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Abstract The effects of reduced tidal flushing on post-
hurricane mangrove recovery were measured across a
gradient of hurricane disturbance (in order of decreasing
wind intensity: Captiva, North Sanibel, Central Sanibel, and
East Sanibel). Each region consisted of replicate study plots
with either reduced tidal exchange (tidally restricted
location) or an open tidal connection (tidally unrestricted
location). Locations with reduced tidal exchange displayed
significantly lower (two-way ANOVA, p≤0.0001) tidal
amplitude, decreased seedling densities, and decreased
productivity (recruitment, growth, and litter fall) when
compared to the tidally unrestricted locations. Results also
indicated significant regional variations in measures of
mangrove stand structure (seedlings and canopy) and
productivity (recruitment, growth, and litter fall) up to
4-years post-hurricane disturbance. These findings suggest
that the legacy effects from hurricane disturbance vary with
degree of wind intensity, acting both independently and
synergistically with the effects of tidal restriction to
influence post-hurricane mangrove structure and function.
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Introduction

Mangrove structural and functional attributes reflect eco-
system productivity, and can be limited by environmental
stressors (Lugo 1980; Ellison and Farnsworth 1996; Duke
et al. 1998; Twilley et al. 1999; Kathiresan and Bingham
2001). Because of the high metabolic demands associated
with growth and reproduction, it is possible that natural
disturbances, in combination with anthropogenic distur-
bance, can cause enough changes in structure and function
to lead to an altered steady state (Everham and Brokaw
1996), particularly when ecosystems experience frequent
overlapping disturbances. Ultimately, the frequency, inten-
sity, duration, and spatial extent of each disturbance dictates
the characteristics that control ecosystem recovery (Boose
et al. 1994; Lugo and Scatena 1996), but the legacy effects
of a disturbance can leave a system more vulnerable to
additional disturbances (Kathiresan and Bingham 2001) and
decrease resiliency.

Depending on the frequency and intensity, hurricane
disturbances can have catastrophic effects on mangrove
communities (Lugo and Scatena 1996). Both mortality and
recovery from wind disturbance have a large temporal
range lasting weeks to decades (Everham and Brokaw
1996). During hurricane and tropical storm events, man-
grove stands can be lost or severely damaged by intense
winds and storm surge (Sadd et al. 1999; Lugo 2000;
Granek and Ruttenberg 2007). Hurricanes directly impact
mangroves through defoliation, uprooted trees, subsidence,
broken branches, and eventual mortality (Imbert et al.
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1996). This form of direct damage typically decreases with
distance from the hurricane eye-wall (Doyle et al. 1995;
Milbrandt et al. 2006). In general, the severity of a
disturbance in forested areas is measured by structural or
compositional loss (Everham and Brokaw 1996) and is
governed by biotic (e.g., stand conditions) and abiotic site
factors (e.g., storm intensity and disturbance history).
Measures of seedling and stem densities are typically used
to determine post-hurricane mangrove stand structure
(Baldwin et al. 2001; Ross et al. 2006), while seedling
recruitment patterns reflect the functionality of mangrove
reproduction and productivity (Proffitt et al. 2006). Post-
hurricane mangrove ecosystem resiliency is dependent, in
part, on initial post-disturbance forest structure, nutrient
availability, and post-disturbance seedling recruitment rates
(Chen and Twilley 1998), with a lag time noted in both
mortality (Everham and Brokaw 1996; Baldwin et al. 2001)
and recovery (Proffitt et al. 2006).

Reduced tidal flushing is also a potential stressor to
mangrove ecosystems (Lugo and Snedaker 1974). Hydro-
logic alterations can redirect natural water flow, decrease
the degree of tidal inundation, and create habitat fragmen-
tation (Milbrandt et al. 2006). Tidal restriction occurs when
obstructions restrict the natural flow dynamics and reduce
or manipulate tidal exchange; roadways, dams, and reser-
voirs are examples of such obstructions (Boumans et al.
2002). Modification of local hydrographic patterns affects
mangrove propagule dispersal, seedling establishment, and
growth (Ellison and Farnsworth 1996; Duke et al. 1998;
Milbrandt and Tinsley 2006), while drainage and entrained
water stress decrease mangrove litter fall and productivity
(Carter et al. 1973). An initial study by Milbrandt et al.
(2006) investigated the effects of tidal restrictions and
found that areas with an obstruction or other barrier to
impede tidal flushing also had significantly lower Rhizo-
phora mangle seedling densities and other structural
differences.

The purpose of this research was to determine whether
these obstructions (e.g., roadways, water retention ditches)
caused decreased tidal amplitude using simultaneous
measurements of water level at both tidally restricted and
unrestricted sites. Secondly, mangrove ecosystem structure
and function were expected to differ in tidally restricted
locations due to decreases in net primary productivity
associated with reduced tidal flushing (Carter et al. 1973;
Twilley et al. 1986). Finally, post-hurricane mangrove
recovery was expected to reflect the degree of disturbance
along a decreasing wind intensity gradient, with slower
recovery in regions that had experienced intense hurricane
winds and a more rapid recovery in areas that had
experienced minimal hurricane winds.

Previous research has documented the structural damage
caused by hurricane disturbance, but the dynamics of

hurricane recovery are not well understood. The alteration
of hydrology on a Florida barrier island and the recent
hurricane landfall (Hurricane Charley in 2004) created a
unique opportunity to study the effects of hydrological
impairment and a regional post-disturbance legacy effects
on mangrove ecosystem recovery. The effects of reduced
tidal variability on mangrove structure (seedlings and
canopy) and function (productivity, recruitment, etc.) were
determined along a post-hurricane disturbance gradient.
Tidal amplitude was used as a proxy for tidal restriction
(tidally restricted as having lower tidal amplitude and
reduced or manipulated tidal exchange). Seedling densities,
seedling recruitment, growth rates, litter fall, and canopy
closure were compared by wind disturbance and tidal
restriction to determine ecosystem health and productivity,
while tidal amplitude was used to quantify the degree of
tidal restriction.

Materials and Methods

Study Location This study was conducted on Sanibel and
Captiva Islands, in southwest Florida. Sanibel and Captiva
are a part of the Caloosahatchee estuary, surrounded by
Pine Island Sound, San Carlos Bay, and the Caloosahatchee
River to the east, and the Gulf of Mexico to the west. Pine
Island Sound and San Carlos Bay are estuarine waters with
salinities dependent upon freshwater inflow from the
Caloosahatchee River watershed, which varies with sea-
sonal precipitation patterns and freshwater releases from
Lake Okeechobee. Because there is no clear source of
freshwater found on Sanibel or Captiva Islands, the
freshwater influence on Sanibel–Captiva’s wetlands
depends on local precipitation patterns, rather than fresh-
water discharge (Clark 1976). Average rainfall on Sanibel
has been recorded at 127 cm/year mostly occurring in the
wet season (June–October) and a mean tidal range of
47 cm (NOAA 2009). Since the early 1900s, both Sanibel
and Captiva have been subject to human population,
settlement, and infrastructure development, including im-
poundment, drainage, or land use alteration, which led to
the degradation of submerged aquatic vegetation, oyster
reefs, and tidal wetlands (Clark 1976; Corbett 2006;
Meyers et al. 2006). Tidal wetlands in the study area are
principally composed of mangroves and contain a mix of
Rhizophora mangle (red mangrove), Avicennia germinans
(black mangrove), and Laguncularia racemosa (white
mangrove) (Table 1).

Experimental Design Hurricane Charley, a category 4
storm (Saffir–Simpson hurricane scale), made landfall north
of Captiva, FL, on August 13, 2004 causing wind damage
to all forested areas and providing an opportunity to study
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mangrove damage and subsequent recovery. Study plots
were established following a 2×4 factorial design to
compare measures of structure and function by tidal
restriction (unrestricted and restricted) and region (Captiva,
North Sanibel, Central Sanibel and East Sanibel). The four
regions experienced decreasing hurricane wind intensity
from Captiva to East Sanibel (Fig. 1). Captiva was the
closest region to the hurricane eye-wall, and endured the
greatest hurricane wind damage (Milbrandt et al. 2006).
Following Captiva, wind disturbance (as assessed from
change in canopy pre- and post-hurricane) decreased
moving further away from the hurricane eye-wall, with
North Sanibel, then Central Sanibel, and East Sanibel, the
lowest disturbance and the furthest region from the
hurricane eye-wall (Fig. 1). Each region consisted of one
tidally restricted and one tidally unrestricted location,
described below. Locations had three replicate plots (6-m
radius) in which all measurements were taken. Plots were
established in 2003 and have been surveyed annually until
2007, as described by Milbrandt et al. (2006).

In all regions, tidally ‘unrestricted’ plots were located
landward of open water with no barriers blocking tidal
flow. Tidally ‘restricted’ locations were in areas bisected by
a roadway and were thought to have decreased tidal
amplitude. Each tidally restricted location displayed an
observable impoundment (via roadway) and reduced tidal
exchange when compared to the tidally unrestricted
counterpart. The study plots all had historical connections
to open water through tidal wetlands, bayous, and backwa-
ter creeks and were characterized as mixed species stands
(R. mangle, A. germinans, and L. racemosa); specific
species distributions between regions and locations are
further described in Table 1.

The first objective of this study was to quantify tidal
flushing, as there were patterns detected in the stand

structure that suggested functional differences between
tidally restricted and unrestricted locations (Milbrandt et
al. 2006). High and low tides were measured during a
spring tide in January 2008 using temporary observational
piezometers (Ridd et al. 1997; Hughes et al. 1998)
positioned at a random distance and bearing from the
center of 6-m2 plots. Low tides were recorded simulta-
neously by measuring from the top of the piezometers
down to the water table every 5 min for approximately 1 h
after the predicted low tide. High tide measurements were
taken by applying Kolor Kut (Channel Supplies, TX, USA)
water finding paste to each piezometer, then measuring
from the top of the piezometer to the highest high tide
mark. The difference between the maximum high and
minimum low tides were averaged per location (n=9,
restricted; n=10, unrestricted) and are expressed as tidal
amplitude.

In 2006, one permanent 1-m2 quadrat was randomly
selected (bearing and distance from central pin) within each
6-m2 plot (n=13, restricted; n=13, unrestricted) to estimate
seedling recruitment. Seedling recruitment was calculated
by annually tagging individual seedlings with color coded
zip ties in 1-m2 permanent quadrats and enumerating the
new seedlings established the previous year; during the
2007 and 2008 site visits, new unmarked seedlings were
counted and tagged to represent the number of new recruits
per 2006 and 2007 reproductive seasons. Seedling densities
were also recorded in each 6-m2 plot for all species and
calculated as the average (one permanent and eight random)
per 1-m2 quadrat.

Diameter of stem at breast height (DBH; 1.3 m) was
measured for all mangrove stems greater than 1 cm DBH
within each 6-m2 plot (Milbrandt et al. 2006). In 2006,
stems were individually tagged for identification and
marked at DBH. Stems were then re-measured in 2007

Table 1 Mangrove composition at the eight study locations. The three native Florida mangrove species, red mangrove (Rhizophora mangle),
black mangrove (Avicennia germinans), and white mangrove (Laguncularia racemosa). Data in the table is shown as species percent (%) per
region per location for seedlings (<1 cm DBH) and stems (>1 cm DBH)

Seedlings Stems

Region Tidal
influence

Rhizophora
mangle (%)

Laguncularia
racemosa (%)

Avicennia
germinans (%)

Rhizophora
mangle (%)

Laguncularia
racemosa (%)

Avicennia
germinans (%)

Captiva Unrestricted 45 48 8 79 14 7

Captiva Restricted 39 0 61 0 13 88

North Sanibel Unrestricted 14 58 28 54 32 15

North Sanibel Restricted 13 75 13 0 0 0

Central Sanibel Unrestricted 92 5 3 79 7 14

Central Sanibel Restricted 21 42 37 36 45 18

East Sanibel Unrestricted 35 65 0 96 3 1

East Sanibel Restricted 21 56 23 44 45 11

Table 1 Mangrove composition at the eight study locations. The three
native Florida mangrove species, red mangrove (Rhizophora mangle),
black mangrove (Avicennia germinans), and white mangrove (Lagun-

cularia racemosa). Data in the table is shown as species percent (%)
per region per location for seedlings (<1 cm DBH) and stems (>1 cm
DBH)

1178 Estuaries and Coasts (2010) 33:1176–1185



and relative growth rate (RGR) per individual was
calculated. RGRs were calculated to standardize growth
by stem size (Sherman et al. 2000). RGRs were determined
using the following equation:

RGR cm�1year�1 ¼ ln DBH2007ð Þ � ln DBH2006ð Þ½ � ð1Þ

Mangrove productivity was estimated using rates of litter
fall (Twilley et al. 1986; Day et al. 1996). One litter trap
was positioned at a random distance and bearing from
the center of each 6-m2 plot; a total of 26 litter traps were
established in the summer of 2007. Litter collection boxes
were constructed of 25 cm by 25 cm plywood, underlain
with 2 mm mesh screening to catch an area of 0.0625 m2 of
litter fall. The litter collection boxes were xelevated on
wooden posts, leaving the litter trap approximately 0.85 m
above ground. Litter fall was collected five times from

spring 2007 to spring 2008, which falls within the monthly
(Twilley et al. 1986; Day et al. 1996) and quarterly (Ellison
and Simmons 2003) sampling procedures for mangrove
litter fall collection. Within 1 week of collection, litter fall
(including leaves, stems, reproductive parts, and misc.) was
taken to the laboratory and dried at 70°C for 72 h (Twilley
et al. 1986; Day et al. 1996). The dried mass was weighed
and dry weight (DW) per area was determined for each
plot. All samples were placed in Thermolyne 1400
(Barnstead International, IA, USA) muffle furnace for 3 h
at 500°C (Mfilinge et al. 2002; Bouchard et al. 2003), and
percent organic matter (OM) was calculated. All DW and
OM are reported in g m−2 year−1.

Canopy closure was recorded at each site in 2007 using a
spherical densitometer (Lemmon 1956). Canopy closure
was measured at the center of each plot. Canopy closure
was averaged from north, south, east, and west heading,

N

Pine Island Sound

Gulf Of Mexico

Sanibel

Captiva

Kilometers
0 1.25 2.5 5 7.5

CT

NS

CS

ES

10

Fig. 1 Hurricane Charley (2004), location of the eye-wall and studied regions. Captiva (CT) was the closest region to the hurricane eye-wall
followed by North Sanibel (NS), Central Sanibel (CS), and East Sanibel (ES) (Milbrandt et al. 2006)
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and is reported as a percent canopy closure (includes
leaves, branches, or other obstructions).

Data Analysis All statistical analyses were conducted using
SPSS 12.0. Tidal amplitude, seedling densities, seedling
recruitment, growth rates, litter fall, and canopy closure
were considered dependent variables and analyzed against
two independent variables, tidal influence (restricted and
unrestricted) and region (Captiva, North Sanibel, Central
Sanibel, and East Sanibel). Data were analyzed for tidally
restricted and unrestricted locations, all regions, all plots.
Normality of the dataset was tested using the Shapiro–Wilk
test. Homogeneity of variance was tested by residual
analysis. If the assumptions of normality and homogeneity
were not violated then a two-way ANOVA was used to
compare tidal influence and regions with a Scheffé post hoc
test to view specific significant differences among regions.
If data was heteroscedastic, then the data was square-root
(√) transformed and analyzed with a two-way ANOVA. If
data were still found to be not normally distributed, then
analysis was conducted via nonparametric tests. For non-
normally distributed data, the Wilcoxon rank sum non-
parametric test and descriptive statistics were used to look
at differences in tidal influence, and a Kruskal–Wallis test
was used to compare the four regions of hurricane
intensity. Averages are expressed as the mean ± Standard
Error (SE).

Results

Interaction The interaction of tidal influence by region was
examined for measures of tidal amplitude, seedling densi-
ties, seedling recruitment, litter fall, and canopy closure.
For each measure, the tidal influence by region interaction
was not significant (tidal amplitude, two-way ANOVA, p=
0.909; seedling densities, two-way ANOVA, p=0.354;
seedling recruitment (2007) two-way ANOVA, p=0.180;
DW of litter fall, two-way ANOVA, p=0.059; canopy
closure, two-way ANOVA, p=0.249), indicating that the
differences due to tidal restriction did not vary regionally.

Tidal Influence Measures of tidal amplitude were consis-
tently lower in tidally restricted locations (Fig. 2). Tidally
restricted locations had significantly (two-way ANOVA, p≤
0.0001) lower tidal amplitude than unrestricted locations,
with an average 10.61 cm lower tidal amplitude in
restricted locations. Measurements of R. mangle, A.
germinans, and L. racemosa seedling densities were also
significantly (two-way ANOVA, p≤0.0001) lower in tidally
restricted locations (Fig. 3a). However, there was no
significant (M–W test, p=0.113) difference between mean

2006 seedling recruitment in tidally restricted versus
unrestricted locations (Table 2). Mean 2007 seedling
recruitment was significantly (two-way ANOVA, p=
0.003) lower in tidally restricted locations than in the
corresponding unrestricted location (Fig. 3b). Recruitment in
unrestricted locations increased from 16.6±3.9 seedlings m−2

to 28.2±6.2 seedlings m−2 from 2006 to 2007 (69.4%),
while the restricted locations increased from 6.9±2.1
seedlings m−2 to 9.1±4.0 seedlings m−2 from 2006 to 2007
(31.2%) over the same period (Table 2).

Mean RGRs of 0.08 cm year−1 and 0.03 cm year−1 were
calculated for tidally unrestricted and restricted locations,
respectively. Mean RGRs were significantly (M–W test, p≤
0.0001) lower in tidally restricted locations (Table 3). Mean
DW of the litter fall was significantly (two-way ANOVA,
p≤0.0001) lower in tidally restricted locations than in the
corresponding unrestricted location (Fig. 3c). OM was
similar for both restricted (87.8%) and unrestricted
(86.5%) locations (Table 4), as expected given similar
species compositions (Table 1). Because there were few to
no surviving mangrove stems in North Sanibel’s restricted
plots, the canopy closure data from that region was
excluded to provide a more meaningful comparison. There
were no significant differences in canopy closure between
tidally restricted and unrestricted locations (two-way
ANOVA, p=0.799).

Regions Significant (two-way ANOVA, p=0.001) differ-
ences in tidal amplitude were observed among regions.
Measurements of tidal amplitude exhibited a regional trend
of decreasing mean tidal amplitude from Captiva to East
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Fig. 2 Tidal amplitudes (mean ± SE) from unrestricted ( ) and
restricted ( ) locations are displayed for each of the four regions.
X-axis represents increased distance from hurricane eye-wall and
decreased wind intensity. Captiva (CT) was the closest region to the
hurricane eye-wall followed by North Sanibel (NS), Central Sanibel
(CS), and East Sanibel (ES)
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Fig. 3 Mean seedling densities a seedling recruitment b dry weight
(DW) of litter fall c and percent canopy closure d in 2007 from
unrestricted ( ) and restricted ( ) locations. The four regions represent
a disturbance gradient where Captiva (CT) was the closest region to

the hurricane eye-wall followed by North Sanibel (NS), Central
Sanibel (CS), and East Sanibel (ES). The X-axis, from right to left
represents increased distance from hurricane eye-wall and decreased
disturbance. Error bars are ±1 standard error (SE)

Table 2 Mean ± SE seedling recruitment for the third (2006
recruitment) and fourth (2007 recruitment) reproductive seasons
following Hurricane Charley (2004) and percent changes in seedling
recruitment from 2006 to 2007 by tidal influence

Tidal
influence

2006 recruitment
(seedlings m−2)

2007 recruitment
(seedlings m−2)

recruitment
changes (%)

Unrestricted 16.6±3.9 28.2±6.2a 69.4

Restricted 6.9±2.1 9.1±4.0a 31.2

a Differences are statistically significant (two-way ANOVA, p=0.003)

Table 3 Mean ± SE relative growth rates (RGR) shown by tidal
influence

Tidal influence RGR (cm year−1)

Unrestricted 0.08±0.01a

Restricted 0.03±0.01a

a Differences are statistically significant (M–W test, p≤0.0001)
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Sanibel, with each of the unrestricted locations showing
greater tidal amplitude than the corresponding restricted
locations (Fig. 2). Mean tidal amplitude decreased from
north to south so that regions with the greatest disturbance
from the 2004 hurricane also had the greatest tidal
amplitude, while the least disturbed regions had also had
the least tidal amplitude (Fig. 2).

Seedling densities were higher in areas with minor
hurricane disturbance, while lower densities were found in
areas with a greater degree of hurricane damage (two-way
ANOVA, p≤0.0001) (Fig. 3a). There were significant (K–
W test, p=0.005) regional differences in 2006 seedling
recruitment, but there were no significant (two-way
ANOVA, p=0.291) regional differences in 2007 seedling
recruitment (Table 5). Captiva showed the largest increase
in seedling recruitment (260.5%) from 5.5 seedlings m−2 in
2006 to 19.8 seedlings m−2 in 2007 (Table 5). East
Sanibel’s seedling recruitment decreased (−7.3%) from
22.8 seedlings m−2 in 2006 and 21.2 seedlings m−2 in
2007 (Table 5). RGRs revealed significant (K–W test, p=
0.003) differences among regions (Table 6). Central Sanibel
showed the highest RGRs in unrestricted plots, while
Captiva showed the highest RGRs for restricted locations.
The mean DW of litter fall in unrestricted locations was
lowest in Captiva where hurricane damage was the greatest
(Fig. 3c). Tidally restricted locations followed a similar
pattern with the exception of North Sanibel where no trees
remained standing after the 2004 hurricane. A significant
difference (two-way ANOVA, p=0.003) in DW was seen
among regions, demonstrating a regional pattern of increas-

ing mean litter fall from Captiva to East Sanibel (Table 7).
Percent canopy closure also revealed significant (two-way
ANOVA, p≤0.0001) regional differences (Fig. 3d). Can-
opy closure in unrestricted, as well as restricted locations,
was higher in areas with low to moderate hurricane
damage.

The Scheffé post hoc test identified significant differ-
ences between Captiva (heavily damaged) and East Sanibel
(lightly damaged) for tidal amplitude, seedling densities,
2006 seedling recruitment, DW of litter fall, and percent
canopy closure (Fig. 3). Differences were also detected
between Captiva and Central Sanibel in tidal amplitude,
seedling densities, and canopy closure. North Sanibel and
East Sanibel differed in tidal amplitude, seedling densities,
2006 seedling recruitment, DW of litter fall, and percent
canopy closure. North Sanibel and Central Sanibel differed
in seedling densities and 2006 seedling recruitment. Central
Sanibel and East Sanibel differed for percent canopy
closure only.

Discussion

Previous research has identified tidal flushing as an
important factor regulating mangrove productivity (Carter
et al. 1973; Lugo and Snedaker 1974; Twilley et al. 1986).
Based on the earlier studies, we would have expected
higher productivity in regions with greater tidal ampli-
tude. Analysis confirmed that the average of each
measure of mangrove stand structure and productivity
was higher in tidally unrestricted plots. However, our
results indicated that regional differences in stand struc-
ture and productivity appeared to be the result of aTable 5 Mean ± SE seedling recruitment for the third (2006

recruitment) and fourth (2007 recruitment) reproductive seasons
post-Hurricane Charley (2004) and percent changes in seedling
recruitment from 2006 to 2007 by region

Region 2006
recruitment
(seedlings m−2)

2007
recruitment
(seedlings m−2)

Recruitment
changes (%)

Captiva 5.5±3.2 19.8±14.4 260.5

North Sanibel 4.8±1.8 13.1±6.6 176.3

Central Sanibel 16.3±3.4 17.2±3.7 5.1

East Sanibel 22.8±6.7 21.2±8.1 −7.3

Table 6 Mean ± SE relative growth rates (RGR), shown by region

Region RGR (cm year−1)

Captiva 0.06±0.03

North Sanibel 0.07±0.02

Central Sanibel 0.10±0.02

East Sanibel 0.02±0.01

Table 4 Mean ± SE dry weight (DW) and organic matter (OM) of
litter fall shown by tidal influence

Tidal influence DW (g m−2 year−1) OM (%)

Unrestricted 154.04±31.78a 86.5

Restricted 41.78±15.63a 87.8

a Differences are statistically significant (two-way ANOVA, p≤0.0001)

Table 7 Mean ± SE dry weight (DW) and organic matter (OM) of
litter fall shown by region

Region DW (g m−2 year−1) OM (%)

Captiva 26.37±8.28a 85

North Sanibel 79.33±30.53a 89.7

Central Sanibel 121.48±43.13a 88.5

East Sanibel 170.67±57.44a 85.4

a Differences are statistically significant (two-way ANOVA, p=0.003)
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regional legacy effect from wind intensity, rather than
from differences in tidal amplitude. The gradient of
disturbance reported previously from the 2004 hurricane
(Milbrandt et al. 2006) was still evident in stand structure
and measures of ecosystem function. These results suggest
that the legacy effects from wind disturbance are long
lasting, leaving the system more susceptible to additional
disturbances and creating an opportunity for multiple
disturbance interactions.

Three years after hurricane Charley, seedling densities in
tidally unrestricted locations (32.0 seedlings m−2) were
significantly greater than in restricted locations (10.1
seedlings m2). Seedling densities in unrestricted locations
are comparable to the sum of all three mangrove species in
South Florida 4 years after Hurricane Andrew (1992) (Ross
et al. 2006). There, seedling densities of R. mangle were 9.5
seedlings m−2; L. racemosa were 20.8 seedlings m−2; and
A. germinans were 0.5 seedlings m−2 (sum of 30.8
seedlings m−2). Prior to this study, Milbrandt et al. (2006)
also observed significantly lower R. mangle seedlings in
tidally restricted locations. After more clearly defining
‘tidally restricted’ by measuring tidal amplitude, this pattern
continued to apply throughout the current study area.
Higher net primary productivity associated with increased
tidal inundation has been documented (Carter et al. 1973;
Lugo and Snedaker 1974; Twilley et al. 1986) and supports
the conclusion that areas with an open tidal connection
have greater productivity and greater functional resilience
and are therefore more likely to recover from future
catastrophic disturbances.

One-year post-hurricane disturbance, minimal R. mangle
seedling recruitment was reported within Central Sanibel,
demonstrating a lag in reproduction after a hurricane
disturbance as observed and predicted by Proffitt et al.
(2006). The current study included two additional years of
recruitment data indicating a regional increase in recruit-
ment from North to Central to East Sanibel for both the
third and fourth reproductive seasons after the 2004
hurricane. Captiva, the most heavily damaged region, had
a pulse of recruitment in the fourth reproductive season
post-hurricane, suggesting that areas experiencing the most
intense hurricane winds were showing signs of recovery,
but only after a 3-year lag. Unrestricted locations experi-
enced a greater change in seedling recruitment from the
third to fourth post-hurricane reproductive seasons, thus,
indicating greater resiliency and potential for long term
recovery.

The average RGRs in tidally unrestricted locations
(0.08 cm year−1) are analogous to measures of R. mangle
under closed canopy (0.086 cm year−1) in the Dominican
Republic (Sherman et al. 2000). Sherman et al. (2000)
found that all three mangrove species (R. mangle, L.
racemosa, and A. germinans) had higher relative growth

rates under canopy gaps. Research has suggested that
increased salt stress yields reduced mangrove growth (Ball
et al. 1997; Duke et al. 1998), while flooded, well-drained
soils, support growth (Kathiresan and Bingham 2001).
Results from the current study reveal that tidal restriction
can also impede growth (lower average RGRs in tidally
restricted locations, 0.03 cm year−1). The RGRs did not
show the same pattern of regional recovery as measures of
seedling densities, litter fall, or canopy closure. Average
RGRs increased regionally from Captiva to North Sanibel
to Central Sanibel, then decrease in East Sanibel. Crowding
has been reported to negatively impact R. apiculata growth
rates in Malaysian mangroves (Putz and Chan 1986), and
could explain the decreased growth rates found in East
Sanibel where stem density is high (unpublished data).
East Sanibel also had the greatest percent canopy closure,
and while this might have impacted growth, it was not a
regional trend. Everham and Brokaw (1996) noted leaf
area and reproduction increases in forested areas as a
recovery response following catastrophic wind disturbance.
When compared to the other measures of productivity, the
growth rates recorded in the current study were relatively
low, suggesting that during post-hurricane disturbance
recovery, more energy is allocated to canopy growth and
reproduction, opposed to individual stem growth.

Average annual litter fall was comparable to previous
studies (Lugo and Snedaker 1974; Putz and Chan 1986;
Twilley et al. 1986; Twilley et al. 1997), falling within the
range (130–1,870 g m−2 year−1) established by Kathiresan
and Bingham (2001). Litter fall in unrestricted locations
(616.18 g m−2 year−1) resembles the mean annual litter
fall recorded for mixed species basin stand mangrove
forests in Southwest Florida (661 g m−2 year−1, see
Twilley et al. 1997). The litter fall in restricted locations
(167.13 g m−2 year−1) was much lower and more
comparable to the less productive scrub mangroves
186 g m−2 year−1) in Southeast Florida (Twilley et al.
1997). A regional examination of average annual litter fall
had similar results with increasing productivity from
Captiva (105.5 g m−2 year−1) to East Sanibel (682.67 g
m−2 year−1), which supports regional recovery reflecting
wind intensity and a reduction in productivity associated
with reduced tidal influence.

Recovery time from catastrophic wind damage varies
with frequency, and the severity of the disturbance with a
lag time noted for mortality (Everham and Brokaw 1996;
Baldwin et al. 2001) and recovery (Proffitt et al. 2006).
Although each region was impacted by differing degrees of
hurricane disturbance, recovery mirrors the degree of
disturbance. It has been suggested that recovery from
natural disturbance can leave a system more vulnerable to
additional disturbances (Kathiresan and Bingham 2001) and
when disturbances become more frequent or overlap, the
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additional stress could throw the system out of balance
(Everham and Brokaw 1996). In the current study, legacy
effects from the 2004 hurricane increased the vulnerability
of mangroves, which had reduced tidal amplitude due to
human activities.

The current study suggests that when areas are tidally
restricted from road building, mosquito ditching, or other
human activities, mangroves are degraded and become less
resilient to disturbance events. The results of this study
apply to areas impacted by reduced tidal flushing and may
not apply to all areas designated as impoundments,
especially areas that are monitored for flood control. A
previous study of J. N. Ding Darling Wildlife Refuge
(Central Sanibel) suggested that when managed for flood
control, impounded areas may be functionally degraded but
provide an important benefit by serving as wading bird
foraging area (Meyers et al. 2006). The current study
included measures of mangrove stand structure, productiv-
ity, and function but did not examine the use of mangroves
as habitat by any specific species. Mangroves provide
habitat to wildlife, but additional research is required to
determine how structural or functional changes within
mangrove systems would impact their role as a nursery
ground and habitat.

A better understanding of the interface between natural
and anthropogenic disturbance and recovery within man-
groves is essential for barrier island pan-tropical coastal
management and restoration practices. Mangrove ecosys-
tems face a variety of environmental stressors, including
both natural and anthropogenic disturbances. Prolonged
stress applied to a mangrove ecosystem may result in an
altered system with lower productivity, recruitment, and
potential species replacement (Lugo and Snedaker 1974).
This study is unique in that the synergistic effects of
multiple disturbances, both natural and human-caused,
provide insight into the mangrove recovery process.
Multiple disturbance interactions must be considered when
making management choices that will impact mangrove
ecosystems and barrier island systems, especially in the
face of future land use changes. Incorporating predictions
of land use change, global climate change, and sea level
rise is essential to understanding how isolated episodic
disturbances events will interact with continual stressors
(e.g., decreased tidal amplitude) to affect impending
mangrove ecosystem health.
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