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ARTICLE INFO ABSTRACT

Keywords: Mangrove wetlands along coastal regions in neotropical northern latitudes are exposed to frequent hurricanes
Mangrove productivity and therefore depend on resistant and resilient attributes to persist after these extreme events. However, few
RES}S.tanCe long-term studies have documented mangrove forest dynamics following hurricane disturbance to determine
Resilience how species-specific phenotypic plasticity, species range shifts, and environmental stress interact to determine
Hurricane . . . . . . N P .
Florida Coastal Everglades recovery trajectories. We present here a comprehensive analysis of Hurricane Wilma’s (hereafter, “Wilma”)
Neotropics impact (category 3, October 2005) on mangrove forest demography and aboveground net productivity in the

Everglades, Florida (USA). We determined spatiotemporal patterns over a 15-year period (5 pre- and 10 post-
Wilma) in three impacted sites on a productivity gradient along the Shark River Estuary. Hurricane resistance
was evident in the low cumulative tree mortality and long-term recovery from defoliation (~ 10 years).
Aboveground standing carbon stocks were not significantly reduced, as mortality ranged only from 3 to 10%. A
negative linear relationship between Leaf Net Primary Productivity (NPP;) and foliar residence time along the
estuary shows that an increase in foliar production results in shorter residence time, which is defined by the
interannual variation in NPPy, rates and recovery periods across sites. We propose this relationship as a proxy of
canopy recovery in latitudinal comparative studies across mangrove ecotypes and coastal settings. This work
advances ecological disturbance theory and ecological modeling of mangrove forests; specifically, we provide
quantitative relationships among structural properties and dynamic processes to validate agent-based demo-
graphic and biogeochemical models to forecast the impact of natural and human disturbances on mangrove
wetlands under climate change.

drivers, hurricanes are a predictable feature in coastal regions in neo-
tropical northern latitudes (Caribbean and Gulf of Mexico; Farfan et al.,

1. Introduction

Studies of population structure dynamics (e.g., demography) and
productivity of mangrove forests are globally ubiquitous and reveal
high spatial variability with complex drivers (Pool et al., 1977; Saenger
and Snedaker, 1993; Sherman et al., 2003; Castafieda-Moya et al., 2013;
Costa et al., 2015; Rovai et al., 2016; Osland et al., 2017; Rivera-
Monroy et al., 2017; Osland et al., 2018; Rovai et al., 2018). These
drivers of demographic and functional dynamics can be broadly char-
acterized by slowly changing pressures, such as increasing temperature,
sea level rise (i.e., presses) and disturbances such as storms, cold spells
and lightning strikes/fires (i.e., pulses) that operate at different spa-
tiotemporal scales (Collins et al., 2011; Becknell et al., 2015). Of these

2014; Simard et al., 2019), bringing high winds, heavy rain, and storm
surges that cause canopy defoliation, tree mortality, and biochemical/
geomorphological changes. Mangrove forests, therefore, have resistant
and resilient attributes that allow them to persist after hurricanes, in-
cluding species capable of ecophysiological responses that allow them
to recover quickly when damaged by storms (Alongi, 2008; Lugo, 2008;
Macamo et al., 2016; Rivera-Monroy et al., 2017; Imbert, 2018; Nehru
and Balasubramanian, 2018; Servino et al., 2018).

Lightning strikes and hurricanes are the most common types of
natural disturbances affecting mangrove forests structure in south
Florida in the Gulf of Mexico, and are intense events causing significant
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defoliation and mortality (Smith et al., 1994; Doyle et al., 1995; Smith
et al., 2009; Rivera-Monroy et al., 2011; Barr et al., 2012). High in-
tensity hurricanes (i.e., category 3-5) are estimated to occur every
14-22 years in this region, but climate change is expected to potentially
increase lighting strikes (Romps et al., 2014) and hurricane intensity
(Gilman et al., 2008; Bhatia et al., 2018; Bhatia et al., 2019) and fre-
quency (Knutson et al., 2010; Murakami et al., 2018). In south Florida,
this trend was apparent with Hurricanes Donna (1960, category 4),
Andrew (1992, category 5), and Wilma (2005, category 3) and the re-
cord setting number of storms during the 2005 and 2017 Atlantic
hurricane season (Beven et al., 2008; Sun et al.,, 2008; Chao and
Tolman, 2010; Zhang et al., 2016; Murakami et al., 2018). While a
number of studies have been conducted to assess the impacts of these
hurricanes (Baldwin et al., 2001; Milbrandt et al., 2006; Ross et al.,
2006; Zhang et al., 2016), there are limited long-term studies quanti-
tatively assessing disturbance magnitude and recovery patterns for
multiple forest structural and functional variables.

A recent study along the southwest coast of the Florida Peninsula
showed that mangrove litterfall net primary productivity (NPPy) of
mangrove stands impacted by Hurricane Wilma (2005, hereafter,
“Wilma”) had a differential resilience response to hurricanes related to
disturbance magnitude and initial forest conditions (Danielson et al.,
2017). After 5years, sites located at the mouth and the middle along
the estuary returned to pre-Wilma NPP;, rates while others had not yet
recovered (Danielson et al., 2017). Here, we examine productivity re-
sponses since this time, as well as the resilience patterns of other
properties (i.e., stem, basal area, density) in the same sites. We define
the resistant properties of the forest as the susceptibility of an eco-
system property to disturbance, or the ecosystem’s ability to resist
change (Bernhardt and Leslie, 2013; Becknell et al., 2015). This long-
term dataset also allows us to quantify resilience, measured by rates of
mortality and re-sprouting from defoliated tree trunks (e.g., Vogt et al.,
2012; Shiels et al., 2015). By identifying the resistant components of a
disturbance-prone ecosystem, we can quantitatively define their vul-
nerability and recovery trajectories.

Tree mortality caused by natural disturbances produce forest ca-
nopy openings of different dimensions including gaps and patches
(McCarthy, 2001). Gaps are defined as “canopy openings not generally
exceeding 200 m? usually caused by death of a single or group of trees,
stem breakage due to root and butt diseases or windthrow in some
cases” while patches are “larger openings (> 200 m?) induced by rapid,
sometimes catastrophic, biotic and abiotic disturbances (e.g., fire, in-
sect outbreak, hurricanes) (White and Pickett, 1985; McCarthy, 2001;
Walker and De Moral, 2003; Busing et al., 2009; Frolking et al., 2009).
These two conspicuous spatial patterns along a continuum are present
in a surrounding forest matrix where they display clear structural and
functional patterns (McCarthy, 2001). Although gap-patch dynamic
theory has been informed by a number of studies in a variety of forests
(McCarthy and Weetman, 2006; Busing et al., 2009), there is limited
quantitative information from mangrove wetlands (e.g., Duke, 2001;
Vogt et al., 2014) where hurricanes of different intensity can exert
significant control in the role of gap and patches triggering a number of
overlapping successional trajectories across the landscape (McCarthy,
2001; Lacambra et al., 2013). The limited long-term empirical studies
assessing forest recovery in mangrove wetlands indicate that succes-
sional trajectories result from the interaction between species-specific
phenotypic plasticity and species range shifts along environmental
conditions partially influenced by gap and patch creation (Ball, 1980;
Sherman et al., 2000; Duke, 2001; Zhang et al., 2008).

Although ecological modeling of gap dynamics and disturbance
contributes to our understanding of how hurricane events modify the
mechanisms controlling succession in forest gaps and patches (e.g.,
Busing and Mailly, 2004; Host et al., 2008), there are few mangrove
wetland studies validating model conceptual frameworks and results
(e.g., Berger et al., 2008); especially in cases when patch dynamics
become dominant relative to the presence and density of forest gaps.
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For instance, simulations in the KiWi and FORMAN models, developed
for neotropical mangroves, show that disturbance response trajectories
are indeed influenced by species interactions and abiotic conditions;
particularly, soil fertility, salinity, and light gradients (Chen and
Twilley, 1998; Twilley et al., 1998; Piou et al., 2008; Vogt et al., 2014).
However, data from long-term empirical studies are necessary to di-
rectly evaluate the natural successional response to hurricane dis-
turbance in both forest patches and gaps, and to verify and improve
model simulations at different spatial scales (Busing and Mailly, 2004;
Busing et al., 2009; Vogt et al., 2012; Shiels et al., 2015; Angeler and
Allen, 2016)

This study is a comprehensive analysis of the spatiotemporal pat-
terns of demography and aboveground productivity of mangrove forests
in the Everglades before and after a major hurricane. Wilma was a high
magnitude disturbance that crossed south Florida in late October 2005
and progressed into a category 3 storm moving from the Gulf of Mexico
across the southern region of Everglades National Park (ENP) (Beven
et al., 2008; Castafieda-Moya et al., 2010; Rivera-Monroy et al., 2011;
Danielson et al., 2017) (Fig. 1). We used baseline (pre-Wilma:
2000-2004) forest properties (e.g., density, stem productivity) to
quantitatively evaluate hurricane impact (immediate-post-Wilma:
2006-2009) and forest recovery (post-Wilma: 2011-2015) to address
the following questions: (1) Do basal area, tree density, and above-
ground biomass change as result of Wilma’s impact? were all species
and/or size classes affected at the same level? (2) How did variation in
defoliation and mortality affect stem net primary productivity (NPPg)?
(3) What forest structural properties exhibit resistance, and how do
these properties contribute to forest recovery trajectories? Our analysis
identifies the uncertainties in disturbance theory and defines the role of
resilience and resistance in maintaining mangrove forest properties in
the long term in this coastal region.

2. Methods
2.1. Study site

The Florida Coastal Everglades Long Term Ecological Research (FCE
LTER) program established two landscape-level transects where per-
manent plots were established in Dec-2000 at two main coastal drai-
nage basins: Shark River Slough (Fig. 1) and Taylor Slough. The man-
grove-dominated forest sites in the Everglades mangrove ecotone
region (hereafter Everglades) (Rivera-Monroy et al., 2011) along the
Shark River Estuary (SRS) are SRS-4 (18.2 km from the mouth), SRS-5
(9.9km), and SRS-6 (4.1km). These sites undergo minimum direct
human disturbance (e.g. deforestation) but are indirectly affected by
upstream hydrological changes as part of the Comprehensive Ever-
glades Restoration Plan (Sklar et al., 2005; Rivera-Monroy et al., 2011).
There are well defined fertility, salinity, and hydrologic gradients along
the SRS where total phosphorous (0.05 to 0.20 mg cm ™~ 3), salinity (4 to
26 ppt), and hydroperiod (3695 to 5592 hr yr ™!, 217 to 395 tides yr 1)
increase towards the mouth of the estuary (Chen and Twilley, 1999;
Castafieda-Moya et al., 2013). Tree height also increases with distance
towards the mouth of the estuary and average height range is from 5 to
15m (Simard et al., 2006). Significant differences in soil pore water
conditions and NPPy, are also caused by distinct dry (December-May)
and wet (June-November) seasons. The sites SRS-4 and SRS-5 are
dominated by the species Rhizophora mangle, while SRS-6 is dominated
by Laguncularia racemosa. Other species present at these sites include
Avicennia germinans and Conocarpus erectus (Castaneda-Moya et al.,
2013).

2.2. Experimental design
In 2000, two 20 X 20 m permanent plots were established in SRS-4,

SRS-5, SRS-6. Within each plot, all trees with a diameter at breast
height (DBH) = 2.5cm were tagged and species registered.
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Fig. 1. Site map and Hurricane Wilma (2005) disturbance event. a) Wilma trajectory across south Florida and the Gulf of Mexico relative to the Everglades mangrove
ecotone region (EMER); (b) FCE LTER sites SRS-4, SRS-5 and SRS-6 locations; (¢) Wilma wind field (speed in m s™1) and storm path (black line); the wind field
analyses were obtained from the legacy archive provided by Hwind at http://hwind.co and the path from the National Hurricane Center records available at https://
www.nhc.noaa.gov/); (d) Photo of Hurricane Wilma impact at the SRS-6 site (Photo credit: Victor H. Rivera-Monroy, 12-Dec-2005).

Measurements occurred on an annual or biennial basis in the years
2000, 2001, 2002, 2003, 2004, 2006, 2008, 2009, 2011, 2013, and
2015. Due to initial field sampling conditions, only plot #1 was sur-
veyed in 2000 and only plot #2 was surveyed in 2001 at all sites.
Beginning in year 2002, two plots (considered here the experimental
unit) were systematically sampled. DBH histograms (stem frequency
per size class) were plotted for each site and year to analyze moment
parameters (mean, variance, skewedness, kurtosis) of the density dis-
tribution probability curve. Total area under the distribution curve was
also used to determine DBH changes over time. A tree height survey for
all species was conducted in 2003 in each plot. Pre (2000-2004),
Immediate-Post (2006-2009) and Post (2011-2015) categories were
assigned to test for temporal variations in forest structure as related to
Wilma’s impact in 2005. The temporal range of these categories was
adjusted for breakpoint linear regression and the mortality assessment
as defined below.

The forest structure variables included in the analysis were: mor-
tality, species composition, species dominance, basal area (m? ha™1),
and tree density (stems ha™ ') by DBH size classes. These variables were
used to calculate the forest complexity index (CI) for comparative
purposes (Holdridge et al., 1971). Tree mortality was defined as the
number of dead trees divided by the total number of live trees from the
previous year. Trees were categorized into size classes based on DBH
starting at 2.5-5cm and increasing at 5cm intervals to a maximum
value of 40 cm. If the tree outgrew the initial size class, it was reas-
signed to a new size class. CI was calculated for all sites using the fol-
lowing equation (Holdridge et al., 1971):
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CI = Stem Height X Basal Area X Stem Density X number of species X 107>

In situ species-specific allometric equations for R. mangle, A. germi-
nans, and L. racemosa were used to calculate the aboveground biomass
(AGB) for both leaf and stem wood components of each tagged tree
within the plots (Smith and Whelan, 2006). For C. erectus, the L. race-
mosa equation was also used because of the similar growth form be-
tween these two species (Chen and Twilley, 1999). Only total AGB and
leaf biomass equations were calculated and used in this study; wood
AGB was determined as the difference between total and leaf biomass.
The annual, or biennial net increase in wood biomass was calculated as
the difference in wood AGB between sampling dates for each individual
tree. The stem net primary productivity (NPPs) was calculated as the
sum of net increase for each plot; site NPPg was estimated as the mean
of the two plots (i.e., experimental units).

Aboveground biomass (AGB) “anomalies” per site and component
were estimated as the percent change in AGB from initial AGB esti-
mates, where initial AGB was the mean of the AGB value for the period
2000-2001 (AGB2000_2001). We used AGB2000_2001 to include the initial
AGB from plot 1 (2000) and plot 2 (2001). This anomaly approach was
used to define distinct temporal changes in AGB from the baseline pre-
Wilma conditions (2000-2001). Foliar residence time (yr) was calcu-
lated by dividing the leaf biomass by the total leaf litterfall net primary
productivity (leaf NPPy) previously obtained by (Danielson et al., 2017)
Foliar residence time was calculated only for the years when both lit-
terfall productivity (NPPy) and leaf AGB data were available
(2002-2004, 2006, 2008, 2009, 2011, 2013).
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2.3. Statistical analysis

All statistical analyses were performed using SAS software (SAS
Institute, Cary, NC, USA). For all sites, a breakpoint linear regression
model was fit for DBH area under the curve vs. time (2002-2015) and
compared the model for differences between hurricane periods: pre-
Wilma (2000-2004) and post-Wilma (2006-2015). The breakpoint (C)
was set at year = 2005. The general model was
Y = B0 + B1(X) + B2(X — C) + € where P is the intercept, B; is the
slope before 2005, B, is the difference from the 2005 slope. If the 3,
parameter is significant, the pre and post-Wilma slopes are significantly
different indicating changes in structural attributes due to Wilma’s
impact. Site-specific moment parameters (mean, variance, skewedness,
kurtosis) were also obtained using linear regression and breakpoint
analyses to compare 2000-2004 and 2006-2015 period slopes.

Two-way analysis of variance (ANOVA) models were used to test for
significant differences among Wilma periods (pre, immediate-post,
post) and SRS sites. This model was used to evaluate significant changes
in mortality, BA, density, AGB, NPPs, and foliar residence time. Sites
and Wilma periods were considered random effects and plot was con-
sidered the experimental unit. Linear regressions were performed for
residence time vs. leaf NPP and vs. Leaf AGB data. Additionally, site-
specific linear regression equations were also obtained for the residence
time vs. leaf NPPy analysis. These site-specific regressions excluded the
year 2006 values, which represented the immediate effect of Wilma.
Difference in slopes among models was evaluated using a mixed model.

Since resistance implies no change in an ecological response as re-
sult of a disturbance (Pickett et al., 1989; White and Jentsch, 2001;
Busing et al., 2009; Bernhardt and Leslie, 2013; Seidl et al., 2017;
Lucash et al., 2018), the alternative hypothesis was a test for Hurricane
effect, where this type of disturbance will have a significant impact on
both structural and functional variables. The null hypothesis states that
the mean value for all variables was the same for the three periods
considered in the two-way ANOVA analysis (i.e., pre-Wilma, im-
mediate-post Wilma and post-Wilma). Thus, if no significant difference
is observed when comparing the pre-Wilma period against both the
immediate and post-Wilma periods, then it would indicate that the
variable was resistant to hurricane impacts (i.e., no ecological change).
A variation to this outcome occurs when the pre-Wilma period is sig-
nificantly different than the immediate-post period, but not to the post-
Wilma period, signaling that the variable changed due to the hurricane
impact in the short-term (i.e., immediate period), but eventually
reached the original (i.e. pre) values in the long-term (post-period) as
result of its resilience capacity.

3. Results
3.1. Structural impact

There was a differential impact on forest structure by Wilma across
study sites. Forest structure at each site was first characterized using
DBH histograms for each site (Fig. S1). Initial (2002) DBH distribution
was skewed towards trees of smaller class sizes (2.5-10 cm) at SRS-4,
while trees at SRS-5 and SRS-6 were more evenly distributed across a
larger range (2.5-45cm). The regression analysis showed that DBH
total area varied significantly over time in the SRS-6 site only
(P = 0.0005), such that the overall area under the curve decreased after
2005 (Table 1). However, there were significant changes in DBH over
time in SRS-4 Plot 1 (P = 0.005), SRS-5 Plot 2 (P = 0.0153) and in both
plots at SRS-6, indicating local spatial variability in forest structure at
each site. For all sites, DBH distribution moment parameter analysis
showed that there was no significant change in skewedness or kurtosis
over time at all sites (P > 0.05) (Table 1).

Mortality varied across sites and Wilma time periods where pre-
Wilma (2002-2004) mortality was < 3% at all sites (Fig. S2). The SRS-6
site had the greatest immediate-post-Wilma (2006) mortality (15%)
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Table 1

Breakpoint linear regression summary for diameter at breast height (DBH) area,
DBH skewedness, and DBH kurtosis site-specific models. The breakpoint (C)
was set at year = 2005. Model: Y = 0 + $1(X) + p2(X — C) where By is the
intercept, (37 is the slope before the 2005, 3, is the difference from 2005 slope.
ns = not significant.

Model Bo B B2 R? Model F Value P Model
DBH Area
SRS-4 —52602 26.7™ —27.00™ 0.4173 Fi7) =1.67  0.2589
SRS-5 —12467 6.7™ —5.63" 0.5817 Fs7) = 3.24  0.0904
SRS-6 16,939 -7.8% —36.54" 0.9076 Fi7) =229 0.0005
DBH Skewedness
SRS-4  65.9 -0.032"™ 0.027™ 0.7596 Fs7) =737  0.0143
SRS-5 —11.9 0.06" —0.064™ 0.3337 Fs7) =117  0.3875
SRS-6 —24.3 0.013™ 0.001™ 0.1662 F@i7) = 0.47  0.7157
DBH Kurtosis
SRS-4 322 —284™ 0.14™ 0.3830 F@i7) = 1.45  0.3082
SRS-5 —1152 0.578™ —0.629"  0.2838 Fs7) =092  0.4771
SRS-6  49.2 —0.023"  0.021™ 0.0498 Fa7 =012  0.9440

compared to the SRS-5 (3.5%) and SRS-4 (6%) sites. Post-Wilma
(2008-2015) mortality remained higher than pre-Wilma mortality
across all sites, especially in SRS-6 (9%) (Fig. S2).

Total basal area (BA) was significantly higher (P = 0.0003) down-
stream at the SRS-6 site and decreased upstream at the SRS-5 and SRS-4
sites (Fig. S3). There were temporal variations in BA magnitude, al-
though the spatial trend was not as pronounced by 2015. At SRS-6, total
BA (i.e., all species) was 41.2 = 4.2m? ha™! in the pre-Wilma period
and decreased by 28% t0 29.8 * 2.6 m?ha~! in the post-Wilma period
(Fig. S3). At SRS-5, BA increased by 5% from pre- (20.6 + 1.3 m?
ha™1) to post-Wilma (21.6 + 2.1m? ha™1). Similarly, SRS-4 total BA
increased by 10% from the pre- (23.4 + 4.1m? ha™') to the post-
Wilma period (25.7 + 4.1 m? ha™1). Relative species contribution to
total BA at each site did not shift (Fig. S3) over the 15-year period
considered in this analysis. L. racemosa showed the greatest contribu-
tion to SRS-6 total BA (50-55%), while R. mangle had the greatest
contribution to SRS-5 (83%) and SRS-4 (50%) (Fig. S3).

Total (all trees with DBH > 2.5cm) stem density was significantly
greater (P < 0.0001) at SRS-4 (7593 + 120) than at SRS-5
(2792 = 34) and SRS-6 (2453 =+ 142) (Fig. 2, Table 2), particularly in
the 2.5-5cm size class. This tree density difference was consistent
throughout the sampling period (2000-2015). Additionally, no sig-
nificant difference (P > 0.05) in total stem density was registered
among hurricane periods. The relative size class density did not shift
over time; the highest stem density in SRS-4 occurred in the 2.5-5cm
size class and in the 5-10 cm DBH size class in both SRS-5 and SRS-6.
Pre-Wilma density of smaller trees (< 10 cm) decreased downstream
from 6750 stems ha~! at SRS-4 to 1434 stems ha~! at SRS-6. Pre-
Wilma density of larger trees (> 10 cm) increased downstream from
615 stems ha~! at SRS-4 to 1488 stems ha~! at SRS-6 (Fig. 2).

Tree density at SRS-4 was skewed towards smaller size classes, and
density decreased with an increase in size class, which ranged from 2.5
to 20 cm. R. mangle had the highest tree density at this site, but L. ra-
cemosa had the greatest density within the 10-15 cm size class, while C.
erectus stems dominated the 15-20cm size class. From pre-
(2000-2004) to post-Wilma (2011-2015) there was a 10% overall re-
duction in total density at SRS-4, but the stem density of larger trees
(10-40 cm size class) increased by 60% and density of smaller trees
(2.5-5 cm) decreased by 15%. Total density at SRS-5 was only reduced
by 2% from pre- to post-Wilma (2862 * 613 to 2794 + 2793 stems
ha™1) (Table S1 Supplementary). A reduction in smaller trees (7%) and
an increase (6%) in larger trees from pre- to post-Wilma was observed,
similar to the pattern observed in SRS-4. R. mangle was the dominant
species in SRS-5 with the greatest density across all size classes. There
was a notable increase in L. racemosa in the 2.5-5 cm size class from
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Fig. 2. Species-specific stem density (stems ha™') per size class (cm) for each site and hurricane period (Pre-, Immediate-Post, Post).

pre- to post-Wilma (0 to 75 stems ha™1) (Fig. 2). At SRS-6, density was
evenly distributed across size classes; 1434 stems ha~ ' for smaller trees
and 1488 stems ha~' for larger trees. R. mangle dominated the
2.5-10cm DBH size class, but L. racemosa had the greatest relative
density in larger size classes, and was the dominant species in the site
overall. There was a 36% reduction in total density from pre-to post-
Wilma (2921 + 640) to 1866 + 267 trees ha-1), where all size class
densities were evenly reduced (Table S1 Supplementary).

A significant site effect (P < 0.05) for AGB in both wood and leaf
components were detected. In this case, SRS-5 total AGB was sig-
nificantly less than SRS-6 (Fig. 3a), but there was no significant annual
effect or site by year interaction (Table 3). The mean total AGB ( = SE)
(Mg C ha™!) from 2000 to 2015 was 54 ( = 1.3) in SRS-4, 45 ( = 0.51)
in SRS-5, and 66 ( = 3.1) in SRS-6 (Fig. 3a). At SRS-4 and SRS-5 total
AGB from pre (2000-2004) to post (2011-2015) Wilma increased
by < 12%. At SRS-6 there was a 27% decrease in AGB from pre to post-
Wilma, which resulted in a post-Wilma AGB magnitude (53.5Mg C
ha~?!) similar to SRS-4 (56.5 Mg C ha~?'). (Table S2 Supplementary).

Table 2

The AGB anomalies from initial conditions (AGBygg9.2001) for leaf
and wood components showed annual and site variation (Fig. 3b).
Anomalies within + 5% were considered normal inter-annual varia-
bility. At SRS-4 anomalies ranged from 3 (2002) to 25 (2014) percent
while SRS-5 showed a range of —6 (2009) to 6% (2015) departure from
AGB3000-2001 including temporal differences in both wood and leaf
biomass components. At SRS-6, AGB anomalies ranged from —35
(2015) to 8% (2005) and negatively increased with time after Wilma
impact (2005) (Fig. 3b).

The forest complexity index (CI) was distinct among sites in the pre-
Wilma period, where SRS-6 had the highest CI (46.6), and SRS-5 had
the lowest (14.7) (Fig. 4); this index was estimated by using the product
of a number of structural attributes that are generally impacted by
storms (see methods). After Wilma, the CI did not shift in sites SRS-4
and SRS-5. However, in SRS-6, the CI decreased first to 33.4 immediate-
post-Wilma, then further declined to 21.3 post-Wilma. The final SRS-6
CI was a value closer to the SRS-5 CI at the post-Wilma period (Fig. 4).

Summary of site and hurricane period (Pre: 2000-2004; Immediate-Post: 2006-2009, Post: 2011-2015) means ( + SE) for the variables Basal Area (m?ha™1), Stem
Density (stems ha™!), Aboveground Biomass (Mg C ha™'), Stem Net Primary Productivity (Mg C ha~! yr~1), and Residence Time (yr). Different lower-case letters

indicate significant differences among sites and hurricane period means.

Basal Area Stem Density Aboveground Biomass Stem Net Primary Productivity Residence Time

Site i ha”! Stems ha™! Mg C ha™! Mg C ha™yr~! yr

SRS-4 8.27 (0.62)* 7593 (120)* 54 (1.13)* 1.17 (0.11)? 0.85 (0.10)*

SRS-5 6.98 (0.90) 2792 (34)° 45 (0.51)° 0.74 (0.05)" 0.56 (0.09)"

SRS-6 12.16 (0.93)° 2453 (142)° 66 (3.11)? 1.49 (0.10)* 0.40 (0.09)¢
Hurricane period

Pre 9.47 (0.89)* 3897 (807)* 56 (3.5)° 1.22 (0.18)* 0.52 (0.05)?

Immediate-Post 9.25 (0.92)* 4263 (861)* 56 (3.4)* 1.06 (0.07)* 0.80 (0.15)°

Post 8.57 (0.77)* 4518 (629)* 52 (1.7)* 1.06 (0.09)* 0.46 (0.09)*
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Fig. 3. (a) Mean annual above ground biomass (AGB, Mg C ha™!) of leaf and wood components for each site during 2000-2015. (b) AGB anomalies from the initial

(2000-2001 mean; AGB2gg0.2001) for leaf and wood components. Horizontal lines at + 5% show pre-Hurricane Wilma (cyclone symbol

3.2. Forest functional patterns

Stem net primary productivity (NPPs) varied significantly across
sites (P < 0.001) (Fig. 5). At SRS-6, the 2000 to 2015 average value
was 1.53 = 0.38 Mg Cha~! yr™?! and significantly higher than in SRS-
5(0.73 = 0.18 Mg C ha~! yr™!) and SRS-4 (1.15 + 0.34Mg C ha™!
yr~1). Species-specific contribution to total NPPg was greatest for R.
mangle in SRS-4 and SRS-5, and L. racemosa in SRS-6. There was a
change in stem productivity rates from pre-to post-Wilma periods in all
sites, but it was not significant (P > 0.05) (Table S3 Supplementary);
relatively, NPPg decreased by 29% at SRS-4, increased by 55% at SRS-5,
and decreased by 22% at SRS-6 from the pre to the post-Wilma period.

Foliar residence time was significantly different among sites
(P < 0.001) and hurricane periods (P < 0.001) (Fig. 6, Table 3). Atall
sites, immediate-post-Wilma residence time was significantly longer
compared to pre and post-Wilma. SRS-6 residence time was the shortest
(0.35yr, pre; 0.27 yr, post) followed by SRS-5 (0.51, pre; 0.44 post),
then SRS-4 (0.7, pre; 0.79, post) (Fig. 6a). There was a positive linear
relationship between Leaf AGB anomalies (2000-2001 baseline) and
residence time (R? = 0.31, P = 0.0045, N = 42) (Fig. 6b). Conversely,
the relationship between Leaf NPP; vs residence time including data
from all sites and years showed a negative linear relationship
(R2=0.88, P < 0.0001, N = 39) (Fig. 7a); when assessing this re-
lationship per site excluding year 2006, right after Wilma impact, only
the SRS-6 slope was not significant (P = 0.203) (Fig. 7b).

4. Discussion

Previous studies have shown that hurricane disturbance in the ENP
and south Florida has significantly altered mangrove forest structure
and function due to high mortality (Baldwin et al., 1995; Ross et al.,

2006; Doyle et al., 2009; Smith et al., 2009). Yet, there is a lack of

Table 3
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Fig. 4. Complexity index value (CI = Stem Height X Basal Area X Stem
Density x number of species x 10~ °) for each site at each hurricane impact
period. Pre (2000-2004), immediate-post (2006-2009), post (2011-2015).

SRS-5 SRS-6

studies that quantify the interaction among disturbance and forest
properties over long periods and that have a record of pre-disturbance
conditions for long-term comparison (e.g., Doyle et al., 2009). Our
study quantitatively demonstrates that structural variables (basal area,
density, above-ground biomass) and NPPs were not immediately
changed by the storm, indicating resistance properties. Furthermore, by
sampling along an exposure and productivity gradient, we discovered
significant spatial variability in defoliation and mortality that influ-
enced forest recovery in time-scales of less than a decade.

Summary of F statistics for Basal Area (BA), Stem Density (Density), Aboveground Biomass (AGB), Stem Net Primary Productivity (NPPs), and residence time ANOVA
models. Significance is indicated by *P < 0.05, **P < 0.01, ***P < 0.0001, P > 0.05. Site effect levels are SRS-4, SRS-5, SRS-6, Hurricane effect levels are Pre,

Immediate-Post, and Post.

ANOVA Source BA Density AGB NPPg Residence Time
Site Fo,0 = 23.52" F2.708) = 68.6™" Fio171) = 3.46" Feoany = 11.84" Fo42) = 21.22"""
Hurricane Fa9) = 0.78™ F(2,708) = 0.92" Fi2171) = 0.23" Fin = 1.22™ Foaz = 23.427
Site*Hurricane Fuo = 1.9% F(4,708) = 0.09™ Faa71y = 0.62™ Faa1) = 2.54™ F(2,42) = 0.5™
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4.1. Structural properties

Stem mortality and recruitment are key regulators of mangrove
structure and forest development. In the Everglades, mangrove mor-
tality is frequently caused by lightning strikes and hurricane force
winds (Doyle et al., 1995; Zhang et al., 2008; Whelan et al., 2009).
During Wilma, wind speeds reached up to 45ms~' (Fig. 1), yet stem
mortality was low (i.e., immediate-post period Table 2; Fig. S2).
Wilma’s wind speeds were highest near the estuary mouth (Fig. 1), and
caused the highest immediate mortality (15%). Continued delayed high
mortality rates post-Wilma (9%) suggests that a portion of the defo-
liated trees at this site were unable to recover and eventually died
within 2years after impact, but overall these results suggest that
mangrove structure was resistant to Wilma. Previous studies of hurri-
cane-induced mortality in tropical forests found that the degree of ex-
posure (i.e., distance from hurricane eye-wall, tree height) and storm
intensity (i.e., wind velocity) causes spatial variability of forest impact
(Baldwin et al., 1995; Milbrandt et al., 2006; Lacambra et al., 2013).
Therefore, the relative mortality among mangrove stands is attributed
partially to the differential wind speeds impact at each site (Danielson
et al., 2017).

Spatial differences in recovery among forest stands was obvious,
particularly in the contrasting patterns of the upstream and down-
stream estuary sites. The AGB and BA increased from pre- to post-
Wilma periods in the most upstream site (SRS-4), but decreased toward
the mouth (SRS 6) (Fig. S3). Initially, SRS-4 and SRS-6 had distinctly
different forest structure, where SRS-4 had a low BA and AGB values
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and high density. In contrast, SRS-6 had high BA and AGB values and a
low density. After Wilma, SRS-6 total stem density, AGB and BA values
decreased due to higher cumulative mortality (Figs. 2, 3; Fig. S3). At
SRS-4, lower mortality, tree growth, and higher recruitment resulted in
both AGB and BA increase post-Wilma. Although total density de-
creased by 10% post-Wilma, there was a 60% increase in higher C.
erectus and R. mangle densities and 15% decrease in smaller tree density
(Fig. 2). These temporal patterns indicate that smaller trees were re-
cruited to larger size classes thus contribution to higher AGB and BA
values. Tree recruitment dynamics in SRS-4 resulted in a more similar
BA value between SRS-4 (25 m? ha—!) and SRS-6 (29 m? ha™!) in the
post-Wilma period, as opposed to the pre-Wilma period where BA va-
lues were twice as high in SRS-6 relative to SRS-4 (Castaneda-Moya
et al, 2013). Yet, throughout the study period, SRS-4 tree density
continued to be significantly higher than SRS-6, demonstrating the
close relationship between tree size class, the initial number of trees,
and forest total BA.

The AGB anomalies estimated using forest structure from the pre-
Wilma period clearly indicate the annual departure (%) from the initial
AGB values and underscore majors site differences in AGB trajectories
(Fig. 3b). In SRS-5, anomalies only ranged between —6 and 6%, sug-
gesting that long-term annual AGB had little variation from the pre-
Wilma initial conditions. Furthermore, SRS-5 AGB anomalies showed
that there was no significant change post-Wilma in this site. Thus,
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anomalies at this site are attributed to natural variation in AGB likely
caused by natural or lightning induced mortality (Whelan, 2005).
Conversely, at SRS-6 the AGB anomalies increased negatively with time
after Wilma (Fig. 3b), illustrating the influence of Wilma-induced
mortality and the delayed mortality effect registered over a period of
6 years after disturbance. At SRS-4, the anomalies increased positively
with time, underscoring the observed density variability and resulting
increase in BA total value. The anomaly magnitude and range highlight
the spatial variability in forest structure resistance to Wilma.

The complexity index (CI) calculated for each forest summarizes
and integrates structural components in a single value. Early studies
showed that this multiplicative index can quantitatively compare
mangrove ecotypes (i.e., scrub, fringe, basin) characterized by a parti-
cular forest structure (Pool et al., 1977; Lugo, 1980). We used the CI to
compare sites of the same ecotype (riverine), but with different abiotic
environmental conditions (e.g., soil total phosphorus and salinity; Chen
and Twilley, 1998; Rivera-Monroy et al., 2011; Castafieda-Moya et al.,
2013). Riverine mangroves had pre-Wilma CI values ranging from 15 to
47 (Fig. 4); this range highlights the significant differences in height,
BA, and density. The initial CI values at the study sites were comparable
to other values reported for neotropical fringe and riverine mangrove
forests (range: 4.9-97.5; Pool et al., 1977; Chen and Twilley, 1998;
Castafieda-Moya et al., 2006). Temporal changes in CI were only evi-
dent at the SRS-6 site and indicate the significant decline in BA and tree
density after storm impact (Fig. 4).

Evaluating the forest CI before a major disturbance is a useful
baseline for determining Wilma’s relative impact on forest complexity.
For instance, Hurricane Joan (1988) significantly diminished the CI
(from 4.3 to 0.6) in a riverine mangrove forest in Nicaragua (Roth,
1992). A category 4 hurricane at landfall, Hurricane Joan caused 36%
stem mortality and induced a significant decrease (95%) in CI;
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comparatively, Wilma caused 15% mortality, yet no significant decline
in forest structure (36% decrease in CI). This comparison between
disturbance magnitudes suggests that a threshold for structural re-
sistance may lie between 15% and 36% stem mortality. For instance,
Hurricane Mitch (1998, category 4) caused nearly 100% defoliation and
97% mortality, in a basin forest in Guanaja, Honduras and initial re-
covery assessments (15 months after impact) showed no evidence of
colonization (Cahoon et al., 2003). The lack of seedling presence, and
the resulting peat collapse due to stem mortality indicated that the
forest was unlikely to recover, although subsequent data are not
available to evaluate recovery (Smith et al., 2009). Hence, total mor-
tality from hurricane disturbance does not necessarily define the resi-
lience threshold since recovery from a major disturbance is a long
process depending not only on the storm intensity, but also cumulative
impacts regulated by both regional eco-geomorphology and climate
change (Peterson et al., 1998; Fromard et al., 2004; Isbell et al., 2015;
Duveneck and Scheller, 2016).

4.2. Functional properties

Following massive canopy defoliation, trees are expected to allocate
more energy to foliage production for expedited refoliation (Craighead
and Gilbert, 1962; Tanner et al., 1991; Stanturf et al., 2007; Jentsch
et al., 2011), thus potentially arresting stem growth (DBH and height)
and development (Bongers and Popma, 1990; Hikosaka, 2005). We did
not find this pattern following Wilma; NPPs was not arrested during
NPP,, recovery (Danielson et al., 2017). Further, NPPg did not differ
between pre- and immediate-post Wilma (Fig. 5), indicating that NPPg
was resistant to the level of disturbance caused by the storm.

Forest canopy recovery after defoliation caused by storms depends
on the initial intensity of the disturbance and pre-storm plant species-
specific leaf turnover rates (Frolking et al., 2009). Since both leaf
turnover and residence time are key processes leading to maximization
of carbon gain and resource-use efficiency, it is critical to evaluate how
these processes change as the forest return to a pre-disturbance state
(Hikosaka, 2005). We estimated foliar residence time as a proxy to
determine how fast canopy biomass was reestablished in response to
the varying levels of defoliation caused by Wilma. Foliar residence time
is defined in this study as the number of years the canopy foliage stays
in the canopy compartment based on the leaf stock (i.e., leaf biomass)
and leaf NPP; flux (Danielson et al., 2017) (Fig. 6a). Leaf life span (i.e.,
residence times) is associated with leaf productivity rates, leaf phy-
siology (i.e., nutrient translocation) and ecosystem processes (i.e., nu-
trient availability, litter turnover) (Chapin, 1980; Ellison, 2002;
Hikosaka, 2005). For example, in south Florida, scrub mangroves have
lower productivity due to hydrological and fertility stress conditions
compared to riverine mangroves and therefore have greater longevity
of leaves and roots (Castafieda-Moya et al., 2010; Castafeda-Moya
et al., 2011; Castafieda-Moya et al., 2013). We found an inverse spatial
relationship between leaf productivity and foliar residence time: re-
sidence time significantly increased with distance inland from the
mouth of the estuary, with higher values upstream (SRS-4,
0.85 + 0.1yr). This pattern supports the observed canopy NPP;, trend
where the highest rates are observed in SRS-6 (Danielson et al., 2017).
Residence time of the immediate-post-Wilma period was significantly
different from pre- and post-Wilma periods as a result of the immediate
decline in litterfall in 2006 due to defoliation (Danielson et al 2017). As
NPP,, recovered, leaf residence time rates decreased returning to initial
pre-Wilma values. Hence, leaf canopy residence time can be used as a
good proxy for assessing forest resilience.

To further measure recovery trajectories, we determined the re-
lationship of foliar residence time to annual leaf biomass anomalies
(mean AGB % change from 2000 to 2001) and leaf NPP; data. There
was a positive relationship between leaf biomass anomalies (Fig. 3b)
and foliar residence time across sites, where negative anomalies, which
indicate a reduction in leaf biomass, caused shorter foliar residence
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times (Fig. 6b). For instance, in SRS-6 residence time was 0.24 yr when
there was a —28% anomaly in 2013. While leaf NPP; had recovered at
this site by 2013 (see Danielson et al., 2017), the leaf biomass stock has
been reduced and had not recovered to pre-Wilma levels. Thus, the
spatial variability in residence time and leaf AGB anomalies is a func-
tion of Wilma impact (i.e., mortality and defoliation) and recovery time
for each site (Fig. 6b).

Leaf NPPy vs foliar residence time showed a negative linear re-
lationship (R? = 0.88; P < 0.001), where an increase in litterfall pro-
duction resulted in a shorter residence time (Fig. 7a) and corresponded
to different NPPy, storm recovery periods across sites. To determine the
site-specific linear regression between foliar residence times and leaf
NPP,, before and after storm impact, we excluded the year 2006 (i.e.
immediate after Wilma impact) when residence values were the highest
and leaf NPPL was the lowest (Fig. 7b). The slope in this linear re-
lationship was higher (-0.176) in SRS-4 since NPP has still not re-
covered (Danielson et al., 2017) (Fig. 7b), and therefore there was a
wide range in residence time values (0.6-1.7 yr) indicating major dif-
ferences in inter-annual NPP; variation. At SRS-5, there was also a
significant linear relationship, but the slope was lower (—0.076); NPP,
recovered after four years and showed a greater inter-annual variability
(5.4-7.4 Mg Cha™' yr~') when compared to SRS-4 (Fig. 7b). In SRS-6,
NPP;, recovered to initial values at a faster rate (Danielson et al 2017)
within a small range group (7.9-8.5, N = 6) in NPP; values (7.9-8.5 Mg
Cha™! yr™1), and as a result, a non-significant relationship with re-
sidence time (R? = 0.30; P = 0.20) (Fig. 7b). Thus, the NPP;, recovery
trajectory observed at each site could be represented by the magnitude
of the linear model slope, which integrates the interaction among site
fertility, forest structure, and degree of disturbance impact. Since the
relationship implicitly includes time (i.e., interannual NPP;, variability),
we propose that the model slope could be used as proxy of canopy re-
covery in comparative studies with other mangrove ecotypes in dif-
ferent latitudes and geomorphic settings.

Comparing NPP; to mortality and AGB shows a distinct trend of
their relationship in the long term after a major disturbance (Fig. 8).
Most notably in SRS-6, where canopy defoliation was the highest, wood
AGB had a delayed response to Wilma, while NPP;, had an immediate
response, and a four-year recovery period. Despite the long-term de-
cline in AGB in SRS-6, a fast recovery in NPP; was observed (i.e., in-
verse relationship; Fig. 7a). This indicates that even after a major de-
cline in CI value, the forest stand in this site was able to recover,
probably due to the deposition of inorganic phosphorus increasing site
fertility (Castafieda-Moya et al., 2010) (see below). This inverse re-
lationship also suggests a threshold of the total AGB needed to maintain
a critical ecosystem function such as NPP;.

SRS-4

% Mortality

27 4
P50

2000 2002 2004 2006 2008 2010 2012 2014
Year

Fig. 8. Composite of percent (%) mortality, mean net litterfall primary productivity (NPP;, Mg C ha™

variables per site from 2000 to 2015
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4.3. Response trajectory

Forest gap and patch dynamic studies show that processes filling an
impacted forest matrix space by natural disturbances of different scale
are complex and interconnected in a number of forest ecosystems
(McCarthy, 2001). Both gaps and patches significantly regulate abiotic
conditions (e.g., light availability, evapotranspiration rates) which
control in situ biotic processes (e.g., seedling growth, nutrient avail-
ability) (Shiels et al., 2015). Although gap dynamics has been evaluated
in mangrove forests (e.g., Duke, 2001; Vogt et al., 2014), patch dy-
namics and its interaction with processes controlling gap formation and
extension has been more limited (Smith et al., 2009; Rivera-Monroy
et al., 2011). In the Everglades, lightning strikes create distinct gaps in
the forest canopy affecting mangrove forests structure, and depending
on the intensity, stem mortality and defoliation (Smith et al., 1994;
Doyle et al., 1995; Smith et al., 2009; Rivera-Monroy et al., 2011; Barr
et al., 2012). In the Everglades, the gap area is estimated to be about
4-5% of the total forest area with an average annual gap formation rate
of approximately 0.3% of the total forest area per year (Zhang, 2008).
Further, gap size across the southwestern region follows an exponential
form where the area of gaps with sizes > 100m? accounted for
55-61% of the total gap area (Zhang, 2008). Gaps originally created by
lighting can be recognized after hurricane impacts when smaller gaps
with vegetation in early stages of growth and development (tree
height < 5m) remain intact, while the surrounding forest matrix shifts
to extensive open patch areas where the canopy was removed as result
of tree fall/mortality (Zhang et al., 2008) or massive defoliation
(Danielson et al., 2017). For instance, in 2005 numerous canopy gaps
and patches were created after Wilma; from ~400-500 to 4,000 per
km? (Zhang, 2008). Yet, despite this information, no functional land-
scape connection has been quantitative established once gaps
(=200 m?) expand into patches (> 200 m?) (McCarthy, 2001) as result
of hurricane impact.

Our long-term demography study pre- and post- Wilma impact show
that gap and patch dynamics and mangrove succession are inextricably
linked, yet this interaction is not well understood (Rivera-Monroy et al.,
2011). It is estimated that the relative contribution of hurricanes to
mangrove forest disturbance in the Everglades is at least 2x more than
that from lightning strikes (Zhang et al., 2008). Therefore, this differ-
ential contribution in canopy opening dimensions creates complex
heterogeneous mosaic of gap/patches of different age where succes-
sional stages are non-linear and in non-steady state as observed in other
mangrove forests impacted by tropical storms (Ball, 1980; Alongi,
2008; Lugo, 2008; Vogt et al., 2014; Imbert, 2018). While lightning
strikes usually do not change the community structure of the forest
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surrounding a gap (Whelan, 2005), hurricane impacts can produce
dramatic changes in the surrounding forest matrix (e.g., expanding/
merging gaps into patch dimension), which in turn may feedback on
processes within the gap itself (Rivera-Monroy et al., 2011). For in-
stance, Wilma’s extensive defoliation across sites lead to variations in
long-term dynamics by increasing light availability to the understory as
observed in SRS-5 (Fig. 2). In this site, L. racemosa BA increased as
saplings grew and progressed into new recruits (DBH > 2.5cm), as
indicated by the recruitment of individuals into the 2.5 size class in the
post-Wilma period (Fig. 2). Similarly, the stem productivity increased
by 62% immediate-post-Wilma, especially in the case of the L. racemosa
species (Fig. 5). Generally, gaps in SRS-5 are eventually filled by the
species R. mangle (a shade tolerant species; Ball, 1980; Chen and
Twilley, 1998; Whelan, 2005), which is the dominant species in this site
(Fig. S3) (Chen and Twilley, 1999; Castaiieda-Moya et al., 2013).
Comparatively, in the SRS-6 site where L. racemosa is the dominant
species, NPPg decreased by 22% in the post-Wilma period due to ex-
tensive defoliation and tree mortality (Figs. S2, 8), yet species compo-
sition and size distribution were not significantly modified (Fig. S3). We
attribute this outcome to the ecophysiological response of L. racemosa
to extensive light availability since this species is considered shade
intolerant (Ball, 1980; Ross et al., 2006; Lopez-Hoffman et al., 2007). It
seems that the gap size in SRS-5 (mean: 202 = 16 m% Whelan 2005)
influence the amount of light (i.e., Photosynthetic Active Radiation —
PAR) reaching the gap/patch forest floor throughout the year. We hy-
pothesize that the persistent dominance of the L racemosa species in
SRS-6 is due to the impact of hurricanes promoting extensive light
availability due to the formation of large patches, particularly close to
the Shark River estuary mouth (Chen and Twilley, 1998).

In addition to light availability, the recovery trajectory is also in-
fluenced by hurricane storm surge, which alters soil elevation and nu-
trient dynamics (Cahoon et al., 2003; Whelan et al., 2009; Castaneda-
Moya et al., 2010). Nutrient inputs from hurricanes also lead to positive
recovery responses, especially in forests that are nutrient limited like
the Everglades (Lugo, 1980; Feller et al., 2003; Feller et al., 2015). In
this region, Wilma storm surge decreased from 3 to 4m at SRS-6 to
0.5m at SRS-4 (Castafieda-Moya et al., 2010) (Fig. 1). This surge de-
posited mineral sediments (0.5-2.5 cm) with significantly higher total
phosphorus (TP) concentrations (0.36 mg cm ™) than in the surface
(top 10 cm) soil layer (0.22 mg cm™3) (Castafieda-Moya et al., 2010).
We propose that this TP storm deposition supported tree nutrient de-
mand for both stem and litterfall productivity during refoliation after
storm impact (i.e., a positive feedback), particularly at SRS-6, thus
contributing to a faster forest recovery (Danielson et al., 2017).

Soil pore water salinity, a major regulator of mangrove structure
and productivity (Twilley and Rivera-Monroy, 2009), can also limit
both leaf and stem NPP if concentrations are high (> 70 ppt) (e.g.,
Castafieda-Moya et al., 2006). Conversely, low salinity (< 5 ppt) re-
duces the competitive advantage of mangroves over freshwater vege-
tation (Kristensen et al., 2017). Current and previous studies show that
the SRS-4 site is becoming fresher (< 5 ppt), as indicated by long-term
soil pore-water measurements (Rivera-Monroy, unpublished data). Al-
though AGB was unaffected at SRS-4, NPPg declined by 30% in the post-
Wilma period (Fig. 5). We further propose that the intraspecific com-
petition for resources (e.g., light, nutrients) with dominant vegetation
in freshwater /brackish environments (e.g., cocoplum, Chrysobalamus
icaco; golden leather fern, Acrostichum aureum), which is present and
expanding in SRS-4, have contributed to the long-term decline in
mangrove wetland NPPs in this site.

4.4. Conclusions

We conclude that the SRS mangroves were resistant to Hurricane
Wilma (2005) since mortality and defoliation did not cause significant
changes to forest structure or stem productivity after impact
(~10years). Because mangrove wetlands in south Florida are
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frequently subject to hurricanes, any increase in hurricane frequency
and intensification will significantly impact forest dynamics. We dis-
covered that the interaction between disturbance magnitude and site-
specific attributes (i.e., TP soil fertility, hydroperiod, species composi-
tion) resulted in differential changes in basal area, AGB and stem
density values in the long-term. Our quantitative assessment of the
mangrove forest response trajectory offers a baseline for disturbance
modeling scenarios. Each site serves as a reference response for a par-
ticular disturbance magnitude that falls between the extremes of no
impact (resistant) to no recovery (not resilient). These findings help
define the mangrove resilience threshold by narrowing the spatio-
temporal boundaries and defining the impact from a specific dis-
turbance magnitude (Reyer et al., 2015). Identifying the disturbance
magnitude that will push the ecosystem past a threshold (i.e., tipping
point) is critical to assess habitat shifts as result of the interaction be-
tween natural and anthropogenic disturbances (Gabler et al., 2017).
This is especially important in the case of neotropical mangrove wet-
lands in northern latitudes, where large-scale disturbance is frequent,
and greater intensity hurricanes are predicted to become the new
normal (Webster et al., 2005; Osland et al., 2013; Tanner et al., 2014;
Murakami et al., 2018; Simard et al., 2019). For example, mangrove
demographic models developed for neotropical mangroves (Berger
et al., 2008), such as the FORMAN and KiWi, will particularly benefit
from this spatially relevant, quantitative data and information to fa-
cilitate the calibration and validation of these models under different
scenarios of climate variability and change (Piou et al., 2008; Vogt
et al., 2012; Vogt et al., 2014).

Determining how large-scale disturbance events impact carbon
budgets is a major research gap in wetlands in general (e.g., Engle,
2011; Villa and Bernal, 2018), and mangrove forests in particular, given
their significant carbon storage and sequestration rates (Rivera-Monroy
et al., 2013; Rovai et al., 2016; Sanderman et al., 2018; Twilley et al.,
2018; Simard et al., 2019). For instance, it is estimated that Everglades
mangrove wetlands currently store total organic carbon (above and
belowground) in the range of 70 to 537 Mg C/ha (Jerath et al., 2016).
This allocation of organic carbon into forest components is an eco-
system service with an estimated economic value ranging from $2-3.4
billion dollars and highlights the priority in assessing hurricane impacts
on AGB in the long term (Jerath et al., 2016). One major conclusion in
our study is that given the storm magnitude (category 3) and trajectory,
carbon stocks (i.e., AGB) along Shark River were not significantly re-
duced or lost. Our work assessed for the first time in northern neo-
tropical latitudes the long-term response of mangrove forest carbon
stocks to a major landscape level-disturbance. Although Wilma was not
a highly destructive storm, its impact allowed the determination of the
magnitude, direction, and time span within which mangroves respond
to a wide range of structural damage. These findings contribute to ad-
vancing ecological disturbance theory and modeling of forested wet-
land by providing quantitative relationships among dynamic processes
to validate demographic and mechanistic mangrove model needed in
Earth system models (Claussen et al., 2002).
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