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Abstract

Mangrove forests along the coastlines of the tropical and sub-tropical western Atlantic are intermittently impacted by hurricanes
and can be damaged by high-speed winds, high-energy storm surges, and storm surge sediment deposits that suffocate tree roots.
This study quantified trends in damage, delayed mortality, and early signs of below- and aboveground recovery in mangrove
forests in the Lower Florida Keys and Ten Thousand Islands following direct hits by Hurricane Irma in September 2017.
Mangrove trees suffered 19% mortality at sites in the Lower Florida Keys and 11% in the Ten Thousand Islands 2—3 months
post-storm; 9 months post-storm, mortality in these locations increased to 36% and 20%, respectively. Delayed mortality of
mangrove trees was associated with the presence of a carbonate mud storm surge deposit on the forest floor. Mortality and severe
branch damage were more common for mangrove trees than for mangrove saplings. Canopy coverage increased from 40% cover
1-2 months post-storm to 60% cover 3—6 months post-storm. Canopy coverage remained the same 9 months post-storm,
providing light to an understory of predominantly Rhizophora mangle (red mangrove) seedlings. Soil shear strength was higher
in the Lower Florida Keys and varied with depth; no significant trends were found in shear strength between fringe or basin plots.
Rates of root growth, as assessed using root in-growth bags, were relatively low at 0.01-11.0 g m > month™" and were higher in
the Ten Thousand Islands. This study demonstrated that significant delayed mangrove mortality can occur 3—-9 months after a
hurricane has passed, with some mortality attributable to smothering by storm surge deposits.
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Introduction

Mangrove forests grow along coastal zones with temperate to
tropical climates, and many of these areas are subject to peri-
odic damage caused by tropical cyclone winds and storm
surges (Sippo et al. 2018; Simard et al. 2019). These severe
ecosystem disturbances can defoliate the canopy, snap
branches and trunks, damage bark, and uproot trees, resulting
in the destruction of the predominant canopy in a mangrove
forest (Everham and Brokaw 1996; Zhang et al. 2008; Smith
III et al. 2009; Villamayor et al. 2016; Han et al. 2018). The
extent of major damage to the canopy, but not necessarily total
mortality, is largely dependent on wind speed, gustiness, and
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wind direction (Everham and Brokaw 1996; Han et al. 2018;
Imbert 2018). The degree of damage during a tropical cyclone
and subsequent recovery of mangrove forests vary widely by
species (Roth 1992; Baldwin et al. 1995, 2001; Imbert et al.
1996; McCoy et al. 1996; Feller et al. 2015; Villamayor et al.
2016; Imbert 2018), hydrogeomorphic forest type (Craighead
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and Gilbert 1962; Cahoon et al. 2003; Smith III et al. 2009;
Han et al. 2018; Imbert 2018), forest age structure (Smith 11
et al. 1994; Sherman et al. 2001; Villamayor et al. 2016), and
thickness of deposits left by the storm surge (Craighead and
Gilbert 1962; Risi et al. 1995; Ellison 1998).

Mangroves exhibit species-specific responses to the dam-
age caused by tropical cyclones. Species in the genera
Avicennia and Laguncularia grow epicormic sprouts in re-
sponse to canopy damage and therefore tend to have lower
mortality following storm damage (Tomlinson 1980; Baldwin
et al. 1995, 2001; Imbert et al. 1996; McCoy et al. 1996;
Imbert 2018). Species belonging to the genus Rhizophora do
not exhibit epicormic growth following tropical cyclone dam-
age because they lack viable dormant buds in mature trunks
and branches and are thus highly susceptible to mortality post-
cyclone (Tomlinson 1980; Baldwin et al. 1995, 2001; Imbert
et al. 1996; Villamayor et al. 2016; Imbert 2018). However,
Rhizophora mangle (red mangrove) seedlings in Florida and
the Caribbean are often present in relatively high densities in
the forest understory and therefore poised for rapid growth
when gaps are created by canopy disturbance (Walker et al.
1991; Everham and Brokaw 1996; Baldwin et al. 2001; Ross
et al. 2006; Imbert 2018).

Storm surges have varying impacts on mangrove forests.
Powerful wave energy can erode the shoreline or uproot trees,
yet submergence by storm surge can protect smaller saplings
against defoliation by high-speed winds (Smith III et al.
1994). Allochthonous sediment, composed of a mixture of
grain sizes (sand—mud) and mineral compositions (carbonate
and siliciclastic), is carried in by storm surges and deposited
on the forest floor as the water recedes (Risi et al. 1995). These
storm deposits are important contributors of nutrient resources
and substrate elevation in mangrove forests (Castafieda-Moya
et al. 2010), which can help forests keep pace with sea-level
rise (Krauss et al. 2014; Breithaupt et al. 2017). However,
thick storm deposits can also be detrimental to the mangrove
trees themselves as these sediments can interfere with the gas
exchange of roots and soil, smother roots, and result in de-
layed tree mortality (Craighead and Gilbert 1962; Ellison
1998). Silt and clay deposits result in higher mortality com-
pared with sand, presumably because soil aeration declines
with decreasing grain size (Ellison 1998). Stagnant water,
which may occur following a tropical cyclone due to altered
hydrology, can similarly interfere with gas exchange, smother
roots, and cause delayed mortality (Allingham and Neil 1996;
Lewis III et al. 2016). Thus, initial estimates of tree mortality
often underestimate the full impact of a storm event because
mangrove trees that initially survive the storm may later die
from lack of oxygen uptake by their roots (Craighead and
Gilbert 1962).

Forests can follow four recovery trajectories following
a severe wind event: regrowth (surviving trees begin to
grow again), recruitment (new growth of early
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successional species), release (rapid growth of the existing
understory), or repression (invasion of herbaceous plants)
(Everham and Brokaw 1996). With the exception of pos-
sible adjacent salt marshes, mangrove forests generally
lack herbaceous plants or early successional species; thus,
they primarily recover following the trajectories of re-
growth or release. Florida and Caribbean mangrove for-
ests have low species diversity and are dominated by only
three mangrove species: R. mangle, Avicennia germinans
(black mangrove), and Laguncularia racemosa (white
mangrove); however, recovery into a comparable man-
grove forest is not guaranteed (Craighead 1971; Smith
IIT et al. 1994; Imbert et al. 1996; Baldwin et al. 2001).
Species composition of recovering mangrove forests may
therefore largely depend upon the “released” growth of
the understory, including small, yet established, saplings
growing in canopy gaps prior to the tropical cyclone
(Smith IIT et al. 1994) as well as seedlings that survive
the storm (Baldwin et al. 2001).

The objective of this study was to quantify trends in dam-
age, delayed mortality, and below- and aboveground signs of
recovery of mangrove forests following direct hits by
Hurricane Irma in the Lower Florida Keys and Ten
Thousand Islands. While numerous studies have examined
mangrove forest damage and recovery following tropical cy-
clones, this study adds to a small body of literature quantifying
the degree of delayed mortality that can occur in the months
following a major storm (Smith III et al. 1994; Sherman et al.
2001; Barr et al. 2012), particularly when associated with
storm surge deposits (Craighead and Gilbert 1962; Ellison
1998; Smith III et al. 2009).

Methods
Study Sites

Study sites in the Lower Florida Keys (Fig. 1a) were
located on uninhabited mangrove islands within the
Great White Heron National Wildlife Refuge. The sub-
strate on these mangrove islands included a layer of man-
grove peat mixed with calcareous mud on a bedrock of
Miami limestone (Ross et al. 1992). The fringes of the
mangrove forests were dominated by R. mangle, with
scattered A. germinans and L. racemosa intermixed with
R. mangle in the forest basins. Study sites were tall man-
grove forests with the exception of the forest basins at
Upper Saddlebunch Key and Mud Key, which contained
smaller scrub mangroves.

Located on the coast of Collier County, the Ten Thousand
Islands region is largely undeveloped with the exception of
Marco Island (Fig. 1b). The coast is protected by an assort-
ment of public lands, including the Rookery Bay Aquatic
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Fig. 1 Study sites, mangrove a
extent (FNAI and FWC 2016),
and path of Hurricane Irma
(NOAA 2017) as it made landfall
as a category 4 hurricane in the
Lower Florida Keys (a) and a
category 3 hurricane in the Ten
Thousand Islands (b) in the state ..
of Florida, USA (inset panels).
The nine study sites included 18
fringe or basin plots (see Table 1)

Mud Key og
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Center of Hurricane Irma's path
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Preserve, Rookery Bay National Estuarine Research Reserve,
Cape Romano-Ten Thousand Islands Aquatic Preserve, Ten
Thousand Islands National Wildlife Refuge, and Everglades
National Park. The many coastal islands which give the Ten
Thousand Islands its name originated as reefs of oysters and
vermetid gastropods, which were later colonized by man-
groves (Shier 1969). The substrate of mangrove forests locat-
ed in southwest Florida consists of a layer of mangrove peat
on top of shell hash, quartz sand, and limestone. Species com-
position at the Ten Thousand Islands sites was similar to that
of the Lower Florida Keys, with R. mangle dominating the
fringe, and A. germinans and L. racemosa intermixed with
R. mangle in forest basins.

Both the Florida Keys and southwest Florida frequent-
ly experience powerful tropical cyclones (referred to as
“hurricanes” in the western North Atlantic and sub-
basins). Major historical hurricanes include the 1935

Labor Day hurricane, a category 5 on the Saffir—
Simpson hurricane wind scale that crossed the Lower
Florida Keys and traveled up the west coast of Florida.
Hurricane Donna also crossed the Keys as a category 4
hurricane in 1960 and made landfall on southwest
Florida (Craighead and Gilbert 1962; NOAA 2019).
Hurricane Andrew made landfall in 1992 in southeast
Florida as a category 5 hurricane and crossed over to
southwest Florida as a category 4 (NOAA 2019).
Hurricane Wilma made landfall in 2005 near Marco
Island and the Ten Thousand Islands as a category 3
hurricane (NOAA 2019). Many of the mangrove forests
in south Florida are second-growth forests as a result of
the loss of large, mature mangroves due to these repeti-
tive hurricanes (Craighead and Gilbert 1962; Smith III
et al. 1994; McCoy et al. 1996; Zhang et al. 2008; Han
et al. 2018; Sippo et al. 2018).
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Hurricane Irma

Hurricane Irma originated on the west coast of Africa on 27
August 2017. It grew into a category 5 hurricane as it crossed
the Atlantic Ocean and, at its most intense, had a maximum
wind speed of 287 km h™' (Cangialosi et al. 2018). Irma in-
termittently weakened as it passed over the Caribbean islands
and was particularly weakened by Cuba, but it strengthened
back into a category 4 storm over the warm waters of the
Florida Straits (Cangialosi et al. 2018; Wachnicka et al., in
review). Irma made landfall at Cudjoe Key in the Lower
Florida Keys (Fig. 1a) on the morning of 10 September
2017 with maximum winds of 213 km h™". Combined storm
surge and tide resulted in maximum inundation levels of 1.5—
2.4 m for the Lower Florida Keys. The highest recorded high-
water mark was surveyed at 1.66 m above ground level
(2.05 m NAVDS88/2.07 m mean higher high water
(MHHW); Cangialosi et al. 2018).

Within five hours, Irma weakened to a category 3 hur-
ricane and made landfall in southwest Florida near Marco
Island in the afternoon of the same day (Fig. 1b).
Maximum wind speeds were 185 km h™' (Cangialosi
et al. 2018). Strong offshore winds initially blew water
away from the shore and caused water levels to drop to
1.46 m below MHHW. Following landfall, inundation in
southwest Florida was 1.8-3.0 m above ground level
within Everglades National Park and the Ten Thousand
Islands National Wildlife Refuge. A storm tide sensor in
Everglades City recorded a water level of 2.53 m
(NAVDS88/2.29 m MHHW). Irma moved north-northwest
across southwest Florida but weakened quickly to a cate-
gory 2 hurricane as it passed by Naples and Fort Myers
and became a category 1 hurricane as the center of the
storm passed between Tampa and Orlando. The hurricane
brought heavy rainfall, with 25-38 cm precipitation re-
corded in the Keys and peninsular Florida (Cangialosi
et al. 2018).

The eye of Hurricane Irma was 28-37 km in diameter
hours prior to landfall in the Florida Keys (NWS 2017a,
b). The center of Hurricane Irma’s path was within
20.5 km of the Lower Florida Keys sites in this study
and within 19.3 km of the Ten Thousand Islands sites.
Most Lower Florida Keys sites, with the exception of
Mud Key, were within the eyewall of Hurricane Irma
and were likely subjected to maximum wind speeds from
the hurricane (Willoughby and Rahn 2004; Zhang et al.
2008). The exact eyewall diameter prior to making land-
fall in the Ten Thousand Islands was not similarly report-
ed, but given the tendency for larger eyewall diameters in
storms of decreasing intensity (Willoughby and Rahn
2004; Zhang et al. 2008), it is likely that all sites in the
Ten Thousand Islands also experienced the maximum
wind speeds of the eyewall.
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Sampling Design

A total of 18 permanent monitoring plots (10 x 10 m) were
created following the hurricane to monitor above- and below-
ground indicators of mangrove mortality and early recovery.
Plots were placed adjacent to previously established stratigra-
phy transects in both fringe and basin mangrove forests. This
previous stratigraphy study did not focus on vegetation char-
acteristics; therefore, pre-storm data are not available for com-
parison. Fringe plots were placed approximately 15 m from
the water’s edge and basin plots were located 50-100 m from
the water’s edge adjacent to the transect in the basin forest.

Eleven monitoring plots were established on five islands in
the Lower Florida Keys. These included one basin and one
fringe plot at Lower Snipe Key, Mud Key, and Upper
Saddlebunch Key (Fig. 1a). Two fringe plots were established
on Waltz Key (no basin plot due to the lack of a basin forest on
the narrow island). Three plots were established on Middle
Snipe Key (two fringe and one basin) due to widely variable
hurricane damage on either side of the island. Lower Florida
Keys vegetation monitoring was conducted in November
2017, March 2018, and June 2018 (2, 6, and 9 months post-
storm).

Seven monitoring plots were established at four study sites
in the Ten Thousand Islands (Fig. 1b). One basin and one
fringe plot were established at Fakahatchee Bay and the
Faka Union Canal. Blackwater Bay included a fringe plot on
a small overwash island and a basin plot on a nearby larger
island. Cat’s Claw Basin included only a basin plot, as there
was no fringe forest due to a pre-existing overwash berm. Ten
Thousand Islands vegetation monitoring was conducted in
October 2017 (tree height and canopy measurements only),
December 2017, January 2018, and June 2018 (1, 3, 4, and
9 months post-storm).

Field Monitoring

The 10 x 10-m monitoring plots were outlined with a transect
tape; trees at the four corners of the plot were flagged to enable
plot identification during follow-up monitoring. Canopy cover
was determined using a convex spherical densiometer (Forest
Densiometers, Rapid City, SD) at the four corners of the plot.
Tree height was calculated for ten canopy trees or saplings
within or near the plot using a tape measure and clinometer
(Suunto, Vantaa, Finland).

Mangroves were classified as trees if the stem diameter at
130 cm above the ground (Dq30) exceeded 5 cm. Remaining
mangroves were classified as saplings (Dq30<5 cm and
height> 1 m) or seedlings (height < 1 m). Mangrove species,
D30, and status were recorded for all trees in the 10 X 10-m
plots. Status included the condition (live, recently dead, or
decayed) and state of the trunk and branches using categories
derived from Baldwin et al. (1995). Trees, saplings, and
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seedlings were classified as “live” if they had any green fo-
liage (including epicormic growth); dead mangroves had no
live foliage. Trunk damage categories included: snap (trunk
broken above ground level), tip-up (roots pulled up), lean (<
45° from vertical, natural growth patterns excluded), severe
lean (>45° from vertical, natural growth patterns excluded),
or no impact (Baldwin et al. 1995). Branch damage was clas-
sified as low, moderate, or severe. If trees had multiple trunks
that diverged below 130 cm, each trunk was treated as an
individual tree and separate measurements were made. Trees
were measured during November/December 2017 and
June 2018 monitoring.

Within each 10 x 10-m plot, a nested 5 X 5-m subplot was
created in the corner that was most representative of the plot as
a whole for sapling and seedling distribution. The same sub-
plot was monitored in each follow-up survey. For all saplings
within the 5 x 5-m subplot, the species, condition, trunk status,
and branch status were determined following the same cate-
gories as trees. The total numbers of live and dead mangrove
seedlings were recorded, as well as approximate percent spe-
cies composition. The tree, sapling, and seedling surveys that
were conducted during the initial monitoring (2-3 months
post-storm) are assumed to account for all mangroves that
were present prior to the storm.

Percent cover of downed wood was estimated using a
point-transect method. A 10-m transect was extended in five
random compass headings from the center of the 10 x 10-m
plot. The type of substrate or organic material (including re-
cent or decayed wood debris) was recorded every meter,
resulting in a survey of 50 points within and around the plot.

A shear vane kit was used to determine soil shear strength (the
amount of torque required to shear or break apart soil; Poulos
1981). A 5-cm shear vane attached to a direct-reading torque
gauge (H-4227, Humboldt Manufacturing, Elgin, IL) was used
to measure soil strength in five haphazard locations within the
10 x 10-m plot. At each location, soil strength was measured at
the surface and at depths of 25 cm and 50 cm. Measurements
were taken by inserting the shear vane into the soil to the desired
depth, twisting the vane until soil failure, and reading the torque
gauge. Calibration for the friction of the rod without the shear
vane was conducted once per site for the 25- and 50-cm depths.

Carbonate mud thickness was measured during each mon-
itoring visit by removing a sediment sample with a thin gouge
auger or knife in 2-3 locations, either along the adjacent stra-
tigraphy transect or directly outside the vegetation plots. The
carbonate mud thickness exhibited wide variability both with-
in plots and among sites; in addition, mud thicknesses were
observed to change in the same location on repeated visits.
However, the range of the mud thicknesses at each of the plots
could consistently be generalized into three arbitrary catego-
ries: minimal to none (no visible deposit or only a veneer <
2 mm in thickness), moderate (0.2—1-cm deposit), or thick (1—
9-cm deposit).

To estimate belowground root production, pairs of root in-
growth bags were installed adjacent to permanent monitoring
plots. Cylindrical root bags (30 cm height X 5 cm diameter)
were constructed from nylon mesh (with expandable 3-mm?
apertures) sewn with nylon upholstery thread. Root bags were
filled with sphagnum peat moss (Lambert Canadian peat
moss, Québec, Canada) that had been passed through a 5-
mm sieve. The use of root-free soil allows for any root growth
within the root bag to be considered new production (Symbula
and Day Jr. 1988; Sanchez 2005). To deploy root bags, a
“Russian-type” half cylinder peat corer (Eijkelkamp USA,
Morrisville, NC) was used to remove a volume of sediment
that matched root bag dimensions. Bags were inserted in the
hole and held in place with surveyor flags. After retrieval, it
was determined that root bags were compressed to an average
length of 24 cm when they were inserted into the ground. Root
bags were deployed in November 2017 and retrieved in
March 2018 at the Lower Florida Keys sites (4-month incu-
bation time); bags were deployed in December 2017 and re-
trieved in June 2018 at the Ten Thousand Island sites (6-
month incubation). Bags were extracted by carefully cutting
a wide-diameter circle around the root bag with a hand saw.
The root bag was then removed from the ground using a
shovel with surrounding soil intact, then carefully separated
from the soil using scissors to trim penetrating roots. Root
bags were refrigerated upon return to the lab until analyzed.

Laboratory Analysis of Root Bags

Root material and peat were trimmed from the outside of the
root bags. Peat was removed from the root bag in subsections,
and roots were extracted from the soil with forceps and placed
in water to rinse them free of soil and test for flotation (McKee
2001). New root growth was identified by their light color,
smooth texture, turgid or elastic structure, or ability to float
(Symbula and Day Jr. 1988; McKee 2001; Sanchez 2005).
Once all visible roots were removed, the remaining peat was
placed in a 2-mm sieve and rinsed to identify additional roots.
Floating roots were removed from the sieve catch pan.
Cleaned roots were placed in a pre-weighed petri dish and
examined under a microscope to verify all roots were new
growth rather than peat moss material. Roots were placed in
the drying oven at 60 °C until they no longer lost water weight
(1-5 days), then weighed to determine dry mass.

Data Analysis

Statistical analyses were conducted using Version 7.15 of the
SAS System for Windows (Copyright © 2017, SAS Institute
Inc., Cary, NC, USA); a p value less than or equal to an alpha
of 0.05 was considered significant. Data were examined for
normality using a combination of Shapiro—Wilk tests, proba-
bility plots, and quantile plots. Non-normal datasets were
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transformed or assessed with non-parametric analyses. A two-
tailed ¢ test was used to compare tree height across the two
regions. Linear regression analyses were used to examine the
relationship between woody debris and tree height. Pearson’s
Chi-Square tests were used to assess branch damage and mor-
tality distributions between trees vs. saplings and among trees
in various diameter categories. The Likelihood Ratio Chi-
Square test was used instead of the Pearson’s Chi-Square if
over 50% of the categorical cells had frequency counts less
than five.

Multilevel-mixed models with type II hypotheses were
used to analyze the impacts of the region, forest type (fringe
vs. basin), and storm deposit category on initial tree mortality
and delayed tree mortality. The proportion of trees killed was
transformed via an arcsine transformation; changes in mortal-
ity data over time were not transformed. Basal area, tree
height, the proportion of trees with severe branch damage
(arcsine transformed), and seedling density were compared
across the sediment deposition categories using Fisher’s clas-
sic one-way ANOVA. A Kruskal-Wallis test was used to as-
sess delayed mortality in saplings across storm deposit cate-
gories. Multilevel-mixed models with type IT hypotheses were
used to analyze the impacts of the region, forest type, moni-
toring round, soil depth, and/or storm deposit category on soil
shear strength and root growth rates, which were both log-
transformed (log;o). Pearson’s correlation coefficient was
used to assess the relationship between root growth rate and
mangrove height as well as percent species composition (arc-
sine transformed). Regional data parameters are generally
depicted separately if there were significant regional differ-
ences and together if there were no significant differences.

Results

Damage was extensive in the monitored mangrove sites in
both the Lower Florida Keys and the Ten Thousand Islands
(Fig. 2, Table 1), although the severity of damage and depths
of storm deposits varied greatly among islands as well as
across plots on the same island. In the Lower Florida Keys,
12% of trees snapped, while 4% exhibited a lean or tip-up
2 months post-storm. Tree impacts were similar in the Ten
Thousand Islands (14% snapped, 3% lean or tip-up). Many
of the trees that initially survived, including some with exten-
sive epicormic growth, died in the months following the hur-
ricane. Unless otherwise noted, all mortality metrics refer to
recent mortality (presumably due to the hurricane or its after-
effects) and exclude decaying trees. Two months after
Hurricane Irma, average tree mortality in the Lower Florida
Keys was 18.6% (range 0-75% mortality across plots);
9 months post-storm, tree mortality increased to 36.6% (13—
100% range; Table 1). Three months following the storm,
average tree mortality in the Ten Thousand Islands was
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11.2% (0-35% range); 9 months post-storm, tree mortality
increased to 19.8% (6-35% range; Table 1). This equates to
a loss of 40.8% of basal area in the Lower Florida Keys and
17.5% in the Ten Thousand Islands 9 months after the storm.
There were no significant differences in initial tree mortality
between the two regions, nor between the fringe and basin
sites (Table 2). A total of 493 trees were measured 2—
3 months post-storm, and 416 trees were measured 9 months
post-storm. Variability in tree number was due to loss of trees
(only standing trees measured), growth of saplings, and sam-
pling variability when extending transect tapes to outline plots
during repeated monitoring efforts.

Extensive epicormic growth was noted on A. germinans
and L. racemosa trees across both regions (Fig. 2). Canopy
coverage was near 40% 1-2 months after the storm, then
increased and plateaued at approximately 60% 3—6 months
post-storm (Fig. 3). Mangroves were significantly taller at
sites in the Ten Thousand Islands than the Lower Florida
Keys (t, test value=3.18, p=0.006, df=16). Average tree
height ranged from 1.5-8.5 m at sites in the Lower Florida
Keys and 5.4-10.6 m at sites in the Ten Thousand Islands
(Table 1). Percent cover of new woody debris on the forest
floor had a significant positive relationship with tree height
(Fig. 4); this relationship was not significant for decayed
woody debris (linear regression R*=0.129, slope p = 0.144,
n=18).

Forests were dominated by R. mangle and by trees with a
Dq39 less than 10 cm (Fig. 5a). While most sites were domi-
nated by trees, two basin sites (Upper Saddlebunch Key and
Mud Key) were dominated by scrub mangroves <2.2 m in
height. The proportion of severe branch damage among stand-
ing trees was not evenly distributed among size classes, and
trees with a D30 <10 cm had less branch damage than would
be expected by chance (Fig. 5b; Likelihood Ratio x* (10, n=
327)=36.3, p<0.0001). Initial mortality (2-3 months post-
storm) was evenly distributed among the size classes (Fig. 5c;
Likelihood Ratio x? (5, n=327)=0.986, p=0.964).
Mortality continued to increase several months following the
storm (Fig. 5c¢). Although smaller tree classes (5—10 cm) had
lower mortality, the mortality distribution was not significant-
ly different among size classes in June 2018, 9 months post-
storm (Fig. 5c; Likelihood Ratio Xz (5,n=309)=5.710, p =
0.336). In the initial monitoring surveys 2—3 months post-
storm, mortality was significantly higher for trees compared
with saplings (Pearson’s x> (1, n=673)=9.33, p=0.002).
Severe branch damage was also significantly higher for trees
(Pearson’s XZ (2,n=673)=172.8, p <0.0001); 50% of stand-
ing trees had severe branch damage compared with 10% of
saplings.

The storm surge deposited a layer of marine carbonate mud
of varying thickness at most of the sites (Table 1, Fig. 2b). The
fringe plot on Mud Key had a drastically different substrate
than the other plots (substrate was eroding and composed of
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Fig. 2 Example of a heavily damaged forest on Waltz Key in the Lower Florida Keys, 6 months post-storm (a), carbonate mud storm surge deposit (b),
and Avicennia germinans epicormic growth at Fakahatchee Bay in the Ten Thousand Islands, 9 months post-storm (c)

an overwash berm of coral fragments and loose carbonate
sand, with no visible peat or mud storm deposit) and thus
was excluded from mud storm deposit analyses. The thickness
of the carbonate mud storm deposit was examined to deter-
mine its impact on delayed mangrove mortality (defined here
as an increase in percent tree mortality from November/
December 2017 to June 2018). Although storm deposit depth
had no significant influence on the initial mortality of the
trees, it was significantly related to delayed tree mortality
(Table 2, Fig. 6a). There were no significant differences in
basal area, tree height, or proportion of trees with severe
branch damage among the plots in the three storm deposit
categories (ANOVA p values >0.05). The saplings did not
have a significant trend in delayed mortality with relation to
storm deposit categories (Fig. 6b; Kruskal-Wallis x* (2) =
5.5840, p=0.061). Seedling density also did not vary signif-
icantly between the storm deposit categories during any mon-
itoring effort (ANOVA p values > 0.05).

Average soil shear strength was 24.7 £10.2 kPa in the
Lower Florida Keys and 16.9 £3.8 kPa in the Ten
Thousand Islands. Region and soil depth had a significant
effect on soil shear strength (Table 3, Fig. 7a), although forest
type (fringe vs. basin) had no significant effect. Subterranean
roots grew at an average rate of 0.16 g m 2 month ' in the
Lower Florida Keys (range 0.01-0.45 g m 2 month™ "), and

4.37 gm *month” ' inthe Ten Thousand Islands (range 0.76—
11.02 gm *month™"). Root growth rates varied significantly
by region, but not by forest type or by storm deposit depth
(Table 3, Fig. 7b). There were no significant correlations
between root growth rate and mangrove height (Pearson’s
correlation coefficient =0.45, p =0.090, n =15), nor be-
tween root growth rate and abundance of the three mangrove
species (Pearson’s correlation p values > 0.05, n = 14).

Discussion
Trends in Initial Damage and Delayed Mortality

Larger trees are often more susceptible to damage than smaller
trees during wind events (Roth 1992; Doyle et al. 1995;
Imbert et al. 1996; Kovacs et al. 2001; Feller et al. 2015;
Villamayor et al. 2016), although some studies have found
that mangrove trees in the largest diameter classes have higher
survival than moderately sized trees (Smith III et al. 1994;
McCoy et al. 1996). This study found that trees with a D3,
from 5 to 10 cm suffered less severe branch damage than
larger trees, and saplings (D30<5 cm) had lower rates of
mortality and severe branch damage than trees. The degree
of extensive branch damage in trees likely contributed to
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Table 2 Effects of region (Lower Florida Keys or Ten Thousand
Islands), forest type (fringe or basin), and storm deposit category
(minimal to none 0-0.2 cm, moderate 0.2—1 cm, or thick 1-9 c¢cm) on

initial tree mortality (proportion of trees initially killed 2-3 months
post-storm) and delayed tree mortality (percent increase in mortality from
2 to 3 months post-storm to 9 months post-storm)

Effect Initial tree mortality Delayed tree mortality
df F p df F P

Region 1,6 0.07 0.804 1,6 8.48 0.027
Forest type 1,6 0.53 0.495 1.6 0.01 0.929
Storm deposit 2,6 0.02 0.977 2,6 11.66 0.009
Region x forest type 1,6 0.25 0.637 1,6 8.73 0.026
Forest type x storm deposit 2,6 0.38 0.699 2,6 0.76 0.509
Region x storm deposit 2,6 2.06 0.209 2,6 1.56 0.285

delayed mortality (Fig. 5c¢). Bruising and damage to the vas-
cular system, defoliation, and loss of branches can all cause
stress and eventual mortality to trees months after a severe
wind event (Craighead and Gilbert 1962; Shaw 1983;
Everham and Brokaw 1996). Large trees can shield understo-
ry trees from the strongest winds and protect them from dam-
age (Imbert et al. 1996; Zhang et al. 2008). Trees with smaller
stem sizes (and smaller canopy) are also more likely to bend in
the wind rather than break (Cremer et al. 1982; Doyle et al.
1995; Everham and Brokaw 1996; Swiadek 1997). The fre-
quency of tropical cyclones has also been found to be one of
the factors limiting mangrove growth and contributing to
global trends in mangrove canopy height (Simard et al. 2019).

Although the degree of branch damage was greater in larg-
er trees (Fig. 5b), this study did not find a significant trend in
mortality across tree size classes (Fig. S5c¢). This may be attrib-
utable to the relatively small size of the mangrove forests in
this study (Simard et al. 2019). Average mangrove height
across the plots ranged from 1.5-10.6 m (Table 1), and the
majority of trees within these plots had stem diameters <
10 cm (Fig. 5a). The two basin plots in our study (Upper
Saddlebunch Key and Mud Key) that were dominated by
scrub mangroves with average heights < 2.2 m had low man-
grove mortality and low branch damage, similar to previous
studies which have found that the low stature of scrub man-
groves helps to protect the vegetation from wind exposure
(Smith IIT et al. 1994; Doyle et al. 2009). Small mangroves
near the shore may also have been partially submerged by
storm surge and protected from wind damage during the hur-
ricane (Smith III et al. 1994).

If large trees topple during a storm, they can cause indirect
damage by falling on adjacent trees and crushing the under-
story. The direction of treefall can provide an indication of the
wind direction and thus time during the hurricane when the
majority of the damage occurred (Doyle et al. 1995, 2009;
Everham and Brokaw 1996). Assessment of treefall direction
was initially attempted in this study, but the severity of dam-
age and occurrence of treefall due to secondary damage

hindered accurate directional determination. It was also not
possible to gauge the severity of damage with respect to dis-
tance from the hurricane eyewall (Smith IIT et al. 1994;
Milbrandt et al. 2006) as nearly all sites were within the
eyewall radius of Hurricane Irma.

Trees in this study also suffered delayed mortality as a
result of the smothering of their root system by the carbonate
mud storm deposit (Fig. 6a). Mortality of Avicennia spp. can
occur when their pneumatophores are partially or entirely cov-
ered by sediment (Allingham and Neil 1996; Lee et al. 1996;
Ellison 1998). While Rhizophora spp. have extensive aerial
prop roots that extend high above the surface of the soil, the
lenticels (respiratory pores) on these roots are clustered in
highest densities near the soil surface (Gill and Tomlinson
1977). Thus, excess sedimentation, including storm surge de-
position, can also cause mortality in the Rhizophora genus
when these lenticels are buried (Terrados et al. 1997; Ellison
1998). The thickness of the storm deposit did not have a sig-
nificant impact on delayed mortality in saplings (Fig. 6b). This
may be the result of the growth of seedlings into saplings
during the duration of the study, adding to the pool of saplings.
Saplings also had less branch damage than trees and therefore
did not have to cope with as many compounding stress factors.
The impacted sites may continue to see delayed mortality for
several years, as mortality in Florida mangroves has been
found to increase for up to 3 years following a hurricane
(Barr et al. 2012).

Soil Strength and Root Growth

Although Cahoon et al. (2003) noted significantly higher soil
shear strength in fringe mangroves compared with basin for-
ests, this study did not find any significant differences by
forest type (Fig. 7a, Table 3). However, the four greatest shear
strengths observed at any of the sites were at Lower Florida
Keys fringe forests. The lack of a significant difference be-
tween fringe and basin forests may, in part, be due to the
confounding influence of soft surficial storm deposits. These
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Fig. 3 Canopy coverage in the Lower Florida Keys and Ten Thousand
Islands following Hurricane Irma. Values are means across all vegetation
plots; error bars denote standard error of the mean (SEM)

surface values should not be considered representative of
mangrove peat due to the presence of these soft storm de-
posits. Soil shear strength varied with depth (Table 3). Most
sites had lower shear strength at 50-cm depth; this presumably
reflects the contribution of root density to soil strength, as
most mangrove roots are found in the top 30 cm of soil
(Komiyama et al. 2000).

Root growth rates in this study varied from 0.01-—
11.0 g m 2 month™', with an average of 0.16 g m > month ™’
in the Lower Florida Keys and 4.37 g m > month " in the Ten
Thousand Islands. It should be noted that root growth into root
bags may not necessarily reflect natural growth rates, because
root growth may increase as roots propagate into the unoccu-
pied soil in the root bags or may be slower as a result of
disturbance from the coring process necessary for bag
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Fig. 4 Percent cover on the forest floor of newly felled and decayed
woody debris as a function of tree height. Data are from November and
December 2017 in the Lower Florida Keys and Ten Thousand Islands,
respectively
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diameter (D;30) (a), live tree branch damage, as determined 2—3 months
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Florida Keys and Ten Thousand Islands following Hurricane Irma (c)

insertion (Vogt et al. 1998; McKee and Faulkner 2000). This
method does, however, allow for comparison among sites
where similar root in-growth bag methods have been applied.
The growth rates in this study are low compared with previous
studies from Florida mangroves. McKee and Faulkner (2000)
found that root production in the top 30 cm of soil in
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Fig.6 Tree mortality (a) and sapling mortality (b) at plots with a differing
thickness of storm deposits in the Lower Florida Keys and Ten Thousand
Islands following Hurricane Irma. Carbonate mud storm deposit
thickness classified as minimal to none (0-0.2 cm, n =4 plots for trees,
5 for saplings), moderate (0.2—1 cm, n =5 plots), or thick (1-9 cm, n="7
plots). Error bars denote SEM

southwest Florida mangroves varied from 0.05—
3.14 g m 2 d' (equivalent of 1.5-94.2 g m ? month™").
Sanchez (2005) used similar methods in the Ten Thousand
Islands region and documented rates of root growth of 106—
842 gm Zyr. ' (8.8-70 g m % month'). Cahoon et al. (2003)
found that root growth rates varied from 0 to 656 g m 2 yr |
(0-54.6 g m > month ") in hurricane-impacted mangrove for-
ests in Honduras; in that study, sites with the most severe
hurricane impacts had no root growth. The low rates of root
growth seen in this study were likely a consequence of both
tree mortality and reduced oxygen exchange as a result of the
surficial storm deposit. Root growth may be limited if roots do
not have sufficient oxygen for respiration or if soil is exces-
sively water-logged (Gregory 1987; Sorrell and Armstrong
1994). This study did not find a significant difference between
root production at the fringe and basin forests, similar to the

findings of Cahoon et al. (2003) on root growth in hurricane-
impacted mangroves. Higher root growth rates in the Ten
Thousand Islands compared with the Lower Florida Keys
may partly be due to the longer incubation time (6 months
vs. 4 months) as well as the fact that the incubation time in
the Ten Thousand Islands included some warmer summer
months when mangroves have the highest growth rate (Lugo
and Snedaker 1974). It also may reflect lower mangrove mor-
tality in the Ten Thousand Islands (20% vs. 36% mortality in
the Lower Florida Keys).

Should trends in delayed mortality and low root growth
continue, some of the mangrove forests in this study may be
at risk of peat collapse. Mangrove peat is primarily produced
through the accumulation of subterranean roots, with smaller
contributions from the deposition of aboveground biomass
(McKee and Faulkner 2000; Middleton and McKee 2001;
Chmura et al. 2003). Vertical accumulation of peat depends
upon the rate of peat production exceeding the rate of organic
matter decomposition (Macintyre et al. 1995; Cahoon et al.
2003; McCloskey and Liu 2013). Mangrove forests with high
tree mortality following a hurricane may face peat collapse as
a result of compaction and continued decomposition of dead
roots and organic matter without concurrent root growth
(Cahoon et al. 2003; Barr et al. 2012). Barr et al. (2012) found
that loss of elevation in a south Florida mangrove forest was
strongly correlated with tree mortality following Hurricane
Wilma; forest elevation declined by more than two centime-
ters over 3 years in sites with the highest rates of tree mortality.
Peat collapse following hurricane-induced mortality has been
hypothesized to be the cause of elevation loss and the conver-
sion of mangrove forests to mud flats in southwest Florida
(Wanless et al. 1995; Swiadek 1997; Smith III et al. 2009).

Early Signs of Recovery

After an initial increase from 40% canopy cover 1-2 months
post-storm to 60% cover 3—6 months post-storm, canopy re-
growth stagnated and canopy cover failed to increase in the
following months (Fig. 3). For comparison, canopy coverage
in an undisturbed south Florida mangrove forest is typically
90-95% (Milbrandt et al. 2006). The increase and plateau of
canopy coverage in this study reflected initial regrowth
(including epicormic growth, Fig. 2), but widespread branch
damage and delayed tree mortality prevented more extensive
growth 9 months post-storm.

Long-term recovery of the forest canopy will depend on
regrowth of canopy branches as well as the “release” of
established seedlings and saplings in the understory that grow
rapidly in response to increased light levels below gaps in the
canopy (Everham and Brokaw 1996; Sherman et al. 2001).
Although they provide ample light, canopy gaps can also
make survival more challenging for seedlings as they result
in low-humidity and high-temperature conditions (Smith III
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Table 3  Effects of region (Lower Florida Keys or Ten Thousand
Islands), forest type (fringe or basin), soil depth (0, 25, and 50 cm), and
monitoring round (2-3, 4-6, or 9 months post-storm) on soil shear

strength. Effects of region, forest type, and storm deposit category
(minimal to none 0-0.2 ¢cm, moderate 0.2—1 c¢m, or thick 1-9 ¢m) on
subterranean root growth rate

Soil shear strength Root growth rate

Effect df F p Effect df F P
Region 1,147 6.35 0.013 Region L5 55.23 <0.001
Forest type 1,147 0.05 0.830 Forest type L5 0.37 0.567
Soil depth 2,147 4.85 0.009 Storm deposit 2.5 0.74 0.521
Monitoring round 2,147 1.22 0.300 Region x forest type 1,5 0.12 0.744
Region x forest type 1,147 0.76 0.383 Forest type x storm deposit 2,5 6.37 0.042
Region x soil depth 2,147 2.86 0.061 Region x storm deposit 2,5 0.09 0912
Forest type x soil depth 2,147 0.24 0.785

a Soil shear strength
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Fig. 7 Soil shear strength (grand mean of all measurements) (a) and
subterranean root growth rates (b) in fringe and basin plots in the
Lower Florida Keys and Ten Thousand Islands. Error bars denote SEM
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et al. 1994; Swiadek 1997; Barr et al. 2012). If mortality is
extensive and there are no longer live mangrove roots to acrate
the soil, this can result in decreased redox potential and in-
creased sulfide concentration, which may slow recolonization
by seedlings (Smith III et al. 1994; Swiadek 1997).

The species composition of a forest following a disturbance
event will largely depend upon the species composition of the
understory (Everham and Brokaw 1996). The recovery of
mangrove forests is also impacted by the density and species
composition of available propagules, which largely depend on
forest fragmentation and degree of hydrologic connectivity
with live mangrove forests (Milbrandt et al. 2006). The rela-
tive abundance of the three dominant mangrove species may
shift during the recovery process as a result of variable under-
story composition and propagule availability (Craighead
1971; Smith III et al. 1994; Imbert et al. 1996; Baldwin
et al. 2001). In this study, R. mangle dominated the exposed
understory and comprised 90% of all seedlings. By compari-
son, 79% of saplings and 75% of all live trees were R. mangle.
L. racemosa seedlings require high amounts of light and thus
are generally not found in great abundance in the mangrove
understory (Wadsworth and Englerth 1959; Ball 1980).
A. germinans and L. racemosa propagules mature in the late
summer and early fall (Rabinowitz 1978; Tomlinson 1994).
The occurrence of a hurricane in mid-September stripped
away both leaves and propagules from the mangrove canopy
and the storm surge presumably washed away unattached
propagules. The lack of A. germinans and L. racemosa prop-
agules was noted during field efforts, but not directly quanti-
fied. It is possible that hurricanes, including Irma, may con-
tribute to a shift in species composition toward R. mangle due
to their dominance in the understory and removal of propa-
gules of other mangrove species (Swiadek 1997; Piou et al.
2006). Species shifts toward Rhizophora have also been noted
as a result of variable species tolerances of sediment deposits.
Lee et al. (1996) found that Rhizophora spp. overtook a
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mangrove forest of Avicennia spp. after sediment deposits
smothered pneumatophores. However, other studies have
found L. racemosa experienced lower mortality than other
mangrove species following a hurricane (Sherman et al.
2001). Long-term monitoring of the recovery process is need-
ed to determine if species composition will truly shift or if
thinning of the R. mangle understory, regrowth of established
L. racemosa and A. germinans trees, and subsequent propa-
gule dispersal during future years will be sufficient to maintain
current species diversity.

In conclusion, this study has demonstrated that significant
delayed tree mortality can occur months after a hurricane has
passed. Further mortality may continue to occur as a result of
ongoing root smothering by storm deposits and stress due to
loss of canopy. Yet, signs of recovery were evident in the
proliferation of R. mangle seedlings and partial regrowth of
the forest canopy. Forest recovery trajectories will depend on
regrowth of the surviving canopy, development of the existing
understory, and recruitment and survival of new propagules.
Not all sites may recover into a similar mangrove forest, and
locations with high tree mortality and limited root growth are
at risk of peat collapse if mortality trends persist. Continued
monitoring is necessary to determine the full impacts of this
hurricane and the resulting species composition of the recov-
ering forest.
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