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meter stick with a 10-cm diameter hard plastic foot anchored to one end; the foot ensures that 

water depth is measured to the soil surface.  Field training of sampling personnel ensured that a 

standardized amount of pressure was applied to the foot such that the measurement of water 

depth was uniform across time and space.  Water depths were measured with a precision of 0.5 

cm.  In addition, we determined depth to bedrock at each node.   

 

 Vegetation characterization within each quadrat consisted of identifying all taxa present 

to species level, estimating cover of each using a Braun-Blanquet scale (1 – 1-5%, 2 – 5-25%, 3 

– 25-50%, 4 – 50-75%, 5 – 75-95%, and 6 – 95-100%).  Based on these vegetation 

measurements, the vegetation within a 25 m radius of each sampling location was assigned to a 

community category (ridge, slough, tree island, wet prairie, cattail).  In some PSUs, species 

cover was estimated as percentage cover of the plot area at either 1%, 5% or at 10% intervals; 

values from Braun-Blanquet scales were converted to these values for data analysis. Where 

quadrats span a transition from one community type to another, we assigned points to mixed 

categories (e.g., ridge/wet prairie).  
  

    

Fig. 8 – Locations of sampling clusters (red dots) within 2x5 km primary sampling units 

(PSUs); the location of clusters within each 500 x 500 m zone is assigned randomly.  At 

each cluster, 3 sampling locations (green dots) are visited; sites are situated at the center 

of each cluster, and at a random distance between 3 and 35 m in the direction of the PSU 

azimuth and in the orthogonal  direction.  Measurements at each site include location, 

vegetation community composition and water depth.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 9. Map of the greater Everglades landscape showing the 27 study sites sampled 

within the historic ridge-slough landscape during years 1 and 2 of this project. Each site 

contains up to 240 sampling points in a spatially-stratified design. Year 1 PSU’s are in 

red, Year 2 PSU’s are in blue.  

 



Table 1. Characteristics of PSUs sampled to date.

  
Classification  Location 

PSU 

Cycle 

(Year) Dates Sampled Area
†
 

Historic 

Ridge-Slough 

 
Centroid 

Easting (UTM) 

Centroid Northing 

(UTM) 

Azimuth 

(Degrees) 

UTM 

Zone 

0 1 3/20, 3/22, 3/27/2012 ENP Y  532345.51 2842696.30 19 17 

1 1 9/18/2009 WCA1 Y  566677.85 2942982.08 341 17 

2 1 11/9, 11/23, 11/24/2009 WCA3AS Y  525056.59 2861614.12 349 17 

3 1 9/4/2009 WCA3AN Y  532505.33 2910966.94 354 17 

4 1 7/28,7/29/2009 WCA3AS Y  530756.35 2872127.60 344 17 

5 1 NA* WCA2 Y  566325.52 2914610.64 354 17 

6 1 10/24,10/28/2009 ENP Y  519649.37 2814585.30 39 17 

7 1 12/8/2009 WCA3AN Y  526262.38 2891226.13 345 17 

8 1 11/30, 12/12, 12/16/2011 ENP N  537019.49 2821237.51 30 17 

9 1 8/17, 8/18/2009 WCA2 Y  557549.62 2919280.24 352 17 

10 1 4/19, 5/4, 5/5/2012 ENP N  518729.07 2846327.59 339 17 

11 1 8/5, 8/6, 8/11/2010 WCA3AN Y  546603.34 2893273.01 342 17 

81 1 12/13, 12/14, 12/16, 12/17/2010 WCA3B Y  544130.08 2853456.03 360 17 

13 1 8/24, 8/27, 9/3/2010 WCA3AN Y  553652.16 2879348.07 344 17 

14 1 9/9, 9/14, 10/7/2011 ENP N  520452.78 2800699.28 348 17 

15 1 6/17, 6/18, 7/30/2010 WCA3AN Y  544263.57 2888174.08 340 17 

16 2 12/19/2011, 1/4, 1/6/2012 ENP N  534551.56 2821237.18 31 17 

17 2 2/2/2010 WCA1 Y  575467.53 2927079.79 350 17 

18 2 5/18,5/25, 6/5, 6/7/2010 ENP Y  523582.48 2837739.76 25 17 

19 2 9/30, 10/8, 10/12/2010 WCA3AN Y  532020.89 2901747.79 350 17 

20 2 9/30, 10/3/2011 WCA3B Y  541840.16 2858248.34 353 17 

21 2 3/3/2010 WCA2 Y  560020.33 2904486.44 348 17 

22 2 11/4, 11/9/2011 ENP Y  510586.67 2822844.43 346 17 

23 2 9/23, 9/26, 9/28/2011 WCA3AS Y  527209.63 2876687.70 342 17 

24 2 2/28, 3/1, 3/6/2012 ENP Y  543033.61 2843539.09 13 17 

25 2 2/3/2010 WCA1 Y  556804.01 2940955.57 342 17 

26 2 9/10, 9/17, 9/23/2010 WCA3AS Y  519957.43 2866106.03 346 17 

27 2 10/12, 10/21/2011 WCA3AN Y  540532.06 2911393.98 356 17 

28 2 11/19, 12/2, 12/13/2010 WCA3B Y  547035.43 2863766.37 350 17 

29 2 9/16/2011 WCA3AN Y  552008.07 2903701.35 349 17 

30 2 9/6, 9/7, 11/16, 11/23, 11/28/2011 ENP Y 
 

525597.48 2882440.91 30 17 

31 2 8/19, 8/22, 9/2/2011 WCA3AS Y  535763.28 2882440.91 340 17 

* Extremely high cattail density made all sampling points within PSU 5 inaccessible by airboat - no sampling of this area has been conducted 
†
 ENP = Everglades National Park, WCA1 = Loxahatchee National Wildlife Refuge (Water Conservation Area 1), WCA 2 =  Water Conservation Area 2, WCA3AN,S 

=  Water Conservation Area 3A North and South,  WCA3B =   Water Conservation Area 3B 
 



 

Site/Point Hydrology 

Synoptic water depths can be useful for evaluating the distribution of soil elevations over 

a particular PSU, but it does not allow comparison across PSUs (because observations are done 

under different hydrologic conditions) and it does not provide a full hydrologic context for each 

PSU.  To establish site hydrologic conditions, we coupled our synoptic measurements of water 

depths to the US Geological Survey’s Everglades Depth Estimation Network (EDEN) based on 

the geographic location of each point.  EDEN collects water stage data daily from 253 stations, 

and interpolates water levels across the entire Everglades landscape at daily time steps at a grid 

size of ca. 400 m
2
. For each sampling point, we established a hydrologic history spanning from 

the day of sampling back to 1991, the earliest current hindcast date, by benchmarking measured 

water depth and EDEN-estimated water elevation at the centerpoint of each PSU (Fig. 9).  

Because PSUs were not spatially situated to maximize proximity to sites where water level is 

directly recorded, we relied on spatially-interpolated EDEN water surfaces to estimate water 

depths on the day of sampling and to reconstruct point-scale hydrologic history. We evaluated 

the assumption of negligible water slope by examining relationships between UTM coordinates 

(easting, northing) and water elevation.  For PSUs with significant relationships between water 

elevation and coordinates, we divided PSUs into 4 north-south bands and benchmarked points 

within each band to water elevations at the centerpoint of that band.   

To determine the particular conditions at a site requires first that soil elevation be 

determined from EDEN estimates of water elevation on the day of sampling and water depths 

(Fig. 10).  From these hydrologic histories, we calculated mean water depth and inundation 

frequency at each point over the preceding 0.25, 0.5, 1, 2, 5, 10 and ca. 20 years (i.e. the 

complete hydrologic record). Because of strong correlation among these measures within PSUs, 

we use measures derived from the full hydrologic record as predictors of vegetative and 

microtopographic condition.  Additional hydrologic metrics originally proposed include other 

attributes of point- and PSU- scale hydrologic regime: maximum annual water depth (point 

scale), water level variability (PSU scale); water level rates of change (PSU scales), and timing 

of water level maxima and minima (PSU scale). This full suite of hydrologic metrics for each 

PSU will ultimately be considered in point- and PSU scale analyses of hydrologic condition, but 

have not been incorporated into analyses presented here.  

  



 

  

Fig. 10 – Determination of soil surface elevation from measurements of water depth 

(dashed lines) and water elevation (from EDEN) on the same day as water depths were 

measured.  Hydrographs can be constructed from this soil elevation estimate and the 

time-series of water elevations (distribution at right).  Time series of stage can be used to 

report hydroperiod, mean depth, water level variability, exposure 

frequency/duration/depth, etc.  

 



Data Analysis - Microtopography 

To assess microtopographic variation and hydrologic regime, we generated summary 

statistics of soil elevation and water level, including mean, standard deviation, skew and kurtosis 

(which describes the degree of shouldering in a distribution and can be used to diagnose bi-

modality).  Standard deviation of water level describes the temporal variability of water level, 

while standard deviation of water depth (or soil elevation) describes the magnitude of spatial 

variation in microtopography. To test for bimodality in the peat elevation distributions, we used 

the R package 'mclust' to assess goodness-of-fit between the observed histogram of peat 

elevations and 1) a single normal and 2) a mixture of two normal distributions: 

Ps = N (i, i)         (1) 

Pm = q · N (1, 1) + (1 - q) · N (2, 2)     (2) 

where q represents the probability of falling within the first normal distribution, and N is a 

normal distribution with mean μi and standard deviation σi.  We also determined whether models 

based on mixtures of larger number of normal distributions better fit the data; in the few cases 

where models with 3 or more modes had better goodness-of-fit, we report that finding but use the 

better of models 1 and 2 in subsequent data analysis. Model goodness of fit was compared using 

Bayes’ information criterion (BIC).  The best-fit model was considered to have the lowest BIC 

score. To evaluate how microtopographic structure responds to hydrologic regime, we examined 

the relationship between mean annual water depth and the elevation difference between modes of 

bimodal distributions, where present.    To assess whether the persistence of microtopographic 

pattern might exhibit global bi-stability (Fig. 4), we generated histograms of PSU-scale elevation 

variance, and tested for bi-modality across PSUs in the same manner as tests of elevation bi-

modality within PSUs. 
 

Data Analysis - Vegetation structure 

In areas with relatively well maintained hydrologic regimes, vegetation communities are 

separated by clear topographic boundaries, and species preferentially inhabit distinct hydrologic 

niches. As the hydrologic regime degrades, this patterning is lost. If the topographic responses to 

changes in the hydrologic regime are the dominant environmental driver that maintains 

community distinctness, the similarity of communities within PSUs should be greater under 

either impounded or drained conditions than in relatively conserved landscapes. 

 

To assess how the distinctiveness of vegetation communities changes in response to 

hydrologic and topographic change, we assessed the dissimilarity among vegetation community 

composition as the distance (in multivariate space) between artificially-imposed vegetation 

clusters.  In this analysis, individual sampling points from all PSUs were ordinated using a 

Kruskal's non-metric multidimensional scaling (NMDS) ordination plot, in which more 

dissimilar sites align further apart in the NMDS plot with the objective of minimizing “stress” in 

the data.  This single global NMDS ordination plot enabled us to 1) obtain a global estimate of 

the clustering of sampling points containing a set of species among all PSUs; and 2) standardize 

the among-PSU data.  Five dimensions (axes) for the global NMDS ordination plot were decided 

on before further analysis, based on a scree plot of stress scores against the number of 

dimensions, where the appropriate number of dimensions balances simplicity and ecological 

relevance (a satisfactory amount of total variation in the raw data explained).  Each individual 

PSU was then isolated from the global NMDS ordination plot, and coerced into two distinct 

clusters using k-means clustering. The sum of squares distance between the two cluster centers 



(BSS) based on their Voronoi sets was calculated for each PSU to obtain a test statistic that we 

used as a description of vegetation community distinctiveness. A higher BSS value (greater 

distance between the two clusters) means a more distinct vegetation community structure (Figure 

11a). Conversely, more overlapping clusters (smaller BSS) indicates less distinctiveness between 

sites, and a more degraded landscape structure (Figure 11b). Because of the artificiality of 

segregating such data into two distinct clusters, rather than allowing for multiple clusters, we 

empirically assessed the extent to which this approach described the distinctiveness of ridge-

slough communities, as described below. 

 

We used three approaches to assess how well the clustering in the NMDS ordination plot 

described differentiation of ridge and slough communities.  First, we analyzed the distribution of 

sawgrass (C. jamaicense) in the two clusters.  We chose sawgrass because: a) it is 

overwhelmingly dominant in ridges, which are the most spatially extensive community type; b) it 

is found throughout the entire Ridge and Slough landscape; and c) it has a broad fundamental 

hydrologic niche, but finds optimal conditions within a narrower range. We calculated mean 

relative sawgrass abundance in points in each of the two clusters within each PSU, and examined 

how sorting of sawgrass varied among PSUs. Second, we analyzed the covariation among 

characteristic species of each community in NMDS space.  We plotted the 22 most abundant 

species in two-dimensional ordination space, and categorized them based on the a priori 

vegetation community in which they were most abundant.  If our ordination and clustering 

approach captures ridge-slough community structure, then species within each a priori 

community should be closely associated in NMDS space. Third, we assessed distribution of 

sample points along individual axes from the global NMDS for an illustrative subset of PSUs 

that included three well-conserved landscape blocks from central WCA3AS, and degraded 

landscapes characterized by different hydrologic alterations.  If our ordination approach and 

measurement of community distinctness effectively differentiates ridges and sloughs, then 

conserved landscapes should exhibit distinct modes along one or more NMDS axes, and these 

modes should correspond to k-means clusters.  Overall, variation in cluster distance 

corresponded to the degree of clustering: vegetation in conserved landscapes was well-described 

as two distinct clusters.  

 

We used regression analysis between long-term mean water depth and community 

distinctiveness for each PSU to assess how hydrologic regime influenced vegetation community 

distinctiveness.  To assess whether the vegetation community distinctiveness might exhibit 

global bi-stability (Fig. 4), we generated histograms of cluster distances, and tested for bi-

modality across PSUs in the same manner as tests of elevation bi-modality within PSUs. 

 

In addition to separate measures of microtopographic structure and vegetation community 

distinctiveness, we also evaluated landscape structure based on three measures of the co-

variation between elevation and vegetation community composition.  First, we used bivariate 

regression analysis to assess the strength of the relationship between sawgrass abundance and 

elevation within each PSU.  Second, again for each PSU, we used a Mantel test to determine the 

relationship between matrices of between-site dissimilarities in elevation and in community 

composition.  The resulting test statistic r is a multivariate analog of Pearson's correlation 

coefficient.  Finally, we evaluated the difference in elevation between points assigned to the two 

clusters in our k-means analysis.  This suite of measures provides a more integrated view of 



vegetative and microtopographic structure of ridge-slough landscapes, and differ in the effort 

required for data collection and analysis.  To assess whether elevation-vegetation relationships 

within PSUs supported the occurrence of global bi-stability (Fig. 4), we generated histograms of 

all three measures of elevation PSU-scale elevation variance, and tested for bi-modality across 

PSUs in the same manner as tests of elevation bi-modality within PSUs. 

 

We assessed the geographic variation in community distinctiveness (as measured by  

cluster distance, microtopographic heterogeneity (as measured by  standard deviation of 

elevation), and elevation-vegetation association (as measured by sawgrass-elevation correlation,  

Mantel r, and elevation differences between vegetation clusters) to determine whether these 

characteristics co-varied across the greater Everglades.  Maps of sampled PSUs were used to 

depict the condition of each PSU based on these measures.  Because these measures have 

different units and different structures of variability across each PSU, scaling of condition is not 

uniform across different metrics, and we were not able to explicitly assess the relative degree of 

degradation by comparison of different metrics.  However, spatial covariation among these 

measures provided some information about the extent of agreement among them.   

 

We used Pearson's correlation coefficient to assess covariation among measures of ridge-

slough landscape condition in a non-spatial context.  If microtopography and vegetation structure 

(and their association within PSUs) covary strongly, then measures of these characteristics 

provide little independent information.  However, weaker correlations between these measures 

would indicate that microtopography and vegetation structure vary somewhat independently.  In 

that case, independent measures of these characteristics are important for assessment of ridge-

slough condition.  Moreover, the covariation of vegetation structure and microtopography across 

PSUs may provide some insight into the trajectories of landscape degradation.  To assess the 

relative timescales of vegetation and topographic change in response to modification of the 

hydrologic regime, we compared the changes in the distinctness of the vegetation communities 

and loss of peat elevation structure within each PSU.  We sorted PSUs into four quadrants 

delineated by the distinct modes observed in the distribution of each variable.  In this design, if 

vegetation changes first, co-occurrence of intact topography (bimodal elevations) and reduced 

community distinctness should be observed . However, if topography changes first, then the 

reverse pattern should occur (Figure 5). We tested this prediction by assigning for each PSU a 

single test statistic value for vegetation community distinctiveness (question 1, above) and 

another for microtopography distinctiveness, defined by the standard deviation of soil elevation. 

We then assigned each PSU to a quadrant, and compared these quadrants based on a variety of 

measures including hydrologic regime, vegetation community abundances, and vegetation-

elevation correlations. 

 

Software 

All analyses and visualizations were performed in the open source statistical program R. 

The global NMDS plot was created using the metaMDS function in the vegan package (Oksanen 

et al. 2012). The default convergence criteria in monoMDS – the engine used by metaMDS 

which induces random starts – was too slack to find a convergent solution. The slack was 

tightened by using “sfgrmin = 1e-7”. The dissimilarity matrix for the NMDS was calculated 

using the vegdist function in vegan using the metric Jaccard index which was preferentially 

chosen over the popular semi-metric Bray-Curtis index.  k-means clusters were created using the 



R base package stats (R Core Team 2012). Maps were created using the base R plotting 

functions. All other figures were created using ggplot2 and combined by using lattice.  

   

Figure 11. PSU 23 (a) and PSU 9 (b) species data ordinated by NMDS and clustered by 

k-means. In a), PSU 23 clusters are relatively far apart, indicating a significant separation 

of sites composed of species that occupy specific hydrologic niches; a relatively well 

preserved PSU. In b), PSU 9 clusters are closer, indicating a loss of distinctiveness in the 

vegetation community structure; a relatively degraded PSU.  

 



Pending analyses 

 

To date, we have not assessed geostatistical measures of soil elevation, including semi-

variance parameters (nugget and sill variance), anisotropy, or spatial auto correlation; derived 

metrics of landscape pattern from vegetation maps; or assessed marsh vegetation structure in a 

spatially-explicit manner.  These analyses, based on data from Year 1-3 PSUs, will be included 

in the Year 3 Report. 

 

Results 

 

Microtopographic and hydrologic patterns 

 

Microtopographic patterns varied substantially across our broad landscape sample (Table 

2; Figures 12,13).  Absolute mean elevations varied from 7 to 440 cm above sea level, and mean 

water level varied from 30 to 448 cm asl, both varying predominantly along the dominant north-

south landscape slope from Lake Okeechobee to Florida Bay.  Long-term mean water depths 

(spatially averaged over all points within each PSU) varied from -12 cm to 72 cm, with the 

lowest water depths found in units within the marl prairies of ENP.  Temporal variability of 

water level also differed among PSUs, with the standard deviation of water elevation ranging 

from 15.3 to 34.4 cm.  Within PSUs, water level and hydroperiod calculated over different 

temporal windows covaried strongly; as a result, shorter windows provide little additional 

information over long-term averages. 

 

The magnitude and structure of microtopographic relief also varied considerably among 

PSUs (Table 2). Standard deviations of elevation ranged from 2.3 to 13.2 cm, with most values 

falling between 6 and 11 cm. The magnitude of topographic relief was generally highest in 

central portions of WCA3AS, but was also high in individual PSUs within WCA1, WCA2, 

WCA3N, and ENP (Figure 14). Landscape-scale variation in elevation was bi-modally 

distributed, with modes centered on 6-7 cm and ca. 12 cm (Figure 15). The skewness of 

elevations ranged from -0.92 to 1.47, with most values between -0.5 and 0.5.  Kurtosis varied 

from -1.29 to 3.85, with most values slightly positive.  Contrary to previous findings (Watts et al. 

2010), kurtosis was not diagnostic of elevation bi-modality within PSUs. 

 

Of the 27 PSUs sampled to date that fall within the historic distribution of the ridge and 

slough, 16 had elevation distributions that were better fit by a mixture of 2 normal distributions 

than by a single normal distribution (Table 2).  These bimodal distributions were restricted to 

PSUs with long-term mean water depths of ca. 20-50 cm; differences in the elevation of these 

modes ranged from 9 to 20 cm, and increased with long-term mean water depth (Figure 16).  

Differences between elevation modes were slightly lower than those measured by Watts et al. 

(2010) at comparable long-term mean water depths.  One anomalous PSU (PSU 3 in WC3AN) 

exhibited bimodal elevation distributions but with minimal separation between means. Two other 

PSUs with high cattail abundance (Table 3) also exhibited high elevation variance and bi-modal 

distributions. PSUs outside of the historic ridge slough landscape, predominantly those within 

the marl prairie habitat of ENP, generally had unimodal elevation distributions with minimal 

variance; confidence in these distributions is lower because data were collected during relatively 



dry periods when vehicle access permitted sampling, but when a large proportion of points were 

above the water surface.   

 

Among PSUs with bi-modal elevation distributions, the difference in elevation between 

ridges and sloughs was closely correlated with the standard deviation of elevation; PSUs with 

unimodal elevation distributions generally occupied a lower and smaller range of elevation 

variance (Figure 17).



Table 2. Hydrologic and microtopographic characteristics of year 1 and 2 PSUs. Additional hydrologic descriptors at the point scale are included in 

data reports for each PSU.

    Water Elevation Statistics   Elevation Cluster Analysis 

  

Water Elevation Peat Surface  

 

Mode 1 

 

Mode 2 

 

PSU   

Mean        

(cm asl) 

§St. Dev. 

(cm) 

Mean Water 

Depth (cm) 

†St. Dev. 

(cm) Kurtosis Skew   

Depth        

(cm) 

†St. Dev. 

(cm) 

††Mode 

Weight (q)   

Depth        

(cm asl) 

†St. Dev. 

 (cm) 

††Mode 

Weight (q) 

*Best 

Model 

0 

 

180.0 24.8 30.80 7.31 -0.32 0.80 

 

25.45 2.35 0.52 
 

39.38 6.28 0.48 2V 

1 

 

448.4 15.3 8.18 5.98 -0.25 -0.16 

 

8.18 5.97 1.00 
 

- - - 1X 

2 

 

254.4 24.5 50.11 10.65 -0.27 -0.48 

 

36.12 7.42 0.23 
 

54.23 7.42 0.77 2E 

3   305.0 25.9 -4.61 3.63 -1.07 -0.19   -6.28 2.88 0.71   -0.50 0.95 0.29 2V 

4 

 

261.9 26.3 40.77 11.89 -1.03 0.16 

 

32.64 6.63 0.59 
 

52.66 6.63 0.41 2E 

5 

 

ND ND ND ND ND ND 

 

ND ND ND 

 

ND ND ND ND 

6 

 

33.5 22.2 27.31 6.49 3.56 0.65 

 

27.31 6.47 1.00 
 

- - - 1X (7V) 

7   287.6 22.2 33.05 6.46 0.97 0.05   33.05 6.44 1.00   - - - 1X 

8 

 

113.0 34.4 -8.24 12.64 0.08 0.87 

 

-16.37 5.25 0.55 
 

1.64 11.83 0.45 2V 

9 

 

357.7 26.1 28.34 4.94 0.85 0.35 

 

28.34 4.93 1.00 
 

- - - 1X 

10 

 

195.1 28.2 23.97 2.28 0.13 0.80 

 

23.97 2.24 1.00 
 

- - - 1X (3V) 

11   271.6 32.1 53.36 6.89 1.20 -0.07   53.36 6.87 1.00   - - - 1X 

81 

 

177.8 21.5 31.85 5.73 1.04 -0.44 

 

31.85 5.72 1.00 
 

- - - 1X 

13 

 

190.9 15.5 52.73 8.32 0.02 -0.40 

 

52.73 8.30 1.00 
 

- - - 1X 

14 

 

0.1 19.8 -3.36 5.26 0.65 0.59 

 

-3.36 5.25 1.00 
 

- - - 1X (5V) 

15   272.1 31.2 71.57 8.76 0.09 0.02 

 

71.57 8.74 1.00   - - - 1X 

16 

 

112.9 34.7 -12.41 7.48 1.56 1.40 

 

-18.45 0.50 0.38 
 

-8.65 7.22 0.62 2V (3V) 

17 

 

448.2 19.6 27.65 13.09 3.01 1.11 

 

20.68 5.33 0.50 
 

34.48 14.68 0.50 2V 

18 

 

152.9 24.5 29.74 7.09 -1.25 -0.01 

 

23.97 3.48 0.53 
 

36.26 3.48 0.47 2E 

19   289.1 22.7 20.70 8.34 -0.45 0.30   15.26 4.98 0.60   28.86 4.98 0.40 2E 

20 

 

184.7 15.8 31.17 5.10 -0.19 -0.64 

 

23.90 3.41 0.21 
 

33.14 3.41 0.79 2E (9V) 

21 

 

329.2 28.8 39.52 11.56 -0.11 0.85 

 

31.18 4.17 0.48 
 

47.35 10.72 0.52 2V 

22 

 

31.5 17.8 20.02 7.02 -0.25 0.08 

 

20.02 6.99 1.00 
 

- - - 1X (13V) 

23   265.3 21.8 30.89 10.34 -1.20 0.33   23.99 5.27 0.62   42.30 5.27 0.38 2E (3E) 

24 

 

157.5 20.4 34.18 6.22 -0.06 -0.51 

 

34.18 6.20 1.00 
 

- - - 1X 

25 

 

449.9 15.4 6.53 6.63 2.27 0.57 

 

6.36 4.31 0.66 
 

6.86 9.66 0.34 2V (8V) 

26 

 

261.7 23.2 41.47 10.85 -0.79 0.01 

 

33.53 6.00 0.56 
 

51.70 6.00 0.44 2E 

27   283.1 29.6 18.95 13.73 -1.27 0.12   3.09 2.66 0.33   26.75 9.55 0.67 2V (4E) 

28 

 

187.3 17.3 32.15 5.31 0.10 -0.35 

 

32.15 5.29 1.00 
 

- - - 1X 

29 

 

302.0 30.9 -8.30 3.02 1.24 -0.88 

 

-8.30 3.00 1.00 
 

- - - 1X 

30 

 

123.8 21.1 23.11 8.85 -0.35 0.03 

 

23.11 8.83 1.00 
 

- - - 1X 

31   268.6 26.9 38.12 6.69 -0.25 0.27   38.12 6.67 1.00   - - - 1X 
§Standard Deviation of water elevation describes the temporal variability of water level at the center point of each PSU. 
†Standard Deviation of water depth describes the spatial variability of soil elevation across all points sampled within each PSU. 

†† Mode weight describes the proportion of data that occur within each mode, allowing for imbalance in mode prevalence 

* Best fit model selected based on Bayes' Information Criterion; number refers to the number of modes, E and V denote whether variances of the two modes are equal (E) or unequal (V).  

Where the best fit model included more than 2 modes, data presented are from the best fit model among 1 and 2 mode models.  



 

  
Figure 12. Elevation distributions of Year 1 PSUs.  Bimodality and high variability in 

elevation (e.g. PSU 4) are characteristics of conserved conditions, while low variability 

and unimodality (e.g. PSU 11) are characteristic of degraded conditions. Mean annual 

water depth (our measure of relative elevation) is calculated from water depth on the day 

of sampling, and benchmarked to long-term average water level at the centerpoint of 

each PSU. Summary statistics and bimodality analysis for each PSU are presented in 

Table 2. 

 



 

  Figure 13. Elevation distributions of Year 2 PSUs.  Bimodality and high variability in 

elevation (e.g. PSU 26) are characteristics of conserved conditions, while low variability 

and unimodality (e.g. PSU 28) are characteristic of degraded conditions. Mean annual 

water depth (our measure of relative elevation) is calculated from water depth on the day 

of sampling, and benchmarked to long-term average water level at the centerpoint of 

each PSU. Summary statistics and bimodality analysis for each PSU are presented in 

Table 2. 

 



 

 

  

Figure 14. Spatial patterns of elevation variance across the historic ridge-slough 

landscape.  Colors indicate the amount of microtopographic relief (measured as the 

standard devation of elevation within each PSU).   
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  Figure 15. Frequency of elevation variation across PSUs. The bi-modal pattern observed 

in these data is consistent with current hypotheses about bistability of homogeneous and 

patterned configurations of the ridge-slough landscape. Data include PSUs sampled by 

Watts et al. (2010) but not any duplicate measurements of individual PSUs.  Data from 

PSUs outside the historic ridge and slough are not included. 
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Figure 16. Relationship between hydrologic conditions and elevation mode separation 

across PSUs.  Mean annual water depth is calculated as the difference between the 

temporal mean of water level since 1991 and the mean elevation of sampled points 

within each PSU.  Elevation mode differences are based on cluster analysis results 

presented in Table 2.  Points with zero difference between elevation modes are those 

whose elevation distributions were best fit by a single normal distribution.  Data include 

PSUs sampled by Watts et al. (2010) but not any duplicate measurements of individual 

PSUs.  Data from PSUs outside the historic ridge and slough are not included. The 

anomalous observation from PSU 27 was excluded based on severe recent fire history 

and incursion by cattail. 
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Figure 17. Covariation between two measures of landscape-scale microtopographic 

structure: the standard deviation of soil surface elevation within a PSU, and the 

difference between the means of elevation modes in the same PSU, as estimated from 

mixed distribution modeling.    Points with zero difference between elevation modes 

represent PSUs whose elevation distributions were best described by a single normal 

distribution. 

 



Vegetation community composition and structure 

 

The composition of vegetation communities varied considerably across sampled PSUs 

(Table 3).  Overall, 4,859 points were sampled; the 2,570 ridge, 1,036 slough, and 593 wet 

prairie community samples were most abundant. Species were largely limited to their a priori 

defined communities (Table 4): sawgrass (Cladium jamaicense) was most abundant in ridges and 

then in the mixed ridge communities; Eleocharis spp. were most abundant in wet prairies and 

slough-wet prairie mix; Utricularia spp. and white waterlily were most abundant in sloughs and 

mixed slough communities; and Typha domingensis was almost entirely contained within the 

cattail community. Periphyton was more evenly distributed, occupying all community types in 

abundance except in the driest (tree island and mixed tree island) and likely most eutrophic 

(cattail) communities.  

 

Across the Everglades landscape, field-assigned vegetation communities followed 

expected patterns, with tree islands, ridges, wet prairies, and sloughs occupying increasingly 

deep locations (Table 4).  However, these patterns exhibited considerable variation among water 

management basins (Table 5). Across PSUs, the proportion of ridges, sloughs and wet prairies 

(based on field assigned categories) was weakly correlated with long-term mean water depth 

(Figure 18). Sloughs and wet prairies were most abundant in PSUs with long-term mean water 

depth between 25 and 60 cm, but both community types had low abundances in some PSUs 

within this range. 

 

The contemporary hydrologic regime varied among all Everglades areas (Table 2). WCA 

3A N had the highest 20 year mean water depth, but also the largest variance across all three 

major vegetation communities, indicating perhaps that it is hydrologically the most diverse area. 

LNWR had the lowest water depth over this period across all major vegetation communities. No 

wet prairie communities were observed at all in WCA 2, and only one in LNWR, and wet 

prairies were more common than sloughs in ENP. WCA 3A S and WCA 3A N had the most 

balanced community types in respect to the global system in Table 1. Within each Everglades 

area, the 20 year mean water depth decreased from sloughs to wet prairies (except in WCA 2 

where they were absent), to ridges. However, the hydrologic conditions that characterized each 

community differed considerably among Everglades areas. For example, the 157 sloughs in 

LNWR were at a lower water depth than the 2,240 ridges in all other Everglades areas. 

 

Non-metric multidimensional scaling ordinated species in a manner consistent with 

previous studies of vegetation communities in the Everglades (Fig. 19).  Sawgrass and other 

species common on ridges and tree islands were clearly separated from slough species along axis 

1, while wet prairie species were intermediate along this axis, and somewhat differentiated along 

axis 2.  The abundance of individual indicator taxa, were correlated with PSU-scale long term 

mean water depth (Fig. 20).  These relationships, though weak, aligned with expected patterns:  

Cladium abundance was negatively correlated with water depth, while Utricularia and 

Nymphaea increased.  Eleocharis abundance peaked at intermediate water depth. 

 

The global k-means clustering analysis strongly aligned with mean water depth over 20 

years (Table 6). 81.3% of a priori defined ridge communities were located in cluster 1, with only 

2.51% of sloughs. Wet prairie communities were predominantly located in cluster 2 (87.9%), 



suggesting greater similarity between sloughs and wet prairies than between either of these 

communities and ridges.  Mixed communities were usually located between their constituent 

parts, for example, slough/wet prairie communities were situated between the slough and the wet 

prairie communities in terms of both water depth and how they aligned by cluster. However, this 

was not the case for the ridge/slough mixed community. The odds ratio for the three community 

types in each cluster (Table 7) reveals that a priori defined ridges were 169.1 times more likely to 

be in cluster 1 than sloughs based on the global k-means cluster analysis, and that wet prairies 

were more closely aligned to sloughs than ridges (5.37 versus 31.51). 

 

Within individual PSUs, sawgrass abundance was clearly differentiated between clusters 

(Figure 21). However, the effect was most apparent in the most conserved PSUs (i.e., those with 

relatively high community distinctiveness) with very low sawgrass abundance (<10%) in the 

lower cluster and moderately high abundances in the upper cluster (>55%) for all conserved 

PSUs. In degraded PSUs, the segregation of sawgrass was still noticeable, but the abundance of 

sawgrass within the clusters, and the differentiation between clusters in terms of sawgrass cover, 

was more varied.  

 

Distributions of observations along NMDS axes from selected PSUs indicated that  

cluster distance was an effective proxy for the distinctness of ridge and slough communities 

distinctness (Fig. 22).  In PSUs within central WCA3AS, local plant assemblages were strongly 

separated, with most observations occurring at the extremes of NMDS axis 1, in particular, 

which is the axis that most clearly differentiates ridge and slough communities.  In PSUs with 

more extreme hydrologic regimes, observations tended toward intermediate values along the 

same axis, suggesting a blending of communities.



 

Table 3. Vegetation characteristics of PSUs sampled to date.

    Field-Assigned Communities    Species Mean Relative Cover (%) 

PSU   

Ridge 

(%) 

Wet 

Prairie (%) 

Slough 

(%) 

Mixed/Edge 

(%)   

Typha 

spp. 

Cladium 

jamaicense 

Nymphaea 

odorata 

Eleocharis 

spp. Periphyton 

Utricularia 

Spp. 

0 

 

57.9% 18.4% 7.9% 2.6% 

 

0.0 53.2 0.0 14.0 20.8 4.4 

1 

 

48.1% 0.6% 39.5% 1.2% 

 

0.3 38.1 7.2 26.2 0.0 13.5 

2 

 

34.6% 0.0% 57.2% 4.4% 

 

0.8 27.1 10.7 0.4 30.3 22.7 

3 

 

100.0% 0.0% 0.0% 0.0% 

 

0.0 37.2 0.0 1.5 1.9 1.3 

4 

 

44.4% 7.0% 47.7% 0.0% 

 

0.4 37.3 28.4 4.4 1.7 15.5 

5 

 

ND ND ND ND 

 

ND ND ND ND ND ND 

6 

 

38.2% 35.9% 0.0% 15.3% 

 

0.2 39.5 0.0 13.2 40.4 3.7 

7 

 

55.7% 0.0% 44.3% 0.0% 

 

0.3 37.5 7.9 10.6 21.2 6.7 

8 

 

16.28% 28.68% 1.55% 

  

0.0 33.9 0.0 1.4 47.0 1.4 

9 

 

92.0% 0.0% 8.0% 0.0% 

 

0.5 52.5 1.4 0.3 0.0 0.1 

10 

 

85.93% 8.89% 0.00% 

  

0.0 42.9 0.0 0.3 46.4 0.0 

11 

 

31.6% 33.3% 35.1% 0.0% 

 

7.2 22.1 31.5 1.6 9.6 18.9 

81 

 

49.8% 9.7% 5.1% 25.3% 

 

3.4 52.6 1.5 4.0 16.4 13.2 

13 

 

70.0% 24.8% 3.3% 1.9% 

 

2.0 72.1 3.0 0.2 16.4 3.6 

14 

 

6.12% 34.01% 0.00% 

  

0.0 30.1 0.0 0.5 64.8 0.1 

15 

 

38.7% 3.4% 56.3% 1.3% 

 

2.5 17.1 11.5 0.0 39.5 29.1 

16 

 

11.11% 45.19% 0.00% 

  

0.0 52.5 0.0 1.6 41.7 0.8 

17 

 

44.6% 0.0% 38.3% 3.1% 

 

1.6 40.8 9.0 13.4 0.4 18.9 

18 

 

32.1% 50.0% 0.0% 0.0% 

 

0.0 31.4 0.0 13.0 39.0 0.2 

19 

 

31.4% 15.2% 7.6% 22.9% 

 

22.6 35.7 2.0 3.8 17.8 2.6 

20 

 

92.0% 3.6% 0.9% 3.6% 

 

0.0 29.7 1.0 3.1 61.1 0.4 

21 

 

54.3% 0.0% 42.5% 3.2% 

 

1.0 45.7 0.1 15.7 35.2 2.0 

22 

 

39.3% 45.2% 0.0% 3.0% 

 

0.0 41.2 0.0 15.5 26.4 1.7 

23 

 

44.7% 10.1% 28.7% 9.3% 

 

0.3 42.8 10.3 9.3 13.7 8.3 

24 

 

71.0% 13.7% 3.1% 2.3% 

 

0.0 58.0 0.0 2.0 31.9 2.9 

25 

 

86.9% 0.0% 9.9% 2.1% 

 

2.6 78.4 0.1 1.1 0.5 2.4 

26 

 

25.8% 9.6% 45.0% 15.4% 

 

0.7 27.6 9.5 3.3 20.0 25.0 

27 

 

34.1% 0.0% 0.7% 37.0% 

 

18.6 56.6 0.2 0.0 3.1 0.3 

28 

 

68.0% 6.1% 11.3% 12.6% 

 

0.0 58.4 2.2 3.1 18.3 14.5 

29 

 

66.7% 3.8% 6.4% 19.2% 

 

0.0 82.9 0.0 2.0 8.2 0.8 

30 

 

56.9% 34.4% 1.0% 4.3% 

 

0.0 55.0 0.5 13.8 14.7 2.7 

31   43.6% 20.0% 18.7% 13.8%   0.0 50.0 10.7 6.1 14.9 5.2 



Table 4. Frequency and hydrologic condition of field-assigned vegetation community types, and 

the abundance of diagnostic taxa within each community type.  Ambiguous sampling locations 

were in some cases assigned as mixed categories (i.e. slough/wet prairie). Species covers are 

given as mean relative abundance (in percent) within each category type. Correspondence 

between field assigned data and measured species composition indicates that these categories are 

reasonable proxies for vegetation community composition. 

 

 

Table 5. Abundance and hydrologic characteristics of vegetation community types in different 

hydrologic management basins within the historic ridge and slough. Means and standard 

deviations are calculated across all points within each area. Vegetation communities are based on 

field assigned categories. 
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Figure 18. Relative abundance of vegetation communities (based on field-assigned 

categories) within PSUs as a function of PSU-scale long-term mean water depth. 

 



 

Table 6. Hydrologic characteristics (mean water depth [MWD; cm] and hydroperiod [HP as 

inundation frequency]) of field assigned community communities data and correspondence 

between field assigned community categories and distribution between two clusters following 

NMDS ordination based on complete species composition data.   

 

 

 

Table 7. Odds ratios for assignment of sampling locations to NMDS clusters based on field-

assigned community types.  Odds ratios list the relative likelihood of locations identified with 

each category in the field would be assigned to Cluster 1 (see Table 6 above).



  

Figure 19. Distribution of the 22 most abundant ridge-slough plant species in ordination 

space.  Note coherent clustering of species by community type.  

 



 

 

  Figure 20. Mean abundance within PSUs of common ridge, slough, and wet prairie 

species as a function of long-term mean water depth at PSU scale.  These data include 

PSUs outside the historic range of the ridge-slough landscape (i.e. marl prairie areas). 

 


