entrance (L1) towards the interior of the island (L8). The
nonexceedance probability is the cumulative percentage frequency of the variable, or the percentage of
days with a tidal elevation equal or less than a particular daily water elevation. The percentage frequency
of past events is taken as the probability (also in percent) of future events. Interpretation: going up from
0.2 m in the x-axis to the curves and across will find ~39% chance of daily tidal elevations <= than 0.2 m at
station L8; ~ 50% at L7, 48% at L6, ~ 78% at L2, and ~ 68% at L1.

The tide at Twin Cay at the coastline is micro-tidal with a mean range of 20 cm
between MLLW and MHHW, and is a mixed semi-diurnal type (Kjerfive et al., 1982).
During the 8-month period from January —August 2003 there was a measured extreme
water level range of 50 cm at station L1 at the channel entrance. Once the tidal wave
enters the tangled root system of the mangrove forest, the sinusoidal tidal signal changes
to a highly asymmetric pattern, with the rising tide displaying a much steeper slope than
the falling tide. The amplitude is attenuated and the highs and lows of the tidal signal lag
the open lagoon water tide. Typical tidal signals for the lagoon and two inland stations,
stations L2 and L6 some 50 meters and 192 meters (see Fig. 1 for location) from the
channel entrance at L1, illustrate the magnitude of this effect. As the tidal wave moves
through the mangrove root complex the tidal amplitude is reduced to 23% of the original
signal at the shoreline (station L1) at L2 and 12% at L6. It can be expected that every 2 to
3 years a hurricane of sufficient magnitude will cause storm surges that will temporarily
flood the entire island.
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The flooding tide reverses course twice daily, and then flows back to the lagoon,
all the while dispersing within the swamp waters of the mangrove. A hydrologic water
budget analysis complemented by temperature and salinity measurements indicates
that in the dry period during February to May, with a high evapotranspiration rate, the
net flow is inland with respect to the interior pond, whereas during the rainy period the
net flow is to the lagoon (Wright et al. 1991). This effect is illustrated for the shallow
waters of the most remote interior pond, some 400 meters from the lagoon connection.
In June the temperature of the water reaches 40 ° C and the salinity increases to 42 ppt,
inducing greater stress on the mangrove, whereas in January as a result of colder weather
and greater rainfall water temperature falls as low as 25 ° C, with a salinity of only 5
ppt. The combination of these factors along with the greatly reduced tidal flushing, is
seen as a likely reason for the sparse vegetation and dwarf growth in this pond area. In
contrast, vigorous growth is seen in the mangrove areas subject to more direct flooding
by fresh seawater and a greater wetting period with only moderate seasonal variation in
temperature and salinity. This same environmental stress occurs at the shallow fringe
areas of the system.

Frequency of Ground Exposure and Forest Cover

The spatial distribution of FOGE along the entire channel area, calculated from
kriging interpolation, showed good agreement with ground truth of present physical
characteristics, i.e., low percent exposure in areas dominated by dwarf mangrove
vegetation. These are also areas where flooding remains the longest because of increased
channel depth. The vegetation index for 2003 shows a clear distinction between dwarf
zones (i.e., low NDVI ~ 0.2) and areas of intense growth (i.e., NDVI > 0.6) along the
banks of the channel. Relationships between annual FOGE and NDVI were scale-
dependent (i.e., entire channel vs. channel cross sections), and indicated that localized
hydrodynamic-plant interactions must be taken in consideration even though the system
is quite homogenous in Rhizophora mangrove stands. Regression analysis of raster
surfaces of annual frequency of ground exposure and NDVI showed a positive trend
(Y oy, = 0.261 + 0.2lexposure; RMSe = 0.188; Chi-Square = 1901.58) for the entire
surveyed area. High spatial variability in this trend is reflected in the Chi-Square value.

Results along elevation cross sections (Fig. 4a, b) showed a temporal and spatial
variability of annual FOGE values across different sections of the channel. Topography
in the upper channel, cross sections 1 and 2 (Fig. 4a), is relatively shallow, with relatively
high FOGE (i.e., > 80%) along both transects. In the middle channel, cross sections 3 and
4 (Fig. 4b), FOGE is very high in the banks of the channel and very low in the center.
Bank slopes are steeper and plant cover increases with higher elevation. In the lower
channel, cross sections 5, 6, and 7 topographic features vary but frequency of ground
exposure continues to be high in the banks of the channel.

FOGE-NDVI relationships in these seven cross sections differed along the
channel. For example, in the upper channel area (cross sections 1 and 2), NDVI
decreased with exposure, with the highest exposure effect (R? = 0.69) on the right bank
of the channel. In the middle channel, (cross sections 3 and 4) we found quite a different
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Figure 4. Cross sections of topographic elevations and their corresponding frequency of ground exposure

11

(FOGE) along the upper (A) and middle (B) regions of the main channel in West Island, Twin Cays, Belize.

Elevations are referenced to the Lower Low Water (LLW) Datum (i.e., the plane of reference to the mean

lower low water elevations (MLLW)). Up-pointed arrows in cross section 4 show the location of four of the
twelve data loggers (i.e., L6-L9) used in tidal sampling.
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story. Here, NDVI increased with exposure on both sides of the channel, with the highest
exposure effect (R?=0.98) on the right bank in cross section 3. Finally in the lower
channel (cross sections 5, 6, and 7), linear relationships between exposure and NDVI
ranged from R? = 0.27 to R? = 0.89, with a distinct positive exposure effect on the right
bank and negative exposure effect on the left bank of the channel. Because of the small
sample size used in this regression analysis, it was important to do a second analysis of
the data to see if the significance and variability in the relationships was more systematic
throughout the entire channel.

Analysis of a more intensive sampling scheme using 23 transects showed a
clearer picture of the spatial pattern in the relationships between FOGE and NDVI along
the main channel. For example, along the right bank, a positive linear trend was quite
consistent with the highest regression coefficients found in transects No. 4, 5, and 6 (R?
=0.44; R>=0.49; R>=0.71, respectively (Fig. 5). Along the left bank, the response was
also positive but less strong and more variable. The highest regression coefficients in
the left bank were found in transects No. 1, 4, and 8 (R>=0.24; R2=0.17; R2=0.31,
respectively (Table 1). In the upper channel area, no NDVI response to exposure effects
was found at all. Analysis of the composite data (Fig. 6) confirmed the differential
responses of NDVI to changes in frequency-of-ground-exposure along three different
sections of the channel, that is, no trend in the upper region, and a linear trend along the
right and left banks of the middle and lower sections of the channel.

DISCUSSION

Results in this study of empirical relationships between states of ground exposure
in the wetland’s hydroperiod cycle and an a remotely sensed index of mangrove forest
cover (i.e., NDVI) in Belize showed distinct spatial patterns in forest cover responses as
one moved from the coastline toward the interior of the island. Nearby the entrance of the
channel, where mangrove trees are exposed more directly to a daily flushing, on average,
NDVI did not respond to changes in ground exposure. This response was a good indicator
that other biological and physical factors (i.e., water depth, flooding regime, nutrient
inputs, etc) may be affecting plant growth in this zone of the channel. Further down the
channel next to the dwarf zone, NDVI positive responses to increases in frequency of
ground exposure differed along the right and left banks, which may reflect environmental
factors particular to each bank (i.e., tidal velocity, wind effect, channel width, etc.).

For example, along the left bank, abundant microbial mats are found, wind is stronger,
and sun shadows are prevalent. Furthermore, the spatial variability in NDVI-Exposure
responses in the upper, middle, and lower regions of the channel could be explained if we
take in consideration the differences in bottom topography and tidal patterns that occur
along the channel.

Spatial variability at the local and landscape levels found in this study may also
be due to some of the scale problems associated with hydrology (Harvey 1997; Bugmann
1997; Schulze 2000), which include: spatial heterogeneity in topography (i.e., slope),
intensity and seasonality of rainfall, evapotranspiration characteristics of
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Figure 5. Results of linear regression analyses for best NDVI vs. frequency-of-ground exposure (FOGE)
relationships along a number of transects in the right bank along the main channel in West Island, Twin
Cays, Belize. Shown are the results along transects 4, 5, and 6 (see Fig. 2, area C, for transect location).
Coefficient of variation for transects 1, 2, 3, 7, 8, and 9 ranged from 0.00 to 0.42 (See Table 1).
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Table 1. Linear regression equations of relationships between a normalized vegetation
index (NDVI) and frequency of ground exposure (FOGE) along left and right banks of
the main channel in West Island in Twin Cays, Belize.

River Bank Transect # Slope of regression line Y-Intercept of line R’

Right 1 -0.0026 0.6583 0.1632
2 0.0000 0.4302 0.0001
3 0.0016 0.2748 0.1776
4 0.0022 0.2185 0.4357
5 0.0035 0.1640 0.4938
6 0.0034 0.1029 0.7118
7 0.0020 0.2212 0.3776
8 0.0028 0.2761 0.4185
9 0.0026 0.1749 0.1718

Left 1 0.0038 0.2704 0.2442
2 0.0026 0.2957 0.1700
3 0.0014 0.3493 0.0570
4 0.0017 0.3167 0.1660
5 0.0002 0.4445 0.0022
6 -0.0012 0.4791 0.0546
7 0.0005 0.3892 0.0203
8 0.0029 0.2846 0.3090

the forest, leaf area index, canopy structure, and root distribution and density. The other
factor that needs consideration is the non-linearity response from plant systems due to
microclimate differences (Bugmann 1997), and when under different moisture stress
conditions. Moreover, intermittent, periodic and stochastic processes are noted differently
according to the characteristics and interactions between types of scales (Schulze 2000).
Furthermore, since annual values integrate diurnal and seasonal effects it is suspected that
weekly, monthly, and seasonal effects of frequency of exposure may also be significant
on NDVI but are not addressed in this paper. Variability in water quality, water surface
and root temperature, and salinity are also factors of particular importance in the
understanding of tidal fluxes and mangrove growth as well and should be addressed in
future investigations. Furthermore, a synthetic approach integrating geospatial and
simulation modeling of the mangrove system should be a priority in further long-term
studies.

These results have important implications on the understanding of the mechanics
of nutrient distribution and spatial heterogeneity in intertidal mangrove systems like
Twin Cays. The frequency of ground exposure as a part of the hydroperiod, and NDVI
as a measurable index of growth are factors that relate to, and can integrate past research
including: nutrient limitations (Feller 1995); maintenance of soil fertility gradients (Feller
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et al. 2003); nutrient effects on metabolic rates (Feller et al. 1999), and on growth, tissue
quality, and nutrient cycling (Feller 1995; McKee 1995) in mangrove forests in the
neotropics.

Further quantification of temporal patterns (i.e., weekly, monthly, seasonal) in
tidal ground exposure in relation to likewise spatial distribution and temporal NDVI
patterns could help determine more precisely the effects of tidal regimes on indices of
growth in overwashed mangrove forests in the Caribbean.

ACKNOWLEDGMENTS

We thank the Government of Belize for permission to use Twin Cays
Archipelago as our study area and Klaus Riitzler for support and permission to work
at the Smithsonian Institution Marine Field Station at Carrie Bow Cay. The financial
support provided by the Smithsonian Institution Caribbean Coral Reef Ecosystems
Program (CCRE) and the National Science Foundation DEB-9981535 to Feller is greatly
appreciated. We also thank Brian Gray and Oran Viator of the University of Rhode Island
for assistance during fieldwork. We gratefully acknowledge the anonymous reviewer that
suggested changes that improved the original manuscript. This is Smithsonian Institution
CCRE Contribution No.782.

REFERENCES

Armstrong, W., E.J. Wright, S. Lythe, and T.J. Gaynard
1985. Plant zonation and the effects of the spring-neap tidal cycle on soil aeration in a
humber salt marsh. Journal of Ecology 73:323-339.
Asrar, G., M. Fuchs, E.T. Kanemasu, and J.L. Hatfield
1984. Estimating absorbed photosynthetic radiation and leaf area index from spectral
reflectance of wheat. Agronomy Journal 76: 300-306.
Baldwin, A.H., M.S. Egnotovich, and E. Clarke
2001. Hydrologic change and vegetation of tidal freshwater marshes: Field,
greenhouse, and seedbank experiments. Wetlands 21:519-531.
Ball, M.C.
1980. Patterns of secondary succession in a mangrove forest in southern Florida.
Oecologia 44:226-235.
Bailey, T.C. and A.C. Gatrell
1995. Interactive Spatial Data Analysis. Prentice Hall.
Bedient, P.B., and W.C. Huber
1992. Hydrology and Floodplain Analysis, 2" Edition, Addison-Wesley Publishing
Company.
Bockellmann, A.C., J.P. Bakker, N. Reimert, and J. Lage
2002. The relation between vegetation zonation, elevation and inundation frequency in
a Wadden Sea Salt Marsh. Aquatic Botany 73:211-221.



17

Bryce, S., P. Larcombe, and P.V. Ridd

2003. Hydrodynamic and geomorphological controls on suspended sediment transport
in mangrove creek systems, a case study: Cocoa Creek, Townsville, Australia.
Estuarine Coastal and Shelf Science 56:415-431.

Bugmann, H.

1997. Scaling issues in forest succession modeling. In: Hassol SJ, Katzenberger J
(eds) Elements of Change 1997 — Session One: Scaling from Site-Specific
Observations to Global Model Grids. Aspen Global Change Institute, Aspen,
CO, USA, pp 47-57.

Buschmann, C., and E. Nagel

1993. In vivo spectroscopy and internal optics of leaves as basis
for remote sensing of vegetation. International Journal of Remote Sensing
14:711-722.

Chapman, V.J.
1976. Mangrove Vegetation. Vaduz, Liechtenstein: J. Cramer.
Doyle, T.W.

2003. Effect of Hydrology on Red Mangrove Recruits, USGS Gov. Pub. 029-03,

USGS National Wetlands Research Center, Lafayette, LA, 1 p.
Downing, J.A., C.W. Osenberg, and O. Sarnelle
1999. Meta-analysis of marine nutrient-enrichment experiments: variation in the
magnitude of nutrient limitation. Ecology 80:1157-1167.
Day, W.J., Jr., Hall, Ch. A, W. Kemp, and A. Yan"ez-Arancibia
1989. Estuarine Ecology. John Wiley and Sons, New York, Toronto, p. 557.
David, P.G.

1996. Changes in plant communities relative to hydrologic conditions in the Florida

Everglades. Wetlands 16:15-23.
Ellison, A.M., and E.J. Farnsworth

2001. Mangrove communities. In: Bertness MD, Gaines SD, and Hay ME (eds)

Marine Community Ecology.Sunderland: Sinauer Associates Inc. pp 423-442.
Elster, C.

2000. Reasons for reforestation success and failure with three mangrove species in

Colombia. Forest Ecology and Management 131:201-214.
Feller, I1.C.

1995. Effects of nutrient enrichment on growth and herbivory in Belizean mangal.
Journal of Tropical Ecology 9:435-455.

Feller, I.C., D.F. Whigham, J.P. O’Neill, and K.M. McKee

1999. Effects of nutrient enrichment on within-stand nutrient cycling in mangrove
ecosystems in Belize. Ecology 80:2193-2205.

Feller, I.C.

2002. The role of herbivory by wood-boring insects in mangrove ecosystems in
Belize. Oikos 97:1657-1676.

Feller, I.C., K.L. McKee, D.F. Whigham, and J.P. O’Neill

2003. Nitrogen vs. phosphorous limitation across an ecotonal gradient in a mangrove
forest. Biogeochemistry 62:145-175.



18

Feller, I.C., D.F. Whigham, and K.L. McKee

2003. Nitrogen limitation of growth and nutrient dynamics in a disturbed mangrove

forest, Indian River Lagoon, Florida. Oecologia 134:405-414.
Franklin, S.E., M.B. Lavigne, M.J. Deuling, M.A. Wulder, and E.R. Hunt

1997. Estimation of forest Leaf Area Index using remote sensing and GIS data for
modeling net primary production. International Journal of Remote Sensing 18:
3459-3471.

Gill, A.M., and P.B. Tomlinson

1991. Studies on the growth of red mangrove (Rhizophora mangle). Part 3 Phenology

of the shoot. Biotropica 3:109-124.
Gosselin, L.A., and F.S. Chia

1995. Characterizing temperate rocky shores from the perspective of an early juvenile
snail—the main threats to survival on newly-hatched Nucella emarginata.
Marine Biology 122:625-635.

Harvey, L.D.D.

1997. Upscaling in global change research. In: Hassol SJ, Katzenberger J (eds)
Elements of Change 1997 — Session One: Scaling from Site-Specific
Observations to Global Model Grids. Aspen Global Change Institute, Aspen,
CO, USA, pp. 14-33.

Heley, W.J., S.T. Lindley, G. Levavasseur, C.B. Osmond, and J. Rasmus

1992. Photosynthetic response of Ulva rotundata to light and temperature during

emersion on an intertidal sand flat. Oecologia 89:519-523.
Hughes, C., P. Binning, and G. Willgoose
1998. Characterization of the hydrology of an estuarine wetland. Journal of
Hydrology 211:34-49.
Isaaks, E.H., and R.M. Srivaastava
1989. Applied Geostatistics. Oxford University Press. Justice CO, Townsend JRG,
Holben, B.N., and C.J. Tucker

1985. Analysis of the phenology of global vegetation using meteorological satellite

data. International Journal of Remote Sensing 6:1271-1318.
Kjerve, B., K. Riietzler, and G.H. Kerspe

1982. Tides at Carrie Bow Cay, Belize. Smithsonian Contributions to the Marine

Sciences 12:41-47.
Langbein, W.B.

1960. Plotting positions in frequency analysis. U. S. Geological Survey Water

Supply Paper 153-A, pp. 48-50.
Leuschner, C., S. Landwehr, and U. Mehlig
1998. Limitation of carbon assimilation of intertidal Zostera noltii and Zostera marina
by desiccation at low tide. Aquatic Botany 62:171-176.
Liang, S.
2004. Quantitative Remote Sensing of Land Surfaces. John Wiley & Sons, Inc.
Lovelock, C.E., I.C. Feller, K.L. McKee, B.M.J. Engelbrecht, and M.C. Ball

2004. The effect of nutrient enrichment on growth, photosynthesis and hydraulic

conductance of dwarf mangroves in Panama. Functional Ecology 18:25-33.



Macintyre, 1.G., M.A. Toscano, R.G. Lighty, and G.B. Bond
2004. Holocene history of the mangrove islands of Twin Cays, Belize, Central
America. Atoll Research Bulletin No. 510, 16pp.
McCuen, R.H.
1998. Hydrologic Analysis and Design, 2" Edition, Prentice Hall, Upper Saddle
River, New Jersey 07458.
McKee, K.L.
1995. Seedling recruitment patterns in a Belizean mangrove forest: effects of
establishment ability and physico-chemical factors. Oecologia 101:448-460.
Mitsch, W.J. and J.G. Gosselink
1993. Wetlands, 2nd ed. Van Nostrand Reinhold, New York.
Myneni, R.B. and D.L. Williams
1994. On the relationship between FAPAR and NDVI. Remote Sensing of the
Environment 49:200-211.
Newman, S., J.B. Grace, and J.W. Koebel
1996. Effects of nutrients and hydroperiod on Typha, Cladium, and Elepcharis:
Implications for Everglades restoration. Ecological Applications 6:774-783.
NOAA
2005. Tide and Current Glossary. Center for Operational Products and Services.
WWW.C0-0ps.nos.noaa.gov, Silver Spring, MD.
O’Sullivan, D., and D.J. Unwin
2002. Geographic Information Analysis. John Wiley and Sons.
Ott, W.R.
1995. Environmental Statistics and Data Analysis. Lewis Publishers.
Pennings, S.C., R.M. Callaway

1992. Salt marsh plant zonation: the relative importance of competition and physical

factors. Ecology 73:681-690.
Rodriguez, W., and 1.C. Feller
2004. Mangrove landscape characterization and change in Twin Cays, Belize using

19

aerial photography and IKONOS satellite data. Atoll Research Bulletin No. 513,

22 pp.
Ronnback, P.

1999. The ecological basis for economic value of seafood production supported by
mangrove ecosystems. Ecological Economics 29:235-252.
Riitzler, K., and Ferraris
1982. In: Riitzler K and Macintyre IG (1982) The Atlantic barrier reef ecosystem at
Carrie Bow Cay, Belize, I-Structure and communities. Smithsonian
Contributions to the Marine Sciences 12, 539 pp.
Riitzler, K., I. Goodbody, M.C. Diaz, I.C. Feller, and I.G. Macintyre
2004. The aquatic environment of Twin Cays, Belize. Atoll Research Bulletin No.
512, 31 pp.
Sellers, P.J.
1985. Canopy reflectance, photosynthesis and transpiration. International Journal
of Remote Sensing 6:1335-1372.



20

Sellers, P.J., P.J. Tucker, G.J. Collatz, S.O. Loss, C.O. Justice, D.A. Dazlich, and D.A.
Randall

1994. A global 1 degree by 1 degree NDVI data set for climate studies. Part 2: the
generation of global fields of terrestrial biophysical parameters from NDVI.
International Journal of Remote Sensing 15:3519-3545.

Schulze, R.

2000. Transcending scales of space and time in impact studies of climate and climate
change of agrohydrological responses. Agriculture Ecosystems & Environment
82:185-212.

Schultz, G.A. and E.T. Engman

2000. Remote Sensing in Hydrology and Water Management. Springer-Verlag Berlin

Heidelberg.
Smith, T.J. III

1992. Forest structure. In: Robertson Al and Alongi DM (eds) Tropical Mangrove

Ecosystems. Washington DC: American Geophysical Union. pp 101-136.
Tucker, C.J.

1979. Red and photographic infrared linear combination for monitoring vegetation.

Remote Sensing of the Environment 8:127-150.
Steven, D.D., and M.M. Toner

2004. Vegetation of upper Coastal Plain depressional wetlands: Environmental
templates and wetland dynamics within a landscape framework. Wetlands
24:23-42.

Twilley, R.R., R.H. Chen, and T. Hargis
1992. Carbon sinks in mangroves and their implications to carbon budget of tropical
coastal ecosystems. Water Air Soil Pollution 64:265-288.
Urish, D.W., and R.M. Wright
1990. Hydrology of a Mangrove Island. Proceedings of the International Symposium on
Tropical Hydrology and Fourth Caribbean Islands Water Resource Congress,
AWRA, San Juan , Puerto Rico.
Urish, D.W.
1991. Hydrogeology of Caribbean Coral Reef Islands. Proceedings of the Coastlines
of the Caribbean Coastal Zone 1991 Conference,ASCE, Long Beach, CA.
Urish, D.W., R.M. Wright, I.C. Feller, and W. Rodriguez
In press. Dynamic hydrology of a mangrove island: Twin Cays, Belize. Smithsonian
Contributions to Marine Science, No. 38.
Van Diggelen, J.

1991. Effects of inundation stress on salt marsh halophytes. In: Rozema J,

Verkleij JAC. (eds), Ecological Responses to Environmental Stresses. Kluwer
Academic Publishers, Dordrecht, pp. 62—73.
Vince, S.W. and A.A. Snow

1984. Plant zonation in an Alaskan salt marsh. I. Distribution abundance and

environmental factors. Journal of Ecology 72:651-667.
Vogelman, J.E.

1990. Comparison between two vegetation indices for measuring different types of
forest damage in north-eastern United States. International Journal of Remote
Sensing 11:2281-97.



21

Walker, S.H.
1973. Summary of climatic record of Belize. Land Resources Division, Subiton,
Surrey, England. Suppl. No. 3.
Wolf, P.R., and C.D. Ghilani
2006. Elementary Surveying. Prentice Hall, Upper Saddle River, N. J., 102-122.
Woodroffe, C.D.
1995. Mangrove vegetation on Tobacco Range and nearby mangrove ranges, central
Belize barrier reef. Atoll Research Bulletin No. 427, 35pp.
Wright, R.M. and D.W. Urish
1990. Mangrove Flow System Modeling. Proceedings of the International Symposium
on Tropical Hydrology and Fourth Caribbean Islands Water Resource
Congress, AWRA, San Juan, Puerto Rico.
Wright, RM., D.W. Urish, and I. Runge
1991. The Hydrogeology of a Caribbean Mangrove Island. Proceedings of the
Coastlines of the Caribbean Coastal Zone 1991 Conference, ASCE, Long
Beach, CA.



