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General Background 

The Water Resources Development Act (WRDA) of 2000 authorized the Comprehensive 

Everglades Restoration Plan (CERP) as a framework for modifications and operational changes 

to the Central and Southern Florida Project needed to restore the South Florida ecosystems. 

Provisions within WRDA 2000 provide for specific authorization for an adaptive assessment and 

monitoring program. A CERP Monitoring and Assessment Plan (MAP; RECOVER 2009) has 

been developed as the primary tool to assess the system-wide performance of the CERP by the 

Restoration Coordination and Verification (RECOVER) program. The MAP presents monitoring 

and supporting research needed to measure the responses of the South Florida ecosystem to 

CERP implementation. In the Everglades, marsh vegetation in both marl prairie and ridge and 

slough landscapes is sensitive to large-scale restoration activities associated with the CERP. 

More specifically, changes in hydrologic regimes at both local and landscape scales are likely to 

continue affecting vegetation composition in the transition zone between these two landscapes, 

resulting in a potential shift in boundary between plant communities. To track these dynamics, 

Florida International University (Dr. Michael Ross, PI and Dr. Jay Sah, Co-PI) studied 

vegetation structure and composition in relation to physical and biological processes along the 

marl prairie-slough (MP-S) gradient beginning in 2005. Since the Fall of 2014 (Cooperative 

Agreement # W912HZ-14-2-0023 (2014-2019); W912HZ-19-2-0031 (2019-2024), and Federal 

Award Identification Number (FAIN) W912HZ-24-2-0026 (2024-current), the study has been 

led by Dr. Jay Sah, while Dr. Michael Ross is also actively involved as the Co-PI in the study. 

Vegetation monitoring transects in the Shark Slough basin, funded by US Army Corps of 

Engineers (USACE) under RECOVER-MAP, capture the full range of marl prairie and slough 

plant communities, and address Performance Measure (PM):GE-15 (Landscape PatternïMarl 

Prairie/Slough gradient) by ñdetecting spatiotemporal change in vegetation structure and 

composition in response to natural and restoration-induced hydrologic changes...ò. Monitoring of 

vegetation along the marl prairie/slough gradients addresses a working hypothesis that óSpatial 

patterning and topographic relief of ridges and sloughs are directly related to the volume, timing 

and distribution of sheet flow and related water depth patterns,ô identified in the hypothesis 

cluster ñLandscape Patterns of Ridge and Slough Peatlands and Adjacent Marl Prairies in 

Relation to Sheet Flow, Water Depth Patterns and Eutrophicationò (RECOVER 2009). The study 

also addresses the hypothesis that, óResumption of historical flow and related patterns of 

hydroperiod, water depth, and fire with the implementation of CERP will cause a noticeable 

change in plant community composition and structure along the gradient and in the transition 

zone between marl prairie and peat-dominated ridge and sloughs.ô  

Greater Everglades hypothesis clusters have recently been revised (RECOVER 

Landscape HC 20230615ï unpublished). In the revised version of hypothesis clusters, the 

vegetation monitoring along marl prairie/slough gradients is relevant to the Hypothesis 7, which 

states, ñNon-linear elevation breaks and slopes (topographic contours that do not progress 

smoothly or that exhibit abrupt changes) affect landscape patterning and vegetation 
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communities, as the non-linear elevation breaks and slopes control water movement on the 

landscape and landscape hydrology.ò Since the landscape-scale nonlinearities in elevation are 

likely to occur in each management compartment and are likely to be unique in each 

compartment (Supposition # 1), the composition and distribution of plant communities along 

elevation gradients within a compartment or compartment components (e.g. marl prairie-slough 

gradients), are determined by patterns of hydroperiod, water depth, nutrient dynamics, and fire 

patterns. 

The primary objective of the study is to assess the impact of Everglades restoration 

activities on plant communities along the marl prairie-slough (MP&S) gradient, and to detect any 

shift in position and attributes of boundaries between those communities. The study is conducted 

on six transects, four of which extend across Shark River Slough (SRS) into adjacent marl 

prairies. Shark Slough portions of the four transects overlap transects that were established and 

surveyed under different sponsorships in 1998-2000, providing the prospect of assessing long-

term temporal change in vegetation in those areas. 

The specific objectives of the study are: 

1) To characterize recent vegetation composition along the marl prairie-slough gradient,  

2) To identify boundaries between different vegetation types, and 

3) To assess changes in vegetation structure and composition associated with changes in 

hydrology resulting from CERP restoration projects. 

Initiated in 2005 as an expansion on Shark Slough study transects that had been 

established and surveyed in 1998-2000 with funding from DOIôs Critical Ecosystems Study 

Initiative (CESI), the ongoing study of vegetation monitoring along MP&S gradients under 

CERP RECOVER program is in its sixth sampling cycle. For the first three sampling cycles 

(2005-2008, 2008-2011 and 2011-2014), sites on five transects (M1-M5) were sampled every 

three years. However, with an extension of the existing transect M2 in 2015 (i.e., M2E) and an 

addition of the 6th Transect (M6) in 2019, sites are now sampled every four years. This document 

summarizes results for all five years (Base year and Option Years 1-4) of the current funding 

cycle (2019-2024; CA # W912HZ-19-2-003). The report describes the hydrology patterns and 

vegetation dynamics in both slough and/or marl prairie portions of these transects. For the slough 

portion of four transects (M1-M4), this report summarizes the shift in vegetation composition in 

response to hydrologic changes since 1998-2000 study. Moreover, since the 6th sampling cycle is 

still underway, the trend in vegetation shift on these transects is described for varying periods. 

For instance, the marl prairie portions of Transects M1 and M3 were sampled six times between 

2006 and 2024, and that of M2 (i.e., M2E) were sampled three times between 2015 and 2023. 

Thus, for the marl prairie portions of Transects M1 and M3, vegetation responses to hydrologic 

changes are described for 18 years, while that of M2 are described only for 8 years. 
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1. Introduction  

In the Everglades, plant communities arranged along environmental gradients are 

expressions of ecosystem processes associated with underlying physicochemical drivers that vary 

in space and time. Hence, determining the responses to spatiotemporal changes in key drivers of 

plant assemblages along environmental gradients, and the boundaries between them, is important 

for conservation and ecosystem restoration. The landscape in both Shark River and Taylor 

Slough basins of the Everglades includes long hydroperiod sloughs, flanked by short 

hydroperiod marl prairies. Particularly in the Shark River Slough (SRS) basin, vegetation 

structure and composition change gradually along an elevation and water depth gradient, from 

short-hydroperiod marl prairies to ridge and slough, which are characteristic features of the 

landscape of central SRS (Ross et al. 2003). 

Hydrology is one of the major drivers of species differences between marl prairie and 

ridge-and slough landscapes. Hence, alterations in hydrologic conditions usually cause a shift in 

vegetation structure and composition within each landscape; extreme changes can even lead to 

dominance of hydric vegetation in marl prairie (Nott et al. 1998) or various levels of degradation 

of landforms in the ridge and slough (R&S) landscape (Watts et al. 2010; Larsen et al 2011; Ross 

et al. 2016). In the past century, changes in the amount and flow patterns of water, resulting from 

the construction and operation of a series of canals, levees, and water structures (Light and 

Dineen 1994, McVoy et al. 2011), have altered the proportions of prairie and slough vegetation 

in the region. Furthermore, changes in water management associated with the ongoing 

Comprehensive Everglades Restoration Plan (CERP 2000) and associated projects and/or plans, 

Central Everglades Planning Project (CEPP) and Combined Operations Plan (COP), are likely to 

affect vegetation composition along the marl prairie-slough (MP-S) gradient, especially in the 

transition zone, resulting in a shift in the boundary between marl prairie and slough communities. 

It is therefore important to understand how restoration affects the dynamics of prairie and slough 

landscapes and the boundaries between the two. 

Along the marl prairie-slough (MP&S) gradient, vegetation in the marl prairie portion of 

the gradient is likely to respond to hydrologic changes more rapidly than vegetation in the slough 

portion. Armentano et al. (2006) also argued that the transition from one vegetation type to 

another (e.g., prairie to marsh) in response to hydrology may take place in as little as 3 to 5 

years. However, while vegetation within the ridge and slough landscape can also change in four 

years (Zweig and Kitchens 2008), the transition from marsh to prairie vegetation may take longer 

(Armentano et al. 2006, Sah et al. 2014). In the southern Everglades, recent water management 

efforts have been directed towards ameliorating the adverse effects caused by previous water 

management activities. In this respect, a series of water detention ponds have been brought into 

operation along the eastern boundary of the park to mitigate the wet-season water reversals that 

were prevalent in this region due to the loss of water from the rocky glades to the canal (Van 

Lent et al. 1999). In contrast, strategic regulation of water deliveries through the S-12 structures 

along US 41 has been in place since 2002 to reverse the damage that was caused by the extended 
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wet conditions which resulted from both highwater deliveries and rains in the mid-to-late -1990s. 

These modifications in water management activities, along with those being carried out under 

Central Everglades Planning Project (CEPP), Modified Water Deliveries (MWD) Project, and 

Combined Operations Plan (COP), including construction and operation of Tamiami Bridges, 

have affected and are likely to continue influencing water conditions within ENP (USACE 2014, 

USFWS 2016, USACE 2020, USACE/ENP/SFWMD 2023). As outlined in CEPP and COP, 

restoration activities have increased water deliveries from WCA 3A to ENP through NESRS 

(USACE 2020). Under the preferred plan (ALTQ+) identified in COP, water delivery into ENP 

(both northeast and western SRS combined) was projected to increase by 25%, and the delivery 

into NESRS is projected to increase by approximately 162,000 acre-feet per year on average 

(USACE 2020). In fact, the volume of water delivered to the NESRS region has consistently 

increased since the implementation of Increment Field Tests associated with the Modified Water 

Delivery (MOD) followed by full implementation of COP in 2020 (USACE/ENP/SFWMD 

2023), resulting in an increase in hydroperiod and mean water depth in the region (Sarker et al. 

2020; Nocentini et al. 2024). Changes in water conditions within ENP have begun showing 

effects on vegetation composition (Sah et al. 2024a, 2024b, 2025; Nocentini at al. 2024) and are 

likely to continue affecting vegetation communities in SRS and marl prairies on both sides of the 

slough. 

In 2005, we initiated a long-term study of vegetation dynamics in relation to changes in 

underlying environmental drivers, especially hydrology, along the MP-S gradient. The broader 

goal of the study is to assess the impact of Everglades restoration activities on plant communities 

along the gradient, and to detect any shift in the transition zone between those communities. The 

study is now conducted on six transects (M1 to M6) that extend across SRS into adjacent marl 

prairies. Shark Slough portions of four transects (M1-M4) overlap transects that were established 

and surveyed under different sponsorships in 1998-2000 (hereafter 1999 study), providing the 

prospect of assessing long-term temporal change in vegetation in those areas. 

In the ongoing monitoring study, our specific objectives are, i) to characterize recent 

vegetation composition along the marl prairie-slough gradient, and ii) to assess changes in 

vegetation in both the Shark Slough and marl prairie portions of the transects since 1999 and 

2005, respectively. We hypothesize that variation in vegetation composition along the MP-S 

gradient is mainly driven by hydrology, i.e., duration and depth of flooding. We also hypothesize 

that Shark River Slough vegetation follows a temporal trend in hydrologic regime, and in the last 

twenty-five years has changed in species composition first toward assemblages more indicative 

of dry conditions and then toward wetter types. In addition, in compliance with the contrasting 

water management goals on the east and west peripheries of SRS, we hypothesize that marl 

prairie vegetation follows a spatially differentiated temporal trend in hydrologic regime. More 

specifically, vegetation in the western marl prairies would continue shifting toward a drier type, 

while vegetation in the eastern marl prairies would shift toward a wetter type. 
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2. Methods 

2.1 Study Sites 

This study is part of an ongoing long-term vegetation monitoring program along MP-S 

gradients in the southern Everglades. The study design includes six transects (M1 to M6), 

varying in length from 3.4 km to 35.8 km. Five (M1-M5) of these six transects were established 

in 2005, when systematic survey along MP-S gradient began. Four transects (M1-M4) extend 

across SRS to adjacent short-hydroperiod marl prairie habitat (Figure 1). M1, located in NESRS, 

extends only to the marl prairie east of the slough. M2 originally covered an area restricted to the 

ridge and slough portion of the Shark River Slough (SRS) basin, extending on either side of the 

L-67S canal. But in 2015, this transect was extended further east by 5 km (hereafter, named as 

M2E), thereby covering prairie vegetation along the eastern boundary of the ENP and 

transitional zone between marl prairie in NESRS and R&S landscape in SRS. Both M3 and M4 

transects extend across SRS to marl prairies on both sides of the slough. Transect M5 covers an 

area between fresh and brackish water ecosystems in the southeastern corner of SRS, extending 

to the east into freshwater marl prairies located on both sides of the Main Park Road. Transect 

M6, established in spring 2019, extends from Main Park Road, southwest of Pa-Hay-Okee, to the 

edge of SRS (Figure 1). 

 
 

Figure 1: Location map of Marl prairie-Slough Gradient Study plots on Transects M1-M6  
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Table 1: Sites surveyed on MAP transects M1-M6 between 2005 and 2024. The numbers of sites on each transect 

sampled during the 5-year project performance period (2019-2024) are in bold. 

Transect 
Sampling 

Event 

Sites Surveyed 

Slough sites Prairie sites 

Year 
Number of 

Sites 
Year 

Number of 

Sites 

M1 

E1 2005 20 2006 11 

E2 2008 20 2009 11 

E3 2011 20 2012 11 

E4 2014 20 2015 11 

E5 2018 20 2019 11 

E6 2022 20 2023 10 

M2 & M2E  

E1 2005 25   

E2 2008 26   

E3 2011 25   

E4 2014 25 2015 18 

E5 2018 25 2019 18 

E6 2022 26 2023 18 

M3 

E1 2006 37 2007 72 

E2 2009 37 2010 72 

E3 2012 37 2013 72 

E4 2015 37 2016 71 

E5 2019 37 
2020 38 

2022 27 

E6 2023 38 2024 38 

M4 

E1 2007 55 2008 32 

E2 2010 55 2011 32 

E3 2013 55 2014 32 

E4 2016 50 2017 30 

E5 2020 55 2021 30 

M5 

E1   2008 31 

E2   2011 31 

E3   2014 31 

E4   2018 31 

E5   2022 31 

M6 E5   2019 34 

 

In the most recent 5-year cycle of the project (2019-2024), we completed a vegetation 

survey on all five transects (M1-M5). In both R&S and marl prairie portions of the transects M1 

and M2 and in the slough and eastern marl prairie portions of M3, vegetation was sampled for 

the 6th time.  Likewise, in the western prairie portion of M3 (M3W), and in both the slough and 

prairie portions of M4 and M5, the vegetation was sampled for the 5th time. As in the previous 

surveys, sites in the slough portions of the transects were accessed for sampling in the wet season 

by airboat, and in the marl prairie portions of the transects M1, M2 (i.e., M2E), M3 and M4, and 

all sites on M5 were accessed for sampling in dry season by helicopter. One site (M3-12000) was 



 

 

7 

 

 

the exception. This site, which had previously been accessed by helicopter, was accessed by 

airboat in 2023 due to extended flooding throughout the year. Likewise, one site on Transect M1 

(M1-0300) and two sites on M4 (M4-20500 and M4-22000) were not sampled during this survey 

because the growth of cattail and sawgrass on the sites made the plot almost inaccessible. In fact, 

M1-0300 was also not sampled during the 2018 survey. Moreover, another site (M3-03600) had 

also not been sampled after the third (E3) sampling, because the site had changed to open water 

since the spring of 2016 when the water level was unusually high in the region.  

 

2.2 Vegetation survey 

Vegetation was surveyed in a nested-plot design that allowed for efficient sampling of the 

range of plant growth forms (herbs, shrubs, and trees) present along the transects (Ross et al. 

2005; Sah et al. 2015a). Vegetation plots were sampled at 200-500 m intervals. Higher intensity 

sampling occurred in areas accessible by airboat, based on the contention that increased sampling 

intensity would enable us to make a more meaningful comparison of current vegetation with that 

present on the same transects in 1999 (Ross et al. 2001; Ross et al. 2003). At each survey site, a 

PVC tube or EMT marked the SE corner of a 10x10m tree plot. Nested within each tree plot, a 

5x5m herb/shrub plot was laid out, leaving a 1-m buffer strip along the southern and eastern 

border of the tree plot. In the 10x10m tree plots, we measured the DBH and crown length and 

width of any woody individual Ó 5cm DBH and then calculated species cover assuming 

horizontally flattened elliptical crown form. Within each 5x5m herb/shrub plot, we estimated the 

cover class of each species of shrub (woody stems>1m height and <5cm DBH) and woody vines, 

using the following categories: <1%, 1-4%, 4-16%, 16-33%, 33-66%, and >66%. We estimated 

the cover percent of herb layer species (all herbs, and woody plants <1m height) in five 1-m2 

subplots located at the four corners (NE, NW, SE, and SW) and the center (CN) of the 5x5m 

plot. Species present in the 5x5m plot but not found in any of the 1m2 subplots were assigned a 

mean cover of 0.01%. In addition, to enable estimation of plant biomass, a suite of structural 

parameters was recorded in a 0.25m2 quadrat in the SW corner of each of the five subplots. 

Structural measurements included the following attributes: 1) The height and species of the 

tallest plant in the plot; 2) Canopy height, i.e., the tallest vegetation present within a cylinder of 

~5cm width, measured at 4 points in each 0.25m2 quadrat; 3) Total vegetative cover, in %, and 4) 

Live vegetation percent cover, expressed as a % of total cover. 

 

2.3 Water depth measurements 

In the field whenever there was standing water, we measured water depths in each 

subplot of a site. Field water depths in combination with EDEN (Everglades Depth Estimation 

Network, http://sofia.usgs.gov/eden) water surface elevation data serve as the basis for 

calculation of ground elevation and estimation of hydrologic conditions at each site. Water depth 

was measured at each site along a transect, whether marl prairie or slough. We measured water 

http://sofia.usgs.gov/eden
http://sofia.usgs.gov/eden
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depths at the PVC, the marker of the plot, and in the center of five vegetation sub-plots in a 

5x5m plot. At the marl prairie sites of four transects (M1, M3-M5), water depths were measured 

in the Fall of 2008. Likewise, water depths on Transect M2E were measured in Spring 2016, 

when the water level was unusually high, and the area had up to 30 cm of standing water. On the 

most recently established transect, M6, the water depths were measured in August 2019. 

 

2.5 Data Analysis 

2.5.1 Hydroperiod and annual mean water depth 

We used field water depth-derived elevation and EDEN water surface elevation data to 

estimate the hydrologic conditions at each survey site on an annual basis. We calculated the 

ground elevation of each plot using mean water depth for the plot and EDEN estimates of water 

surface elevation at the plot center during the same survey date. Daily water levels for each plot 

were estimated based on ground elevation and the time series data of water surface elevation 

extracted from EDEN database. The hydroperiod (the number of days per year when a location 

had water depth >0cm) and mean annual water depth were calculated for each plot. We then 

averaged hydroperiod and mean annual water depth for the four water years (May1stïApril 30th) 

prior to each survey to examine vegetation response to hydrologic changes. 

2.5.2 Fire frequency and time since last fire 

A fire geodatabase, covering the period 1948 to 2012 (Smith III et al. 2015), was 

obtained from Everglades National Park (ENP). The shape files for 2013-2024 fires were also 

obtained from the ENP and later added to the geodatabase. The database contains shape files of 

fires with other attributes such as type of fire (Natural, RX, incendiary, etc.), date of incidence, 

etc. The fire data were used to calculate fire frequency and time since the last fire (TSLF) for 

vegetation-monitoring sites on transects M1-M6 using ArcGIS Pro. 

2.5.3 Vegetation classification and ordination 

We summarized species data by calculating the importance value (IV) of each species 

present in the herb and shrub layers in each plot. We calculated speciesô importance value as IV 

= (relative cover + relative frequency)/2. Species that did not occur in any of five subplots but 

occurred within the 5 x 5 m2
 plot were assigned a frequency of species occurrence as 4%. The 

assumption was that, had all 25 1 x 1 m2
 subplots within a plot been surveyed, the species would 

have occurred in at least one subplot. To analyze the changes in speciesô abundance over time, 

major species were identified in each section of the transects by a criterion of mean IV greater 

than 2.0% at slough portions or greater than 4.0% at marl prairie portions. However, for the marl 

prairie sites of the transect M1 and western portion of M5 (i.e., M5W), the species with the mean 

IV greater than 3.5% were considered major species.  

Vegetation types at all sites that were surveyed along the five transects between 2005 and 

2008 had already been defined using a hierarchical agglomerative cluster analysis (Sah et al. 
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2015a). In the analysis, Bray-Curtis dissimilarity was used as the distance measure, and 

relatedness among groups and/or individual sites was calculated with the flexible beta method 

(McCune and Grace 2002). For this study, similar method was used to define the vegetation 

types at the sites surveyed on five transects (M1-M5) during the most recent surveys over last 

four years (2021-2024), when the transects M1, M2 (including M2E) and M3 (Slough and 

eastern prairie) were surveyed for the sixth time (E6), and M3 (western prairie), M4 and M5 

were surveyed for the fifth time (E5). Non-metric multidimensional scaling ordination (NMDS) 

was done to analyze the shift in species composition using trajectory analysis (see below sub-

section 2.5.5). 

2.5.4 Vegetation structure and Biomass estimation 

 For the sites in the marl prairie portion of the gradient, vegetation structural measurements 

were summarized for each plot, and mean canopy height and total vegetative cover were used to 

estimate aboveground plant biomass, using the allometric equation developed by Sah et al. (2007) 

for marl prairie vegetation within CSSS habitat. The equation for calculating biomass was as 

follows: 

ЍὄὭέάὥίίφȢχπψ  ρυȢφπχzÁÒÃÓÉÎÅ 
ὅέὺὩὶ 

ρππ
  πȢπωυz(Ô 

where, Biomass = Total plant biomass (g/m2), Cover = Crown cover (%), and Ht = Mean 

crown height (cm). 

To account for the variability inherent in the repeated measurement of vegetation structural 

variables (vegetation height, total cover, and green cover) and above ground biomass, General 

Linear Mixed Models (GLMM) were used to examine differences in structural variables and 

among survey years. The vegetation cover was square root-transformed and biomass data was log-

transformed to approximate normality. Models were run in R v.4.3.1 (R Core Team, 2023) using 

the lmer function in the ólme4ô package (Bates, 2014). Sites (PlotID) were treated as a random 

variable. We treated sampling event (Sampyear) as a fixed effect to examine the differences in 

cover, height, and biomass among sampling events, which was done in a post hoc test using glht 

function implemented in ómulticompô package. Nevertheless, the nonparametric Wilcoxon Paired 

Test was used to examine the differences in importance values (IV) of major species among survey 

years. 

2.5.5 Vegetation response to hydrology ï Trajectory analysis 

At both marl prairie and slough sites on Transects M1-M5, changes in vegetation 

composition since the 1999 survey were analyzed using trajectory analysis (Minchin et al. 2005; 

Sah et al. 2014), an ordination-based technique designed to test hypotheses about rates and 

directions of community change. In the NMDS ordination performed for trajectory analysis for 

slough sites, we included vegetation data for prairie as well as R&S sites that were collected 

between 1999 and 2024. Prairie sites were included to cover the full range of hydrologic 
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conditions on the transects. In the NMDS ordination, the hydrology vector represented by mean 

annual water depth was defined through a vector fitting technique in DECODA (Kantvilas and 

Minchin 1989; Minchin 1998; Sah et al. 2014). To quantify the degree and rate of change in 

vegetation composition along the reference vector, two statistics, delta (ȹ) and slope, were 

calculated (Minchin et al. 2005). Delta, which measures the total amount of change in the target 

direction, was calculated as the difference between the projected score at the final and initial time 

steps. Slope measures the mean rate of change in community composition in the direction of the 

target vector. The statistical significance of both delta (ȹ) and slope was tested using Monte 

Carlo simulations, with 1,000 permutations of the importance values (IV) of species among 

surveys within each trajectory; the NMDS ordination and calculation of trajectory statistics were 

repeated on each permuted data matrix. 

2.5.6 Weighted averaging and Vegetation-inferred hydroperiod 

Vegetation change analysis in the marl prairie portion of the gradient also included 

calculation of vegetation-inferred hydroperiod, i.e., the hydroperiod for a site indicated from its 

vegetation composition using a weighted averaging (WA) regression model. The training-data 

set with which we developed the WA regression model was the species cover data, instead of IV 

used in trajectory analysis, plus hydroperiod estimates from 291 plots on six topographically 

surveyed transects within the Cape Sable seaside sparrow habitat (Ross et al. 2006). In 

developing the WA models, species cover values were fourth square root transformed, which 

down-weights the influence of very dominant species. Mean hydroperiod was calculated across 

different time periods (i.e., years preceding vegetation survey). The performance of the models 

was judged by the improvement in R2 value and RMSEP (root mean square error of prediction). 

RMSEP was estimated by a leave-one-out (jackknife) cross-validation procedure, in which a 

model is developed from all samples except one and consequently applied to predict the 

hydroperiod of the left-out point based on its vegetation. We used the C2 program (v. 1.7.7) of 

Juggins (2016) to develop the WA model. 

Finally, the WA model was applied to the calibration data set, which included vegetation 

data collected at the marl prairie portions of the Transects M1-M5 during multiple sampling 

periods (E1-E6). The predicted hydroperiods for those sites were termed óvegetation-inferred 

hydroperiodô. A change in vegetation-inferred hydroperiod between successive survey dates 

reflects the amount and direction of change in vegetation, expressed in units of days (0-365) 

along a gradient in hydroperiod. 
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3. Results  

3.1 Hydrologic pattern (1999-2024) 

Hydrologic conditions in Shark River Slough and adjacent marl prairies varied in both 

space and time over the last two and a half decades. In the slough portion of the transects studied 

(M1-M4), both hydroperiod and annual mean water depth averaged over four years prior to each 

vegetation survey varied over the 1999-2023 period. In the four years preceding the 1999 (E0) 

vegetation survey, mean hydroperiod on all four transects were >360 days (Figure 2) and mean 

(± SD) annual water depths were 38.0 ± 6.8, 45.4 ± 7.7, 42.8 ± 10.3 cm and 42.2 ± 5.3 cm on 

transects M1, M2, M3 and M4, respectively (Figure 3). At the slough sites on those transects, 

mean hydroperiod and annual water depth were significantly lower during three subsequent 

surveys (2005-2007 (E1), 2008-2010 (E2) and 2011-2013 (E3)) than the 1999 survey. However, 

during the 2014-2016 (E4) survey that coincided with the beginning of increment in water 

delivery into ENP due to Field Tests associated with the Modified Water Delivery (MOD), 

slough sites were wetter than the E3 survey, and four-year average hydroperiod at the sites on 

M1, M2, M3, and M4 were 317, 337, 340 and 359 days (Figure 2) while annual mean water 

depths were 26, 34, 32 and 38 cm (Figure 3), respectively. 

 

Figure 2: Violin plot showing hydroperiod (days) averaged over four years prior to vegetation survey in the Shark 

River Slough portions of MAP transects M1, M2, M3 and M4. Different letters represent a significant (pairwise t-

test; p < 0.05) difference in 4-year average hydroperiod among surveys on individual transects. 
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At the sites on these transects (M1-M4), the wetting trend observed between E3 and E4, 

continued through E5 (2018-2021), when four-year average hydroperiods were 322, 339, 343 

and 363 days (Figure 2), and annual mean (± SD) water depths were 32.9 ± 6.8, 38.6 ± 6.9, 38.0 

± 10.6 cm and 42.8 ± 5.5 cm, respectively (Figure 3). Nonetheless, both hydroperiod and mean 

annual water depth during the 2018-2021 (E5) survey were still lower than in the late 1990s (E0) 

except for M4, for which mean hydroperiod was only one day shorter and mean water depth 0.6 

cm higher than in the four years prior to the 1999 survey. The wetting trend persisted until the 

most recent survey (E6: 2022-2024) on the transects M1, M2 and M3. On the slough sites of 

these three transects, four-year average hydroperiods were 346, 349 and 350 days (Figure 2), 

and annual mean (± SD) water depths were 45.6 ± 6.6 cm, 41.0 ± 6.9 cm, and 40.7 ± 10.9 cm, 

respectively (Figure 3). During the E6 (2022-2024) survey, the hydroperiod on each of the M1, 

M2 and M3 transects and mean water depth on M2 and M3 were still lower than the hydroperiod 

and water depth in the late 1990s (E0). In contrast, at the sites on M1, which is entirely located in 

the NESRS region, the mean water depth during the E6 survey was 7.6 cm higher than the mean 

water depth during the years prior to the E0 (1999) survey. 

 

 
 

Figure 3: Violin  Plots showing annual mean water depth (WD, cm) averaged over four years prior to vegetation 

survey in the Shark River Slough portions of MAP transects M1, M2, M3 and M4. Different letters represent 

significant (pairwise t-test; p < 0.05) difference in 4-year average water depth among surveys on individual 

transects. 
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Water conditions in the marl prairie portion of transect M1 varied among different 

surveys. Mean hydroperiod, averaged over four years before the 2009 (E2) survey, was 224 ± 30 

days, i.e., 67 days shorter than in the years before 2006 (E1) (Figure 4a). However, the 

hydrological conditions in subsequent years, i.e., after the E2 survey, became wetter, and the 

wetting trend continued until the most recent 2023 (E6) survey, when the mean hydroperiod was 

106 days longer than in the four years before E2. A similar trend was observed on M2E, which 

was surveyed in 2015 for the first time and then two times (2019 and 2023) thereafter. On this 

transect, the mean (±SD) hydroperiod was 339 ± 19 days in 2023, i.e., 45 and 30 days longer 

than the hydroperiod during the 2015 and 2019 surveys, respectively (Figure 4a). 

 

 
Figure 4: Violin Plots showing mean (±95% CI) hydroperiod (a) and annual mean water depth (b) averaged over 

four years prior to vegetation survey in the marl prairie portions of MAP transects M1 and M2 (M2E). Different 

letters represent significant (pairwise t-test; p < 0.05) difference in 4-year average hydroperiod and water depth 

among surveys on individual transects. 
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On the marl prairie portion of Transect M1, the 4-year average annual mean water level 

during the 2023 (E6) survey was 45.7 ± 11 cm, which was higher than all the previous surveys 

(Figure 4b). Likewise, in the years prior to 2023, Transect M2E had an annual mean water depth 

of 46.8 ± 16.1 cm, i.e., 24 cm and 14 cm higher than during the years prior to the 2015 and 2019 

surveys, respectively (Figure 4b). In general, hydroperiod and annual mean water depth are in 

tandem with each other. But on the marl prairie portion of Transect M1, the 4-year average 

annual mean water level was lowest during E3, not during E2 as was observed for hydroperiod 

(Figure 4b). However, both the hydroperiod and the mean annual water level before the 2015 

(E4), 2019 (E5) and 2023 (E6) surveys were higher than E2 and E3. The differences in 

hydrologic conditions between surveys, especially the discrepancy between hydroperiod and 

annual mean water level observed between E1 and E6 as well as between E4 and E6 (Appendix 

1), were due to extreme events. While the prolonged dry period between 2006 and 2008 saw 

water levels dip far below the ground level, in the spring of 2011, i.e., just before the 3rd survey 

(E3), the water level on both M1 and M2E was the lowest in the last two decades (Figures 5, 6).  

 
Figure 5: Mean monthly water depth on the marl prairie portion of the transect M1. The trend line was fitted using a 

polynomial model. 

In the marl prairie portion of both M2E and M1, the wetter conditions during the 2019 

and 2023 survey than in the previous surveys were expected, as these transects are in the NESRS 

region, where water delivery from the WCAs to the Park were enhanced during the 2016 

emergency operations (Abtew and Ciuca, 2017) and winter of 2020/2021 and 2022/2023  (Cortez 

et al. 2022; Cortez 2024). In addition, the water delivery to this region is higher in recent years 

https://paperpile.com/c/OxONtF/XdyJ
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than before the 2015 survey due to the MWD field tests followed by full implementation of COP 

in 2020 (USACE/ENP/SFWMD 2023), resulting in water levels that rarely receded below the 

ground, as shown by mean monthly water level on Transect 1 (Figure 5). In fact, at 9 of 11 sites 

on M1, and 15 of 18 sites on M2E, water level never receded below the ground in two years, WY 

2022 and WY 2023. Also, mean monthly water levels along these transects also revealed an 

increasing trend in recent years (Figures 5, 6).  

 
Figure 6: Mean monthly water depth on the marl prairie portion of transect M2 (M2E). The trend line was fitted 

using a polynomial model. 

The hydrologic conditions on transect M3 are described through E6 (2024) while those 

on M4 and M5 are described only through E5 (2018-2022). Transects M3 and M4 are unique, as 

the hydrologic conditions in the marl prairie portion of these two transects differ between eastern 

and western sections, i.e., the east and west sides of SRS. On transect M3, water conditions were 

wetter in the eastern than western prairies. However, conditions on both sides of the slough were 

much drier during E2 than E1. In contrast, an increasing trend in both the four-year average 

hydroperiod and mean annual water depth was observed during the subsequent surveys (Figures 

7, 8), although in the western portion both parameters decreased between E4 and E5 (Figure 7b).  
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Figure 7: Violin Plots showing mean (±95% CI) hydroperiod (a) and annual mean water depth (b) averaged over 

four years prior to vegetation survey in the marl prairie portions of MAP transect M3, which is separated into east 

(M3E) and west (M3W) based on location of sites on both sides of Shark River Slough. Sites on the eastern portion 

of Transect M3 were surveyed last (E6) in 2024, whereas the sites on western portion of M3 were last (E5) surveyed 

in 2022. Different letters represent significant (pairwise t-test; p < 0.05) difference in 4-year average hydroperiod 

and water depth among surveys on individual sections of the transect. 

The eastern prairie sites of M3 were significantly (Paired T-test; p < 0.001) wetter during 

the most recent survey, 2024 (E6) than during previous surveys. During the E6 survey, the mean 

(±SD) of four-year average hydroperiod was 329 ± 34 days, which was 69 days higher than 

during E5, and 97 days higher than the hydroperiod during E1 (Appendix 1). The four-year 

average water depth during E6 was also 17 cm higher than during E5. Since the western marl 

prairie portion of M3 was not sampled during E6, it is important to compare the hydrologic 

changes between eastern and western marl prairies only until E5, especially when a different 

trend in hydrological changes was observed between the two regions (Figure 8, Appendix 1). 
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Figure 8: Mean monthly water depth on the marl prairie portions of transect M3, separated into east (M3E) and 

west (M3W) based on the location of marl prairie sites on both sides of the Shark River Slough. The trend line was 

fitted using a polynomial model. 

On the eastern marl prairie portion of M3 (i.e., M3E), while the mean ± SD (260 ± 41 

days) four-year average hydroperiod during E5 was the same as during the E4 survey (Figure 

7a), the mean annual water depth was 3.1 cm higher (paired t-test: n = 41, p < 0.001) during the 

2020 survey than during the 2016 survey (Figure 7b). Likewise, the sites on M3E had longer 

hydroperiods and deeper water depths during the four years prior to E5 than that of the E1 

survey. In contrast, the sites on M3W had shorter hydroperiods and shallower water depths 

during the four years prior to E5 than that of all previous surveys, including E4. In 2022 (E5), the 

four-year average hydroperiod in the western prairies of M3 was 191 ± 74 days, while the mean 

annual water depth was -3.6 ± 13.0 cm. It is also important to note that at the western prairie 

(M3W) sites, despite unusually high-water conditions in the spring of 2016 (E4), the four-year 

mean annual water depth associated with the 2016 survey was still significantly lower (paired t-

test: n = 31, p < 0.001) than during the 2007 (E1) survey (Figure 7b). Also, the difference in 

water level between M3E and M3W was very distinct in the dry season, when water levels at 

western sites dropped far below the ground (Figure 8), primarily due to different seasonal 

closure schedules of the S-12s between Nov 15 and July 15. 
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On the transect M4, the hydrologic conditions in the marl prairie portion also differed 

between eastern and western sections (Figure 9). In this region of the marl prairie landscape, the 

Main Park Road affects the hydrologic conditions. In general, sites located southeast of the road 

(M4E_1) were drier than sites in the northwestern portion (M4E_2) of the transect (Figure 10). 

The difference in water level is especially distinct in the dry season, when the water level at 

eastern sites falls far below the surface, while sites between the Main Park Road and the SRS had 

water level higher than water level at the eastern sites, but lower than the sites west of SRS. 

 

Figure 9: Violin Plots showing mean (±95% CI) hydroperiod (a) and annual mean water depth (b) averaged over 

four years prior to vegetation survey in the marl prairie portions of MAP transect M4, separated into east (M4E) and 

west (M4W) based on location of sites on both sides of Shark River Slough. M4E is further separated into M4E_1 

and M4E_2, based on the east and west side of the Main Park Road. Different letters represent significant (pairwise 

t-test; p < 0.05) difference in 4-year average hydroperiod and water depth among surveys on individual transects. 
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On transect M4, in the prairies on both sides of the slough, it was drier during E1 than 

during any other survey. In fact, both the four-year average hydroperiod and mean annual water 

depth showed an increasing trend during the next four surveys. The increase in water depth 

across the five surveys was less in the western prairies (~13 cm) than in the eastern prairies (~20 

cm) (Figure 9b). The four-year average hydroperiod prior to E5 (2021) survey in M4E_1, 

M4E_2 and M4W portions of this transect were 293 (± 11), 335 (± 23) and 323 (± 53) days, 

respectively (Figure 9a). Likewise, the mean annual water depths were 16.4 (± 4.2), 32.3 (± 

10.0) and 30.4 (± 16.6) cm, respectively (Figure 9b). 

 
Figure 10: Mean monthly water depth on the marl prairie portions of transect M4. Transect M4 is separated into 

east (M4E) and west (M4W) based on location of sites on both sides of the Shark River Slough. The eastern marl 

prairie sites are further separated into east (M4E_1) and west (M4E_2) of the Main Park Road. The trend lines were 

fitted using polynomial models. 

On transect M5, both the four-year average hydroperiod and mean annual water depth 

exhibited an increasing trend during the E1 to E5 survey period (Figure 11a, b). However, 

conditions were consistently wetter at sites west of the Main Park Road than at eastern sites 

(Figure 12). Particularly, in the dry season when the water level drops below the ground on 
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both sides of the Main Park Road, the water level in M5W remains about 20 cm higher than the 

water level in M5E. Between 2008 and 2022, the four-year average hydroperiod increased from 

238 to 331 days and from 196 to 309 days on the western (M5W) and eastern (M5E) portions of 

the transect, respectively (Figure 11a). In 2008 (E1), the mean annual water depths were 4.4 (± 

4.0) and -3.1 (± 4.3) cm in the western and eastern portions of the transect, respectively (Figure 

11b). However, the increase in the mean annual water depth between E1 and E5 surveys was 

much higher in the eastern portion of the transect than in the western portion. In 2022 (E5), the 

mean annual water depths were 16.3 (±3.8) and 10.3 (±4.0) cm in the western and eastern 

portions of the transect, respectively. 

 

 
Figure 11: Mean (±95% CI) hydroperiod (a) and annual mean water depth (b) averaged over four years prior to 

vegetation survey in the marl prairie portions of MAP transect M5. The transect M5 is separated into east (M5E) and 

west (M5W) based on location of sites on both sides of the Main Park Road. Different letters represent significant 

(pairwise t-test; p < 0.05) difference in hydroperiod and mean water depth among surveys on individual sections of 

the transect. The transect was last (E5) surveyed in spring 2022. 
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Figure 12: Mean monthly water depth on eastern and western portions of the transect M5. The transect M5 is 

separated into M5E and M5W based on the sites east and west of the Main Park Road. The trend lines were fitted 

using polynomial models. 

 

3.2 Fire frequency and time since last fire 

Historically, sites on the MP-S gradient transects have burned frequently. However, 

between 1990 and 2005, the period that included the E0 vegetation surveys (1998-2000) in SRS, 

there were few fires within the area. Burned plots included only two sites on M2E in 1990, and 

eight sites on M4, where four sites burned in 1999 and four in 2003. After 2005, when vegetation 

monitoring began at regular intervals along marl prairie-slough (MP&S) gradient transects, fire 

frequency seems to have increased. Both prairie and slough sites on four transects (M1, M2, M3 

& M4) frequently burned due to either prescribed burns (Rx), human-caused fire or lightning-

ignited fires (Table 2). Several sites on Transects M4 and M5 and almost all survey sites on 

Transect M6 were burned in 2023, while ten sites on M4 burned in 2024. 
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Table 2: Vegetation survey sites burned over the study period (2005-2023). The fire attributes were obtained from 

the Fire database of Everglades National Park. 

 

Fire Name  Year M1 M2  M2E M3 M4 M5 M6 

Between 1990 and 2005 0 0 2 0 8 0 0 

L67 Rx  2005 0 1 0 0 0 0 0 

Airboat  2006 18 4 6 7 0 0 0 

U Road Rx  2007 0 0 10 0 0 0 0 

Coptic  2007 1 0 0 0 0 0 0 

West L67 WFU  2007 0 1 0 0 0 0 0 

Mustang Corner  2008 11 1 9 44 0 0 0 

Shark Valley Tram Rx  2009 0 0 0 1 0 0 0 

ROG NE Rx  2012 0 12 0 31 0 0 0 

EE 1 Rx  2012 18 13 0 0 0 0 0 

ROG NW Rx  2014 0 0 0 11 0 0 0 

Branch  2015 0 0 0 0 1 0 0 

Dog Wood  2015 0 0 0 2 0 0 0 

ROG West wui  2017 0 0 0 3 0 0 0 

Cane Mill Hammock  2018 0 0 0 0 1 0 0 

ROG NE  2018 0 12 0 24 0 0 0 

Western Pines 2018 0 0 0 0 10 0 0 

ROG East 2019 0 0 0 0 12 0 0 

Guava 2020 0 0 0 0 18 0 0 

MoonFish 2020 0 0 0 7 0 0 0 

Northeast EE-3 Rx 2021 4 0 0 0 0 0 0 

Northeast Corner 2021 0 6 0 0 0 0 0 

Shark Slough 2021 0 1 0 0 0 0 0 

ROG West (Dr311) Rx 2022 0 0 0 0 24 0 0 

EE-1 (DR311) Rx 2022 11 4 0 0 0 0 0 

EE-4 (BIL) Rx 2022 0 1 3 0 0 0 0 

Tarpon Rx 2023 0 0 0 0 22 15 34 

Western Pines Rx 2024 0 0 0 0 10 0 0 

 

The fire-frequency on these transects over the 77 years (1948-2024) for which fire data 

were available from ENP records is summarized in Figure 13. Fire frequency was as high as 

1.25 fires per decade, and northern transects (M1-M3) burned more often than southern ones 

(M4-M6) where fire frequency was as low as 0.1 fires per decade. An exception was the eastern 

portion (east of Main Park Road) of the transect M4, where some sites had fire frequency similar 
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to those on the marl prairie portion of the northern transects.  Of the four transects (M1-M4) that 

include both prairie and slough sites, fire frequency was higher in the marl prairie sites than the 

slough portion of the transects. However, at the marl prairie sites, 1.25 fires/decade (i.e., fire 

return interval of 8 years) is within the range of the recommended strategy of 3ï12-years set by 

the Everglades National Park Fire Management Plan (NPS 2015).  

 

 
 

Figure 13: Fire frequency (number of fires/decade) at the vegetation survey sites on Transect M1-M6. Fire 

frequency was calculated over 77 years (1948-2024) for which the fire shape files were available in Everglades 

National Park Fire database.  

Fire regimes, including fire intensity, frequency, and time since last fire (TSLF), i.e., the 

time elapsed between the burned-year and vegetation survey, are one of the major drivers of 

vegetation dynamics in the Everglades, including the vegetation pattern observed at the survey 

sites on the MP&S gradient transects. A comprehensive analysis of the effects of fire and its 

interaction with hydrology on vegetation composition on all six surveyed transects is underway, 

and the detailed results will be included in the 2025/2026 report, when all transects will have 

been sampled for the 6th time. 
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3.3 Vegetation change 

3.3.1 Vegetation change in Slough (1999-2024) 

The slough sites on three transects (M1-M3) were sampled six times after the 1999 

survey, while those on M4 were sampled only five times. Moreover, over the two and half 

decades, vegetation shift patterns differed among four transects, depending on their location 

along the north-south gradient of SRS. Two transects, M1 and M2, which are in the north, and 

were most recently surveyed in 2022, showed a similar pattern in vegetation shift. Between 1999 

and 2022, marsh vegetation on these two transects showed a shift in relative abundance of 

species that were indicative of sensitivity to hydrologic change. However, the direction and rate 

of vegetation change was not uniform throughout the study. Trajectory analysis results revealed 

that species composition at slough sites of M1 and M2 tracked the trend in hydrologic changes 

and continued to shift towards drier vegetation types until 2011 (E3) (Figures 14, 15). However, 

between 2011 (E3) and 2022 (E6), species composition shifted in the opposite direction, i.e. 

toward wetter vegetation types. In the first three years, i.e., between 2011 and 2014, the shift 

toward wetter vegetation was nominal, especially on Transect M1. However, on both transects, 

the change in vegetation composition was very distinct between 2014 (E4) and 2022 (E6), the 

period marked by an increase in both hydroperiod and mean annual water depth (Figures 2, 3).  

 
Figure 14: NMDS ordination biplots of the trajectory of centroids, calculated using the Axis scores of sites on 

slough portions of the Transect M1, and the community characteristics/environmental vectors fitted in the ordination 

space. The ordination is based on species abundance data collected seven times between 1999 and 2022 on this 

transect. The initial point of the trajectory represents 1999, whereas the end point of the trajectory is 2022. 
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Figure 15: NMDS ordination biplots of the trajectory of centroids, calculated using the Axis scores of sites on 

slough portions of the Transect M2, and the community characteristics/environmental vectors fitted in the ordination 

space. The ordination is based on species abundance data collected seven times between 2000 and 2022 on this 

transect. The initial point of the trajectory represents 2000, whereas the end point of the trajectory is 2022. 

Moreover, the results revealed that over 23 years, between 1999 and 2022, only a few 

sites were significantly displaced away from the base year along the hydrologic vectors in the 

ordination space (Appendix 2), resulting in proximity of centroids for both 1999 and 2022 

surveyed years in the ordination space (Figure 14, 15). This suggests that at most sites on those 

two transects, species composition in 2022 was very similar to the composition during the 1999 

survey. 

On these two transects, vegetation change patterns are also reflected in changes in 

importance values (IV) of major species (Mean IV > 2.0%) over the study period. As expected, 

the IV of sawgrass (Cladium jamaicense) increased when the sites were getting drier but then 

decreased after the E3 (2011) survey (Figure 16a, 17a; Appendix 3a). There was no significant 
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difference (Wilcoxon Paired Test: p-value = 0.733 & 0.463 for M1 & M2, respectively) in 

sawgrass importance values between E0 (1999) and E6 (2022) surveys. On transect M1, the 

mean sawgrass importance values were 33.1% and 34.7% during the E0 (1999) and E6 (2022) 

surveys, while on M2, the sawgrass IV were 37.2% and 35.2%, respectively, during those two 

surveys. Likewise, during the E0 (1999) and E6 (2022) surveys, the mean importance values 

(IV) of spikerush (Eleocharis cellulosa) were 11.8% and 16.7% on M1, while that were 15.9% 

and 15.3% on M2, respectively. In contrast, Importance Value (IV) of Utricularia species on 

both M1 and M2, and IV of maidencane (Panicum hemitomon) on M2, were the lowest during 

E2 and/or E3 surveys (Figure 16c, d; 17c, d, e), when the slough portion of those transects was 

relatively dry (Figures 2, 3). However, IV of these species significantly (Wilcoxon Paired Test: 

p-value <0.05) increased between the E3 (2012) and E6 (2022) surveys. Also, the mean 

importance value of lemon bacopa (Bacopa caroliniana), an indicator species of wetness, on 

Transect M1 was higher during the E6 survey than it was two decades ago. 

 

Figure 16: Violin plots of major species' importance value (IV) in the slough portion of Transect M1 for the 1999 

survey and all six surveys (E1-E6) done between 2005 and 2022. Different letters represent significant (Wilcoxon 

test; p < 0.05) differences in species cover between different surveys. 



 

 

27 

 

 

 

Figure 17: Violin plots of major species' importance value (IV) in the slough portion of Transect M2 for the 2000 

survey and all six surveys (E1-E6) done between 2005 and 2022. Different letters represent significant (Wilcoxon 

pairwise t-test; p < 0.05) differences in species cover between different surveys. 

In the slough portion of transect M3 in central SRS, the direction of plant compositional 

change was towards drier vegetation through E2 (2009) (Figure 18). While between 2009 and 

2015 the slough sites on this transect were tracking the fluctuations in water conditions, after 

2015, the shift in vegetation composition was towards the wetter type, and the magnitude of 

changes between 2019 and 2023 was much higher than the change between 2015 and 2019. 

However, trajectory analysis results revealed that among the sites that were sampled once in the 

late 1990s and six times between 2006 and 2023, vegetation composition at 82% of sites was 

still drier in 2023 than in 1999, though the shift in the ordination space towards the drier type 

was significant at only 29% of sites (Appendix 2). In contrast, the shift in vegetation 
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composition at 18% of sites was towards the wetter type, of which the shift was significant at 

20% of sites. 

 

Figure 18: NMDS ordination biplots of the trajectory of centroids, calculated using the Axis scores of sites on 

slough portions of the Transect M3, and the community characteristics/environmental vectors fitted in the ordination 

space. The ordination is based on species abundance data collected seven times between 1999 and 2023 on this 

transect. The initial point of the trajectory represents 1999 whereas the end point of the trajectory is 2023. 

In concurrence with changes in hydrologic condition within central SRS, where the 

transect M3 is located, the relative abundance of major species (Mean IV > 2.0%) on its slough 

sites changed significantly over the study period. Mean IV of sawgrass (C. jamaicense) and 

spikerush (E. cellulosa) increased significantly from that in E0 (1999) over the next five 

sampling events, i.e., until E5 (2019) when the area was relatively dry (Figures 19a; Figures 2, 

3). However, the IV of both species significantly decreased between E5 (2019) and E6 (2023), 

and their IVs in E6 were not significantly different (Wilcoxon Paired Test: p-value = 0.264 & 

0.065) from the values in E0 (1999). During the 1999 and 2023 surveys, the mean IV of 
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sawgrass were 27.8% and 32.8% and that of spikerush were 10.19% and 13.88%, respectively 

(Appendix 3b). In contrast with the trend observed for sawgrass and spikerush, the mean IV of 

bladderwort species (Utricularia spp.) decreased significantly between E0 and E4, but not 

between E0 and E3. While the IV of both U. purpurea and U. foliosa later increased after E4, the 

IV values of both species during the E6 (2023) survey were still lower than the values during E0, 

although IV of U. foliosa during E6 was not significantly different from the IV during E0. 

 
Figure 19: Violin plots of major species' importance value (IV) in the slough portion of Transect M3 for the 1999 

survey and all six surveys (E1-E6) done between 2006 and 2023. Different letters represent significant (Wilcoxon 

test; p < 0.05) differences in species cover between different surveys. 

In the slough portion of the transect M4 located in south central SRS, the direction of 

plant compositional change was towards drier vegetation until E1 (2007) (Figure 20). However, 

during the subsequent 2010 survey (E2), M4 vegetation trajectory reversed as slough sites shifted 

towards more hydric type, staying the same during the 2013 (E3) survey and showing minimal 

change towards a drier type after that (Figure 20). Trajectory analysis results also revealed that 
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among the sites that were sampled once in the late 1990s and five times between 2007 and 2020, 

vegetation composition at 77.8% of sites in 2020 was still drier than in 1999, however such 

differences in vegetation over 13 years, as represented by the shift in position of the sites in 

ordination space, was significant at only 41.7% of sites (Appendix 2). 

 

Figure 20: NMDS ordination biplots of the trajectory of centroids, calculated using the Axis scores of sites on 

slough portions of the Transect M4, and the community characteristics/environmental vectors fitted in the ordination 

space. The ordination is based on species abundance data collected seven times between 1999 and 2020 on this 

transect. The initial point of the trajectory represents 1999, whereas the end point of the trajectory is 2020. 

 

 In concurrence with changes in hydrologic condition within south central SRS, where the 

slough portion of M4 is also located, the relative abundance (IV) of some of the most abundant 

species (Mean IV > 2.0%) changed significantly (Figure 21). The drier conditions during E1-E4 

(2007-2017) compared to E0 (1999) resulted in an increase in the relative abundance of sawgrass 

(C. jamaicense) and spikerush (E. cellulosa) and a decrease in the abundance of bladderworts 

(Utricularia spp.) and lemon bacopa (B. caroliniana). In this portion of slough, the IV of 
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sawgrass did not differ between E4 (2016) and E5 (2020) surveys, whereas IV of sawgrass 

during these two surveys was significantly higher than in three (E0, E2 and E3) of the previous 

four surveys (Figure 21a; Appendix 3b). In contrast, the mean IV of spikerush during E5 

(2020) decreased by 5.3% since the last survey in 2016 (IV value: 18.9 ± 17.0 and 24.2 ± 19.5, 

respectively), though the difference was not significant between E5 and all previous surveys. The 

IV of the bladderwort species (U. purpurea) varied greatly over the study period (Figure 21c). 

Between E4 and E5 surveys, while IV of U. purpurea significantly increased, the IV of U. 

foliosa decreased, a trend also observed for the IV of lemon bacopa (B. caroliniana) (Figure 

21d, e).  

 

 
Figure 21: Violin plots of major species' importance value (IV) in the slough portion of Transect M4 for the 1999 

survey and all five surveys (E1-E5) done between 2007 and 2020. Different letters represent significant (pairwise t-

test; p < 0.05) differences in species cover between different surveys. 
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 Across the slough sites in all four transects which cross through shark river slough (M1, 

M2, M3 and M4), the mean importance values of sawgrass and spikerush were the lowest during 

the 1999 survey, when the sites were much wetter (hydroperiod >360 days), and the mean water 

depth at three of four transects (except M1) was higher than the most recent survey (E5 or E6). 

While their mean importance values during the next five surveys (E1-E5) were significantly 

higher than that during the E0 due to drier conditions in comparison to the late 1990s, there was 

no significant difference in their IV between E0 and E6 (Figure 22a, b). In contrast, the IV of 

eastern purple bladderwort, Utricularia purpurea, was significantly lower in all surveys, 

including even E6, than its IV in 1999 (Figure 22c). The IV of other major hydric species (U. 

purpurea, B. caroliniana and Maidencane, Panicum hemitomon) varied over the years, but the 

values were not significantly different among seven surveys between 1999 and 2023 (Figure 22, 

d, e, f). 

 
Figure 22: Violin plots of major species' importance value (IV) in the slough portion of transects, averaged across 

all four (M1-M4) transects for each survey. After the 1999 survey, the sites in the slough portion of M1 and M2 

were last surveyed for the sixth time in 2022 and that of M3 in 2023, while sites on M4 were surveyed for the fifth 

time in 2020.  Different letters represent significant (Wilcoxon test; p < 0.05) differences in species cover between 

different surveys. 
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3.3.2 Vegetation change in Marl Prairie (2006-2024) 

Transect M1 and M2E 

On Transect M1, where marl prairie sites were surveyed six times between 2006 and 

2023, the vegetation change pattern differed between the periods before and after 2015, i.e., 

when the enhancement in water delivery into ENP kicked off under the recent restoration efforts 

(Figure 23). Before 2015, while species composition shifted towards a drier type, as evidenced 

by the threefold increase in the abundance of muhly grass (Muhlenbergia capillaris) and 62% 

decrease in the abundance of Lemon bacopa (B. caroliniana) (Appendix 4a).  

 

Figure 23: NMDS ordination biplots of the trajectory of centroids, calculated using the Axis scores of sites on marl 

prairie portions of the transects M1, and the community characteristics/environmental vectors fitted in the ordination 

space. The ordination is based on species abundance data collected 6 times between 2006 and 2023 on Transect M1. 

The initial and end points of the trajectory represent 2006 and 2023, respectively. 

After 2015, vegetation composition shifted towards a wetter type, and such a shift 

continued until the most recent survey in 2023 (Figure 23), when marl prairie sites on transect 

M1 were much wetter than during the E1 (2006) survey (Figure 4; Appendix 1a). A similar 
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pattern, i.e., a shift in vegetation composition towards the wetter type, was also observed on 

M2E, which was surveyed in 2015 for the first time (Figure 24), primarily responding to an 

increase in mean hydroperiod and water depth since 2015 (Figure 4a, b).   

 

Figure 24: NMDS ordination biplots of the trajectory of centroids, calculated using the Axis scores on marl prairie 

portions of the transects M2E, and the community characteristics/environmental vectors fitted in the ordination 

space. The ordination is based on species abundance data collected 3 times between 2015 and 2023 on Transect M1. 

The initial and end points of the trajectory represent 2015 and 2023, respectively. 

The wetter condition of marl prairie sites on M1 and M2E in 2023 than in 2006 and 2015, 

respectively, were also evident in an increase in vegetation-inferred hydroperiod (Figures 25, 

26). In the marl prairie portion of M1, the mean vegetation-inferred hydroperiod was 45 days 

longer in 2023 than in 2006. However, the pattern of change in inferred-hydroperiod differed 

between before and after 2015. In fact, the mean inferred hydroperiod was the lowest during the 

E4 (2015) survey (Sah et al. 2020). However, after 2015, the mean inferred-hydroperiod showed 

an increasing trend, resulting in the inferred hydroperiod at most sites in 2023 higher than the 

inferred hydroperiod during E1 (2006) (Appendix 5). During the E6 (2023) survey, the inferred 

hydroperiod values on M1 and M2E were 70 days and 40 days higher than the values during the 

E4 (2015) survey (Figure 26 a, b). The same pattern is observed between the last two surveys 

E5 (2019) and E6 (2023) (Figure 26 c, d).  
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Figure 25: Change in vegetation-inferred hydroperiod between E1 (2006) and E6 (2023) at the vegetation 

monitoring sites in prairie portions of the Transect M1. 

 

Figure 26: Change in vegetation-inferred hydroperiod between (a) E4 (2015) and E6 (2023) and (c) E5 (2019) and 

E6 (2023) at the vegetation monitoring sites in prairie portions of the Transect M1 and between (b) E4 (2015) and 

E6 (2023) and (d) E5 (2019) and E6 (2023) for M2E. 
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In concurrence with the changes in hydrologic conditions in the prairie portion of the M1 

transect, the abundance of representatives of both prairie and hydric major species (Mean IV > 

3.5%) also changed over time. However, the pattern of change in abundance of those species 

differed between the first few surveys and the most recent surveys, especially after 2015. For 

instance, between 2006 and 2012, the mean importance value (IV) of sawgrass (C. jamaicense) 

and panic grass (Coleataenia tenera) did not change much (Appendix 4a), while the IV of those 

species slightly decreased in recent years (Figure 27a, e). Likewise, a significant decrease 

(Wilcoxon Paired Test: p = 0.008) in IV of beakrush (Rhynchospora tracyi) between E5 and E6, 

and in IV of muhly grass (M. capillaris) between E4 and E6 are in tandem with the wetting trend 

observed in recent years. The mean IV of muhly grass and spadeleaf (Centella asiatica) had 

peaked at 7.9% and 4.6%, respectively, during the E4 (2015) survey but both species did not 

occur during the 2023 survey at any of M1 prairie sites (Appendix 4a). In contrast, the mean IV 

of spikerush (E. cellulosa and Utricularia purpurea), both indicator species of wetness in marl 

prairies, significantly increased (Wilcoxon Paired Test: p = 0.005) between E4 (2015) and E6 

(2023). 

 

Figure 27: Violin plots of major species' importance value (IV) in the marl prairie portions of Transect M1 averaged 

across sites for the first (E1) and sixth (E6) survey. 
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On Transect M2E, the sites have become increasingly wetter since 2015 (Figure 4) but 

the mean importance values of two major species (Mean IV > 4.0%), sawgrass (C. jamaicense) 

and spikerush (E. cellulosa), did not change much (Wilcoxon Paired Test: p = 0.0.38 and 0.35, 

respectively) (Figure 28). However, the mean IV of purple bladderwort (U. purpurea), an 

indicator species of wetness along prairie-marsh gradients, significantly increased (Wilcoxon 

Paired Test: p < 0.001) from 0% in 2015 to 16.6% in 2023. In contrast, the mean IV of muhly 

grass, not a major species on the transect M2E (mean IV <4.0%), decreased from 3.6% in 2015 

to 0.4% in 2023 (Appendix 4a). The changes in IV of the other two major species, lemon bacopa 

(B. caroliniana) and beakrush (R. tracyi) were not significant. 

 

 
 

Figure 28: Violin plots of major species' importance value (IV) in the marl prairie portions of Transect M2 (M2E) 

averaged across sites for the fourth (E4), fifth (E5) and sixth (E6) surveys. 

 

 

Transect M3 

On the transect M3, where marl prairie sites on both sides of SRS were surveyed four 

times (E1-E4) between 2007 and 2016 and each time in the same year, the vegetation change 

pattern differed between eastern and western prairies (Figure 29). During that period, while 
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species composition in western prairies shifted towards a drier type, as evidenced by the 90% 

increase in the abundance of bluestem (Schizachyrium rhizomatum) and decrease in the 

abundance of beakrush (R. tracyii) by the same magnitude (Appendix 4b), the direction of 

change in vegetation composition in the eastern prairie sites showed a mixed pattern, as 

evidenced in the trajectory analysis results (Figure 29). 

 
Figure 29: NMDS ordination biplots of the trajectory of centroid and the environmental vectors fitted in the 

ordination space. The ordination is based on species abundance data collected between 2006 and 2024 in the prairie 

portion of the Transect M3. Sites on the eastern portion (M3E) of the transect were surveyed six times, while those 

on western portion (M3W) were surveyed five times. M3E_1 and M3E_2 include eastern portions of marl prairies 

from 0 m to 7000m and from 7000 m to 12000 m, respectively. For all three M3E_1, M3E_2 and M3W portions, 

the initial point is represented by 2007, while the end of the trajectory is 2022 for M3W, and the 2024 survey for 

both M3E_1 and M3E_2. 

During the current sampling cycle (2019-2024), the eastern (M3E) and western (M3W) 

marl prairies were not sampled in the same year. They were sampled for the fifth time in the 

spring of 2020 and 2022, respectively, and then in 2024, only the sites on M3E were resampled 

for the sixth time. The differences in trend in vegetation shift between both sides of SRS were 
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consistent with that observed until 2016. However, between two surveys, E4 (2016) and E5 

(2020), the magnitude of change towards a wetter vegetation type was less evident along the 

eastern boundary of ENP. In contrast to our expectation, vegetation composition was of a drier 

type in 2020 than in 2016 (Figure 29), primarily because of the differences in hydrologic 

conditions in the field at the time of surveys during those years. Due to unusual flooding during 

the spring of 2016, the vegetation survey was done late in the season. Even at the time of the 

survey in 2016, there was up to 68 cm deep standing water in the field. In contrast, standing 

water depths during the 2020 survey varied between 0 and 44 cm, mostly <20 cm. Nevertheless, 

in the eastern marl prairie of M3, the shift in vegetation composition towards the wetter type was 

of greater magnitude during the most recent surveys, i.e., between E5 (2020) and E6 (2024) 

(Figure 29), mainly due to a significant increase in hydroperiod and mean annual water depth 

(Figure 7a, b) resulted from an increased water delivery into ENP after the implementation of 

COP in 2020 (USACE/ENP/SFWMD 2023). 

In the western marl prairie portion of the transect, the vegetation shift over 15 years 

(2007-2022) toward drier type was prominent (Figure 30a; Appendix 6)). In this portion of the 

transect, the mean vegetation-inferred hydroperiod was 20 days shorter in 2022 than in 2007. In 

contrast, in the eastern portion of the transect, the change in vegetation-inferred hydroperiod 

between 2007 and 2020 showed a mixed pattern. However, the vegetation-inferred hydroperiod 

at almost all the eastern sites were higher during the 2024 survey than those in 2007 (Figure 

30b). However, much of that change occurred between E4 (2016) and E6 (2024) (Appendix 5). 

In the prairie portion of the M3 transect, the pattern of change in abundance of major 

species (Mean IV > 4.0%) differed between eastern and western prairies, and even between 

M3E_1 and M3E_2, primarily due to differences in hydrologic changes among them. In the 

eastern marl prairie portion of M3, the mean importance value (IV) of sawgrass (C. jamaicense) 

significantly (Wilcoxon Paired Test: p = 0.01) decreased between E1 and E3, when the sites 

experienced a drying trend, but the difference in its IV between E1 and E6 was not significant 

(Figure 31a). In contrast, the IV of muhly grass (Muhlenbergia capillaris) did not differ among 

the first five surveys but significantly decreased between E5 (2020) and E6 (2024) due to the 

increase in wetness (Figure 31b).  

In M3W there was a significant decrease (Wilcoxon Paired Test: p = 0.017) in IV of 

beakrush (R. tracyi) and an increase (Wilcoxon Paired Test: p = 0.017) in IV of bluestem (S. 

rhizomatum) between E1 and E5 (Figure 32b, d), and that were in tandem with the drying trend 

observed in that region. Likewise, an increase in mean IV of beakrush (R. tracyii) from 0.01% to 

10.8% on M3E_1 and that of bladderworts (U. purpurea) from 0% to 13.7% on M3E_2 during 

E1 and E6 surveys, respectively (Appendix 4b) were due to an increase in water depth in those 

areas in recent years (Figure 7b). Nevertheless, the differences in mean IV of some species 

which are indicators of wetness in marl prairies including spikerush (E. cellulosa) on M3E and 

other species on M3W (e.g., B. caroliniana, Panicum virgatum, etc.) were not significant 

between E1 and E6 and between E1 and E5, respectively. 
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Figure 30: Change in vegetation-inferred hydroperiod between (A)E1 (2007) and E5 (2020/ 2022) surveys at the 

vegetation monitoring plots in both eastern and western marl prairie portions of the Transect M3, and between (B) 

E1 (2007) and E6 (2024 surveys at the vegetation monitoring plots on the eastern marl prairie portion of the 

Transect M3. 
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Figure 31: Violin plots of major species' importance value (IV) in the eastern marl prairie portion of Transect M3 

from the first (E1) to the sixth (E6) survey. Different letters represent significant (Wilcoxon Paired Test: p < 0.05) 

differences in speciesô importance value between the surveys. 
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Figure 32: Violin plots of major species' importance value (IV) in the western marl prairie portion of Transect M3 

from the first (E1) to the sixth (E6) survey. Different letters represent significant (Wilcoxon Paired Test: p < 0.05) 

differences in speciesô importance value between the surveys. 

 

Transect M4 

On M4, which has marl prairie sites located on both sides of SRS, there was a noticeable 

change in prairie vegetation composition over 13 years (2008-2021). During this period, 

vegetation composition at most prairie sites showed a wetting trend (Figure 33, 34). However, 

the magnitude and direction of the shift in vegetation composition at these sites were not the 

same throughout the study period. For instance, the vegetation composition during the 2014 (E3) 

survey was drier than in the 2011 (E2) survey at the M4E_1 and M4E_2 sites. In contrast, the 

sites west of the slough (M4W) continued to shift towards a wetter type (Figure 33). Despite a 

minor deviation in vegetation change pattern in some portions of the transect, the long-term shift 
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in prairie vegetation on M4 was primarily towards increasing wetness, as evidenced by the 

position of 2008 and 2021 centroids in the ordination (Figure 33), and by an increase in 

vegetation-inferred hydroperiod at >90% of the prairie sites on this transect (Figure 34a; 

Appendix 7). Over 13 years, the mean increase in inferred-hydroperiod in all three regions 

(M4E_1, M4E_2 & M4W) of the prairie portion of the transect were almost the same. However, 

between two recent surveys, 2017 (E4) and 2021 (E5), the mean increase in inferred-hydroperiod 

was significantly higher in the M4E_1 and M4W portions of the transect (26 and 39 days, 

respectively) than in the M4E_2 portion (7 days) (Figure 34b). 

 
Figure 33: NMDS ordination biplots of the trajectory of centroid and the environmental vectors fitted in the 

ordination space. The ordination is based on species abundance data collected five times between 2008 and 2021 in 

the prairie portion of the Transect M4. The initial point and the end of the trajectory represent the 2008 and 2021 

survey, respectively. Transect M4 is separated into east (M4E) and west (M4W) based on location of sites on both 

sides of the Shark River Slough. The eastern marl prairie sites are further separated into east (M4E_1) and west 

(M4E_2) of the Main Park Road. 
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Figure 34: Change in vegetation-inferred hydroperiod between (a) E1 (2008) and E5 (2021) surveys and (b) E4 

(2017) and E5 (2021) at the vegetation monitoring plots on the eastern and western marl prairie portions of the 

Transect M4. 
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In the prairie portion of the M4 transect, the abundance of representatives of both prairie 

and hydric major species (Mean IV > 4.0%) changed over time. Between 2008 and 2017, mean 

importance value (IV) of sawgrass (C. jamaicense) increased across all marl prairie segments of 

the transect, and this increase was significant on M4E_1 (east of the Main Park Road) and M4W 

(west of the Slough) portions of the transect (Figure 35a, 37a). Since the 2017 survey, sawgrass 

cover decreased in these areas. In 2021, at the M4W sites located west of SRS, the mean 

sawgrass cover was only 38% in comparison to 54 % during the 2017 survey (Appendix 4c), 

primarily because those sites had partly burned in 2020 (Table 2). In the M4E_2 part of the 

transect, the IV of sawgrass had not changed much. Nevertheless, between 2008 and 2021, the 

most noticeable increase was in the relative abundance of bladderwort on M4E_2 and that of 

spikerush (E. cellulosa) on M4W (Figure 36f, 37b), an indication of the wetting trend in the marl 

prairies of those areas (Figure 9).  

 

 
Figure 35: Violin plots of major species' importance value (IV) in the eastern marl prairie portion east of Main Park 

Road of Transect M3 from the first (E1) to the fifth (E5) survey. Different letters represent significant (Wilcoxon 

Paired Test: p < 0.05) differences in speciesô importance value between the surveys. 
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Figure 36: Violin plots of major species' importance value (IV) in the eastern marl prairie portion west of Main Park 

Road of Transect M3 from the first (E1) to the fifth (E5) survey. Different letters represent significant (Wilcoxon 

Paired Test: p < 0.05) differences in speciesô importance value between the surveys. 
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Figure 37: Violin plots of major species' importance value (IV) in the western marl prairie portion of Transect M3 

from the first (E1) to the fifth (E6) survey. Different letters represent significant (Wilcoxon Paired Test: p < 0.05) 

differences in speciesô importance value between the surveys. 

 

Transect M5 

Transect M5, which consists mainly of marl prairie sites, is divided into sections M5W 

(west of the Main Park Road) and M5E (east of the Main Park Road), and in general, M5W is 

wetter than M5E (Figures 11, 12). Over the study period (2008-2022), an increase in four-year 

average hydroperiod and mean annual water depth have resulted in a shift in species composition 

towards a wetter type in both M5E and M5W sections of the transect (Figure 38). Together with 

the shift in species composition as revealed by the trajectory analysis, higher vegetation-inferred 

hydroperiod during the E5 (2022) survey than E1 (2008) at all sites along the transect except few 

sites west of Main Park Road also showed that vegetation in these areas have shifted towards a 

wetter character (Figure 39; Appendix 7). In the eastern portion of M5, the mean vegetation 

inferred hydroperiod during the E5 survey was 21 days higher than inferred hydroperiod during 

the E1 survey. However, such difference was only 8 days in the western portion of the transect. 

Moreover, between 2018 (E4) and 2022 (E6), 67% of western sites exhibited either minimal 

change or showed a shift in vegetation composition towards a drier type. 
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Figure 38: NMDS ordination biplots of the trajectory of centroid, calculated using the Axis scores of sites, and the 

community characteristics/environmental vectors fitted in the ordination space. The ordination is based on species 

abundance data collected five times between 2006 and 2022 in the prairie portion of the Transect M5. The initial and 

end points of the trajectory represent the 2006 and 2022 surveys for both M5E and M5Wportions of the transect. 

Mangrove portion (M5R) is not shown in the figure. 

Over the 14-year period (between E1 and E5), there was a marked increase in abundance 

of species indicative of wet conditions. Such changes in major speciesô abundance (Mean IV > 

4.0%) were more uniform at sites on the eastern portion of the transect (4500-9000) (Figure 40; 

Appendix 4d). For instance, at the sites on M5E, the mean IV of spikerush (E. cellulosa) 

significantly (Wilcoxon Paired Test: p = 0.008) increased from 2.5% to 6.5% in 14 years. In 

contrast, the mean IV of muhly grass (M. capillaris var. filipes) and bluestem (S. rhizomatum), 
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both indicators of relatively dry conditions of marl prairies, decreased from 15% to 7.7%, and 

from 13.2% to 10.1%, respectively (Figure 40b, c). 

 

Figure 39: Change in vegetation-inferred hydroperiod between E1 (2008) and E5 (2022) at the vegetation 

monitoring sites on Transect M5. 

In the M5W section, the most abundant species (Mean IV > 3.5%) were sawgrass (C. 

jamaicense) and spikerush (E. cellulosa). While the vegetation composition at >50% of sites in 

this area also shifted towards a wetter type between E1 and E5 (Figure 39), the changes in 

abundance (IV) of these two major species were not significant (Figure 41a, b). Though the 

mean IV of beakrush (R. tracyi), which is also an indicator of wet conditions, increased from 

2.6% to 6.66% (Appendix 4d). Moreover, the westernmost part of transect M5 runs into an area 

which transitions from freshwater marsh to mangroves. The sites on the first 900 m of the 

transect from the west are classified as mangroves (M5R) (Sah et al. 2015a). In this portion of 

the transect, the importance value (IV) of red mangrove ranged between 46.7% and 52.1%. On 

the first 3,300 m of western portion of the transect M5, there was an increase in both frequency 

and cover of mangroves in 14 years. For instance, west of the Main Park Road (M5R&W), the 

frequency of occurrence of red mangrove increased from 53% to 67%, and its mean importance 

value (IV) increased from 16.6% to 23.2% between 2008 and 2022. 
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Figure 40: Violin plots of major species' importance value (IV) in the eastern marl prairie portion of Transect M5, 

averaged across sites from the first (E1) to the fifth (E5) survey. Different letters represent significant (Wilcoxon 

Paired Test: p < 0.05) differences in speciesô importance value (IV)  between surveys. 

 






















































