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General Background

Tree islands, an integral component of the Everglades, are abundant in both the marl prairie and
ridge and slough landscapes. They are also likely to be sensitive tstalgaestoration actions
associated with the Comprehensive Everglades RestordéioffGERP)which wasauthorized by

the Water Resources Development Act (WRDA) of 2000 to restouéh Florida ecosystesn
Specifically, changes in hydrologic regimes associated evitioingrestoration projectand plans

(such asthe constructiorand opeation of two Tamiami Bridgesimplementation ofCentral
Everglades Planning Project (CEPP) componess the Combined Operational Plan (COP)
(USACE, 2014 USACE, 202 will continue influencingthe impact of existing local and
landscapdevel drivers andstressors, such as hydrology, invasive exotics, windstanujre

(Wetzel et al.2017).

While alterations of thesarivers andstressors influence tHandscapelevel spatial distribution

of tree islands, the hydrologic alterations also affect the internal water economy of iislbatls

inland and coastal wetland$his in turn influencedree islandplant community structure and
function by affectinghe following:species composition, tree regeneration and gr¢(3dhet al.,
2018;Rosset al.,2022; Stoffellaet al.,2022), soil characteristics (Steinmuller et al. 2021), wildlife

use of islands (Bozas 2024), and microbial communities (Almeida et al.. 262 Greater
Everglades Conceptual Ecological Model (CEM), researchers have idemt#eedslandplant
community composition and structure as one of several ecological attributes that are affected by
changes in hydrologic characteristics, fire regimes and other stressors. When these stresses become
severe, the forest 6s peri,leadinogttdree island laosd. Fdr nestocation o n ¢ «
purposes, it is important tpredict when natural and/or managemémduced hydrologic
conditions and other stressors will surpass the ability of islands to remain ecologically functional.
Several examples of such adverse episodes have been reported. For instance, Everglades
researchers showehat loss of tree islands in the Water Conservation Areas was primarily caused

by managementelated highwater levels due to compartmentalization of the system tifeer

196Gs (Patterson & Finck, 199®8randt et al., 2000 ikewise,ananalysis of multiyear historical

aerial photography suggested that decline iraméalextent of tree islands also occurred within
Everglades National Park (ENP) between 1952 and &BKldr et al., 2013)Although reasons for
thedecline in ENP islands have not been fully explored, one possibility is that it reflects the effects
of alterations in the Evergladesé hydrologic 1
stressors such as fire. Thasstrategy for tree island work that focuses on both local and landscape
scale effects isritical for the RECOVER monitoring program

To better understand intannual variability as well abelong-term trends and mechanisms that
drive them, it is essential to delineate patterns of community composition and configuration at high
spatial precisionThis allows for detection of shotterm fluctuations andiifferentigion from
persistent londerm change. An approach that concentrates effort on linking intensive ground
surveys with extensive community patterns derived from satellite @atial photographyand
topographic variation derived from LIDARs likely to help in reaching a more nuanced
understanding of past change in tree island structtis will alsohelpin projecting responses to
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future changes in water levesulting from natural variations in rainfall andgoing restoration
activities

To strengthen our ability to assess the fdAperf
hydrologic alterations translate into ecosystem responses, an improved understaneinglahd

plant community structure and function, atginteractive responses to disturbances such as fires
and hurricanes is important. Built on a baseline study of vegetation structure and composition and
associated biological processes over three years {2@®®) on three tree islands in Shark River
Slough(Rossand Jones, 2004)a broader study was initiated in 2005 and has been continued
through today. While the initial (182003) tree island work was supported by the National Park
Service (NPS) through the Department of Inter
for four years (2002009) the project was funded alternatively by the US Army Corps of
Engineers (UBCE) and South Florida Water Management District (SFWMD), directly or
indirectly through ENP. Since 2009, the study has been funded by the US Army Corps of Engineers
(USACE) through its contracting office US Army Engineers Research and Development Center
(ERDC). Untilthe Fall of 2014, the study was led by Dr. Michael Ross. Thereafter, the study has
been led by Dr. Jay Sah, while Dr. Michael Ross and Dr. Daniel Gann are actively involved as the
Co-Pls in the study. The comprehensive results of work accomplished throughr2escribed

in Ruizet al.,(2011, 2013) and Salet al.,(2012, 2015)The results of the thorough analysis of
vegetation dynamics over 20 years (12949) and detailed results of wodccomplished
between 2014 and 20&%edescribed in Saét al.,(2020).A new phase of the project was initiated

in Fall 2019 (Cooperative Agreement # W912HZD-2-0032).The results of the study completed

each yeaduring the firstfour yearq20192023) ofthis phase are describedfagur annual reports

(Sahet al.,2021, 2022 2023 and 2024 respectively

The major goal of ongoing monitoring of southern tree islands is to assess structural and
compositional responses of tree island vegetation to natural and manageineatl hydrologic

change, alterations in relative proporsarf forest communities on the islands, and the expansion

or contraction of islands within their surrounding marshes. This research addresses the relevant
RECOVER performance measures (PM), (1) GE: O6Ri dge and Sl ough Sus
60 Tot al PeHogrmance Measu(@ECOVER, 2011)The working hypothesis of the study is
expressed as O6the |l oss of elongated patterns
water flow in the ridge and slough landscape of the Everglades is attributed to disrupted sheet flow
and relatecchanges in water depth' identified in the hypothesis cluster of theestibn 3.3.7.1

of the 2009 CERP Monitoring and Assessment FRECOVER, 2009)The ongoing work is also

linked to the most recent updatetbé Greater Everglades Landscape hypothesis cluster, namely

Al nterrelationships of Sheet FI ow, Wat er Dep
Landscap einpagteds &nna Blay pérsonal communicatignin addition, the results

from this work are likely to be used in developing tree island performance measuresarehich
currently in progress.

Since 2012, the study has linked field sampling (in a network of permanent plots and along
transects) and remote sensing activities to establish a more complete, spatially explicit inventory
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of vegetation patterns within individual tree islands, one that can be used to monitor vegetation
change in a consistent and repeatable way.

The specific objectives of our ongoing research are:

1. To assess temporal changes in the structure and composition of both swamp forest and
hardwood hammock.

2. To determine the relationships among the hydrologic regimes of adjacent marshes, other
stress variables, and dynamics of vegetation communities on tree islands.

3. To develop a tree island plant community/vegetation classification based on canopy and
understory vegetation types along the full elevation gradient from hardwood hammock to
surrounding marshes for each tree island.

4. To develop and validate classification algorithmased orbi-seasonal spectral reflectance
models and LiDAR derived canopy height models that allow for consistent and repeatable
delineation of vegetation assemblages detineatetheir boundaries and changes of
boundaries.

5. To scale the vegetation classes to remote sensor resolutions that are available for the past
35+ years and to map the communities at multiple spatial resolutions and multiple thematic
class detalils.

6. To detect and map changes and trends in aerial extent of the relative proportion of different
vegetation communities from the lotgrm remotely sensed record from the lower
resolution spectral data.

7. Toinvestigate the correlation of spatially explicit lelegm vegetation changes in response
to hydrological regime changes.

This document describes the results of the work accomplesbhed5 years (2012024) of the
project (Cooperative Agreement # W912H%2-0032). Section 1 focuses on tree layand
understory vegetatiodynamics in hardwood hammock portions of eight tree islands in ENP.
Detailed vegetation study the hardwood hammock plotgas doneon eight islands during the

first year of this phase of the project, andonly four island¢hereafterHowever, during the third

of the projectahardwood hammock plot wadso established and sampled for the first time on an
additional island (NF202).The primary focus of this sectiaf thisy e arepdris onvegetation
responses to annual hydrologic changesrandveryafterHurricanelrma. Section 2 summarizes
vegetation changes in bayhead forest and bayhead swamp portions of four Shark River Slough tree
islands.Additionally, this section also describes vegetation composition and structure in bayhead
swamp forestsampled for the first time in 2022/2023 four additional tree islandsSection3
summarizegplant community distributions determined bige-scale vegetation mappirfgom
multispectralsatellite andairborne LIDAR data and theirealizedhydrological niche spaceson
eleventree slands five located in the Shark River Slough (SRS), five in Northeast Shark River
Slough (NESRS) and one in prairie along the eastern borddwed&verglades National Park
(ENP).



1. Effects of hydrology and hurricane on vegetation dynamics in tree island hardwood
hammocks of the southern Everglades

1.1 Introduction

Tree islands are a prominent feature in both the marl prairies (MP) and ridge and slough (R&S)
landscapes of the Everglades. In the R&S landscape;ifiduced teardrogghaped tree islands

often include different plant communitiesopical hardwood hamned, bayhead forest (hereafter
call ed &ébayhead o6-)arrangedialohgaopdyrapmid, hysirl@gio and soil nutrient
gradientArmentano et al., 200Bah, 2004Espinar et al., 2011; Sah et al., 2Q1Bgspite the

small areas they cover, the hardwood hamnramkinated heads are of great ecological
significance, as both biodiversity and phosph
landscapdRossandJones, 2004; Wetzel et al., 20@»zas 2024 and of cultural significance,

as the these hammocks have been used by native tribes for ceti&®sSM 2024) While
hydrology plays an important role in the development and maintenance of theladgktree

island patterned landscape, the associated plant communities also influence the hydrodynamics
and spatial distribution of soil resources, which in tufecfecological processes on tree islands
(RossandJones, 2004; Ross et al., 20@ynish et al., 2008; HanaandRoss, 2010Espinar et

al., 2011; RossndSah, 2011Sullivan et al., 201, 2013; Wetzel et al., 2005, 2013ah et al.,
2018)(Figure 1.1).
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Figure 1.1 A conceptual model: vegetation dynamics in tree islands and surrounding marsh.

Beyond the physiographic template, the species assemblages and areal extent of different plant
communities on the R&S tree islands, and between tree islandadgentmarsh fluctuate
significantly over time depending on the climate and anthropogenicailiced changes in
flooding and fire regimegStoneand Chmura, 2004BernhardtandWillard, 2009) In R&S tree

islands, the swamp forests and tails are usually the areas that respond most noticeably to hydrologic

changes Thi s may

suggest

a difference i(Bahetesi |l i €
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al. 2018) Since 2015increass in water delivery intoENP under the Increment Field Tests
associated witlthe Modified Delivery Project (MOD) anthe Combined Operation Plan (COP)
followed by theimplementation of the Plam 202Q has resulted in increased water leirel
NESRS(Sarkeret al.,2020) This hascaused marsh vegetation to shift towaadsetter type
(Nocentiniet al.,2024 Sah et al. 2025In fact, after the full implementation ahe COPin August
202Q water delivery into ENPespeciallyto NESRS hassignificantlyincreasedFor instance, in
WY2021 and 2022, the volume of water delivered to NESRS agiassami Trail was 71.0%
and 84.6% higher than the volume delivered in WY2020 (USACE, ENP and SF202B) In
addition, the unusually high dry season rainfall in WY 2015/16, WY 2020/21, WY 2Q22/23
2023/24, and 2023/2024prompted emergency operations to move wdtem WCAS into
Everglades National Park (ENRhich also added to the increasewater depth in the NESRS
region.The vegetation community on a tree island {&3 in that region has already been showing
impacs of increasedvater level in the area (Sa&hal., 2023 2029. Sincethevolume ofdelivery

to the NESRS regiois projected to increase furthar coming yearsit is likely to continue
affecing vegetation composition on the tree islamdthat region.

In the hardwood hammocks, which are rarely flooded and often have a mean annual water table
below 40 cmtree species composition &sothe legacy ofthe long-term interaction between

water levelsrecurrent tropical stormand other physical procesq&uiz et al., 201,12013; Sah

et al., 2018) In these islands, plant communities recover within a few years after a hurricane.
However, vegetation recovery also depends on thelpwstane environmental conditions. On
September 10, 2017, Hurricane Irmade landfall in the Florida Keys as a Category 4 hurricane,
then struck the southwest coast of Florida as a Category 3 hur(iCangialosi et al., 2018)
However, its impact was felt in most of south Florida avalysis of 2017 (WY 2017/18) and

2018 (WY 2018/19) tree data revealed severe damage to trees in eight tree islands for which pre
Irma data were availab{&ah et al. 2020Postlrma assessment of tree damage in these hardwood
hammocks served as baseline data to follow the vegetation recovery from the dAmage.
assessment of recovery from hurricane dani@agene six postirma yeardiasshown a difference

in responses among species on the monitored is(&@adet al.,2024). A continued assessment

of vegetation dynamicen theseislands is expectetbr e v e a | the 1isl theirdsd re
capacity to recoverom the last disturbance.

This section of the report includes the results of the continued monitorimgflofreeand herb
layer vegetation structure and composiiiohardwood hammocks on a subsefoir tree islands
within a 16island network established in ENP for letegm monitoring and assessmésthamblin

et al., 2008Ruiz et al., 2011)It also includes the pestma assessment of vegetation on those
four islands and an additionfur islands for which prérma vegetation composition data were
available.


https://paperpile.com/c/CSUxIS/whZUf
https://paperpile.com/c/CSUxIS/Nd33P+tVTQi
https://paperpile.com/c/CSUxIS/Nd33P+tVTQi

1.2 Methods

1.2.1Study Area

The eightrecently monitorediree islands represent a subset of thd6eislands that were
intensivelystudied between 2005 and 2010. These islands include one prairie island (Grossman
Hammock) along the eastern bordetlug ENP, four islands (Black Hammock, Gumbo Limbo,
Satinleaf, and Vulture Hammock) in Shark River Slog§RS) and three (Chekika, Irongrape

and S$81) in Northeast Shark River SIougNESRS)(Figure 1.2).In addition a hardwood
hammock plot was established and sampled for the firstameneadditionaltree island (NP

202). Two islands,SS81 and Chekika are located immediately downstream from -imdel
(eastern) and @-mile (western) bridges on Tamiami Trail, respectively, and they are likely to
exhibit the impacts of increased flow from the WCAs iEtdP as time goes on.

Tamiami Trail 2.7-mile Bridge  1-mile Bridge ..
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- A
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Py
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0153 6 9 12
e P, (0 meters

Figure 1.2 Location map of tree islands that have permanent plots in hardwood hammocks. The plots have
been sampled during various periods betw@én 200001 and2023/24. In the first three years (WY
2017/18, 2018/19, 2019/20) after hurricane Irmegatatiorwasre-sampledon eighttreeislands, and in

the nextfour years (WY 2020/21, 2021/22022/23and 2023/24sampling was donen only four islands
Additionally, a hardwood hammaock plot was established and sampled for the first time on one tree island
(NP-202).
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1.2.2Data Collection

1.2.2.1Vegetation sampling

The vegetation sampling in the hardwood hammock plots was organized in a nested design that
accounted for all the major forest strata (trees & saplings, shrubs, seedlings, and herbaceous
macrophytes). The sampling protocol followed the methodology deddinb8ah(2004)and Ruiz

et al.,(2011) Between WY 2011/12 and 2016/1ke treelayer vegetation wasampled in the
hardwood hammock plots on four islands: Black Hammock (BL), Gumbo Limbo (GL), Satinleaf
(SL) and SSB1 (Heartleaf: HL). Howeverfpllowing Hurricane Irmaboth tree and herb layer
vegetation were sampled ftire sevenyears (WY 2017/180 2023/24) on those four islandsand

for three year§WY 2017/18to 2019/20)0on another four islands (Chekika Island (CH), Grossman
Hammock (GR), lIrongrape (IG), and Vulture Hammock (MiA)addition, a hardwood hammock

plot was established and sampled for the first tim&/Y2021/22on one additional tree island
(NP-202).The size of monitoring plots on thesmeislands ranged between 306 im SS81 to

625 nf in Gumbo Limbo and Satinleaf (Table 1.1).

Table 1.1 Location and topographic data (mean, minimum, and maximum) of hardwood hammock plots
onninetree islands.

Tree Island Easting Northing Plot Size | Mean (+ 1 S.D.) | Minimum Maximum Island
NAD83 NAD83 (m2) Plot Elevation . . height
(UTM_Z17N) | (UTM_Z17N) (m NAVD 88) Plot Elevation | Plot Elevation (cm)**
(m NAVD 88) | (m NAVD 88)
Black Hammock 531295 2832630 400 2.330+0.166 1.988 2.584 99.1
Chekika 534372 2847485 400 2.624 £ 0.035 2.545 2.712 113.8
Grossman 541819 2833205 400 2.042+0.144 1.386 2.238 44.5
Gumbo Limbo 525999 2834793 625 2.059 +0.071 1.916 2.24 87.8
Irongrape 533651 2836523 400 2.240 +0.050 2.092 2.345 92.0
Satinleaf 524499 2838019 625 2.221+0.076 2.082 2.368 89.3
Heartleaf (SSB1) 547639 2848113 300 2.168 + 0.304 1.592 2.649 80.0
Vulture 528918 2841667 400 2.663 +0.191 2.338 2977 127.7
NP-202 5297% 28388% 225

Each plot is gridded into 5x5m cells, whose corners and midpoint are marked by 30 cm long flags

and In PVC stakes affixed to the ground, resp
these islands, the plot and cells were set up using compassjringdape, sighting pole(s), and
rightangl e prism. In these plots, all trees (05
the location of each tagged tree is recorded to the nearest 0.1m using the SW corner of the plot as

a reference (0, 0). Firte r mor e , I f a tree has multiple stem

11
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(DBH), each stem is tagged with a unique ID that allows it to be-cedsgenced back to its ‘parent’
stem. Status (live and dead) and DBH of each individuaitezerecordedor the first timewhen
plots were established (in Black Hammock, Gumbo Limbo and Satinleaf ii22@2Lin SS81,
Chekika, Grossman, Irongrape and Vulture Hammock in 280F in NP202 in 2022.

Within each plotthe status (live and dead) of tagged trees and the presence of any tree that had
grown into the >5cm DiBgrowtldl)a sssi n(chee rtehaef t perre vciaolu
recordedIngrowths were identified to species, tagged, dimeir DBH was measured. The density

and species of all tree saplings (stertscin in DBH) within each 5 x 5 m cell were also recorded,
andthe samplings werassigned to one of two DBH size classe8:dm or 35 cm. The density

of woody seedlings (stems < 1 ®emd shrubs (stems > 1 m and < 1 cm DBH) was estimated in
nested circular plots of 1:0? and 3.14m?, respectively, centered on the midpoint of each cell.
Seedlings present within then® (0.57 m radius) plots were counted and identified to species and
assigned to one of three height categorie3Q(13660,and60-100 cm). Shrubs rooted within the

3.14 nt (1 m radius) plots were counted and identified to spdeigd. The total cover of each

shrub species was also estimated using a modified BBEnguet scale based on the following

Six cover categories: Cat <1%; 2: 1-4%; 3: 4-16%; 4: 16-32%;5: 32-66%; & 6: >66% (Sah,

2004). Within the 1 m radius plot, the total cover of all herbaseoacrophytes, which includes
seedlings, shrubs (< 1 m tall), epiphytes, virmsl lianas, was also estimated by species, using
the same cover scale.

Canopy closure was estimated by taking two densiemedings, one facing north and one facing
south, at the midpoint of each c@llemmon, 1956) The densiometer estimates of forest canopy
closure were supplemented with hemispherical canopy photographs. At the midpoint of each cell,
a hemispherical photo of the canopy directly overhead was taken using a Nikon 950 digital camera
with a Nikon FGES8 fisheye lens adapter (NIKON Inc., Melville, NY), placed and level@d1.

above the ground. Leaf area index (LAI) was calculated by procebsimgsphericakcanopy

photos with the Gap Light Analyzer program, GLA ZPBrazer et al., 1999)For each
hemispherical image, we calculated the percent canopy openness amohtheAl i the ratio of

the total onesided leaf area to the projected ground @raaker, 1995)

1.2.2.2 Hydrology

For hardwood hammock plots in each of the study islands, ground elevation data were available
from detailed topographic survey conducted usingutolevel from either a 1st order vertical
control monument (benchmark) or from a reference benchmark established in the marsh, followed
by an estimate of benchmark elevation by differential GPS; in some cases, benchmark elevation
was calculated by relaity water depth at the benchmark to the estimate of water surface elevation
at that location and time from EDHEverglades Depth Estimation NetwofRuiz et al., 2011)

In conjunction with the daily EDEN water surface elevation data (http://sofia.usgs.gov/eden),
elevation of the ground surface within the plots was then calculated.
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1.2.3Data Analysis

1.2.3.1Hydrologic conditions

Mean annualand seasonalvater depth (hereafter called relative water level (RWL), and
discontinuous hydroperiod (the number of days in a year when water is above the ground surface)
were estimated based on ground elevation and the time series data of water surface elevation
(WSE) extracted fronthe EDEN database. Previous studies have found that prairie and marsh
vegetation composition are well predicted by the previoBsy@ars of hydrologic conditions
(Armentano et al., 2006; Zwem@nd Kitchens, 2009)whereas tree island vegetation was found
strongly correlated with-year average hydroperiod and water dgg$pinar et al., 2011; Sah,

2004; Sah et al., 2018Jhus, in this study, we averaged hydroperiod and mean annual RWL for

7 water years (May 1gt April 30th) prior to each sampling event to examine the relationships
between hydrologic parameters and change in vegetation charactehmstilition, we also
calculated longerm @3 years; WY 199/92-2022/24 [the entireperiod for which EDEN datare
availablg) average of mean annual water level to examine the annual deviation of RWL from the
long-term average.

Additionally, we calculatedhean monthlyelative water level (RWL) andssessed the trend over
time by fittingapolynomialmodelof two degreeOther models including cubic spline and natural
spline models weralso fitted to the data, although we chose the polynomial model since it had
the lowest AIC score

1.2.32 Treelayer vegetation dynamics

Tree census data were summarizedvy important indicators of woody vegetation dynamics
annual mean tree mortality aadnualingrowth In addition, tree density and basal area for each
species were calculated and summed to produce totals for each island.

Differential mortality and/oingrowth among species over time can result in changes in species
composition. These changes were analyzed usingmairic multidimensional scaling (NMDS)
ordination. Speciesmportance value (IVvas used as abundance data in the ordinafioze

density and basal area for each species were summed for each plot, relativized as a proportion of
the plot total, and used to calculate Importance Value (V) of species using the following equation:

| V. = 1408 RfV2)(Whé® Renis the species relative density and iR the species relative

basal area. Importance value (IV) data of each species were standardized tenspeorsand

the BrayCurtis (B-C) dissimilarity index was used as a measure of dissimilarity in the ordination.
Relationships between species composition and environmental vectors representing topography
and hydreedaphic characteristicee{ative water levell'|_Ht, soil depthsoil phosphorus and total
organic carbonwere examined.

1.2.3.3 Herb/Shrub layer vegetation dynamics

We characterized changén shrub and herb species composition and examined vegetation
environment relationships using NMDS ordinati§pecies' mean percentage cowas used as
abundance data in the ordinati@mdspecies present in only op®t werediscarded The cover
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values for each species were relativized to plot total cover and theCBrég (B-C) dissimilarity

index was used as a measure of dissimilarity in the ordination. Relationships between species
composition and environmental vectors represenpgpgraply, hydro-edaphiccharacteristics
(relative water depthl|_Ht and soil depthand tree canopy coverarne examined using a vector

fitting procedure incorporated in the computer R package VEG®@Ksanen et al., 22; R Core

Team 203). Ordination axes were rotated so that Axis 1 was aligned wittekiieve water depth

(RWL).

1.2.3.4 Species Rhichness, Evenness and Diversity

For both tree/sapling and herb/shrub layer vegetatitme hardwood hammock plots on the study
islandsplotl evel specdeserschmgess ShpEAnnonds species
were calculated and summarized by island and sampling Wearcalculations were donssing

PG-ORD softwareV.6 (McCuneandMefford 2011)
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1.3Results
1.3.1Hydrologic conditions

Hydrologic condition in tree island hammocks varies depending on the location of tree islands
within the R&S landscape and tree island height above the surrounding marshes. On the eight tree
islands, the annual mean (xSD) relative water level (RWL) eigiteenyears WY 2006/07 to

2023/24) ranged betweerB9.4+ 12.9cm in Chekika and54.9+ 15.1cm in SS81 (Table 1.2).

The mean RWL irChekika, Vulture, and Black Hammock w28.0-34.5cm lower tharthatin

other tree islandmdividually, suggesting that island height., thedifference between average

plot elevation and adjacent marsh ground elevation, of these three islands are higher than other
islands Also, within the hammock plot on each islaritde meanannualRWL was not uniform

due tomicrotopographic variation within the pl&fmong the studied islandsyerage vithin-plot

variation (Coefficient of variation, CV) iannual meamvater level was the highest 8681 (CV

= 44.8%), and the lowest in Chekika (CV =9%).

Table 1.2Annual mean (£SD) relative water level (RWL) averaged @8gears (WY 2006/07 t2023/24)
in the hardwood hammock plots on eight tree islands.

Relative water level (RWL) (cm)
Tree Island Annual Mean Annual Range Within plot variation

(£S.D) (Min -Max) (CV %)
Black Hammock -82.2+ 10.2 -100.5 t0-60.3 -17.8
Chekika -89.4+12.9 -114.2 to-57.7 -2.9
Grossman -62.2+ 15.7 -91.51t0-24.9 -154
Gumbo Limbo -56.6+11.0 -74.0t0-31.4 -11.6
I[rongrape -61.5+ 10.8 -81.7 10-35.2 -6.7
Satinleaf -61.6+ 11.7 -79.0 t0-35.9 -12.1
Heartleaf (SSB1) -54.9+ 15.1 -84.2 t0-15.4 -44.8
Vulture -88.2+13.1 -108.8t0 -58.2 -19.8

In the hammock plots of eight islandee RWL varied annuallgver the last eighteen yeaFor
instance before the beginning of the Incremdftld Test, i.e.,over nine yearbetween WY
2006/07 and WY 204/15,the annual mean RWinh those plotsvasup t029.4cm lower than the
33-year (WY 19922024) average (Figure 1.3xceptions were WY 2012/13 and 2013/14 when
some of islands had mean RWL of £r8 © 9.7 cm higher thathne 33-year averagelheannual
meanRWL did notexceed40 cm(Figure 1.3, whichis approximately the optimum water depth
of major flood-intolerant hammock speci@s the SRStree islands (Armentano et al. 200R).
contrastmean annual water was abov) cm on seven of eight islands for one or more years
betweenWY 2015/16to 2@3/24, i.e., during theeriod ofthe Increment Field Testfollowed by
the full implementation ofhe COP. In fact, during this ningrear periodthe annualmeanRWL
was above th83-year averageé most yearsexcepin WY 2015/16and 2019/20whenthemean
RWL was 2.2 to 13.8 cm below the longerm averageHowever, in2015/16,two islands
(Grossmarand Gumbo Limbg and in2019/2Q the othertwo islands Chekika and S81) had
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mean RWL higher thathe 33-year averagd.ikewise, in2016/17and 2018/19, whemanyof the
islands had high water levelsne island (Chekika) in 2016/Bhdfour islands (Gumbo Limbo,
Satinleaf Irongrapeand Vulture)in WY 2018/19had lower RWL tharthe 33-year average.
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Figure 1.3 Annual mean (£SE) relative water level (RWL) for the period of Water Year 200@023/24

and longterm (WY 1991/922023/24) averagdRWL in the hardwood hammock plots on eight tree islands.
For each hammock plot, RWL was averaged over 12 to 25 5x5mletsh RWL for subplots was
calculated by subtractintge mean elevatioonf eachsubplot fromEDEN water surface elevatiqiwVSE) at

the hammock plot.

Over the eighteen years, i.e., since the regular monitoritigg @ight islands studidmegan inVyY
2006/07, the hydrologic condition in general showed a wetting trend (Rgutel.5), while some

years (e.g., WY 2011/12, 2014/15 and 2019/20) were much drier thag bttag¢er leveton these
islands began increasing in 2015/16, i.e., dfteincrement Field Testhowever, the rate of such
increasewas much higher in thdast four years (2020/22023/24) resulting from water
management operational changes (e.g., full implementation of COP) as well as high rainfall. In
fact, three of those four years had higher rainfall than thetkermg average (see below).

Among these eighteen years, \B023/24 was the wettest yaahen the annual mean RWias
21.9 cm (in Black Hammock) to 39.5 cm (in-8%) higher than the lorgerm averageSince WY
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2006/07, for most yearsone of the hammock plots on these eight islands, excepfi S8ere
inundatedHowever, in WY 2017/18 and 2020/21, the highter level on many of these islands
was observed. In 2017/18, characterized by the extremelyhght er | evel s i n
aftermath, plots on 7 of 8 islan@s! butChekikg were partly inundated for varying periods. One
subplot in Black Hammock and seven splots on Irongrapei.e., 5% and 35% of study plots,
wereinundated for only one or two @& whereas a sytiot (8.3% ofthestudy plot)in SS81 was
inundated up to 184 days. In fact, sevenglabs on Gumbo Limbo and six @atinleaf i.e., 28%
and 24% of study plot, respectivelyerealsoinundated for3-47 days in the same water year.
Moreover, the aforementioned splot in SS81 in NESRS wasundatedor 1 to 336 days in 15
of 18 yeardetweerWY 2006/07 and 20&24, and for more than 100 days since 2015¥diten
water delivery undethe Increment Field Tests began in October 2QASACE, 2020) On this
island, a second subplot was inundated 37-318 daysduring the lastseven(WY 2017/18
2023/24) water yearsMoreover, fiveout of 12subplots i.e., 41.7% of the hardwood hammock
plot on SS81 was inundated for various persoduring the lasfour (2020/21- 2023/24) water
years.
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Figure 1.4 Mean monthlyrelative water level over eighteen years (WY 2006/072023/2024) in the hardwood
hammock plots on four tree islands (Black Hammock, Gumbo Limbo, Satinleaf e8it) S&mpled annually between
2006/07 and 2023/24 he trend line was fittedsing apolynomial model
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Figure 1.5 Mean monthlyrelative water level over eighteen years (WY 2006/072023/2024) in the hardwood
hammock plots on four tree islands (Chekika, Grossman, Irongrap€ulture Hammock) sampled between 2006/07
and 2011/12, and again for three years (2017/18, 2018/19 and 2019/20) after hurricambérirend line was fitted
usinga polynomial model.

In general, the annual mean water level in these hammocks followed the regular dry (low) and wet
season (high) pattern. However, in some yaaeswaterdevel in the hammock plots was much
higher in the dry season tham the wet season due to either an anomaly in weather pattern,
managemeninduced changes in hydrologic regime, or both. For instance, over ti@ lgesrs,

the most remarkableliscrepanciedbetween dry and wetseasonpatternswere in 2011/12
2015/16 202021 and 2021/22when the water leveh the dry seasowas>10 cmhigherthan in

the wet seasom all eight islandgFigure 16). In three (2015/162020/21 and 2021/22) of these

four yearstheRWL wasmuch closer to the ground surfgee40 cm) in Grossman Hammock and
SS81than inother yearsLikewise, annual mean drnand wet season water levels were almost

the same inthe other five years2009/1Q 2014/152017/18 2022/23 and 2023/2Z his pattern
waspossiblycaused by unusually high dry seasamfall followed by the veryow wet season
rainfall in addition toincreased water deliveries inENP duringthe dry seasorn those years,

the discrepancies in dry and wet season water level were more distinct in NESRS and Prairie
islands Figure 16 b, d, g than in SRS island$t was also interesting to note that in both dry and

wet seasons of the most recent year (2023/24), the water level was ¢hesgréaund surface &

40) in five of eight island¢Figure 16), one in eastern marl prairie (Grossman), two in NESRS
(Irongrape and S81) and two in SRS (Gumbo Limbo and Satinleaf).
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Figure 1.6: Seasonal mean (xSE) relative water level (RWL) in the hardwood hammock plots on eight tree
islands For each hammaock plot, RWL was averaged over 12 to 25 5x5ipletsh RWL foreachsubplot

was calculated by subtractiige mean elevation oéachsubplot fromEDEN water surface elevation
(WSE) at the hammock plot.

In South Florida, including the Everglades, winter rainfall is strongly linked to EIl Nifio events. In
WY 2015/16, WY 2020/21, WY 2022/23and WY 2023/24dry seasomainfall washigher than
thehistoricalaverage (Abtew and Ciuca, 2017; Corteal.,2022 Cortez 2024 Cortez and Smith,
2025, resulting in high water conditions throughout Sowlorida, especially the Water
Conservation Area@NCAs). Thatpromped emergency operations to move water to the south,
i.e, into Everglades National Park (ENF)hese unusual emergency deviasialuring the dry
seasons and ¢neased water deliveipto ENPresulting from both MWD Increment Field test
followed by the full implementation dhe Combined Operational Plan (COP) in August 2020
(USACE, ENP and SFWMD2023) havecontributed to the spatial and temporal differences in
waterconditions within the Everglades tree island hammockadihmean annudRW.L in these
islands in SRS and NESRS is hardly in tandem with theaotaual rainfall in that region. For this
analysis, stage recorder P33 located in SRS (Figure 1.2), for whickelongrain data are
available on DBHYDRO (www.sfwmd.gov/scienrdata/dbhydro), was used. Between 2006/07
and2023/24, the correlatiorbetween annual total rainfall at P33 and mean RWL on each of these
eight islands was not significariigure 17; p-value>0.0%, because the hydrologic conditions in
these islands depend in large part on the water delivery from the adjacent WCA 3A and 3B.
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Figure 1.7: Relationship between annual total rainfall at P33 stage recorder and mean annual relative water
level (RWL) in two groups of tree islands: (A) four tree islands sampled annually, and (B) four tree islands
first sampled between 2006/07 and 2010/11, and alyainthreetimes between 2017/18 and23P4.
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1.3.2Tree mortality andngrowth

On tree islandsyee layer vegetation dynamics are a function of tree mortalityngnowth, two
importantmetricsof treelayervegetation dynamics forest ecosystem®verfour years, (WY
2007/08 to 2010/11), when the hardwood hammock on all 16 islands were sheliedarannual
tree mortality on those islands was 3.6%, and both NESRSR&islands had higher mortality
than MP islands (Figure 8). During those years, mean triegrowth was significantly higher
(paired ttest, P <0.001) than mean tree mortalith &erage, the mean tree ingrowth Wa¢
trees ha year! whereas tree mortality was3 trees ha year!. Ingrowth on some islands was
higher also because tiife recoveryrom Hurricane Wilma in 2005.

Between WY 2011/12 and 2016/1¥grdwood hammogkof only four islands (Black Hammock,
Gumbo Limbo, Satinleaf, and S8) were studied and on those islandgoth the mean tree
ingrowth and mortality showeslight variation except orthreeSRS islands in 2014. In general,
annual mean mortality was slightly higher thrapaningrowth On these four islands, the mean
mortality rate wassignificantly different betweeiboth periods, before 2011/12 §3%) and
between 2011/12 and 2016/{the years when islands were sampled before Hurricane Irma)
(3.13%), whereas the meamgrowthdropped fron6.96% year'to 2.78% year'.

After 2016/17, both tremgrowthand mortality on the studied tree islands varied gre@tlysome
islands, tree mortality drastically increased in 2017/18, mostly caused by Hurricane Irma. After
the hurricane in WY 2017/18, we sampled vegetation on four additional tree islands (Chekika,
Grossman, Irongrape and Vulture), all from the same n&tafoi6 islands within ENFPRuiz et

al., 2011) Posthurricanesurveyson these four islands continued for three ydarthe first post

Irma year, the NESRS tree islands, especially Irongi@p&D83 UTM Zonel7: 533651,
2836523)had exceptionally high (> 200%hgrowth, mostly due to regeneratioof papaya
(Carica papaya- an ephemeral semvoody pioneer that recruits profusely from the seedbank but
would disappeafrom the canopy withim couple of yeargSahet al.,2020)

Of the eight tree island$#,ee mortalityon four islandsvas higher in 2017/18 than in previous
years (Figure ). In 2017/18, i.e., within -2 months after Hurricane Irma, increased tree
mortality was observed in Black Hammock, Grossman, Satinleaf a8l .$8nong thesefour
islands, Black Hammock and Satinleaf were severely impactdtebyrricane (Sabt al.,2020).
Oneyear after the hurricanege., in 2018/19,exceptionally high mortality (>25%) was observed
on Irongrapepecausenot only did many Carica papayaindividualsthat had appeareduring
2017/18 diedone fourth of the hardwood treatsodied In the following yea(2019/2Q two
years after Hurricane Irma, while mortality was relatively high on 7 of 8 islands, an increase in
mortality in comparison to prgous yearwas observeanly on 4 islands (Grossman, Gumbo
Limbo, SS81, and Vulture)In the following year$2020/21 2021/22 2022/23and 2023/2%only

four annually monitoredslands werestudied. Duringhoseyeass, high mortality was observed on
two islands Black Hammock,and SS81 (Figure 19). The elevatedate of mortalityobserved on
Black Hammock three yeasdter thehurricane could be due to delayed mortalipwever, on
SS81, downstream of therhile Tamiami Bridge and impacted by hydrologic changes in NESRS
region, tree mortality rates gach of those four years (WY 2020/21 to 2023i&2dje still high,
butslightly lower than in 2019/2QFigures 19, 1.10).
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Figure 1.8: Annual mean (z) tremortality @ andingrowth(b) and on the tree islands monitored in Shark
River Slough (SRSNortheast Shark River Slough (NESR®)d Wet Prairies (WRyYithin the Everglades
National Park between WY 2007/08 a2@2324. The number of tree islands studied varied among years.
Between2012/13and 2016/17andbetween2020/2L and202324, hardwood hammocks were studied on
only four islands (Black Hammock, Gumbo Limbo, Satinleaf an@8S
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Figure 1.9: Postlrma tree damage and annual mean tree mortality (%) on eight tree islands befgre and
to six yearsafter hurricane Irma. On four islands (Chekika, Grossman, Irongrape and Vulturdjmare
tree mortality data were available for only 20104t22011/12 and those islands were sampled only for
three years after hurricane Irma

Whenthe hardwood hammoain SS81 was studied for the first time in 2007/08,garberry
(Celtis laevigatahadbeen a dominant species, constituting 82.7% of allstesas (>5 cm DBH)
present. Even in WY 2019/2020, the proportion of Sugarberry trees was 72.2%. However, two
years later, in 2021/22, the proportion $dgarberry was only36.42%6 of all trees, andhat
proportion droppedurther in2022/23to 23.5% and thenfurther t016.9%the next year. This
indicateshigh mortality of Sugarberryor ingrowths of other species. In fa;m WY 2019/20,
2020/21, 2021/22, 2022/23 and 2023/20@%# mortality rate of Sugarberry was.7%, 20.7%,
34.8% and 26.6%espectively. In those yeatstal ingrowths of all species wes& trees (3.7%),

633 trees (8.2%), 500 trees (26.3%pB33 trees (3.2%) and 500 trees (22.7%)a’ year?,
respectively (Figure 10d). It is remarkable to note that ingrowths in thirge years were mostly

of the exotic species, Brazilian pepp8ckinus terebinthifolla An ingrowth of Brazilian pepper
trees (40% of all ingrowths) was also observed on Gumbo Limbo in both 2021/22 and 2022/23.
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Figure 1.10: Annual mean (z) tree ingrowth and mortality on four tree islands annually monitored within
the Everglades National Park between WY 2007/08 and/202

As reflected by variation in annual mean tree mortality and ingrowth, thetehwortrend of tree

dynamics observed in the hardwood hammocks on four islands, which were studied annually, is

in accorc@ncewith variation in hydrologic condition®8oth the tree mortality and ingrowth were
significantly affected by mean annual RWL annual hydrologic condiffeigsire 111). Mean tree
mortalitywas r el ati vely | ow wasB0 on.bédw)he sutiaeenin cotrase r | e
the mortality was consistenttyi gh ( ©12 %) when t h-40cm)dotthe grouhde v e |
surface. At intermediate water levels (betwegh cm and40 cm), tree mortality varied greatly.

Tree ingrowth showed similarpattern However the high ingrowttobserved on one island was

mainly due to new recruitment of Brazilian pepp®cl{inus terebinthifollg an invasive species
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on an island (S81). In contrastthere wasigh mortalityof the native (once dominantypecies
SugarberryCeltis laevigaty on an islandvhich hadthemean water level abovd0 cm for more
than 180 days for four yeais fact, tree mortality was consistently high and was more severely
affected when the water levelas above-40 cm continuously for three yearatherthan an
individual year (Figure 1.12).
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In concurrence with the trend in tree mortality and ingrowth on four islands that were monitored
in all years, total tree basal area first increased between WY 2007/08 and 266G93;0 € 0.99,

p = 0.058), and then sigicantly decreased over the nextylears betweer?010/11 and 20824

(n =13;r =-0.90, p < 0.006; Figure 113). The lowest value of total BA iWVY 2015/16 was
because only three tree islands were sampled in that year. Black Hammock, which has higher (38%
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of total) BA than the other three islands, was not sampled in 2015/16. On these islands, a sharp
decrease in BA was observed after 2017/18, as the total basal areaslimpoatars was even

lower than in 2006/07 (one year after Hurricane Wilrirajact, mean basal area was significantly
lower in postirma years(WY 2017/181 2023/24) than before the hurrican&/y 2007/081
2016/17) on Black Hammock and Gumbo Limbo. However, basal areas have recovered in
Satinleaf (Figure 14). On the other four islands, which were sampled for three yearstadter
hurricane, the mean basal was higheithree of four islands those year (2017/18 2019/20)
than7-10 years before Irma (i.e., 2007/02010/11)(Figure 1.B), suggesting that those islands
were not affectedhuchby the hurricaneln contrast, oV ulturetreeisland where65-80% trees
weredamaged, the mean basal area in-pasticane years was lower tharl@ years ag@Figure

1.14).
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Figure 1.13: Bar diagranmshowing the trend in tree basal area on four tree islands monitored within the
Everglades National Park between WY 2007/08 and 2022/23). In WY 2015/16, tree basal area was low, as

only three tree islands were sampled.
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Figure 1.14: Bar diagram showing mean (x SD) tree basal area on eight tree islands monitored within the
Everglades National Park before and after hurricane Irma. (a) Four islands were monitored annually since
WY 2007/08, except in WY 2016, when only three islandseveampled. (b) Four other islands were
sampled between WY 2007/08 and 2010{kiéfore Irma), and then again for three years between WY
2017/18 and WY 2019/20.

A preliminary analysis ofhe relationshippetween RWL and BA revealed tharass all islands
and years, basarea was negatively correlated with mean annual uatetsaveraged over 1, 3
and 7 years prior to the sampling ye&aljle 13). However, the relationshipetween basalrea
andmean annual RWL differed among tiskands Mostislandsshowed significant relationships
with hydrologic conditions one year prior to sampling, while only one islandatsghificant
relationship between basal area anged@r average RWL (Table 1.4).

Table 1.3:Relationship between relative water level (RWL) and basal area (BA) on studied islands.

Tree Island N RWL (1-year average) | RWL (3-year average) | RWL (7-year average)
r p-value r p-value r p-value
Black Hammock | 17 -0.654 0.004 -0.702 0.002 -0.469 0.058
Chekika 9 0.856 0.003 0.641 0.063 0.224 0.562
Grossman 9 0.773 0.015 0.261 0.498 -0.016 0.968
Gumbo Limbo 18 -0.495 0.037 -0.695 0.001 -0.420 0.083
Irongrape 8 0.413 0.309 0.554 0.154 0.380 0.353
Satinleaf 18 0.566 0.014 0.193 0.444 -0.108 0.670
Heartleaf (S$81) | 16 0.154 0.569 0.070 0.797 0.015 0.955
Vulture 9 -0.411 0.271 -0.469 0.203 -0.678 0.045
All islands 104 -0.265 0.007 -0.314 0.001 -0.341 0.000
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1.3.3Tree layer vegetation dynamics

1.3.3.1 Species Composition

Among the eight islands, tree layer vegetation composition on Grossman-8adI&8&ted within

the MP landscape and NESRS, respectively, was quite different from the SRS tree islands. A
nonparametric mukdimensional scaling (NMDS) ordination, basedton e e  dmpertances s 6
value (IV) and BC dissimilarity, revealed that tree species composition has changed slightly in
the hammocks of these eight islands (Figuré)l.$uch changes were obvious sir islands
(Black HammockChekika,Gumbo Limbo,lrongrape SS81 and Vulture Hammoagk Of these

six islands, Gumbo LimbaChekika,lrongrapeand SS81 showed a distinct change in pasha
years.The most dramatic change was in Irongrapkeerethe vegetation compositisnn WY
2018/19 and 2019/20 were quite different from the vegetation in other years (Figiré\intng

them, SS81 also had a noticeable change in tree layer compositiorthialast four years i.e.,
between 200/21 and 203/24.

Among the four islands that were sampled annually, including 2023/24, three islands (Black
Hammock, Gumbo Limbo and Satinleaf) did not show much difference in hardwood hammock
tree layer vegetation from the previous three years. However, in those thieeayg@dual shift

in position of SB1 in ordination space towards increasing wetness suggested noticeable changes
in tree species composition driven by hydrologic changes within the area (Figure 1.15).
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Figure 1.15: Scatterplot of NMDS ordination based on tree spebfes eight tree island hammocks
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position only in selected years, WY2002 & 2003 (when three islands were sampled for the first/¥me),
sugarberryC. laevigata (Figure 1.8b). Almost all individuals of this species were dead in 2019,
and its IV decreased from 24.06% in WY 2007/08 2% in 2023/24. On thesdhreeislands,
while there was not much shift in species composition betW¢¥r2010/11 and 2016/17, there
were some changes in composition after Hurricane Irma. After the hurricanespecies,
Brazilian pepper %chinus terebinthifollp an invasive speciesand lancewood Nectandra
coriaceg, a native speciesvereobservedor the first timeon Gumbo Limbo (Figure 16b). In

200771 2011 (when all 8 islands were sampled, ¥hid 20182024 (all the postirma years).
On the tree islands, change in species composition was accompwcieahgs in their relative

abundanceOn Black Hammock, the IV ofjumbo limbo Bursera simarubjpand sugarberry

(Celtis laevigata decreased, whereas ti¢ of white stopper Eugeniaaxillaris) increased
significantly (> = 0.92; pvalue <0.001) from 19.8% in 2002/03 to 37.6% in 2023Rigure

1.16a). Likewise, thelV values of masticSideroxylonfoetidissimurjpon Gumbo Limbaand of

satinleaf Chrysophyllum oliviformeon Satinleaf,almostdoubled inthe twenty-two yearssince
The mostnoticeablechangeon Gumbo Limbo was the decreaseimmportance value (IV)f

they were first sampled in 2001/2008m 7.3% to 13.0%nd 8.9% to 13.7%Figure 1.6 b, c).

severyeargfrom WY2017/18 to 202/24)

respectively.
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A significant shift in species composition in the tree layer was also observedhantimeock of
SS81, which has been monitored annually since WY 2007/08. On this island, the IV of sugarberry
(C. laevigata decreased from 66.3% in 2007/08l& 6% in 2023/24. A sharpdecrease in its IV
occurred after WY 2019/20 (Figurelid). In contrast, IV opond appléAnnona glabra almost
doubled in 13 year®n this island, mothersignificant change imegetatiorcomposition included

the appearance of Brazilian pepper, which was recorded for the first time in WY 2019/20.
Surprisingly, its IV values increased from 3.4%189% in five years, resulting in this species to

be the mostdominant species in trdayer vegetation of this island’he distinctvegetation
composition in recent yearg/Y 201920to 202324) is also reflected in a shift in position of this
island within the ordination space (Figure5).1

Hardwood hammockon the other bur islandgChekika, Grossman, Irongrape and Vultwe)ye
sampled annually until 2011/12, and then in 2017/18, 2018/19 and 2019/20. Among these,
GrossmarHammock hadelatively stableregetation compositignvhereas the other three islands
showeda significant change in species abundariEegire 1.7).
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Figure 1.17: Importance value indeftV) of tree species in hardwood hammocks of four tree islands that
were monitored until 2011/12, and then again in 2017218.8/19 2019/20 ARDESC = Ardisia
escallonioides BURSIM = Bursera simarubaCALPAL = Calyptranthes pallensCARPAP =Carica
papaya CELLAE = Celtis laevigata CHROLI = Chrysophyllum oliviforme CITAUR = Citrus
aurantifolia; COCDIV = Coccoloba diversifolinEUGAXI = Eugenia axillaris FICAUR = Ficus aurea
MYRFLO = Myrsine floridana NECCOR =Nectandra coriaceaSCHTER =Schinus terebinthifoliys
SIDFOE =Sideroxylon foetidissimursIDSAL =Sideroxylon salicifoliumSIMGLA = Simarouba glauca
XXX001 = Unknown speciegnd ZANFAG =Zanthoxylim fagara
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One year after Hurricane Irma, the IV of sugarbe@yléevigatd on Chekika was 1/10of its IV

in WY 2011/12, and the trend continuéal the followingtwo years (2018/19 and®019/20) after

the hurricane (Figure 1718). Similarly, on Vulture, IV osugarberryC. laevigatd was20% less

in postirma years than WY 20112012 (Figure 1.7 d). In contrast, masticS foetidissimujn

and white stopperH. axillaris) increased on these two islands, respectively. Moreover, a major
change was observed in tree layer species on Irongrape where fappstpayd, asemiwoody
ephemeral speciesignificantly increased after Hurricane Irma (Figure71lc) In contrastthe
abundance ddll other major species declined in recent years. For instance, the number of trees of
gumbo limbo B. simarubg and mastic%. foetidissimungharply declined ithepostirma period.

On Vulture Hammock, whil€. papayawas recorded for the first time in 2019/20, after 9 years,
the IV of gumbo limbo B. simarub3 and sugarberryd. laevigatg declined by 33% and 40%,
respectively (Figure 171d). In contrast, the 1V of white stoppét.(axillaris) hasalmostdoubled

in 14 years, fron16.5% in2006/07 ta29.1% in2019/20.

1.3.3.2 Species Richness, Evenness and Diversity

In the hardwood hammocks, tree and sapdipgcies richness and diversity var@ebr the study
period andamong islandsThe mearspecies diversity was relatively highd stableintil 2006/07
(Figure 1.18)However, during that periodpecies richness showed graahualvariation After
2015/16, both th&ree and saplingchness and diversity showed an increasing treladvever, in
the last 5 years (2019/202023/24) the diversity did not show much variation

Hardwood Hammock: Tree and Sapling Layer
(Species Richness, Evenness and Diversity Index)
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Figure 1.18 Species richness (species/plot), evenness, and Shannon species diversity in the tree and sapling
(T&S) layer vegetation in the hardwood hammock averaged over four tree islands (Black Hammock,
Gumbo Limbo, Satinleaf and S8). sampled over 25 yeafg/Y 2001/02i 2023/24)In SS81, sampling

began in 2006/07, and Black Hammock was sampled in WY 2015/16.
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Among the study islands, species richness and diveysitgthe highest in Grossman, located in the eastern
prairies, and lowest in S&L which is inthe NESRS. In Black Hammock, both the richness and diversity
index were very stable over the study pefieidure 1.19a)while in Gumbo Limbo and S81,their values
slightly increased overtime, especially after 2017/b&inly due to invasion by and growth of exotic
species like Brazilian peppeBchinus terebinthifolia In contrast, species diversity declined in Chekika
and Irongrape (Figure 1.20e, g).
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Figure 1.19: Tree and sapling species richness (species/plot) and Shannon species diversity in the hardwood
hammock of four tree islands (Black Hammock, Gumbo Limbo, Satinleaf ar@1)5Sampled firsin
2021/02 (or 2002/03) and then annually since 2005/06. The sampling&h [&Han in WY 2007/08.
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Figure 1.2Q Tree and sapling species richness (species/plot) and Shannon species diversity in the hardwood
hammock of four tree islands (Chekika, Grossman, Irongrape and Vulutre), sampled between WY 2005/06
(or 2006/07) and 2011/12, and then between 2017/18 and22019

33



1.34 Herb and shrub layer vegetation dynamics

1.34.1 Species composition

Like the tree layer, understory species composition on Grossman 8lt&® islands was also
somewhat different from the understory vegetation on other islands (Fi@djeMoreover, the
results of the NMDS ordination revealed that variation in understory species composition within
an island over time was more divergent (Figugljlthan the tree layer species composition on
the same island (Figure B)1 As expected, such a shift in understory composdiomostislands

was noticeable in 2006/07 dond between 2017/18 and 2824, i.e., after hurricane Wilma and
Irma, respectivelyThis is mpssibly due to hurricar@duced changes in canopy cover and light
availability in the understory.
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Figure 1.21: Scatterplot of NMDS ordination based the herb and shrub species covatue foreight
tree island hammocks sampled between Water Year (WY) 2001/02 and 2023/24. Fitted vectors are relative
water level, canopy cover, tree island height and soil depth.

On the islands studiedytal understoryplantcover increased until2 years after Hurricane Wilma
primarily due toan increase in coveof tree seedlingsogether with the increase in canopy
openness antthen started to decrease. In the understory of SRS islands, the tree seedlings of white
stopper Eugenia axillari3 reached high densities (Figure&d). In contrast, the understory on
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Grossman, an island within tinearl prairielandscape, had a high cover of lancewdgectandra
coriaceg seedlings (Figure 22). In fact, the relationship between canopy cover with the

ordination configuration

was highly

significa

affected understory composition in the hardwood hammocks of those islands over time (Table
1.4). Inaddition, the environmental vectors representing relative water level (RWL) and soil depth
were also significantly correlatedth the ordination configuration.

Table 1.4Correlation (r) and statistical significance of fitted environmental vectors with species cover

based aimensional noametric multidimensionakcaling(NMDS) ordination configuration.

Vectors r p-value
Relative water level 0.16 <0.01
Soil depth 055 <0.001
Canopy cover 0.16 <0.01
Tree island height 0.52 <0.001

Total understory covevaried greatly over the yearmainly in response to changes in canopy
coverresultingfrom tropical storms or tree/vine growth. For instance, out of three islands (Black
Hammock, Gumbo Limbo and Satinleaf) that were sampled before and after Hurricane Wilma
understory cover significantly increased in tebthe three poshurricaneyears. Likewise, on
some islandghe understory covavas low before Hurricane Irmafter two postirma years, the
understory decreased in four islari8stinleaf, S$8B1, Irongrape and Vulture Hammock).

A noticeable increase in understory cover in 2019/20 was also observed on Chekika, mostly due
to a 6fold increase in ferrBlechnum serrulatupNephrolepis biserrat, and otherscover (Figure

1.23a). Fern percent cover significantly increased also onativerislands, Gumbo Limbo and
SS81. In contrast, on Gumbo Limbo, the covelRwina humilis the most dominant species in

the understory during pesYilma years on that island, has significantly decreased in recent years.
Mean cover oR. humiliswas &.8% in 2007/08, but1% in 2038/24. Thedrastic drop in its IVI
occurred between WY 2007/08 and 2008/09, i-8 y2ars after hurricane Wilma (Figur@a.b).

In fact, this species was almost absent just before and after hurricane Irma. Thereafter, its IV

greatly varied over the next six years.
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Figure 1.22: Percent cover of herb and shrub species in hardwood hammocks of four tree(Blackls
Hammock, Gumbo Limbo, Satinleaf and-885 sampled in WY2001/02 or 2002/03 for the first time, then
annually between 2005/06 and 2011/12 and between 2017/18 and 2023RBAN = Acrostichum
danaeifolium BIDALB = Bidens alba CAEBON = Caesalpinia bondycCARPAP =Carica papaya
CELLAE = Celtis laevigata CHRICA= Chrysobalanus icacdEUGAXI = Eugenia axillaris NEPEXA=
Nephrolepis exaltata PARFLO= Parietaria floridang PARQUI= Parthenocissus quinquefojia
RIVHUM= Rivina humilis SIDFOE =Sideroxylm foetidissimumTHEINT = Thelypteris interrupta
THEKUN= Thelypteris kunthii

The effects of canopy cover on the understory layer were much more distinct on Irongrape, which
was relatively open 13 years ago. On this island, the total cover of all species in the understory
was >100 %, mostly due tbenumber of white stopper seedlings (Figur23k). But it now has

a dense canopiganopy cover 96.2%jue to both an increase in tree basal area (from 19Bm

1in 2007 to 36.2 rhha' in 2020) as well as an extensive growth of woody climber yellow nicker
bean(Caesalpinia bondyc
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Figure 1.23: Percent cover of hesland shrub species in hardwood hammaocks of four tree igi@hédgika,

Grossman, Irongrape and Vulture Hammock) sampled annually between WY 2005/26 and 2011/12 and

then for three years after Hurricane Irma, between 2017/18 and 20ABRESC=Ardisia escallonioides
BLESER =Blechnum serrulatupnCAEBON=Caesalpinia bondycCARPAP=Carica papayaCELLAE=

Celtis laevigata COCDIV= Coccoloba diversifoliaEUGAXI = Eugenia axillaris MYRFLO = Myrsine
floridana; NECCOR =Nectandra coriaceaNEPBIS =Nephrolepis biserrataNEPEXA= Nephrolepis
exaltatg PSYNER= Psychotria nervosa RIVHUM= Rivina humilis SIDFOE = Sideroxylon
foetidissimumTHEKUN= Thelypteris kunthjiVERVIR= Verbesina virginica

1.34.2 Species Richness, Evenness and Diversity

In thehardwood hammocks dbur tree islands, the herb and shrub lay8:$) vegetation were
also sampled until WY 2011/1&long with tree layer vegetation sampling these plots, H&S
vegetation wasot sampled between 2012/13 and 20161H& sampling resumad 2017/18, 3

months after Hurricane Irmd@he H&S species richness, evenneasd diversity varied greatly
over the sampling periddrigure 1.24)In concurrence with H&S layer species composition, both

thes p e cricheesand diversity showed response to the changes in canopy cover, possibly due

to impact of two hurricang$Vilma and Irm& Themeanspeciesichness first increasddr three
years afterHurricane Wilma, then began to decreasEhe meanH&S species richness was
relatively high during th past seven years (2017118023/24)when the islands have experienced
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relatively wetter conditionsAlthough mean species richness fluctuated annually, baimean
specieevenness andiversitywererelatively stablgFigure 1.24)

Hardwood Hammock: Herb and Shrub Layer
(Species Richness, Evenness and Diversity Index)
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Figure 1.24: Species richness (species/plot), evenness, and Shannon species diversity in the herb and shrub
(H&S) layer vegetation in the hardwood hammock averaged over four tree islands (Black Hammock,
Gumbo Limbo, Satinleaf and S8) sampled over 25 years. During V2901/02 (or 2002/03) sampling,

only the first three islands were sampled. Likewise, during 2015/16, Black Hammock was not sampled.
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1.4 Discussion

In the hardwood hammock portions tife Everglades tree islands that we studied, plant
communities respond to changes in hydrologic conditions and periodic disturbances such as
tropical storms. Our results show that rising water level and periodic fluxes in the hydrologic
regime and tropical stms affect tree demographyee layercompositionand understory (herb

and shrub) composition. However, their effects vary among islands depending on the position of
the islands within the landscape and existing hydrologic conditions.

Hydrologic conditions at the studied tree islands westter during this §ear study period (2019

2024) than previous study yeams allislands, and among those five years, WY 2023/24 was the
wettest year. Ifiact, annual meanvater levels inthesetree islands in WY2023/24 were 21.9 to

39.5 cm above the 3gear (WY 1991/92 2023/24) average (Figure3J..Wh at 60 s nemstande , O
in the NESRS region, which is experiencing increasing weth@s® increased water delivery

into ENP, had the highest RWh thelast 18 years On this island, the mean water level in 2023/24
was within 15.4+£21.6 cm below the ground surf&2% of the vegetation monitoring plot (300

m?) was flooded for >150 dayand 25% of the plot was flooded for >210 days.

During the last five year@0191 2024), highwater leve$ in the studied islands wenmmostly due

to both high rainfall in th&FWMD regionsand increased inflow into ENR three (WY2020/21,
2022/23 and 2023/24) of those five water years (Qiu and Ciuca, 2021; Cortez et al. 2022; Cortez
2023, 2024; Cortez and Smith 202Bpr instance, total annual rainfalvere 1,532 mm (60.3
inches),1,405mm (65.3inches)and1,407 mm (55.4 inchesj.e., 185 mm (7.3 inches), 5&m
(2.11inches)and 49 mm (1.92 inches)orerain than the historic@lO-yearaveragerespectively
(Cortez et al. 2022; Cortez 2024; Cortez and Smith 20@#&wise, the total inflow into ENP was
225%, 162 and 192%of the historical flow averaged ovapproximately 5¢ears.Within the
SRS, the average stage aB®was221.6 cm(7.27 ft), 211.8 cn{6.95 f) and210.6cm (6.91 ft)
which was 35.7 cnfl.17 ft), 26.5cm (0.87 ft) and 25.9 cm (0.85 ft) high¢hanlong-term (70
years: 1952022) average stage, respectiveBy comparison, total inflow into ENP in
WY2019/20 was 20% less th#melong-term average, while in 2021/22, it was only 3% less than
the longterm average inflow (Qiu and Ciuca, 2021; Cortez 2023)

The hydrologic condition in tree island hammocks varies depending on the location of tree islands
within the R&S landscape and tree island height above the surrounding marshes. Based on their
locations, islands in the NESRS area were drier than the westerararal SRS islandgrimarily
because the area has been deprived of watarlforg time due to very limited water delivery into

this region.Thus, the islands in this regiomght be expected to have the lowest water level below
the ground. Howevemwhile our results showed that Chekika had the lowest RWL, not all islands
in NESRS had i RWL compared taslands in other regions. For instance,-&S located
downstream of the-finile Tamiami Bridge, had relatively low water level until 2015, but thereafter
RWL on that island has been consistently high (Figure 43,Q@n that island, the relatively high

water level in recent years is primarily because of water deliveries into ENP under the Increment
Field Tests associated with the Combined OperatiBfan (COP) that took place between 2015
and 2019, followed by its implementation thereaftere the next paragraphDue to an increase

in water deliveries into ENP in recent years, water levels even in Chekika island, also within the
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NESRS region, were higher théme long-term average in every single year since WY 2017/18
(Figure 1.3), and it was more than 20 bigher than the longerm averagsince WY 2020/21,

i.e., the year when operations undlee COP were fully implemented. Moreover, hydrologic
conditions on tree islands are not simply the function of regional marsh hydrélegycould

also be a function of the geomorphological characteristics of tree islands, such as the tree island
height (the difference in elevation betwedime surface of the tree island and the surrounding
marslh). In a study of 76 slough and prairie tree islands within ENP and WCA3B, RWL was
negatively correlatedvith tree island heighfRossand Sah, 2011) Among the eight islands
studied, Chekika and Vulture hélde lowest water levedndhadthe greatest tree island height
(Table 1.1).

Water conditions throughout the Everglades, including ENP, depend on the gradual
implementation of restoration plan components. Under the preferred plan (ALTQ+) identified in
the COP, water delivery into ENP (both northeast and western SRS combasgatpjected to
increase by 25%, resulting in an increase in water delivery into NESRS by approximately 162,000
acrefeet per year on avera@®SACE, 2020) Similarly, during the process of revisions to the
2005 Interim Goals and Targets for CERP, out of four simulations, the 2032PACR simulation
projecedthe flow into NESRS to increase by a total of 528,000-te&t per yea(RECOVER,

2020) In fact,thewater level in NESRS has already been relatively high because of the increased
water delivery due tthe Increment Field Test€ctober 20152019 (USACE, 2020) followed

by the implementation of théOPin August 2020In comparison to the WY 2015/16, when the
Increment Field Tests began, the mean annual water levels ¥22G2e already 36 cm and
45.0cm higreron Chekika island and S&L, respectively.

During the evaluaion of the Interim Goals scenarigRECOVER, 2020; USACE, 2020an
analysis of possible inundation of 36 tree islarfds which elevation data were availaple
concludedthat none of those islandgould be inundated more than 10% thie modeled time

period, and thus may not haaelrastic change in vegetation compositibnanother studythat
usedmodeled water surface elevations for different scenarios described in @SB showed
thatrelative water level on tree islands in Western/Central SRS and N&8&&increase by 5

10 cm and 1820 cm, respectively (Wetzel et al., 201Apwever in the same studyegetation
succession models using the Everglades Landscape Vegetation Succession (ELVeS) showed
minimal or no change in plant community types on those islands (Wetzel et al.,|1BQjef)eral,

while prolonged flooding an devastatdhardwood hammocksr even destroy whole islands
(Patterson & Finck, 199®Brandt et al., 2000Hofmockelet al., 2008 an incremental upward

shift in the RWL oveltime couldalsocause a shift in species composition and productivity of
plant communities onree islands.However, sich agradualshift in vegetation in response to
hydrologic change commontyccursin wetter communities (bayhead and bayhead sw#8gqd)

et al., 2018)A sharp decrease in tree density and basal area ofificmldrant species sugarberry
(Celtis laevigatabetweenNY 2014/15and 2023/24density and basal area by decreased®y
and63%, respectively) and an increase in abundance ofioledant pond appledfinona glabra
observed irthe hardwood hammock of the S8 islandduring the same periogas mostly due

to increased wetness in NESRS. Moreover, there was a dramatic increase in the number of
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Brazilian pepper%chinus terebinthifoligp which was recorded on this island in WY 2019/20 for
the first time.This also increased the species diversity in the hardwood hammock of the island.

For floodintolerant trees,aot-zone flooding causeteleteriouxygen depletion in soils, leading
to root damage, reduced nutrient uptake, stomatal closure, and decreased photosynthesis
(Kozlowski 1997; Jackson & Colmer 2005; Voesenek & Bafeyres 2015)in the hardwood
hammock of Everglades tree islands, water level higherttieoptimal-40 cm for several days
may adversely impact trees on these isladsnéntano et al. 2002In six of eightstudied
hardwood hammockshe annual mean RWL remathbelow-40 cmin most yearssuggesting
that limited increase in marsh hydroperiod or water depth in ENP are unlikely tarfimraediate
significant adverse impact dhe hardwood hammock communities on these islahidsvever,
while on five of eight islandshe mean annual RWL was abov&0 for >180 day=nly in
WY2023/24,in the hammoclplots oftwo islands(Grossmamand SS81), the mean RWL was
above-40 cm for more that80 daysonsistently fothelast four years (2020/22023/29. The
islandSS81 is in NESRSand itshardwoodhammock communityvas oncedominatedby the
shallowrooted, moderately flood tolerastigarberry Celtis laevigata (Kennedy 1990) (Hook
1994) Consistently f[gh annual mortality O 1 2o®4his speciesvhen the mean annualater
level andhreeyear average annuahter leve$ wereabove-40 cm for more than 180 days (Figure
1.12) warrantsspecial attentionThis is important, especially whens autlined in the Central
Everglades Planning Project (CEPP) and Combined Opeabiitan (COP), restoration activities
are expected tdurther increase water deliveries from WCA 3ito ENP through NESRS
(USACE, 2014, 2020)After the implementation of COP in August 208 volume of water
delivered to NESRS across Tamiami Trail in WY2021 and 2022 was 71.0% and 84.6% higher
than the volume delivered in WY2020 (USACE, ENP and SFWMD 2028) such water
deliveries are expected to increase for some y&aesechanges in water deliveries are likely to
affect vegetation composition emost oftheislands inENP, especially wheapproximately 50%
of 58 tree islands in SRS experienaeater leves above-40 cm for >180 day#or the first time

in thelastfive years(Pablo RuiZ personnel communicatipn

In general, hydrology is the major driver of differences in species composition among various
plant communities arranged along topographic gradients within a tree {#lemdntano et al.,

2002; Wetzel, 2002;Ross & Jones, 2004; Sah et al.,, 2018pwever,tree islandhardwood
hammocks rarely get flooded, and the mean annual water table is often 40 cm or more below the
ground surface (Table 2; Figurebll.Here,tree species composition dynamics is probably more

the legacy ofongterm interactios between hydrology and other physical processes, including
recurrent disturbances. On some of these islands, high tree mortality was oliseBréd/ears

after Hurricane Wilma in 2005, and the delayed tree mortality in\pMilsta years was attributed

to the interaction of multiple disturbances, e.g., hurricane and draqighz et al., 2011)
Immediately after Hurricane Irma, we also observed severe damage to the tree layer vegetation on
some of the islands for which we had+{m@a dataTree mortality after the hurricane was higher

than the background mortaljtye., mortality before the hurrican@&ah et al., 2020, 2021, 2022)

In addition, like the trend observed after Hurricadigma (Ruiz et al.,2011), delayed mortality

was observed ofour of eight islands (Grossman, Gumbo Limbo;&Sand Vulture). On S$81,
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tree mortality wagour times higher inthetwo yearsafterthe hurricane compared immediately
aftewards and more thafive times higher than the background mortalipwever, while post

Irma mortality stabilized in other islands, tree mortality on833emained high, though lower
than two years podtma. As a result of tree mortality caused by the hurricane, as well as an
unusual increase ingrowth a shift in vegetation composition was noticed on some of the studied
islands (Figure 15).

In postirma yearsan obvious change in species composition was observed on Gumbo Limbo,
Irongrape and S81. On Gumbo Limbamost of the sugarberrggltis laevigatatrees died, while

on Irongrape and S81, the combination ofn increase in mortality of existing trees and an
ingrowth of other speciesaused the composition chang@n Irongrapewherethe hardwood
hammock was relatively opeand very few hardwood trees were present up to 2010 @Ruailz,
2011) there was an increase in abundance wéturalized form of a cultivated speci€xrica
papaya The change ii€. papayatself may not indicate much about the health of the island, but
how the increased abundance@f papayaaffectedthe germination and growth ¢dfardwood
seeding needs detailed analysi®n SS81, a drastic change in vegetation composiiogeWY
2019/20was primarily due toa decrease in IV othe moderately flooentolerant species,
sugarberryC. laevigatg, andan increase ifiV of pond appleA. glabra) and Brazilian peppeS(
terebinthifolig, possiblydue to increased water levels in NESRS aroanbination of post
hurricane mortality andn increase in water leel

Trees on hardwood hammocks arémarily flood-intolerant species. Water level above or near
the ground surface for longer periods, especially during the dry season, adversely impacts the
survival and growth of those tree sped8toffella et al., 2010)During the 2016 dry seasahge

RWL on the SRS tree islands was higher than thétewet season and was very clpse., in the

root sensitive zon& the ground surfacen two islandsfor a longer period thaduring other

years which might have affected tree growth and increased mortality in subsequent Vars.
discrepancies in lonterm dry and wet season trends in water level were prominent in recent years.
For instance, in all eight islandbe mean dry season RWL was either higher or close to wet season
mean RWLin all fouryears since 2020/21 (Figuresl.In the hammock plots of Grossman and
SS81, the mean dry season RWL was even abd0ecm in those years, while that condition
persistecbn Gumbo Limbo in 2020/21 and 2023/24, and on Satinleaf only during 2028tB#&

study, the RWL estimates are based on aWkertable at the same elevation as in the mamsh

which the EDEN estimates are deriveldwever studies have suggested that the water table under
the tree island can be drawn down further during the dagaseand mounded during the wet
season (Sullivaat al.,2011). Thus, the water level may not be flat throughout the year as assumed,
but this assumption is useful to have an approximate estimate.

Brazilian peppe(Schinusterebinthifolig), an exotic invasive tree species in the Everglades, has
been present in Grossman Hammock since we first studied the island in 2005/06. The presence of
Brazilian pepper in this location is unsurprising, as the island is in a region of wildibad
interface (WUI) in proximity to the eastern boundary of ENP. However, the species was recorded
on Gumbo Limbo and S81 for the first time in 2017/18 and 2019/20, respectively. While
Brazil i al¥in BembeLeanbdvas approximately 3% in WY2023/24 (three anda half
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timeshigher thants IV in 2017/18 the most remarkable change in abundance occurred81SS

where its IV was only 3.4% in 2019/20 but increasethore tharfourteenfold this amounty

2023/24, when is IV was 48.9% The increase in Brazilian pepper abundance of8$53vithin

such a short period is alarming. In fact, different aspects of the recent appearance and expansion
of this species on ENP tree islandeed to becarefully and regularlynonitored. Animals,
including mammal s, dispersers (EWwelet a.,p188R)i Howedver, lBiaiilian
pepper seeds can be dispersethaas 1015 km in fresh or brackish water (Tassin et al., 2007;
Donnelly and Walters 2008). Thus, the water flowing from the north into NE&&Ehave
contributed to the dispersal of Brazilian pepper into this islahe. timely eradication of this

exotic speciess desirable.

Other stug islandsalso experienced relatively high mortality postirma years(Figure 19).
However, those islands together with thirty other SRS islands are not expected to experience
flooding more than 10% of the year in the preferred scenativsed€ombined Operatial Plan

(USACE 2020). Nonetheless, sinsemeislands especially Black Hammock, Chekikand
Irongrape,are in the path of water flow through NESRBe increase in their water levels is
expected to be steeper than in other parts of SRS. The response of NESRS islands therefore
requires care andegular monitoring to establislan effective link between science and
management.

Beside water level and windstorms, fire is another stressor that affects tree island vegetation,
especially when it consumes peat soils and lowers surface elef@brel et al., 2008)On our
studyislands, hardwood hammocks haot burned between 2001 and 20However,a fire in

2008 burned close to the hardwood hammock on Black Hamrafbekting the boundary between
thetreeislandsandthesurrounding marsh (Sadt al.,2018). Thus, the observed dynamics of plant
communities in the hardwood hammocks were primarily the result of hydrologic changes and
impact of tropical stormsot fire

In summarythe hardwood hammock portions of our study islands were rarely flooded and have
not burned for decades. Tree species dynamics of these hammogkmardy the legacy of the
long-term interaction between hydrology and tropical storattbough shorterm responses in

tree demography or understory species composition may result from flooding aneis
tropical storms. In additiortherecent records diigh mortality ofmoderately floogolerant and
flood-intolerant speciedue to increasing water levahdthe possible expansion ah invasive
speciesn ENPon two islandsneed additional attentioifheislands(such asSS81 in NESR$

which are being impacted by increasing water levkls toincremental water delivery into ENP
need special care, including early eradication of exotic species.
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2. Hydrologically driven vegetation dynamics in bayhead and bayhead swamp portions of
tree islands

2.1Introduction

In the Everglades, whetbesloughridgetree island mosaic formsralatively slighttopographic
gradient, plant communities avery sensitive to hydrologic change. This is especially true in tree
islands within the ridge and slough (R&S) landscape. The R&S tree islands are complex and have
different plant communities arranged along topographic, hydrologic and soil nutrient gradients
(Armentano et al., 200Ross & Jones, 200£spinar et al., 2011; Sah et al., 2018) these
landscapesalterationgo hydrologic regimes, together with periodic disturbances (hurricane, fire),
result in changes in species composition that ultimately influence the vegetation successional
processes. For instance, prolonged dry conditjnegipitate theexpansion of sawgrasstin
sloughs Thisis usually followed by the establishment and growth of trees in the peat environment
which drives successional processes towards dominance of woody plants, often in paches (
tree islands)Johnson, 1958; Kolipinski & Higer, 1969; Willard et al., 2Q0Baleoecological
evidence also suggests that establishment and proliferation of woody vegetation in sawgrass
marshes or on ridges occurred during periods of sustained dridlaird et al., 2002, 2006
Bernhardt, 2011 Likewise, the location of boundaries between tree island communities and
surrounding lowstature marsh vegetation also shifted in the past, depending on hydrology,
climate, or fireinduced changes in surface elevat{8tone & Chimura, 2004pr, since the 20th
century, as a result of water managen{@itlard et al., 2006Bernhardt & Willard, 2009)

Substantial changes in hydrologic conditions, whether natural or managechgced, are likely

to cause quantitative and qualitative changes in tree island plant community structure and
composition With extreme and prolonged changtss couldeven lead to complete degradation

of forest structure and extensive change in ecosystem function. For instance, managjaieent
extreme and prolonged high water level caused loss of tree island number and coverage in Water
Conservation AreafPatterson & Finck, 199®Brandt et al., 2000; Sklar & van der Valk, 2002
Hofmockel et al., 2008 In contrast, shorter hydroper®othan during the prdrainage era have
resulted in the continued rapid development and succession of tree islands irdewsklped
forested communities in other regiorsuch as Shark River Slough (SREphnson, 1958;
Kolipinski & Higer, 1969; Willard et al., 2006 owever the number of tree islands > 1 ha within
SRS has decreased4.4%andtheir areal extent has decreasedbyp% Thishas partially been
attributed to fires (Sklar and Dreschel 2013) which were possibly more frequent and intense during
the drier conditions present 19605, 70s and 80sompared to thpre-drainage era.

The climatological records and hydrologic data from the SRS region suggest that the water level
during most of the last decade of the 20th century was well abo8&-trear average. In contrast,

after 2000, both the mean annual rainfall and water level were relatively low for some years (e.g.,
WY2003/04, 2006/07, 2007/08, 2011/12 and 2014/15). A comprehensive analysigetdtion

data collected in 2001/2002, and again in 2011/2012 on three SRS treessiggegdthat there

was little change in vegdtan composition in the head portion thie treeislands whereas in the

tail portion of the islands the relative abundance of fltmérant species declined, while that of
moderately flooetolerant species increased over the study p€B8ati et al., 2018)n contrast to
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the hydrological conditions observed durthg2001-2012 period, the conditions have been wetter
than normal during recent years, especially afit&r201415. For instance, between 2015/16 and
2023/24, the annual mean water level was highertt@aB3-year average in seven of nine years
on most islandéSection 1; Figure 1.3Moreover,the water level ithe pasftour yearg2020/21

T 2023/24)was either as high as even higher tham the mid to late 1990s. Suchsaquential
changen water conditiongwet-dry-wet) over two and half decades has provided an opportunity
to assess the response of SRS tree island vegetattuding those in hydric portions of an island,
to shifts in hydrologicalregime. The question-ifiow resilientarebayhead and bayhead swamp
vegetation communities in tree islands in responsthdseshortterm changes in hydrologic
regime.

This study examines vegetation dynamics over-g&28 period between 2001 and 2024 within
hydric portiors (bayheadBH] and bayhead swamp [BS)f SRS tree islands by i) assessing the
response of species composition and life forms to changes in hydrologic regime over tiirje, and
guantifying changes in relative importance of woody species. We expected that in response to
hydrologic variation from wet to dry and then to wet conditions, both bayhead and bayhead swamp
communities would showharacteristics dbw resistance but high resiliency. Relative abundance

of flood-intolerant or moderately floetblerant woody species increased dutimgl5 yearsafter

2001 when the system was relatively dry, while both communities would shift toavandse

hydric type during the most recent years when water level in the region showed an increasing
trend.

2.2 Methods

2.2.1 Study Area

Tree islands on which bayhead and bayhead swamp communities were periodically sampled
included three islands (Black Hammock, Gumbo Limbo, and Satinleaf) in the Shark River Slough,
and one island (S81) in Northeast Shark River Slough (Figure 2.1}83% located immediately
downstream from the-mile (eastern) bridge on Tamiami Trail and thus is more likely to be
impacted by increased flow from WCAs iniNP. This island, however, does not have distinct
bayhead community, and thus onthe bayhead swampommunity was sampled®n the three
islands within SRS, the bayhead and bayhead swamp plots were sémspladVY 2001/02 or
2002/03 (Table 2.1), and then2011/12 0r2012/13 andagain in2018/19 (Table 2.2). Recently,

only bayhead communities on those islands were sampled in WY 2023/24. In the tail (tall
sawgrass) region of Gumbo Limbo, an additional plot was also established and sampled in WY
2002/03, and then was sampled in VE®03/04, 2012/13 and 2018/19. On 83, a bayhead
swamp plot was establied and sampled for the first time in WY 2012/13. Thereatfter, this plot
was sampled two times, in WY 2018/19 aht 202324.

During this 5year period (WY 208/19 to 2023/24) of the project, bayhead swamp plots were
established and sampled for the first time in 2021/2zmadditional four islandsChekika,
Irongrape, Vultureand NR202 (Table 2.1). Whileepeatedamplings of bayhead and/or bayhead
swampplots on the first four islands help assess the vegetation dynamics over twaohaffd
decades, recently established bayrsempplots ontheother four islands senasabaseline for
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assessing the vegetation dynamics in response to potential hydrologic clSpegdfscally, the
potential changes from operational shifts in watanagemengssociated with restoration efforts.
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Figure 2.1 Location map of tree islands that have permanent plots in bayhead (BH) and/or bayhead swamp
(BS) plots. The plots have been sampled in varying periods between 2001/02 and 2023/24.

2.2.2 Data Collection

2.2.2.1Vegetation sampling

The vegetation sampling in the bayhead and bayhead swamgmplpksyeda nested sampling
design that accousifor all the major vegetation strata (trees & saplings, shrubs, seedlings, and
herbaceous macrophytes) present within the plots. The sampling protocol followed the
methodology described by S&004)and Ruiz et al(2013a) The size of bayhead and bayhead
swamp plots are 400%and 225 M respectively (Table 2.1). The sizetbé sawgrass tail plot

in Gumbo Limbo is the same #matof abayhead swamplot.

Each plot is gridded into 5x5m cells, whose corners are marked by 30 cm long flaglscesed
midpointhaveal nj PVC adtfakkeesd t o the ground. In these
with numbered aluminum tags, and the location of each taggerketagige to the SW corner of

theploti s recorded to the nearest 0. 1m. Further mo

46


https://paperpile.com/c/OxONtF/oqqo/?noauthor=1
https://paperpile.com/c/OxONtF/CVXr/?noauthor=1

(cm) at breast height (DBH), each stem is tagged with a unique ID that allows it to be cross
referenced back to its ‘parent’. DBH of each individivalg treewasfirst recorded when plots
were establishednlthe BH and BS plots of three islands (Black Hammock, Gumbo Limbo and
Satinleaf) and BS plot of S&1, vegetation was fgurveyed in 2011/12 or 2012/13, and again in
2018/19 and 2023/24 (Table 2.2). During subsequent samplings on those islands, #estree ¢
included thamortality status (live andead)and DBHof tagged trees, artle DBH and mortality
status ofany tree that had grown into the >5cm DBH class since the previous fue/eyn
growths) In-growths were identified to species and tagged.

Table 2.1 Location and topographic data (mean, minimum, and maximum) of bayhead (BH), bayhead
swamp (BS) and sawgrass tail plots on eight tree islands.

Established Easting Northing Plot |Mean (+1 S.D. Minimum Maximum
Tree Island Plot Year (WYr) NAD83 NAD83 Size | Plot Elevation | Plot Elevation | Plot Elevation
(UTM_Z17N) [(UTM_Z17N)| (m2) | (m NAVD 88) | (m NAVD 88) | (m NAVD 88)
BH 2002/03 531246 2832598 400 1.572+0.062 1.435 1.729
Black Hammock
BS 2002/03 531053 2832372 225 1.450+ 0.088 1.354 1.828
BH 2002/03 525986 2834724 400 1.499+ 0.084 1.336 1.701
Gumbo Limbo BS 2002/03 525741 2834101 225 1.244+ 0.034 1.186 1.302
Tail 2002/03 525319 2833597 225 na na na
oat BH 2001/02 524454 2837943 400 1.564+ 0.109 1.444 1.827
Satinlea
BS 2001/02 524421 2837834 225 1.456+ 0.074 1.383 1.640
SS81 BS 2012/13 547596 2847668 225 1.60G: 0.029 1.570 1.660
Chekika BS 2021/22 534270 2846908 225 1.56 +0.039 1510 1.630
Irongrape BS 2021/22 533167 2836035 225 1.392 + 0.057 1.310 1.500
Vulture BS 2021/22 528798 2841434 225 1.631 + 0.046 1.560 1.700
NP-202 BS 2021/22 529714 2838546 225 1.527 £0.024 1.490 1.560

Within each 5 x 5 m cell of BH and BS plots, the density and species of all tree saplings {stems 1
5 cm in DBH) was also recorded, and assigned to one of two DBH size cla8sas: dr 35 cm.

At the midpoint of each cell, the density of woody seedlirggsnis < 1 m height) and shrubs
(stems > 1 m and < 1 cm DBH) was estimated using nested circular plots of dnd .14 rfy
respectively. Seedlings present within the 4(@67 m radius) plots were counted and identified

to species and assigned to oné¢hoée height categories-GD, 3660, & 60-100 cm). All shrubs
rooted within the 3.14 A(1 m radius) plots were counted and identified to species. The total cover
of each shrub species was also estimated using a modified-Blauuet scale based on the
following six cover categories: Cat 1: <1%; 24%; 3: 416%; 4: 1632%; 5: 3266%; & 6 >66%

(Sah, 2004)The total cover of all herbaceous macrophytes, which includes seedlings, shrubs (< 1
m tall), epiphytes, vines and lianas, within the 1 m radius plot was similarly estimated by species,
using the same cover scale.
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Table 2.2: Frequency of vegetation sampling in bayhead (BH), bayhead swamp (BS) and/or sawgrass tail
plots on eight tree islands.

Year of Vegetation Sampling (Water Year) Burned Years
Tree Island Plot 20012024
Sampeventl Sampevent2 Sampevent3 Sampevent4 ( - )
BH 2002/03 2012/13 2018/19 2023/24 2006, 2008
Black Hammock
BS 2002/03 2011/12 2018/19 2006, 2009
BH 2002/03 2011/12 2018/19 2023/24 2017
Gumbo Limbo BS 2002/03 2012/13 2018/19 2017
Tall 2002/03; 2003/04 2012/13 2018/19 2017
. BH 2001/02 2011/12 2018/19 2023/24 2017
Satinleaf
BS 2001/02 2011/12 2018/19 2017
SS81 BS 2012/13 2018/19 2023/24 2018
Chekika BS 2021/22
Irongrape BS 2021/22
Vulture BS 2021/22
NP-202 BS 2021/22

2.2.2.2Hydrology

For bayhead and bayhead swamp ptwtsthree SRS tree islands, ground elevation data were
available from a detailed topographic survey conducted @sihgr a autalevel from a  order
vertical control monument (benchmar&) a reference benchmark established in marsh followed
by their elevation estimation by differential GPS or calculating from the EDEN (Everglades Depth
Estimation Network) water surface elevation for that particular locéitaiz et al., 2011)

For the bayhead swamp plot time other five islands (S81, Chekika, Irongrape, NP02 and
Vulture), ground elevation was calculated using fieéded water depth, measured in each 5x5m
subplot,andwat er sur face el evations provided by USG
(EDEN)) for the specific date when water depths were measured. In the BS ploBan \8&er
depths were measuredWiY 201819, while in the BS plotsen theother four islands, water depths
were measured iWY 2021/22. Ground elevation for each quibt was thenestimated by
subtracting the mean water depth from the EDEN water surface elevation on the day it was
sampled. Later, in conjunction with the daily EDEN water surface elevation data
(http://sofia.usgs.gov/eden), those elevation data were used to caloolatiely, seasonal and
annual mean water depths, and discontinuous hydrop@eodhe discontinuous number of days

in a water year (WY: May 1April 30) whenwater level was above the ground surjace

2.2.3 Data Analysis

2.2.3.1Hvydrologic conditions

Mean monthly, seasonal and annual water depths and discontinuous hydroperiod were calculated
using ground elevation and the time series data of water surface elevation extracted from EDEN
database. Previous studies have found that prairie and marsh ieegetahposition are well
predicted by the previous3years of hydrologic conditior{f&rmentano et al., 2006; Ross et al.,
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2006; Zweig & Kitchens, 2009) whereas tree island vegetation was found strongly correlated
with 7-year average hydroperiod and water dépgpinar et al., 2011; Sah, 2004; Sah et al., 2018)
Thus, in this study, we averaged hydroperiod and mean annual water depth fatdr years
(May 1sti April 30th) prior to each sampling event to examine the relationships between
hydrologic parameters and change in vegetation characteristics.

Additionally, we used mean monthly relative water level (RWL) and assessed the trend over time
by fitting a polynomial model of two degrees. Other models including cubic spline and natural
spline models were also fitted to the data, although we choselyreomial model since it had

the lowest AIC score, for models fitted to Black Hammock Bayhead RWL).

2.2.3.2Tree and Saplindpyer vegetation dynamics

Tree census data were summarized by calculating tree density and basal area. Changes in tree
density and basal area together with differential mortality and/grawth among species over

time usually resudtin a shift inspecies compositoand speci es 6 .Cleahgsini ve ab
tree species compositiowere analyzed using nemetric multidimensional scaling (NMDS)
ordination.Theabundance data used in the ordination was spé@uigsttance valustandardized

by species maximunBray-Curtis (B-C) dissimilarity index was used as a measure of dissimilarity

in the ordinationS p e ¢ meodadcevalue (IV)was calculatedisingthee qu at i on: 'V =
((Ra + Roa) / 2), where Ris the species relative density ang R the species relative basal area.

2.2.3.3Shrub and herbayer vegetation dynamics

Shrub and herlayer vegetatiordata were summarized by calculating annual mean percentage
cover of all herb layer species including seedlings, shrubs (< 1 m tall), epiphytes, vines and lianas.
We characterizedthangesin shrub and herb species composition and examined vegetation
environment relationships using NMDS ordinatiokbundance data used in tierb layer
ordination was species’ mean percentage cover. The cover values for each species were
standardized to plot total cover and the B@ytis (B-C) dissimilarity index was used as a
measure of dissimilarity in the ordination. Species present in less than 5% of sites were excluded
from analysis. Relationships between species composition and environmental vectors representing
hydro-edaphic characteriss (water depthand soil depth) were examined using a vefitting
procedure incorporated in the computer R package VEG2danen et al., Z2). Vector fitting

is a form of multiple linear regression that finds the direction along which sample coordinates have
maximum correlation with the fitted vector within the ordination space. Ordination axes were
rotated so that Axis 1 was aligned with thater depth

1.2.3.4 Species Rhichness, Evenness and Diversity

For both tree/sapling and herb/shrub layer vegetation in the hardwood hammock plots on the study
islands, plod e v e | specdeserschggess ShEAnnonds species
were calculated and summarized by island and sampling Mearcalculations were donssing

PCOrd softwaré/.6 (McCuneandMefford 2011)
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2.3 Results

2.3.1 Hydrologic conditions

Hydrologic conditions in the hydric portistof tree islands varied among islarasd within an
island over the yearssmong the three tree islands on whiBH plots were surveyed four times
between WY 2001/02 and/Y 2023/24the BH plot on Black Hammock was drier théime BH
plots on the other two islandsGumbo Limbo and Satinleaivhich had similar hydrologic
conditiors. In theBH plotsof these three islandBlack Hammock, Gumbo Limbo and Satinlgaf
the mean hydroperiods average@rthe 33 yearsfor which EDEN data are availab£991/92 to
202324), were 151, 180 and 182 days,respectively. Likewise, thannual mean (xSD) relative
water leves (RWL) were-6.0+ 2.6 cm,-0.6 £ 5.2 cm and0.2 = 5.4, respectively (Figure 2.2).
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Figure 2.2 33-year (Water Year 1991/92023/24) average and annual mean (£SE) relative water level
(RWL) in bayhead forests on three tree islands (a) Black Hammock, (b) Gumbo Limbo, and (c) Satinleaf.

The BS plots were surveyed on eight islands: multiple times on four islands (Black Hammock,
Gumbo Limbo, Satinleaf and S8) while only one timéwWy 2021/22)on the other four islands
(Chekika, Irongrape, NR02 andVulture). The longterm hydrological data revealed that@ng
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those eight islandshé BS plot was the wettest owulture Hammock.In BS plots on Black
Hammock, SS81, SatinleafGumbo LimboChekika, Irongrape, NR02 and Vulturethe33-year
averagehydroperiod were223, 263 265and320days, and annual mean (xSD) RWL wéré+
3.8cm,7.4+£2.9cm,13.3+t 4.3and24.1+ 1.4, 16.93 £ 3.9,22.6 +5.7,8.4t 4.6 and 25.2 £ 2.4
respectively (Figure 3).
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Figure 2.3: 33-year (Water Year 1991/92023/24) average and annual mean (+SE) relative water level
(RWL) in bayhead swam(BS) plots on four tree islands (a) Black Hammock, (b) Chekika, (c) Gumbo
Limbo, (d) Heartleaf (S81), (e) Irongrape, (f) NR02, (g) Satinleaf, and (h) Vulture.

Over the last three and a half decadkes hiydrologic conditionsn both BH andBS plots also
showeda sequential periodic change from wet to dry to wet peif@d instance,ite hydrologic
condition was much wetter in the ra@@s prior to the first sampling in 2001/p@ompared tahe
following decae@, epeciallybetweenNY 2000/01 andWY 2011/12whenthe annual mean RWL
was lower tharthe 33year averagén all yearsexceptWyY 2003/04 and 2005/0@-igures 2.2,
2.3). In contrast, during theast7-year period (WY2017/18 - 2023/24), themean annuaRWL
was agaimbovethe 33-year average imostyearsin both BH and BS plots on these islands.
However, like in other periodsaviation in annual patterin mean RWL during this period also
differed among islands. For instance, after a surge in watesldwehg 2017/18, primarily due
to hurricane Irmathe meanrRWL decreased in the following year (2018/1®)he BS plots on
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sevenof the eightislands(Figure 2.3) But SS81, located in NESRS, experienced an increase in
RWL mainly due taan increase in amount of water delivery into the Paskiling from a series

of Modified Water Deliveries (MWD) Incremental Field Teft$SACE, 2020)ollowed by the

full implementation of Combined Operational Plan (COP) in 2020 (USACE/SEFMD/ENP 2023).
In fact, among the eight islands on which bayhead swamp plots were studied, thencatéra|
trendin recent yearsvas much steppén both islandsvithin NESRS Chekika and S81 (Figures

25, 26).
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Figure 2.4: Mean monthly relative water level over twetthyee years (WY 2000/012023/2024) in the
bayhead plots on three tree islands (Black Hammock, Gumbo Limbo and Satinleaf) sampled four times
(2001/02, 2011/2012, 2018/19 and 2023f2ween 2001/02 and 2023/24. The trend line was fitted using

a polynomial model.
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Figure 25: Mean monthly relative water level over twetthyee years (WY 2000/012023/2024) in the
bayhead swamp plots threetree islands (Black Hammock, Gumbo Limbo, Satinleaf) santpleg times
between 2001/02 and 2023/22001/02, 2011/2012 or 2012/18nd 2018/19)and SS81, which was
sampled three timdsetween 2001/02 and 2023/€2D13/13, 2018/1%nd 2023/2}4 The trend line was
fitted using a polynomial model.
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Figure 2.6: Mean monthly relative water level over twesthyee years (WY 2000/012023/2024) in the
bayhead swamp plots on four tree islands (Chekika, Irongrap0RRNnd Vulture) sampled once in
2021/22. The trend line was fitted using a polynomial model.
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In generalasin the hard wood hammock plothe annual mean water levelthe hydric portions

of tree islands alsillowed the regular dry (low) and wet season (high) pattern. However, in some
years, the water levein boththe BH andBS plotsweremuch higher in the dry season tharthe

wet season due to either an anomaly in weather pattern, managedusedd changes in
hydrologic regime, or both. For instans@ce these plots were sampled for the first time during
the 20012003 studythe most remarkabldiscrepanciebetween dry and wetseason patterns
werein 2001/02, 2009/1(2011/12, 2015/162017/18, and all four years since 2021/P2iring
these yearghe water level in the dry season veither equal to onigher than in the wet season
in all eight islandgFigure2.7, 2.8. In four years(2015/16, 2020/212021/22 and2023/2024,

this patternvaspossiblycaused by unusually high dry seasamfall followed by verylow wet
seasonrainfall in addition toincreaseddry seasonwater deliveries intoENP. Because of
management effectthe discrepancies in dry and wet season water ileviebse yearsiere more
distinct in NESRS than in SRS islands.
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Figure 2.7: Seasonaimean relative water level (RWL) between Water Year 20020213/24 and in
bayhead forests on three tree islands (a) Black Hammock, (b) Gumbo Limbo, and (c) Satinleaf.

54



Figure 2.8: Seasonal mean (£SE) relative water level (RWL) in the bayhead swamp plots on eight tree
islands. For each bayhead swamp plot, RWL was averaged over 12 to 25 5xplotsuBWL for each
subplot was calculated by subtractitige mean elevation of each subplot from EDEN water surface
elevation (WSE) at the hammaock plot.

There is a time lag between changes in hydrologic conditions and their effects on vegetation
composition. Researchers have shown that tree island vegetation is strongly correlatgabaith 7
average hydroperiod and water def8ah, 2004; Espinar et al., 2011; Sah et al., 2018
periodic fluctuations in hydrologic conditions observed d3@Iyears were also manifested in
hydroperiod and annual mean RWL averaged over seven years before each samplidghdeent.

the number of islands sampled in the bayhead swamp plots varies among sampling events, the 7
year average hydroperiod and water depth were calculated across four islands (Black Hammock,
Gumbo Limbo, Satinleaf and S8 for each sampling event to oepon hydrologic conditions.

In both BH and BS plots, #year average hydroperiod and RWL were significafiiiilxocon
matched pairs tespy < 0.05)lower beforethe 2011/12 samplingventthanbefore the2001/02
2018/19and 2023/24amplingevents Typically, the average-yearhydroperiod wag0-90 days

shorter and RWL wa$8-12 cm lower duringhe 2011/12 sampling thaduring theother two
samplings2001/02 and 2018/1@igures2.9, 2.1Q. Over the study period of 25 years of bayhead
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